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Preface to the Fourth Edition
The book COMBUSTION is intended to provide a thorough insight into the workings of the steamproducing side of a modern high-efficiency power plant burning a wide variety of fossil fuels. We
have revised or added to over three-quarters of the material in the 1981 edition. We have made
several chapters even more generic than in the last edition, which should make it even more useful
to the engineers, developers, and operating people who regularly refer to those sections. It appears
that the principal value of this text to academia is as a supplemental reference for both class and
project work (which it is) and a source of information for writing textbooks on overall power generation, which it is not.
Because of the maturation of the fluidized-bed boiler since 1981, we have built an entire chapter
around that technology and its power-producing applications. We have not placed specific emphasis on this or any other way of burning coal, because economics aqd federal regulations will dictate
their usage. We have also included a new chapter on the C-E laboratory capabilities for research
and development in the fuel-burning, steam-generating, and emission-control fields. The chapter
illustrates the scope of equipment and talented personnel needed to back up the design and operation of today's large, high-pressure steam-generating equipment.
Engineers throughout the world have found the previous edition of this book useful in their dayto-day activities to do with power plants. In revising and updating it, we anticipate that it will be
of even greater use in the unprecedented construction of fossil-fueled power-generation installations that will take place in the next 10 to 15 years. This edition looks forward to that design and
building program, and presents the total range of concepts and equipment that will be used to take
the universe of steam power generation into the twenty-first century.
The world community is making steady progress in converting to the SI-metric measurement
system (Systkme International des Unites). America will take a major step in 1992 when all government procurement will be done in SI units only. However, the many duplicate 300- to 600-megawatt
units that are going to be ordered by American and other utilities in the next several years will be
built in U. S. Customary (USC) units, as were their prototypes. Consequently, spare and replacement parts will continue to be furnished in USC dimensions well into the middle of the next century.
"Bi-lingualism" of measurement will be with us a long time; hence the substantial expansion that
we have made to the appendix on engineering conversions.
Note that the six chapters that are either new or that have been substantially rewritten have both
SI-metric and USC units. In the body of the text, numbers given in parentheses following a mathematical value will be either close approximations or exact equalities, depending on the context. As
in the previous edition, the results of empirical testing are reported in the units in which the data
was generated.
It surprised me, during the 3 years that I have worked on this revision, that so much has changed
since 1980. The fact that very few major purchases of large boilers were made in that time did not
stop the brilliant engineering minds of the industry from refining, optimizing, and, in some areas,
completely changing designs for use in the upcoming campaign of power-plant construction. We
can only surmise that all competitive industries do the same-to continue to invent and grow and
update when things are slow-when management provides the encouragement and backing to do
so. I am proud to have worked for 45 years with such dedicated and ingenious people.
As we said in the Preface to the previous edition:
"Please note that throughout this book many illustrations and figures are used to explain physical
and chemical phenomena. The values in these figures are approximate and are for illustration only.
None should be used for design standards or other purposes where exact values are required. Although extensive, the text is limited to introductory material on many of the subjects and is only
the 'tip of a large iceberg' that represents the accumulated experience of the technical personnel
of a major steam-generator supplier such as C-E."
Joseph G. Singer
Easter, 1991

INTRODUCTION

Combustion Engineering-An Introduction

u

he world today faces a critical challenge
as nations strive to satisfy the basic
human needs of food, shelter, and clothing
which are so dependent on adequate supplies
of energy. The great increase in the use of
energy has come at the expense of our fossil
fuels-coal, oil and gas-and people are more
aware that natural resources have finite limits.
As we search'for the ultimate solutions to the
energy crisis, we must at the same time continue to look for interim ways of meeting the
immediate growth in demand for energy.
Technological improvements i n mining, moving, processing and using fossil fuels can, of
course, stretch energy-resource reserves, as can
a determined effort at conservation. Similarly,
application of technologies such as coal gasification or fluidized-bed combustion can widen
the use of the world's vast coal resources. And
finding n e w ways to make the best use of our
energy supplies is what Combustion Engineering's tradition is all about.

A NEW NAME
AND RAPID GROWTH
To tell the story of Combustion Engineering
is to trace the development of fossil power
technology i n the United States. The year 1912

marks a milestone for C-E. The organization
bearing the Combustion Engineering name was
formed in that year, although its roots had been
firmly planted in the 1880's.
The merger of the Grieve Grate Company and
the American Stoker Company brought together two well-known manufacturers of fuelburning equipment to become Combustion
Engineering Corp. The Grieve grate was a specialized grate capable of burning anthracitecoal screenings; the American Stoker Company
manufactured a screw-type stoker to burn
bituminous coal. Soon, the new organization
acquired a license to build a single-retort
underfeed stoker of English design. Known as
the TypeE stoker, it remained popular for small
boilers for many years.
During the twenties, other stoker technology
was acquired as were manufacturing plants
along the Monongahela River south of Pittsburgh, Pennsylvania. C-E fabricated all its
stokers in this plant which was built about the
turn of the century. In addition to the Coxe
traveling grate and the Green chain grate, C-E
offered several types of underfeed stokers including the Type E, the Low Ram Stoker, the
Skelly Stoker, and the C-E Multiple-Retort
Stoker.
As the Company grew, new stoker designs
were developed such as the Lloyd Traveling
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Grate and the C-E Continuous Ash Discharge
Spreader Stoker. But as grate surfaces grew to
24-ft wide by 28-ft long in size, the traveling
grate stoker reached a practical limit-and a
unit this size burning anthracite could generate
only about 200,000 pounds of steam per hour.
Despite its limitations, however, the continuous ash discharge spreader stoker remains in
use today on boilers burning coal, wood, and
bark.

A QUANTUM JUMP
IN COMBUSTION TECHNOLOGY
In 1918, C-E launched into the developing
technology of pulverized-coal firing. Overcoming the limitation placed on boiler capacity by
the size restrictions of stokers, pulverized-coal
firing opened the door to a large expansion in
capacity of coal-fired boilers.
Capitalizing on a pulverized-coal firing system for steam locomotives, Combustion Engineering successfully adapted this technology
to stationary utility boilers at the Oneida Street
and Lakeside Stations of the Milwaukee Electric Railway and Light Co. This pioneering
work, done jointly with Milwaukee Electric's
engineers and the Bureau of Mines, marks the
most important single development in the art
of solid-fuel combustion in this century. As a
result, i n 1980, the Oneida Street Station,
where pulverized coal was first put to use by a
utility, was named an Historic Engineering
Landmark by the American Society of Mechanical Engineers.

cally designed for pulverized-coal firing.
Acquisition of two boiler companies augmented C-E's manufacturing capabilities. At
the former Heine Boiler plant site in St. Louis is
located one of C-E's manufacturing plants today, while the present major manufacturing
facility in Chattanooga is on the former
Hedges-Walsh and Weidner Boiler Co. site.
Until this time, steam-generating units were
an assembly of separate components bought
from different manufacturers. With the addition of these two boiler companies, C-E was
able to combine all components (boiler, superheater, water-cooled furnace, fuel-burning
equipment and heat-recovery equipment) into
one coordinated design.

THE MOVE TOWARD MERGER

Paralleling the growth of Combustion Engineering i n this period was the Locomotive
Superheater Company, founded i n 1910 to further the use of superheated steam in the boilers
of American locomotives. This company had
established a manufacturing facility in East
Chicago, Indiana, where today Combustion
Engineering assembles coal pulverizing equipment. With the development in 1914 of a patented forged return bend for joining two
tubes, the Locomotive Superheater Co, produced heat exchangers that very quickly were
accepted as a standard in the railroad industry.
Virtually 611 of the steam locomotives subsequently built i n the U.S. were equipped with
these superheaters. In 1917, The Superheater
Company, as it became known, began designing and building superheaters for use in stationary boilers and the superheater design
MANUFACTURINGCAPABILITY
achieved prominence in the stationary boiler
EXPANDS
field. It was here that the paths of Combustion
It was not until 1925 that C-E entered the Engineering and the Superheater Company
crossed.
steam boiler business, beginning with a bentDuring the Great Depression, Combustion
tube boiler design installed in the early twenties at the Ford Motor Company's River Rouge Engineering was reorganized as a subsidiary of
plant. For this same installation,.Ccrmbustion The Superheater Company. Close ties developed between these two organizations, leading
had supplied the pulverizers and fuel-burning
to the eventual merger of the two i n 1948 under
equipment. The Ford Company's 200,000 lblhr
the name of Combustion Engineering-Superboilers were among the first large units specifi-
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heater, Inc. In 1953 the name Superheater was
eliminated and the Company took the name
by which it's known throughout the world
today-Combustion Engineering Inc.

C-E: PIONEER
IN BOILER DESIGN
After its entry in 1925 into the steamgenerating equipment business, Combustion
made many significant contributions to furnace design and firing techniques.
Traditionally, boilers had refractory-lined
furnaces. But with the advent of pulverizedcoal firing, refractory-lined furnaces could not
tolerate the high
- heat-release rates without
severe ash-fouling and erosion problems.
Consequently, it became necessary to cool the
furnace, at,the same time protecting the refractory, by lining its inside surfaces with tubing
through which water flowed as part of the
boiler circulating system. Combustion was in
the forefront of this development.
Initially, bottom water screens shielded only
the furnace floor as in the Oneida and Lakeside
Stations of Milwaukee Electric in 1920. In 1923
at the Springdale Station of West Penn Power
Co., water-tube use was extended to the rear
furnace walls. The first installation of water
tubes on furnace side walls was also in 1923 at
Consolidated Edison's Hell Gate Station. In
1925 the Cahokia Station of Union Electric became the first boiler with bottom, rear and
side-wall water tubing.
Water-cooling technology matured from bare
tubes on wide spacing to close-spaced tubes
with welded fins, then to tangent tubes presenting a completely water-cooled metal surface to the flame. Today's modern boilers have
fusion-welded furnace walls, a C-E development in 1950 at the Kearny Station of Public
Service Electric and Gas of New Jersey. During
this era steam generator sizes expanded
rapidly, until i n 1929 Combustion put into service at the East River Station of New York Edison Co., (now Consolidated Edison) the first
unit to develop steam at 1,000,000 lblhr.

As the search for higher efficiency of utility
plants continued, operating pressures and
temperatures also rose. In the mid-1920's most
utility boilers supplied steam to turbines at 400
psig, with a few as high as 600 psig. By the late
20's, some boilers were sold for throttle pressures of 1200 pounds per square inch, including C-E boilers supplied to Milwaukee Electric
and Kansas City Power and Light. In this same
period, steam temperatures increased gradually from between 500°F and 600°F to the 700°F
to 750°F rangd, a substantial advancement considering the materials available at the time.

PULVERIZED FIRING DEVELOPS
The pioneering work on pulverized-coal firing at Milwaukee was followed in 1927 by the
introduction of tangential firing in which fuel
and air are introduced into a furnace from its
four corners instead of through front or rear
walls. First installed commercially at the U.S.
Rubber Co. plant in Detroit, Michigan, this firing system provides the optimum in rapid and '
intimate mixing of fuel and oxygen to promote
efficient combustion. Later, in 1940, a major
modification to the basic tangential firing idea
was applied to a boiler at Duke Power Co's.,
Buck Station-the fuel and air nozzles in the
corners were made vertically tiltable. The new
design permitted the flame envelope created by
the tangential action to be moved up and down
within the furnace, thereby. changing the heatabsorption pattern of the furnace wall. The resulting variation in temperature of the hot
gases entering the superheater surfaces provided a means of controlling steam temperature. C-E has had such tangential firing as its
preferred method of suspension firing of most
fuels for over 50 years.
Another equipment design to become a standard in the industry is the C-E Bowl Mill, introduced commercially in 1933. Originally based
on the Raymond technology, this pulverizer
design has been modified and increased in size
over the years from a coal capacity of 3500 lblhr
coal to more than 100 tonslhr to keep pace with
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the requirement for supplying fuel to larger
and larger steam generators.
WELDED DRUMS LEAD
TO HIGHER PRESSURES, TEMPERATURES

A major contribution to the development of
modern steam generators was the welded
boiler drum. Until the late twenties, heavy
pressure vessels were made of formed plates
riveted together with the joints caulked to
prevent leakage. This construction physically
limited operating steam pressure.
At its Chattanooga plant, Combustion developed and perfected processes, techniques,
and machines for fusion welding of heavy plate
to form cylindrical shells for drums. The first
such welded drum was dedicated as a National
Historic Landmark by ASME on May 2,
1980-50 years after the drum was successfully
tested. Welded construction permitted steam
pressures to increase and, in 1931, Combustion
installed the first boiler to operate at 1800 psig
at the Phillip Carey Co. in Lockland, Ohio. By
1953, C-E had designed the first 2650 psig unit
for the Kearny Station of Public Service Electric
and Gas of New Jersey.
With improved endurance of materials that
could tolerate higher operating temperatures
and pressures, outlet steam temperatures
began to climb from the 750°F level. By 1939,
steam temperatures reached 925°F when C-E
installed another pioneering unit at the River
Rouge plant of Ford Motor Co.
The first unit to exceed 1000°F total steam
temperature was sold to the Public Service
Electric and Gas of New Jersey for its Sewaren
Station in 1949. This boiler was designed to
operate at 1050°F at the superheater outlet.
Steam temperatures continued to inch upward;
the Kearny unit of the same utility, purchased
in 1953, was designed to operate at 1100°F and
2376 psig at the superheater outlet and 1050°F
at the reheater outlet. In 1954, the C-E supercritical pressure unit for Philadelphia Electric
Co's. Eddystone Station was designed for outlet conditions of 1210°F at 5300 psig.
In the search for higher efficiencies, the utility industry adopted the reheat cycle. This con-

cept involved reheating steam in a section of
the boiler after some of its energy had been extracted through expansion in the initial section
of the turbine. The reheated steam, now at or
near the initial steam temperature, was then returned to the final section of the turbine.
Although a few reheat units had been built in
the 1920's, it was not until after World War I1
that the surge toward reheat i n the utility industry began in earnest. Combustion sold the
first post-war reheat unit to Boston Edison Co.
for its Edgar Station in 1947. In the following
years, reheat designs became the norm, with
C-E supplying more than 630 reheat units to
utility users around the world.
CIRCULATING SYSTEM ADVANCES

Combustion Engineering designed and installed its first Controlled Circulationa steam
generator at Montaup Electric Co. in Somerset,
Massachusetts in 1942. In this design, controlled circulation of water is assured by using
pumps to provide a positive flow through the
heat-absorbing tubes in the furnace walls; the
available pump head permits the use of distribution orifices in the tube circuits. The Controlled Circulation steam generator overcomes
the problem of decreasing thermal-circulation
effect as the operating pressure approaches
the 3208 psia critical point. This positivecirculation design has been well accepted in
the utility industry around the world.
A license agreement was signed in 1953 with
Sulzer Brothers of Switzerland for the rights to
build and sell their Monotube steam-generator
design in the United States. (The Monotube design is a once-through type steam generator in
which the water that is introduced at the inlet
of the unit passes continuously through the
tubing, where it is heated to the desired outlet
temperature with no internal recirculation.) In
1954, The Philadelphia Electric Company purchased the first unit of this design for its Eddystone Plant. This unit was designed--too~perate
at 5300 psig and 1210°F at the superheater outlet, the highest pressure and temperature for a
unit of commercial size ever. The unit went
into operation in 1959, followed by several
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other supercritical and subcritical pressure installations of the Monotube type.
Combustion's next advancement in highpressure technology area was the Combined
CirculationB design which uses the principle
of Controlled Circulation in the furnace walls
(recirculation of the fluid by pumps) superimposed on the once-through flow of the
Monotube design. This design eliminated the
Monotube-boiler requirement for a high
through-flow in the furnace walls during startup and the necessity for a correspondingly
large turbine bypass system. The first unit of
this design was installed at the Tennessee Valley Authority's Bull Run Station and placed in
operation in 1966. It was designed for 3650 psig
superheater outlet pressure at 1003°F superheater and 1003°F reheater outlet temperatures. The steam capacity of 6,400,000 lblhr
served a turbine capable of generating 900
megawatts: Many similar units of this type followed.

BROADENED CAPABILITIES,
Combustion Engineering developed and
produced air preheaters of the plate type in the
early 1920's to provide heat recovery from the
hot gases leaving boilers, thereby improving
boiler efficiency. During the same time, the
Ljungstrom continuous regenerative-type air
preheater was developed, in connection with
the first turbine locomotive. In the U.S., the
first Ljungstrom installations for industrial
power plant boilers were made in 1923.
In 1925, the Air Preheater Corporation was
founded, jointly owned by the Ljungstrom
Turbine Manufacturing Co. of Sweden and
the James Howden Co., Ltd. The Superheater
Company acquired this company after the Depression, along with the exclusive license to
manufacture the Ljungstrom@Air re heater in
the United States and Canada. The Ljungstrom
Air Preheater utilizes a rotating heating element made up of closely spaced metal plates
packed in baskets through which alternately
pass the hot gases leaving the boiler and
the --cold combustion air going to the furnace.

This air preheater design, manufactured in
C-E's Wellsville, New York facility, has been
universally accepted in the industry and
has been applied to steam generators of all
manufacturers.
Combustion Engineering pioneered flue-gas
scrubbers for sulfur-dioxide removal with research and development work begun in 1963. A
pilot facility was constructed in its Windsor,
Connecticut, development laboratory, followed
in 1966 and 1967 by experimental field work on
a Detroit Edism Co. unit at the St. Clair Station.
C-E made the first commercial scrubber installations in the United States in 1968 at Union
Electric Co's Meramec Station and Kansas
Power and Light Co's. Lawrence Station.
In 1977, C-E Walther, Inc., a subsidiary of
C-E acquired Pollution Control-Walther, an
American company producing the Walther
(Cologne, Germany) design of rigid-frame electrostatic precipitators. With this acquisition,
Combustion broadened its scope of supply in
environmental control systems, which now includes fabric filters, dry sulfur-dioxide removal systems, wet electrostatic precipitators,
rod scrubbers and wet scrubbers.
It was also in 1977 that C-E re-entered the
ash-handling field, a move aimed toward providing full-scope ash systems for pulverized
coal-fired boilers and associated precipitators,
fabric filters, or dry scrubbers. Beginning with
the Combusco water-sealed ash drag conveyor
designed in 1919 by the Underfeed Stoker
Company, Ltd., Combustion furnished many
bottom-ash hoppers and removal systems, and
pyrite hoppers for C-E pulverizers. Today, it is
a prime supplier of large submerged scraper
conveyors, under license from its associated
company EVT of Stuttgart, Germany.
Meanwhile in 1955, C-E's nuclear power activity had begun with the design and construction of a prototype marine nuclear propulsion
system. Going into operation in 1959, the SIC
prototype operatedfor more than 10 years, both
as an R&D and as a Naval training facility. In
1967, another C-E reactor, the BONUS plant,
achieved full operation as the first nuclear
power plant in the United States with an inte-

-

COMBUSTION
Combustlon Engineering

- An Introduction

gral superheating core. Also in 1967, the Company sold its first nuclear steam supply system
to the utility industry with Consumers Power's
purchase of its Palisades nuclear station.
During the years, C-E continued to diversify
into new markets while strengthening its position in traditional ones. A case in point is the
Company's activities at the international level
which began in 1923. Since that time, Combustion-through direct sales, associated companies, and licensees-has gained world-wide
reputation as a leading supplier of steamgenerating equipment with installations in more
than 70 countries. Abuut 40 percent of the free
world's electric power currently is generated
by equipment of C-E design.

electricity, industrial competitiveness, environmental protection, mass transportation, and a
variety of industrial services.
C-E, as a member of the ABB Group, is well
positioned to meet the world's energy challenges
head-on by offering to energy-related industries,
both nationally and internationally, equipment
and services in a blend of technologies.
The combination of Asea Brown Boveri Inc.
and C-E brings together two companies with
complementary capabilities and reputations as
industry and market leaders. The combined
U. S. operations of Asea Brown Boveri Inc. and
C-E represent a total of 30,000 employees.

THE YEARS AHEAD
THE MODERN C-E:
GROWTH AND
DIVERS1FlCATlON
Industrial expansion and general business
growth characterized the U.S. national economy
during the 1950's and 60's. Reflecting confidence
in the strength of its position in the utility and
industrial power fields, C-E took steps to expand
its range of products and services for a changing and growing marketplace.
During these eventful years, C-E transformed
from a manufacturer of steam supply systems
into a multifaceted organization deeply involved
in building products, oil and gas exploration,
production, refining, and petrochemical plants.
Starting with The Lummus Company acquisition in 1957, Combustion Engineering has operated with the policy that successful diversification is built upon technology or markets
familiar to C-E.
In 1990, C-E became, by acquisition, a whollyowned subsidiary of Asea Brown Boveri Inc., a
Delaware corporation. Thus, C-E is now part of
the ABB Group, one of the world's largest electrical engineering companies. Backed by some
215,000 employees in 140 countries worldwide,
the ABB Group is helping to provide affordable

We have reviewed the history of C-E as the
company came of age and matured in the utility
and industrial markets, and have examined its
many significant contributions. Advances made
over the last three quarters of a century in the
development of energy conversion processes
from fossil fuels have been great. Those individuals who have worked in the industry during
some part of that time have witnessed not
only tremendous growth in the art and science
of fuel burning and steam generation, but also
remarkable changes in the lifestyles of people
throughout the world brought about in part by
that growth. There are underway today new
developments which will open new vistas for
fossil fuels. That is what much of this book
is all about.
As a member of the ABB Group, C-E continues to embrace the values that have kept it at the
cutting edge of technology. A dedication to service and the courage to lead-attributes which
have been major influences throughout its history-still guide the company's operations today.
As it faces the technical challenges of our energy
future, C-E, as a member of the ABB Group will
continue to build on its reputation by supplying
only the highest quality steam-generating and
other energy equipment.

CHAPTER 1

Steam Power-Plant Design

u

he design of equipment for a fossil-fueled
steam supply system starts with the application of certain basic fundamentals governing
the relationship between properties of matter
that define the conversion of energy from one
form to another. Known as the first and second
laws of thermodynamics, these cornerstones of
power-plant design provide a quantitative
method of looking at the sequential processes
of working fluids as a function of temperature,
pressure, enthalpy, and entropy. The design of a
modern-day power plant represents, however,
more than the application of thermodynamic
data. It is a synthesis of economic considerations with thermal performance criteria that
govern the selection of steam-generating equipment, whether the installation is for producing steam at an industrial site or utility
power plant.
In this first chapter, which presents an overview of power-plant design, the opening section explores basic thermodynamic cycles:
Carnot, Rankine regenerative reheat and cogenerative cycles are covered. A second section
describes certain general design approaches relating to industrial installations. The third section deals with the principal factors involved in
the selection of steam-generating equipment for
electric utilities. Finally, the concluding section examines power-plant economics.

THERMODYNAMIC CYCLES
FOR POWER PLANTS
Historically, the roots of thermodynamics go ,bLn&,
back to attempts to quantify instinctive%&
cepts of systems designed to produce work from
various energy sources. For continuously converting heat into work, the first practical power
systems used steam as a working fluid.
By definition, a thermodynamic cycle is a
series of processes combined in such a way that
the thermodynamic states at which the working
fluid exists are repeated periodically. Customarily, in an electric generating station, the fluid
is cycled through a sequence of processes in a
closed loop designed to maximize generation of
&"^hi
electric power from the fuel consumed cons is^
tent with plant economics.
The design of a specific power plant represents an optimization of thermodynamic and
economic considerations, the latter including
initial, production, and distribution costs. In
this first chapter, basic thermodynamics and
economics applicable to large utility and industrial power plants will be presented. These form
the basis for the selection of plant cycles and
equipment. In this connection, it may be mentioned that an outstanding treatment of the subject is given in the Zerban and Nye book Power
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Plants, 1960 edition, particularly with reference to Chapter 2.
LAWS OF THERMODYNAMICS

When changes in kinetic energy and elevation
of the fluid stream may be neglected, Eq. 3 reduces to the familiar W = m (hi, - houJ.
SECOND LAW

The first and second laws of thermodynamics
govern the thermodynamic analysis of fluid
cycles. These laws are stated in equation form
as follows:
FIRST LAW

AS=

9
6)

+I+xS.

,

(4)

where AS is change in entropy of system; (QIT) =

AE = Q - W

E,(Q,/T,)i.e. the sum over the system boundaries

+ C ( 2 h l 2e,,)ml
I

(I)

where AE is change in energy content of SYStern*Q is heat transferred to system, w is work
transferred from system and ( h ~+ %)mi is
energy convected into or out of system by mass,
mi, with e n t h a l ~h,,
~ , and extrinsic energy*ea.
Extrinsic energy, em, is dependent on the
fmme of reference. For a fluid system, em =
kinetic energy + potential energy = V,2/2, + zt,
in which V, is velocity and z is elevation above
,datum.
This equation applies equally to processes and
cycles, steady- and transient-flow situations. For
example, in a closed system where fluid streams
do not cross the boundary, m, = 0, and if the
process is cyclic, then AE = 0 and Eq. 1becomes

2 (h, + ex,)mi
I

[(

%

- (h + e,)~ut]

W=m h+-+z

)I;

o
(5)

The steady-flow,adiabatic expamion of a fluid
through a turbine is governed by the following
equation.

=

cvcle

This implies 100 percent efficiency.
As another example, if the Steady-State adiabatic expansion in a turbine is being analyzed,
then AE = 0, Q = 0, and Eq. 1 reduces to:

= ml(h + e J l n

=

m,s, = -m(s

-

s out)

,

(2)

W = -

(F)
I = -

CQ= C W
c~cle

of the heat transferred, Q,, at a position on the
boundary where the local temperature is TI,and I
is irreversibility. (For consistency with other second-law statements, I 2 0. For reversible processes or cycles, I = 0; for irreversible processes
or cycles,I > 0.) C, S, is the entropy flow into and
out of system associated with mass flow, m,, into
and out of system. For a reversible cyclic process
involvingaclosedsystem,I= 0, AS = 0, E,S,= 0
and Eq. 4 reduces to

-

-

13)

m(s out - s In )
(6)

For reversible, adiabatic expansion, I = 0 and
the process is characterized by the familiar isentropic property, so,, = s,,. Turbine expansion is
not wholly isentropic. This nonisentropicity is
taken into account by defining the turbine efficiency. The primary advantageof writing the second law in an equation (Eq. 4) rather than the
usual inequality is its usefulness in analyzing
processes and cycles in a direct, quantitative,
manner, similar to the first-law analysis.'
Eqs. 1and 4 thus provide quantitative means
of examining all processes encountered in
power-plant analysis regardless of the fluids
used or the specific cycle employed.
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CARNOT CYCLE

.

In 1824, Sadi Carnot, a French engineer, puba small, moderately technical book, Reflections on the Motive Power of Fire.z Carnot
made here three important contributions: the
concept of reversibility, the concept of a cycle,
and the specification of a heat engine producing maximum work when operating cyclically
between two reservoirs each at a fixed
temperature.
The Carnot cycle consists of several reversible
isothermal and isentropic processes, which
may be viewed as occurring in either the nonflow or flow device shown in Figs. 1A and 1B.
In the first instance, the heat source and sink
are placed in contact with the device to accomplish the required isothermal heat addition
(a-b) and rejection (c-d) respectively. The insulation shown replaces the heat reservoirs for executing the reversible adiabatic processes
involving expansion (b-c) and compression
(d-a). The process characteristics for good heat
transfer and work transfer are not the same and
are partially in conflict; Fig. lB, therefore,
shows a flow system for executing the Carnot
cycle with the work and heat-transfer processes
assigned to separate devices. For both nonflow
and flow systems, the state changes experienced by the working fluid are shown in the
temperature-entropy diagram of Fig. 1C.

.lished

The classic Carnot cycle is such, theli, that no
other can have a better efficiency between the
specified temperature limits than the Carnot
value. Other cycles may equal it, but none can
exceed it.
Carnot efficiency =

Th,

(7)

where T, is \he temperature of the heat source
and T, is the temperature of the heat sink, all in
terms of absolute temperature.
Practical attempts to attain the Carnot cycle
encounter irreversibilities in the form of finite
temperature differences during the heat-transfer processes and fluid friction during worktransfer processes. The compression process
d-a, moreover, is difficult to perform on a twophase mixture and requires an input of work
ranging from a fifth to a third of the turbine output. When realistic irreversibilities are introduced, the Carnot cycle net work is reduced;
the size and cost of equipment increase.. Consequently, other cycles appear more attractive as
practical models. 3
In relation to the Carnot efficiency, the hightemperature heat source cannot be defined in
terms of maximum temperature. Instead, the
weighted average of the temperature of the

High-Temperature
Heat Source

Fig. 1 Carnot cycle

3
= 1 - -T,
Th

'
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working fluid must be calculated, involving the
heating of the feedwater as it leaves the last
heater, and the evaporation, superheating, and
reheating processes.
RANKINE CYCLE

The cornerstone of the modern steam power
plant is a modification of the Carnot cycle proposed by W. J. M. Rankine4, a distinguished
Scottish engineering professor of thermodynamics and applied mechanics. The elements
comprising the Rankine cycle are the same as
those appearing in Fig. 1B with one exception:
because the condensation process accompanying the heat-rejection process continues until
the saturated liquid state is reached, a simple
liquid pump replaces the two-phase compressor. The temperature-entropy and enthalpyentropy diagrams of Fig. 2 illustrate the state
changes for the Rankine cycle. With the exception that compression terminates (state a) at
boiling pressure rather than the boiling temperature (state a'), the cycle resembles a Carnot cycle. The triangle bounded by a-a' and the line
connecting to the temperature-entropy curve in
Fig. 2A signify the loss of cycle work because of
the irreversible heating of the liquid from state a
to saturated liquid. The lower pressure at state
a, compared to a', makes possible a much
smaller work of compression between d-a. For
operating plants it amounts to 1 percent or less
of the turbine output.
This modification eliminates the two-phase
vapor compression process, reduces compres-

QA=HeatAdded=hb - h a
Q R = Heat Rejected =hc- h d
PW=PumpWork=ha-hd
W=NetWork = h b - h c - P W
17 = Thermal Efficiency = W

sion work to a negligible amount, and makes
the Rankine cycle less sensitive than the Carnot
cycle to the irreversibilities bound to occur in
an actual plant. As a result, when compared
with a Carnot cycle operating between the same
temperature limits and with realistic component efficiencies, the Rankine cycle has a larger
net work output per unit mass of fluid circulated, smaller size and lower cost of equipment.
In addition, due to its relative insensitivity to
irreversibilities, its operating plant thermal efficiencies will exceed those of the Carnot cycle.
REGENERATIVE RANKINE CYCLE

Refinements in component design soon
brought power plants based on the Rankine cycle to their peak thermal efficiencies, with further increases realized by modifying the basic
cycle. This occurred through increasing the
temperature of saturated steam supplied to the
turbine, by increasing the turbine inlet temperature through constant-pressure superheat, by
reducing the sink temperature, and by reheating the working vapor after partial expansion
followed by continued expansion to the final
sink temperature. In practice, all of these are
employed with yet another important modification. In the previous section, the irreversibility
associated with the heating of the compressed
liquid to saturation by a finite temperature difference was cited as the primary thermodynamic cause of lower thermal efficiency for the
Rankine cycle. The regenerative cycle attempts
to eliminate this irreversibility by using as heat

T

QA

S
(A) Temperature-Entropy
Fig. 2 Simple Rankine cycle (without superheat)

- (B) Enthalpy-Entropy

(Mollier)

s

-
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Fig. 3 Idealized regenerative Rankine cycle

sources other parts of the cycle with temperatures slightly above that of the compressed liquid being heated. Fig. 3 is an idealized form of
such a procedure.
The condensed liquid at f is pumped to the
pressure P;, passes through coils around the
turbine, and receives heat from the fluid expanding in the turbine. The liquid and vapor
flow counter to one another and, by reversible
heat transfer over the infinitesimal temDerature
difference d,, the liquid is brought to the saturated state at T, (process b-c) and then rejects
heat at the constant temperature T, (process
e-f). Such a system, by the second law, will have
a thermal efficiency equal to a Carnot cycle operating between the same temperatures.
This procedure of transferring heat from one
part of a cycle to another in order to eliminate
or reduce external irreversibilities is called "re-

generative heating" which is basic to all regenerative cycles. Though thermodynamically
desirable, the idealized regenerative cycle just
described has several features which preclude
its use in practice. Locating the heat exchanger
around the turbine increases design difficulties
and cost. Even if these problems were solved,
heat transfer could not be accomplished reversibly in the time available; further, cooling as described causes the vapor to reach excessive
moisture content.
The scheme shown in Fig. 4 permits a practical approach to regeneration without encountering these problems. Extraction or "bleeding"
of steam at state c for use in the "open" heater
avoids excessive cooling of the vapor during
turbine expansion; in the heater, liquid from
the condenser increases in temperature by AT.
(Regenerative cycle heaters are called "open" or
Turbine

1kiP2
AT
S
(B) Temperature-

(A) Flow Diagram

Entropy Diagram

Wp, =Workof First Pump
Fig. 4 Practical single-extraction regenerativecycle

1-5

Wp2=Work of Second Pump
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"closed" depending on whether hot and cold
fluids are mixed directly to share energy or kept
separate with energy exchange occurring indirectly through the use of metal coils.)
The extraction and heating substitute the finite temperature difference AT for the infinitesimal dT used in the theoretical regeneration
process. This substitution, while failing to realize the full potential of regeneration, halves the
temperature difference through which the condensate must be heated in the basic Rankine cycle. Additional extractions and heaters permit a
closer approximation to tbe maximum efficiency of the idealized regenerative cycle, with
further improvement over the simple Ran-kine
cycle shown in Fig. 2.
Reducing the temperature difference between
the liquid entering the boiler and that of the saturated fluid increases the cycle thermal efficiency. The price paid is a decrease in net work
produced per pound of vapor entering the turbine and an increase in the size, complexity,
and initial cost of the plant. Additional improvements in cycle performance may be realized by continuing to accept the consequences
of increasing the number of feedwater heating
stages. Balancing cycle thermal efficiency
against plant size, complexity, and cost for production of power at minimum cost determines
the optimum number of heaters.5

REHEAT CYCLE

The use of superheat offers a simple way to
improve the thermal efficiency of the basic
Rankine cycle and reduce vapor moisture content to acceptable levels in the low-pressure
stages of the turbine. But with the continued increase of steam temperatures and pressures to
achieve better cycle efficiency, in some situations available superheat temperatures are insufficient to prevent excessive moisture from
forming in the low-pressure turbine stages.
The solution to this problem is to interrupt
the expansion process, remove the vapor for reheat at constant pressure, and return it to the
turbine for continued expansion to condenser
pressure. The thermodynamic cycle using this
modification of the Rankine cycle is called the
"reheat cycle." Reheating may be carried out in
a section of the boiler supplying primary
steam, in a separately fired heat exchanger, or
in a steam-to-steam heat exchanger. Most
present-day utility units combine superheater
and reheater in the same boiler.
Usual central-station practice combines both
regenerative and reheat modifications to the basic Rankine cycle. Fig. 5 is a temperatureentropy diagram of a single-reheat regenerative
cycle with two stages of feedwater heating. For
large installations, reheat makes possible an
QA = (hc:ha)-(i-ml)(he-hd)
QR = (1-ml-m2)(hg-hh)

w = (hc-hd)+(l-ml)(he-hf)
+(l-mi-m2)(hf-hg)-PW

Q A = Heat Added
Q R = Heat Rejected

W =Work
PW = Pump Work
0 t = Thermal Efficiency
Fig. 5 Regenerative cycle with single reheat and two feedwater heaters
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High-pressure Turbine

Intermediate-PressureTurbine

----------3.770.707 Lb. 1316.9 h.653 Psia

To Point B

Main Condenser

490 P s ~ a
~ h 1.8
=
h = enthalpy. Btullbm
F = deg Fahrenhe~t

Fig. 6 Reheat regenerative cycle, 600-MW subcritical-pressure fossil power plant (U.S. units)
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Hlgh-Pressyre Turblne

Intermediate-PressureTurbine

3.38 MPa abs
A h=4
h = enthalpy, kJ/kg

7 Reheat regenerative cycle, 600-MW subcritical-pressurefossil power plant (SI-metric units)
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improvement of approximately 5 percent in
thermal efficiency and substantially reduces
the heat rejected to the condenser cooling
water.6 The operating characteristics and economics of modern plants justify the installation
of only one stage of reheat except for units operating at supercritical pressure.
Figs. 6 and 7 show a flow diagram for a 600MW fossil-fueled reheat cycle designed for initial turbine conditions of 2520 psig and 1000°F
(17.4 MPa gage and 538°C) steam. Six feedwater heaters are supplied by exhaust steam
from the high-pressure turbine and extraction
steam from the intermediate and low-pressure
turbines. Except for the deaerating heater
(third), all heaters shown are closed heaters.
Three pumps are shown: (1)the condensate
pump which pumps the condensate through oil
and hydrogen gas coolers, vent condenser, air
ejector, or vacuum pump, first and second
heaters, and deaerating heater; (2) the condensate booster pump which pumps the condensate through fourth and fifth heaters; and (3)
the boiler feed pump which pumps the condensate through the sixth heater to the economizer
and boiler. The mass flows noted on the diagram are at the prescribed conditions for fullload operation.
SUPERCRITICAL-PRESSURE CYCLE

A definite relationship exists between operating temperature and optimum pressure
of a cycle. The supercritical-pressure cycle is in
use worldwide to obtain the highest possible
thermodynamic efficiencies with fossil-fuel
steam-generation equipment.
A regenerative-reheat cycle is used with 6 to
8 stages of feedwater heating and, because of
the high inlet temperature and pressure, two
stages of reheat can be justified and have been
used in several installations. Figs. 8 and 9 show
a typical supercritical-pressure steam turbine
heat balance. Seven feedwater heaters are
shown with steam extractions from the various
turbines supplying energy for the regenerative
heating processes. For such supercritical pressure plants, cycle efficiencies exceeding 40 percent have been reached.

Philadelphia Electric Company's Eddystone
Unit 1, a double-reheat supercritical-pressure
unit with original outlet steam conditions of
5300 psig, 1210°F (36.5 MPa gage, 654OC), was
the high-water mark of cycle efficiency for conventional (non-binary cycle) steam plants.
Although later operating at lower steam conditions, it produced electrical output with an input of less than 8200 Btu per kilowatt hour,
corresponding to an overall thermal efficiency
of about 42 percent.
1

COGENERATIVE STEAM CYCLES

In many instances, power and thermalenergy needs may be combined in a single
power plant which will operate at a high annual
load factor and higher thermal efficiency than
obtainable by addressing the needs separately.
Such a combined heat-and-power arrangement
is termed a cogeneration plant, which will be
discussed in detail in the following sections.
For heating service (such as in a district-heating system),the steam is generated at a pressure
and temperature sufficiently high that the exhaust from the steam turbine is at steam conditions suitable for delivery to the steam mains or
heat exchangers (for a high-temperature water
system) and distribution to the users. The needs
of industrial plants for process steam may be
met by similar arrangements using either turbine exhaust or extracted steam from an appropriate turbine stage. The selection of optimum
exhaust or extraction conditions will depend
on the proportions of power and process heat
required of the particular plant. Process-steam
requirements are usually in the low-pressure
range with modest superheat required if at all;
consequently, initial steam pressure and temperature will be well within the limits of current technology.
Cogenerative steam cycles have been applied
over a wide range of capacities extending from
small industrial and institutional power plants
to large central stations serving the electrical
and heating needs of a metropolitan center or
the power/process requirements of a major
petro-chemical installation. The food-process-
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Flg. 8 Reheat regenerativecycle, 800-MW supercritical-pressurefossil power plant (U.S. units)
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I
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Fig.9 -Reheat regenerative cycle, 800-MW supercritical-pressure fossil power plant (SI-metric units)
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ing, chemical, and paper industries are three
among the many industrial users of such cycles.
COGENERATION: THE DEFINITION

Cogeneration is the simultaneous production
of power (usually electricity) and another form
of useful thermal energy (usually steam or hot
water) from a single fuel-consuming process. It
is also referred to by the terms combined heat
and power (CHP), combined power and process, or simply power/process. The fuel can be
burned in a boiler, a gas turbine, or a diesel engine. It is important to realize that cogeneration, as a practical and time-honored
technology, is a matter of design of cycles and
their piping and valving systems, and not of basic differences in the boilers, turbines (steam or
gas) and heat exchangers that are made part of
the cycles.
A typical steam-based cogeneration plant
burns fossil fuel (coal, oil, or natural gas, for example) or a renewable resource such as plant or
animal waste material (biomass) to generate
steam which is piped to a non-condensing turbine to drive a generator. Since the steam
leaving the turbine retains much of its energy,
it can be used further for heating or other
heat-absorbing applications. For instance,
every naval or merchant ship that uses heat
for cooking, space-heating, or laundry operation, in addition to generating electricity and
driving propellers, is a cogenerator.
The efficiencies of cogenerating steam and
electricity can result in significant energy-cost
saving for facilities as varied as a manufacturing or processing plant, an office or apartment
complex, or a hospital. Steam or hot water can
be used for heating or cooling of buildings, or
for industrial processes. The power can be to
compress air or gas for a variety of industrial
purposes. Cogenerated steam can be injected
into the ground in steam-flood (enhanced oil
recovery) projects, or can be used as the heat
source in absorption-type refrigeration plants.
If the amount of energy produced exceeds the
cogenerator's own needs, either steam1
hot water, electricity, or both, can be sold for
use by others.

REGENERATIONVERSUS COGENERATION:
THE THERMODYNAMICS

The principal purpose of a regenerative
power-plant cycle is the high-efficiency generation of electrical power, accomplished by extracting steam at multiple points from a steam
turbine, ahead of the condenser. As shown in
the diagrams of Figs. 6 through 9 of this chapter, the extracted steam-flows heat the feedwater
in successive steps as it returns to the boiler
from the condenser. As described earlier, regenerative cycles are essentially closed cycles, as
the working fluid constantly recycles through
the heat-exchange equipment. Makeup water is
added only to replace steam or water lost in
gland sealing or other outward leakage. As also
described earlier, single or double reheating
can be added to the basic regenerative cycle to
further enhance thermal efficiency. In large
electric-utility plants, 6 to 8 stages of feedwater
heating are used to minimize heat rejection
to the condenser, and there is'a minimum of
one stage of reheat.
Although a cogenerative pcwer-plant cycle
uses a similarly efficient arrangement of cycle
elements (steam generator, turbine or turbines,
feedwater heaters and other heat exchangers,
and some modified form of condenser) it has a
dual purpose. Not only does a cogeneration cycle produce electrical or shaft power, it also
generates a stream or streams of thermal energy
for use in a heat-absorbing or heated-fluidconsuming process, all from the combustion of
the same fuel.
By minimizing, or completely eliminating,
the energy loss that occurs in the water-cooled
or air-cooled condenser of a regenerative cycle,
cogenerative cycles can have significantly
higher overall thermal efficiencies than conventional condensing regenerative systems. The
level of efficiency attained depends on the heatto-power ratio and the type of process forming
the basis for the cycle.
Like a regenerative cycle, a cogenerative cycle
can be "closed'', with the heat energy being
added to and taken from it in various pieces of
equipment. A cogenerative cycle can also be
semi-closed: in such a semi-closed or "expor-
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tive" cycle, some of the &acted heat leaves the
cycle with fluid that is never returned from the
heat-using process. Substantial amounts of
makeup water, then, may be needed in the
semi-closed cycle to allow for the loss of the
treated water during the process.
Regenerative cycles are somewhat standardized, differing only slightly from one cycle designer to another. In contrast, cogeneration
systems are unlimited in thermodynamic possibilities, and thus in the configuration and sizing of all the cycle elements.-To a significant
extent, then, the process determines the design, arrangement, and cost of components, as
well as their pressure and temperature levels.
Since in many geographical areas cogenerators
are unregulated by public agencies in many aspects of their operation, they are similarly unlimited in economic possibilities.

'

Achieving High Thermal Efficiency
in a Fossil Power Plant

A principal thrust of the study of the thermodynamics of fossil-fired power plants is the
maximization of thermal efficiency: that is, the
most efficient production of poker (usually
electrical) from a supply of fuel that has chemical energy. In attempting to achieve such high
thermal efficiency, the designer of a conventional Rankine cycle raises the temperature of
heat supply to a turbine and lowers the rejection temperature, the latter being done by dropping the condenser pressure. The temperature
of heat to the turbine is increased by
raising boiler pressure
reheating between turbine stages, and
regeneratively heating the boiler feedwater,
all as described in previous sections.
Whether such modifications to achieve
higher efficiency justify the extra capital required is a matter for economic study; thermodynamics is seldom the sole criterion. In
maximizing the work output (W) for a given
amount of fuel fired (F), the designer minimizes the heat rejection from the plant (QR).
The designer of a cogeneration cycle is interested in using some of the heat rejected usefully

a,

(as Q,), so that QR = Q, + QNu,where
is
"non-useful" heat rejected; there is, then, less
emphasis on maximizing thermal efficiency.
But because electric power is a valued product
(of greater value than useful heat rejected), a cogenerator still may want to produce that electricity at minimum cost, so it is important to be
aware of the steps taken to improve conventional plant efficien~y.~
EFFICACY OF COGENERATION PLANTS

There are many approaches to mathematically defining the true value of any given cogenerative cycle. The energy utilization factor
(EUF)of Porter and Mastanaiah9 is expressed as
the sum of the work-output (W) and the useful
rejected heat (QU)divided by the fuel fired (F),
all in consistent energy units. But since the
work (or electrical power) produced and the
useful heat will usuallv be of different monetary value, the EUF is not satisfactory as a criterion of economic performance. Horlock and
others (references 8 through 12) have written
extensively on the subject of comparing the
economic values of various cogenerative cycles.
CLASSIFICATION OF
COGENERATION PLANTS

Cogeneration projects can be classified as either topping or bottoming systems. In a topping
system, the steam produces electricity first and
all or a part of the exhausted thermal energy is
then used in an industrial process, or to provide
space heating or cooling. Bottoming cogeneration systems use the waste heat from industrial
processes or other high-temperature thermal
processes to generate electricity by generating
steam in a waste-heat (heat-recovery)boiler.
Fig. 10 shows a schematic diagram of a basic
closed power/process cycle using a backpressure turbine. After superheated steam is generated at a suitably high pressure, it is admitted to
the turbine, does useful work (W,), and emerges
usually in the superheated state, c. After desuperheating, saturated steam, d , enters the
heater and is entirely condensed. Because the
steam required for power generation will not
equal at all times that required for process

'
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ler
(A) Flow Diagram

(B) Enthalpy-Entropy

(Mollier)Diagram

~ i g 10
. Closed p o w e r l p r ~ ~ cogenerative
e~s
cycle using a backpressureturbine

work, some means of controlling the exhaust
steam pressure must be employed to avoid variations in the pressure and, therefore, the steam
saturation temperature. The control method depends on the circumstances. An ordinary centrifugal governor fitted to the backpressure
turbine will cause the quantity of available exhaust steam to be controlled by the load on the
turbine. Should the available exhaust be too
small, live steam may be passed through a reducing valve into the desuperheater. If the
quantity of exhaust steam exceeds requirements, then the excess steam may be blown to
atmosphere, into an accumulator, or into a feed
tank through the spill valve.
Figs. 11 and 1 2 illustrate a typical cogeneration system based on the steam topping cycle. It
uses controlled-pressure automatic steam extraction and a controlled-backpressure turbine.
This example has three closed feedwater
heaters plus a deaerating heater.13
Such a steam-topping cogenerative cycle is
suitable when large quantities of process steam
and electricity are called for. This type of plant
provides great potential for large industrial and
power-producing installations, and incorporates steam generators of the types described in
Chapter 8 of this text.
- -

-

STEAM-GENERA~ORDESIGN FOR A .SPECIFIC CYCLE

The design of a steam-generating unit is independent of the regenerative or cogenerative

cycle that it is part of. That is, the configuration
and sizing of a boiler are based on
generating a given amount of primary steam
and reheat steam (if any) at a specified temperature and pressure.
beginning with feedwater entering at a stated
temperature
with the reheat flow to the boiler being at a
given temperature and heat content
burning a particular fuel or fuels
The quantity of makeup water required by the
cycle will of course affect the amount of chemicals needed for internal treatment of the boiler
water. But it is the cycle or process equipment
ilhcild of and following the boiler that places
the generating plant in one category or the
other. The actual regeneration or cogeneration,
then, takes place after the boiler steam-outlet
valves, resulting from the engineered ways in
which the steam or hot-water flows are used.
The two types of cycles are, therefore, not
rnutually exclusive: there are many regenerative-cogenerative cycles in long-term operation
throughout the world, from small shipboard
installations to major district-heatinglpowerproducing plants in Europe and America.
COMBINED GAS-TURBINEISTEAM TURBINE
POWER CYCLES
A combined cycle is understood to be (at least
in America) any one of a number of configurations of gas turbines, steam generators (or other
heat-rec&ery equipment), and steam turbines

,
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assembled for the improvement of cycle efficiency in the power-generation process.14
Analogous to mercurylsteam, potassium1
steam, or steam/ammonia cycles, the combined
gaslsteam power cycle is a binary cycle, although not normally thought of as such.15~16As
a kind of marriage between the Brayton and
Rankine cycles, it has the usual intent of increasing t h e working-fluid temperature
through the high-temperature capabilities of
the internal-combustion (gas) turbine while using the "external-combustion" (steam) turbine
to reduce the temperature of heat rejection. The
penalty involved is the required work of compression performed by the gas turbine.
Note that such a cycle can be cogenerative if
the steam turbine is a non-condensing backpressure type that further uses the exhaust
steam for space heating, oil-field steam flooding, or an industrial process. A cycle is not cogenerative if the final output of both turbines is
electrical power only, with no usable or used
thermal byproduct. l7
Gas turbines with integral combustion systems fire natural gas, jet fuel, light distillate oil
or, with proper prefiring treatment, a wide
range of residual and crude oils. Open-cycle
gas turbines commonly satisfy the peaking and
reserve requirements of the power-producing
industry because of their quick-starting capability and low installed capital cost. Their low
thermal efficiency and use of prime fuels, however, place them at economic disadvantage
when operated for long periods of time. Depending on size, pressure ratio, and turbine inlet temperature, heat rates ranging from 10,500
to over 14,000 BtuIkWhr (HHV) are obtained firing oil fuel in simple open-cycle machines; this
corresponds to between 24 and 32 percent thermal efficiency on a high-heat-value basis.
TYPES OF COMBINED CYCLES

Combined-cycle installations can fall into
four broad classifications, primarily dependent
on how the steam generator is used in conjunction with the gas turbine. There are both nearatmospheric-pressure and high-positive-

pressure (supercharged or turbocharged)
arrangements.
1. Gas turbine plus unfired steam generator
2. Gas turbine plus supplementary-fired steam
generator.
3. Gas turbine plus furnace-fired high-pressure,
high-temperature steam generator.
4. Supercharged furnace-fired steam generator
plus gas turbine.
The first three are essentially atmosphericpressure designs, which use the heat energy, and
sometimes the oxygen, contained in the exhaust
of a combustion gas turbine; they take advantage
of the fact that the gas turbine is otherwise penalized by the substantial heat loss associated with
elevated stack-gas temperatures (in excess of
800°F or about 430°C). They are described in
greater detail in Chapter 8.
Gas Turbine Plus Unfired Steam Generator

In this concept, a heat-recovery steam generator (HRSG) is installed at the discharge of a gas
turbine to recover the energy in the gas-turbine
exhaust and supply steam to a steam turbine
(Fig. 13). All the fuel is fired in the gas turbine,
and the steam generator depends entirely on the
gas turbine as its heat source. The steam generator is often designed for low steam pressures and
temperatures, usually limited to approximately
1500 psi and 900°F.
Because the power from the steam turbine
will be produced without any additional fuel
input and because there is only a small decrease in gas-turbine efficiency because of the
backpressure (draft loss] of the steam generator,
the overall plant thermal efficiency will be improved over that of the open-cycle gas turbines.
Depending on the particular steam cycle and
fuel, net plant heat rates below 9,000 BtuAWhr
(HHV) can be obtained (thermal efficiencies
above 38 percent, HHV basis).
Gas Turbine Plus Supplementary-Fired Steam Generator

Gas-turbine exhiuit contains as much as 18
percent oxygen and may be used as an oxygen
source to support further combustion. Therefore,
amodification of the simple waste-heat applica-
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Fig. 13 Gas turbine plus unfired heat-recovery
steam generator (HRSG)

Fig. 14 Gas turbine plus furnace-fired
steam generator

tion is the use of a supplementary firing system
located in the connecting duct between the gasturbine outlet and the inlet to the steam generator. The firing system will utilize a portion of the
oxygen contained in the gas-turbine exhaust and
be selected to limit the maximum gas temperature entering the steam generator to approximately 1400°E
With a given gas-turbine size and this gas-temperature limit, the steam generation can double
that of a simple waste-heat application, and the
steam turbine will supply a greater proportion of
the plant load. The higher steam-generatorinlet
gas temperature will allow steam conditions to
be increased to levels of 2600 psig and 1000°E
The steam turbine designs are nonreheat or reheat, and may be either condensing or noncondensing. For most arrangements the final steam
conditions are primarily ba'sed on the steam-turbine economics. Net plant heat rates of below
8,000 BtukWhr (HHV) are possible with this
combination of equipment (for thermal efficiencies above 42 percent, HHV).

utilizes essentially all of the oxygen in the turbine exhaust to support further combustion.
Typical gas turbines operate with 250 to 400 percent excess air and thus can support the combustion of approximately three'to four times as much
fuel in a downstream boiler as was burned in the
gas turbine. The majority of fuel can now be fired
in the boiler and 60 to 80 percent of thetotal plant
power generation will be supplied by the steam
turbine, with the remaining portion by the gas
turbine (Fig. 14).The gas turbine may be considered as both an independent power supplier and
a forced-draft fan for the boiler. Any of the highpressure, high-temperature steam conditions
utilized by modern steam turbines can be incorporated into this combined cycle.
And althoughthe gas-turbine fuel in the previous arrangement is presently limited to gas and
oil, this cycle allows the use of any fossil fuel in
the steam-generator.
Plant heat rates of 9,530 BtukWhr (HHV)have
been obtained in a U.S. installation l8 ; thermal
efficiencies higher than 36 percent (HHV) are
now possible.

Gas Turbine Plus Furnace-Fired Steam Generator

The previous cycle used only a small portion of
the available oxygen in the gas-turbine exhaust.
Another adaptation is the design of aplantwhich

:~~G",~~~~~~rnace-Fired
Another configuration for a combined cycle
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Exhaust

Turbine

Fig. 15 Supercharged furnace-fired
steam generator plus gas turbine

includes the installation of a steam generator between the air compressor and the gas turbine
(Fig. 15). The air compressor serves as a forceddraft fan and pressurizes the boiler, where all the
fuel is fired; the products of combustion, having
been partially cooled within the boiler complex,
are then discharged through a gas turbine. Additional heat is recovered by heat exchangers installed at the exhaust of the gas turbine. They are
used as economizers or feedwater heaters.
Although conventior~allyfired gas turbines
require high excess-air quantities, the firing
system for the supercharged furnace is designed to operate with excess-air levels commensurate with conventional units and the
air compressor is selected for such an air
capacity. The steam turbine supplies the majority of the plant electrical generation, with
the gas turbine either selected to provide sufficient power to drive the air compressor
(Velox or turbocharged cycle) or sized to supply
additional power generation. Chapter 9 includes a description of the pressurized fluidized-bed combustor (PFBC) employed in this
type of cycle, which is in active development
in several countries.19

This section focuses attention on the overall
design elements of the industrial or institutional power plant, exclusive of the marine propulsion plant. Many of these elements are
involved also in the design of more complex
utility power plants, which is the subject of the
next section. In addition, other chapters of the
book will cover specifics of the design of boilers
together with their various components and
supporting systems.
The most elementary type of industrial power
plant incorporates a boiler as a heat source and
a heating system as a load to dissipate the thermal energy released by fuel fired to the boiler.
From this concept onward, the industrial or institutional power plant may encompass various
degrees of complexity, as discussed in the previous section on cogenerative steam plants. Cycles may range from the very simple, with low
thermal efficiency, to the most complex and efficient arrangements as proposed for central
stations, including combinations of steam and
gas turbines. Boiler size may extend from the
generation of a few thousand pounds of steam
per hour to several million in large installations, and the same spread is true for steam turbines for industrial power generation. In short,
the industrial power plant can be used to illustrate virtually every aspect of the thermal engineering involved with a fossil-fueled plant.
TRENDS IN POWER-PLANT DESIGN

Up to this point the' term industrial power
plant has been used without definition. In engineering terms, there is no physical difference
between industrial and electric-utility centralstation equipment, as is demonstrated in Chapter 8: Steam Generators for Process UseIPower
Production. At one time, power generation was
a part of virtually every industrial power plant,
but this changed for several reasons:
1. The public-utility systems are securely and
effectively interconnected electrically, and provide highly reliable service.
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2. The cost of purchased electric power has resisted the effects of inflation better than almost
any other commodity, largely through the economies-of-scale in the large centralized power
plant.
3. The demands for additional electrical power
have generally grown faster than the demands
for thermal energy for space heating or process
use, thereby exceeding the capabilities of backpressure generation.
The end result was that the majority of industrial power plants built after World War I1 and
until recently (with the enactment of the Public
Utility Regulatory Policies Act of 197B20)were
for space heating and process steam. The exceptions were in situations such as the following:
1. Coordinated demands for steam and power,
accompanied by the availability of waste fuels
suitable for combustion in boilers. Examples
are found in the pulp and paper, chemicals, petroleum-refining, food-processing, and steel
industries. These five industries account for
almost three-quarters of all manufacturing
steam demand; in them, steam use is usually
the limiting factor in h e technical potential of
such cogeneration. '3
2. A balanced growth of electrical and steamheating requirements. This is found in many institutional settings, such as universities,
hospitals, penal institutions, and some districtheating schemes in metropolitan areas. Here,
backpressure cogeneration can have marked
advantages.
It is estimated that, in the late 1970's, less
than 5 percent of American electrical generating capacity was in the form of cogeneration. It
is now recognized that, where it is applicable,
cogeneration is an important means of more effectively using all kinds of fuels in industrialpower situations.
POWER-PLANT STUDIES

The starting point of an industrial power
plant is an engineering study. Power and steam
loads must be ascertained and costs estimated
before construction can be considered. In some
instances, the organization for whom the power

plant is being built may have an engineering
staff of sufficient size and experience to make
preliminary studies, develop the detailed design, evaluate bids, award contracts and- supervise construction. But most often, a consulting
engineer is called upon to perform one or more
of these functions.
In any case, a preliminary report must be
written to obtain authorization of capital funds.
Not only does this report consider the total investment, but it also evaluates outlays for such
items as operatjon, maintenance, depreciation,
insurance, interest, and taxes. With its primary
emphasis on economic factors, the preliminary
report must be written so as to be intelligible to
those whose background may be in finance or
law rather than engineering.
A salient part of the preliminary report is the
charting of anticipated loads for different conditions, such as daily load curves for winter
and summer, weekdays, Saturdays, Sundays
and holidays. Special consideration must be
given to any unusual operating conditions and
to the time of peak loads. If a manufacturing operation is involved and if it incorporates some
process equipment with marked swings in demand, a detailed study should be made of the
nature and frequency of the operation and its
steam and power demands. As a part of load
studies of existing plants, the peaks and valleys
should be investigated with the objective of determining whether corrective measures might
be taken to level out the load to increase effective output.
Typical load curves, as shown in Figs. 16, 17,
and 18, help to determine the size of such
equipment as boilers, turbines and auxiliaries.
Studies must then be made of the capability of
the equipment to meet not only the conditions
plotted on the basis of past experience but also
those forecast for a limited time in the future.
Load curves should be made for both power and
steam requirements, and due consideration
should be given to the relative growth of power
and steam in the future.
The engineer with the assignment to study
the power and steam requirements must become thoroughly acquainted with the operating

.
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Fig. 76 Summer and winter heating loads in a high-temperature water installation

characteristics of the proposed installation or
the extension to existing facilities. In the case of
a hospital supplied by an isolated power plant,
dependability of service is of paramount importance. The same may be true of an industrial
process of a continuous nature, where an emergency may be very costly and possibly hazardous as well. On the other hand, some
installations may have firm electrical connections to outside sources. Here, the design emphasis might be on continuity of service
despite outage of generating plant equipment.
In other situations, power and heating interruptions may be inconvenient, but may not cause
severe problems or losses.
Federal, state and local regulations affect the
installation and operation of all industrial facilities. In the case of a cogeneration plant or

- Time
Fig. 77 Widely fluctuating processing load curve

independent power producer, the greatest regulatory influences on project feasibility will
most likely stem from regulations in the areas
of electric power exchanges, fuel use, and environmental quality. Of these areas, electric
power exchanges are subject to a combination of
state and federal regulation; fuel use is regulated primarily by the federal government; and
environmental quality is likely to involve regulation at the federal, state, and local levels.
Based on the definition of the problem and
the detailed technical analysis, then, the preliminary report should offer conclusions and
recommendations. These should include estimates of the required capital investment along
with operating costs and fixed charges. In most
reports of this nature there will be a number of
analyses of economic alternatives, to aid man-

Hours

Fig. 78 Load curves for backpressure
steam and power generation

'
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agement in making decisions prior to authorization of construction.
DESIGN INVESTIGATIONS

Detailed design follows acceptance of the
preliminary engineering study and authorization to proceed. Some topics of the preliminary
report are investigated more thoroughly as part
of the design process. The studies are coordinated with the purchase of materials and equipment and the making of detailed architectural
and construction drawings.
The number and scope of design investigations will vary from plant to plant. As a very
minimum, decisions must be made as to choice
of cycle, selection of fuel, number and types of
auxiliaries, extent of instrumentation and automatic control, and plans for isolated or interconnected operation.
CHOICE OF CYCLE

In the de$ign of a new plant, careful consideration must be given to the choice of thermal
cycle. If space-heating and process use constitute the entire load, then it is possible to make a
choice between a steam and a high-temperature
water cycle. Large industrial power plants with
substantial process and electric loads are likely
to make use of more advanced cogenerative cycles, as covered above.
CHOICE OF FUEL

Selection of fuel is based on a combined investigation of availability, cost, and operating
requirements. Most industrial power plants use
solid, liquid or gaseous fuels, either singly
or in combination. Although generally these
are commercially available fuels, sometimes
they are byproducts of manufacturing
and processing.
When comparing fuel costs, the following
factors should be tabulated:
H base price of fuel
H cost of fuel, delivered
cost of handling and reclaiming
cost of labor, including firing and disposition
of refuse

cost of plant services, including power
i
fixed charges on fuel-handling and burning
equipment
Careful study of these outlays, adjusted to an
annual basis, will provide a foundation for fuel
choice. Other less tangible factors should also
be evaluated, such as reliability of supply, future availability, individual fuel cost trends,
ease of conversion from one fuel to another, and
extent of future plant expansion.
Charges for byproduct fuels depend upon the
method of accounting for process and powerplant costs. In some industries, such as steel
and petroleum refining, byproduct fuels must
be either burned @ power-plant boilers as fast
as they are produced or consumed as atmospheric flares. Other byproduct fuels, such as
some types of wood and plant refuse, may be
stored for limited periods. The economics of
such byproduct fuels can become very complex
or be as simple as the necessity of disposing
of them immediately by some form of combustion. In many instances, conventional solid,
liquid, or gaseous fuels must be fired to
supplement byproduct fuels.
CHOICE OF AUXILIARIES

No steam power plant is complete with
merely a boiler and a turbine. Auxiliary equipment is required in the form of fans, pumps,
heaters, tanks and piping. In some instances,
heat-recovery equipment is added to boilers,
and generally some form of water-conditioning
equipment will be required. Both fuel and ash
handling systems are necessary if solid fuel is
fired. If all electrical requirements cannot be
satisfied through backpressure operation, a
condenser is a necessity.
The designer of an industrial power plant
must investigate to some degree each of these
auxiliaries. In the case of tanks and piping, the
investigation may be to determine optimum
sizes and selection from among alternative piping and equipment arrangements. In other
cases, the designer may decide only whether to
use the auxiliary equipment.
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Motor versus Steam-Turbine Drives

In most industrial power plants, the designer
has a choice of steam-turbine or electric-motor
drive for rotating auxiliaries. Electric drives are
used commonly for such items as forced- and
induced-draft fans and pumps for boiler feed,
condensate and fuel oil. Yet the possibilities
and advantages of turbine drives should not be
overlooked. These may contribute to improvement of the plant heat balance and assure continuity of boiler plant operation in the event of
power failure. Where more than one fan and
pump are installed for each plant auxiliary service, the combination of motor and turbine
drives becomes attractive, with provision for
automatic starting of the steam-driven auxiliary
in the event of power failure.
Because continuity of service is absolutely
essential for t$e boiler feed pump, it is common
practice to provide a steam-driven pump for use
in the event of electric power failure. In addition, provision may be made to start this pump
automatically if there is a marked drop of pressure in the boiler feed line.
Unlike the case of the boiler feed pump,
the question of turbine drives for forced- and
induced-draft fans does not have a clear-cut
answer. Consideration should be given to the
probability of electric-power outage and the necessity for maintaining full-load output in the
event of such outage. The economics of operation must be weighed against the requirements
for service continuity.
INSTRUMENTATIONAND AUTOMATIC CONTROL

Industrial power plants vary widely in their
use of instrumentation and automatic control.
Instrumentation may be installed as an aid to
operation, as a means of keeping records of use
of fuel, steam and electricity, or for both purposes. Automatic controls may be specified to
reduce operating personnel to a minimum and
to assist in maintaining operation at a high level
of efficiency.
Instruments assist in the operation of a power
plant as well as in the collection of information
on the cost of steam and power consumption.
The designer must keep in mind the type of

data which must be available at all times to the
operator and must select the correct instruments to provide this information. Some of
these instruments will be of the indicating type,
while others will record data over prolonged
periods. Both types are essential; some overlapping and duplication of readings can be justified because of the differing uses for operating
and recorded information.
Every industrial power plant will incorporate
instrumentation to indicate boiler and turbine
loading. It is also common practice to provide
instruments to show various steam and flue-gas
temperatures, air and steam flow, feedwater and
steam pressures, and electrical outputs. Chapter 13 describes the types of instrumentation
and controls currently being installed in industrial power plants.
DRAWINGS AND SPECIFICATIONS

To build a power plant, drawings and specifications must be prepared to obtain bids and exercise proper supervision over purchasing and
construction. The objective of such drawings
and specifications is to describe the work to be
done, primarily from the point of view of the
results to be achieved. The engineer must use
extreme care to see that they are clear, concise,
and capable of but one interpretation. The
drawings describe the work graphically and dimensionally while the specifications represent
verbal descriptions.
It is well to consider the specifications as the
rule book which governs the entire project. The
drawings should indicate the location of equipment, including interconnecting piping and
wiring. Between the two, the work to be done
should be clearly set forth, with nothing essential omitted and with a determined effort to
avoid inconsistencies and unnecessary overlap.
The specifications should set forth the functions and limits of each item shown on the
drawings. By their very nature, specifications
are intended to be very detailed about what is to
be done, even though they may include some
general stipulation or conditions which relate
to the work as a whole.
As an example, consider a piping system for
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an industrial power plant. The drawings will
show a piping layout, including detailed dimensions, and will indicate the pressure characteristics of the system. The specifications
should list all design requirements: design
pressure and temperature; operating pressure
and temperature; the grade designation, sometimes called the schedule, of piping, fittings
and valves; the type and pressure characteristics of joints, including any special requirements. These piping specifications should also
contain provisions covering quality of materials
and workmanship, including inspection and
acceptance requirements.

cisions must be made at least that long before
the capacity is needed.
Management must find the best practicable
answers to four fundamental questions about
the provision of additional capacity: When?
How big? Where? What kind? In more formal
language, the following steps must be undertaken.
1. Forecast of loads to determine timing and
size of additions.
2. Selection of plant location.
3. Selection of types of equipment.
Each step is the subject of a subsequent discussion and involves the careful weighing of
both economic and technical alternatives.

In the specifying of power-plant equipment,
it is sometimes expedient to write a performance specification, with only such descriptions or physical limitations as are necessary to
provide for<the desired quality of materials and
workmanship. Within this framework, the manufacturer is given as much freedom as possible
to provide equipment which will best fulfill the
functional requirements of the installation. By
reason of specialized experience, a manufacturer frequently can best determine the detailed
design of the particular equipment it supplies,
given all the factors for performing economic
analyses of available alternates.

FORECAST OF LOADS

ELECTRIC UTILITY
POWER-PLANT DESIGN
The objective of this section is to show the
steps that must be taken and the decisions that
must be made in the preliminary design of a
central station for the generation of electric
power. Most of the information applies equally
to installations being made by unregulated independent power producers.
Electric utilities are continuously thinking
about generating facilities that must be in operation as much as ten or more years in the future.
The final permitting, design, and construction
of new capacity will typically require not less
than four years. For these reasons, all basic de-

The answers to When? and How big? are approached by making a forecast of future electric
demands. Such activity is a continuous function in a major utility and is, necessarily, a matter of judgment in interpreting company
records, economic trends, population shifts,
technological changes and regulatory factors.
There are two significant characteristics of
electric demand (usually called "load") in this
connection: the peak load, which is,the maximum demand on the generating plant for a relatively short period, as 15 minutes or one hour;
and the average demand over a longer period,
usuallv a month or a vear. The ratio of the two is
called-the load factor and is typically in the
range of 40 to 60 percent. A system with a relatively high load factof is foitunate in that it
uses, on the average, more of its installed capacity profitably; it-spreads its investment costs
over a greater production than would be true of
another system of the same size, having the
same peak load, but with a lower load factor.
The high-load-factor system can therefore afford to spend more money for more efficient
equipment that will reduce operating costs.
The chief of these is the cost of fuel, expenditures for which vary directly with station output. Improvements in station thermal efficiency
are one way to reduce the outlay for fuel.
The records of electric demands are usually
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kept in three major classifications: residential,
commercial, and industrial. Special records applying to unusually large users of power are
also available.
The forecaster studies the history of each
type of load but chiefly gathers all available
data on the growth of the area which is being
studied. The forecaster watches population
shifts, growth of suburban shopping centers,
trends toward air conditioning and electric
heating, changing processes in industry, development programs to attract new employers, statistics on per capita use of electricity; in short,
every factor that bears on the future use of electrical energy in the area under investigation.
The result of this process is a graph showing
the expected peak loads and load factors for a
period of years into the future. An example of a
peak-load forecast is the line X-X in Fig. 19.
To be reasonably sure of carrying the peak
load of any given year, the total generating capacity of the system must exceed the expected
peak load by a margin for reserve. The necessary reserve is of two kinds.
Spinning reserve is the excess generating capacity that is in operation and on the line at the
time of peak load. It must be at least equal to the
capacity of the largest single generating unit
in use at that time on the system or its interconnections. It is necessary to provide spinning
reserve to guard against the possibility of
a mishap to the largest unit causing loss of
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Fig. 79 Relationship between peak loads
and installed capacity

its generating capacity, even if onlydfor a
few minutes.
Reserve for scheduled outages is generating
capacity that is installed on the system but is
not necessarily in operation at the time of peak
load. Such reserve is needed because equipment must be inspected and overhauled at regular intervals. The amount of this reserve must
be not less than the size of the largest unit that
will be overhauled during the peak-load season.
DETERMINING SYSTEM RESERVE REQUIREMENTS

A simplified example will illustrate the point.
Assume a system composed of twelve identical
generating units, each capable of generating a
continuous output designated as M k \ , where
M is any number. The total installed capacity is
1 2 M kW. The spinning reserve is one unit, and
the reserve for scheduled outages is another
unit because an overhaul typically takes about a
month. This system can be expected to carry a
peak load of 10 M kW, its firm capacity.
If the system consists of six units each of 2 M
kW capacity, the installed capacity is the same
as before, but deduction of the spinning reserve
will bring its capacity down to 10 M kW, and
the further deduction of reserve for scheduled
outages will leave a firm capacity of only 8 M
kW. However, it may be possible to schedule the
overhauls of six units wholly outside the peakload season, depending on the character of the
system load variations through the year; this
would make the firm capacity of the system
10 M kW as before.
Another example is indicated in Fig. 19. The
system is assumed to consist of six identical
units each of M kW capacity. Line A indicates
present installed capacity. Deduction of spinning reserve gives line B, and further deduction
of reserve for scheduled outages leaves the firm
capacity, line C. Another unit must be in operation before the peak-load season of the fourth
year. If this unit is of M kW capacity, the new
situation is indicated by lines E, F and G. Similarly, other M kW units must be added, one before the seventh year, one before the ninth year,
and so on.

If the seventh unit is twice the size of the earlier ones, the installed capacity in the fourth
year is shown by line D. Spinning reserve must
now be 2M kW, the size of the largest unit. Reserve for scheduled outages will, however, be
M kW, making the firm capacity line G, the
same as if unit seven were of the smaller size. It
follows that installing a large unit increases
the firm capacity of a system only by an amount
equal to the capacity of some smaller unit.
IVhen the second larger unit is installed, as is
indicated for years seven to ten, the firm capacity will increase by 2M kW if it is possible to
schedule outages of the two larger units out of
the peak-load season (lines H, I and 7). Otherwise line K will give the firm capacity.
Further additions of capacity are also indicated on Fig. 19. Solid lines apply to M kW
units and dash lines to the larger 2M kW size.
The foregoing is known as the block system
of generating capacity addition. The objective
is to install the equivalent of two blocks more
than the peak load, one to provide spinning reserve and the other to permit scheduled outages
for maintenance and repair.
EVALUATING SYSTEM CAPACITY ADDITIONS

Several factors have led to modifications and
deviations from this simplified method of capacity addition. Knowledge of system operation has become more complete, and reliability
of components is somewhat better understood.
This means that entire systems may be computer-simulated by mathematical models and
that unit outages may be predicted by probabil-ity m e t h ~ d s . ~
Using
'
this approach the necessary system reserve requirements may be less
than under the block system, but the largest single unit should not exceed 5 to 10 percent of the
total system capacity.
In practice, these considerations for system
capacity additions are far from clear-cut for a
number of different reasons.
The units will be of different types, sizes,
ages and vulnerability to accidental shutdown.
The actual capacity of a plant varies with condensing water temperature, and at times is subject to variations caused by changes in the fuel.
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A system usually includes transmission lines
which are subject to interruption of service
from weather and other such causes quite different from those that affect generating units.
Outages from such interruptions may be greater
than the loss of a single unit.
There is the possibility that not only one unit,
but two or more, may suffer unexpected interruptions simultaneously or following closely
upon one another.
The graph of Fig. 19 plots predicted annual
peak loads forTcertainfuture years. Another informative graph is constructed by getting from
system records the number of hours per year in
which the load equalled oy exceeded a given
amount. The system minimum load will correspond to 8760 hours per year, and the maximum load will appear, in all probability, for
only one hour. Such a graph is called a loadduration curve. Fig. 20 represents an idealized
example. The areas are energy units expressed
as kWhr, and the total area under the curve, divided by the area of the rectangle enclosing it,
is the annual load factor.
The chief value of this curve is to emphasize
the brief period during which peak loads must
be generated in the typical system. Even though
the curve is drawn for a past year, its shape will
not change markedly in the future unless the
character of the load changes materially. Loadduration curves can, therefore, be drawn for future years, subject to the uncertainty of the
predicted peak loads and load factors discussed
earlier in this chapter.
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It is apparent from the series of curves on a
single set of axes in Fig. 20 that the system already has enough equipment to generate all but
a relatively small part of the predicted loads.
These peaks last a short time and involve only a
small amount of generation above a horizontal
line representing the system firm capacity. Assume for the moment that all equipment in the
system is in good condition and can be expected to operate successfully throughout the
period under study. On this assumption, the
problem of meeting the future growth in peak
load can be solved simply by providing the
cheapest possible generating capacity large
enough to take care of the growth in load; its
fuel economy is not of prime importance because it will be used only a few hours per year,
whereas investment costs go on continuously
and must be kept to a minimum.=
CHOICE OF POWER-PLAN ADDITIONS

Generally, load-distribution requirements for
most utility systems follow the pattern of Fig.
20. A typical utility may have three distinct
load requirements-base, intermediate and
peak. Prior to the mid-1970's, the traditional
methods of meeting these load requirements
were to have large nuclear and high-efficiency
fossil-fuel steam plants designed for 6000 to
8000 hours of operation per year supplying
base load. Specially designed fossil-fuel steam
plants and former base-loaded fossil plants
would supply intermediate load. Low-efficiency installations required to operate for 500
to 2000 hours per year would supply the peakload and reserve requirements of the system.
Gas turbines, old steam plants, and hydropumped storage plants would supply this latter
capacity. (It should be noted that there is no
clean-cut line of demarcation between load categories. Plants designed for one mode of operation may, in practice, be required to operate
in other modes which were not originally
contemplated.)
Traditionally, utilities -purchased new additions of the largest and most efficient steam
cycle available. These new units were assigned
to base-load service and expected to operate at

a capacity factor equal to their availability for
approximately the first 10 years of commercial
operation. This relegated previously baseloaded plants within the system to cyclic or
lower load-factor operation.
Currently, several factors are operating to
change this pattern. Improvements in heat rate
have diminished. Utilities with a mix of nuclear and new fossil may require the fossil
plants to enter cycling service directly. Finally,
although the new fossil units may be designed
for an efficient thermodynamic cycle, tail-end
emission control systems may have high parasitic power requirements. Similarly, the new
plant may be fueled with low-sulfur coal transported great distances at considerable expense.
Such factors may result in the new fossil unit's
having higher generation costs than son?e of the
older plants, with a corresponding influence on
the selection and loading of equipment for the
most economic dispatch.
Final decisions as to size and timing may well
be tied in with decisions as to location and type
of equipment, as well as licensing and regulatory
requirements that can result in exceedingly long
construction lead times. As has been often demonstrated since the advent of longer plant-realization times resulting from the current extended
permitting process, the risk of error in installing
new facilities increases directly with the time of
construction. This mitigates against the 1 2 - to
15-year total time span of nuclear plants, and
makes short-installation-tirne generating equipment (such as gas turbines), as well as powerpurchase scenarios, very attractive to system
planners. The analysis and study described to
this point will disclose a relatively small number
of practical possibilities, each of which must
be studied in some detail to set up comparative
investment and operating costs over a period
of years.
SELECTION OF PLANT LOCATION

The location of an electric-generating station
is determined by analysis of many factors that
influence the selection in diverse ways. During
the study and forecasting of future loads, it will
usually become apparent that only a few attrac-
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tive sites are available. Each of these must be
studied to determine the effect of individual factors on its desirability. The object is to make an
engineering economic analysis that will disclose
the best choice, which in general is the location
that will result in the lowest total cost to the
owner in the long run.

..L

Plant Thermal Efficiency, Percent

CONDENSINGWATER SUPPLY

As is well known, a steam turbine requires a
relatively great quantity of condensing water for
its economical operation. Under average conditions it is estimated that about 800 tons of water
are required for each ton of coal burned. The supply of water should not vary through the year, its
temperature should be as low as possible, the
water should not be corrosive to the usual materials, and it should not contain suspended material that will interfere with the flow through
pumps and tubes. These considerations suggest
a river, a lake or an ocean, and central stations are
located whenever possible on the bank of some
such body of water.
The alternate to such a location is to provide
cooling towers in which forced or natural-draft
circulation of air cools the condensing water
nearly to the prevailing wet-bulb temperature.
Although the investment in cooling towers is
high compared to once-through cooling, this
higher cost is somewhat offset by the smaller waterfront construction and tunnels.
The extent to which condensing water is available sets a limit on the amount of power that can
be generated at the site. Advanced steam conditions not only achieve greater cycle efficiencybut
also result in less rejection of heat to the condenser. For example, for the same initial steam
conditions and a limited amount of condensing
water, selection of areheat regenerativecycle permits greaterpower output than anonreheat cycle,
everything else being equal. This can be of considerable importance to central stations which
are being redeveloped on sites having limited
amounts of cooling water. Fig. 2 1 shows the reduction of heat rejection to condenser cooling
water as cycles of increased thermal efficiency
and decreased net plant heat rate are incorporated in power plants.23

T

Net Plant Heat Rate, Btu/KWHr

Fig. 21 Heat rejected versus net plant heat rate
based on 1.5" Hg backpressure

PUBLIC OPINION

The effect of public opinion on the choice of a
site can be profound. If the public thinks of a
power plant as an ugly, noisy, dirty place, spreading dust and ash around the neighborhood, it
instantly objects to admitting one to genteel surroundings. The remedy is to design and build
central stations that have good architectural
treatment, that are clean and as quiet as possible.
Many utilities have done this quite successfully.
OTHER CONSIDERATIONS

Additional concerns include availability of
municipal services and suitable labor, appropriate zoning, convenient access, climate, tax situation and the like. Room for growth and freedom
fromundue riskof flood and earthquake are ordinarily essential.
The nature of surrounding installations may
play a part in the selection. For example, the
height of stacks will be subject to Federal Aeronautics Administration regulations and would
be restricted near an airport.
In many site selection problems, one possibility is that of adding to an existing station. To do so
has obvious economies in making use of existing
facilities, no matter how much new construction
may have to be provided. If the existing station

.-
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site is large enough and has enough condensing
water, and especially if it was designed for expansion, it is unlikely that a new site can compete
successfully. Each case must be studied on its
merits; the danger is in assuming that the "obvious" answer is the best.
Finally, in all studies and analyses, it is essential to remember that future conditions determine the best solution. All available data apply to
past yetars,or at best to the present, and must be
reviewed critically to ensure that the most likely
future conditions have been derived or projected
from them. This statement applies to every engineering economic study.
SELECTION OF TYPES OF EQUIPMENT

Having determined the size, timing, and location of the installation by the steps previously
described, we must tackle the question, What
kind? In practice, the steps are not taken separately and in succession; they overlap considerably but may follow the sequence described in the
following text.
The primary choice is between two plant fuel
cycles; that is, coal fuel or internal combustion
(diesel or gas turbine). The possible consideration of nuclear, hydroelectric, or purchased
power would take place before site selection, and
is outside the scope of this book. Strictly on the
basis of total economy, steam with coal fuel frequentiy will be preferred in the larger sizes, with
internal combustion having an advantage for
smaller units.
The size range within which each type of plant
fits best is reasonably well defined by experience
and will not be the subject of intensive study in
the typical instance. Capacity installed for peaking purposes may be subject to very different economic evaluation than is the case for base-load
generating equipment. Heat rate economies
dominate the latter, while availability of peakshaving capacity for short periods is of most importance in the former.
Assuming that a conventional steam cycle has
been selected, studies will be made to find the
best conditions as to steam and reheat pressures
and temperatures, number and location of extraction stages, condenser pressure, and a host of

similar characteristics." Only with experience
and judgment as a guide is it possible to keep the
combinations of variables within practical
bounds. Even with the help of advanced methods
of analysis, the basic method of solution is to
assume a reasonable set of conditions and calculate the required investment in the central station
and the resulting cost of operation under future
load conditions. In some instances, the influence of avariable can be isolated and analyzed by
itself, but all too often a change in assumed design conditions will be reflected throughout the
cycle, resulting in an unexpected and perhaps
undesired change at another point.25
The sizes of the units will have been fairly well
determined by the studies of load growth and
estimated capital cost. The unit system, under
which a singleboiler serves a single turbine, each
with its own auxiliaries, is rather generally accepted, but there may well be exceptions, especially when a station has a process steam load in
addition to an electric load.
At this point, anumber of subsidiary economic
studies will be required; for example, heater and
condenser surface, turbine versus motor-driven
auxiliaries, voltage of electric auxiliary drives
and extent of building enclosure. The object is
always to reduce the initial investment without
increasing maintenance and operating costs.
Investment costs are initially determined by
making a preliminary design of the feature in
question and estimating from quotations and
past experience the cost of its purchase and installation, keeping in mind the fact that such
matters as building volume, foundations, steel
work, steam and water piping, electrical wiring,
and controls cannot be ignored.
Operating costs are estimated by calculating
plant performance over the necessary range of
loads under the assumed conditions and applying load duration data to find annual costs. It is
generally necessary to include maintenance
costs for a complete comparison.
The several assumed combinations are compared by standard methods of engineering economy to find the one that promises the lowest
overall cost over the life of the station, giving due
regard to the time value of money.
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SOME POWER-GENERATION TERMS

CAPACITY FACTOR: a measure of the output
of the plant over some time period. Capacity
factor is the ratio of the energy generated by
the unit during the time period to the energy
that could have been generated had the unit
run at its full rating over the entire period.
(SeeChapter 24.)
NET PLANT HEAT RATE (NPHR):the fuelheat input required to generate a kWhr and
deliver the generated power to the transmission line leaving the plant. The term
"net" implies that energy needed to supply
auxiliary equipment must be deducted prior
to calculating NPHR. Plant efficiency can
be calculated by dividing 3412 BtuIkWhr
by NPHR.
REPLACEMENT POWER COSTS: the cost of
supplying replacement energy in the event
of a forced or scheduled outage. Replacement
power may be available within the utility's
system by bringing into operation units with
high production costs, or may have to be purchased from other utilities.
AUXILIARY-POWER CHARGES: charges assessed to account for the effect of auxiliarvpower requirements on the net output from
the plant to the utility's grid. A demand
charge, proportional to the cost of new generating capacity, applies regardless of the duration such auxiliaries are ex~ectedto run.
An energy charge is applied against the time
the auxiliarieswill be in operation. The magnitude of the energy charge depends on
fuel costs and other operating costs in the
utility system.

See reference 24 for a typical engineering
economy study performed .for application to a
large utility system.
The result of this engineering process will be
to produce a set of preliminary arrangement
drawings showing the station as it has been conceived; a set of abbreviated specifications covering the important equipment, structures and
systems; a reasonably reliable construction cost
estimate; and a report covering the alternates

considered, advantages arid disadvantages of
each, comparative investment and operating
costs, and other data individual to each case.
Management will be able to base its decision on
this material if it is complete and well presented.
Then and only then does the detailed procurement and design process begin. The steamturbinelgenerator and the boiler are purchased
first, followed by other major components as dictated by their respective design and fabrication
lead times.
As the equipment is purchased, hundreds of
studies of comparative gconomics of the vendor
offerings are made, based on capital costs, energy costs, and probably costs of operation and
maintenance. The following section describes
how such conventional power-plant economic
studies are made.

POWER-PLANT ECONOMICS
Costs associated with owning and operating
power-plant equipment are a basic concern of
both the design engineer and the user. Often,
the initial cost of the equipment must balance
against the operating cost over the plant lifetime.
Before discussing how such comparisons are
made, it is necessary to consider the two general
categories of power-plant costs.
Much of the money spent by a power-plant
owner is for goods and services consumed
within a relatively short time after acquisition.
This category includes outlays for wages and salaries, operating and maintenance supplies, and
fuel. Called expenses, such payments are normally made from revenue.
In contrast, other owner expenditures are for
items whose usefulness continues for an extended period and which produce revenue in the
future; money spent to construct a power plant is
a typical example. Termed capital investments,
expenditures of this nature are not ordinarily
paid directly from revenue; this is because current revenue most often would be insufficient to
cover large capital expenditures, and because the
equipment is expected to provide service well
into the future.
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POWER-GENERATINGCOSTS

Total power-generating costs, or bus-bar
costs, are the sum of fixed charges, fuel costs,
and operation and maintenance (O&M)costs.
The fixed charges are associated with the capital investment, whereas the fuel and operation
and maintenance (O&M) costs are generally
treated as expenses.

C = IC x FCR1100
= fixed charges, $lyr.

IC = initial capital cost, $, and
FCR = annual fixed-charge rate, %
(8)

or, on a per-unit-of-energy-generatedbasis:

FIXED CHARGES

Capital costs are translated into annual costs
by calculating the fixed charges on the plant or
equipment.
Fixed charges are those costs incurred during
each year of the lifetime of a plmt, i~dependent
of how much energy production takes place in
each year. Included in the fixed charges are usually all of the costs that are proportional to the
capital investment in the installation, which
will include depreciation, required return on
investment, property insurance, federal income
taxes, and state and local taxes.
Some components of the fixed-charge rate,
such as depreciation, are bookkeeping expenses
which do not represent cash outflow during the
operation period. Other fixed-charge components, such as property insurance and ad valorem taxes, represent annual outlays which are
in direct proportion to part or all of the initial
investment. The required return on the investment and the income taxes associated with this
return are a major part of the annual fixed
charges. Also included is an interim replacement allowance, which provides for any intermittent replacement of equipment required
before the end of the scheduled plant life. Not
included in annual fixed charges are relatively
constant fixed costs, such as liability insurance
or plant staffing expenses, which bear no direct
relation to the plant investment and are somewhat independent of the extent to which power is
generated. (Such expenses are included in the
plant operation and maintenance category.)
The proportionality constant that converts the
initial capital cost of the plant to annual fixed
charges is the fixed-charge rate. Therefore, the
fixed charges on the plant are

where c = fixed charges. millslk\Vhr, and
G = energy generation, kwhrlyr.

(9)

In utility accounting, fixed-charge percentages are applied annually to the depreciated
(book) value of the investment, and consequently, the amount charged to a specific plant
decreases from year to year. When this procedure
is followed for evaluations, it is necessary to calculate fixed charges and all other costs year-byyear over the life of the plant, to discount each
future year's total costs to obtain the corresponding present worth, and to sum all these present
worths to obtain the grand-total "presentworthed" cost of the plant being evaluated. This
gives a single figure by which the relative economics of proposed plants may be judged.
A simpler procedure giving the same result is
to use levelized annual fixed charges; that is, to
apply a constant fixed-charge rate each year to
the initial investment in such a manner that the
present-worthed grand total of the constant
charges equals the corresponding total of variable charges. The use of levelized fixed charges
does not yield the year-by-year forecast of costs
given by the more detailed approach, but such
annual breakdowns are not usually required for
evaluations. A conceptual approach to developing a fixed-charge rate is shown in Table I.
FUEL COSTS

For most economic evaluations, converting
fuel costs on an as-received basis at the plant to
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fuel costs per kilowatt-hour of power produced is
sufficient. The relationships to do this are

(10)
where

F = fuel cost, millslkwhr
FC = fuel cost, Pilob(mi1lion)iBtu
NPHR = net plant heat rate, BtulkWhr

or

F =

FC x NTHR

lo3 x B E (1 - APR)

(11)
where NTHR = net turbine heat rate, BtulkWhr
BE = boiler efficiency, Ole
APR = auxiliary power requirements
(as a fraction of gross plant output)

Thus, if fuel costs for a coal-fired unit are projected at 3ooa: per million Btu, and the net plant
heat rate is 9300 BtuIkWhr, the fuel cost, F, is
28 millskwhr.

Table I.Typical Fixed-Charge Rate
for Depreciable Portion of Plant
Component

Percent

Interest or return on investment
Depreciation * *
Interim replacements
Property insurance
Federal income taxes
State and local taxes

8.6 *
3.3
0.4
0.5
3.0 * * *

-

2.4 * * *
-

Total 18.2

'Levelized value: (50% debt @ 10%
levelized average investment
'straight-line for 30 years

' 'For investor-owned companies

+ 50% equity @

TlMdDEPENDENT COSTS

The time it takes to complete a project affects
present-day direct costs (such as material and
labor) and indirect costs (such as construction
facilities and services) in two ways. Escalation
takes place between project initiation and actual
delivery of equipment and services. The utility
also incurs interest charges on payments that
must be made before the plant is placed into service. The magnitude of these escalation and
interest-during-construction (IDC) costs on the
~ t e a m - ~ e n e r a tequipment
in~
depends, of course,
on the vendor's escalation provisions and terms
of payment. These charges can typically add 50
percent to the original cost of long-lead-time
equipment, such as boilers and turbine-generators. Therefore, changes in the present-day price
of new equipment, either upwards or downwards, are highly leveraged in their impact on
the evaluated cost of the equipment installed in
the plant.
Although each equipment payment is subject
to different escalation and IDC charges as a result
of the*timing of the payment, the net effect of
these charges can be represented by single factors. Each factor is a weighted-average of the
charges on individual payments. The final, fully
escalated cost of the equipment is greater than
the present day cost of equipment by the factor F,
where:
F = E d X Ec X IC
(12)
and where;
F = total factor to be applied to present-day costs to
account for escalation and interest during construction
Ed = escalation factor during design period to start of
construction
E, = escalation factor during construction period
(See Fig. 22)
1, = interest factor during construction period (See
Fig. 23)

14%) x .72

Figs. 22 and 23 depict graphically the values of
escalation and interest multipliers during the
construction period based on typical cash-flow
patterns for power plants.
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Consider a unit with a present-day cost of $800
million. With construction beginning two years
from now and commercial operation six years
from now, escalation is expected to be 7 percent
per year, and interest during construction, 8 percent per year:
Ed = (1.07)' = 1.145

E, = 1.135 (See Fig.22 for 48 months and 7%/yc)
I, = 1.16 (See Fig.23 for 48 months and 8%/yc)
F = 1.145 x 1.135

X

1.16 = 1.51

This plant then would have a capital cost at the
commercial operation date of:
1.51 x $800 x i06 = $1,208 million

crease at a slower rate, percentage-wise, than the
rate at which design plant output increases,
economies of scale are present. Power-plant construction experience indicates that economies of
scale exist in the steam-generatingplant, the turbine-generator, the condenser, and switchgear,
and consequently, in total plant costs.
This type of cost behavior is often represented
by some form of power relationship, less than
unity, and usually between 0.7 and 0.85. With a
power relationship "k," this would be expressed
as follows:

ECONOMIES OF SCALE
Many of the cost components that make up total
power-plant costs are fixed;that is, they ire independent of plant size, or else they increase slowly
as plant size increases. If total plant costs in-

r

.36

I
Fig. 22 Escalation multiplier

(Escalation Rate = e)

where: IC,= capital cost of plant 1
IC? = capital cost of plant 2
PO, = output of plant 1
PO2= output of plant 2

e = .12 e = .ll

Construction Period, Months

(13)

e = .10

I
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Thus, if the cost of a 300-MW generating unit is
expectedto be $2,00okW, the total cost for a 500MW unit will be, with k = 0.8

Economies of scale are only one factor involved
in the choice of unit size. Consideration must
also be made of such factors as reliability, mode
of operation, financing requirements, availability of sites, and regulations.
PRESENT-WORTH AND LEVELIZED COSTS

Present-worth and Ievelized costs are terms often used in discussing utility planning, evaluations, and engineering economics in general.
The concept of present-worth costs is frequently
explained by the statement that "a dollar today is
worth more than a dollar tomorrow." While this
sounds reasonable, it is important to understand

1.001
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I

I

34

38

Fig. 23 Interest multiplier
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the basis for the statement. It has nothing to do
with inflation or escalation of costs. It simply
means that a doll? received today can be invested and, by "tomomw," will be equal to a dollar ~ l uinterest.
s
The concept of present worth or present value
is a corollary. The present worth of some future
expense (or revenue) is the amount that would
have to equal that future expense (or revenue)
eventually. Total present-worth costs are simply a
way of combining payments made at different
times to accouht for the value of interest. All utility expenditures are in this category.
Present-worth costs are calculated by simply
reversing the process of calculating compound
interest. Therefore, C; is the present worth of
some cost, C, occurring at time t in the future

-

where r is the interest rate or discount rate.

I

I

I

50 54 58 62
Construction Period, Months
46

I

66

I

I

I

70

74

78

COMBUSTION
Steam Power-Plant Design
.-

The expression

2
is called the dis(1 + r)t

count factor or preseit-worth factor.
Thus, the present worth of a payment of
$100,000to be made three years later, assuming a
discount rate of 9 percent per year, is
$100,000 X 1= $77,200.
(1.09)~
In other words, a. payment of $77,200 now is
equivalent to a payment of $100,000 three years
later, assuming the money can be invested to generate a rate of return of 9%/yr.
The total present-worth costs (PWC) are the
sum of all costs associated with a project properly discounted or present-worthed to a common
point in time.

Total present-worth costs can be used to compare two alternatives that involve different cost
q e n d i t u r e s over the life of a project.
A closely related concept is levelized costs.
Levelizing is an averaging process which gives
more weight to costs occurring early in the life of
the project. To obtain levelized costs, it is only
necessary to divide the total present worth of the
payments involved by the sum of the presentworth factors. For instance, levelized total costs
(LC) are given by:

The resulting levelized cost is one, constant,
annual value which is equivalent (i.e. has the
same total present worth) as the non-uniform
series of actual annual costs.
Thus, for non-uniform annual expenses of
$157million; $165 million; $167, $163, and$170
million over the first five years of operation of a
new generating unit, the present-worth costs and

DEFINITION OF DISCOUNT RATE

The discount rate is usually defined as
the desired after-tax return on investment.
Generally, it is the minimum return that any
project must provide in order for the project
to be accepted.
The following formula takes into account
that the interest payments on debt are taxdeductible expenses:
r = f j l + (1 - t) f g b
where: r = discount rate
f, = frxtion of investment i n the
form of stock
fb = fraction of investment i n the
form of bonds
r, = t h e annual return to stockholders, %
rb = the interest rate on bonds, %
t = fraction of net income to be
paid out as income tax

levelized costs, using a 9%/yr discount rate, are
shown in Table 11.
ECONOMIC ANALYSES

Most evaluations involve comparisons between different plant designs, alternative components or various modes of operation. To
perform a consistent evaluation, everything that
affects a power producer's cost of providing service should be taken into account. Usually this
results in a study to determine which alternative
has the lowest combination of capital cost (or
fixed charges),fuel cost, and O&Mcost.
This discussion will be referring to the evaluation between two different total power plants
and could apply equally well to the choice between steam-supply systems, alternative pump
designs, or operating cycles. Most evaluations
can be classified into one of two approaches. The
first of these is what is often referred to as the
"revenue requirements inelhod:' This method
leads to acomparisonof generating costs (or revenue requirements) on a millslkwhr basis,
between alternatives. An equivalent-revenue-
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requirements comparison can also be made by
contrasting the total present worth of all costs,
i.e. present worth of fixed charges on the capital
investment plus the present worth of fuel and
O&M costs. A comparison of present-worth
totals, instead of millskWhr is only valid in
the case where each alternative produces the
same energy.
The revenue-requirements method, therefore,
necessitates that all capital costs first be converted to annual fixed charges and then be combined with annual revenue requirements for fuel
and O&M. It is then possible to calculate total
present-worth revenue requirements for each alternative or levelized annual revenue requirements. The alternative with the lowest revenue
requirements is the preferred choice in the
evaluation.
The second method of performing an economic evaluation is what is often known as the
'kapitalized-cost" method. With the revenuerequirements approach, capital costs were converted to annual costs by use of the fixed-charge
rate. The fixed charges could then be combined
with fuel and O&Mcosts which were already on
a n annual basis. Conversely, with the capital-

Table 11. Levelized Costs
and Present-Worth Costs of a New
Generating Unit

ized-cost method, just the opposite is done. Annual costs such as fuel and O&M are divided by
the fixed-chargerate (i.e. capitalized) so that the
result can be combined with capital costs. This
gives a very quick way of comparing the difference in operating costs with the difference in
capital costs between various alternatives.
The system planner is still faced with the traditional problem of balancing plant capital cost,
expected capacity factor, andfuel cost in determining which steam cycle to choose. A curve
system (Fig. h),
using the capitalized-cost
method described previously, is useful in performing such comparisons.
OTHER ASPECTSOF THE SELECTION
OF POWER-PLANTEQUIPMENT

Intensive economic and cost analyses of the
type described in the preceding section are very
important in choosing the size, type, and equipment manufacturer for power and steam generation. But there are other surprisingly potent
variables influencing the eventual generation
economics of a given installation that the evaluating engineer has to take into account. Among
these variables are:

PRESENT WORTH

Present worth of a fixed annual cost, FC, for
n years at r %lyr. (If FC is equal to 1 , this expression is equal to the sum of the
present-worth factors for n years.)

Year

Present-Worth
Factor

Expenses
106$

Present-Worth
Expenses, lo6$

1
2
3
4
5

0.917
0.842
0.772
0.708
0.650
-

157
165
167
163
170

143.9
138.9
128.9
115.4
110.5
-

I. PW =

637.6

where r is again the discount rate.

Totals 3.889

"

[I

-(
1 + rL
)"]

Present worth of an annual cost, AC, which
is escalating at e %lyr:
1+ e
2. PW = AC (
r -e 1
[I -)

I.)=(

3. To obtain levelized annual costs (when
$637.6 X lo6
3.889
= $164 x 106/yr

Levelized Expenses =

escalation is taking place), divide the results
obtained in expression 2 by the sum
of the PW factors from expression 1.
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Fig. 24 Breakeven capital cost changes versus
improvements in heat rate. EXAMPLE: Going from
an 1800 psig, 1000"11000" cycle to a 2400 psig,
1000"11000"cycle results in an improvement in cycle
efficiency of 160 BtulkWhr. What is the breakeven
increase in capital cost? Given: 70 percent capacity
factor, $2/106 Btu fuel cost, and 16 percentlyr fixed
charge rate. Solution: Enter at point A; read the
result at point B, about $15/kW.

a. the reliability of the many critical components associated directly with the generating
process;
b. the reliability of fuel supply of a specific
type and heating value during the lifetime of
the plant;
c. regulatory obligations, present or future, that
a plant is bound to observe during operation
or, in the event of failure of equipment having
an actual or alleged effect on public health or
safety, shut down the generating operation;
d. compatibility with future regulatory requirements, which have to be anticipated during the
siting and equipment-selection process; and
e. compatibility with future social and political
requirements.
So, in addition to the effects of inflation (escalation and changes in interest rates) presented above, there is no question but that we
must anticipate large but uncertain capitalcost increases in the construction of all powerproducing plants because of federal and state
regulatory impact. Laws yet to be enacted in the
areas of clean air, clean water, conservation,
resource recovery, public-safety, public health,
aesthetics (plant visual impact), and product
liability can be expected to affect decision
making even more than purely economic and
equipment- availability considerations.
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CHAPTER 2

T

Fossil .Fuels
ossil fuels used for steam generation in utility and industrial power plants may be
classified into solid, liquid, and gaseous fuels
as in Table I. Each fuel may be further classified
as a natural, manufactured, or byproduct fuel.
Not mutually exclusive, these classifications
necessarily overlap in some areas.
Obvious examples of natural fuels are coal,
crude oil and natural gas. Residual oils which
are fired in boilers might be considered as a
byproduct of the refining of crude oil. Wood,
although a natural fuel, is rarely burned in
boilers except in the form of sawdust, shavings,
slabs and bark which remain as a byproduct
after lumbering and pulping operations. Coal is
the natural fuel from which coke, coke-oven
gas, char, tars, chemicals and industrial gases
may be converted by carbonization. Coal may
also be gasified to obtain industrial gases for
heating, chemical reduction, and hydrogenation and synthesis reactions.'
Of all the fossil fuels used for-steam generation in electric-utility and industrial power
plants today, coal is the most important. It is
widely available throughout much of the
world, and the quantity and quality of coal reserves are better known than those of other
fuels. Many studies have been made of coal
availability and utilization and should be consulted for more detailed i n f o r m a t i ~ n . ~

FORMATION OF COAL
Coal forms as the result of a natural chemical
process in which plants absorb carbon dioxide
from the atmosphere. Sunlight, moisture and
other factors convert carbon dioxide into compounds containing carbon, hydrogen and oxygen, such as sugars, starch, cellulose, lignin
and other complex substances that make up the
plant structure. Under favorable conditions,
vegetation is converted into some of the many
forms of coal now known to mankind.
When organic matter begins to change to
coal, peat is the first product. In a block of peat
one can often see, with the naked eye, woody
fragments of stems, roots, and bark. As peat is
buried, it is cut off from the oxygen in air, and
rapid decay of its organic matter is prevented
by slowing bacterial action. The weight of more
vegetation falling on the peat helps to compress and solidify it, as does the weight of water
when the deposit sinks below a lake or sea, as
has often happened. Sometimes, mineral sediments have settled from muddy flood waters
while vegetable matter was accumulating and
formed "partings" or layers of shale in the coal
vein. At the end of coal-forming periods,
swamps remain flooded for a long time, and
earthy sediments are deposited in thick beds
over the peat, further compressing it and start-
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ing "coalification," the coal-making process.
Many kinds of coal are found in a natural deposit. In some, transitions from the extremes of
lignite to anthracite exist in a single bed. It is
generally assumed that differences in rank of
c ~ a are
l not caused by different source materials but by the agencies of coal formation.

vegetal and mineral, with some sorting-and
stratification, and accomplished by chemical,
biological, bacteriological and metamorphic
action. The organic chemical materials produce heat when burned; the mineral matter remains as the residue called ash.

THE FORMATION CYCLE
Geologists usually name time, pressure and
temperature as the agents that change peat into
different types of coal. Chemists include microorganisms as an additional important factor.
Time, it must be remembered, is in itself no
agent; it is merely the duration or period during
which an agent has an opportunity to act. It becomes crucial, however, because many organic
chemical reactions are slow. In fact, it is believed that reactions are going on slowly in
most complex organic substances. In a short
period the results of such reactions would be
negligible, but over millions of years the total
results must be large. Although the greatest
single factor in the process of formation was
probably time, other factors must also be
sought, because coals of the same age and, in
fact, in the same bed may be of different rank.
Generally, pressure is considered to be the
factor of next importance, because coal of
higher rank is generally found in regions that
have been under high pressure. Anthracite, for
example, is associated with earth-folding or
mountain formation, which processes bring
about great internal pressure. Experimentally,
it has not been determined that pressure alone
can change organic substances chemically.
Likewise, heat has played an important part
in this great natural chemical industry. The
temperature need not be high, for time brings
about a relatively great change even at the low
temperatures prevailing in the earth's crust.
Man completes the cycle by burning the various products of the natural process to carbon
dioxide, and then nature starts all over again.
There is no satisfactory definition of coal. It
is a mixture of organic chemical and mineral
materials produced by a natural process of
growth and decay, accumulation of debris both

CLASSIFICATION OF COAL

-

Coals are grouped according to rank, the degree of progressive alteration in the transformation from lignite to anthracite.

Table I. Ciassification of Fuels
Natural Fuels

Solid
Coal

Lignite
Peat
Wood

Liquid
Petroleum

Gaseous
Natural gas
Liquefied petroleum gases (LPG)

Manufactured or
Byproduct Fuels

Coke and coke breeze
Coal tar
Lignite char
Charcoal
Bark, saw dust and
wood waste
Petroleum coke
Bagasse
Refuse
Gasoline
Kerosene
Fuel oil
Gas oil
Shale oil
Petroleum fractions
and residues
Refinery gas
Coke-oven gas
Blast-furnace gas
Producer gas
Water gas
.- -Carburetted water gas
Coal gas
Regenerator waste gas
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For the purposes of the power-plant operator,
there are several suitable ranks of coal:

anthracite
bituminous

subbituminous
lignite

Table 11. Classification of Coals by Ranka

Class and Group
-

--

Fixed Carbon
Limits, %
(Dry, MineralMatter-Free Basis)

Volatile Matter
Limits, %
(Dry,MineralMatter-Free Basis)

CalorificValue Limits,
BNlb ( M ~ i s t , ~
Mineral-MatterFree Basis)

Equal or
Greater
Than

Less
Than

Equal or
Greater
Than

Equal or
Greater
Than

98

...

...

2

92
86

98
92

2
8

8
14

...
...
...

...

78

86

14

22

...

...

69

78

22

31

...

...

...

69

31

...

14,000d

...

...

...

...

...

13,000~

14,000

...

...

...

...

11,500

13,000

10,500

11,500

Less
Than

Less
Than

Agglomerating
Character

-

I. Anthracitic
1. Meta-anthracite
2. Anthracite
3. Semianthracitec
11. Bituminous
1. Low-volatile
bituminous coal
2. Medium'volatile
bituminous coal
3. High-volatile
A bituminous coal
4. High-volatile
B bituminous coal
5. High-volatile
C bituminous coal

III. Subbituminous
1. Subbituminous
A coal
2. Subbituminous
B coal
3. Subbituminous
C coal
N. Lignitic
1. Lignite A
2. Lignite B

---

...

...

...

...

...

10,500

11,500

...

...

...

...

9,500

10,500

...

...

...

...

8,300

9*500

...

...
...

...
...

...
...

6,300

8,300

...

...

6,300

nonagglomerating

commonly
agglomeratinge

agglomerating

\

I

I

nonagglomerating

/

-

"This classification does not include a few coals. principally nonbanded varieties. which have unusual physical and chemical properties and
which come within the limits of fixed carbon or calorific value of the high-volatile bituminous and subbituminous ranks. All of these coals either
contain less than 48% dry. mineral-matter-free fixed carbon or have more than 15.500 moist, mineral-matter-free Btu per pound.
Moist refers to coal containing its natural inherent moisture but not including visible water on the surface of the coal.
If agglomerating, classify in low-volatile group of the bituminous class.
dCoals having 69% or more fixed carbon on the dry, mineral-matter-free basis shall be classified by fixed carbon, regardless of calorific value.
'It is recognized that there may be nonagglomerating varieties in these groups of the bituminous class, and there are notable exceptions in
high-volatile C bituminous group.
Reprinted from ASTM Standards D 388, Classification of Coals by Rank.
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Being extremely broad, these terms fail to define rank completely. Many investigators have
attempted to set up some scientific system of
classification to accurately define the boundary lines of variation. Some better known bases
for classification are those of Persifor Frazer,
Jr., who made the earliest published classification of American coals in 1877; M. R. Campbell
and S. W. Parr, who both published papers on
the subject in 1906; David White, with publications in 1909 and 1913; and 0. C. Ralston,
whose graphic studies of some 3000 coal
analyses were made in 1915. Each of these will
serve to type a coal within narrow limits, but
the suitability of a given coal for a specific purpose is best established by actual trial in the
equipment for which it is ~ e l e c t e d . ~
The American Society for Testing and Materials (ASTM) has established perhaps the most
universally applicable basis for classifying coal
according to fixed carbon and heating value
(calorific value) calculated to a mineral-matter-free basis. As shown in Table 11, this scheme
represents a further development of the proposals of S. W. Parr. The high-rank coals are classified according to fixed carbon on the dry
basis, and the low-rank coals according to Btu
on the moist basis. Agglomerating indices differentiate between certain adjacent groups.
In commercial practice, it frequently suffices

to calculate to a dry, ash-free basis. The ash,
however, does not correspond to the mineral
matter in coal. Thus, if the ash-free basis is used
when classifying coal according to rank, significanterrors may be introduced. Remarkablyuniformresults,however,areobtainedfromheating
values of coals of a given rank and source when
calculated to a dry mineral-matter-free basis.
In ASTM classification by rank, the agglomerating index, or caking quality of a coal, indicates the dividing line between noncaking
coals and those having weakly caking properties. The noncaking designation applies only
to coals that produce a noncoherent residue
which can be poured out of the crucible as a
powder or flakes that will pulverize easily with
thumb and finger pressure.
The transformation of vegetal matter through
wood and peat to lignite and finally to anthracite results in a reduction of volatile matter and
oxygen content, with a simultaneous increase
in carbon content. This is illustrated graphically in Fig. 1 in which moisture-and-ash-free
volatile matter, fixed carbon, oxygen content,
and high heating value are given for various
ranks of coals as well as wood and peat.
RANKS OF COAL

The method of "proximate analysis" identifies the degree of coalification of the higher

--

Fig. 1. Progressive stages of transformatkn of vegetal matter into coal
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rank coals. In this method, a chemical analysis
determines four constituents in coal: (1)water,
called moisture; (2) mineral impurity, called
ash, left when the coal is completely burned;
(3) volatile matter, consisting of gases driven
out when coal is heated to certain temperatures; and (4) fixed carbon, the coke-like residue that burns at higher temperatures after
volatile matter has been driven off. For the
lower rank coals, heating value and caking and
weathering properties determine rank. The
coal rank increases as the amount of fixed carbon increases and the amounts of moisture and
volatile matter decrease. (Moisture and volatile
matter were squeezed and distilled from coal
during its formation by pressure and heat, raising the proportion'of fixed carbon.) On an
ash-free basis, the difference in constituents
between a typical lignite, the lowest rank of
coal, and an anthracite, the highest rank, is
clearly shoivn in the following analysis:
Fixed Carbon (FC)
Volatile ,Matter (VM)
Moisture (H20)

Lignite
30%
33%
37%

Anthracite
92%
5%
33%

The following description of coals by rank
gives some of their physical characteristics.
ANTHRACITE

Hard and very brittle, anthracite is dense,
shiny black, and homogeneous with no marks
of layers. Uglike the lower rank coals, it has a
high percentage of fixed carbon and a low percentage of volatile matter. Anthracites include
a variety of slow-burning fuels merging into
graphite at one end and into bituminous coal at
the other. They are the hardest coals on the
market, consisting almost entirely of fixed carbon, with the little volatile matter present in
them chiefly as methane, CH,. Anthracite is
usually graded into small sizes before being
burned on stokers: the "meta-anthracites" burn
so slowly as to require mixing with other coals,
while the "semianthracites," which have more
volatile matter, are burned with relative ease if
properly fired. Most anthracites have a lower
heating value than the highest grade bitumi.-

nous coals. Anthracite is used principally for
heating homes and in gas production.
Some semianthracites are dense, but softer
than anthracite, shiny gray, and somewhat
granular in structure. The grains have a tendency to break off in handling the lump, and
produce a coarse, sandlike slack.
Other semianthracites are dark gray and distinctly granular. The grains break off easily in
handling and produce a coarse slack. The
granular structure has been produced by smaII
vertical cracks in horizontal layers of comparatively pure coal separated by very thin
partings. The cracks are the result of heavy
downward pressure, and probably shrinkage of
the pure coal because of a drop in temperature.
BITUMINOUS

By far the largest group, bituminous coals
derive their name from the fact that on being
heated they are often reduced to a cohesive,
binding, sticky mass. Their carbon content is
less than that of anthracites, but they have more
volatile matter. The character of their volatile
matter' is more complex than that of anthracites
and they are higher in calorific value. They
burn easily, especially in pulverized form, and
their high volatile content makes them good for
producing gas. Their binding nature enables
them to be used in the manufacture of coke,
while the nitrogen in them is utilized in processing ammonia.
The low-volatile bituminous coals are grayish black and distinctly granular in structure.
The grain breaks off very easily, and handling
reduces the coal to slack. Any lumps that remain are held together by thin partings. Because the grains consist of comparatively pure
coal, the slack is usually lower in ash content
than are the lumps.
Medium-volatile bituminous coals are the
transition from high-volatile to low-volatile
coal and, as such, have the characteristics of
both. Many have a granular structure, are soft,
and crumble easily. Some are homogeneous
with very faint indications of grains or layers.
Others are of more distinct laminar structure,
are hard, and stand handling well.
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High-volatile A bituminous coals are mostly
homogeneous with no indication of grains, but
some show distinct layers. They are hard and
stand handling with little breakage. The moisture, ash and sulfur contents are low, and the
heating value high.
High-volatile B bituminous coals are of dis'tinct laminar structure; thin layers of black,
shiny coal alternate with dull, charcoal-like
layers. They are hard and stand handling well.
Breakage occurs generally at right angles and
parallel to the layers, so that the lumps generally have a cubical shape.
High-volatile C bituminous coals are of distinct laminar structure. are hard and stand
handling well. They generally have high
moisture, ash, and sulfur content and they are
considered to be free-burning coals.
These coals are brownish black or black.
Most are homogeneous with smooth surfaces,
and with no indication of layers. They have
high moisture content, as much as 1 5 to 30 percent, although appearing dry. When exposed to
air they lose part of the moisture and crack with
an audible noise. On long exposure to air, they
disintegrate. They are free-burning, entirely
noncoking, coals.
LIGNITE

Lignites are brown and of a laminar structure
in which the remnants of woody fibers may be
quite apparent. The word lignite comes from
the Latin word lignum meaning wood. Their
origin is mostly from plants rich in resin. so
they are high in volatile matter. Freshly mined
lignite is tough, although not hard, and it requires a heavy blow with a hammer to break the
large lumps. But on exposure to air it loses
moisture rapidly and disintegrates. Even when
it appears quite dry, the moisture content may
be as high as 30 percent. Owing to the high
moisture and low heating value, it is not
economical to transport it long distances.
Unconsolidated lignite-(B in Table 11) is also
known as "brown coal." (Further differentiation between the various lignites and brown
coals is given in Appendix A.) Brown coals are

generally found close to the surface, contain
more than 45 percent moisture, and are readily
won by strip mining.
PEAT

Peat is not yet a commercial fuel in many
countries where it is found, because of its very
high moisture content and low heating value. It
is a heterogeneous material of partially decomposed organic matter (plant material) and inorganic minerals that have accumulated in a
water-saturated environment over a period of
time. Its color can vary from yellow to brownish
black, depending upon the degree of biological
decay, mechanical disintegration of the plant
fibers, and the presence of sediment. A watersaturated environment inhibits active biological decomposition of the plant material and
promotes the retention of carbon and oxygen
that would normally be released as gaseous
products of the biological activity.
The universal problem in utilizing peat is its
high moisture content. Even zfter draining a
peat bog and solidifying the peat, it can still
contain 70 to 95 percent water.
The sulfur content of peat is normally quite
low, varying from negligible to less than 1 percent in dried peat. On the other hand, the ash
content of peat can vary from 2 to 70 percent in
assays of dry peat from a variety of sources.

COAL MINING
The two general methods of mining are
stripping (open pit) and underground. In underground mining the coal is undercut, topcut, or sheared and then blasted. Loading may
be by hand or machine. If hand-loaded, the
miners remove most of the larger visible impurities while shoveling the coal into mine cars
or onto conveyors. With machine loading no
such removal of impurities in the mine is possible. In strip mining the overburden is removed by large power shovels, and the coal by
smaller shovels. If the coal is hard it is blasted
prior to loading.
Most coal seams contain interstratified
bands of impurities which must be removed in
a coal-cleaning plant. Few coal seams are clean
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enough to be mined by mechanical means and
the coal shipped directly to market without
mechanical cleaning.
Small strip mines frequently load coal of inferior quality. Outcrop coal from such mines is
weathered, frequently mixed with impurities,
and of low calorific value.
On the other hand, the better strip mines do
not mine coal near the outcrop. Coal seams firm
up and become equal to deep-mined coal when
the overburden reaches a depth of 10 to 30 ft,
depending on rank of coal and character of
overburden. In general, coal resists weathering
with increase of rank. Some anthracites can be
mined to the outcrop, while low-rank bituminous coals usually are not acceptable if the
overburden is less than 20 ft.
Practically all large, mechanized mines (underground and strip) have preparation plants
in which the coal is sized, mechanically
cleaned, and otherwise prepared to give a highquality fuel conforming to size specifications.

COAL CLEANING
The oldest methods of cleaning coal use
picking tables, which consist of a horizontal
conveyor over which the coal moves slowly in
comparatively thin layers. Workers on both
sides of the conveyor pick the impurities from
the coal. This is probably the best way to clean
lump coal.
Most mechanical cleaning processes depend
on differences in specific gravity of coal and associated impurities to effect a separation. Other
physical properties of coal and refuse utilized
to a minor extent are shape, resiliency, coefficient of sliding friction, electrical conductivity,
and froth-flotation differences. Magnetic separators are used widely to remove tramp iron and
thus prevent such material from getting into
pulverizer mechanisms.
Coal-cleaning processes may be wet or dry,
depending on whether water or air is used as
the medium. In general, wet processes are
more efficient than dry. With coal for which
dry processes are suitable, the product is dry
--

and highly desirable. Coal from wet-process
cleaners must be dried by drainage, centrifuges, filters, or heat dryers to avoid excessive water in the final ptoduct.

COAL SAMPLING
A sample must represent the bulk of the coal
from which it is taken. The items that should
be most representative are ash and moisture
content. ~ h e ' w e i ~ hoft the gross sample and
the method of collecting and handling it depend on the size of the coal,,the moisture and
ash content, and the purpose for which the
sample is collected. After collection, the sample must be handled so that the moisture content does not change. If the coal is very wet,
considerable moisture may be lost during the
handling. It may be necessary to stabilize the
moisture in the gross sample by air drying before crushing and quartering. In such cases, the
air-drying moisture loss must be determined.
The standard methods for sampling coals
and preparing them for analysis are ANSI/
ASTM Standards D 2234, Collection of a Gross
Sample of Coal, and D 2013, Preparing Coal
Samples for Analysis.

COAL ANALYSIS
Two types of coal analyses are in general
use: the proximate and the ultimate analysis,
both expressed in percent by weight.
The proximate analysis gives information
on the behavior of coal when it is heated; that
is, how much of the coal goes off as gas and tar
vapors, called the volatile matter, and how
much remains as fixed carbon. The proximate
analysis is easy and supplies useful information to assist in the selection of coal for steam
generation. Along with the determination of
volatile matter and fixed carbon also given are
the moisture and ash contents and the heating
value in Btu per pound or MJ per kilogram. Sulfur is given as a separate determination. ANSI1
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ASTM Standards D 3172 is the basic method for
proximate analysis of coal and coke.
The ultimate analysis gives the elements of
which the coal substance is composed. These
elements include carbon, hydrogen, nitrogen,
oxygen and sulfur. Ash content is determined
as a whole, and, when desirable, separate analysis is made on the ash. ASTM Standards
D 3176 is the standard method for ultimate
analysis of coal and coke.
Coal analysis may be given on several bases,
and it is customary to select the basis to suit the
application. Thus, for the purposes of classification, the dry or moist and mineral-matterfree bases are generally used. In combustion
calculations the as-received basis is applicable.
AS-RECEIVED BASIS

The as-received analysis of a fuel represents
the actual proportions of the c:onstituents in the
fuel sample as received at the laboratory. The
sample may be fuel as fired, as mined, or in any
other given condition.
MOISTURE-FREE (DRY) BASIS

Moisture content is variable, even in the
same coal, under different conditions of handling and exposure. For example, coal as received at a plant may contain an amount of
moisture different from that received at the
laboratory for analysis, and both may vary with
weather conditions. Also, in a plant burning
pulverized fuel, the coal may carry one percentage of moisture as delivered to the raw-coal
bunker, another as delivered to the pulverizer,
another as delivered to the pulverized-fuel
bunker (in a storage system), and still another
as fired. Furthermore, when a laboratory determines an ultimate analysis as wet, asreceived, or as-fired, the moisture can be
reported as hydrogen and oxygen and added to
the hydrogen and oxygen of the coal itself.
DRY MINERAL-MATTER-FREEBASIS

As mentioned previously, because the ash
does not correspond in percentage to the mineral matter in the coal, errors are introduced
which become significant in problems of clas-

sifying coals according to rank. Two formulas
available for making such calculations fromthe
as-received basis, are the Parr and approximation formulas. (See box.)
PARR FORMULAS:
Dry, Mm-free FC =
Dry, Mm-free VM = 100 - Dry, Mm-free FC
Moist, Mm-free Btu =
Btu - 50s

GO- (1.08A + 0.5-

x 100

Note: The above formula for fixed carbon
is derived from the Parr formula for volatile matter.4
APPROXIMATION FORMULAS:

Dry, Mm-free VM = 100

- Dry, Mm-free FC

Moist, Mm-free Btu =
---- Btu

100 - (1.1A + 0.1s)

x 100

where
Mm = mineral matter
Btu = British thermal units per pound
(calorific value)
FC = percent of fixed carbon
VM = percent of volatile matter
M = percent of moisture
A = percent of ash
S = percent of sulfur

The formulas can be used to check
analyses and frequently to identify the
source and rank of the fuel. For example,
the heating value of coals of a given rank
and source are remarkably uniform when
calculated on a dry, Mm-free basis.
In commercial practice it frequently
suffices to calculate to a dry, ash-free basis
as follows:
Dry, ash-free FC =

- (M

+

A)
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ITEMS OF PROXIMATE ANALYSIS

Coal as mined and shipped contains varying
amounts of water. A~curatedetermination of
this water is not as simple as one would expect,
since the sample frequently can lose moisture
on exposure to the atmosphere. This is particularly true during the reduction of the sample for
analysis. To prevent this loss, it is customary to
air-dry the entire sample under specified conditions before fine grinding for analysis. The
moisture is then determined by a standard procedure of drying in an oven, and the loss in
weight is corrected for the air-drying loss. The
moisture in coal does not represent all of the
water present, since water of dkcomposition
(combined water) and water of hydration are
not given off under the conditions of test. The
moisture content of coals varies widely. In the
high-rank low-volatile bituminous coals it is
frequently under 5 percent. High-volatile bituminous coals may have as much as 12 percent
and lignite, as high as 45 percent as mined. The
finer sizes will often retain more moisture than
the coarse sizes of the same coal subjected to
rainfall or wet-washing.
ASTM defines total moisture in coal as that
moisture determined as the loss in weight in an
air atmosphere under rigidly controlled conditions of temperature. time and airflow as established inASTM Standards D 3302.
INHERENT MOISTURE

Inherent moisture in coal is that moisture
existing as a quality of the coal seam in its natural state of deposition and includes only that
water considered to be a part of the deposit, and
not that moisture which exists as a surface
addition. There are a number of other terms relating to moikture in coal, including: bed moisture, equilibrium moisture, air-dry moisture
loss, free moisture, water of hydration and
others of lesser consequence.
CONDITION OF WATER IN COAL

Like many other substances of vegetable origin, coal contains water in the ordinary condition, which may give the coal a moist

appearance. Coal also contains water that is
frequently but erroneously called "water of
combination," this water being concealed, as
in hydrated salts, by the dry appearance of the
material. The condition in which the so-called
"water of combination" in coal exists is problematical; in the true chemical sense the water
is probably not "combined," that is, united
with another substance in definite proportions,
as determined by its relative molecular weight
and the number of molecules.
There is np sharp line of demarcation; the
"free" water cannot be separated with exactness from the "combined" water by chemical
analysis. Under all ordinary drying conditions,
there is a tendency for more than the "free"
water to leave the coal. But the "combined" or,
"inherent" water, is distinctly different from
the "free" water in its properties, as it has a
subnormal vapor pressure and an energy
change is involved in its combination with, or
separation from, the coal substance. In other
words, the inherent water is held more tenaciously and cannot be entirely removed by
drying the coal in ordinary air which contains
relatively large quantities of moisture.
PRACTICAL EFFECTS OF WATER

As ordinarily found in the market, coal,
when su~erficiallv
" dry,
- contains water; an anthracitic or low-volatile coal in this condition
contains possibly 2 percent water; a highvolatile bituminous coal, 6 to 10 percent; and a
subbituminous coal, 14 to 18 percent. Even
finely crushed or powdered coal does not become dry in ordinary air and requires an artificially and thoroughly dried atmosphere to
remove all of its water content.
Humidity conditions may appreciably alter
the weight of exposed coal, independently of
the actual fall of rain or snow. In other words,
coal is frequently hygroscopic. After being
transferred from storage in an atmosphere of 40
percent humidity to one of 7 5 percent hurnidity, a bituminous coal, for example, may gain 3
percent and a subbituminous 7 percent in
weight by absorption of moisture.
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FREE SUPERFICIAL WATER

In wet coal, the water in excess of a certain
percentage (which depends on the kind of coal)
is mechanically held in the free state, its vapor pressure and other properties being, for
all practical purposes, normal. This excess
moisture may be termed superficial or accidental moisture. All water in the coal above approximately 3 percent in the anthracite coals,
12 percent in bituminous, and 22 percent in the
subbituminous coals may be so classed, although this line of demarcation is more or less
variable even among coals of the same kind.
The percentage of superficial water retained
by coal that has been wetted and the water
drained off is greatly affected by the size of the
coal. In screenings or slack, which contains
pieces of many different sizes, the particles
pack closely together and form small interstices which retain water by capillarity.
Screened lump, on the other hand, or run-ofmine with a large proportion of lump, has
much larger interstices and relatively less sur-

-

face to be wet, and therefore retains less water.
See Table 111.
There is no ready means of separating
sharply the superficial and the inherent water
of coal. Unless the air is saturated, the superficial water can all be removed by air drying, the
rate of evaporation depending on the temperature, the humidity of the air, and the fineness of
the coal. But at the same time, part of the inherent water leaves the coal and continues to do so
as long as its vapor pressure is higher than that
of the air.
By the expression "inherent water" in coal or
in any material, therefore, is meant the water
which exists as such but which has a vapor
pressure less than the normal.
VOLATILE MATTER

The volatile matter is that portion which, exclusive of water vapor, is driven off in gas or
vapor form when the coal is subjected to a
standardized temperature test. It consists of
hydrocarbons and other gases resulting from
distillation and decomposition.

-

Table 111. Water Retention After Draining1
Kind of Coal
- - - -

-

Bituminous, New River, WV.:
Screenings a
Sized "buckwheat" b
Bituminous, Pittsburgh bed, PA.:
Screenings a
Sized "buckwheat" b
Bituminous, Macoupin County, IL.:
Screenings a
Sized "buckwheat" b
Subbituminous, Big Horn County, in.:
Screenings a
Sized "buck~z~heat"
b

28.60
16.71

6.84
6.63

.32
3.40

32.58

14.24

18.70

13.79

6.38
6.65

From H. C. Porter and 0. C. Ralston, "Some Properties of the Water in Coal," U.S. Bureau of Mines, Technical Paper 113. \2'ashington; U.S.
Bureau of Mines, 1916.
*Total water content of coal after soaking and draining.
"Normal water content in commercially "dry" coal.
"'M'ater retained in coal after "air-drying" in laboratory at 35%.
o Through l/z inch mesh screen.
b From 'h inch to 1 inch in diameter.

COMBUSTION
Fouil Fuels

Volatile matter is determined by prescribed
methods which may vary according to the nature of the material, but in the case of coal and
coke Method D 3175 is used.
Temperature and time are a vital concern in
this test, since they actually determine the definition of volatile matter. Temperature must be
950°C r 20°C, and heating time must be exactly 7 minutes.
The main constituents of volatile matter in
all ranks of coal are hydrogen, oxygen, carbon
monoxide, methane and other. hydrocarbons,
and that portion of moisture that is formed
by chemical combination durlng thermal decomposition of the coal substance. The composition of volatile matter varies greatly for
different ranks of coal.
Volatile matter is used to establish the rank of
coals, to indicate coke yield on carbonization processes, to provide the basis for purchasing and selling, and to establish burning
characteristics.
Because of the arbitrary nature of this test,
caution must be used in comparing the results
of volatile analyses with those obtained from
tests run in other countries. Details of the various national standards vary greatly.
FIXED CARBON

The fixed carbon is the combustible residue
left after driving off the volatile matter. It is not
all carbon, and its form and hardness are an indication of the coking properties of a coal, and
therefore, a guide in the choice of fuel-firing
equipment. In general, the fixed carbon represents that portion of the fuel that must be
burned in solid state, either in the fuel bed on a
stoker, or as solid particles in the pulverizedfuel furnace.
The fixed carbon in a proximate analysis is a
calculated figure obtained by subtracting from
100 the sum of the percentages of moisture,
volatile matter and ash.
ASH

Ash is the noncombustible residue after
complete combustion of the coal. The weight of
ash is usually slightly less than that of the mineral matter originally present before burning.
-

For high-calcium-content coals, however, the
ash can be higher than the mineral matter due
to retention of the oxides of sulfur.5
The ASTM definition for coal ash is the inorganic residue remaining after ignition of combustible substances, determined by definite
prescribed methods. This definition is followedby two notes, one of which states that ash
may not be identical-in
composition or
quantity-to inorganic substances present in
the coal before ignition. The second note
specifies thatt in the case of coal and coke, the
methods shall be those prescribed by ASTM
Standards D 3174.This method determines the
ash content by weighing the residue remaining
after the coal is burned under rigidly controlled
conditions of sample weight, temperature, time
and atmosphere, oxidizing or reducing.
Although the definition of ash content used
in other countries is similar to the American
definition, the ashing conditions may be different. Therefore, it is desirable to spell out the
conditions used, particularly when the results
from laboratories in different countries are to
be comp'ared.
During the burning process, various chemical and physical changes take place. The conditions of oxidation determine the number and
extent of such changes; thus, a great degree of
variability can be expected in separate determinations of ash content even on portions of
the same coal sample unless standardized procedures are closely followed. In particular,
this is true of coals with relatively large
amounts of carbonates or pyrite. ,
Ash is usually considered the product of
complete oxidation of coal. It is composed of
the oxides formed from the mineral constituents of coal. However, these minerals may
be present in two forms in coal: as visible impurities, or as minute impurities so finely divided and so intimately mixed that they may
be considered a part of the coal structure.
The term inherent or fixed ash content is
used to designate that portion of the ash content that is structurally part of the coal and
cannot be separated from it by mechanical
means. This is a relative term, however, and
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will have different values, since mechanical
separation is accomplished at varying levels
according to the size of the coal.
In general, when the term inherent ash is
used, it is assumed it refers to the residue that
remains after coal has been broken to the size
at which it is to be used, cleaned by a mechanical process, and incinerated. Probably the
first test developed for coal, the determination
of ash content continues to be one of the most
important of the tests performed.
ITEMS OF ULTIMATE ANALYSIS

Ultimate analysis is needed for the computation of air requirements, weight of products of
combustion, and heat losses, on boiler tests.
The air requirements and the weight of products of combustion determine fan sizes. The
following are items of ultimate analysis as
determined byASTh4 Standards D 3176.
TOTAL CARBON

Total carbon includes both the carbon in the
fixed carbon and in the volatile matter, and
will be proportionately greater than the fixed
carbon as the volatile content of the coal increases. All this carbon appears in the products of combustion as C02when the fuel is
completely burned.
HYDROGEN

All hydrogen in the fuel is burned to waterand, together with the moisture in fuel, appears as water vapor in the waste gas. In the
publications of the U.S. Bureau of Mines, ultimate analysis of coal on as-received basis includes moisture in the hydrogen and oxygen
items. The weight of the water vapor in the
products of combustion is nine times the
weight of the hydrogen item.
NITROGEN

Nitrogen in most solid fuels is relatively low
and of little importance in combustion calculations. However, a portion of the fuel nitrogen
may react during combustion to form nitrogen
oxides.

SULFUR

Sulfur content of a fuel is useful in judging
the corrosiveness of the products of combustion. Combustion of sulfur forms oxides, which
combine with water to form acids that may be
deposited when the combustion gas is cooled
below its dew-point temperature.
Sulfur in coal occurs mainly in three forms. It
can be present in organic combination as part of
the coal substance; it can be present as the sulfide ion in pyrites and marcasite; or it can be
present as the sulfate ion. Rarely, sulfur may
occur as elemental sulfur, but in insufficient
quantities to be appreciable. ANSIlASTM
Standards D 2492 gives a standard test method
for the determination of the forms of sulfur in
coal; sulfate sulfur and pyritic sulfur are first
determined, and organic sulfur is found by determining the difference from the total sulfur.
Two methods are generally accepted for total
sulfur determination. Eschka's method converts all the sulfur present in the coal to the sulfate ion, which is then precipitated as BaS04.
The Eschka method requires a time periodincluding sample preparation-of up to 24
hours, so a more rapid method of high-temperature combustion has been adopted. Details
and analytical procedures for both of these
methods, as well as the bomb-washing method,
an alternate third method, may be found in
ASTIM Standards D 3177.
OXYGEN

The oxygen content of fuels is a guide to the
rank of the fuel. The amount of oxygen is high
in low-rank fuels like lignite. Oxygen in fuels is
in combination with carbon or hydrogen and,
therefore, represents a reduction in the potential heat of a fuel. High-oxygen fuels have low
heating values.
As there is no direct ASTM method of determining oxygen, it is calculated by subtracting
from 100 the sum of the other components of
the ultimate analysis. Any errors incurred in the
other determinations are placed on the oxygen,
and a material balance cannot be obtained to
aid in checking the accuracy of the ultimate
analysis.=
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HEATING VALUE

ASH-FUSION TEMPERATURE

The calorific or heating value of a solid fuel is
expressed in Btu per lb (or MJ per kg) of fuel on
as-received, dry, or moisture- and ash-free basis. It is the amount of heat recovered when the
products of complete combustion of a unit
quantity of a fuel are cooled to the initial temperature of the air and fuel.
Heating values as determined in calorimeters
are termed high or gross heating values, and include the latent heat of the water vapor in the
products of combustion. The most common
type of calorimeter in use today is the adiabatic
bomb calorimeter, and ASTM Standards D
2015 covers this test. In actual operation of
boilers, the water vapor in the combustion gas
leaving is not cooled below its dew point, and
this latent heat is not available for making
steam. The latent heat can be subtracted from
the high, or gross, heating value to give the low,
or net, heating value.
This deduction in Btu per lb of fuel is equal to
the total pounds of water vapor per lb of fuel
(moisture in the fuel, plus vapor formed by
combustion of hydrogen of the coal substance)
multiplied by the latent heat of evaporation at
the partial pressure of the vapor in the exit gas.
The value used varies from 1030 to 1080 Btu
per lb of water vapor. Low or net heating values
are standard in European practice, and high
heating values are standard in American practice.'
For anthracite and bituminous coal, gross
heating value in Btu per pound of coal can be
calculated approximately by a formula of the
Dulong type. (See box below.)

When coal ash is heated, it becomes soft and
sticky and, as the temperature continues to rise,
it becomes fluid. A-STM-Standards D 1857 is
the method for measuring fusibility of coal ash.
This test is an observation of the temperatures
at which triangular pyramids or cones prepared from coal ash and coke ash attain and
pass through certain defined stages of fusing
and flow when heated at a specific rate in controlled, mildly reducing, and where desired,
oxidizing atdosphere.
This method is empirical, and strict observance of the requireme@ and conditions is
necessary to obtain reproducible temperatures
and to enable different laboratories to obtain
concordant results.
Four stages of fusion temperature are usually
reported in American practice:
1. Initial, or the first rounding of the cone
2. Softening, when the height has diminished
until it is equal to the width at the base
3. Hemispherical, when the height of the lump
equals one-half the width of the base
4. Fluid, when the mass is no higher than onesixteenth inch
The test for fusion temperatures may be run in
either a reducing or an oxidizing atmosphere.
The ash-fusion temperature given in most
existing tables is the softening temperature
(H = W) in a reducing atmosphere. This subject is expanded in Chapter 3.

DULONG-TYPE FORMULA

HHV

=

14,600 C

+

62,000 (H--+)

+

4050 S

where: HHV is in Btullb and C. H,,Or and S are carbon,
hydrogen. oxygen, and sulfur in the coal, respectively,
expressed in fraction of a pound. usually as fired. The
results are approximate because the formula does not take
into account the heats of dissociation and similar
phenomena occurring during combustion. For low-rank
coals, the heating values obtained by this formula are
generally too low.

GRINDABILITY

This test determines the relative ease of pulverization of coal in comparison with coals
chosen as standards. The Hardgrove method
has been accepted as the standard, and ASTM
Standards D 409 is the Grindability of Coal by
the Hardgrove-Machine Method.
Each Hardgrove machine is calibrated by use
of standard reference samples of coal, having
grindability indexes of approximately 40, 60,
80 and 100. Standard coals may be obtained
from the U.S. Bureau of Mines i n Pittsburgh for
the purpose of calibration.
The Hardgrove-index number reported by
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the laboratory is based on an original soft coal
chosen as a standard coal whose grindability
index was set at 100. Therefore, the harder the
coal, the lower the index number.
Since the grindability index varies, not only
from seam to seam but within the same seam,
grindability data are of utmost economic importance to the users of commercial grinding
and pulverizing equipment.
The results of grindability measurements
by the Hardgrove machine are affected by several factors, among them the ash and moisture
content, temperature, and the presence of
different petrographic constituents (organic
components distinguishable by microscopic inspection). Chapter 11 has more information.

ing characteristics exhibited when used on
different types of stokers. Of particular interest
in this edition is the behavior of coal when
burned in pulverized condition.
The combustion of pulverized coal is a very
complex process consisting of a number of
overlapping steps, including heating, ignition,
devolatization and char (carbonaceous residue)
burnout. The sequence of these events is depicted in Figure 2. Char burnout occupies the
majority of the time required for complete combustion. This step, therefore, constitutes a bottleneck which dictates the overall combustion
efficiency of pulverized coal. Each of these
steps is briefly described below.

TYPICAL COAL ANALYSES

The cloud of relatively cool pulverized coal
particles entering a hot furnace is heated by
flame radiation and by mixing with recirculated hot combustion products. This initial
phase in the coal combustion process results in
the loss of moisture from and minor devolatization of coal particles.

U.S. Bureau of Mines publications contain
the proximate and ultimate analyses and softening temperatures of ash of several coals from
various states. The coals are identified by country, mine, coal bed, and rank.6
Table IV (Pg. 2-16) gives analyses of several
typical U.S. coals and coke, ciassified by the
ASTM system of Table 11. Besides proximate
and ultimate analyses, high heating value and
theoretical combustion-air requirements "A''
(on a pounds-per-million-Btu basis) are given.
Table V (Pg. 2-18) presents an overview of coals
from outside the continental U.S.
Appendix A gives extensive data on both
United States coals and coals from all the major
producing areas of the world. Also, in Appendix A, the International Systems for Classification of Hard Coals, Brown Coals and Lignites
are discussed in detail. Additional analyses of
American, European, and Asian coals are
given, along with international classifications.

HEATING

Upon further heating of the particle cloud, a
point is reached where ignition occurs. The
temperature at which ignition occurs is controlled by a balance between the rates of heat
generation and heat loss; hence it may vary depending upon the furnace design and operating
conditions. Ignition stability exists when the
rate of heat generation is equal to the rate of
heat loss.
Heating And Minor Devolatilization

"I,

Ignition

1

1

Maior Devolatilization

BURNING CHARACTERISTICS
OF COALS
Coal is burned in power plants in either the
crushed and sized form, or in the crushed and
subsequently pulverized form. Previous editions of this text have concentrated on the burn-

.

b

Time, Seconds

-

Fig. 2 Chronology of the combustion process
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Table "Im
Typical Flammability Indices
Flammability Index

Coal
Rank

-

-

Anthracite
Bituminous
Subbituminous
Lignite

("0

1450-1750
1050-1250
900-1100
800-1050

cific conditions. Typical ranges of flammability
indices determined for coals of various rank are
shown in Table VI. The flammability index of
a fuel is useful in classifying relative ignition
behavior by virtue of comparison with those of
fuels with known commercial performance.
CHAR REACTIVITY

After ignition occurs, the devolatization rapidly proceeds, typically requiring approximately 10 percent of the overall combustion
time beyond ignition. Studies have indicated
that the volatile matter yields during the rapid
heating rates (10' to 1OS0C)characteristic of
dispersed particles in coal flames are generally
significantly higher than those observed during
slow heating rates encountered in ASTM proximate volatile-matter determination.9.10 The rate
of devolatization, the total quantity of volatile
matter released, and the composition/calorific
value of the volatile matter play significant
roles during the early stages of combustion.
Therefore, these characteristics have a strong
impact on ignition stability.
C-E has developed a simple bench-scale test
to directly assess the relative ignition stability
characteristics of a pulverized coal." This test
determines a Flammability Index which is the
ignition temperature of a suspension of pulverized fuel in an oxygen atmosphere under spe-

In trying to understand the burning characteristics of coal, char reactivity is focused upon
because its burnout takes much longer than the
volatile mattgr release (i.e., devolatilization)
and burnout in the gas phase b>r approximately
one order of magnitude (Figure 2). Char reactivity is affectedby the quantity and rate of volatile
matter released as well as other fuel aspects
(swelling, agglomerating tendency and mineral
matter).
Swelling and agglomeration affect the nature
of the pore structure of the residual char, thus
influencing the burning characteristics of this
char. The mineral matter, depending on its
chemical nature and degree of dispersion in the
coal matrix, may catalyze or hinder the chemical reactivity of the coal particular char.
A procedure has been developed at C-E for
preparing coal chars under specific conditions
and characterizing them from the standpoints
of their specific pore structures and reactivities.12
Char Preparation. C-E's Drop-Tube Furnace
System (Figure 3), which is a 2-inch inside diameter laminar-flow reactor, is used to prepare
Primary Stream

-

1-Water-Cooled
Sample Injector

-'

e--carrier
-Syringe

-Secondary

-\&

Gas

FIOW

Stra~ghteners
Test Furnace

r
4
1
L

Water-Cooled Sampling probe

Drive
Suction pump

Fig. 3 Schematic of the Combustion Engineering Drop-Tube Furnace System
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Table IV. Analyses of Typical U.S. Coals, as Mined
-%Proximate AnalysisHz0
VM
FC
ASH

% U l t i m a t e Analysis
Hz0
C
Hz
S
0

2

Nz

1.0
1.0
1.0
0.6

1.8
2.9
1.9
2.2

1.7
1.6
1.7
1.5

13,700
13,870
13,800
14.730

774
761
775
767

4.5
4.7

1.8
1.0

2.4
2.4

1.1
1.5

14,310
14.030

765
778

4.6
4.3
4.0

4.3
2.3
4.3

6.6
7.6
7.2

1.0
1.3
0.9

11,480
11,420
10,720

769
758
754

State

Rank

AR

OK
WV

Lvb
Lvb
Lvb
Lvb

3.4
3.2
2.6
2.7

16.2
18.2
16.5
17.2

71.8
70.4
72.2
76.1

8.6
8.2
8.7
4.0

3.4
3.2
2.6
2.7

79.6
79.0
80.1
84.7

3.9
4.1
4.0
4.3

PA
VA

Mvb
Mvb

3.3
3.1

20.5
21.8

70.0
67.9

6.2
7.2

3.3
3.1

80.7
80.1

AL
CO
KS
KY
MO
NM
OH
OK
PA
TN
TX
UT
VA
WA
WV

Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab

IL
KY
MO
OH
WY

Hvcb
Hvcb
Hvcb
Hvcb
Hvcb

IL
IN
IA

Hvbb
Hvbb
Hvbb

12.1
12.4
14.1

40.2
36.6
35.6

39.1
42.3
39.3

8.6
8.7
11.0

12.1
12.4
14.1

62.8
63.4
58.5

MD

A at Zem
Excess Air,
~b/106Bt~*

HHV,
BMb
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Table IV. Analyses of Typical U.S. Coals, as Mined Continued

Hz0

C

Hz

S

0 2

N2

Bhkb

A at Zero
Excess Air,
Lbll06Bh*

40Ultimate A n a l y s i s

HHV,

State

Rank

-%Proximate AnalysisHz0
VM
FC
ASH

co
WY

sub
sub

19.6
23.2

30.5
33.3

45.9
39.7

4.0
3.8

19.6
23.2

58.8
54.6

3.8
3.8

0.3
0.4

12.2
13.2

1.3
1.0

10,130
9,420

756
757

ND
TX

LigA
Lig A

34.8
33.7

28.2
29.3

30.8
29.7

6.2
7.3

34.8
33.7

42.4
42.5

2.8
3.1

0.7
0.5

12.4
12.1

0.7
0.8

7,210
7,350

750
752

I

'A is the air required for combustion under stoichiometricconditions (no excess air), with 0.013 Ib H,O per lb dry air.
"Orchard Bed. "'Mammoth Bed. '*"Holmes Bed. RANK KEY: Ma-Meta-anthracite.A-Anthracite. Sa-Semi-anthracite, Lvb-Low-Vol. Bituminous,
Mvb-Med.-Vol.Bituminous. Hvab-High-Vol. Bituminous A. Hvcb-High-Vol. Bituminous B, Hvbb-High-Vol.Bituminous C, Sub-Subbituminous, Lig ALignite A

each coal char. This entails pyrolyzing a
70 + 2% through 200 mesh representative coal
sample in nitrogen atmosphere at 2650°F to
drive off the volatile matter under heating rates
which are commensurate with those encountered in pulverized coal-fired boilers. The resulting char is size-graded to 200x400 mesh.
Char Characterization. This 200x400 mesh,
volatile matter-free, char is subjected to pore
structural analysis through measurements of its
BET surface area in nitrogen at -196OC13 and
mercury and helium densities under specific
conditionslJ, which can be used to determine
its total open porosity. This same char is also
burned in a thermo-gravimetric analysis appa-

ratus (TGA)
.
. in air at 1290°F [70O0C) to determine its burn-off under isothermal conditions
as a function of time. These types of characterization give quick classifications of the pore nature and reactivity of a given coal char by virtue
of comparison with the information in the data
bank.
Typical Results. TGA burn-off curves of chars
prepared from coals ranging in rank from lignite to anthracite are given in Figure 4 along
with corresponding BET surface areas. In general, the reactivity of a char increases with increasing BET surface area. Fuels whose chars
have BET surface areas greater than 50 m2/gare
typically very reactive, and, hence, do not
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Fig. 4 Thermogravimetric bum-off of 200x400 mesh LTTFS chars at 700°C
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Table V. Typical Analyses of Coals of the World
TYPICAL ANALYSIS-AS RECEIVED
Country

District or Mine

Argentina

Turbio River

Australia

New South Wales
Western Field
Southern Field
Queensland
Victoria (Brown Coal)

Belgium

Batterie and Vidette

Brazil

Sao Jeronimo
Sao JeronimoWashed
Butia

Canada

Alberta-Drumheller
Saskatchewan-Souris
British Co1.-Crows Nest
Nova Scotia-Emery

Hz0
8.6

2.6
0.6
1.5
66.3

Vol

FC

Ash

Sul

MJIkg

HHV,
BtWLb

34.8

40.9

15.7

0.9

24.1

10,360

30.0
23.29
37.0
17.7

52.8
65.08 .
49.9
15.3

14.6
11.0
11.6'
0.7

0.7
3.7
0.1

27.0
30.4
28.6
8.6

11,620
13,090
12,300
3,700

...

1.0

8.5

63.5

27.0

...

24.9

10,710

13.8

24.7

27.1

34.4

3.0

15.3

6,600

16.0
11.5

23.1
32.0

32.9
42.9

28.0
13.6

0.9
1.3

17.6

7,570

...

. 20.0
35.0
1.4
4.0

Chile

Schwager
Lota
Mafil

China

Kailin
Kew Loong Kieng
Kiaping

2.5
5.4
3.5

Colombia

Bogota

5.3

23.4

63.7

7.6

0.8

33.1

14,220

France

Bethune
Aniin

Germany

FrimmersdorfWestfield
Saar
Saxony
Westphalia
Lower Silesia

60.7
9.7
53.1
1.7
4.5

20.0
31.8

16.7
18.7

2.6
9.8

0.2

. .

9.9
25.7

4,240
11,040

25.3
23.7
25.6

18.1
69.2
56.1

3.5
5.4
13.8

0.9

.. .

...

10.5
32.5
27.4

4,500
13,970
11,770

31.0

30.0

21.0

18.0

...

13.1

5,640

2.9
3.4
12.6

United Kingdom
Wales
Cardiff
Arley
England
Durham
Lanark
Scot-land
Greece

Aliveri
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Table V. Typical Analyses of Coals of the World-Continued
Country

District or Mine

Hz0

TYPICAL ANALYSIS-AS RECENED _
Vol
FC
Ash
-Sul - - MJlkg

India

Bermo Seam
Damodar Valley
Trombay
Umaria Field
Palana

1.9
4.0
7.2
5.3
41.4

21.1
12.8
20.8
27.1
29.2

50.4
41.1
44.7
47.8
23.8

3.6

39.8

33.0

Italy

Sardinia

HHv,
BNLb

26.6
42.1
27.3
19.8

5.6
23.6
r

Japan

Hiyoshi-Anthracite
Hukuho
Niiura

Mexico
Peru

2.7
8.6
19.0

5.8
33.8
24.8

75.0
44.5
31.2

16.5
13.1
25.0

Palu

1.3

21.0

59.0

18.7

0.7

28.4

12,200

Goyllarisquisga
Quishuarcancha

4.0
2.5

35.3
35.8

29.5
34.8

31.2
26.9

...

20.7
22.6

8,910
9,730

'

Katowice
Upper Silesia

4.0

31.6

58.4

6.0

...

31.4

13,500

,

Donetz Anthracite
Donetz Med. Vol.
Donetz Long Flame

2.0
3.5
7.0

3.5
21.0
40.0

83.0
71.0
31.5

11.5
4.5
21.5

0.8
3.6
5.7

30.0
33.8
26.3

12,910
14,530
11,300

17.1

34.9

24.8

23.2

0.5

15.5

6,660

Poland
Russia

Spain

Asturias
Asturias
Zaragoza

Turkey

Raihenburg

South
Africa

Natal
Orange Free State
Transvaal

4.2
5.6
2.2

16.6
28.4
27.0

70.5
50.4
57.5

8.7
15.6
13.3

4.18
1.5
0.7

...

...

24.7
28.2

10,640
12,120

Venezuela

Barcelona

3.0

36.1

57.5

3.4

1.4

31.8

13,680

Yugoslavia

hatolia

1.4

29.4

51.3

17.9

1.0

27.3

11,720

necessarily show a correlation with TGA reactivities. Both the BET and TGA apparatus offer
quick means for classifying char surface properties and preliminary reactivity assessment,
respectively.
C-E has also developed an advanced methodology for more accurate prediction of carbon loss in commercial pulverized coal-fired
boilers." This methodology is described in
Chapter 6 .

SOLID FUELS
OTHER THAN COAL
Many solid or semisolid fuels other than coal
are used in the steam-generating process. As
described in this section, the majority of these
fuels result from the production of primary industrial goods; some are waste fuels that depend upon local economic conditions for their

"coke." Many varieties of bituminous coals, on
the other hand, become plastic and "melt"
when heated to only 500-700°F. Due to the resinous substances in these coals, the particles of
the molten mass stick together, forming a porous coke which varies in color from dull gray to
COKE AND COKE BREEZE
light silvery gray.
The character of the coke residue is dependCoke is the fused solid residue left when certain coals, petroleum, or tar pitch-are heated in ent on the kind of fuel distilled, the temperaan atmosphere excluding oxygen, so as to expel ture arid pressure to which the fuel is exposed,
their volatile content. The process of thus de- and the type of oven used.
composing these fuels into their gaseous and
When the distillation process is carried on
solid fractions is known as destructive distilla- in temperatures over 700-900°F, it is called
tion or carbonization.
high-temperature carbonization, whereas lowWhen anthracite is rapidly heated out of con- temperature carbonization takes place below
tact with air to, say, 1600°F,it will evolve some
700-900°F. Both the character and relative
volatile matter, but remain essentially unquantity of solid and gaseous distillation prodchanged in form. Lignites, when subjected to
ucts depend on the temperature employed.
the same treatment, give off a large amount of
This is best illustrated by a comparison begas, while their solid, charry residue cracks
tween Fig. 5 which shows the volume and kind
and shrinks, but does not fuse together to form
of gas evolved by an English coal at high temperatures and Fig. 6 which shows the same relation for a U.S. coal at low temperatures. With
Temperature,' C
an increase in temperature, there is a corresponding increase in the evolution of hydrogen
600
800
1000
3.20
I
I
I
and carbon monoxide, at the expense of methane and the higher hydrocarbons. Because of its
2.88 greater yield of gas, the high-temperature process is preferred for fuel-gas-making purposes
and for metallurgical coke. Low-temperature
distillation, on the other hand, requires less
heat per ton of coke produced and is, therefore,
more economical for making domestic coke.
Good coke from this process is shiny, hard,
and uniformly porous. It has little volatile matter and is smokeless. If used for metallurgical
purposes, it must not have too much sulfur; in
foundry work, not much moisture; for domestic
use, as little ash as possible; and for making
blue-water gas, as high an ash-fusion temperature as possible. The proportion of ash in coke
is seen from Fig. 6 to be higher than the ash
content of the original coal.
For firing steam generators, good coke is
Temperature," F
- normally considered uneconomical. But "coke
breeze," degraded-size coke with as much as 40
percent passing through a %-inch mesh screen,
Fig. 5 Gaseous products of distillatiqn of Silkstone coal (Great Britain) at high temperatures
is advantageously burned on certain types of

use as sources of energy. They occur in many
different forms (most of them not capable of
being pulverized like coal), have a wide range
of calorific content, and many require special
equipment for efficient burning.
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Coke-Oven Gas.O'OI by Volume
(,Scrubbed and Cooled)
Coke-Oven Crude Tar, O
o/ by Volume

,
Commercial (90%) Benzol,% by Weight
I

Coal Tar Pitch, OO
/ by Weight

in Scrubbing
and Cooling

Fig. 6 Gaseous products from distillation of
Pittsburgh coal at low temperatures

stokers. As the typical analyses of Table VII indicate, coke breeze usually has a higher ash
content than the rest of the coke.
Nearly all coke produced now is carbonized
at high temperatures in byproduct ovens of the
slot type; these have largely displaced the older
"beehive" ovens. The volatile products of the
process, consisting essentially of gas, ammonia, tar and light oil, are recovered and separated into their various fractions. Fig. 7 shows
diagrammatically the fuels taking part in and
resulting from the coke-making process, together with their respective typical analyses.

,

I

Temperature,"C

250

300

350

400

450

PETROLEUM COKE

Petroleum coke is a byproduct of a process in
which residual hydrocarbons are converted to
lighter, more highly valued distillates. Two
processes that produce these byproducts are in
use: delayed coking and fluid coking.
DELAYED COKING

In this process, the reduced crude oil is
heated
- rapidly and flows to isolated coking

Temperature, F
O

L-;S

I
I
Fig. 7 Typical analyses of fuels involved in the
manufacture of byproduct coke
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drums where it is coked by its own contained
heat. The process requires several drums to
permit removal of the coke in one drum while
the others remain on stream. The residual
product which solidifies in these drums is
termed delayed coke. When first removed from
the drum, it has the appearance of run-of-mine
coal, except that the coke is dull black.
The analysis of the coke varies with the crude
from which it is made, ranging as follows:
Moisture
Volatile matter
Fixed carbon
Ash
Sulfur
Btullb, dry

3-12%
10-20%
71-88%
0.2-3.0%
2.9-5.4%
14,100-15,600
(32.8 to 36.3 MJIkg)

FLUID COKING

Two large vessels are used in fluid coking.
One is known as a reactor vessel, and the other,
a burner vessel. In this process, fluid coke is
both the catalyst and secondary product. The
seed coke is first heated in the burner vessel,
either by adding air and burning a portion of
the coke, or by burning an extraneous fuel such
as oil. The heated seed coke then flows into the
reactor vessel where it comes in contact with
the preheated residual oil and the lighter fractions of the oil are flashed off. The coke which
is produced both deposits in uniform layers on
the seed coke and forms new seed coke. Thus
there is a constantly accumulating coke reservoir which is tapped off and is available as a
boiler feed.
The coke thus formed is a hard, dry, spherical
solid resembling black sand. It is composed of
over 90-percent carbon with varying percentages of sulfur and ash, depending on the
source of the crude oil. Typical analyses are
Fixed carbon
Volatile matter
Ash
Sulfur
HHV, BtuAb, dry

0.2-0.5%
4.0-7.5%
14,100-14,600
(32.8 to 34.0 MJIkg)

COAL TAR

Coal tar is a byproduct in the carbonization
of coal. The tar compounds are extremely complex and number in the hundreds. The solid
material which is insoluble in benzene is contained as colloidal and coarse dispersed particles and is known as "free carbon." The
composition of the tar is dependent on the
temperature of carbonization and, to a lesser
extent, on the nature of the coking coal. The following is an example of a coal tar analysis.
Carbon
Hydrogen
Sulfur
Oxygen
Nitrogen
Moisture
Gravity, Baume
Viscosity at 12Z°F, SSF
Flash point
Heating Value, Btullb, dry
Coal tar is burned in boilers only when it
cannot be sold for other purposes at a higher
price than its equivalent fuel value. At ordinary
temperature, the viscosity of tar is very high
and must be heated for pumping. It burns like a
fuel oil and the same equipment can be used.
COAL TAR PITCH

Coal tar pitch is used to a small extent for
generation of steam. It is the residue resulting
from the distillation and refining of coal tar.
The pitch is solid at' ordinary atmospheric
temperature but becomes liquid at about 300°F.
Generally, it is burned in pulverized form; i n a
few cases, it is melted and burned like oil or
coal tar. When it is burned in pulverized form,
it must be kept cool during pulverization and
during delivery to the furnace. In some cases, it
is preferred to coal. Because of its very low ash
content, the stack gas is practically free from-. .
dust, and therefore there is no flue dust nuisance. When burned in liquid form, it must be
kept very hot to prevent congealing. Table VIII
shows analyses of coal tar pitch.

-
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Table VII. Analyses of Typical Cokes, as Fired
-%Proximate
Analysis
Hz0 VM FC ASH H z 0

Kind
High-temperature
coke
Low-temperature
coke
Beehive coke
Byproductcoke
High-temperature
coke breeze
Gas Works Coke:
Horizontalretorts
Vertical retorts
Narrolv coke
ovens

5.0

-%Ultimate Analysis C
H2 S
0 2 N2

HHV,
BtulLb

A at Zero
Excess Air,
Lb1106 Btu

1.3 83.7 10.0

5.0

82.0 0.5 0.8 0.7 10.0

12,200

798

2.8 15.1 72.1 10.0
0.5 1.8 86.0 11.7
0.8 1.4 87.1 10.7

2.8
0.5
0.8

74.5 3.2 1.8 6.1 10.0
84.4 0.7 1.0 0.5 11.7
85.0 0.7 1.0 0.5'10.7

12,600
12,527
12,690

763
807
802

4.2 65.8 18.0 12.0

66.8 1.2 0.6 0.5 18.0

10,200

805

0.8
1.3

1.488.0
2.5 86.3

9.8
9.9

0.8
1.3

86.80.60.70.2
85.4 1.0 0.7 0.3

9.8
9.9

12,820
12,770

808
809

0.7

2.0 85.3 12.0

0.7

84.6 0.5 0.7 0.3 12.0

12,550

802

12.0

WOOD

Wood is a complex vegetable tissue composed principally of cellulose, an organic
compound having a definite chemical composition. It would, therefore, seem reasonable to
assume that equal weights of different dry
wood species will have practically the same
heat content. However, owing to the presence
of resins, gums and other substances in varying
amounts, heat content is not uniform.
Ultimate analyses showing the chemical
composition of several different wood species
are given in Table IX. Because the substances
making up these fuels are complex organic
chemical compounds, and complex thermodynamic changes take place when they are
burned in a furnace, it is not possible to make
use of formulas such as the Dulong type to predict their heating values. These analyses do not
indicate the amount of resins or similar substances present. But note that the heat content,
on the dry basis, is greatest in the cases of
highly resinous woods as fir and pine.
The moisture content of freshly cut wood
varies from 30 to 50 percent. After air drying for
approximately a year, this is reduced to between 18 and 2 5 percent.

Table VIII. Coal Tar Pitch
Proximate Analysis
Moisture
VM
FC
Ash
Ultimate Analysis
Carbon
Hydrogen
Sulfur
Oxygen
Nitrogen
Moisture
Ash

90.1%
4.9%
0.9%
0.6%
0.6%
2.2%
0.7%

Most wood as commercially available for
steam generation is usually the waste product
resulting from some manufacturing process. Its
moisture content as received at the furnace will
depend on (I)extraneous water from source or
storage or handling in the rain and (2) whether
it is "sap wood" or "heart wood," as well as on
the species and on the time of year it is cut.
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The use of wet refuse wood for steam generation falls into three broad classifications, each
with its own specific combustion problems. As
both producer and user of byproduct fuel,
sawmills are in the first category. Byproduct
fuel for in-plant use is usually made up of sawdust, shavings, bark and other wood waste in
varying percentages dependent on the nature
of the mill operation, the methods of storage and disposal of waste wood as well as
the arrangement of available fuel burning
equipment.
In the second classification are those plants
which purchase their wood fuel supply, usually composed of chips with little or no sawdust and shavings.

Paper mills are in the third classification, as
they must dispose of the wet wood refuse produced in their wood preparation plants. Their
principal problem is one of wet bark disposal.
BARK

A common waste product in paper mills,
bark results from debarking tree trunks used in
making paper. The bark is peeled off the trunks
in long rope-like strips. This shape and size,
combined with the high moisture content,
make the handling of the fuel difficult.
Bark as received from the barking drums contains 80 percent or more moisture, and in this
condition is of no value as a fuel. This fact is
best illustrated by Table X, the data for which
have been prepared on the basis of a dry bark

Table IX. Typical Analyses of Dry Wood
HHv,

%by Weight
C

Hz

S

0 2

N2

Ash

BtdLb

.

A at Zero
Excess Air,
Lb11o6Btu

Softwoodst
Cedar, white
Cypress
Fir, Douglas
Hemlock, western
Pine, pitch
white
yellow
Redwood

Hardwoods t
Ash, white
Beech
Birch, white
Elm
Hickory
Maple
Oak, black
red
white
Poplar
:

_

-'Calculated from reported high heating value of kiln-dried wood assumed to contain 8-percent moisture.

tThe terms "hard" and "soft" wood, contrary to popular conception, have no reference to the actual hardness of the wood. According to the
Wood Hondbook, prepared by the Forest Products Laboratory of the U.S. Department of Agriculture, hardwoods belong to the botanical group
of trees that are broad-leaved whereas softwoods belong to the group that have needle or scalelike leaves, such as evergreens: cypress, larch,
and tamarack are exceptions.
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heating value of 8750 Btu per lb. Thus, at 80
percent moisture the heating value is only 1750
Btu per lb (as received), and for every pound of
dry substance there are 4 lbs of water which
must be evaporated before any heat is available.
Under these conditions, the bark will not support its own combustion, and it will be necessary to supply heat from some other source if
the wet material is to be disposed of in the furnace of any steam generating unit.
HOG FUEL

In the manufacture of lumber, the amount of
material removed from the log to produce
sound lumber is approximately as follows: 18
percent in the form of slabs, edging and trimming; 10 percent as bark; and 20 percent as
sawdust and shavings. While the total waste
material will usually average 50 percent, distribution of different types of waste may vary
widely from the approximations given above,
owing to mill conditions as well as to the ultimate finished product.
The mills frequently use either the sawdust
or a mixture of sawdust and shavings for steam
production because these can be burned without further processing. The remainder of the
so-called waste products requires further size
reduction in a "hog" to facilitate feeding, rapid
combustion, transportation and storage. These
newly sized products, together with varying
percentages of sawdust and shavings present,
constitute hog fuel.

Table X. Relationship
of Bark Moisture to Heat Content
HHV,
96 Hz0

Btu/Lb

Lb water1
lb dry
Substance

The percentage of sawdust and shavings
present may be quite high if the fuel is to be
burned at the sawmill. Table XI shows typical
analyses of hog fuel.
A large paper producer conducted a series of
tests to determine the moisture content, as well
as the unit weight, of waste wood produced
in its mill. The results of these tests, shown in
Table XII, illustrate the wide variation in
weight that will exist between units of hog fuel
because of moisture and different wood-species content.
Hog fuel, as normally delivered to the furnace, contains variable amounts of moisture,
averaging approximately 50 percent, most of
which is in the cellular structure of the wood.
Storage of logs in the mill pond, water lubrication of saws, and exposure to rain because of
outdoor storage of the hog fuel all contribute to
the high total moisture content. In addition, the
hog fuel, on dry-wood basis, contains approximately 81 percent volatile matter and somewhat less than 18 percent fixed carbon. The
noncombustible residue, in the form of wood
ash, is only a small fraction of 1percent.

Table XI. Analyses of Hog Fuels
Kind of Fuel

Western
Hemlock

Douglas
Fir

Pine
Sawdust

Hz0 AS Received
Hz0 Air Dried

57.9
7.3

35.9
6.5

. ..

74.2
23.6
2.2

82.0
17.2
0.8

79.4
20.1
0.5

5.8
50.4
0.1
41.4
0.1
2.2
8620

6.3
52.3
0.1
40.5
0
0.8
9050

6.3
51.8
0.1
41.3
0
0.5
9130

6.3

Proximate Analysis,
Dry Fuel

VM
FC

Ash
Ultimate Analysis,
Dry Fuel
Hydrogen
Carbon
Nitrogen
Oxygen
Sulfur

Ash
HHV, Btullb, dry
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BAGASSE

Bagasse is a waste fuel produced when sugar
is extracted from cane. The cane stalks grow in
the field from 10 to 12 ft high. In Latin America,
it is customary to cut the stalks again into
smaller pieces, 2 to 3 ft long, before sending
them through shredding machines or rotary
knives. The shredding, or cutting operation, is
called "disintegration" or "defibration," and
serves to open up the hard rind and thereby
facilitate the squeezing out of juice in the cane.
As in the case of wood, sugar cane consists of
cellulose fiber which makes up the tissue enclosing such sugars as sucrose (C12E122011)
and
glucose (C&1?06).Ilrater and small quantities
of mineral ash are also present. On a moistureand ash-free basis, the cane contains from 10 to
17 percent cellulose fiber and from 83 to 90
percent sugar.
To separate the juice from the fiber, the disintegrated. cane is crushed between rollers. After
this primary pressing, the issuing fiber, or

Table Xll. Unit Weight
and Moisture Content of Wood
(as-received basis)
Weight-

"bagasse," is sent through more roller mills for
further extraction. At the same time that the
bagasse undergoes additional squeezing, it is
sprayed, or "imbibed," with plain water or diluted juice to help dissolve more of the sugar.
When hot water, generally taken from the
boiler feed line, is used to soak the bagasse,
the operation is known as "maceration." On
leaving the last mill, a typical bagasse might
have 40 percent fiber, 2.5 percent sugar, 55
percent moisture and 2.5 percent ash. The
relatively high ash content in many bagasse
samples is because of trash and dirt picked
up in harvesting.
Table XI11 shows typical ultimate analyses of
bagasse from different countries, on a dry basis.
(As-received bagasse contains 40 to 60 percent
moisture by weight.) Carbon content is slightly
lower; oxygen a little higher than in wood, possibly due to the extraction of sugar.
The size of bagasse pieces depends on the
machinery employed to disintegrate the cane.
A simple crusher will produce coarser bagasse
than is obtained by adding a shredder ahead of
the crusher. Aside from the special case where
grindstones defibrate the cane, the finest size is
obtained with rotating knives replacing both
shredder and crusher.

Type of Wood

% H20

'b'cUft

FOOD-PROCESSING WASTES

Drum Barker (pressed)
Regular paper mill
waste wood
Hemlock
Douglas fir

63.4

19.3

56.9
53.7
44.4

21.5
19.4
17.4

The production of food from some fruits
and vegetables results in burnable solids that
are available for energy production. Among
these are nut hulls, with a fuel value of about
7700 Btullb (18 MJIkg) as fired; rice hulls, with

Table Xlll. Typical Analyses of Bagasse, Dry
HHV,

A at Zero
Excess Air,

Ash

BtuILb

Lb1106 Btu

2.90
1.50

7985
8160

629
68 7

1.68
1.32
1.75
1.35

8681
8740
8380
8386

65 1
646
700
62 7

% b y Weight
C

Hz

0 2

Cuba
Hawaii

43.15
46.20

6.00
6.40

47.95
45.90

Java

46.03
47.30
49.00
44.21

6.56
6.08
5.89
6.31

45.55
45.30
43.36
47.72

Mexico
Peru
Puerto Rico

NZ

...
...

-

0.18

...
...
0.41

I
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5200 to 6500 Btullb (12 to 15 MJkg); corn cobs,
with 7500 to 8300 Btullb (17 to 19 MJkg); and
coffee grounds, with between 4900 and 6500
Btullb (11to 15 MJkg).
MUNICIPAL AND INDUSTRIAL REFUSE

Solid residential, commercial, and industrial
waste, or "municipal solid waste" (MSW), is a
fuel having some of the characteristics of wood,
bagasse, and other "young" fossil fuels. It derives most of its heating value from its cellulosic content. When shredded and separated
into light and heavy fractions, a fuel can be produced having thermal energy equal to lignitic
coals, with high ash, but low sulfur, content.
This beneficiated product is known as ''refusederived fuel" (RDF).
The technical aspects of recovery of the
enesy from this resource, as opposed to its
simple disposal, are well documented. (See
references 15 through 25.)
Refuse is a highly time-, geography-, and
weather-dependent fuel. Its character varies
widely with the economic status of the people
generating it. It is extremely heterogeneous but,
in general, has increased in paper and plastic
content and, therefore, heating value, through
the years. The garbage fraction has decreased,
as has the quantity of ash from coal-fired
household furnaces. In suburban areas, it will
have greater or lesser content of leaves and
grass as a function of the day in the week, and
more or less moisture content as a function of
the weather. Urban refuse is characterized by
large quantities of paper bags, cardboard, and
similar dry combustible material.
Similarly, industrial refuse has higher therma1 value today than earlier, because of the
increased use of plastics and other synthetic
materials, many of which have high heating
values with little or no moisture or ash. Typical high-calorific-value components of industrial waste are rubber, wood, sawdust, fats.
oils, waxes, solvents, paints, and other organic
materials, many of them with heating values of
10,000 to 19,000 Btu per lb (23 to 44 MJIkg).
Raw municipal refuse will be typically from
one-third to one-half paper; 2 to 1 2 percent

textiles, rubber, plastics, and leather; 7 to 24
percent food waste; 1 to 7 percent wood; 5 to
1 2 percent glass and ceramics; 7 to 11 percent
metal; and 1 to 33 percent grass, leaves and
dirt. Proximate and ultimate analyses of residential solid waste with magnetic metals removed are given in Table XIV. Further separation of heavy-density materials (nonferrous
metals, stone, masonry, and glass) can increase refuse heating value to between 7,000
and 8,000 Btu per pound (16 to 19 MJkg).

LlQU1D FUELS
Fuel oil used for "earn generation Purposes
may be defined as petroleum or any of its liquid residues remaining after the more volatile
have been removed.
Petroleum is sometimes burned in its crude
form. In this condition, most of it will contain
lighter gasoline fractions which lower the
flash point and present a fire hazard. Through
limited fractional distillation, or topping, the
lighter gasoline can be removed and a safe fuel
oil can be produced. If the refining process is
carried through extended fractional distilla-

Table XIV. Analyses of Typical
Residential Solid Waste
With Magnetic Metals Removed
YO
As Received

Proximate Analysis

19.7-31.3
9.4-26.8
36.8-56.2
0.6-14.6

H?O
Ash
VIM
HHV*Btu'lb

3100-6500

(7 to 15 MJ/kg)

ultimateAnalysis

H.,o
Carbon
Hydrogen
Nitrogen

Chlorine
Sulfur
Oxygen

19.7-31.3
9.4-26.8
23.4-42.8
3.4-6.3
0.2-0.4
0.1-0.9
0.1-0.4
15.4-31.9

-
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Table XV. Detailed Requirements for Fuel OilsA
Flash
Point,

Pour
Point,

"C

"C

eF)

("F)

Water
and
Sediment
Vol
%

Grade of Fuel Oil

Min

Max

Max

Max

Max

Max

Min

Max

No. 1
Distillate oil intended for
vaporizing pot-type burners
and other burners requiring
this grade

38 or
legal
(100)

-18'
(0)

0.05

0.15

...

215
(420)

...

288
(550)

No. 2
Distillate oil for general
purpose heating for use in
burners not requiring No. 1

380r
legal
(100)

-6'
(20)

0.05

0.35

...

...

282'
(540)

338
(640)

No. 4
Preheating not usually required for handling or
burning

55or
legal
(130)

-6'
(20)

0.50

...

0.10

...

...

..

No. 5 (Light)
Preheating may be required
depending on climate and
equipment

550r
legal
(1 30)

...

1.00

...

0.10

...

...

...

No. 5 (Heavy)
Preheating may be required
for burning and, in cold
climates, may be required
for handling

550r
legal
(130)

...

1.00

...

0.10

...

...

...

No. 6
Preheating required for
burning and handling

60

G

2.0OE

...

...

...

...

...

'

Carbon
Residue
on10 % Ash
Bottoms Weight
%
%

DistillationTemp.
CeF)
10%
Point
90%Point

.

-

(140)

" It

is the intent of these classifications that failure to meet any requirement of a given grade does not automatically place an oil in the next lower
grade unless in fact it meets all requirements of the lower grade.
"In countries outside the United States other sulfur limits may apply.
Lower or higher pour points may be specified whenever required by conditions of storage or use. When pour point less than -18°C (0°F)is
specified. the minimum viscosity for Grade No. 2 shall be 1.8 cSt (32.0 SUS) and the minimum 90 90point shall be waived.
"Viscosity values in parentheses are for information only and not necessarily limiting.
The amount of water by distillation plus the sediment by extraction shall not exceed 2.00 %.The amount of sediment by extraction shall not
exceed 0.50 1.A deduction in quantity shall be made for all water and sediment in excess of 1.0 OO.
Where low sulfur fuel is required, fuel oil falling in the viscosity range of a lower numbered grade down to and including No. 4 may be
supplied by agreement between purchaser and supplier. The viscosity range of the initial shipment shall be identified and advance notice
shall be required when changing from one viscosity range to another. This notice shall be in sufficient time to permit the user to make the
necessary adjustments.
Where low sulfur fuel oil is required. Grade 6 fueloil will be classified as low pow +15"C(60°F)max or high pour (no max.) Low pour fuel oil
should be used unless all tanks and lines are heated.
Excerpted from ASTM Standards D 396, Specifications for Fuel Oils.

--

_
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Table XV. Detailed Requirementsfor Fuel OilsA-Continued

At 38°C (100°F)

At 50°C (12Z°F)

Specific
Gravity
60/60°F (deg
API)

~Min

Max

Xlin

Max

Min

Max

Min

Max

Max

Max

Max

...

...

...

...

1.4

2.2

...

...

0.8499
(35 min)

No. 3

0.5

-Saybolt Viscosity, s DUniversal at 38°C
(lOO°F)

Fur01 at 50°C
(122°F)

-Kinematic Viscosity, cStD-

Copper
Strip
Corrosion

Sulfur,
%

-

or
legal

Y

(32.6)

(37.9)

...

...

2.0C

3.6

,

..

...

0.8762
(30 min)

No. 3

0.5B

or
legal

-

(45)

(125)

...

...

5.8

26.4F

...

..,

...

...

legal

(>125)

(300)

...

...

>26.4

65F

...

...

...

...

legal

(>300)

(900)

(23)

(40)

>65

194'

(42)

(81)

. . . .

...

legal

(>900)

(9000)

(>45)

(300)

>92

638'

50°C

(122°F)

...

...

legal

tion and cracking, such fuels as gasoline,
kerosene, gas oil, light fuel oils, lubricating
oil, heavy fuel oil, residual tar, pitch and petroleum coke are produced.
PROPERTIES OF FUEL OIL

The term fuel oil may conveniently cover a
wide range of petroleum products. It may be
applied to crude petroleum, to a light petroleum fraction similar to kerosene or gas oil, or
to a heavy residue left after distilling off the
fixed gases, the gasoline, and more or less of
the kerosene and gas oil. To provide stan-

dardization, specifications have been established, Table XV, for several grades of fuel oil.
Sometimes designated as light and medium
domestic fuel oils, Grades No. 1 and No. 2 are
specified mainly by the temperature of the distillation range. Grade No. 6, designated as
heavy industrial fuel oil and sometimes known
as Bunker C oil, is specified mainly by viscosity. The specific gravities of Grades 4, 5, and 6
are not specified because they will vary with
the source of the crude petroleum and the extent of the refinery operation in cracking and
distilling.
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Despite the multiplicity of chemical compounds found in fuel oils, the typical analyses
of these fuels, as shown in Table XVI, are fairly
constant.
SPECIFIC GRAVITY

This is the ratio between the weight of any
volume of oil at 60°F and the weight of an equal
volume of water at 60°F. The common designation is Sp Gr 60160°F and is expressed as a decimal carried to four places.
Gravity determinations are readily made by
immersing a hydrometer into the sample and
reading the scale at the point to which the instrument sinks in the oil. The specific gravity is
either read direct or the gravity is measured in
degrees API.
Formerly, the gravity of oil was measured in
degrees Baume but confusion developed over
the use of the two so-called Baume scales for
light liquids. To overcome this, the American
Petroleum Institute, the U.S. Bureau of Mines,
and the U.S. Bureau of Standards agreed to recommend, in 1921, that only one scale be used in
the petroleum industry, and that it be known as
the API scale. The relation between specific
gravity and "API is expressed by

HEATING VALUE

-

This may be expressed in either Btu per gallon at 60°F or Btu per pound. The heating value
per gallon increases with specific gravity, because there is more weight per gallon, and
ranges from about 135,000 to 150,000 Btu. The
heating value per pound of fuel oil varies inversely with the specific gravity, because
lighter oil contains more hydrogen; it ranges
from 18,300 to 19,500 Btu.
The exact determination of the heat content
of fuel oil is made in a bomb calorimeter. However, there is an approximate relationship between specific gravity and the high heating
value. For an uncracked distilate or residue,

Btullb (high)= 17,660+ (69 x API gravity)

(2)

For a cracked distillate,
Btullb (High)= 17,780+ (54 x API gravity)

(3)

VISCOSITY

This is defined as the measure of the resistance to flow. The greater this resistance, the
longer it takes a given volume of oil to flow
through a fixed orifice. The Saybolt Universal
viscosity is expressed in seconds of time that it
takes to ruu 60 cc through a standard size
orifice at any desired temperature. Viscosity is
commonly measured at 10o0F, 150°F and
210°F. The oil is held at constant temperature
within + 0.25"F during the test period.
Fuel oil is very viscous, and it takes a long
time to make a determination with the Saybolt
Universal viscosimeter. For this reason, the
viscosity of fuel oil is usually measured with a
Saybolt Furol viscosimeter, which is the same
as the Saybolt Universal except that the orifice
is larger. Viscosity of 62 seconds Saybolt Furol
is 600 seconds Saybolt Universal.26,
Another measure of viscosity sometimes
used is the so-called Engler degree or specific
viscosity. The Engler degree is the quotient of
time of outflow of 200 cc of oil, divided by the
time of flow of 200 cc of water; that is, the viscosity of oil is compared with that of water.
Viscosity of fuel oil decreases as the temperature rises and becomes nearly constant above
about 250°F. Therefore, when fuel oil is heated
to reduce the viscosity for good atomization,
there is little gain in heating the oil beyond
250°F. Moreover, since burners operate most
efficiently with oil of constantviscosity, it is desirable to operate in the viscosity range where
temperature variations have the least effect.
This is illustrated in Fig. 8 for No. 6 Bunker C
oil. Fig. 9 shows the viscosity-temperature relationships for the several grades of fuel. Table
XVI shows typical analyses.
The relationship among specific gravity, deg

I
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API, density in lb per gal, Btu per lb, and Btu

which they are purchased commercially, is
considerably greater.

per gal for petroleum products is graphically
shown in Fig. 10. Also included are the ranges in
deg API for gasoline, kerosene, gas oil and fuel
oils. Knowing the value of any one of these
characteristics, it is possible to determine all
the others quickly. For example, assume the
deg API to be 7 5 , then the intersection of this
value with the deg API curves is at a point A,
through which a horizontal line is drawn to
intersect the remaining curves. Then, by referring to their respective scales, it is possible to
read the specific gravity B as 0.685, the density
C as 5.675 lb per gal, and the higher heating
value at D as 20,550 Btu per lb, or at E as
116,800 Btu per gal. Of particular interest is the
fact that, although the high specific gravity fuel
oils (15OAPI) have a lower heating value per
pound than the lower specific gravity gasoline
(60°API),the total heat per gallon, the basis on

FLASH AND FIRE POINT

Flash point of fuel.oil is the lowest temperature at which sufficient vapor is given off to
260 240
LL
o

220

t-

140-

Least Effect of Temp.

0

200

I

I

I

I

400

600

800

1000

Viscosity, SSU
Fig. 8 Viscosity versus temperature, No. 6 fuel oil

Table XVI. Typical Analyses and Properties of Fuel Oils*
Grade

No. 1
Fuel Oil

No. 2
Fuel Oil

No. 4
Fuel Oil

No. 5
Fuel Oil

No. 6
Fuel Oil

Type

Distillate
(Kerosene)

Distillate

Very Light
Residual

Light
Residual

Residual

Color

Light

Amber

Black

Black

Black

21
0.9279
7.727
15.0
77

17
0.9529
7.935
50.0
232

12
0.9861
8.212
360.0

...

170 .
65
100
200
12.0
2.8 max.
0.92
10.5
85.70
2.0 max.
0.08
150,000

-

API gravity, 60°F
Specific gravity. 60,'60°F
Lb1U.S. gallon, 60°F
i'iscos., Centistokes. 100°F
Viscos., Saybolt Univ., 100°F
Viscos., Saybolt Furol, 122°F
Pour point, OF
Temp. for pumping, OF
Temp. for atomizing. "F
Carbon residue. SC
Sulfur, %
Oxygen and nitrogen, %
Hydrogen, OO/
Carbon, %
Sediment and water, %
Ash, %
Btu gallon
Courtesy Exxon Corporat~on

40
0.8251
6.870
1.6
31

32
0.8654
7.206
2.68
35

...

...

Below zero
Atmospheric
Atmospheric
Trace

Below zero
Atmospheric
Atmospheric
Trace

0.1
0.2
13.2
86.5

0.4-0.7
0.2
12.7
86.4

Trace
Trace

Trace
Trace

137,000

141,000

...

10

30

15 min.
25 min.
2.5
0.4-1.5
0.48
11.9
86.10
0.5 max.
0.02
146,000

35min.
130
5.0
2.0 max.
0.70
11.7
85.55
1.0 max.
0.05
148,000

...
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OIL REFINERY REFUSE FUEL
Byproducts from refinery operation consist
of a wide variety of refuse fuels. There are
solids, such as asphaltic pitch and petroleum
coke. The liquids, termed sludge, often have a
high specific gravity and contain variable
amounts of solid matter in suspension.
The characteristics of the sludge are governed by those of the crude oil used and the
manner in which it is processed. Many of the
suspended solids may be carbonaceous, in
the form of small particles of oil coke.
Perhaps the most troublesome of sludges, because of its frequent and widely varying
characteristics, is acid sludge. Its gravity may
rangebetween 5 and 14OAP1,and its viscosity is
indeterminate. It contains changing quantities
of weak sulfuric acid that may run as high as 40
percent, and this, together with the suspended
carbonaceous material and flux, which must be
added to make the sludge flow, causes heat

form a momentary flash when flame is brought
near the surface. The values vary with the apparatus and procedure; both must be specified.
Flash point specifications for the several
grades of fuel oil are.given in Table XV. Fire
point is the lowest temperature at which the oil
gives off enough vapor to burn continuously.
SULFUR AND ASH

Sulfur is a very undesirable element in fuel
oil because its products of combustion are
acidic and cause corrosion in economizers, air
heaters and gas ducts. Because of the high hydrogen content in fuel oil, and the resulting
high water vapor content in the products of
combustion, a given amount of sulfur in fuel oil
has the potential of doing more damage than
the same amount of sulfur in coal.
Fuel oil contains all the solid impurities originally present in the crude oil. If these solids
contain a large proportion of salt, they are very
fusible and can cause considerable trouble.
ASTM Std Vlscoslty -

Fuel 011 Cornpos~tion
Kerosene Stra~ght

Temperaturechartsfor Liqu~d
Petroleum Products (D 341 )

No. 4

Fuel 011s

SSU = Saybolt Umversal V~scos~ty

d

-20 0

5
No 6

l {NO

Stralght and Up to 15% Residuals
Heavy D~stlllatesPlus Up to 40% Res~duals
Up to 100%Res~duals

20 40 60 80 100 140
200
Temperature,"F

Fig. 9 Viscosity ranges for fuel oils

240

300
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values to vary between 8,000 and 17,500 Btullb.
Alkaline sludges, such as soda taF and neutralized sludge, are less troublesome to fire
since they are less .vaFiable in character than
acid sludge.
--

,

Determinations can be made by selective absorption in chemical solutions, by separation
of components through distillation, by infrared
or mass spectrometry, or by means of gas chromatography. Typical analyses of various gases
are given under their specific headings.

GASEOUS FUELS

HEATING VALUE

Gaseous fuels, when available, are ideal for
steam generation because of the ease of control,
the presence of little or no solid residue, and
the low excess-air requirement, which contributes to high efficiency.
Properties of fuel gas considered to be of
prime importance are composition, heating
value, and specific gravity.

The heating value refers to the quantity of
heat released during combustion of a unit
amount of fuel gas. Determinations are made
with a continuous flow (constant pressure) gas
calorimeter. The heating value as determined
in calorimeters is termed high heating value
and is the quantity of heat evolved when the
products of combustion are cooled to 60°F and
the water vapor produced is completely condensed to a liquid at that temperature. The low
heating value differs from the high heating
value by the latent heat of evaporation of water

ANALYSIS

The analysis of fuel gas is expressed in terms
of volume percentages of the component gases.
r

Specific Gravity at 60' F
Referred to Water at 60°F
1.0

100

Btu/Gal. (In Thousands)

0.9

0.8

0.7

0.6

145

135

80

60
OAPl

40

20

20.5

20.0

125

19.5

115

19.0

Btu/Lb (In Thousands)

Fig. 10 Chart showing the relationships of important characteristicsof liquid fuels
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formed in the combustion process, as described
on Page 2-12.
The heating value of manufactured gas is expressed as Btu per cu ft when measured at 60°F
and 30 in. Hg, saturated with water vapor. The
values for natural gas, however, are commonly
reported at a pressure of 14.7 psia (pounds per
square inch absolute) or 30 in. Hg, at a temperature of 80°F, and generally on a dry besis.
The heating value of gaseous fuels varies
considerably, depending on the constituents
present. When not obtainable by test, H,can be
calculated by summing up the heat evolved by
the individual combustible fractions of the gas.

In Table XVII are shown the principal components, together with their properties at 60°F
and 30 in. Hg, moisture-free. When present in
different proportions, these make up various
fuel gases.
ANSIIASTM Standards D 3588 gives a
method for calculating calorific value and specific gravity of gaseous fuels and includes a
method for determining the repeatability and
reproducibility of the calculated values.
SPECIFIC GRAVITY

Various methods for determining the spe-.
cific gravity of a fuel gas are available but three

Table XVII. Combustion Constants of Dry Gases at 60°F and 30 In. Hg
COI Formedl
01Reqd.1
Cu Ft
Cu Ft
Chemical of Dry Gas, of Dry Gas,
Cu Ft
Formula CuFt

Gas
Oxygen
Nitrogen (atmospheric)
Air
Carbon dioxide
Water vapor
Hydrogen
Hydrogen sulfide
Carbon monoxide

02
N2

...
co2
H20
HZ
H2S
CO

Saturated Hydrocarbons
Mathane
CH,
Ethane
C2Hs
Propane
C3Hs
Butane
C4H10
Pentane
C5HI2
Unsaturated Hydrocarbons
or Illurninants
C2H4
Ethylene
Propylene
C3H6
Butylene
C4Hs
Pentylene
CjHlo
Acetylene
C2H2
Benzene
C6H6
Toluene
C7H8

...
...
...

...
...
0.5
1.5
0.5

...
...
...
...
...
...
1.0**
1.0

...
...
...
...

Density
of Dry Gas,
LblCu Ft

-HHV of Dry Gas BtulCu Ft*
BtuILb

0.08461

...

1.0
1.0

0.07439
0.07655
0.1170
0.04758
0.005327
0.09109

...

...

...

...

...

...

...

...

...
...
...

325
647

60,991
7,100

0.07404

321

4,323

2.0
3.5
5.0
6.5

1.0
2.0
3.0
4.0

2.0
3.0
4.0
5.0

0.04246

1014

23,896

0.08029
0.1196
0.1582

1789
2573
3392

22,282
21,523
21,441

8.0

5.0

6.0

0.1904

4200

22,058

3.0
4.5
6.0
7.5
2.5
7.5
9.0

2.0
3.0
4.0
5.0
2.0
6.0
7.0

2.0
3.0
4.0
5.0
1.0
3.0
4.0

0.07421
0.1110
0.1480
0.1852

1614
2383
3190
4000

21,647
21,464
21,552
21,600

0.06971
0.2060
0.2431

1488
3930
4750

21,344
19,068
19,537

If gas is saturated with moisture at 60°F and 30.0 in.i- g, reduce by 1.74%.

"S0,rather thanCO,

Hz0 Formedl
Cu Ft
of Dry Gas,
Cu Ft

.

-
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methods have been adopted as ASTM Standards D 1070, Test for Gravity, Specific, (Relative Density) of Gaseous Fuels.
DIRECT WEIGHING METHOD

This involves the determination of the weight
differential between two equal volumes of gas
and air, both at identical conditions of temperature and pressure.
PRESSURE BALANCE METHOD

In this method, a flask containing the gas is
counterbalanced on a beam enclosed in a container. The beam is brought to balance by adjusting the air pressure within the container
which varies the buoyancy of the flask. The
procedure is repeated with air in the flask and
the specific gravity determined from the ratio
of the required absolute pressures.
DISPLACEMENT BALANCE METHOD

The instrument consists of a balance beam on
each end of which two bells are suspended in a
sealing liquid. One bell, containing air, is open
to the atmosphere through holes in its top; the
other bell, containing the gas, is open to the atmosphere through a 59-in. gas column connected to the space under the bell. An unbalanced
force is produced which is equal to the pressure
differential above and within the gas-filled
bulb. The magnitude of this force is an indication of the specific gravity.
NATURAL GAS

Natural gas is perhaps the closest approach
to an ideal fuel because it is practically free
from noncombustible gas or solid residue. It is
found compressed in porous rock and shale
formations, or cavities, which are sealed between strata of close-textured rocks under the
earth's surface. When these so-called gas-bearing sands of a pool are tapped by drilling wells,
the gas is found to be under rock pressure,
which may be as high as 2000 psig (pounds per
square inch gage). As gas is withdrawn, this
pressure gradually decreases until the field
must be abandoned.
Natural-gas fields frequently exist in the
neighborhood of oil deposits. Usually natural
gas occupies the space above the oil and the oil,

in turn, lies over salt water. The relative density
of these substances accounts for their segregation, natural gas being lightest, water heaviest,
and oil in between. But not all natural gas is associated with oil. At times it is found by itself,
or directly in contact with salt water, hermetically sealed by the rock.
Although whenever possible natural gas is
delivered at the required destination under
well pressure, it is also frequently transported
over long distances by means of pipelines and
compressors. Thus, the furnace which uses this
gas may be close to the well or at the end of a
pipeline and the conditions in the pipelines
may change the composition of natural gas
going to the furnace. For instance, aside from
the effect of compression, which liquefies the
heavy members of the hydrocarbon family,
water and oil are sometimes sprayed into the
gas to keep it "moist." For this reason, any
natural-gas analysis, as fired, should be taken
at the point of use rather than at the well.
COMPOSITION OF NATURAL GAS

The characteristics of natural gas, as it comes
out of the earth's surface, depend to some extent on its underground conditions. Generally,
it is odorless and colorless. It burns with a blue
flame and is highly explosive when mixed with
air in the correct proportions. The range in its
chemical composition is indicated by Table
XVIII, where it is seen that methane, CH4,and
ethane, C2H6,are its principal combustible
components. This is because in natural-gas
analyses it is customary to report the heavier
hydrocarbons in terms of CH4 and C2H6,or if
this grouping is not satisfactory, in terms of
Cfi6and C P 8(propane).
When sulfur is present in the oil deposit, the
analysis of natural gas associated with this oil
often includes hydrogen sulfide. This hydrogen sulfide is removed in most instances before
distributing the gas because it is a potential
source of pipeline corrosion.
In addition to its combustible constituents,
natural gas may contain considerable amounts
of carbon dioxide, C02,0rnitrogen, N2.It sometimes happens that gas is drawn from wells

nra
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under suction and that, because of this, air will
leak into the lines. The analysis of natural gas
will then show the presence of oxygen.

have been removed. Analysis of sour and sweet
gases are shown in Table XIX.

DRY AND WET NATURAL GAS

The higher or gross heating value of natural
gas is usually about 1000 Btu per cu ft, and it
can be computed by adding together the heat
contributed by volumetric percentages of the
various component gases. This method will
usually result in a lower value per cubic foot
than that obtained by calorimetric determinations, because the unsaturated hydrocarbons
are frequently grouped and reported with CgH6.
For the same reason, the corresponding density, under standard conditions of 60°F and 30
in. Hg, will also be lower. The calculated Btu
per pound, however, will be close to its actual
value, because of the compensating effect of the
lower calculated density.

If natural gas has been in contact with oil, it
will be impregnated with varying amounts of
heavy hydrocarbon vapors, such as pentane,
C,Hl2, and hexane, C6HI4,which are liquid at
ordinary pressure and temperature. Known as
"wet" natural gas, it is usually economical to
dry it by liquefying the heavy vapors, which
are then collected and called casing-head
gasoline. In a complete chemical analysis of
natural gas, a certain fraction of a heavy hydrocarbon is sometimes preceded by the letter
"n," such as "n-butane," which means "normal" butane, and the remainder uses the prefix
"iso," meaning "equal," as, for example, "isobutane." The chemical formula is the same in
both cases as the prefix merely denotes a different arrangement of the atoms in the hydrocarbon molkcuie. However, the physical and
chemical properties of these so-called "isomers" are not usually the same.
"Dry" natural gas comes from wells away
from oil deposits and is, therefore, comparatively devoid of heavy hydrocarbons.
Natural gases are also classified as either
"sweet" or "sour." The sour gas is one which
contains some mercaptans and a high percentage of hydrogen sulfide while the sweet gas is
one in which these objectionable constituents

HEATING VALUE

LIQUEFIED PETROLEUM GAS (LPG)

The term liquefied petroleum gas, LPG, is
applied to certain hydrocarbons which are
gaseous under normal atmospheric conditions,
but can be liquefied under moderate pressure at
normal temperatures. LPG is derived from natural gas and from various petroleum-refinery
sources such as crude distillation and cracking.
The hydrocarbons in LPG are mainly of the
paraffinic (saturated) series, principally propane, isobutane and normal butane.
The California Natural Gasoline Association
has divided LPG mixtures into six standard

Table XVIII. Characteristics of Typical Natural Gases at 60" F and 30 In. Hg, Dry
C0z

N2

HIS

%by Volume
CHI
C2H6

C~HB

C ~ H I O CSHIZ

*All hydrocarbons heavier than CsHI2areassumed to be CsHt2
'*If gas is saturated with moisture at 60°F and 30.0 in. Hg, reduce by 1.74%.

Density,
LblCuFt

A at Zero
-HHV - Excess Air,
BtdCuFta* BtdLb
Lb1106Btu

gases from various sources in the plant are
blended together before being burned.
Because it is specifically manufactured for
commercial purposes, oil gas deserves special
mention, as the heat ,value standard for the
locality where it is sold governs its final
composition.
Oil gas is produced by spraying oil into a retort heated to about 1300°F, causing thermal
decomposition. Cracking of the oil is then
completed by passing the gas through a second
retort, which converts the unstable hydrocarbons of low molecular weight into permanently
gaseous hydrocarbons. In this manner about 85
percent of the oil is recovered as gas.
The wide range of characteristic analyses of
&ese gases is given in Table XXI. The last two
analyses are of oil gases; the others represent
refinery gases.

'

COKE-OVEN GAS

As its name implies, coke-oven gas is a byproduct of the destructive distillation of bituminous coal in the manufacture of coke. The
raw coal is placed in ovens, which are externally heated until practically all the volatile
matter is driven out. The coke-oven gas is made
up chiefly of hydrogen, methane, ethylene, and
carbon monoxide, with small percentages of
carbon dioxide, nitrogen, oxygen, and heavy
hydrocarbons or illuminants. The character of

the raw coal and the length of time taken in the
roasting operation influence the exact composition of coke-oven gas.
As the coke-oven gas comes from the oven at
high temperatures, it frequently contains various impurities in the form of tarry particles,
dust, benzol, and hydrogen sulfide. With rare
exceptions, however, it is always washed and
cooled before being sent to a storage tank and
distributed for burning.
Because of a breaking down of the heavy
hydrocarbons, carbonization at high temperatures generally results in calorific values varying from 400 to 600 Btu per cu ft. On the other
hand, low-temperature carbonization gives a
smaller yield of coke-oven gas, but a higher
heating value, ranging from 600 to 1000 Btu per
cu ft. Table XXII indicates a spread between
477 and 829 Btu per cu ft in the high heating
value of the analyses selected. The heating
value of a coke-oven gas, when not given, may
be accurately determined by a summation of
the heats evolved by the individual combustible constituents of the gas.
PRODUCER GAS

Producer gas is formed through the partial
combustion of coal or coke by passing less than
stoichiometric air through a hot fuel bed. Because of the use of air, the nitrogen content of
the gas is high, generally 50 to 55 percent by
-

-

--

Table XX. CNGA Standard Grade for LPG Mixture
CNGA
Standard
Grade

Max Vapor
Pressure
Psig at 100°F

Range of
Allowable Sp Gr
60160°F

Hz0 = 1.0

Composition

Predominantly butanes
Butane-propane mixture,
largely butanes
Butane-propane mixture,
proportions approximately equal
.-Butane-propane mixture,
propane exceeds butane
Propane-butane mixture,
largely propane
Predominantly propane
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volume, and the heating value is rather low,
ranging from about 140 to 180 Btu per cu ft. The
ranges of component gases in this fuel are
CO
20-30s
H2
8-20%
CH 1
0.5-3 %
CO,
3-9 %
N :!
50-56Oh
0.1-0.3%

0 2

WATER GAS (BLUE GAS)

Water gas is made in a cyclic process, in
which coke is "blown" with air to raise its tem-

perature and then "blasted" with steam. The
steam reacts with the hot carbon endothermally
as follows:

7

The gas is sometimes called "blue gas" because of the characteristic blue flame with
which it burns, the color resulting from the
high percentage of hydrogen and carbon monoxide. A typical analysis shows this gas consists of the following components:

Table XXI. Characteristics of Typical Refinery and Oil Gases
at 60°F and 30 In. Hg, Dry
% by volume

Density
LbiCu ~t

0.08676

0.08377

0.04845

0.13760

0.08102

0.09232

0.03631

0.02756

1898
21,880

1858
22,170

1136
23,460

2988
21,720

1696
20,930

1844
19,970

519
14,300

586
21,270

Lb1106 Btu

722

723

723

717

725

715

648

657

COz at Zero
Excess Air %

13.3

13.4

12.1

13.9

13.4

13.6

12.2

10.6

HHV
Btu/Cu Ft**
BtulLb

A at Zero
Excess Air

'Includes both iso-C,Hloand n-C,Hl,
tIncludes all saturated hydrocarbons heavier than C s H l , also both iso-C,H,?and n-C,Hlr.
*Includes all illurninants.
'*If gas is saturated with moisture at 60°F a n d 30.0 in. Hg. reduce by 1.74%.
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Table XXII. Characteristics of Typical Coke-Oven Gases
at 60°Fand 30 In. Hg, Dry
-%by

Volume
Hz

do

---

CHI

CzH4

31.6

2.7

28.5
33.9
37.14
50.0
28.15

2.9
5.2
4.76
13.0

...

C6H6
1.0

...
...

0.88

...
. ..

Density,
LblCu Ft

-HHV BtulCu Ft*
Btdb

0.0298

596

20,010

0.0263
0.0316
0.0359
0.0393
0.0291

539
603
663
829
477

20,490
19,070
18,500
21,100
16,390

A at Zero
Excess Air,
Lbl106Btu

-

*If gas is saturated with moisture at 60°F and 30.0 in. Hg.reduce by 1.74%.

CO,
CO

H2
CH4
N2
HHV, Btulcu ft

5.6%

37.0%
47.3%
1.3%
8.8%
287

CARBURETTED WATER GAS

Water gas enriched with fuel oil to raise its
heating value is called carburetted water gas.
The process involves the injection of oil into
the carburetting chamber during the steam
blow; the water gas, passing into the carburetor, picks up the oil vapor which is then
cracked into gases. The composition and heating value of the carburetted water gas varies
with the amount of oil used, the latter property
varying between 400 and 700 Btu per cu ft.
Table XXIII shows typical analyses of this gas.
REGENERATOR WASTE GAS

'The lighter hydrocarbons or gas oils produced i n the petroleum coking processes are
further refined in catalytic-cracking units.
These units fall into two general types: fluid
units, i n which fine powdered catalyst flows
through the equipment with flow characteristics resembling a liquid, and moving-bed units,
which use either spherical or pelleted catalyst
circulated by elevators or gas lifts.
The cracking of the feed takes place in a
chemical reactor vessel. The preheated catalyst
is maintained in a fluid state, and during the

cracking reaction the catalyst becomes coated
with a coke deposit. To maintain catalyst activity, this material must be removed.
The spent catalyst is continuously removed
from the reactor and transported to a regenerator vessel. In this unit compressed air fluidizes
the catalyst and burns off the carbon. To keep
compression costs to a minimum, as well as to
keep the temperature inside the regenerator
restricted to a level which will not destroy
catalyst activity, the smallest amount of air is
used that will effectively clean the catalyst.

Table XXIII. Analyses
of Carburetted Water Gas
From
Coke
Component

Yo

Carbon dioxide and hydrogen
sulfide
Nitrogen
Hydrogen
Carbon monoxide
Methane
Ethane
Ethylene
Propane
Propylene
Butane
Butylene
Liquid hydrocarbons

0.9
6.8
37.4
35.0
8.1
1.30
6.7
0.25
1.5
0.0
0.75
1.30

From
Anthracite
%
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This combustion process, therefore, normally
produces an appreciable percentage of carbon
monoxide.
The gas, although at temperatures as high as
112j°F, has a heating value of not over 40 Btu
per cu ft. A typical analysis of the constituents
in regenerator waste gas follows:
Co
6.9%
CO e
8.1%
02
0.8%
S2
65.8%
H2 0
18.4%
BLAST-FURNACE GAS

Since blast-furnace gas is one of the most important byproducts in the smelting of iron ore
to obtain pig iron, its characteristics are best
understood by examining what takes place in a
blast furnace when in operation.
Iron ore, qoke, and limestone are alternately
charged into the furnace from the top at the
same time that air, previously heated to between 1100 and 1300°F, is blown into it
through openings at the bottom. In moving
down through the furnace, the mass of solid
raw materials is vigorously scrubbed by air
which sweeps upward at velocities up to 450 ft
per sec. The process of extracting iron from its
ore begins when carbon in the coke unites with
oxygen in the air to form carbon monoxide, CO,
with the liberation of heat. Next, the presence
of more carbon together with this heat reduces
the iron oxide and converts some of the carbon
monoxide to carbon dioxide, C02. To facilitate
removal of impurities from the molten mass,
limestone is added and more C 0 2is formed.
Besides carbon monoxide and carbon
dioxide, blast-furnace gas contains nitrogen,
hydrogen, and sometimes, small amounts of
methane (Table XXIV). The last two are the
result of high-temperature dissociation of
moisture which enters the furnace with the materials charged. whereas the nitrogen in the
analyses is almost exclusively derived from the
air blast.
IVhile at one time iron and steel producers
concentrated their entire attention on getting
the highest yield of pig iron per ton of coke

burned, now they are much more aware of the
economic value of a quality blast-furnace gas.
Present-day furnaces burn this fuel in any
one of three different states: (1) as raw gas with
some of the dust and dirt removed; (2) after the
gas has had a "primary" cleaning or washing;
and (3)after it ha; been thoroughly dedusted or
washed by means of "final" as well as "primary" cleaners.
DUST

The high velocity at which blasts of air sweep
through the alternate layers of coke, iron ore,
and limestone causes many fine particles, and
some fairly large lumps, to be carried along in
suspension as dust. In some cases, as much as
50 grains of dust per stahdard cubic foot (at
60°F and 30 in. Hg) have been measured in the
gas leaving the top of the blast furnace. Burned
in this state, the gas would quickly plug the firing equipment and boiler passages, and require
almost continuous shutdown for cleaning.
Generally, therefore, many of the suspended
solids are removed, before firing, by passing
the blast-furnace gas through a dry dust
catcher. On exiting from this dust catcher as
"raw gas," it still contains 3 to 15 grains of dust
per standard cu ft, and, in this condition, it is
sometimes burned under steam-generating
units.
More often, however, before being delivered
to a boiler furnace, the gas is given an additional, or primary, cleaning by means of either
a dry separator or a washer, to reduce the dust
content to 0.1-0.8 grain per standard cu ft. As
desired, following the "primary" cleaners,
either dry or wet final cleaners further remove
remaining dust content to 0.005-0.05 grain per
standard cu ft. When washed, blast-furnace gas
can carry a considerable amount of water in
suspension as fine droplets as well as water
vapor.
TEMPERATURE

The temperature at which blast-furnace gas
reaches the boiler depends on the kind of cleaning apparatus employed. As raw gas coming
from the dust catcher, its temperature may be
anywhere from 300 to 800°F. If the subsequent
cleaning is done with dry separators, the drop
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Table XXIV. Characteristics of Typical Blast-Furnace Gases
at 60°F and 30 In. Hg, Dry
COz

Nl

14.5

57.5

% b y Volume
CO
25.0

-

I&

CHr

Density,
Lb/Cu Ft

3.0

...

0.0779

HHV
BNCuFt*
90.1

-

-4 a t Zero

BtdLb

Excess Air,
Lb1106Btu

1150

576

* If gas is saturated with moisture at 60°F and 30.0 in. Hg, reduce by 1.74%

in gas temperature through each separator may
be only 30 to 50°F. On the other hand, washers,
using sprays of water to precipitate the dust,
lower the temperature of the gas to 70-120°F.

Furthermore, in some cases the distance from
blast furnace to boiler is sufficiently great to
cause a drop in temperature from radiation losses in the connecting piping.
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CHAPTER 3

Properties of Coal Ash

A

s mined, coal contains varying quantities
of mineral matter which, when the coal
is burned, results in the incombustible residue
known as ash. Most of this mineral matter was
carried in by wind and water; only a small fraction was inherent in the original vegetation.
The mineral matter from which ash is formed is
an undesirable substance in the coal. An inert
material on which freight must be paid, it must
be removed from the furnace as fast as it accumulates; otherwise, it may cause interruption in operation. Also, provision must be made
for handling and disposing of the ash, both
functions representing items of cost.
The mineral matter of coal cannot be completely separated by any physical method to
identify fully the individual minerals or to determine them quantitatively. Therefore, to assess the amounts of the major elements present
in coal, an analysis is made to determine the
percentages of the oxides' of these elements
present in the coal ash.
The ash analysis does not indicate the nature
or distribution of the mineral matter but, nevertheless, provides information which is useful
in both the study and the utilization of coal.
Examination of many coal-ash analyses shows,
in almost all cases, that oxides of silicon,
aluminum, iron, calcium and magnesium account for 95 percent or more of the ash. Of the

other components present, oxides of sodium
and potassium are important only as they act as
fluxes in fusing the ash.

ASH IN COAL:
PRINCIPAL DESIGN FACTOR
The management of this coal ash is one of the
major considerations in the design of a coalfired steam generator. The behavior of the
mineral matter in a coal, as it influences furnace-wall slagging during the combustion process, is a significant factor in furnace sizing in
terms of volume, plan area, and fuel-burning
zone. Mineral matter formed as tenacious deposits on waterwall surfaces insulates the heattransfer portions of the furnace-thus, the ash
properties affect the disposition of both radiant
and convective heating surface, as well as the
number of furnace-wall cleaning devices (usually known as sootblowers).
The behavior of this mineral matter, as it influences fouling of convection-type surfaces,
affects the amount of such surfaces, their spacing. and the quantity of sootblowers for cleaning these heat transfer surfaces.
And the percentage of this mineral matter in
the coal is significant because of the amount of
slagging and fouling that it can cause, the bur-
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den that it places on ash-handling equipment
and disposal facilities, the frequency and
length of sootblowing, and the rate of wear of
pulverizer parts. Thus, for any given chemical
and physical properties of coal ash, their net effect on the boiler during a given time period
will be directly proportional to the amount
fired in the furnace.
A corollary of this observation on the mnnagement of ash is that completely de-ashed coal
of any type or rank can be burned in a furnace
designed specifically for oil or gas firing. That
is to say, ash is what gives a coal its "character." Witl~outash, ail furnaces could easily be
designed on the basis of heat transfer only.
Students, designers, and users of large pulverized-coal boilers must realize that since the
1920's, substantial work has been done to establish "scientific" methods for the sizing of
furnaces. Further, during these years, much
has been learned about the ways in which certain coals (and their ash) act in different sizes
and types of furnaces.
But it must be understood and accepted that,
as the art exists today, engineering judgment,
based upon what we know about the ash in a
coal (based on ASTM analyses and other parametric data) and how that ash has "behaved" in
actual furnace operation, is the only guide to
sizing new and larger furnaces.
In this chapter, then, most of the useful physical and chemical properties of ash are given.
Useful parameters for categorizing ash also are

Table I.Coal-Ash Chemical
Composition Ranges
Oxide Component

Percentage

SiO,
A1203
FeQ3
CaO
MgO
Na,O
K ,O
TiO2

10- 70
8-38
2-50
0.5-30
0.3-8
0.1-8

so,

0.1-3
0.4-3.5
0.1-30

presented and discussed-all as they relate to
slagging and fouling of boiler surfaces.
Methods of ash analysis that have been developed recently are described; and the mechanism of fire-side metal loss by either corrosion
or erosion caused by fuel ash is covered. Appendix B contains additional engineering data
on other significant ash properties. All such
information. is of vital concern to engineers
making decisions about furnace size and
heating-surface arrangements.

COMPOSITION OF COAL ASH
Coal ash consists almost entirely of metal
oxides. The composition varies over a wide
range, and there is no "typical" ash analysis.
CHEMICAL ANALYSES

Chemical analyses of coal ash provide data
from which to estimate coal-ash and slag
characteristics, as well as calculate various correlation parameters. Analyses are generally
performed on ash prepared toASTM Standards
D 3 174, Ash in the Analyses Sample of Coal and
Coke. Pulverized coal is burned i n a ceramic
crucible, in air, at 1290-1380°F, to completion
(except for the ash residue).
Chemical analyses of coal ash are reported as
the mass percent of each equivalent oxide and
are generally expressed as:
I

SiO,

+ A120:, + Fe20, + CaO + MgO + Na,O + K,O
+ TiO, + P 2 0 5+ S O , = l?OOh
7lj

.

Because it is usuallj~present in insignificant
quantities, PZO5is sometimes omitted.
Table I gives the ranges of the chemical composition of most coal ash.'
Research has shown that the chemical composition of coal ash prepared to ASTM Standards D 3174 is different from that of flyash,
bottom ash, or waterwall slag as they occur in
actual boiler furnaces. However, because few
adequate alternatives have been established,
coal ash and slag behavior commonly are estimated using the chemical composition of the
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ash. Methods involving gravity separation of
pulverized-coal fractions can be used in an effort to simulate the segregation effects in an actual furnace. (See the section of this chapter on
Selective Deposition of Ash Constituents.)
MINERALOGICAL ANALYSES
Mineralogical analyses of coal ash attempt to
identify the original mineral-matter forms in
coal. The thermal behavior of coal ash in an
operating furnace largely depends on the reactions between the ash-forming minerals, which
cannot be detected by the ordinary chemical
analyses. Accordingly, it can be argued that
coal-ash and slag behavior should be characterized by its mineralogical composition and
not by its chemical composition. However, to
date, neither a standard procedure for the lowtemperature ashing technique nor a criterion
for mineral detection has been established.
Mineralogical analyses of coal ash can be
performed either on ash prepared according to
ASTlM Standards D 3174 or, preferably, on ash
prepared according to the low-temperature
ashing technique. Low-temperature ash is produced by placing pulverized-coal samples in
an oxygen plasma at approximately 400°F. The
oxygen will gradually break down the organic
matter without excessive thermal decomposition of the inorganic mineral species.
At least a hundred mineral species are
associated with coal. Table I1 lists the more
abundant mineral forms.

Thermal reactions among ashiforming rninerals are an important, although very complex,
subject. Fig. 1 gives an overview of important
steps during the heating of mineral matter.
CHEMICAL REACTIONS
DURING COMBUSTION

Most ash constituents will not be in the form
shown in Table4 when the coal goes to the fur-

Table 11. Typical Mineral Species
Found in Coal
Mineralspecies

Kaolinite
Illite
Muscovite
Biotite
Orthoclase
Albite
Calcite
Dolomite
Siderite
Pyrite
Gypshm
Quartz
Hematite
Magnetite
Kutile
Halite
Sylvite

Al,03 . 2Si02 ..H,O
K 2 0 . 3Al2O3. 6 S i 0 2 - 2H,O
K 2 0 . 3A1203. 6 S i 0 2 . 2 H s 0
K 2 0 . MgO . Al2O3 . 3Si0, . H 2 0
K1O . A1203.6SiO2
Na,O - A1,O3 . 6 S i 0 ,
CaC03
CaC03 . MgC03
FeC03
FeSz
CaS04 . 2 H 2 0
SiO,
Fe203
Fe304
TiO,
NaCl
KC1

IReactions with FeS
Evolution of .
COz,SOz, SO3

I

Volatilization
Volatilization of Alkalies
Slagging
and Clinkering
Volatilization of SiOz

Temperature,OF

I

Fig. 1. Effect of heating on coal mineral matter
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nace. As has been pointed out, the bulk of the
ash is mineral matter brought in by water, and
is largely a mixture of the various compounds.
These compounds change considerably as they
pass through the furnace and are subjected to
high furnace temperature. Chemical reactions
take place among these substances, and also between them and the reducing gases and hot
carbon. They form new and more complex
compounds, usually containing less oxygen
than the original constituents, because the oxygen is taken away by the reducing gases and
hot carbon. This is particularly true of the ferric
oxide, Fe203,which occurs in the coal largely
as pyrites, FeS2.This may be reduced to FeS or
to the lower oxides, Fe304and FeO, or even
metallic iron, Fe. The lower sulfide and oxides
have lower softening and fusion temperatures.
While going through the fusion state, the new
compounds form solutions, and this change
further lowers the fusion temperature.
As a rule, ash high in SiOp or alumina has
high softening temperature, and this temperature is not greatly affected by reducing atmosphere. The alkali metal compounds NanO and
K20,as well as the alkaline earth, magnesium
oxide, tend to lower the softening temperature
of the ash.
IRON IN COAL ASH

Iron compounds are responsible for much of
the misbehavior of coal ash. Therefore, coals
with ash high in iron are ahvays suspected of
causing trouble. If the ash, and particularly the
iron, is uniformly distributed through the coal,
difficulties are more likely to occur than if the
iron compounds are in large pieces, separated
from the coal. When the coal is pulverized, the
larger and heavier pieces of ash are rejected by
some pulverizers and do not go through the
furnace. In screenings with a high percent of
fines, the ash is uniformly distributed through
the coal, and therefore compounds of iron are
likely to cause trouble.
In pulverized-coal firing, there may be a considerable separation of the different constituents of the ash. The ash deposited at the furnace
bottom will have chemical composition and

physical properties different from those of the
ash carried by the gases.
In slagging- or wet-bottom pulverized-coal
furnaces, a considerable part of the iron compounds in the slag may be reduced to metallic
iron, which sinks to the bottom of the molten
slag and is difficult to remove in either hot or
cold state.
In some coals, the iron is in the form of pyrite,
FeS2, which, while passing through the furnace, undergoes various changes. Both the iron
and the sulfur may combine with oxygen, iron
forming the lower oxides and sulfur, SO2 or
SO3. Sulfur may also combine with the
alkaline metals, Na and K. to form sulfur compounds, which have very low fusion temperature. In slagging-bottom furnaces, where the
molten ash remains in a liquid state over extended periods of time, some of these sodium
and potassium sulfur compounds are vaporized, then condensed on watercooled furnace
walls, and may become an important factor in
external corrosion of furnace-wall tubes.

COAL-ASH SLAGGING
AND DEPOSITION
A number of parameters are used for evaluating coal-ash behavior as they affect furnace
slagging and deposition on both the furnace
walls and convection surfaces. Some of these
parameters are
ash-fusibility temperatures
baselacid ratio
1irodcalcium ratio
.
1silicalalumina ratio
ironldolomite ratio
dolomite percentage
1ferric percentage.
Such indices help organize the ash composition into "building blocks" that lend insight to
expected behavior under burning conditions.
Some confusion exists between the terms
slag and deposits (or deposition). Definitions
as they apply to pulverized-coal firing are:
1. Slag-fused deposits. or resolidified molten
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material that forms primarily on furnace walls
or other surfaces exposed predominately to radiant heat or high gas temperatures.
2. Deposits-bonded
(sintered or cemented)
ash buildup that forms primarily on such convection surfaces as superheater and reheater
tubes but also on furnace walls at lower than
slag-producing temperatures.
A summary of ash properties in terms of
slagging and deposition is given in the following sections of this chapter.

formed) is maintained inside the furnace. During the heating process, changes in the shape of
the pyramid are observed, Fig. 2, and the following four charact~rjsticdeformation temperatures are reported:

MEASURING ASH-FUSIBILITY
TEMPERATURES

temperature at which the ash sample has fused
into a spherical shape i~ which the height is
equal to the width at the base. The H = W softening temperature in a reducing atmosphere
frequently is referred to as the "fusion
temperature."

Ash fusibility has long been recognized as a
tool for measuring the performance of coals related to slagging and deposit buildup. It is still
perhaps the most basic means for predicting
coal-ash performance. Other parameters are
used primarily to explain or amplify ashfusibility temperatures. In general, high fusion
temperatures result in low slagging potential
in dry-bottom furnaces, while low fusion
temperatures are considered mandatory for
wet-bottom (slag-tap) furnaces.
Many experimental methods have been developed for measuring the fusion temperatures
of coal ash. Most tests are based on the gradual
thermal deformation of a coal-ash sample, and
the characteristic fusion temperatures are reported when the sample fuses into certain distinctive shapes or heights. Most test methods
are strictly empirical and have little theoretical
basis. The following descriptions characterize
some of the methods.
ASTM STANDARDS METHOD

ASTM Standards D 1857, Fusibility of Coal
Ash, gives the experimental procedure for one
method of testing. The test is based on the
gradual thermal deformation of a pyramidshaped ash sample, 314 inch in height and 114
inch in equilateral-triangular base width.
Mounted on a refractory substrate, the sample
is heated at a prescribed rate in a gas or electric
furnace. A controlled atmosphere (reducing or
oxidizing, depending upon the tests to be per-

1. Initial Deformation Temperature (IT): The
temperature at which the tip of the ash pyramid
begins to showqany evidence of deformation.
Shrinkage of the cone is ignored if the tip remains sharp.
2. Softening Temperature (ST), H = W: The

3. Hemispherical Temperature (HT),H = 112W:
The temperature at which the ash sample has
fused into a hemispherical shape where the
height is equal to 112 the width at the base.
4. Fluid Temperature (FT): The temperature

at which the ash sample has fused down into
a nearly flat layer with a maximum height of
1116 inch.
Prior to the revision of ASTM Standards D
1857, only three characteristic deformation
temperatures (initial deformation, softening,
and fluid) were observed with no dimensional
(height-to-width) specifications for the softening and fluid points. Because of such differ-

I
1.

1

2

3

4

IT

ST

HT

5

1

FT

Cone Before Heating

2. IT(or1D) Initial Deformation Temperature
3. ST
Softening Temperature (H=W)
4. HT
Hemispherical Temperature
(H ='/2W)
5. FT
Fluid Temperature
Fig. 2. Critical temperature points as defined
in ASTM Standards D 1857
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ences in definitions, earlier investigations have
reported the softening temperatures without
distinguishing between their being spherical
or hemispherical. Unless specified otherwise,
the softening temperature may be assumed to
represent the spherical point, where H = W.
Although the earlier standard procedure
used only reducing atmospheres for the tests,
many studies give the ash-fusion temperatures
without specifying the atmosphere; it thus
must be assumed that the tests were carried out
in a reducing atmosphere.
BRITISH STANDARD METHOD

In principle, the British standard method is
similar to the ASTM method, but differs from it
in several experimental specifications. B.S.
1016, Part 15, gives the procedure for this
method of testing. The British method specifies
that the ash sample be a pyramid of 8 to 13 mm
in height with the height 2 to 3 times the width
of the triangular base. Mounted on a refractory
substrate, the sample is heated at a prescribed
rate in an electric furnace with a controlled atmosphere (either reducing or oxidizing) maintained inside the furnace. During the heating
process, changes in the sample shape are observed through a magnifying optical instrument and the following three characteristic
deformation temperatures are reported:
1. Initial Deformation Temperature: The temperature at which the tip of the ash pyramid begins to show any evidence of deformation.
2. Hemispherical Temperature: The temperature at which the ash sample has fused into a
hemispherical shape where the height is equal
to l/z the width.
3. Flow Temperature: The temperature at
which the ash sample has fused into a flattened
disk shape such that the height is '1.5 the width.
GERMAN STANDARD METHOD

German Standard DIN 51 730 describes the
procedure for this method of testing. The test is
based on the gradual thermal deformation of a
cylindric sample of coal ash, 3 mm in height
and 3 m m in diameter, or a cubic sample of coal
ash with 3 mm edges. The sample is mounted

on a platinum-covered refractory substrate,
which is placed on an electric heating element.
The heating element, together with the ash
sample, is inserted into a small furnace and
heated at a prescribed rate. A controlled atmosphere (either reducing or oxidizing) is
maintained inside the furnace. An image of the
sample is projected onto a graduated screen so
that changes i n the shape of the ash can be observed. The following three characteristic temperatures are reported:
1. Softening Temperature: The temperature at
which the first indication of softening appears,
mainly in the form of rounding of the edges or
swelling of the sample.
2. Hemispherical Temperature: The temperature at which the ash sample has fused into a
hemispherical shape where the height is equal
to 1/2 the base width.
3. Flow Temperature: The temperature at
which the ash sample has fused into a flattened
disk such that the height is reduced to 1/3 the
original sample height.
OTHER METHODS

Similar to the German method in experimental procedure and specifications, the International Standard Method, I S 0 540, requires
the observation of three characteristic temperatures-initial
deformation, hemispherical, and flow. However, a greater latitude is
allowed in the shapes and dimensions of the
ash sample, because it has been shown that
geometrical variations in the sample, within
certain limits, have little influence on the observed results.
The Russian experimental procedure (GOST
2057-68) is similar to the German; characteristic deformation temperatures reported during
the heating of the sample are the deformation
temperature, the softening (hemispherical)
temperature, and the temperature of beginning
of liquid fused state.
RELATION BETWEEN CHEMICAL
AND MINERALOGICALCOMPOSITION

BarrettZ,Estep et a13, and Thiessenet a14have
shown that the fusion behavior of coal ashes is
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quite similar to that of the corresponding oxide
mixtures. Barrett concluded that, if coal ashes
are finely ground, intimately mixed, and
brought to the same standard state before the
fusion tests are made, then, (1) the fusion
temperatures depend only on the composition
and not on the manner in which the composition is obtained; and (2) the softening temperature is closely related to the equilibrium phase
diagram of the corresponding oxide components which make up the ashes.
ASH-SOFTENING TEMPERATURE
RELATIONSHIP TO DEPOSIT REMOVAL

If ash arrives at a heat-absorbing surface at a
temperature near its softening temperature, the
resulting deposit is likely to be porous in structure. Depending on the strength of the bond, it
may fall off the metal surfaces from its own
weight or it can be removed by sootblowing. If
such a deposit is permitted to build up in a zone
of high gas temperature, its surface (because of
the insulating properties of the ash) can reach
the melting point and then run down the wall
surfaces in the furnace.
If ash particles arrive at the heat-absorbing
surface at temperatures below the softening
temperature, they will not form a bonded structure, but instead, will settle out as dust. As
such, removal is comparatively simple.
On the other hand, if ash particles have been
subjected to temperatures higher than the softening temperature for a sufficient time to become plastic or liquid, the resulting deposit
will be a coarse. fused mass condensed on the
cooler metal surface. The resolidified material
is tightly bonded and difficult to remove. As
this material builds up on itself, its insulating
properties continuously increase the surface
temperatures until the fluid temperature is
reached and slag runoff results.
INITIAL DEFORMATION-FLUID
TEMPERATURE DIFFERENTIAL

The temperature differential between initial
deformation and fluid temperatures gives an
insight as to the type of deposit formation to
expect on furnace tube surfaces. A small tem-

perature spread from initial deformation to
fluid temperatures indicates that the wall slag
will be thin, running and tenacious. This type
of slag is extremely difficult to control by
sootblowing. As the range from initial deformation to fluid temperature increases, the resulting slag deposit will build up to thicker
proportions befye the surface becomes sufficiently liquid to run. The tube-ash bond is less
adhesive and therefore responds better to removal by sootblowing.

PROPERTIES
OF COAL-ASH COMPONENTS
The acidic oxide constituents SiOs, A1203,
and TiOl found in coal ash are generally considered to produce high melting temperatures.
Temperatures will be lowered proportionally
by the relative amounts of basic oxides, Fe203,
CaO, MgO, Na20,and K20 available in the ash
for reaction. Minerals associated with coals
consist of multiple combinations of elements
listed in the first column of Table 111. If these
elements were each exposed to air under the
proper heat conditions, each nrould be converted to its highest form of oxide. Individual
melting temperatures of these oxides are listed
in the third column, and, assuming no interaction between them, the melting temperature of
the ash would be represented by the weighted
average of the oxides. But an interaction takes
place at elevated temperatures that produces
complex salts having entirely different physical constants. Among other changes, the melting temperatures of the compounds are usually
lowered. The table lists some of the combinations, with melting temperatures.
The sum of the noted acidic components can
range from 20 to 90 percent of the ash. Generally, highly acid coal ashes have high ashfusion temperatures and high slag viscosities.
The sum of the basic components can be between 5 and 80 percent. Either high or low
basic values can result in high fusion temperatures. Minimum fusion temperatures occur at
about 30 to 40 percent basic component.
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BASEIACID RATIO

This index is defined as:
B Fe203 + CaO + MgO + Na20 + K 2 0
=
SiOl + A1203+ TiO,
A
(2)

Because most elements combine with each
other according to their acidic or basic properties, the baselacid ratio reflects a potential for
ash-containing metals to combine in the combustion process to produce low melting salts.
Extremes at either end of the baselacid ratio indicate a minimum potential for forming combinations with low fusibility temperatures.
Note that the alkaline metals, sodium and
potassium, are exceptions in that they form
low-melting ash regardless of the baselacid
combinations: therefore, their presence in an
ash composition in sufficient concentrations
significantly alters baselacid influences.
Although the baselacid ratio is an indication
of the fusion characteristics and slagging potential of a coal ash, it should not be used as the
sole criterion of evaluation. A simple ratio such
as the baselacid ratio does not take into account
differences in fluxing action among the several
bases nor does it recognize the degrees of interaction with the acidic components. (Fluxing
property, in this connotation, is defined as a
property of the component or substance which
lowers the fusion temperature of the mixture;
the terms flux and fluxing property are also

used to describe the lowering in viscoiity of a
liquid mixture.)
Also, an ash in which the major constituents
are alumina and iron will have different slagging characteristics from an ash in which the
components include higher percentages of
silica and calcium and yet both can have the
same baselacid ratio.
In any case, the baselacid ratio is a valuable
supplement-to ash-fusibility temperatures and
other data in predicting the relative performance of coal ash in the furnace. With most
ash, a baselacid ratio in the 0.4 to 0.7 range
manifests low ash-fusibility temperatures and
a higher slagging potential.
SILICAIALUMINA RATIO

The silicalalumina ratio is defined as:

The general range of values is between 0.8
and4.0.
The silicalalumina ratio can provide additional information relating to ash fusibility. As
both of these constituents are acidic and are,
therefore, considered high melting as oxides,
silica is more likely to form lower melting
species (silicates) with basic constituents than
is alumina. For two coals having equal basel
acid ratios, tile one with a higher silicalalumina
ratio should have lower fusibility temperatures.

Table 111. Properties of Coal-Ash Components
Element

Fe
Ca
Mg
Na
K

Oxide

Fez03
CaO
MgO
Na,O
K2 0

Melting
Temp (OF)

Chemical
Property

2850
4570
5070
Sublimes at 2330
Decomposes at 660

Acidic
Acidic
Acidic
Basic
Basic
Basic
Basic
Basic

I

I

Compound

Melting
Temp (OF)

Na2Si03
K2Si03
A1203. NasO 6Si02
A1203. KZO. 6SiOZ
FeSi03
CaO . F ~ , U ~
CaO . MgO - 2Si0,
CaSi03

1610
1790
2010
2100
2090
2280
2535
2804

A
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Effects of increasing amounts of alumina on
the formation of the silicates depend on the
amount and the combination of bases present,
temperature and time of reaction, and other factors. A finite evaluation is virtually impossible
because of the complex interactions. Fig. 3 illustrates the effect of silicalalumina ratios on
ash-fusibility temperatures. In laboratory investigations, varying proportions of silica and
alumina were mixed with an Illinois coal and
then burned in a mufflefurnace used to prepare
ash for fusibility determinations. Fusibility
temperatures were determined in a reducing
atmosphere. According to these data, no appreciable change is noted between silical
alumina ratios of 1.7 and 2.8. At ratios less than
1.7, the softening and fluid temperatures both
increase; at ratios greater than 2.8, the fluid
temperature decreases. Initial deformation
temperatures were not affected by any wide
changes in'ratios.
Illinois Coal
Ash Composition

Si02

44.6
16.0
Fez01 21.5
CaO
4.1
MgO
1.1

A1203

I

A

NazO 1.8
Kz0
2.4
Ti02 0.6
PzOs 0.1

so3

5.5

Initial Deformation
Softening Temperature

Fig. 3. Ash-fusibilitytemperatures as affected
ratios (C-E laboratory data)
by s~~calalumina

IRONlCALClUM RATIO

This parameter, also known as the ironoxidelcalcium-oxide ratio, is defined as:
Fez03
CaO
7

As indicated, the baselacid ratio does not account for differences in fluxing action. Among
the five basic-oxide components, iron and calcium are the most important, primarily because
they make up the largest amount of the basic
constituents. Iron oxides comprise 5 to 40 percent of the ash and calciuin oxides make up 2
to 30 percent. The following statements, extracted from ref. 5, relate the iron-calcium relationship to the fusibility of ash.
"1. In the absence of lime, iron oxides do not
make the most fusible slags."
"2. Ferric oxide, up to about 20 percent, has a
fluxing effect which increases with the percenJage, but above 20 and up to 40 percent it
does not materially increase the fusibility."
"3. The combined fluxing effect of iron oxides
and lime has a complex relation to the percentage of the two fluxes present. For ashes in
which the percentage of iron oxide is over 14
percent, the addition of a given percentage of
lime produces a lowering of the fusion temperatures greater than the same additional percentage of iron oxide."
'24. The quantity of magnesia present in coal
ashes is usually smaller than the lime; its fluxing effect with lime present is greater than that
of an equal additional amount of lime in about
the ratio of 3 :2 ."
Comparisons such as the following confirm
this decrease.

Coal

Fez03 CaO

(1)
(2)
(3)

31.8
24.8
21.3

0.3
2.0
4.8

FezO~lCa0
Ratio

Softening
Temperature, "F

106.0
12.4
4.4

2360
2270
2130
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The ironlcalcium ratios of the three examples
are 106,12.4 and 4.4 respectively. Fig. 4 shows
the effect of limestone addition to fusibility
temperatures on an Eastern U.S. coal. Based on
these two data sources as well as observation of
other fusibility-ash composition relationships,
Fe2031Ca0ratios between 1 0 and 0.2 have a
marked effect on lowering the fusibility temperatures of coal ash. Extreme effects are evident between ratios of 3 and 0 . 3 .
IRONIDOLOMITE RATIO

The iron-oxideldolomite ratio is defined as;

found to have similar fluxing properties, and
the use of this ratio is recommended when the
MgO content of the ash is high.
Bituminous-type ash is characterized by an
iron-oxideldolomite ratio greater than one,
while lignitic ash has Fe2031Ca0+ MgO in a
ratio that is less than one.
DOLOMITE PERCENTAGE(DP)

This is defiked as:
CaO + MgO
x 100
Dp = ( F e 2 0 3 + CaO + MgO + Na20 + K 2 0

)

(6)

Fez03
CaO + MgO

This parameter is used primarily for coal ashes
with a basic-oxide content over 4 0 percent. It
Is) has been empirically related to the viscosity of
coal-ash slags.6 Its general range is from 4 0 to
98 percent. At a given percent basic, a higher
This parameter is essentially identical to the
DP usually results in higher fusion temperaFe2031Ca0 ratio. CaO and MgO have been
tures and higher slag viscosities.
Ash Composition

SiO2 51.2
A1203

Fez03
Ca 0

24.7
13.8
1.2

Limestone

Mg 0 1.0
Na2O 0.4
KzO 2.8
Ti02 1.0
Pzos 0.5

Ign. Loss 43.4
Ca 0
45.6
Mg 0

0.8

EQUIVALENT Fen03
AND FERRIC PERCENTAGE (FP)

These parameters describe the degree of iron
oxidation in coal-ash slags. They ,are defined
as:
--

Fe20dCaO Ratio
0.7 0.5

0.3

-...
.- Equiv. F e 2 0 3= Fe20, + 1.11FeO

0.2

FP

=

(Equiv. Fe203)

X

+ 1.43 Fe, and
100

(7)

2000~ 5

10

15 20

25 30

Limestone Added/l00 Lb Coal
Fig. 4. Ash-fusibility temperatures of an Eastern
coal as affected by limestone addition

These terms were introduced when it was observed that the ash-fusion temperatures and
slag-crystallization temperatures were lower in
a reducing atmosphere than in an oxidizing
atmosphere. Experiments showed that this deviation was due to the different forms of iron
oxide that could exist depending on the surrounding atmosphere. It was concluded that
FeO and Fe are stronger fluxing agents than
Fe203and result in depression of ash-fusion
and slag-crystallization temperatures. Thus,
equivalent Fe203and FP depend on combus-
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tion conditions and are usually determined by
chemical analysis of actual furnace slags.
In ASTM Standards D 1857, it has been
specified that a reducing atmosphere should
contain a mixture of oxidizing and reducing
gases in which the content of the oxidizing gas
is within the limits 20 to 80 percent by volume.
In this range of gaseous composition, the iron is
mainly in the ferrous state, FeO. Under
stronger oxidizing conditions, the iron is
mainly in the ferric state, Fe203; under more
reducing conditions, the iron is mainly in the
metallic state, Fe.
SILICA PERCENTAGE (SP)

This relationship is defined as:

SP =

SiO,
( SiO, i.Equiu. Fe203
+ CaO + MgO

SP, which has a range of 35 to 90 percent, has
been empirically correlated with the viscosity of coal-asK slags. As SP increases, the slag
viscosity increases. (Silica percentage is also
occasionally referred to as silica ratio or equivalent silica content.)
TOTAL ALKALIES (Na2O + K2O)

As previously noted, sodium and potassium
metals join with other elements in combinations that produce low fusibility temperatures.
The influence of alkalies on fusibility and slagging potential in the furnace is proportional to
the quantity in the ash.
With sodium-containing coals, the rate of
buildup and the ability to control deposits effectively seem to be related to the amount of
sodium present. This is particularly true of
coals with lignitic-type ash (low iron, high alkali, and high-alkaline earths) as found primarily in U.S. coals west of the Mississippi. The
ash of such coals will contain CaO as high as40
percent and the sodium oxide may range from 1
to 15 percent, as extremes.

Many sodium compounds melt at temperatures below 900°C (1650°F). In addition, sodium solids manifest a property beyond
melting temperatures alpne that contributes to
deposit building. Besides low melting temperatures, some sodium compounds volatilize at
relatively low temperatures. These disperse
throughout the gas stream and subsequently
condense on other ash particles and on metal
surfaces as heat is absorbed and gas temperatures are lowered. The condensed sodium provides a binding matrix for ash particles to fuse
together and build up on tube surfaces. 7,879
Sodium oxide is transformed directly from a
solid to a gaseous state at 2330°F. Because certain lignites and low-rank coals may have sodium that is organically bound, they are
particularly susceptible to the formation of sodium oxide and consequent vaporization in the
combustion zone. The sodium is released to a
free state as the organics are consumed in the
flame and are immediately available for vaporization into the gas stream. On the other hand,
sodium tied up as mineral salts must be first decomposed to a free state before it is available for
vaporization and, therefore, may not be as proportionally active.
A widespread distribution of sodium vapor
in the combusion gases assures contact with
ash particles and metal surfaces as the gas cools
and the sodium condenses. Thus, particle
surfaces are "conditioned" for bonding and the
resulting deposit forms rapidly. The rate of
buildup is proportional to the amount of active
sodium in the coal. This phenomenon applies
particularly to high-alkali ash defined as Western U.S. type ash. Because deposit buildup is
rapid with such coals, tube spacing in convective passes must be maintained on wide centers
to minimize bridging.

FORMS OF ALKALIES IN COAL
Alkalies can be present in coal in various
forms. Alkalies which vaporize during combustion are often classified as active alkalies, because they are free to react or condense
subsequently in the boiler. Active alkalies consist primarily of simple inorganic salts and or-

mmOSTION
Properties of Coal Ash

ganically bound alkalies. More stable forms of
alkalies exist in impurities such as the clay and
shale minerals (silicates) which remain relatively inert during combustion, and therefore
are less influential in the ash deposition process. Fig. 5 summarizes the different categories
in which various alkali forms can be associated.
H. E. Crossley in his Melchett lecture to the
Institute of Fuels in 1962 had this to say about
alkalies in coal:
"It was known that alkalies existed in coal in
two forms: chlorides and complex silicates.
The chlorides could be expected to volatilize
readily during combustion but the silicates
could be expected to retain alkali in the ashes.
Thus, if an attempt was madt: to r e l ~ t ethe forms
of alkali-rich deposits with alkali in coal, there
could be presence of the complex silicates. It
was decided instead to use the amount of chlorine as the index of volatile alkalies and this has
been standard practice ever since. In consequence, the determination of chlorine has bedome an important item in the ultimate analysis
of coals."lO cr his statement does not include or
describe the mechanism of volatile sodium as
found in lignitic-type coals.)
The chlorine content itself can be used as an
indication of the fouling tendency of a coal, a
fact which has been recognized not only in this
country, but in England. Crossley classifies
coals as follows:
-

Fouling Potential

Chlorine O/O,Coal Basis

High
Medium
Low

Greater than 0 . 3
0.3 to 0.15
Less than 0.15

American experience supports these conclusions, indicating that tightly bonded deposits
in the convection areas can be expected when
the chlorine level exceeds 0.30. Rather than depending on the measurement in the coal as the
yardstick for evaluating the ash fouling potential, another approach is ta measure the watersoluble sodium in the-coal. The relationship of
water-soluble sodium as measured and the
chlorine, interpreted as sodium, is shown in
the following table:

Fouling
Potential

High
Medium
Low

ClOh,Coal Basis

Equiv. Na %

Greater than 0.5

Greater than 0.33

0.3

0.2

Less than 0.1

Less than 0.07

Although the water-soluble sodium in a coal
is indicative of the sodium existing in an active
form, it may not represent all of the active sodium in the coal. For many coals, in particular
those of low rank, a high percentage of the sodium is present in an organically associated
form; such organically bound alkalies are not
soluble in water.
A TECHNIQUE FOR DISTINGUISHING
ACTIVE FROM INACTIVE ALKALI

To segregate the different categories of alkalies, a technique has been developed utilizing a dilute acetic-acid medium. Leaching coal
samples in a dilute acetic-acid solution exposes the coal to a source of hydrogen ions. It
appears that an ion exchange possibility exists
in which the hydrogen ions (H+) of the acid
displace or exchange with metallic elements
associated with the organic coal molecules.
These elements include sodium,' potassium,
calcium, and magnesium.
The weak acid used during leaching provides the hydrogen-ion source necessary to
displace organically bound elements, but does
not have the strong dissolving powers which
would be necessary to break down the complex
extraneous minerals. The constituents (in particular alkalies) removed from the coal essentially consist of the organically bound material
along with the simple inorganic compounds.
Alkalies present either in organic fractions or
in simple inorganic salts can be expected to
volatilize during combustion, and are therefore
of primary interest.
RESULTS OF WEAK-ACID ANALYSIS

Analysis of acetic-acid-soluble alkalies has
been conducted on a cross-section of U.S. coals
for which performance characteristics are well
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established through commercial operation.
Detailed data comparing the alkali contents
of the ash of seven U.S. coals are summarized in
Table IV. The ash varies in fouling tendencies
from severe to low or minimal. Values presented for sodium in the ash were determined
by the conventional ashing and lithium tetraborate fusion procedure.
In general, the coals containing high alkali
contents and, in particular, high sodium contents had the most severe fouling tendencies.
This is the expected trend. However, after
studying the acetic-acid-soluble alkaline contents of the coals, one is better able to relate
their fouling behavior. Past work has primarily
focused on sodium as the bad-acting constituent responsible for fouling. It is possible to
understand why sodium is frequently more influential than potassium by comparing the relative quantities of acetic-acid-soluble sodium
and potassium in Table IV.
What is believed to be the primary reason
that sodium has a greater influence is that
sodium is frequently present in an active form,
whereas potassium is typically contained in a
less active form. Values for acetic-acid-soluble
sodium in U.S. coals frequently range up to 10

times more than the soluble-potassium values.
In many U.S. coals, much of the potassium appears to be tied up in extraneous clay minerals
which do not break down readily when heated,
making the potassium in this form less reactive. Although the potassium contents of these
coals range from 0.5 to 1.9 percent K20 in the
ash, the acetic-acid-soluble potassium generally is equivalent to less than 0.1 percent K20in
the ash. Conversely, the acetic-acid-sodium
content of the high-fouling coals represents
virtually all of the NasO detected in the ash.
The coals containing the most soluble alkali
were low-rank coals (subbituminous coals and
lignites). It is believed that such coals can contain substantial quantities of alkali (as well as
alkaline-earth constituents) present as organically bound humates. It appears that the potential for having organically bound metallic
compounds decreases as the coal rank increases. The Utah high-volatile bituminous illustrates this tendency. This fuel contains a
relatively high sodium content ( 3 . 8 percent
Na20 in ash). But the soluble sodium content is
only about 40 percent of the "total" sodium and
the overall fouling potential is low to moderate.
In the case of the particular coals selected, all

I Alkali Contained in Coal I
Alkalies

Alkalies
1. Simple Inorganic Salts:

Na CI, Na2S04, NazCO3

Clays and Shale Minerals:
Complex Aluminum Silicates
Nan A12 Sis 0 1 6

2. Organically Bound Alkalies:

R-(H,O)-C-Na

-.

Vaporize and/or

I

Remain As Clays

I

Fig. 5. Manner in which alkalies are contained in coal
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of the high-fouling coals had quantities of soluble sodium greater than the "total" quantity of
sodium detected in the ash by the conventional
technique. The lower values for "total" sodium
may be the result of a slight loss of organically
bound material during'the ashing process.

RELATION OF FOULING POTENTIAL
TO ALKALI FORM

The data in Table IV indicate that fouling potential of coal ash is related to both total quantity of acetic-acid-soluble alkali and to the

Table IV. Comparative Alkali Content of U.S. Coals

-

Rank
Region

Lignite

ND

Sub B
MT

TX (Yegua)

Lignite
TX (Wilcox)

hvBb
UT

hvAb
PA

Lignite
TX (Wilcox)

HHV, Btullb, Dry Basis
Ash Composition (%)
SiO?
A1203
Fe 2 0 I
CaO
MgO
Na20
K20
Ti0

10640

12130

7750

9710

12870

13200

8420

33.9
11.4

62.1
15.1

52.3
17.4

52.5
18.9

10.8
21.0
2.7
5.8
1.6
0.7
12.0

3.5
6.2
0.7
3.6
1.9
0.9
6.1

5.3
9.4
3.2
0.9
1.2
1.2
9.6

51.1
30.7
10.0
1.6
0.9
0.4
1.7
2.0
1.4

57.9
21.8

so3

20.0
9.1
10.3
22.4
6.4
5.0
0.5
0.4
21.9

Fouling Potential

Severe

High

High

Moderate

Xioderate Low

Low

4.6

43.3

20.1

7.9

10.2

2680

9650
1230

1030
85

1120
85

...

Lb Ashl106 Btu, Dry Basis
Acetic-Acid-Soluble
Sodium (Na, ppm)
Potassium (K, ppm)
Alkali in Ash, Oh Wt.
Na20
K20
Equiv. Sol. Alkali in Ash,
O h Wt. of Ash
Na20
K2 0

9.0
3980

...

...

Lignite

1.1
13.2
1.3
3.8
0.9
1.2
6.2

.

5.0

5.8

3.6

0.9

0.5

1.6

1.9

1.2

6.45

3.88

0.71

1.49

0.44

0.04

0.08

5.58

...

...

3.8
0.9

250

0.4
1.7

0.15

...

Sol. Alkali of Total
(Equiv. Sol. N ~ * o ) /
(Na,O in Ash)

112

111

108

79

39

38

(Lbs Sol. Na)/
( l o 6Btu Fired)

0.373

0.221

1.245

0.106

0.087

0.M8-

(Lbs Sol. Na)/(lb ~ s h /
lo6 Btu Fired)

0.044

0.048

0.223

0.005

0.014

0.002

3.9
7.1
2.1
0.7
0.8
1.1
4.4

\34.4
340
110

0.7

- 0.8

0.16
0.05

OO
/

23

.040

0.001
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equivalent percentage of soluble alkali in ash.
The total volatile alkali is believed to be reflected by furnace input of soluble alkali listed
in Table IV a s pounds of soluble sodium per
million Btu fired. It is postulated that the deposition mechanism could involve the condensation of the gaseous alkali species which
provides the sticky, bonding matrix to build
convection-pass deposits. The greater the
quantity of this "glue," the more severe the deposition. Conversely, the greater the quantity
of ash particles, the thinner this "glue" would
be spread. Because this bonding matrix is a surface phenomenon, it would depend on both the
total quantity of vapor species znd the diluting
influence of the ash. Therefore, a combination
of pounds of soluble sodium per million Btu
fired and pounds of soluble sodium per pound
of ash per million Btu fired should be used
when evaluating the fouling potential of a fuel.
(See Table IV, bottom two entries.)
VARIATION OF ASH PROPERTIES
WITHIN A COAL SEAM

Note that it is possible to experience vastly
different ash properties within the same coal
seam. This point is illustrated with the two
comparative lignites mined in Eastern Texas
from the Wilcox formation. The sodium contents of the two lignites are very similar (0.9
percent and 0.7 percent NazO in ash respectively). However, the ash-fouling behavior
of these fuels is significantly different, as
vividly illustrated by the acetic-acid-soluble
sodium contents of the coal. Roughly 80 percent of the sodium in the moderate-fouling
Wilcox lignite could be considered active compared to only 23 percent for the low-fouling
lignite. On a concentration basis (pounds of
sodium per pound of ash per million Btu fired),
the moderate-fouling lignite has more than 10
times that of the low-fouling lignite because of
the ash dilution.
The acetic-acid-soluble technique is relatively new, such that the limited data thus far
accumulated neither allow development of
quantitative relationships nor define the reliability of the analysis. But the major value of the

technique is the apparent sensitivity to the "active alkalies" present, which seem to be a predominant factor in high-fouling behavior.

SELECTIVE DEPOSITION
OF ASH CONSTITUENTS
Several slagg;ng and fouling indexes to predict the behavior of coal ash in furnaces during
the combustion of coal have been reviewed in
preceding text.Theseanalysesconsidera homogeneous distribution of the mineral matter
throughout the coal matrix. Such an assumption may be applicable to stoker firing, where
the coal particles, as fired, are relatively large,
but may not be applicable in pulverized coal
where the composition of mineral matter of individual particles can be quite different.". '*. l3
Because the behavior of an individual coal-ash
particle depends upon its composition, average properties may not be an accurate index of
the slagging and fouling potential of a coal.
Most evaluations of coal ash, including the
determination of fusibility temperatures, do
not consider the phenomenon of selective deposition when attempting to predict slagging
and fouling behavior. The fractionation of a
coal prior to a determination of fusibility temperatures can provide a better insight into what
occurs within the furnace; i.e., individual particles of ash can act independently of one
another with respect to their physical state and
reactions in the flame. 7I-'
THE DISTRIBUTION OF MINERAL MATTER
IN THE COAL MATRIX

Ash-fusibility temperatures as determined
by ASTM procedures are the temperatures at
which the composite ash sample initially deforms, softens, and becomes fluid. These values, as well as such ratios as baselacid, iron1
calcium, and silicalalumina, provide a guide to
the slagging and fouling characteristics of the
coal being burned. But they do not predict how
the various minerals behave during the combustion process. Ash deposits on furnace walls
differ significantly from the ash of the as-fired
coal. Use of the coal-ash fusibility values and
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the coaYash ratios does not explain the selective deposition of ash constituents noted on
furnace walls.
Table V shows the composition of deposits
collected from a boiler burning a high-volatile
bituminous coal and compares it with the composition of the as-fired ash. The most notable
difference in the composition of these two
samples is the iron content, the ash deposit
having an iron content over three times as great
as the coal ash as-fired. The amount of difference between as-fired ash and that taken from
tube surfaces is a function of the distribution of
mineral matter in the coal matrix.
These data suggest a mechanism that can explain why some coals slag more than conventional analysis would indicate. Coal is a
heterogenous substance in terms of its organic
and inorganic content. The coal-preparation
engineer makes use of this knowledge in most
beneficiation processes. Density differences or
surface property differences are exploited
when separating clean coal from the refuse or
high-ash-containing parts of the coal. Also the
potential for liberating the inorganic material
increases as the coal is ground finer.
The pulverization of coal, then, increases the
potential for liberating inorganic particles. It
has been estimated by Moody and Langanls
that 40 to 70 percent of the particles are pure
coal (containing inherent mineral matter only),
20 to 40 percent occur as coal and mineral matter (extraneous as well as inherent), and 10

-

V*
of Ash Deposit Composition
with As-Fired Coal Ash
Ash
Composition

As-Fired
Coal Ash

Lower Furnace
Ash Deposit

SiOz
A1203
Fe203
CaO
MgO
Na 20
K2 0
Ti02
p205

47.0
26.7
14.6
2.2
0.7
0.4
2.3
1.3
0.9
1.1

33.3
18.0
43.5
1.2
0.5
0.2
1.6
0.8
0.4
0.5

so

3

to 40 percent are pure mineral matter (extraneous only).
Comparing the composition of particles that
result from pulverization can show an extreme
difference in constituents. Because these particles are fired in suspension, the behavior of the
mineral matter in a given particle will depend
on the composition of that particle alone and,
of course, the makeup of the surrounding gases.
Each particle will reach a physical state (sticky,
sintered, or molten) related to its o,wn composition and reaction with surrounding gases; it
will not be affected by the composition or physical state of other particles in suspension.
Fig. 6 illustrates a hypothetical breakdown of
a lump of coal during pulverization. Certain

Pulverizer
Raw Coal
I

Fig. 6. Segregation of mineral matter during grinding

Pulverized-Coal Particles

I
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portions of the coal may be enriched with specific minerals. When the parent lump has been
pulverized, the composition of any given particle will depend on the local composition of the
lump and is not representative of the average
composition of the lump. When these particles
are fired in a furnace, their propensity for deposition will be a function of their individual
physical states, aerodynamic properties, and
adhesive properties (or wettability). Ash particles with a high propensity for deposition are
probably molten, highydensity, spherical particles that do not follow gas stream-lines, and
that readily wet the heat-transfer surfaces they
contact. ~sh-particles
with a low propensity for
deposition are probably dry (high-melting
temperature), irregularly shaped particles that
are more likely to follow gas stream-lines than
to contact the furnace walls.
As discussed earlier, iron compounds are
among the materials having the lowest fusing
temperatures found in coal ash.j. l 9 It is postulated that particles high in iron form highdensity molten spheres that have low drag
coefficients, thereby facilitating their penetration through the gas stream to the tube wall.
Ash particles that have very high fusing temperatures do not melt to form spheres; their irregular shapes give higher drag coefficients
and allow them to follow gas stream-lines.
Some particles having low melting temperatures contain carbonate compounds whose
gaseous evolution of COP generates cenospheres, which, being hollow, are low in density and also follow gas stream-lines.

particles, a gravity fractionation technique has
been developed.20
PROCEDURE FOR GRAVITY FRACTIONATION

-

The procedure requires that the coal be pulverized to the same fineness as that during firing; the coal particles then are separated by
density, using vbrious mixtures of organic liquids having specific gravities of 1.3, 1.5, 1.7,
1.9, 2.1, 2.5, and 2.9. Fewer separations might
be adequate, but as the procedure was being
developed a finer resolution of gravity fractions was found desirable. A 1-pound sample is
normally used and is well stirred into the 1.7
gravity liquid using conventional separatory
funnels. After separating the 1-pound sample
into the fraction that sinks and the fraction that
floats in the 1.7 liquid, each fraction is filtered
and washed with a low-density organic solvent. The float fraction is then taken to the next
lighter gravity liquid; the sink fraction is taken
to the next heavier gravity liquid as shown in
Fig. 7 . After separation, the eight fractions are
air-dried at 250°F and submitted for the follow-

p E q
1.7Solutlon

1.7 Sink (S)
1.9Solution

COAL ANALYSIS
AS A FUNCTION OF PARTICLE SIZE

In predicting behavioral tendencies of mineral matter during combustion, it is important
to analyze coal in the size range at which i t is
being used, because segregation of mineral
matter is a function of particle size. As each
particle is different, it would be ideal to analyze
and quantify individual particles; however,
this could prove to be difficult and costly. As a
practical
alternative to analyzing individual

2.5 Solution

I

Fig. 7.

I

Gravity separation procedure
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ing analyses: percent ash, ash composition, ash
fusibility, and, optionally, X-ray diffraction.
RESULTS OF ANALYSES

Table VI shows the analyses of three coals selected for the gravity fractionation technique.
Tables VII through IX present data for each of
the coal gravity fractions. Compositional differences among the gravity fractions are
thought to represent the most important data
obtaked; fusibility temperatures of ash contained in the gravity fractions would be controlled by composition, for instance. Results
here primarily compare composition and behavior of the ash deposit.

FeSz

FeC03

FeO

3.96
5.70
1112(d) 2511

Where d indicates that the compound decomposes at the temperature shown. The compounds that reach the walls control the type of
deposit formed. The reactions below illustrate
this point:
--'

FeS2 (c) + 0:

FeC03 (c)

SLAGGING INFLUENCED BY IRON CONTENT OF ASH

The role of iron is one of the more important
factors in assessing slagging potential. Frequently, investigators use the total iron concentration in a coal ash to iissess the slagging
potential: however, this iron value could be
misleading as it does not account for distribution of iron compounds in the coal matrix. In
addition to the importance of the distribution
of mineral matter within the coal matrix, the
type of minerals also plays a role in the ash deposition process. For example, iron is frequently present as pyrites (FeS2) and carbonates (FeC03)andlor as an impurity in calcite
and dolomite, and less frequently as prochlorite (Fe2Mg2Al2SiZOl1),
hornblende (CaFe3Si,
0 1 2 ) , hematite (Fe203),and others.21 Pyrites
will more likely exist as discrete particles
within the heavier gravity coal fractions
whereas carbonates are more likely to be disseminated throughout the coal matrix and not
show a concentration with gravity fractionation. The occurrence of these and other ironcontaining minerals and their degree of segregation in the coal matrix are functions of
coalification.
Initial stages of the reaction of mineral matter
in the flame can influence ash deposition.
Physical differences (such as density and-size)
and, more importantly, melting temperatures
(and thus shapes of particles), are determined
by the products of transient reactions in the
flame, depending on the type of mineral:

FeS

Specific Gravity
5.02
4.62
Melting Temp ("F) 1382(d) 2182

initial

initial
reaction

FeS(1) + SOz(g)

FeO(c, 1)

+ COz(g1

where c = crystalline, g = gaseous, and 1= liquid
(10)

Table VI. ASTM Properties
of Test Coals
Coal*
-

A
-

-

'B

C

-

ASTM RANK

hvA

hvC

SubbitC

Proximate Analysis

Moisture
Volatile Matter
Fixed Carbon
Ash

0.7
2.7
32.3 41.?
54.4 46.4
12.6
9.2

10.2
31.5
42.8
11.9

Fusibility Temperatures ("F)
IT
ST
HT
FT

2430
2510
2560
2660

2130
2170
2210
2310

Ash Composition
SiOz
A1203
TiOz
Fe203
CaO
MgO
Na
KzO
PzOs
SO3
*Reporting Basis: As-fired (pulverized)

2080
2140
2170
2300
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Table VII. Gravity Separations-Coal A
Gravity Fraction:
Wt%of Coal % Ash

- 1.3F
. 11.32
2.3

1.3 X1.5
56.!32
7.4

1.5 x 1.7
9.79
20.4

1.7 X1.9
13.33
14.6

1.9 X 2.1
1.08
51.1

2.1 X2.5 2.5 X 2.9
2.05
4.05
79.1
88.2

2.9s
1.46
71.0

2520 7
2670
2700+
2700+

2320

2420

2010

2400
2470
2610

2510
2660
2700+

2040
2070
2130

Fusibility Temperatures ("F)
IT

2420

2700f

2700+

2700f

ST
HT
FT

2520
2690
2700+

2700f
2700f
2700f

2700+
2700f
2700f

2700+
2700f
2700+

Ash Composition
SiOp
Alp03
TiO,
FerOR
CaO
blg0
NazO
K20

so3

Table VIII. Gravity Separations-Coal B
GravityFraction:
Wt%of Coal
% Ash

1.3F *
0.13
1.0

1.3 x 1.5
45.45
3.2

1.5 X 1.7
45.52
6.9

1.7 X 1.9
3.87
32.5

1.9 X 2.1
2.83
41.3

2.1 X2.5 2.5 X 2.9
1.20
0.44
53.4
78.7

2030
2110
2230

2150
2240
2420

1950
2060
2150

1900
1950
1970

1930
1960
2010

2050
2100
2150

2020
2040
2050

24 70

2500

2230

2140

2150

2210

2210

Si0,

55.1

57.7

50.1

44.4

39.3

22.4

12.7

A1?03
TiO,

19.0
2.1

21.5
1.2

15.2
1.0

13.3
0.6

Fe,03
CaO
MgO
NaZO
K20

13.2
2.3
1.1
0.5
il.1

13.5
1.9
1.2
0.4
2.2

24.9
1.7
0.9
0.4
1.8

30.5
3.7
0.7
0.3
1.4

11.8
0.6
26.0

6.8
0.4
22.0

4.3
0.5
57.3

9.5
0.5
0.3
1.1

20.1
0.3
0.3
0.4

9.7
0.2
0.3
0.3

2.7

9.3

26.1

...

...

Fusibility Temperatures ("F)
IT
ST
HT
FT

.

-

,

2.9s
0.56
64.3

Ash Composition

so3
P20i
"Insufficient sample

<

0.6
0.1

<

0.3
0.1

0.7

...

...

12.3
0.1

<
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The first reaction, the oxidation of iron pyrite
initially to pyrrhotite and SO2, is one of the
more significant reactions the mineral matter
experiences in the combustion zone. The product FeS forms molten spheres which, through
less drag and higher density (compared to most
other particles in the fireball) are more likely to
contact the walls of the furnace. Depending on
the composition of ash deposits already present on the furnace wall, subsequent reactions
involving F.eS may form a material that melts at
a relatively low temperature. The reactions in
( l l ) , (12A) and (12B) illustrate two possible
products with significantly different melting
temperatures. Reaction 11shows the formation
of magnetite (Fe,O,) which will tolerate a relaFeS(1) + F e 2 0 3(c, 1) .+ 312 Oz(g)
+ Fe304(c, 1) + SO2 (gl

(11)

FeO(1)

+ Si02(c,1) + FeSi03(c, 1)
(melting temp 2095°F)
(12B)

tively high melting temperature before decomposing to FeO and 02.The presence of Fe304in
the deposit would contribute toward a "dry"
deposit. Reaction 12A shows the formation of
FeO as an intermediate product which can
react with silica to form a low-melting iron silicate (shown in 12B). The presence of iron silicate would contribute toward a molten deposit.
Iron compounds in the "2.9 sink" are given
special emphasis as they often contain mostly
pyrites, which can cause slagging. The bar
charts depicted in Fig. 8 show that iron compounds in coal B are more uniformly distributed throughout the coal matrix than in coal C.
Thus, coal C has the high potential for slagging.
This agrees with observations made in the
field; a furnace burning coal C had more slagging problems than a unit burning coal B.

Table IX. Gravity Separations-Coal C
GravityFraction:
Wt% of Coal

1.3 X1.5
62.76
6.1

1.5 X 1 . 7
32.28
6.4

1.7X1.9
1.56
21.8

1.9X2.1
1.09
39.9

2.1 X2.5 2.5 X 2 . 9
0.62
0.45
82.6
84.0

2.9s
1.05
68.3

Fusibility Temperatures r F )
IT
ST
HT
FT

2230
2290
2310
2340

2260
2370
2390
2420

2210
2340
2400
2630

2310
2380
2430
2550

2180
2230
2280
2420

2350
2440
2490
2530

2210
2250
2380
2530

Ash Composition
SiOz

41.1

43.7

54.5

53.4

51.0

37.0

6.8

A1203
Ti0
Fez03
CaO

18.5
0.8
3.2
19.6

24.2
0.8
2.0
16.1

25.7
0.6
7.1
7.0

20.7
0.8
5.9
8.2

10.3
0.4
3.5
11.9

3.0
0.3
3.7
22.8

5.1
0.3

4.3
0.5

1.4
0.3

1.0
0.2

0.6
0.2

0.8
0.2

0.7
0.3
79.0
3.9
0.3
0.2

0.3
9.5
< 0.1

0.3
7.7
0.1

0.4
2.7
0.1

0.2
6.5
0.1

0.4
9.6

0.4
11.0

0.2

0.3

1.3F*
0.2

%Ash
-

-

MgO

Na
K20

so3
p205
*Insufficientsample

<

<

<

'

-

-0.2
6.2
0.2
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Table X shows that the degree of segregation
of iron compounds within the coal matrix has
no bearing on the total percentage of iron in the
raw coal. If the coals are ranked solely by iron
content, there is a significant difference between the orders of ranking, influenced by
measurements of total or segregated iron.
The gravity fractionation technique has been
used to estimate the slagging potential of a
wide variety of coals. Table XI is a summary of
tests on sixteen U.S. coals, listing them in order
from severe to low potential.22
The slagging potential was established based
on the potential of a fuel to form molten ash
deposits that would be uncontrollable by conventional steam or air sootblowing. An examination of the iron in the ash (expressed as
percent Fe,O,) indicates poor correlation with
slagging potential. Several coals with low to
moderate (4 to 9 percent) iron contents (coals 2,
5, 6) exhibit severe slagging potential. Several
coals with medium to high (13 to 16 percent)
iron contents (coals 10, 11, 1 2 ) exhibit less severe, although still high, slagging potentials.
Examination of the ash fusion temperatures
also reveals poor correlation.
An examination of the gravity fractionation
data, however, shows excellent correlation with
slagging potential. The iron in the ash of the
2.9 sink fraction correlates very well with slagging potential. The 2.9 sink gravity fraction
provides an excellent indication of segregated,
reduced (largely pyrite) iron. The low- to moderate-iron coals that exhibited severe slagging
potentials had high amounts of segregated iron
(expressed as percent Fe,O, in ash of 2.9 sink

Table X. Total lron Compared
with Segregated lron
-

Coal

90Iron in
Entire Coal Ash

Total % Iron in
2.9 Sink Fraction

fraction) varying between 74 to 79 percent. The
medium to high iron coals that exhibited lower
(but still high) slagging potentials had less segregated iron, varying between 57 to 60 percent.
The wide applicability of this test is indicated
by the inclusion of several Western coals.
Correlation of slagging potential with segregated iron content (from gravity fractionation)
is shown in Figure 9. This relationship has a
very high level of confidence for fuels that exhibit 50 percent or more Fe,O, in the ash of the
2.9 sink fraction. In these cases the impact of
segregated, reduced iron plays a major role in
slagging. Correlation of slagging potential with
this segregated iron has a much higher confidence level than correlation with iron in the ash.

CORROSION BY FUEL ASH
During normal operation of utility boilers,
metal wastage has occurred primarily (Fig. 10)
on waterwalls near the firing zone
in the high-temperature superheater and reheater sections
in the low-temperature gas passes and air
heaters.

Fig. 8. lron content of various gravity fractions, coal B vs coal C
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Table XI. Ash Slagging Potential of U.S. Coals as a Function of Iron in 2.9
Sink Fraction
-

Coal

Coal
Rank

Geographical
Region

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Hvb
Sub
Mvb
Hvb
Sub
Hvb
Hvb
Hvb
Hvb
Hvb
Hvb
Hvb
Hvb
Hvb
Hvb
Hvb

Midwest
Montana
Penn.
W. Kentucky
Montana
Illinois
Midwest
Ohio
Penn.
Illinois
hnn.
Illinois
Penn.
Ky. & Tenn.
Arizona
Virginia

-

Ash
Content,
O
h

13.0
11.7
16.8
13.5
11.0
7.7
13.4
15.4
17.1
12.3
16.6
10.5
16.6
15.7
13.3
13.9

Ash Fusibility Temps.
(Red. Atm.), OIO
I.D.
S.T.
ET.

2010
2040
2110
1980
2130
2330
1940
1970
2310
2050
2360
2080
2570
2700
2570
2350

2100
2120
2350
2060
2170
2440
2050
2050
2530
2050
2460
2140
2700
2700
2700
2550

2390
2310
2640
2270
2310
2570
2250
2370
2700
2140
2700
2300
2700
2700
2700
2700

Fe,O, in
Ash,
Oh

22.7
8.2
19.0
27.2
8.9
4.0
22.9
22.6
9.5
13.0
12.7
15.9
9.8
4.2
5.8
8.3

FsO, in Ash
2.9 Sink Fraction,
O/o

85
75
79
78
79
74
72
62
59
59
60
57
58
50
43
40

Slagging
Potential

9.7 Severe
9.5 Severe
9.2 Severe
8.8 Severe
8.7 Severe
8.4 Severe
8.3 Severe
6.6 High
6.5 High
6.5 High
6.3 High
6.1 High
5.2 High
4.5 Moderate
3.1 Moderate
1.4 Low

7
'I

I

1
High-Temperature Corrosion

Waterwall

Segregated Iron Compounds Presented as % Fez 03
in Ash of 2.0 Specific Gravity
Sink Fraction

Fig. 9: Slagging potential vs percent iron in 2.9
specific gravity sink fraction (Numbers in parentheses correspond to coal numbers in Table XI )

Fig. 10. Steam-generator side elevation showing
areas where wastage has occurred

I

I
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sified as noncorrosive, however, temperature
does not appear to be an important variable
with regard to corrosion. If the coals are noncorrosive, there nee$ not be a greater corrosion
concern as steam temperatures are increased
above 1005°F.
3. The molten ash produced by corrosive coals
is highly aggres3ive and corrosion is not easily
prevented.
a. All poterltially viable pressure-part materials corrode at unacceptable rates. Currently,
no tube material has an adequate high-temperature strength to resist corrosion if the coal
ash is corrosive.
b. Various tube coatings have been tried. ElecCONCLUSIONS FROM SERVICE
troplated chromium has proven effective in
EXPERIENCE OF COAL-FIRED UNITS
preventing corrosion, but it is an expensive solution with an indeterminate adherence life.
Although the U.S. utility industry has, in
Bi-metal tubes with an outer corrosion-regeneral, abandoned the 1050°F and higher
sistant clad high in chromium, such as alloy IN
steam temperatures, there are a number of
671 (50 Cr-50 Ni), show promise of having
steam generators operating at those temperaadequate corrosion resistance, but the cost of
tures from which the following has been
such tubing is high. In addition, these alloying
established:
elements are expected to be in critically short
1. All coals do not produce an ash that is "corsupply in the future. Other less expensive
rosive." Only a small percentage of coal-fired
corrosion-resistant coatings have been tried
units experienced serious corrosion requiring
without
success.
major operating or maintenance corrections.
The high-temperature corrosion that did
Although the percentage is small, the actual
occur was a liquid-phase coal-ash attack under
numbers of units that experienced serious
tightly bonded deposits that was observed
corrosion problems were substantial, and the
when surface metal temperatures exceeded
concern and attention given to the coal-ash
1100°F. This attack affected superheaters and
corrosion problem are certainly warranted. But
it is important to know that many coal-fired reheaters made of austenitic (stainless) and
units operate at steam temperatures of 1050°F ferritic stee1.23-39
with essentially no corrosion, or at acceptably
CONCLUSIONS FROM RESEARCH
low corrosion rates.
ON COAL-ASH CORROSION
2. For coals that are "corrosive," metal temResearch programs have attempted to deterperature is an important corrosion-rate varimine causes and suggest remedies for this type
able. As surface metal temperatures increase to
about 1200°F, corrosion rates increase signifi- of wastage. Both austenitic (stainless) and ferritic steel are subject to this wastage, which
cantly. A unit delivering steam at temperatures
takes place under tightly bonded deposits.
of 1050°F or higher will have a greater corroWhile this excessive deposit-type wastage of
sion problem than a 1005°F steam unit if
ferritic alloys increases with increasing temthe coal is corrosive. The corrosion rates will
perature, wastage of austenitic alloys is characbe higher, and the amount of material
terized as a function of temperature by the
undergoing corrosion will be significantly
skewed "bell-shaped" curve shown in Fig. 11.
increased. For the types of coal that can be clas-

To reduce failures in these areas, C-E has established the underlying causes of' major types of
corrosion and has developed practical procedures for the control of waterwall and lowtemperature wastage.
In recent years the most common temperature for the main steam and reheat on larger
steam-generating units has been 1005°F.As aresult, fundamental studies of high-temperature
corrosion begun in the 1960's have been discontinued. Except for some very promising
work in identifying the corrosive constituents in c0als,~3little new information concerning high-temperature coal ash corrosion is
available.
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Careful inspection at various temperatures reveals a thin white or yellow layer next to the
tube surface. This layer, which is molten within
the 1000° to 1300°F temperature range, contains a high concentration of alkali and sulfur
(Fig. 12).
Simultaneous field and laboratory investigations, including chemical and X-ray diffraction
analyses, have shown that complex alkali-irontrisulfates are major constituents of the white
inner layers associated with wastage on both
superheater and reheater tubes and on corrosion probes, as well as in controlled laboratory
wastage experiments. By means of laboratory
weight-loss tests, the bell-shaped corrosion
curve has been reproduced under the same conditions needed for synthesis of the complex sulfate.28 As noted earlier, this same complex
sulfate was formed as a byproduct of waterwall
wastage.a.33
With the principal corrosive defined, efforts
turned toward establishing the mechanism of
complex sulfate formation to assist in recommendation of adequate protective measures. It
is- significant that the concentration of compounds thought to be responsible for corrosion
is considerably greater in probe and tube de-

--- Dry
........Molten
Sticky

posits, as a result of selective deposition, than
in the coal ash or flyash from which these compounds originate.
An important explanation advanced by early
investigators is that the initial deposits may be
a powderlike material containing alkalies and
iron oxide which react with sulfur trioxide to
form alkali-iron-trisulfates.40 Concentration of
alkalies on the tube surface may also occur by
thermal migration of molten material through
the deposits to the tube surface.28
On the basis of the selective deposition observed, it was felt that individual particles of
flyash vary in composition and, therefore, have
different fusion temperatures. Some of the particles that are molten or semimolten at relatively low temperatures continue to stick to the
tubes. Sodium and potassium compounds released during the combustion process in a form
capable of reaction with SO3 in the flue gas,
may condense or deposit on the tubes as the initial layer. This explains the formation of
bonded deposits in regions where the gas
temperature is significantly lower than the fusion temperature of the total coal ash.
Fig. 11 also shows a comparison of the
equilibrium curves and the "bell-shaped"
wastage curve for austenitic stainless steel. It
has been suggested that the potassiumlsodium
ratio in the coal ash or tube deposit is significant. The molar ratio of alkalies determines the
temperature range over which the complex sulFlue-Gas
riable Layer

1"

850

9 e m e u r e , 5 0 1250
.

A

-.

Fig. 1 7 . Physical state of complex alkali-irontrisulfates as a function of temperature and the
corrosion of austenitic alloys

1025OF Isotherm
Loosely Molten
Bonded White
Layer
Layer
1050°FSteam
Fig. 72. Effect of steam temperature
on deposit structure

Flue-Gas
Direction
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fates are molten. The equilibrium concentration of sodium-iron-trisulfate was not molten
from 1150°Fto 1275°F. The greatest fluid range
appears to be the 1:1 molar sodiumlpotassium
ratio. This corresponds to the 1030" to 1275°F
region where corrosion was observed. This is to
be expected because a molten corrosive is generally more reactive than its solid counterpart.
Consequently, an alkaline molar ratio of about
1:l in a deposit is corrosive over a wider temperature range than any other combination because of the greater range of fluidity of the
complex sulfate.
'
The roles of the various compounds necessary to forma corrosive deposit are placed in
proper perspective by the equilibrium curve.
The steps that influence formation and growth
of deposits from combustion products of coal
may be summarized as follows:
1. During combustion, pyrite (FeS,) and organic sulfu'r react with oxygen:
ZFeS, + 5l/2 0, + Fe,O,
RS (organic sulfide) + C),
SO, + %O, -, SO,

+ 4S02
-t

SO2

2 . In the high flame temperature, the Na and
K in the clays and shales react to form Na,O
and K,O.
3. The NarO and K20 then react with SO, either in the gas stream or after deposition on
the tube:

(Na, or K2)0 + SO,

-+

(Na, or K2)SO,

4. The alkali sulfates, iron oxjde, and SO3then

react to form the complex sulfate:

When the tube deposit contains a sufficiently
high potassium-sulfatelsodi~~m-sulfateratio,
formation of liquid pyrosulfate could occur.
SO, reacts directly with the alkali-sulfate mixture forming pyrosulfate, which, in turn, at-

tacks the oxide to form complex sulfate at a
higher rate than in the case of the dry reaction.
The melting point of a mixed alkali pyrosulfate (K,.5Nao.5S,O,) is 535°F when SO, is above
7 ppm. The low-melting pyrosulfates, as well
as the complex sulfates, are considered primary agents in superheater corrosion, as was
previously notr3d.
5 . The complex sulfate in the molten phase
then reacts with the tube metal:
2(K3or Na,) Fe(S04), + 6Fe
,I,FeS + 3/,Fe30, +
Fe,03 + 3(K2or Na,) SO, + 3/,S02
-+

The reaction products shown in item 5 above
tend to slow down the corrosion rate, but if the
deposit spalls, the reaction begins anew. The
rate of spalling, then, affects the overall rate of
corrosion.
PREDICTION OF COAL-ASH CORROSlVlTY

Based on an understanding of the corrosion
process outlined above, work has been done to
quantify the effects of specific coal-ash constituents on high-temperature ~ o r r o s i o n . ~ ~ * ~ 2
Certain relationships were developed between coal-ash constituents and the degree to
which they affect corrosion rates. The study
has shown that the alkalies, alkaline earths,
iron, and sulfur are the most significant
constituents relative to high-temperature corrosion. It is significant that the alkali concentration had been measured by an acid leaching
process. Such a procedure gives a better measure of the simpler forms of sodium and potassium than total alkali measurements. These
simpler forms of the alkalies are thought to be
more available for reaction in forming alkaliiron-trisulfate, K, or Na, Fe(SO,),, the species
directly responsible for tube wastage according
to previous investigation by C-E and others.
Because the alkalies are generally the least
plentiful of the four constituents mentioned,
they are usually the most sensitive corrosion
indicators.
The alkaline-earth materials are important as
they may preferentially retain the alkalies as
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sulfates or double salts of the type K2Ca2
(SO,),,thus preventing formation of the aggressive compound K3Fe(S04)3.43
SHORT-TERM PROBES AS CORROSION INDICATORS

During the study noted, probes were inserted
for periods of five minutes for purposes of
measuring the acid-soluble sodium and potassium during each test firing.23 These probes
were inserted during tests in which raw coals
and prepared coals were burned as well as during tests in which additives were used. Acidsoluble sodium and potassium values were
expressed as a ratio and plotted against measured corrosion rate and they showed a remarkably good correlation (Fig. 13). It was noted
that the acid-soluble Na201K20ratio measured
from probe deposits is probably a closer approximation of the relative concentration of
sodium and potassium-iron-trisulfate than that
measured from the coal, for the following
reason:
The many physical and chemical phenomena that cause changes in the coal constituents
during combustion have already taken place
when the resultant probe deposits are measured for sodium and potassium content. Therefore, an acid-soluble measure of the alkalies in
the deposit rather than in the coal would automatically consider the effects of combustion
on the mineral matter in the coal.
This short-term acid-soluble-alkalies meas12-

10 64-
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METHODS OF MINIMIZING THE
CORROSIVE POTENTIAL OF COAL ASH

Addition or removal of certain constituents
may modify a potentially corrosive coal. The
entire operating system at the supplier facility
should be examined from the seam face, where
mining is begun, to the point of loading for
shipment. These operations may be summarized as follows:
1. Mining: the coal is removed from the
ground by one of several mining methods and
transported from the mine.
2 . Coal preparation: the run-of-mine (raw) coal
may now be processed by any combination of
many preparation procedures.
3. Coal additives and blending: additives or
other coals may be blended with the original
coal prior to shipment.
MINING

Analysis of channel samples of coal removed
from a seam enclosed on two sides by "barren"
material showed that the corrosion-affecting
minerals, as well as other mineral matter,
originated primarily from the roof, floor, or
partings in the seam.23 Therefore, the corrosiveness of a coal may be reduced by mining so
that the concentration of alkaline-earth materials is increased with respect to the alkalies.
This can be accomplished by inclusion or exclusion of seam roof material, floor material,
and material contained in partings.
COAL PREPARATION

8-

2-

urement approach is a simple and accurate way
of assessing the corrosive potential of coal ash.

I

I

I

1

2

3

I
4

Acid Soluble Na201K20 Molar Ratio
(5Min Probe Deposits)
Fig. 13. Acid soluble Na20IK20 molar ratio
vs observed corrosion rate

The procedures used to prepare coals for
market should be examined. The results of
bench-scale chemical and physical tests
revealed that the individual chemical constituents of coal mineral matter often concentrate in specific size andlor weight fractions of
the coal. Thus,-preparation practices which
employ sizing and gravity concentrating techniques can be used to alter the chemical
composition of the coal product. Because
high-temperature corrosion can be related to
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coal mineral-matter properties, it is possible to
reduce corrosive potential of many coals
through the judicious application of conventional coal-preparation methods. In one
case, the corrosiveness of thecoal was reduced
from 10.2 mglcmz-300 hr to 2.9 mglcmz-300 hr
because of the benefits derived from a beneficiation process.23
COAL ADDITIVES AND BLENDING

Adding materials such as dolomite and limestone, or blending two or more coals, can counteract the corrosive nature of a coal.
The use of additives results in the preferential formation of sulfates or double salts of the
type K,Ca,(SO,j,. Additives can also have beneficial effects in reducing problems from slagging and fouling. Tests have showed that, in
most cases, ash deposits become more friable
when an additive is used and deposits become
easier to remove.23
CHLORIDE AS A FACTOR IN CORROSION

The research establishing the mechanism of
the liquid-phase-deposit high-temperature corrosion has not shown any significant corrosion
at the chloride levels of 0.1 to 0.2 percent normally encountered in coal firing.44
Investigations at C-E showed that the probe
corrosion rate for clean coal increased by a factor of 3.3 when firing raw and clean coals from
the same mine source. In this case, the coal had
been cleaned by a gravity separation in carbon
tetrachloride. Therefore, the residual chloride
in the cleaned coal was 1.3 percent as opposed
to a 0.05-percent level in the raw coal. This
corrosion rate was confirmed by subsequent
testing.23
Chloride concentrations in American coals
range from 0 to 0.6 percent while coals from the
United Kingdom peak at 0.8 percent. The 0.6
percent high for U.S. chloride levels is somewhat misleading in that the majority of
U.S. coals have chloride levels less than 0.2
percent. Because of this, chlorine thus far has
not been implicated by U.S. investigators as a
major contributing factor to tube wastage.45
The role of chloride in increased corrosion

'may take several paths. Chloride naturally occurs in coal as an inorganic material and may be
carried over with the flyash or released by
strong sulfur acid as HC1. It can also be volatilized as NaC1. In addition, chloride can enter
with refuse in either an organic or inorganic
form. The resulting chloride compounds usually are concentrated on cooled tube surfaces
where additional reactions may occur.
It is thought that two major adverse mechanisms are involved in the potential increase in
corrosion rate in incinerators andlor fossil fuelfired boilers in the presence of chloride. One involves formation of eutectics or complexes
resulting in a lowering of .the melting point of
deposits. This phenomenon is of particular
concern in waterwall wastage where the temperature of molten salts would increase.
The second mechanism, probably of greater
concern in the superheater, involves the reaction of gas-phase sulfuric acid with deposit
chloride to release HC1 near the heated tube
surface. Subsequent reaction may involve stepwise formation of volatile ferric chloride 46*
andlor unstable chloride or oxychlorides of
other alloy components.
Heat-transfer surfaces installed in incinerators in both Europe and the U.S. have excessive corrosion rates.48 It has been judged that
combinations of sulfur, chlorine, lead, tin and
zinc have been the corrosive agents. In these
studies, where raw unprepared refuse is fired,
it has been thought that the concentration 6f
lead, tin, and zinc deposits results in a lowering of the deposit melting point with an acceleration of liquid-phase corrosion.
Battelle researchers have conducted investigations that show opposing effects of chlorine
and sulfur in refuse.49-5O An increase in chlorine increases the corrosion rates of low-alloy
steels while an increase of sulfur decreases the
corrosion rates of all the steels investigated.
They reported that the major contribution to
the corrosion reaction is in the type of compounds that are deposited on the corrosion
probe. Their investigation confirms the importance of the chloride reaction as reported by
other investigators of the corrosion process.

ConmnoN
Properties of Coal Ash

-

CORROSION PROBLEMS
FROM OIL ASH
Although this chapter focuses primarily on
the physical and chemical properties of coal
ash as they relate to slagging and fouling of
boiler surfaces, fuel oil can also cause problems
of corrosion.
Burning residual fuel oil in utility steam generators has not resulted in wastage of waterwall
tubes. The principal wastage problems associated with boilers firing high-sulfur oils are (a)
high-temperature corrosion of superheater 2nd
reheater tubes by low-melting-ash deposits,
and (b) low-temperature corrosion of air heatel;
ducts, and dust-collector equipment by condensed sulfuric acid in the flue gas.
Analyses of typical residual oil ash as recorded in Table XI1 show that the composition
of oil ash varies widely, and indicate that many
elements may be found in the ash. However, the
bulk of the ash contains compounds of vanadium, iron, nickel, sulfur, and alkali metals.
The compounds of particular interest are those
of vanadium, sodium, and sulfur which are associated with deposit formation and accelerated corrosion at high temperatures. The ash
content of heavy-residual oil varies considerably, but is usually not over 0.1 percent. Concentration of vanadium in the ash is related to
the source of the crude.
Vanadium content of residual-oil ash may
vary from a trace to 30 percent or more. Similar
variations occur insodium content. Sulfur contents in oil have been reported from 0.7 to more
than 5 percent.
HIGH-TEMPERATURECORROSION
BY OIL ASH

-

Opinion varies considerably on the exact
mechanism of oil-ash corrosion, but most investigators agree that accelerated corrosion
occurs by the fluxing action of molten sodiumvanadium complexes on the protective oxide
scale on the tube. Various compounds containing different sodiumlvanadium ratios frequently considered oxygen carriers, have been

mentioned as participating in such corrosion.
Both melting and liquid temperatures on
heating and cooling have been determined for
several sodium-vanadium compounds and
sodium sulfate.51.s29 53 The data in Table XI11
show differences between the two liquidus
curves for vanadium compounds, but not
sodium sulfate. These differences are considered to be results of the absorption and evolution of 0xygen.b~the complexes when heated
to the melting point or cooled to the solidification point. These temperature differences
could be of importance both to the formation
of deposits and subsequent high-temperature
corrosion by such deposits. Sulfur trioxide
and nascent oxygen have also been suggested
as corrodents.
A review of the work on this subject results in
a curve relating metal wastage to the phase diagram of NaQ versus V205.54 Fig. 14 plots the
results for an iron-base alloy. It can be seen that
the greatest wastage occurs at a Na201V205
ratio of about 1:5. Molten-temperature range of
this ratio is 1150" to 1200°F. However, as was
noted previously, eutectics occur at iemperatures considerably lower; metal wastage would
be possible at lower temperatures if the corresponding ratio of Na201V205is present. In ac-

Table XII. Analyses of Ash
from Heavy Fuel Oils
OO
/

Mid-Cont.
SiOn

I

Fe203
AI2O3
TiO?
CaO

by Weight
Iran Venezuela

31.7

1.6

12.1

2.4

31.8

8.9

18.1

18.4

12.6

5.3

12.7

2.9

MgO
MnO
V20j
NiO

4.2
0.4
TR
0.5

NaPO
K2 0

...

so3

10.8

Chloride

Texas

6.9

...
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. tual practice, diluents in the ash usually raise

,

the melting point to llOO°F or higher; corrosion of metal surfaces below llOO°F is not usually a problem.
Boilers operating at steam temperatures of
1005°F or higher will have some superheater
and reheater tubes operating at temperatures
above 1100°F and will, therefore, be subject to
corrosion. Field measurements of superheater
and reheater tubes wastage have indicated corrosion rates of as much as 0.030 in. per year.
Many approaches have been taken to prevent
high-temperature oil-ash corrosion. These include oil treatment to remove vanadium,
sodium, and sulfur from the oi15j956 ; the use of
corrosion-resistant alloys and protective coatings; low-excess air operation; and the use of
magnesium metal, magnesium oxide, or dolomite additives.

point temperature was established in a labora.~~
this study a direct detory i n v e ~ t i g a t i o nIn
termination was made of SO3in the gas stream.
By maintaining a specially designed condenser
at a temperature between the acid dew point

Table XIII. LiquidusIMelting Points
Sodium and Vanadium
Oil-Ash Constituents
Compound

Melting Point

Liquidus Temp Ref.
Heating Cooling

1220°F 1165OF 51,52
185
1060
52

LOW-TEMPERATURE CORROSION
FROM OIL 'ASH

The greater part of the sulfur released in the
combustion of fuel oil appears in the products
%ofcombustion as SOz. A small percentage is
oxidized to SO3 which, in the cooled flue gas,
reacts with water in the vapor phase to form
sulfuric acid. The formation of SO3in boilers is
a complex process which is not thoroughly understood. Three possible mechanisms have received the most attention: (1)oxidation of SO2
by molecular oxygen, ( 2 ) oxidation of SO* in
the flame by atomic oxygen, and (3) catalytic
oxidation of SOZ.Various authors have considered these m e c h a n i s r n ~ , ~but
' - ~ extensive
~
field
tests have indicated that catalytic oxidation in
the convection pass is a major source of SO3.
If metal temperature is below the acid dew
point, the sulfuric acid condenses on and corrodes it. If the gas temperature falls below the
dew point, the sulfuric acid condenses on
flyash particles which can agglomerate to form
acid smuts. It follows that low-temperature
corrosion and acid smuts will be eliminated by
maintaining both metal and gas temperatures
above the acid dew point or by the reduction of
SO3in the flue gas.
The relation of SO3concentration to acid dew

I

O/O

NazO Molar

Fig. 74. Effect of Na201V20~
mixtures
on oil-ash corrosion

I

and the water dew point, sulfuric acid is condensed while all other flue-gas constituents
remain in the gas phase.
Acid dew point is defined as "the temperature at which the combustion gases are
saturated with sulfuric acid" and the dewpoint/ acid concentration relationship was determined using the condensation sampling
method. Fig. 15 graphically illustrates the
agreement of dew-point determination of this
type with thermodynamically calculated data,
and shows electrical dew-point meter measurements. In view of the uncertainties involved
with using dew-point meters, it is preferable to
use the condenser analytical method together
with dew-point curves to predict the temperatures at which the corrosive sulfuric condensate will first appear.
Although the low-temperature sections of a
boiler can be protected against acid corrosion,
and acid-smut fallout eliminated by maintaining metal and gas temperatures above the dew
point, it is readily recognized that a more positive solution to these problems is the reduction

--- P. Muller
Taylor Dew Point Meter
Calculated
A.A.

0

310

-

E.S. Lisle Experimental (PartialPressure Measurement)

290 -

I
0.01
0.1
1.0
10
100
SOa(H2S04) in Flue Gas, ppm
Fig. 15. Dew point as afunction of
HzS04 /(SO$ concentration

of sulfur-trioxide in the flue gas. Firing with
low excess air plus alkaline additives to reduce
SO3 concentration has been done extensively
in the United States and Europe.61
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CHAPTER 4

Combustion Processes

u

his chapter includes the basic equations
used to describe how fuel and air injected
into a furnace are transformed into gaseous
products of combustion. A major section is
devoted to the mathematical background and
experiential basis for the combustion reactions
in furnaces. There is a summary discussion of
the physical mechanisms currently used for
burning coal and other solid fossil fuels. The
material concludes with the theoretical and
empirical criteria for the formation of nitrogen
oxides during combustion, and methods for reducing their emission from a furnace.

HISTORICAL INTRODUCTION
Although from his earliest existence on earth
man has been fascinated by fire, he did not
achieve a quantitative understanding of the
combustion process until about the year 1880.
Prior to that date, one can trace the development of many hypotheses concerning the nature and properties of fire, including some that
were expressed in supernatural terms of fear
and awe. However, even the existence of the
now discredited phlogiston theory of combustion did not prevent enterprising engineers
from designing and constructing boilers to
generate steam for the earliest steam engines.
Phlogiston was a hypothetical mysterious

substance which sometimes was presumed to
have the property of negative weight and
which combined with a body to render it combustible. First proposed by G. E. Stahl in 1697,
the phlogiston theory dominated the chemical
thought of the 18th century. Even such a perceptive observer as Joseph Priestly, who in
1774 discovered the unique power of oxygen
for supporting combustion, accepted the
phlogiston theory. In the years between 1775
and 1781, Antoine L. Lavoisier substituted for
it the theory of oxygenation and provided experimental evidence that combustion was the
union of the substance burned with the oxygen
of the atmosphere.
f
In 1755 Joseph Black discovered carbon
dioxide, and in 1781Henry Cavendish demonstrated the compound nature of water. At about
this same time Lavoisier made the precise
measurements and formulated the volume and
weight relationships that underlie the modern
theory of combustion.
Beyond this, in 1811 Amedeo Avogadro established that the number of molecules in a unit
volume under standard conditions is the same
for all gases. During this same period John Dalton enunciated the law of partial pressures, and
in 1803 his study of the physical properties of
gases led to formulation of the atomic theory,
including the law of combining weights. A re-

presence is generally detrimental because of
the corrosive nature of its compounds.
Air, the usual source of oxygen for combustion in boilers, is a mixture of oxygen, nitrogen
and small amounts of water vapor, carbon
dioxide, argon and other elements. The compositions of dry and wet atmospheric air are
given in Table I.
In an ideal situation, the combustion process
would occur with the exact proportions of oxygen and a combustible that are called for in
theory (the stoichiometric quantities). But it is
impracticable to operate a boiler at the theoretical level of zero percent excess oxygen. In
practice this condition is approached by providing an excess of oxygen in the form of excess
air from the atmosphere. The amount of excess
air varies with the fuel, boiler load, and the type
of firing equipment.

lated observation was made by Gay-Lussac in
1808 that gases always combine in volumes
that bear simple ratios to each other.

COMBUSTION FUNDAMENTALS
To the engineer concerned with boiler design and performance, combustion may be
considered as the chemical union of the combustible of a fuel and the oxygen of the air,
controlled at such a rate as to produce useful
heat energy. The principal combustible constituents are elemental carbon, hydrogen, and
their compounds. In the combustion process,
the compounds and elements are burned to
carbon dioxide and water vapor. Small quantities of sulfur are present in most fuels. Although sulfur is a combustible and contributes
slightly to the heating value of the fuel, its

Tabk I.~ o m ~ o s i t i o
ofnCombustion Air
Dry Atmospheric Air
The volumetric composition of dry atmospheric air given in NACA Report 1235 (Standard Atmosphere-Tables
andData for Altitudes to 65,800 feet, November 20,1952),l and the molecular weights of the gases constituting
dry air are as follows:
Volume %
Mol. Wgt.
!

Nitrogen

78.09

28.016

Oxygen

20.95

32.000

Argon

0.93

39.944

Carbon dioxide

0.03

44.010

(Neon, helium, krypton, hydrogen, xenon, ozone, and radon, combined, are less than,0.003%.)
Dry air with this composition has an apparent molecular weight of 28.97 lbllb mol and a density at 32°F and 14.7
psia of 28.97 + 359 = 0.0807 lblft3. The oxygen content is 23.14% by weight. The lb dry airllb oxygen
= 1 + 0.2314 = 4.32.

Wet Atmospheric Air
Wet atmospheric air is defined in this text as the above air plus 0.013 lb of water vaporllb of dry air. (Air at 8o0F,
60% relative humidity, and 14.7 psia pressure contains 1.3% water vapor by weight. See Fig. 1.)
Wet air with this amount of water vapor has an apparent molecular weight of 28.74 lbllb mol and a density at
32°F and 14.7 psia of 0.0801 lblft3. 1Ae-oxygen content is 22.84% by weight. The lb wet atmospheric airllb
oxygen = 1 + 0.2284 = 4.38.
The mass of nitrogen, argon, carbon dioxide and waterllb oxygen = 77.16122.84 = 3.38 lb.
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COMBUSTION EQUATIONS

For combustion calculations, however, it is
customary to write the combustion reaction
equations on the- basis of theoretical oxygen
only, notwithstanding the presence of excess
air and nitrogen. A partial list of these combustion equations and the approximate heat released in the reactions are given in Table 11.
All combustion calculations are based on
fundamental chemical reactions shown in
Table 11. Not only do the equations indicate
what substances are involved in the reaction,
but they also show the molecular proportions
in which they take part.
Each molecule has a numerical value that
represents its relative weight or molecular
weight. This molecular weight is the sum of the
atomic weights of the atoms composing the
molecule. For example, carbon, C, has a
molecular ,weight of 12; oxygen, 0 2 , has a
molecular weight of 2 x 16 = 32; and carbon
dioxide, C02, has a molecular weight of
1 2 + ( 2 X 1 6 ) = 44. These molecular weights
are only relative values and may be expressed
in any units. Note that the molecular weights in
Table I1 are the whole-number values of the
main isotopes of each substance.
It has been established that a molecular
weight of any substance in the gaseous state
and under the same conditions of temperature

and pressure will occupy the same volume.
This relationship is very significant. The
volume will, of course,-vary numerically for
different units of weight and for different conditions of temperature and pressure. For combustion calculations, the pound and the cubic
foot are the units commonly used in the U.S.
and, unless otherwise stated, the temperature
and pressure are understood to be 32°F and 14.7
psia. Thus a molecular weight of 32 Ib of oxygen at 32°F and atmospheric pressure will have

Temp of Air (Dry Bulb)"F
Fig. 1 Moisture content of dry air a s a function of
dry-bulb temperature and relative humidity
f

Table 11. Combustion Equations
Combustible

Carbon
Hydrogen
Sulfur
Hydrogen sulfide
Methane
Ethane
Propane
Butane
Pentane

Molecular
Weight

Reaction

Heat
Release,'
Btuilb

12
2
32
34
16
30
44
58
72

C+02
+ COP
H2+0.5 O2 -t H,O
S+OZ
+
H2S +1.5 O2 + S 0 2 + H 2 0
CH,+20,
-t
C0,+2H20
C2H6+3.50, + 2C02+3H20
C3H,+5 0,
-t 3 C 0 2 + 4 H 2 0 '
C.&Ilo+6.5 0, + 4C02 + 5H20
C&-11,+802 + 5 C 0 2 + 6 H , 0

14,100
61,000
4,000
7,100
23,900
22,300
21,500
21,300
22,000

'Higher heating ~alue/lb
of combustible

so2

the same volume as a molecular weight of 44 lb
of carbon dioxide under the same conditions.
This volume is 359 cu ft.
CONCEPT OF THE MOLE

A molecular weight expressed in pounds is
called a pound mole, or simply a mole, and the
volume that it occupies is called a molal volume. Molal volume varies with changes in
temperature and pressure according to Boyle's
and Charles' laws and may be corrected to any
desired conditions. Volume is directly proportional to the absolute temperature and inversely proportional to the absolute pressure.
Because combustion processes in steam boiler
furnaces usually take place at practically constant atmospheric pressure, pressure corrections are seldom necessary.
Returning to the combustion equation for
carbon and oxygen and applying these concepts, it is now possible to write this reactionin
several ways. For purposes of molar analysis
carbon may be treated as a gas.

1molC

Because there are 4.32 Ibs of dry airllb ofoxygen, the stoichiometric combustion of 1 lb of
carbon requires 11-52 lb of dry air, or 11.68 lb of
wet air (with 1.3 percent water vapor).
Each equation balances; there are the same
number of atoms of each element and the same
weight of reacting substances on each side of
the arrow but not necessarily the same number
of molecules, moles or volumes. Thus, one
atom of carbon combined with one molecule of
oxygen gives only one molecule of carbon dioxide; two moles of hydrogen plus one mole of
oxygen yield two moles of water vapor.
It will be evident from a consideration of the
mole-volume relationship that percent by volume is numerically the same as mole percent.
Because a mole represents a definite weight
as well as a definite volume, it is a means of
converting analyses by weight into analyses by
volume and vice versa. Volumetric fractions of
the several constituents of a gas can be multiplied by their respective molecular weights,
with the sum of the products then being equal
to the apparent molecular weight of one mole of
gas. The percent by weight of each component
can then be determined. Finally, the density of
any gas at any temperature is found by dividing
the molecular weight of the gas by the molal
volume at that temperature, Fig. 2. '

+ l m o l O 2 = ImolCO,
700 -

(2)

IZlbC

+ 321bo2 =441bC02
(3)

Dividing through by 12,
V= 0.7297t + 335.65
1 Ib C

+ 2.67 Ib 0

2

= 3.67 Ib C 0 2
(4)

1volume C

+ 1volume O2 = 1 volume COz
(5)

I'

Temperature,OF

Fig. 2 Gas density determination

-
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METHODS OF COMBUSTION
CALCULATIONS
Two methods of combustion calculations are
presented in this text. The first is known as the
mole method and is based on the chemical relationships previously explained. The second
method uses the firing of a million Btu as a
basis for calculation.
THE MOLE METHOD

Table I1 gives the basic combustion reactions
for the carbon, hydrogen, and sulfur i n coal.
Assume a high-volatile bituminous coal of
the following analysis, burned at 23 percent
excess air; perform calculations on the basis of
100 lb of as-fired fuel. The fuel analysis as fired
is the following

c

%by Weight
63.50
4.07
1.53
7.46
1.28
15.00
7.16
11,200 Btuilb

'

HZ

s
02
NZ
Hz0

Ash
HHV

Mole Weight
12
2
32
32
28
18

The calculation of air weight for combustion
must be made on the basis of an oxygen balance
because oxygen is the only element common to
all oxidizing reactions. Oxygen contained in
the fuel must be deducted from the calculated
quantity needed because it is already combined
with carbon, hydrogen. or other combustible
constituents of the coal.
The molar relations are as given in Table 11:
Mol MolOp MolC02 MolHpO M0lS0p
C
1
1
Hz 0.5
1
S

1

1

AIR FOR COMBUSTION

0, for C
0, for H,
0, for S

63.5112
(4.07 x 0.5)/2
1.53132
Total for 100 lb fuel

=
=
=

5.29
1.02
0.05
6.36

lb mol
Ib mol
1b mol
lb rnol

Less 0, in fuel
7.46132 = W l b mol
0, required
= 6.13 lb mol
0, in excess air 6.13 x 0.23 = X I b mol
Total 0, required1100 Ib fuel = 7.54 lb mol
Dry air required = [(7.54 Ib mol 0,) x
(loo
lb mol air' 1 = 36.0 lb mo1/100 ib fuel
(20.95 lb mol 0,)
36.0 x 28.97 = 1043 lb dry air1100 lb fuel
WEIGHT OF DRY PRODUCTSOFCOMBUSTION

The weight of gaseous products of combustion can be calculated from the volumetric
analysis of flue gas. Not only the weight of the
flue gas1100 lb of coal but its analysis and volume can be calculated from the information
given in the preceding example.
To obtain the wet products of combustion, or
total wet gas when a fuel burns completely, the
weight of the fuel is added to the weight of atmospheric air supplied for its combustion. If
some of the fuel is ash or, if because of incomplete combustion, some of the fuel does not
leave the furnace with the gases, then there will
be less burned-out fuel in the products.
The wet products of combustion in the above
example, then, are the fuel (100 lb - 7.16 Ib
ash = 92.84 lb1100 lb) plus the air required for
combustion or (rounded) 93 + 1043 = 1136
lb1100 lb of fuel.
THE MILLION-BTU METHOD

This method for combustion calculations is
based on the concept that the weight of air required in the combustion of a unit weight of
any commercial fuel is more nearly proportional to the unit heat value than to the unit
weight of the fuel. Consequently, the weights
of air, dry gas, moisture, wet gas, and other
quantities are expressed in pounds per million
Btu fired.
In connection with this calculation method,
the following items will be discussed:
1. Fuel in products, F
2. Atmospheric air for combustion, A
3. Effect of unburned combustible
4. Products of combustion, P
5. Moisture in the combustion air, W,

-

6. Moisture from fuel in products of combus-

tion, Wf
7. Dry gas content of combustion products, P d
The first four items are necessary for the calculation of the gas and air quantities. Items 5 to
7 form the basis of heat balance calculations,
in either the design or testing of a steam generating unit.

moisture-and-ash free-and Ad,, is in lb1106
Btu fired.
For air with 1.3-percent moisture by weight
(80°F and 60-percent relative humidity), the
formula becomes

11.68 (%C) + 35.03 (%H - %0/8)
HHV

+ 4.38 (%S)

FUEL IN PRODUCTS, F

As defined earlier, F-is that portion of the fuel
fired which appears in the gaseous products
of combustion. Because all quantities are to be
those required for, or resulting from, the firing of 1,0oO,000 Btu, ? must be calculated on
that basis. If a fuel contains no ash, F is obtained by dividing 1,000,000 by the as-fired
heating value of the fuel. For solid fuels where
ash andlor solid combustible loss must be
considered,
104(100 - % ash - % solid combustible loss)
F =
fuel heat value
where:
F = lbl106Btufired
% ash = percent by weight in fuel as fired
solid combustible loss = percent by weight i n
fuel as fired
fuel heat value (HHV) = high heat value as fired,
Btullb

Values of A,,, range from 570 lb11o6Btu for
pure hydrogen to above 800 lbl106Btu for cer. tain cokes and meta-anthracite coals, as shown
in Fig. 3 for various fuels burned in steam generators. Any calculated values of wet air for
combustion differing substantially from these
values should lead to a cross-verification of the
ultimate analysis and the observed high heating value. The analysis and HHV of the fuel
have to be from the same sample to avoid errors
in air and gas weight determinations.
EFFECTOF UNBURNEDCOMBUSTIBLE

In the combustion of solid fuels, even in
pulverized form, it is not feasible to burn the
available combustible completely, Thus, the

(6)

fl.

ATMOSPHERIC AIR FOR COMBUSTION, A

Atry

HHV

Bituminous Coal
I,
,Natural Gas

1

,Refinery

-

Wood

'

Gas

Bagasse

650

=

+ 34.57 (%H - 90018) + 4.32 (%S)

/

~i~nite',

In accordance with the molar method, the
theoretical weight of dry air (zero excess) may
be calculated from the fuel analysis and the
formula:

[11.52 (%C)

1

1

550

Blast-Furnace Gas
Hydrogen-'

-

Increasing Hydrogen Content
(7)

in which numerator and denominator are on
the same basis-as-fired, moisture-free, or

A!!!!

-

-

Fig. 3 Combustion-air requirements for various
fuels at zero excess-air-a range of values as an
approximate function of hydrogencontent

I
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air requirement per million Btu fired has to be
reduced to the air required per million Btu
burned. This is done by multiplying the combustion air A by the combustible-loss correction factor C.
The unburned combustible loss can be expressed either as percent carbon heat loss or
the percent combustible weight loss. These
are related by the expression:
% Carbon heat loss =

14,600
,m
x % solid comb.
wgt. loss

(9)

in which 14,600 is the heat value for combustibles in refuse recommended by A.S.M.E.
Performance Test Code, and HHV is the high
heating value of the as-fired fuel.
If a fuel has carbon as its only combustible
constituent$,the factor C equals
1

will not be exact. For high-carbon, low-volatile
fuels it will be nearly exact and will result inonly a w a l l error even for fuels low in fixed
carbon and high in hydr~gen.~>The
error involved by using Eq. 10 in all cases is quite
within the limits of accuracy of all other combustion calculations.
Finally, C can be expressed as a function of
percent heat loss by combining the above relationships:
C=1-

% carbon heat loss
100

HHV
14,600

Fig. 4 is a graphical solution of this equation.
PRODUCTS OF COMBUSTION, P

The total gaseous products of combustion, P,
become the sum of F and A (as corrected for
combustible loss). Thus,

weight loss
- % solid combustible
100
(10)

If, however, all heat in the fuel does not come
from carbon alone (so that the air is not strictly
proportional to carbon burned), the factor C
Carbon Heat Loss,%

where:
P = total gaseous products of combustion,
I b l l ~ ~ Bfired
tu
F = fuel fired exclusive of ash or solid carbon
loss, lbllOBBtufired
A = atmospheric air consumed, 1bllOQtu fired
C = combustible loss correction factor
MOISTURE IN COMBUSTION AIR, Wg

For heat-balance calculations, the moisture
in air will be 1.3 percent of the air weightl106
Btu, or W, = 0.013A, for ambient conditions of
80°F and 60-percent relative humidity. For air
at a higher or lower temperature or relative
humidity, the moisture content will be as
shown i n Fig. 1;air per million Btu, A, and W,
must be adjusted appropriately.
4,0006,0008,00010,00012,00014,000
HHV of Fuel, As Fired
Fig. 4 Graphical solution of equation 11
--

MOISTURE FROM FUEL, Wf

This item is separately reported both in an
ASME Performance Test ~ i d e sheat balance

--

and in a predicted heat balance. In the case of
some fuels (such as natural and refinery gases),
the heat loss because of this moisture may be
the largest single item in the heat balance. Wf
includes the combined surface and inherent
moisture, W,, from a fuel, plus the moisture
formed by the combustion of hydrogen, Wh.We
will vary from zero, or a mere trace in fuel oil, to
over 115 lb11O6 Btu fired in the case of green
wood; Wh will vary from zero or a trace in
lamp-black to 100 lb1106Btufired in the case of
some refinery gases. Thus,
W, = W,

+ Wh, where

W, = H 2 0 x

10'
HHV

andWh = 9 X H

X-

104

HHV
(13)

W, and Wh are in lb11o6Btu fired, H 2 0 is the
percent water by weight in the as-fired fuel, H
is the hydrogen in the fuel (percent by weight
as fired) and HHV is the high heating value of
the as-fired fuel, Btullb.

the significant combustion calculations are
included to reinforce the above information.
In the event that an ultimate analysis of a
given coal is not available, the curves and data
in Appendix C can be used to arrive at close approximate solutions.
One of the principal purposes of Appendix C
is to enable an engineer required to perform
combustion calculations to obtain a "visual
feel" for the order of magnitude of the calculated values. Engineering judgments about
such concepts are very difficult to make based
on calculations done on electronic computing
equipment. When used in commercial problem
solving, the answers obtained from computers
stand alone, with no reference to physical
input parameters. Thus, there is a lack of the
judgmental development that can be gained
from using graphical devices and one's skills
may be limited to computer inputting.

THERMOCHEMISTRY .

Energy is associated with the forces which
bind atoms together to form a molecule. A rearrangement of the atoms to form new molecules,
such as occurs in a chemical reaction, entails
DRY GAS, Pd
the liberation or absorption of energy. The
The d r ~ - g a scontent of the
prodbranch of thermodynamics which deals with
ucts is used in the
the dr~-gas- this subject is referred to as thermochemistry,
loss item of a boiler heat balance.
Unfortunately, the working definitions regardThe dry gas may be determined by subtracting this aspect of thermal analysis are often
ing the water vapor from the total products,
obscurely stated and contradictory between authus,
thors. The definitions which follow are thereP, = P - (W,, + W,)
(I4) fore not universal nor subscribed to bv all auwhere
thors in this field. In the.main they will rely on
Pd =dry gas, lb11o6Btu fired
the authoritative treatises by Wark2, Reynolds
P =total products of combustion
and Perkins3, and Van \Vylen and Sonntag4.
W, =moisture in air
DEFINITIONS OF TERMS
Wf =moisture from fuel
Before proceeding, it is necessary to remark
here that the reference datum for chemical
COMBUSTION CALCULATIONS
thermodynamic tabulations is usually taken to
BY GRAPHICAL METHODS
be 1 atm pressure and 25°C (29fI0K, 77"F, or
In Appendix C , we present a convenient
537"R). This is called the standard reference
graphical system for solving the equations
state and, by convention, the enthalpy of every
of this million Btu method, for coal and
elemental substance (such as H2, 02,N2, Cl) is
most other power plant fuels. Examples of all
defined to be zero at the standard reference
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state. We will briefly review several other definitions concerned with the emission or consumption of energy accompanying a thermochemical reaction. .-

on whether the enthalpy of combustion tabulation is on a liquid or vapor (HzO)basis.
EXOTHERMIC HEAT

A chemical reaction which liberates energy
(heat) is called exothermic and is denoted by
If a chemical reaction occurs at constant volAHR(see heat of reaction at constant pressure).
ume and at 25°C initial temperature and the
The sign convention adopted for the liberated
energy is negative. This sign convention is not
products of reaction are returned to 25"C, then
the energy excess (liberated) or deficit (absorpuniversal (not used in all textbooks).
tion) required to meet the conditions of this
Use of the negative convention invariably is
system is known as the internal energy of reacjustified by the argument that heat is removed
tion. The symbol assigned this energy is A UR. from the system in order to return it to 25°C.
The negative convention fqr exothermic reacHeat of reaction at constant volume is an alternate for the internal energy of reaction. By first
tions is, in fact, physically correct and can be
justified on a more convincing basis. For
1awanalysis.wecanwriteforthisitemQ' = AU.
example, in thermochemical terms:
ENTHALPY OF REACTION
Hz(gas) + M 0, (gas) -Hz0 (liquid):
If a chemical reaction is initiated at 25°C and
A HR,
25'C = -122,970 Btullb mol
the products are returned to 25°C and this proA HR,
25OC = - 68.137 kcallg mol
cess is carried out at constant pressure, then the
a reaction which is also the HHV for the comenergy supplied or disposed of is referred to as
bustion of hydrogen. Fig. 5 demonstrates the
the enthalpy of reaction. The symbol assigned
principles introduced, on the basis of the forthis energy is AH,. Heat of reaction at constant
mation of a lb-mol of H,O, where one mole of a
pressure is a n alternate term for the enthalpy of
substance whose molecular weight is M is dereaction. Although both A URand A HRcan be
fined as M unit masses of that material.5
found tabularly listed, A HRis the more commonly encountered as it is conveniently measured in a steady-flow device. Heat of reaction is
a short form for heat of reaction at constant
pressure, and is tabulated on a basis of Btu per
mol of fuel burned. Heating value is synonymous with the heat of reaction, except that it is
always taken as being positive.
INTERNALENERGY OF REACTION

ENTHALPY O F COMBUSTION

This is defined, sometimes, as the negative of
the heating value. The symbol assigned the enthalpy of combustion is AHc.

Hz0 (Liquid Product)
I

If water i n the products of combustion of a
fossil fuel is taken as being condensed and lowered in temperature to 77°F at 1 atm, the condensation heat release hfgis added to A Hc and
this is called the higher heating value (HHV).If
the Hz0 remains as a vapor, then hfg (1050.3
Btullb, at 25°C) is not added to LVIcdepending
-

4-9

I

298
373
Temperature, O K

Fig. 5 Exothermic enthalpy of reaction for
formation of H,O at 1 atm, constant pressure

-'
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-ENTHALPY OF FORMATION

Although the internal energy and enthalpy of
reaction are basic quantities in the solution of
thermochemical problems, the myriad chemical reactions effectively prohibit the overwhelming task of tabulating AUR and AHR
values. Therefore, the concept of the enthalpy
of formation was introduced. Applying the first
law to a chemical reaction in a closed system at
constant pressure, we write
P(uiHi)

i

readants

+ AHR

= Z(uiHi)

i

products

where Hi is the molar enthalpy of any product
or reactant at the pressure and temperature of
the reaction, and vi again is the stoichiometric
coefficient for each, based on the balanced
chemical equation. It is clear that many sensible enthalpy tables for various gases account
for changes in temperature at constant composition, whereas the thermochemical process
being considered is defined in terms of constant temperature with variable composition. It
follows that sensible enthalpy tables are not
sufficient for evaluating energy transformations resulting from chemical reactions.
To circumvent this difficulty, the concept of
an enthalpy of formation A Hf, is introduced.
This is defined as the energy released or absorbed when a specific chemical compound,
such as C020rH20,is formed fromits elements.
The reactions, again, are such that initial reactant temperature and final product temperature
are the same; written symbolically

In this case the reactants are taken arbitrarily as
the stable form of the elements at the given initial state. For example, the stable forms of gases
such as hydrogen, nitrogen, and oxygen at 1
atm pressure and normal temperatures are
H,(g), and 02(g).On the other hand, the stable
form of carbon under these same conditions is
C(s). Because a value of zero has been assigned

to the enthalpy of all stable elements at 1 atm
and 25"C, the enthalphy Hiof any compound at
the same state is simply the enthalpy of formation of that substance, or

Because the chemical enthalpy of a stable element is always zero, by definition, the enthalpy
of any compound is composed of two parts: that
associated with its formation from elements
and the sensible enthalpy associated with a
change of state at constant composition. The
sum of these two parts is ca!led the absolute enthalpy of a substance.
The foregoing is illustrated by the reaction

As solid carbon and gaseous diatomic oxygen
are the stable forms of these elements at 25°C
and 1atm, their chemical enthalpies are chosen
to be zero. The enthalpy of reaction is easily
measured experimentally for this reaction, and
it is found to be -169,290 Btutlb mol, or
-94i054 kcaltg mol. These values are also the
enthalpy of formation of carbon dioxide, from
which it follows that A H,, A H,, and A Hf are
related but not synonymous. This is shown
somewhat more clearly by Table 111.
The usefulness of A H, values is based on the
assumption that the enthalpy of any compound
is equal, arbitrarily, to its enthalpy of formation
from stable ,elements. \k may, therefore, substitute A Hf values for H, values:

This equation is completely general for any
reaction as long as the enthalpies of formation
for all products and reactants are measured at
the same temperature and pressure. This equation is widely used in thermochemistry. Its
principal merit is, instead of requiring tabulations of thousands of values of A HR for all
conceivable reactions of interest, it is necessary
only to tabulate A Hf values for compounds of
interest. From the knowledge of A Hf values,

applying this equation leads directly to any desired enthalpy of reaction.
We have briefly presented several different
definitions or labels; however, giving something
a label does not necessarily constitute a satisfactory explanation. If, in addition, we literally interpret the words of Van Wylen4 "The justification of this procedure of arbitrarily assigning the
value of zero to the enthalpy of the elements at
25OC, 1atm rests on the fact that, in the absence
of nuclear reactions, the mass of each element
is conserved in a chemical reaction. No conflicts
or ambiguities arise with this choice of reference
state, and it proves to be very convenient in
studying chemical reactions from a thermodynamic point of view", then we are in a quandary regarding the origin of the energy we are
tabulating.
Obviously, no one is going to abandon the
law of conservation of mass as it is far too useful. On the other hand, we do not create energy
out of thin air. The problem is resolved if we
recognize that the law of conservation of mass
is a near exact approximation which has been
replaced by the law of conservation of massenergy. There is nothing in Einstein's equation
that prohibits or invalidates it outside the
world of nuclear transition. For the HHV to be
extracted from the reaction and do work, some-

thin&;
must disappear . . . that something is
a minute amount of mass. We can quite readily
calculate a conversion constant on a per Btu
and on a per kcal basis. We write the well
known Einstein relation as:

For a AE of 1Btu, C of 9.8357 x 108ftlsec,the
gravitational constant of 32.174 ft-lb,/lbf secz
and the relationship for the mechanicalequivalent of heat, 1Btu = 778.16 ft-lbf('ef')
(1 Btu)

X

778.16 ft-lbf
Btu

X

yields 2.588 x 10-141bJBtu

Using the more recent value of 777.649 for J
(see ref 6), we get 2.586 x 10.'~
lb,/Btu; on a
metric basis, we get 4.655 x 10-14kg/kcal. It
follows that we adopt 2.586 x 10.'~
lb,,/Btu and
4.655 x 10-'%g/kcal as the mass equivalency

Table 111. Enthalpy of Formation vs. Enthalpy of Combustion1
at 25°C and at 1 atm Pressure
Substance

Chemical
Formula

Carbon
Hydrogen
Oxygen
Carbon Monoxide
Carbon Dioxide
Water
Water
Methane
Propane
Methyl Alcohol

C (solid)
Hz (gas)
Oz (gas)
CO (gas) .
COZ(gas)
HzO (vapor)
H a (liquid)
CH4(gas)
c&8
(gas)
C H a H (gas)

Li Hf(25"C)

A Hf(2S°C)

kcaUg mol

BNlb mol

0
0

0
0

o

o

-26.417
-94.054
-57.798
-68.317
-17.895
-24.82
-48.08

-47,540
-169,290
-104,040
-122,970
-32,210
-44,680
-86,540

A H , (25°C)
kcaUg mol

Btunb mol

-94.054
-68.317

-169,290
-122,970

o
-67.636
0

o
0
-212.80
-530.60
-182.61

O H , (25'C)

o
-121,750
0

o
0
-383,040
-955,070
-328,700

For AHcthe water in products of combustion is assumed to be liquid. The AH~valuesare therefore also HHV values (except that HHVvalues are
always given as positive).

I

I

constants. In the case of a power plant which
averages a heat fired of, say, 3000 x 106Btulhr
then, over a 25-year operating lifetime we find
that
24

365

25

2.586

0-14s

171b

So about 17 lb of matter have been converted
into energy, of which roughly 6.8 lb became
electrical energy. This loss of mass is true only,
of course, in the case where we transfer energy
out of the system. In an adiabatic process where
the system is not cooled down to the standard
reference state, then no mass is lost because no
energy is transferred.
THE GlBBS AND HELMHOLTZ FUNCTIONS

The enthalpy of formation concept we have
just d i s c ~ s s e d ~ i m ~ that
l i e s the reaction under
consideration goes to completion. The disruptive energies available in a flame as, for exampie,
are
high that this
is not strictly true; thus, the reaction goes to
com~letionin a somewhat cooler region adjoinkg the bulk flame volume. his is commonlv referred to as residual combustion. The
bulk flame composition in terms of the established product constituents (02,0, H,O, OH,
CO, C02,N2,N, SO2,SO, NH, NH3,CN, HCN) attains some equilibrium composition consistent
with the prevailing temperature.
By thermodynamic calculations it is possible
to predict how far a reaction need go to reach
equilibrium at a specified temperature by considering the thermodynamic potential of the
reaction according to the Gibbs Free Energy
Change AG. Because this includes entropy in
its determination, it is appropriate at this point
to dispel some of the confusion that historically
has attended this quantity. In physics a system
is said to be in its most probable configuration
when the number of accessible states is a
maximum.
This is defined as followsg:

degeneracy function g (not to be confused with
the Gibbs function g) and is written as g(N, U).
For any meaningful system this is a very large
number and therefore the physicist defines for
convenience a smaller number u such that

This definition is called the Entropy or Fundamental Entropy and is related to the thermodynamic entropy S by the definition
S = KBu

where
K B = the Boltzmann constant = 1.381
10-ls ergl°K

X

Taking two systems, not in contact, we define
system 1to have accessible states gland system
2 to have accessible states g,. Then the combined accessible states are glg2. The physicist*s
enkopy of the combined system is
u=In(g,gd =lng, +lng2 = u ,

+ uz

The total entropy is, thus, the sum of the entropies of the separate systems. From statistical
mechanics we find that a quantity called the
Fundamental Temperature is defined in terms
of the fundamental entropy as

Performing the operation,

's8

u = system energy
N = number of atoms in the system

The number of accessible states is called the

1 - a~(r\r,u)- a ln g (N,u)
7

1
g (N,u)

=-

h

=

au

lim
g (N,u
LU+O

1 ag
g

h

+ Au) - g (N,u)
Au

As N+O, we conclude that g(N,u)-0 because
for zero atoms we have zero accessible states, or

&

-+

mfmm which r-+

m.

It follows that
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We now define a quantity T such that
KBT.Then

7

=

-

-

-

(17A)

which is called the Gibbs equation. Writing Eq.
17A as:

which we write in engineering form as

TdS = dU

+ Pdv
(17B)

In a more restricted sense, this is generally encountered as

and assuming a system at constant volume
(dv = O), we get the definition

and is the entropy associated with the Gibbs
equation. We can write the first law in the form
(per unit mass)
Writing Eq. 15B as
dq = dU

+ Pdv
(15A)

TdS = dh - vdP
(18)

and taking a system at constant pressure
(dP = 0) we also get the definition
where h is the usual classical thermodynamic
enthalpy function, defined as U + Pv, but is
evaluated in terms of T and P. By taking h =
h(T,P),we write
Writing Eq. 15A as
TdS = dU

which introduces the definition for the specific
heat at constant pressure as:

We can write the second law in the Clausius
form as:
dq = TdS
(16)
.(16) and (Eq. 15A),we get
Combining

+ Pdv

Then at constant u (du = 0) it follows that

We can then show the Gibbs equation from

Substituting Eqs. 17C and 20 into 21, we get
1.00.50-0.5-1.0-

Now differentiate TS
d(TS) = TdS

+ SdT

TdS = - SdT

+ d(TS)

Since (15B)can be written as

- 3.5-

TdS = dh - vdP

we get

0

I

I

I

0.2

dh - vdP = d(TS) - SdT

then
dh - d(TS) = d(h - TS) = VdP - SdT = d(g)

The definition

I

I

I

I

0.8

I

~

1.0

Fig. 6 The Gibbs function calculation shows that
equilibrium is established at about 0.4 mol CO,

a(h - TS) =
a ~ a ~
(22)

I

0.4 0.6
mol COz

a(h - TS) a ~ a ~

-33.

from which

is known as the Gibbs function (Fig. 6 ) and is
the Free Enthalpy but is also commonly called
the Gibbs free energy. The equation
d[h - TS) = VdP - SdT
(23)

Returning to Eq. 15B, we write the classic definition of C p
or dq = Cp (dT)p = dh

gives

Then Eq. 15B becomes
Cp (dT)p = Tds - ?ti%,,

which yields an alternate definition for C pas
and

.

a

-

-

("I

a

Taking aTof Eq. 24 and a p ~ f Eq. 25, we get

For engineering-applications the entropy S is
given as a function of temperature and pressure. (See Properties of Steam, Appendix D.)
Taking

S

=

S(T,P),then

.
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Differentiating the enthalpy, h = u
get
dh = du

+ Pv, we

+ Pdv + vdP
(34)

Substituting Eqs. 2 6 and 27, we get
and writing the Gibbs Eq. 17A as
du = TdS

where Eq. 2 9 is a convenient forBfor calculating change in entropy at constant pressure.
If we combine Eq. 15A with the differential
of TS, we get
d(TS) - SdT = du

(35)

we get upon combining Eqs. 3 4 and 35
dh = TdS

+ Pdv

- Pdv

+ vdP
(36)

Differentiating the Gibbs function Eq. 22
d(u

- TS) = - Pdv - SdT = d(f)
(30)

dg = dh

- TdS - SdT
(37)

In Eq. 3 0 the definition

and combining Eqs. 3 6 and 37, we get a differential equation of state
is called the Helmholtz function and is also
known as the free energy property of the system. To distinguish this from Gibbs free
energy, it is customary to call this the Helmholtz free energy.
From the classical definition of enthalpy as
h = u + Pv, we write the Gibbs function as

dg = vdP

- SdT
(38)

At constant pressure we write Eq. 38 as
dg =

- SdT
(39)

g=h-TS=u+Pv-TS
(32)

In the JANAFIOform, this is written as

Combining Eqs. 3 2 with 31, we find that .the
Gibbs and Helmholtz functions are related as
g = f +Pv
(33)

Eq. 33 possibly accounts for the fact that the
Gibbs function is also referred to as the GibbsHelmholtz equation.

-

where the circular superscript " indicates the
thermodynamic standard of 1atm and 25°C.
The Gibbs and Helmholtz functions have
negative values since TS is greater than u or h.
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-On a T-S diagram for steam, this is clearly illustrated as shown (g = h - TS) (Fig. 7).
The equilibrium composition of a mixture
reacting in an isothermal constant volume
enclosure is the composition with the least
absolute value of the Helmholtz function
(f = u - TS) (Fig. 8).
A chemical reaction proceeding at constant
temperature and pressure has the Gibbs function of the mixture decreasing to a minimum at
the equilibrium composition. The Gibbs function (Fig. 9) allows us to determine the equilibrium composition of any reactive mixture of
known pressure and temperature, regardless of
whether these were constant during the reaction or not.

The Equilibrium Coefficient
and the van't Hoff Equation

for equilibrium is based on constant temperature and total pressure.
Assuming ideal gases, we replace v in Eq. 41
by v = RTIP, giving

Integrating from standard state To to T for the
Gibbs differential and from standard state pressure of 1 atm to partial pressure Piat Gibbs condition gTattemperature T, and for any it*component of a multicomponent gas, we get
Pfatm
g r - TO = RT In 1atm

Taking R to be the universal gas constant, ft-lbl
lb-mol-OR, and taking 1 as 778 ft-lb = 1 Btu
(mechanical equivalent-ofheat], then

Eq. 38 is written as

.

.

for a constant-temperature process. We are interested in this, as the Gibbs function criterion

Writing this in terms of component i of a
mixture

Camposition
Fig. 7 Enthalpy h and free enthalpy g
(Gibbs function).

Fig. 8 Equilibriumat isothermal and constant
volume conditions(Helmholtz function)
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In Eq. 43, the value of giof the ithcomponent at
temperature T is found from the Gibbs function
of the component at temperat.re.To (25°C) and
its partial pressure Pi (atm.) in the mixture.
STOlCHlOMETRlC COMBUSTION OF GAS

To introduce the next step, we consider the
combustion of natural gas and assume it to be
100 percent CHI.

or in symbolic for

The values of vi are, of course, always known
when the reaction is known. For an ideal gas
the properties of the components are independent of one another (Gibbs-DaltonLaw),wherefore the Gibbs function of the mixture is just the
sum of the Gibbs functions of the i components.
Then

where Ni is the number of moles of each constituent present in the enclosure. If a differential amount of reactants A,B are combusted in
time dy to form products E,F (see Eq. 45) and
writing these mole amounts as dN,, dN,, dN,,
dN,, then the change in the Gibbs function according to Eq. 46 is

'%r

where the viare called the stoichiometric coefficients. Because we normally burn with air, we
can assume air to be 21 percent by volume
oxygen and take the balance as nitrogen.
21% 0,+ 79% N,

1 mol 0,

+

-t

100% air

3.76 mols N, = 4.76 mols air

We rewrite Eq. 44 as

-

- ~ E , ~P N +E ~ F ,~T N -F~ A ,dN.4
P
- g8.p dNB

A
From Eq. 45, we realize that the stoichiometric
coefficients specify the number of moles of
reactants and products that are involved in the
process. For differential amounts of reaction,
we write

Equilibrium State

t

Composition
Fig. 9 Equilibrium at isothermal and constant
pressure conditions (Gibbs function)

-

which implies that instead of v4 moles disappearing, we have k 4 moles disappearing. Or

EQUILIBRIUM CONSTANT

(")

For ideal gas reactions, it is customary to define an equilibrium constant, KP,such that

=

Here k is referred to as a urouortionality constant. Substituting Eq. ' 4 9 (that is, kvE dNE
and so on) into Eq. 47A, we get
RT

[VE ( g E ' p

+

-Tln P E )

+ uF (gF'r

+

RT
r l n PI)

We are interested in the case of chemical
equilibrium (Fig. 9) and assume an infinitesirnal reaction around equilibrium to result in a
net Gibbs function change of zero. For this
event we write Eq. 50 as

Or, in general (ireferr to products, j to reactants)

the
Dropping the conversion constant J to
usual textbook form, Eq. 5ZA.then becomes
AGTo = - RT In I(,
(53)

We now recast Eq. 22, taking into account the
constant temperature assumption, in the form

The quantity V E ~ E , T O + VF ~ F , T <- v.4 g.4,T0 v, ~ B , T Ois known as the standard-state Gibbs
function change for a reaction and is usually
written as AGTO. Or, in general,

Substituting Eq. 54 into Eq. 53, we get

(55)

Differentiating Eq. 55 with respect to T, we get

I--,

Eq. 51A now is therefore written as

Now Eq. 18 for the case of constant pressure is
RT
P g E p;*F
- AGTQ= I n
I

TdS = dh

Writing Eq. 5 7 as TASp =
and differentiating with respect to T, keeping in mind
that T itself is held constant, rye get
A H T O

Td(bSp) - d(AH F)
dT
d?

As these terms in Eq. 56 cancc I, we get
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side of Eq. 61 is negative. This requires that
Kp2<Kp,. Thus for exothermic reactions the
equilibrium constant Kp decreases with increasing temperature. For endotber-mic reactions one expects the opposite to be the case.
Eq. 61 also tells us, as well as the van't Hoff
equation in general, that Kp is a function of
temperature, but that this is physically meaningless unless the reaction is also specified.
How the stoichiometric equation is specified
is, unfortunately, also important. This is illustrated by the following identical reactions
(a) C O

Since d ( l 1 ~ =
) - dTIT2,Eq. 5;ican also be written as

+

(b) Z C 0

1

+0

O 2 +C 0 2
2 + 2CO2

The standard state Gibbs function change for
the preceding reaction is
AGrc = vcoz gcoz

as well as

- (VCO~

C +
O ~ 0 got)
2

- l g c o - %go2
~ G T ' I ,=~2) . ~ 0 2gco
~
- lgo,

AGr/cm = l g c o ,

"s
AHF

=

RTZ--d(ln K P )

Thus AGTO/(b,
= 2AGTo/(a).Writing Eq. 53 as

dl

Eqs. 58,59, and 60 are knowr as the van't Hoff
equation. Generally the enthalpy of reaction is
approximately independent of temperature. If
such is the case, then Eq. 59 ca I
be integrated as
K
IK

'IT,

1'0
'

1' 1

d ln ( K r ) =

-

AHp

d (11T)

IT,

For exothermic reactions AHT- is negative by
convention (heat or radiatior is carried away
from the system). By second law considerations
one expects T2>TI. Therefor? the right-hand

(62)

and taking the ratio of K

~we ~get ~

,

( I ( , , ) ~ - e - ? i ~ n ~ m ~ R re - 2 r
-(K~),,
-ACFII~.LQT= 7 . r

If we now square (Kp)., we get the ratio to be
equal to unity:

( K P )=
~ (KP)n2

Thus by doubling the stoichiometric equation,
we have squared the equilibrium coefficient. If

-

we take the "backward-r~te" or dissociation
reaction for (a), we write
(c) CO, -,co + % o2
and

--

where
MT = mols total (products)
Then

Similarly, we take

Substituting

with the useful result tha the backward-rate
equilibrium coefficient is s mply the reciprocal
of the forward-rate equilib~iumcoefficient. By
use of the perfect gas law, 1he equilibrium constant, K,, can be put in sorlewhat more useful
form than is given by Eqs. F 2B and 52C. Realistically speaking, if one had a cylinder containing a mixture of gases at a tc~talpressure of 1000
psig, it would be difficult o invent a pressure
gage that would sequentially read the partial
pressures and identify the orre responding components. An Orsat analysis dentifying the components and the volumetr c composition is a
more practical method.
For component i in volun~ev. we write by the
perfect gas law

Since P,,,,,
then

~ q 65. into Eq. 52C, we get

fi N;'

(PdNmT)"'
xvi

n

- xu'

NY'

Using reaction 45 as an example, we would
write Eq. 66 as

= ZP,,

M Ib
pi lb/mol

= N,

where:
Ni is the number of moles of each constituent
present in volume v
Taking the ratio P@T, we get

APPLICATION TO
COMBUSTION CALCULATIONS
The following calculations demonstrate the
application of the foregoing discussion.
BURNING PROPANE

Burn propane (C3H8)stoichiometrically (0%
excess air). The reaction on a molar basis is, assuming dry air,

COMBUSTION

The air-to-fuel ratio therefore is
32
lb + 18.8 mol N2
3mo102 X mol
1 rnol C3H8 X

X

28 1b
rnol

44 lb
mol

-

= 15.7

or, equivalently

= 0.106 X 14.7 = 1.56 psia with a
Then PHOO
corresponding dew point (saturation temperature) of 117°F. Converting this to a wet-air basis
of 80°F,1 atm, 1.013 lb wet airllb dry air we
calculate
0.013 lb H 2 0
lb dry air

23.8 mol air x 29 lb air/mol air
1 rnol C,H, x 44 lb C,H,/rnol C3He

29 lb dry air
rnol air
= 0.021

Now suppose that we burn the propane substoichiometrically at 80 percent theoretical dry
air. To solve the problem of insufficient air, we
make the assumption that Hz will always go to
H,O i n favor of C going to C02. (On the basis of
reaction kinetics this is a valid assumption.)
Reaction 68 now becomes

1rnol HzO
1 8 lb H 2 0

rnol H 2 0
rnol air

-

From the left-hand side of (70), we have 35.7
mols air used in the reaction or 35.7 mols air x
0.021 rnol H,O/mol air = 0.75 rnol H,O introduced with the air. Wherefore the products
[right-hand side of (70)] now contain 4 +
0.75 = 4.75 rnol H,O. Thus,
P H I O=

4 + .75
= 0.1235 atm.
37.7 + .75

= 1.816 psia

Now suppose that we have a volumetric (Orsat)
analysis of the products (COZ = 11.5 percent,
O2 = 2.7 percent, and CO = 0.7 percent) and
we know we are burning propane. We then
write reaction (67) as

This reaction solves as

Reaction 69B is a n approximation as we have
implicitly assumed that the reaction goes to
completion. Continuing with the combustion
of propane, we may assume, say, 150 percent
theoretical dry air and consequently write reaction 68 as
C3HB+ 7.502 f 28.2N2 -,
3C02 + 4 H p 0 + 2.502 + 28.2N2

The

for reaction 71A is

3X = 11.5

Products = 3 + 4 + 2.5 + 28.2 = 37.7 mols.
The product mole fractions an!

X = 4.0667

= 4.07

The hydrogen balance for reaction 71A is
8X = 8

(70)

+ 0.7

X

4.0667 = 2b

b

= 16.25

The oxygen balance for reaction 71A is
2a = 2 x 11.5
a

= 22.65

+ 0.7 + 5.4 + 16.25

Substituting for x, a, b in reaction 7 1 A and
dividing through by 4.07, then we get

Comparing reaction 71B with the stoichiomeiric
reaction (71A), it follows that the excess air
determined by Orsat analysis is

e
5
x 100 = 111 percent theoretical air
5
or 11 percent excess air.

Here the formula
is an average composition of the fuel components.
From reaction 72B the combustion air is
2 2 . 1 + 83.2 = 105.3 11101s per mol fuel. To
convert reaction (72B) to a stoichiometric basis
we realize that, ideally, 0.9 CO should be 0.9
CO, and that 3.8 0, goes to zero; then the 0.9
oxygen supplies 0.45 0, to the 0.9 CO, so an
additional 0.45 0, must be supplied by the
left-hand side.
Therefore, the 0, requirement on the lefthand side of reaction 72B is

BURNING HYDROCARBON FUEL

Next we suppose that we have an Orsat analysis ( C 0 2 - 12.1%, O2 - 3.8%, CO - 0.9%)
and we suspect we are burning some hydrocarbon fuel. We then write
C,H,

+ a 0 2 + a3.76N2 12.1CO2+ 0.9CO +
83.2N2 + 3.802 + b H 2 0

Hence, reaction 72B .becomes

+

(724

from which it follows that the excess air percent is

"a" from the nitrogen component is
a 3.76N2 = 83.2N2, a = 83.2/3.76 = 22.1

GlBBS FUNCTION CALCULATION

Then, from the oxygen balance

Consider the water-gas reaction

From the carbon balance, we write

and apply the Gibbs function to the total system. First, we assume the following reactions
1CO + l H 2 0 + 1 C O 2 + 1 H 2
1CO lH20+0.8CO, + 0 . 8 H 2
0.2 CO + 0 . 2 H z 0
1 CO + 1 H ~ O+-0.6COz + 0.6 H2 +
0 . 4 CO'+ 0.4 H 2 0
1 CO + 1 Hz0 + 0 . 5 Cot + 0.5 Hz +
0.5 CO + 0.5 H 2 0

+

For the hydrogen balance, we write

wherefore reaction (72A) becomes

+
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The Gibbs function for the total system is C
products - Z reactants
=

2 (hi - T U i )

products

-

C (hj-.TASj)

renctants

1

i

To apply the above to the-postulated reactions, we use Eq. 29. From Pv = R,Tlp = RT, we
write

In the JANAF tabkes, the entropy at temperature T for component i is tabulated at 1 atmosphere and we therefore make a "correction"
for component i at partial pressure Pistarting at
pressure Po = 1atm. Hence,

then

From the JANAFtables, we tabulate the following values at 1000°K and 1 atm, Table IV. We
assume the reaction to proceed at 1000°K for
convenience, to simplify the calculations.

Substituting in Eq. 29

(74)

HEAT GAS-PHASE REACTION

Consider the gas-phase reaction

Then, for component i,

and assume the reaction is in equilibrium at 1
atrn and 3000°K. Assume negligible tempera-

Table IV. Gibbs Function Calculation-Step

Component

H?oM)-H&
kcaUmol

H&-H",
kcaUmol

I

I1

1

AH; (lOOO°K)
Enthalpy
of Formation
31+ 11)
Sensible Enthalpy kcaUmol
H%w-H",

Table V. Gibbs Function Calculation-Step 2
Hprd,,,satlmoleach

10.222 C 0 2
6.968 Hz
17.190 kcallmol

HreactantS at 1 mol each

7.255 CO
8.576 H 2 0
15.831 kcallmol

Hsemre = Hat 1

X

fractional mol

SOIOM)

Entropy
at 1 atm.
caUmol-'K
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Table V. Gibbs Function Calculation-Step 2 -(Continued)
Mol

C

0.8

0.6

0.5

0.4

0.3

0.2

8.595

6.876

5.157

3.438

13.752

10.314

Mol

0.2

0.4

0.5

0.6

0.7

0.8

co

1.451
1.715

2.902
3.430

3.627
4.288

4.353
5.145

5.078
6.003

5.804
6.861

3.166
16.918

6.332
16.646

7.915
16.510

9.498
16.374

11.081
16.238

12.665
16.103

Hz0

z
~ P T O ~ I I C ~ S

Hproducts - Hreuetunis Vs. mols C o t

-

Mol
c02

Products
Reactants

1.0

1.08

0.6

0.5

0.4

0.3

0.2

17.190
-15.831

16.918
-15.831

16.646
-15.831

16.510
-15.831

16.374
-15.831

16.238
-15.831

16.103
-15.831

Table Vl. Gibbs Function Calculation-Step 3
Calculating entropies according to Eq. 76,we get (at 100o0K)

Sco,
SH,
Total

=

Sco
SH,O
Total

=
=

1.0(56.028-1.986In 0.5)
1.0(55.592-1.986ln 0.5)
S rearrantsat 1 atm

sco*
SH,
Sco
SH,O
Total

=

0.8(63.444-1.986In 0.4)
0.8(39.702-1.986ln 0.4)
0.2(56.028-1.986In 0.1)
0.2(55.592-1.986In 0.1)
Sproducfsat
0.8mol CO,

Sco*
SH,
Sco
SH,O
Total

=

=
=
=

1.0(63.444-1.986ln 0.5)
1.0(39.702-1.986In 0.5)
Sprodurtsat
1 atm (& 1 mol Cod

COMBUSTION
CombustionProcesses

Tabk VI. Gibbs Function Calculation-Step

3 -(Continued)

Calculating entropies according to Eq. 76,we get (at 100o0K)

sco,
SH,
sco
SH~O
Total
0.4(63.444-1.986 ln 0.2)
0.4(39.702-1.986 In 0.2)
0.6(56.028-1.986In 0.3)
0.6(55.592-1.986In 0.3)
SPrOdl,Cf8at
0.4mol CO?

sco,
SH,
sco
SH~O
Total
Sco,
SH,
Sco
SH,
Total
SCO,
SH,
SCO
SH~O
Total

=
=
=

7

0.2(63.444-1.986 In 0.1)
0.2(39.702-2.986In 0.1)
0.8(56.028-1.986ln 0.4)
0.8(55.592-1.986 ln 0.4)
Sprodirclsat 0.2 mol CO2

Spro~lIclS
x 100o0K = Sproducls
in kcallmol
( -Sproducls +S rcactondT =

1=

products

-T A S

- Z reactants

Mol

co2

--

Table VII. Gibbs Function Calculation-Step

- -

4

For the heat of formation (exothermic), we get, at 1000~K
& 1 atm total pressure

Mol
Cot

1.0

0.8

0.6

0.5

0.4

0.3

0.2
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Table VII. Gibbs Function Calculation-Step 4 -(Continued)
For the heat of formation (exothermic), we get, at 1000°K & 1 atm. total pressure

Finally
Hs + HF - TS) -

(z

prodiicts

"

(z Hs + HF - TS) is tabulated in Table VIII

reactar~ts

as

[HS

-

prodrcts

~

]+~[HF

s

reuclar~ts

where A means 2 products -

products

- HF

reactants

z reactants

I"

1

- TS

-

ref~ctflilts

,rodlLcts

Table Vlll. Gibbs Function Calculation-Final Step
Mol

Cot

M

.

F

O

Gibbs

1.0

0.8

0.6

0.5

0.4

0.3

0.2

-9.304

-7.643

-5.982

-5.151

-4.321

-3.491

-2.661

f0.529

-1.764

-2.755

-2.987

-3.060

-2.967

-2.681

ture dissociation for 02.
For the reaction

--

-

-

co, * 1CO + ?/202
at 1 atm and 3000°K, Ref. 2 gives the equilibrium coefficient as
Log,,Kp = -0.185

The equilibrium coefficient we need, according to Eq. 64, is therefore
(KP),, = ' / (-K P ) ~
-

2

1
(KP),, = 10-0.485 = 100185 = 3.055

From Eq. 66, we have for (a)

/1 atm. \'-"+t)

KP = 3.055 = (Ncozl'
(Nco)' (No?'

\NrnT)
(78)

-- - -- - -. -

-- -- -

As we anticipated that the reaction does not
go to completion, we rewrite reaction (77) with
CO and 0, also on the right-hand side. We note
in Eq. 66 that the stoichiometric coefficients ap-
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pear as exponents only; there are therefore no
restrictions on the moles. We can therefore consider the case of an equimolal reaction (for convenience) and write
- 1co

+

102 -. x CO + y o z

+ zC02

EQUIL.

which is the equilibrium composition we
would expect for the specified reaction.
CALCULATIONWITH AIR

Now let us do a more realistic calculation using
air instead of oxygen. We write Eq. 7 9 as
C O + 0 2 + 3 . 7 6 N 2 + ~ C O + y 0 2+ z C O 2 + 3 . 7 6 N z

The moles of mixture at equilibrium are
In this reaction the product moles are
Substituting the mixture [the right-hand side of
reaction 791 into reaction 78 we get

We also note that N,, carried along as an inert,
has no effect in Eq. 66, that is,

and, as before,
In addition, the carbon balance demands that
1 = x + z and the oxygen balance requires that
3 = x + 2y + 22, then

3.055 = x7
;I'2
(X

1 atm.

+ y + z + 3.76

The carbon and oxygen balances remain the
same
l=x+z, 3=x+2y+Zz

and
Thus

then

Substituting into Eq. 80, we get
Substituting for y and z

Squaring both sides and simplifying
squaring both sides and simplifying
By inspection x = 1/3 is an approximate solution. By additional calculation we find that x is
close to 0.34. Then
z = l - x = l

-.34 = . 6 6

By inspection, it is clear that Y3 < x < M ; by
successive approximations we determine that

and
and it follows that the equilibrium reaction is
Comparing this with the previous solution

COMBUSTION
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with the inert nitrogen constituent dropped

I

,
1

I

We see that the presence of an inert (nitrogen)
decreases the amount of C02formed. If we now
take a less drastic temperature, say 1000°K,and
perform the equilibrium calculation, we find
that for the reaction
Reference (2)gives the equilibrium constant as
Log loKp = -10.221.Then
(Kp)"

1

=

1 =1
=
10-10.z21

1010.221

(Kp))

Taking Kp as 10 lo (for convenience) we get
3

(10'0)2

I
j

=

1020

=

(1

- x)Z(3

+ x)

xZ + x3

Hence
which can be rewritten closely as

+ i o 2 0 ~+2 5x - 3 = o

10~0x3

We can conclude that the x value is effectively
zero. Thus,
At 1000°K, therefore, the reaction effectively
goes to completion which is far from being the
case at 3000°K.
We used a K, for the reaction 1 CO + l/z 0,
1 CO, of 3.055at 3000°K.To estimate the Kp
for the same reaction at 2000°K, we use the
van't Hoff isobar Eq. 61.

-

1

The universal gas constant, R, has units of
The enthalpy of reaction, A H T O , is given by reference (2)as -119,500 Btulmol at 2000°K and
-117,200Btulmol at 3000°K.Taking a numerical average of -118,350Btulmol, we get

which compares reasonably well with the
value of 766 given by Wark2. The van't Hoff
equation therefore gives a fair value in the absence of experimental data.

METHODS OF BURNING
SOLID FUELS
Of particular interest in the practical combustion of fuels are the physical processes employed. Chapter 12 treats the firing of liquid
and gaseous fuels. Here we briefly discuss four
principal mechanisms currently used for burning coal and other solid fossil fuels. These
mechanisms differ in
w the place where fuel is introduced into the
furnace
the way in which the fuel is injected
the size of the fuel required by the process
8 the temperature of any transport or carrier air,
also called "primary air"
the relative upward velocity of the combustion air and the fuel particles in the furnace,
while burning is taking place
the amount of recirculation (if any) of solid
particles of ash, or fuel plus ash, from a point
beyond the furnace back into the furnace; this is
turn affects
the residence time of the fuel and carbonbearing ash particles in the furnace; and, very
importantly,
Ithe average temperature of the fuel as combustion proceeds.
The following overview will summarize these
differences as they relate to firing solid fuel either in suspension firing of pulverized fuel
(called open-furnace firing or entrained flow);
on a slowly moving or fixed grate (generally referred to as stoker firing); iu a bubbling type of
fluidized bed; or in a circulating fluidized bed.
Stoker firing, historically the oldest way to
burn both coal and waste solid fuels, is still
'

very much in use. Pulverized-fuel suspension
firing, a very efficient and practical way to burn
very large quantities of coal and lignite, often
has the liability of requiring expensive flue-gas
cleanup systems for sulfur-oxide reduction.
Fluidized-bed firing is ideal for handling lowg a d e fuels where sulfur removal is accomplished in-bed instead of in a post-combustion
scrubbing system.
STOKER FIRING

Chapter 12 of this text describes in detail the
equipment for burning coal as well as other
types of fuel on a grate. In the majority of coalfired applications, the grate or fuel bed is continually in slow motion, usually from the rear
to the front of the furnace bottom. (Grate motion
is from front-to-rear for mass burning of coal or
waste fuels.) Metering feeders either deposit
the fuel directly on the grate, or spread it mechanically or pneumatically from points usually 10 to 20 feet above the grate. With the latter
method, significant burning occurs while the
fuel is in suspension, with the remainder taking place on the grate; the proportions will vary
with fuel size, fuel reactivity, and the mode of
injection.
In stoker firing, heated air passes upward
through apertures in the grate, with dampers
often positioned in undergrate zones in order to
achieve proper biasing of airflow. Over-grate air
(termed overfire air) adds turbulence to the
combustible-containing gases coming from the
grate and supplies the required air for the portion of fuel that burns in suspension. As described i n Chapter 12, a relatively small
amount of recirculation of solid material increases the residence time of the larger-sizeparticles. The principal mode of heat transfer in
the furnace is radiation from both.the hot fuel
bed and the burning gas and char in the open
combustion chamber.
The average temperature of a stoker fuel bed,
which cannot be calculated, is a function of:
the grate speed (for a moving grate)
the temperature of the air flowing upward
through the grate
the excess-air percentage

the volatile-to-fixed-carbon ratio of the fuel
the as-fired fuel moisture content
the size of the fuel.
SUSPENSION FIRING

Most large steam generators producing power
through the burning of solid fuels are of the
entrained-flow reactor type, most frequently
called suspension fired; much of the material
in Chapters 6, 7, and 8 concerns this combustion process. Chapters 11 and 1 2 cover the
equipment for pulverizing and firing the fuel
for such boilers; the flue-gas emission control
and ash-handling systems of Chapters 15 and
16, as well as the discussion on the formation
of nitrogen oxides in the next section of this
chapter, are oriented in large toward this type
of firing.
In pulverized firing, coal is ground to the
fineness of face powder, which a stream of primary air transports into the furnace; it ignites
as the fuel-air mixture enters the furnace, where
it is joined by the bulk of combustion air (called
the secondary air) which is heated to temperatures between 500 to 800°F (260to 425OC). Residence time of the burning fuel in the furnace is
measured in seconds; solid-particle recirculation is not used; and radiation of heat to the
furnace-wall tubing is the principal mode
of transfer.
The following variables affect the average
temperature of both gas and solid particles in a
suspension-fired or entrained-flow furnace:
the type of firing (cornerltangential/vortexor
multiple wall burners)
excess-air percentage
fuel reactivity and moisture content
air distribution in the furnace
firing density (either heat released in the active firing volume, or per square foot or square
meter of furnace plan area)
furnace geometry
preheated-air temperature
the dirtiness of the furnace wall, partially a
function of the soot-blowing cycle.
Although the maximum attainable temperature (the adiabatic flame temperature) in such a
furnace can be calculated, it will not be
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achieved. The immediate long-beam radiative
cooling that takes place in a water-cooled
chamber during the combustion process makes
it impossible to attain the adiabatic temperature. Furnace exit-gas temperature can be measured. T h u s , some approximation to a n
arithmetic or logarithmic average temperature
,of the gas and ash particles passing through the
furnace can be calculated.
In order to vary furnace exit temperature with
load, change in fuel, or furnace-wall dirtiness,
staged combustion, biased firing, or fuelnozzle tilt (in tangential firing) are used in large
open combustion chambers; such arrangements
allow control of superheater or reheater outlet
steam temperature, or furnace nitrogen-oxide
production, or both.
FLUIDIZED-BED FIRING

Chapter 9 covers in detail the technology and
design of equipment for the two distinct mechanisms used for fluidized-bed firing in power
plants: bubbling beds and circulating (sometimes called recirculating) beds. In a bubblingbed combustor, fuel size and vertical air
velocity are regulated to establish a discrete
horizontal plane which divides the active bed
from the entrained-flow ''open furnace" above.
In a circulating type fluid-bed unit, smaller fuel
size and higher air velocities extend the zone of
high solids-to-gas density up to the top of the
furnace, and beyond, into the process separator,
normally a cyclone.
With the bubbling fluid bed (BFB),the conduction/convection heat transfer is to furnace
wall tubes and other heating surface that may
be immersed in the bed; radiation transfer occurs above the active bed. With the circulating
fluid bed (CFB),the bulk of conduction/convection heat transfer is to the combustor wall
tubes. Further heat absorption can be by tubular heating surface outside the combustor, depending upon the specific application.
The basic mechanism for the control of bed
temperature and heat transfer to the walls of the
combustor, and to any immersed heating surface in the bed of a fluidized-bed boiler, is the
variation in total solids inventory, the distribu-

tion of combustion air, and the solids recycle
rate. Many of the variable described above for
stoker and suspension firing also have an influence. But, in contrast to those methods of firing, t h e temperature i n a fluidized-bed
combustor is controllable in a narrow range, as
further discussed in Chapter 9. Such control
helps to minimize nitrogen-oxide formation
and allows the optimum temperature level for
calcining liniestone for the capture of sulfur
oxides.

THE FORMATION AND
CONTROL OF NOx
IN STEAM-GENERATING
EQUIPMENT
Nitrogen monoxide (NO) and nitrogen
dioxide (NO,) are byproducts of the combustion process of virtually all fossil fuels. Historically, the quantity of these inorganic
compounds in the products of combustion was
not sufficient to affect boiler performance, and
their presence was largely- ignored. In recent
years, oxides of nitrogen have been shown to be
key constituents in the complex photochemical
oxidant reaction with sunlight to form smog.
Today, the emission of NO, and NO (collectively referred to as NO,) is regulated by both
state and federal authorities and has become an
important consideration in the design of fuelfiring equipment.
THERMAL NO,

The formation of ~ 0 ; i nthe combustion process is often explained in terms of the source of
nitrogen required for the reaction. The N2 can
originate from the atmospheric air, in which
case the product is referred to as "thermal
NO," or from the organically bound nitrogen
components found in all coals and fuel oils
which are termed "fuel NO," It is important to
note that even though NO, consists usually of
95 percent NO and only 5 percent NO2, the
normal practice is to calculate concentrations
of N0,as 100 percent NO,.

COMBUSTION
CombusUon Processes

The mechanisms involving thermal NO,r
were first described by Zeldovichll and later
modified to what is referred to as the extended
Zeldovich mechanism.

As the equilibrium values predicted by this
mechanism are higher than those actually
measured, it is generally assumed that Eq. 81 is
rate-determining due to its high activation
energy of 3 17 kJlmol. A better understanding of
thermal NO, can be derived from bench-scale
tests that measure NO, in a heated mixture of
N,, O,, and argon 12.These tests show that thermal NO,. can be predicted by the following
equation:
[NO] = K,e(-K,1T)[N,][0,]112t
where [ ] = mol fraction
T = temperature
t = time
K,,K, = constants

Diffusion Flame

(84)

From this equation, it can be seen that thermal NO can be decreased by reducing time,
temperature, and concentrations of N, and 0,.
The fact that temperature in this equation is an
exponential clearly demonstrates its impor- tance in the control of thermal NOx. In practice,
the Zeldovich mechanisms demonstrated by
Eq. 84 are sufficient for predicting NO, only in
regions that are downstream of the flame front.
Fenimorel3 coined the phase "prompt NO"
to describe the NO generated within the flame
front region for which, because of the very
short residence time, the Zeldovich reactions
proved inadequate. Subsequent investigation
by DSoeto14 showed that, as in Zeldovich's
reactions, temperature in all cases reduced
prompt NO; however, additional 0, increased
NO for fuel-rich flame fronts but decreased NO
for fuel-lean flame fronts.
The effects of fuel-rich vs. fuel-lean flame
fronts on prompt NO can be seen from the formation of NO from diffusion vs. premixed gas
flame. As shown in Fig. 10,the stoichiometry at
the premixed flame front is the same as the
overall stoichiometry of the flame, since all the
air is mixed with all the fuel. In the diffusion
flame, fuel and air are introduced separately
and mixed by burner-induced turbulence. The
flame front forms before mixing is complete
and is, therefore, fuel-rich even though the
total fuellair mixture may be air-rich. Tests by
Takahashi15 et al., Fig. 11, show the bell-
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shaped curve characteristic of prompt NO for
premixed flames, but the diffusion flame does
not show decreasing NO with increasing O2because the actual flame front is never air-rich.
It is interesting to note that Takahashi has
shown that two separate flames, one fuel-lean
premixed flame, plus one fuel-rich diffusion
flame (points C l and C2, Fig. 11)can be combined to produce a lower NO(at C') than either
type flame with the same overall stoichiometry
(points A or B).
FUEL NOx

Although the kinetics involved in the conversion of organically bound nitrogen compounds found in fossil fuels are not yet well
understood, numerous investigators have
shown fuel N0,to be an important mechanism
in NO, formation from fuel oil, and the dominant mechanism in NO, generated from the

combustion of coal. Bench-scale tests, Fig. 12,
burning fuel oils in a mixture of oxygen and
carbon dioxide (to exclude thermal NO,) have
shown a remarkable correlation between the
percent N, in the fuel oil versus N0,:'Fig. 12
also illustrates the fact that the percent of fuelnitrogen conversion is not constant, but decreases with increasing fuel nitrogen.
Similar bench-scale tests run for various
coals have riot produced similar results. Fig. 13
illustrates the large contribution of fuel NO,,
yet there is no apparent correlation between the
quantity of fuel-bound nitrogen and fuel NO,.
Clexly, the fuel-nitrogen conversion rate is not
constant, but will vary widely depending more
on coal rank than on actual nitrogen content.
One explanation of the fuel-nitrogen conversion rate is shown in Fig. 14 which was obtained by subtracting a calculated Zeldovich
thermal-NO, value from total NO, measured in
large tangentially fired utility units. The resultant fuel-NO, correlated well with the fuel
nitrogenloxygen ratio which suggests that
fuel-bound oxygen, or some other fuel property
that correlates with fuel oxygen, influences the
percent conversion of fuel nitrogen to fuel NO,
Although there is little doubt that fuel-bound
nitrogen is an important contributor to total
NO, emissions from coal and oil, the mechanisms involved in the transformation of fuel
nitrogen to NO appear to be every bit as complex as the combustion process itself. On the
High-Vol.
Bit. c
.

.ignite
Subbit.
C Coal

% Fuel Nitrogen
- -

Fig. 12 Fuel NO and percent conversion of
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other hand, several investigators have made
quantitative measurements in laboratory tests
that provide valuable insight to the potential
control of fuel NO,."
*.
Pershinglg isolated fuel NO,. by burning-coal
in a synthetic oxidant mixture that had a specific heat similar to air, containing 21 percent
02,
18 percent COz, and 61 percent argon. On
the basis of four different coals, the studies
showed that fuel NO,, unlike thermal NO,,
was relatively insensitive to the range of temperatures found in most flames. Levy19 et al.
found that, under pyrolysis, 65 percent of the
fuel nitrogen remained in the char after all the
volatile matter had evolved at the 1380°F used
in the ASTM proximate-analysis test, and 90
percent had evolved by 2400°F. These tests,
then, suggest that the fuel-bound nitrogen begins to evolve in the later stages of devolatization of coal and that subsequent high temperatures do not significantly affect the conversion
to NO.
A most significant property of fuel nitrogen
conversion that affects the design of fuel-firing
equipment relates to the availability of oxygen
to react with the fuel-nitrogen compounds in
their gaseous state. Simply stated, the compounds that evolve from a coal particle such as
NCH and NH3, are relatively unstable and will
reduce to harmless N2 under fuel-rich conditions, or to NO under air-rich conditions. The
technique used to demonstrate this is staging.

S

Ratio of Coal Oxygen
to Coal Nitrogen

Fig. 14 Fuel-bound nitrogen conversion to NO,

in pulverized-coal combustion; the influence of
the coal-oxygen to coal-nitrogen ratio

In staging, a portion of the total air required
to complete combustion is withheld initially
and the balance of the air is mixed with the incomplete products of combustion only after the
oxygen content of the first-stage air is consumed. By varying the amount of first-stage air,
the suspension-fired combustion of a coal particle or oil droplet can be interrupted at different
stages of the reaction because of lack of oxygen,
and allowed to proceed further at such time as
the balance of air (second-stage air) is introduced. For NO, control, the ideal quantity of
first-stage air would be that which is sufficient
to only generate the temperatures necessary to
drive the gaseous state, but insufficient to provide sufficient oxidant to complete a reaction
to NO.
Fig. 15 shows the effect of first-stage stoichiometric ratio on outlet NO, levels for liquid
fuels with various nitrogen levels. Even though
Unrefined Shale Oil (2.08% N2)
Alaskan Bunker C (0.51% N2)
o Gulf Coast No. 6 (0.36% Nz)
A Indo/Malaysian No.6 (0.24O/0 Nz)
o Alaskan Diesel Oil (0.007% Nz)
0

o,

W
a

First Stage Stoichiometric Ratio
Fig. 15 The effect of liquid fuel composition
on emissions-staged suspension firing
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the tests used air for an oxidant and the total
NO, levels represent both thermal and fuel
NO,, the increased effectiveness of staging
with higher fuel-nitrogen content is clear. Fig.
16 shows a similar but less dramatic effect on a
Utah bituminous coal. This and other tests have
shown that for coal, unlike oil, decreasing the
first-stage stoichiometric air below an optimum level will increase NO, levels, which
suggests the possible requirement of an oxidant to reduce the intermediate HCN, NH,, and
other radicals.
The most important design criteria relevant to
the control of both thermal and fuel NOx for coal
firing can be summarized as follows:
Coals with the lowest fuel-nitrogen and the
lowest fuel oxygenlnitrogen ratios generally will
produce the lowest NOx.
m The fuel NO, can be minimized by controlling the quantity of air permitted to mix with
the fue1,inthe early stages of combustion.
The thermal-NOx contribution to total NOx
can be reduced by operating at the lowest practical percentages, as well as by minimizing gas
temperatures throughout the furnace through the
use of low-turbulence diffusion flames and large
water-cooled furnaces.

Chapter 12 describes the equipment used in
large suspension-fired steam generators to minimize the formation of NO, in the fuel-burning
process in a furnace. In Chapter 1 5 , postcombustion (after-furnace)methods are given for
chemically or catalytically reducing the quantity of nitrogen oxides passing to the atmosphere. An optimum system for overall NO,
reduction will result from the integration
of both in-furnace and post-combustion
techniques.
I

1

I

700r

Premixed

1

First-Stage Stoichiometric Ratio
Fig. 16 The effect of initial fuellair mixingstaged, Utah bituminous coal
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CHAPTER 5

Steam Generation

F)

D revious chapters have covered steam power-

plant cycles, and general engineering and
economic decisions related to the purchase of a
steam-geneiating unit. Also discussed were
fuels and their evaluation for use in a boiler furnace. The characteristics of coal ash were covered in great detail to emphasize the significant
influence of mineral matter 'in solid fuels on the
sizing and satisfactory operation of a large
boiler. This earlier material, which also
"burned" the fuel and determined the products
of combustion, as well as presenting some of
the principles of combustion in a furnace, established the theory behind the hardware.
This chapter will cover steam generation by
considering the r6les of the different components that make up a steam generator.
Included are the properties of steam used to
perform basic heat-balance and sizing calculations. Also examined are the criteria involved
in the configuration of boiler pressure parts
and auxiliaries as a function of .system pressures and temperatures. Generically introduced are the various parts of a reheat-cycle
steam generator and an explanation of their
functioning as heat-absorbing apparatus. (More
specific information in the following four
chapters will supplement and amplify these
descriptions.) Also presented is the vital function of water-steam circulation in a modern

high-pressure furnace, along with the basic
principles of thermally induced and pumped
circulation. The important aspects of the separation of steam from the steam-water mixture
entering the upper drum of a subcriticalpressure boiler and the general types of mechanical drum internals are covered.

STEAM AS A WORKING FLUID
The theoretical amount of work that can be
obtained from steam used in a prime mover is
equivalent to the change in its total heat content from its condition at the entering state to
that at the exhaust state.
The efficiency of the prime mover in converting the heat energy to mechanical effort governs the actual work obtained.
For economic studies involved in the selection and design of all steam- and power-generation equipment, it is necessary to understand
thoroughly the properties of steam, the use of
steam tables and the use of superheat. A brief
review of these fundamentals that apply to the
generation of steam will be helpful.
PROPERTIES OF STEAM

Steam results from adding sufficient heat to
water to cause it to vaporize. This vaporization
occurs in two steps: first, by adding heat to the
water to raise it to the boiling temperature; sec-
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ond, by continuing the addition of heat to
change the state from water to steam.
When heated at average atmospheric pressure at sea level, each pound of water increases
in temperature about 1°F for each Btu added
until 212°F is reached. Additional heat does
not cause the temperature to rise but, if continued, results in boiling, and the water
changes its state from a liquid to a vapor.
When water is heated to the boiling point in a
closed vessel, the vapor released causes the
pressure in the vessel to rise. With the rise in
pressure, the temperature at which the water
boils also will rise. It has been determined experimentally that during the change in state of
any substance from a liquid to a vapor at constant pressure, the vapor in contact with its liquid will remain at constant temperature until
the vaporization has been completed. Thus, the
temperature at which boiling occurs for any
given pressure is constant and is called the saturation temperature. This temperature is the
same for the water as it is for the vapor with
which it is in contact.
DEFINITIONS

The heat of the liquid is the heat used to raise
a unit weight of water, normally one pound,
from 32°F to the saturation temperature corresponding to a given pressure. Also called the
enthalpy of the saturated liquid, this is stated
in Btu per 1b or kilojoules per kilogram.
The latent heat of vaporization is the heat
added to a unit weight of water at saturation
temperature to vaporize it completely and produce dry saturated steam. This is the enthalpy
of evaporation or vaporization.
Dry saturated steam contains no moisture,
and is at saturated temperature for the given
pressure. Its total heat content, or enthalpy of
the saturated vapor, is equal to the heat of the
liquid plus the heat of vaporization.
Steam which contains water in any form,
either as minute droplets, mist, or fog, is called
wet steam. Wet steam may result from the entrainment of water in boiling or from partial
condensation. In either case, the total heat content of the mixture is less than that of dry

saturated steam, because vaporization is incomplete. The percentage of dry vapor by
weight in the mixture is known as the quality
of the steam. Thus, with 3-percent moisture in
steam, the quality is 97 percent. The total heat
of wet steam is equal to the heat of the liquid
plus the percentage of latent heat of vaporization represented by the steam quality. The
temperature of wet steam is the same as dry
steam at the corresponding pressure.
Steam with a temperature higher than that of
saturated steam at the same pressure is called
superheated. Accomplished by maintaining
the pressure and adding heat to the steam after
its removal from contact with water, superheating results in an increase in temperature and
volume. The total heat of superheated steam, or
its enthalpy, is equal to the total heat of dry
saturated steam plus the heat of superheating.
The term total heat is the general engineering
expression applicable to any steam condition,
whether wet, dry saturated, or superheated.
Also known as the enthalpy of steam, it is the
amount of heat that must be added to a unit
weight of water at 32°F to produce the end.state
under consideration.
The properties of steam have been the subject
of considerable research in many of the countries of the world for many years, as stated in
Appendix D. The Mollier diagram, constructed
as an enthalpy-entropy chart to show the steam
tables graphically, is particularly useful in the .
analysis of .power-plant cycles. It visualizes the
process of expansion of steam through the various sections of a steam turbine and helps in the
quick but approximate~solutionof many other
thermodynamic problems. Appendix D tells
how to obtain a C-E Mollier chart based on
steam propertigs calculated by C-E.
SUPERHEATED AND SATURATED STEAM

The properties of superheated steam approximate those of a perfect gas. One important
characteristic is the dependence of internal
energy on temperature; thus, the closer steam
approaches a perfect gas, the better it does its
work. In addition, it contains no moisture, nor
can it condense until its temperature has been
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lowered to that of saturated steam at the same
pressure. This particular characteristic is of
considerable value because, with the correct
amount of superheat, it is possible to.elimipa!e
condensation in steam lines and to decrease the
moisture in the steam turbine exhaust.
With saturated steam, the heat available depends entirely upon pressure, while with
superheated steam there is additional heat,
proportionate to the degree of superheat. This
additional heat is obtained through increased
expenditure of fuel, but the economic benefits
derived result in a net efficiency gain of considerable magnitude (seeChapter I).By using a
comparatively small amount of superheat, it is
possible to reduce moisture at exhaust conditions and to effect an increase in the percentage
of heat utilized.
LIMITS OF STEAM TEMPERATURE AND
PRESSURE

The materials of superheater construction
govern the practical limits of steam tempera-

ture and pressure. There has been considerable
development in the metallurgy of steel alloys
and in the manufacturing of both the tubing
and the finished sections of the superheater.
These have made possible the design of superheaters and reheaters for high-temperature and
high-pressure boiler installations, as have improvements in the art of welding. While those
installations which border on the limitations of
available materials may be more interesting,
and perhaps more sensational, the large majority is in the 750" to 1050°F temperature range.
Although commonplace, they represent the
places where the greatest savings are made.
A study of steam temperatures accompanying installations using 2400 psig throttle pressures discloses that in the 1950's, 1050°F was
overwhelmingly selected as the primary temperature. The trend since that time has been in
the direction of 1000°F primary temperature,
and is a well established-but surely not
exclusive-pattern, Again, experience has
proved to be the arbiter. First, the initial cost of

1600-
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Pressure (Ps~a)
Fig. 1 Variation in heat content (enthalpy) of steam as a function of pressure and temperature
..

boilers and turbines for the higher temperature
level proved to be less attractive as experience
accumulated. In addition, even though accurate and conservative methods of superheater
metal selection are used, problems do arise
during sustained elevated temperatu-e operation because of the adverse effects of certain
fuel constituents on unit availability. Some
owners therefore decided to reduce primary
steam temperatures while continuing to lower
capital cost through larger units. Other utilities
chose to take advantage of the thermal gain
from higher primary steam temperature and
maintained the established 1050°Flevel.
Units employing the nominal 3500-psi cycle
most commonly use 1000°F superheat and
1000°F reheat. About 30 percent of existing
supercritical-pressure units have a second reheat stage at 1000°F, justified by high fuel cost
and high anticipated load factor.
The curves in Fig. 1 show the variation in
heat content of steam at different pressures.
Also included are the heat of the liquid and the
temperature of saturated steam. The values
used in plotting these curves are from the 1967
ASME Steam Tables in Appendix D. When
using the steam tables, or charts prepared from
them, note that pressure is stated as absolute
(psia). The steam gage on a boiler indicates the
pressure in the vessel above that of the atmosphere. For these conditions, the absolute pressure is equal to atmospheric pressure plus gage
pressure. Condensers and similar equipment
operate under vacuum, and their gages usually
read in inches of mercury (in. Hg) or kPa. For
these conditions, absolute pressure is equal to
atmospheric pressure minus vacuum.
REDUCING STEAM CONSUMPTION
BY SUPERHEATING

Previous paragraphs have touched on the
value of superheated as compared with saturated steam. A further discussion will serve to
illustrate more clearly the manner in which
superheating reduces steam consumption, particularly in regard to industrial and marineboiler installations.
In the case of a steam turbine, high super-

heat is of utmost importance as the absence of
moisture in steam decreases friction losses and
erosion of turbine blades. If dry saturated steam
is used in a turbine, condensation rate increases as the steam passes through the succeeding stages. The friction losses increase
rapidly, because the condensate is actually
inert material which acts to check the speed of
the turbine rotors. By using superheated steam,
the condensation can be limited to a relatively
few stages in the turbine discharge end, thus
reducing windage loss and friction between
rotor and vapor because of lower density and
absence of moisture in the initial stages.
Pipelines carrying steam lose heat by radiation. Thus, if steam entering a line is dry saturated, any loss in heat will immediately cause
condensation which is usually discharged
from the line through traps, and is frequently
wasted. So, in addition to the heat loss from
radiation, there is also loss of the heat in the
condensate. Of course, if the condensate is returned to the hotwell, a portion of the heat in
the liquid is recovered. By adding a sufficient
amount of superheat to the steam, it can be
piped without condensation loss.
Using saturated steam in industrial processes often results in minute quantities of
moisture in the steam at the point of use. The
use of dry saturated steam translates into a considerable savings in steam consumption and
frequently increased output. As explained previously, these advantages accrue from sufficiently superheating the steam to overcome
condensation in process-steam pipelines.
The installation of a superheater in a boiler
has the effect of reducing the amount of work
that must be done by the evaporative surfaces
to produce the same power. In other words,
installing a superheater has the effect of increasing plant capacity.

FUNDAMENTALS OF
STEAM-GENERATOR DESIGN
Water-tube boilers range in capacity from
small low-pressure heating units generating a
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few thousand pounds of steam per hour to large
reheat steam generators operating in the supercritical pressure region and serving turbinegenerators in the million kilowatt range. In
slightly different terms, capacity may be magnified more than a thousand times from the
smallest to the largest, pressure may extend
from just above atmospheric to values as high
as 5000 psig, and steam temperatures may vary
from the boiling point to a highly superheated
condition at 1050°F or above.
What are the common elements in boilers
having such a diversity of design parameters?
To answer this question it may be well to define
the primary function of a boiler which is simply
to generate steam at pressures above the atmospheric. Steam is generated by the absorption of heat produced in the combustion of fuel.
In some instances, such as waste-heat boilers,
heated fluids serve as the heat source.
en era ti on of steam by heat absorption from
products of combustion suggests that a boiler
must have a pressure-parts system to convert
incoming feedwater into steam; a structure
within which the combustion reaction may
take place, at the same time facilitating heat
transfer and supporting boiler components; a
means of introducing fuel and removing waste
products; and controls and instruments to regulate and monitor operation. A boiler designer
has to work with such things as drums, headers
and tubing, which make up the pressure-parts
system and enclose the furnace in which combustion takes place; burners and related fuel
and ash-handling equipment; and fans to supply combustion air and exhaust waste gases.
Various types of instruments and controls link
these elements together in a physical and an
operational sense.
A BRIEF HISTORY OF STEAM GENERATION

A furnace for firing a fossil fuel is a device for
generating controlled heat with the objective of
doing useful work. The work application may
be direct, as with rotary kilns, or indirect, as in
boilers for industrial or marine use, or for the
generation of electric power. A further differentiation is whether the furnace enclosure is

cooled, such as with waterwalls, or uncooled,
with a refractory lining.
Furnaces developed originally from a need to
fire pottery (4000 B.C.) and to smelt copper
(3000 B.C.). Hastening and improving combustion by the use of bellows to blow air into the
furnace were used about 2000 B.C.
Closely associated with the furnace is the
corresponding steam boiler. Such boilers appear to be of Greek and Roman origin and were
employed for household services. The Pompeiian water boiler, incorporating the watertube principle, is one of the earliest recorded
instances of boilers doing mechanical work
(130 B.C.). It sent steam to Hero's engine, a hollow sphere mounted and revolving on trunnions, one of which permitted the passage of
steam, which was exhausted through two rightangled nozzles that caused the sphere to rotate.
This was the world's first reaction turbine.
For the next 1600 years, furnaces in general
and waterwall furnaces in particular were essentially a neglected technology. This can be
partly ascribed to the fact that steam as a working fluid had no application until the invention
of the first commercially successful steam
engine by Thomas Savery in 1698. 1n 1705,
Newcomen's engine followed and by 1711, this
engine was in general use for pumping water
out of coal mines. Self-regulating steam valves
were incorporated in 1 7 13.
Many varieties of firetube boilers, were invented in the second half of the 18th century,
culminating with the Scotch marine boiler. As
the name implies, in the firetube boiler the
tubes may be considered to be a component part
of the furnace, with the combustion process
completed within the tube bundles. But such
units were limited to operating pressure of
about 150 psig, because of available steel-plate
thicknesses. The development of the modern
water-tube furnace for steam generation at
higher pressures and in larger sizes than available with firetube boilers is the subject of
the various chapters of this book which cover
central-station steam generators, industrialtype boilers, and fluidized-bed and marine
boilers, respectively.
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BOILER OUTPUT

_

The output or capacity of a steam generator is
either expressed in pounds of steam per hour or
in the power output of a turbine generator in
those cases where a single boiler provides the
entire steam supply for an electric generating
unit. Neither term is a true measure of the thermal energy supplied by the boiler.
Actual boiler output in terms of heat energy
depends on several factors other than quantity of steam. These include temperature of feedwater entering the economizer, steam pressure
and steam temperature at the superheater outlet, and the quantity, temperature and pressure
of steam entering and leaving the reheater.
Similarly, because turbine and generator efficiencies affect the boiler output, the generator
output in kilowatts is not entirely a true measure of the energy output of the boiler alone.
These elements vary with the size and purpose of the power plant in which the boiler is
installed. A large central station in which high
thermal efficiency is a primary requisite has
many more refinements and auxiliaries than a
small heating plant in which minimum capital
investment may be an important criterion. No
matter how many of these elements may be
present, however, the boiler designer must integrate them so that the boiler as a whole can
function as a carefully adjusted, complex system which is capable of efficient operation overa wide load range.
STEAM-GENERATOR FUNCTIONS

In addition to its primary function of evaporating water to steam at high pressure, the
modern boiler has to
produce that steam at exceptionally high purity, using stationary mechanical devices to remove impurities in the boiling water
superheat the steam generated in the unit to a
specified temperature, and maintain that temperature over a designated range of load
re-superheat (reheat) the steam which is returned to the boiler after expanding through
the high-pressure stages of the turbine, and
maintain that reheat temperature constant over
a specified range of load .

reduce the gas temperature leaving the unit to
a level that satisfies the requirement for high
thermal efficiency and at the same time is suitable for processing in the emission-control
equipment downstream of the boiler
BOILER EFFICIENCY

A diagram is one of the best ways to comprehend the significance of boiler efficiency as
it is affected by the heat absorption pattern in a
steam generator. Fig. 2 shows the distribution
of heat energy in a reheat boiler for utility use. It
is apparent that the primary source of heat is
the fuel (supplemented by thermal energy from
fans, pumps, and pulverizers), but that the preheated air for combustion adds directly to the
total heat in the furnace. The amount of heat in
the preheated air corresponds to that extracted
from the exhaust gases by the air heater. This
concept is discussed further i n both this chapter and Chapter 6.
Of the total heat entering the furnace, the
major portion is absorbed as sensible and latent
heat of vaporization in the heating surfaces of
the economizer, furnace, superheater and reheater. This absorbed heat represents the boiler
output in the form of superheated and reheated
steam. Losses which account for the remainder
of the heat supplied to the furnace consist of the
heat contained in the flue gas leaving the air
heater (principally the sensible heat of the gas
and latent heat in the moisture from the fuel),
smaller losses from less-than-perfect combustion, and radiation from the boiler and its ancillaries. A description of these losses and how
they are calculated is giyen in Chapter 6.
HEAT-ABSORBING SURFACES

The objective of the boiler designer is to arrange heat-transfer surface and fuel-burning
equipment to optimize thermal efficiency and
economic investment. One may select from waterwalls, superheaters, and reheaters, each of
which absorbs heat from the furnace gas as it
performs its respective function of heating
water to the saturation point and of superheating and resuperheating steam. Also to be chosen are air heaters and economizers to recover
heat from the furnace exit gases to preheat com-
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bustion air and increase the temperature of
incoming feedwater.
The boiler designer must proportion heatabsorbing and heat-recovery surfaces to make
best use of the heat released by the fuel. Waterwalls, superheaters, and reheaters are exposed to convection and radiant heat, whereas
convection heat transfer predominates in air
heaters and economizers.
The relative amounts of such surfaces vary
with the size and operating conditions of the
boiler. A small low-pressure heating plant with
no heat-recovery equipment has quite a different arrangement from a large high-pressure
unit operating on a reheat regenerative cycle
and incorporating heat-recovery equipment.
Fig. 3 shows how the proportion of energy
absorbed varies with different types of boilers.
In a heating-plant boiler operating with a
minimum ,of feedwater heating and no
superheater it is evident that most of the heat
absorbed is utilized in evaporating water to
steam. In a large reheat unit with feedwater
heaters and heat-recovery equipment, heat for
evaporation is comparatively small, whereas
heat for superheating and reheating accounts
for more than half of the total input. '
Fig. 4 is a plot of temperature vs. heat absorption for four different high-pressure steam

cycles: the single-reheat 1800 psig cycle at
5-percent overpressure; the 2400 psig, 1000°F
cycle with single reheat to 100o0F,again at 5percent overpressure (2620 psig at the-super--heater outlet); and a single-reheat and a double-reheat supercritical cycle, both at 1000°F at
the turbine throttle. Such heat-absorption profiles will vary with entering feedwater temperature, cold-reheat temperature, and relative size
of furnace and economizer.
FACTORS INFLUENCING BOILER DESIGN
In addition to the basics of unit size, steam
pressure, and steam temperature, the designer
must consider other factors that influence the
overall design of the steam generator.
FUELS

Coal, although the most common fuel, is the
most difficult one to burn. The many types of
coal and their characteristics are covered thoroughly in Chapter 2 and Appendix A.
As described in Chapter 3 , the ash in coal
consists of a number of objectionable chemical
elements and compounds. The high percentage
of ash that can occur in coal has a serious effect
on furnace performance.
At the high temperatures resulting from the
burning of fuel in the furnace, fractions of ash
can become partially fused and sticky. Depend-

Fig. 2 .Steam generator energy flow
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ing on the quantity and fusion temperature, the
partially fused ash may adhere to surfaces contacted by the ash-containing combustion gases,
causing objectionable buildup of slag on or
bridging between tubes. Chemicals in the ash
may attack materials such as the alloy steel
used in superheaters and reheaters.
In addition to the deposits in the hightemperature sections, the air heater (the coolest
part of a boiler) may be subject to corrosion and
plugging of gas passages from sulfur compounds in the fuel acting in combination with
moisture present in the flue gas.
THE FURNACE

Heat generated in the combustion process
appears as furnace radiation and sensible heat
in the products of combustion. Water circulating through tubes that form the furnace wall
lining absorbs as much as 50 percent of this
heat which, in turn, generates steam by the
evaporation of part of the circulated water.
Furnace design must consider water-heating
and steam generation in the wall tubes as well
as the processes of combustion. Practically all
large modern boilers have walls comprised of
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water-cooled tubes to form complete metal coverage of the furnace enclosure. Similarly, areas
outside of the furnace which form enclosures
for sections of superheaters, reheaters and
economizers also use either water- or steamcooled tube surfaces. Present practice is to use
tube arrangements and configurations which
permit essentially complete elimination of refractories in all areas that are exposed to hightemperature gases.
Waterwalls usually consist of tangent or
nearly tangent vertical tubes connected at top
and bottom to headers. These tubes receive
their water supply from the boiler drum by
means of downcomer tubes connected between
the bottom of the drum and the lower headers.
The steam, along with a substantial quantity of
water, is discharged from the top of the waterwall tubes into the upper waterwall headers and
then passes through riser tubes to the boiler
drum. Here the steam is separated from the
water, which together with the incoming feedwater, is returned to the waterwalls through the
downcomers.
Tube diameter and thickness are of concern
from the standpoints of circulation and metal
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Fig. 3 Heat absorption by various types of subcritical-pressureboilers

COMBUSTION
Steem Generation

of the radiant type, can then be used. Fig. 5
shows an-arrangement of such platen and panel
surfaces. A relatively small number of panels
are located on horizontal centers of 5 to 8 feet to
permit substantial radiant heat absorption.
Platen sections, on 14" to 28" centers, are
placed downstream of the panel elements; such
spacing provides high heat absorption by both
radiation and convection. (These modes of heat
transfer are discussed further in Chapter 6.)
Convection sections are arranged for essentially pure counterflow of steam and gas, with
steam entering at the bottom and leaving at the
top of the pass, while gas flow is opposite. As
explained in Chapter 6, this arrangement allows a maximum mean temperature difference
between the two media and minimizes the
heating surface in the primary sections.

temperatures. Thermo-syphonic (also called
thermal or natural) circulation boilers generally use larger diameter tubes than positive
(pumped) circulation or once-through boilers.
This practice is dictated largely-by the need for
more liberal flow area to provide the lower
velocities necessary with the limited head
available. The use of small-diameter tubes is an
advantage in high-pressure boilers because the
lesser tube thicknesses required result in lower
outside tube-metal temperatures. Such smalldiameter tubes are used i n recirculation boilers
in which pumps provide an adequate head for
circulation and maintain the desired velocities.
Circulation of water and steam in both subcritical and supercritical boilers is discussed
further in other sections of this chapter.
SUPERHEATERSAND REHEATERS

Metallurgy

The function of a superheater is to raise the
boiler steam temperature above the saturated
temperature level. As steam enters the superheater in an essentially dry condition, further
absorption of heat sensibly increases the steam
temperature.
The reheater receives superheated steam
which has partly expanded through the turbine. As described earlier, the r6le of the reheater in the boiler is to re-superheat this steam
to a desired temperature.
Superheater and reheater design depends on
the specific duty to be performed. For relatively
low final outlet temperatures, superheaters
solely of the convection type are generally
used. For higher final temperatures, surface
requirements are larger and, of necessity,
superheater elements are located in very high
gas-temperature zones. Wide-spaced platens or
panels, or wall-type superheaters or reheaters

400
Econ Furnace

Superheaters and reheaters designed for high
pressures and temperatures above 1000°F
require high-strength alloy tubing. Besides
selection of materials for strength and oxidation resistance, the use of high steam pressure
requires very thick walls in all tubing subject to
steam pressure. Such thick tubes will have high
outside metal temperatures and, because chemical action is accelerated at high temperatures,
the tube metal is more likely to experience external corrosion. This is of particular concern
when burning fuels containing objectionable
impurities. The designer takes account of such
conditions in selecting material and tube sizes.
See-Chapters 3, 6, and 17 for information relating to corrosion from coal ash, selection of
superheater and reheater surface, and materials used for commercial construction of this
equipment.
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Fig. 4 Heat absorption variation with cycle pressure
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ECONOMIZERS

Economizers help to improve boiler efficiency by extracting heat from flue gases discharged from the final superheater section of a
radiantheheat unit, or the evaporative bank of
a non-reheat boiler. In the economizer, heat is
transferred to the feedwater, which enters at a
temperature appreciably lower than that of
saturated steam. Generally, economizers are arranged for downward flow of gas and upward
flow of water.
Water enters from a lower header and flows
through horizontal tubing comprising the heating surface. Return bends at the ends of the tubing provide continuous tube elements, whose
upper ends connect to an outlet header that is
in turn connected to the boiler drum by means
of tubes or large pipes. Tubes that form the
heating surface may be plain or provided with
extended surface such as fins. Frequently, they
are arranged in staggered relationship in the
gas pass to obtain high heat transfer and to
lessen the space requirements.
Designing the economizer for counterflow of

gas and water results in maximum mean temperature difference for heat transfer. (See Chapter 6 for more on this temperature difference.)
Upward flow of water helps avoid water hammer, which may occur under some operating
conditions. To avoid generating steam in the
economizer, the design ordinarily provides
exiting water temperatures below that of saturated steam during normal operation.
As shown in Fig. 5, economizers of a typical
utility-type boiler are located in the same pass
as the primary or horizontal sections of the
superheater, or superheater and reheater, depending on the arrangement of the surface.
Tubing forming the heating surface is generally low-carbon steel. Because steel is subject to
corrosion in the presence of even extremely
low concentrations of oxygen, it is necessary to
provide water that is practically 100 percent
oxygen-free. In central stations and other large
plants it is common practice 'to use deaerators
for oxygen removal.
Small low-pressure boilers may have economizers made of cast iron, which is not as sub-

Superheater Junction Header
Platen-Type Superheater or Reheater

Fig. 5 Arrangement of superheater, reheater and economizer of a pulverized-coal-fired steam-generator
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ject to oxygen corrosion. However, the design
pressure for this material is limited to approximately 250 psig. Whereas cast-iron tubes find
little application today, cast-iron fins shrunk
on steel tubes are practical and can be used at
any boiler pressure.
AIR HEATERS

Steam-generator air heaters have two important and concomitant functions: they cool the
gases before they pass to the atmosphere,
thereby increasing fue1;firing efficiency; at the
same time, they raise the temperature of the incaming air of combustion. Depending on the
pressure and temperature cycle, the type of
fuel, and the type of boiler involved, one of the
two functions will have prime importance.
For instance, in a low-pressure gas- or oilfired industrial or marine boiler, combustiongas temperature can be lowered in several
ways-by a boiler bank, by an economizer, or
by an air heater. Here, an air heater has principally a gas-cooling function, as no preheating
is required to burn the oil or gas.
If the boiler is a high-pressure reheat unit
burning a high-moisture subbituminous or lignitic coal, high preheated-air temperatures are
needed to evaporate the moisture in the coal before ignition can take place. Here, the airheating function becomes primary. Without
exception, then, large pulverized-coal boilers
either for industry or electric-power generation
use air heaters to reduce the temperature of the
combustion products from the 600"-800°F
level to final exit-gas temperatures of 275°F to
350°F. In these units the combustion air is
heated from about 80°F to between 500°F to
750°F, depending on coal calorific value and
moisture content.
In theory, only the primary air- that used to
actually dry the coal in the pulverizers -must
be heated. Ignited fuel can burn without preheating the secondary and tertiary air. But there
is considerable advantage to the furnace heattransfer process from heating all the combustion air; it increases the rate of burning and
helps raise flame adiabatic temperature.
Chapter 11 presents the various uses of air

heaters in the pulverization process. Some of
the available types of air heaters are described
in Chapter 14. Establishing inlet air and outlet
gas temperatures to minimize corrosion of airheater surface is considered in Chapter 6 .
In sizing air heaters, note that, while the cost
of pressure parts of a unit increase as the steam
pressure increases, the air-heater cost is independent of pressure. Consequently, it is not difficult to justify the cost of larger air heaters on
boilers operating at higher pressure levels.
CONTROL OF STEAM TEMPERATURE

Maintaining turbine efficiency over a wide
load range and avoiding fluctuations in turbine
metal temperatures require- constant primary
steam and reheat temperatures over the anticipated operating load range. To satisfy this requirement, a boiler must be equipped with
means for controlling and maintaining such
steam temperatures over the desired range. If
uncontrolled, steam temperatures will rise as
the steam output increases. This is particularly
characteristic of convection-tyge superheaters,
which account for the major share of heat
absorbed by the superheater.
To provide an economical installatidn that
operates at minimum metal temperatures,
superheaters and reheaters should be designed
to provide exactly the specified steam temperature at maximum output. An optimum design
is one in which all the gas leaving the furnace
passes over all the installed superheater and
reheater .surface at 100 percent boiler rating,
without need of either superheater or reheater
spray-water. To satisfy this the means of control must maintain full steam andkeheat temperatures over the total control range.
TECHNIQUESOF STEAM-TEMPERATURECONTROL

Steam-temperature control devices must be
incorporated in the original design of a boiler
firing system, in the superheater or reheater
circuitry, or in arrangements of dampers for gas
bypass. The following are the most frequently
used means of control.
Firing-system manipulation, in which the effective release of heat from the fuel-burning
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process is made to occur at a higher or lower
portion of the furnace; this affects the heat absorption pattern in the furnace and, consequently, the furnace exit-gas temperature.
Desuperheating by water sprayed into piping
ahead of, in between, or following superheater
. or reheater sections.
Recirculation of gas, in which a portion of the
combustion gases are brought back to the furnace and are added to the "once-through" flow
of gas passing over superheater and reheater.
Gas bypass around some of the installed heating surface that is "excess" in certain parts of
the load range; the purpose is to prevent such
surfaces from absorbing heat from the bypassed
gas so that the desired steam temperature is
achieved without using any other means.
Subsequent sections describe in more detail
these different methods of control, used in one
form or another by all manufacturers.
Firing-System Manipulation

There are two common ways to vertically
displace the zone of highest heat release in a
furnace to achieve a change in the outlet gas
temperature. The first, often used with frontor rear-wall fixed burners, is to insert or withdraw levels of burners as a function of load;
removing lower levels and firing through the
remaining upper levels effectively moves the
high-heat-release zone higher in the furnace.
This method necessitates backup by spray desuperheating for vernier control.
Tilting fuel and air nozzles, used in corner
(tangential) firing systems are a positive means
of controlling outlet gas temperature smoothly
without cycling equipment iri and out of
service. Superheater or reheater steam temperatures are regulated by changes in nozzle position. Directing the flame toward the upper part
of the furnace maintains a higher gas outlet
temperature during light load-or when the
walls are clean-than is the case if the flame
were directed horizontally into the furnace. At
higher loads, or when the walls are coated with
ash or slag, nozzles can be positioned horizontally or angled downward.

Desuperheating Control

Desuperheating is the reduction of temperature of superheated steam accomplished by
spraying water into the piping either ahead of
or behind a superheater or reheater section. To
minimize the amount of water used in the process, most large boiler installations use desuperheating in combination with one of the
other temperature-control methods. This is because of water-treatment and pumping-power
considerations.
Rising temperature with increasing output
characterizes the performance of a superheater
or reheater which receives its heat by convection from gas flowing over it. With desuperheating control only, the superheater must be
designed for full temperature at some partial
load. As a result, there is excessive heattransfer surface, with corresponding excess
temperatures, at higher loads. A desuperheater
can be used to remove this excess in temperature. If located beyond t h e outlet of t h e
superheater, a desuperheater will condition
the steam before it is passed along to the turbine. Although this arrangement is practical
for steam temperatures of 825°F and lower, the
preferred location of the desuperheater, especially for temperatures above 850°Ef is between
sections of the superheater. In such interstage
installations, the steam is first passed through
one or more primary superheating sections,
where it is raised to some intermediate temperature. It is -then passed through the desuperheater and its temperature controlled so that,
after continuing through the secondary of final
stage of superheating, 'the required constant
outlet temperature is maintained.
Desuperheating of reheat steam is generally
not desirable because of the deleterious effect
on plant heat rate. To evaporate the water that is
added to the reheat flow (usually ahead of the
point where the reheat steam is introduced into
the steam generator) requires firing additional
fuel in the boiler. There also results an increased condenser loss for the same primary
steam flow. Consequently, reheat outlet temperature is best controlled using some means other
than water spray, unless it is unavoidable.
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The heat given up by the steam during a
temperature reduction is picked up by the cooling water i n three steps. First, its temperature is
raised to that of saturated water; then the water
is evaporated; and finally, the steam thus generated is raised to the final condition of temperature at the desuperheater outlet. By setting
up a simple heat balance, it is possible to determine quickly the quantity of water required
to desuperheat for any given set of conditions.
Desuperheaters are either the indirect or direct (mixing) type. The water available for use
as the temperature-regulating medium governs
the selection for any specific installation. This
is not so important with the indirect (noncontact) type, where a tubular heat exchanger is
used, since the steam to be desuperheated is
separated from the cooling medium, and the
heat is transferred through the separating tube
wall. In the direct type, however, the cooling
medium is injected into, and mixed with, the
superheated steam to reduce the temperature.
To be used for this purpose, the desuperheating
water must be of condensate quality, containing
very few solids.
In industrial or marine practice, to help reduce costs, non-contact desuperheating coils
may be installed in one of the boiler drums. The
principal objection to this design is its relatively low capacity. Through necessity, all
parts must be sufficiently small to be conveniently handled through the boiler-drum
access opening. The coils must therefore be
compact, and made in sections to permit assembly and installation within the drum space
limitations. If large or bulky, and if the number
of parts are many, the assembly of the coils may
become almost impossible.

in heat absorption. The heat available to the
sup~rheaterand reheater increases, as does the
quantity of gas passing over the surfaces. Both
of these factors increase steam tempefature.
Bypass-Damper Control

An arrangement of bypass dampers i n a relatively cool gas zone downstream of superheater
or reheater sections provides an acceptable
means for maintaining constant steam temperature; automatic controllers adjust the dampers
to provide the required degree of temperature
control. If load changes are abrupt, frequent,
and of considerable magnitude, there is likely
to be some hunting in positioning the damper.
As there is also some lag in the response to
temperature changes, final temperature varies
over a plus or minus 10°F range. This variation
is characteristic where the regulation of steam
temperature depends solely on control of gas
flow through bypass-damper operation.
During the early damper-opening periods,
the gas flow rapidly increases and then falls off
as the full-open position is approached (see
Fig. 6). The data were taken from an operational
test during which the capacity of the unit was
held constant and the effect of variable bypass-damper opening against steam temperature was recorded. There is an increase of 15°F
in steam temperature for a change in damper
from 100 percent to 40 percent open. However,
the temperature increase from 40 percent open
to fully-closed damper is 50°F. It is apparent

-

Gas Recirculation

In this temperature-control means, described
further in Chapter 6, a portion of the flue gas is
diverted from the main stream at a point following the superheater and reheater (usually between the economizer .outlet and the air-heater
inlet) and is recirculated to the furnace. The gas
passes through a recirculating fan and mixes
with-the gas in the furnace, causing a reduction

Percent Damper Opening
~ i g6. Chart illustrating steam temperature
change with respect to damper opening
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that sensitive responses, resulting in more uniform temperatures, are obtainable when the
regulator operation is confined to the early
stages of damper opening. In other words, any
changes in capacity that would normally require the bypass damper to operate above 50
percent open should also incorporate another
means of control so as to keep within the sensitive control range.

WATERISTEAM CIRCULATION
The t e r n circulation, as applied to steam
generators, is the movement of water, steam, or
a mixture of the two, through heated tubes. The
tubes can be in furnace walls, boiler banks,
economizers, superheaters, or reheaters. Adequate circulation results in the cooling fluid
absorbing heat from the tube metal at a rate
which maintains the tube temperature at or
below design conditions. Adequate circulation
also keeps the tube within the other physical
and chemical limitations required by the inside
and outside environment. In boilers, circulation through the varied systems of heated tubes
can involve just the flow entering and leaving
the system (called the once-through flow), a
means of recirculating the fluid, or some combination of these two circulation concepts.
Steam generators of all manufacturers have
similar pressure-part systems. For any given
steam-power cycle, the economizer contains
fluid in the lowest temperature range, with its
inlet temperature being that leaving the top
feedwater heater. The superheater contains
fluid in the highest temperature range, with
its outlet temperature essentially fixed. The
evaporator contains the middle range of fluid
temperatures.
Circulation in economizers, superheaters
and reheaters is most commonly of the oncethrough type. The furnace-wall system of
high-pressure units uses either once-through
or recirculation Qow, or some combination. By
convention, these modes of circulation have
become terms of reference for the complete
steam generating unit.
At pressures below the 3208-psia critical

-

point, the major portion of the evaporator operates at a saturation temperature established by
the pressure of the furnace-wall system. At
supercritical pressures, the wall system has no
fixed fluid temperature; a continuous temperature increase occurs in the furnace-cooling
fluid between the furnace-wall inlet and outlet.
The most critical circulating system in a large
boiler is that of the furnace walls; they are at the
same time the area of highest heat-absorption
rates and a major structural component of the
unit. This present section, and Chapter 7, discuss the various types of furnace-wall circulation that the designer can use, their differences,
and the advantages of each.
CIRCULATION IN FURNACE WALLS.

There are four types of furnace-wall circulation systemsused for present-day steam generators. Their application depends on pressure,
unit size and planned operating mode, required
maneuverability, and the manufacturer's design philosophy. Fig. 7 shows the four types
diagrammatically; they are:
thermally induced, also called thermal,
thermo-syphonic, or "natural", with inherent
recirculation
.thermally induced, pump-assisted, with
recirculation
once-through, with no recirculation
once-through. with superimposed pumped
recirculation
Because of the influence that pressure has on
the behavior of water in the steam-generating
process, it is necessary to distinguish between
the different circulation systems at subcritical
and supercritical pressures.

.
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THERMAL CIRCULATION

The first type, thermal circulation, is a recirculating system at subcritical pressure. It depends on the static-head difference between
the water in the downcomers (usually unheated) and the steam-water mixture in the
heated generating tubes to produce circulation
and maintain sufficient mass velocity and mixture quality for adequate furnace-wall cooling.
Circulation begins only after heat is applied to

the vertical generating tubes and, when once
begun, is proportional to the amount of heat
locally supplied. To maintain the overall wstern pressure drop as low as possible, boilers
using this principle for cooling the furnace enclosure need large flow areas in downcomers,
supply tubes, generating tubes, and relief tubes
to the drum.
Thermal-circulation boilers are the dominant choice of all manufacturers for low and
medium subcritical-pressure operation, as they
have been since the early development of the
water-tube boiler. Theoretically, thermal circulation can be used at any waterwall operating
pressure below the critical pressure of 3208
psia, as long as there is some finite density difference between the water in the downcomers
and the saturated steam-water mixture in the
heated circuits. Practically, the maximum
furnace-wall pressure that has been used is
about 400 psi below the critical pressure.
Later in this chapter are discussed the principles of thermal circulation including some
of the mathematical bases for subcriticalcirculation calculations in this mode. Also
covered is the design background for different
types of drum internals used to separate steam
from the recirculating water so that it can proceed on to the superheater as a heatable vapor.
PUMP-ASSISTEDTHERMAL CIRCULATION

This type of subcritical-boiler recirculation
system uses an external mechanical force, proThermal

Thermal, Pump-Assisted

Drum

duced by one or more low-pressure-differential
pumps located in the downtake system, to supplement the thermal head. The thermalcirculation circuitry may now include pumpisolating valves and, in many designs in this
category, waterwall-circuit flow-control orifices. The orifices are varied in size to insure
uniform circulation under changing furnace
conditions. In general, waterwall tubes of boilers
having positive-circulation systems of the type
described are smaller in diameter than those of
thermal circulation units; in the thermal units,
large tubes minimize friction losses and take
maximum advantage of the limited head provided by density difference.
Pump-assisted thermal circulation units find
particular application at the high subcriticalpressure levels, where there is reduced fluid
static-head energy available to recirculate the
furnace-wall fluid. The reduced driving force is
of concern where a very large number of parallel tube circuits makes even heat distribution a
problem, such that some tubes can overheat under certain operating conditions; also, if there
is less circulation energy available, it limits the
boiler maneuverability.
Note that the only difference between the
basic thermally induced boiler and the
pump-assisted is in the circulating systems.
Otherwise, both types share the same kind of
firing methods, means of superheating and
reheating and controlling superheater and
reheater outlet temperatures, heat-recovery
Once-
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equipment and structural support. A C-E
developed positive-circulation design is described in Chapter 7.
ONCE-THROUGH CIRCULATION

In a once-through boiler, there is no recirculation of water within the unit. In elemental
form, the boiler is merely a length of tubing
through which water is pumped. Heat is
applied, and the water flowing through the
tube is converted into steam and superheated to
the desired temperature at the outlet. In actual
practice, the single tube is replaced by numerous small tubes arranged to provide effective
heat transfer similar to the arrangement in
drum type boilers. Note that the economizer
and superheater operate on the once-through
principle even in drum-type boilers. The fundamental differences lie only in the heatabsorbing circuits or evaporating portion of the
unit. The word evaporating includes boiling
at subcritical pressures and heating into the
compressible vapor region at supercritical
pressures.
In the typical reheat unit, the evaporating
surface consists of waterwalls which form the
major part, if not all, of the furnace enclosure.
The principal distinguishing features of a oncethrough boiler, then, are related to the design
and operation of the waterwalls.
The distinctive design requirements stem
partly from the temperatures that may exist in
the waterwalls of a once-through unit, in which
there is a considerable rise in temperature from
waterwall inlet to outlet. Even greater differences may exist during start-up or upset conditions. And there can be significant differences
between adjacent individual tubes. The furnace design and construction must take into
account the relative thermal expansions produced by these temperature differences in various parts of the furnace and between tubes,
casing, and buckstays. The first distinguishing
haracteristic of once-through boilers, then, is
iheir furnace-wall temperature patterns.
The second principal characteristic concerns
means of preserving furnace tubing integrity.
Unlike a drum-type boiler, in which circula-

tion of the working fluid is provided whenever
the unit is fired, the once-through cooling flow
is essentially proportional to the firing rate and
is inadequate to provide waterwall tube protection during startup and at low loads. That is, in
an elemental once-through unit, the design
does not permit internal recirculation; nevertheless, a through flow has to be established at
least in the'highly heated portions of the circuitry. The operation of the power-plant feedwater system, including the boiler feed pump,
is needed to produce the once-through flow,
and suitable means must be provided to dispose of the circulated flow without incurring
loss of heat or working fluid. This is normally
done with a steam-turbine bypass system.
The once-through design has been successfully applied to both the high-subcritical and
supercritical pressure ranges. In this connection, it is useful to point out some differences in
boiler operation in the two pressure regimes.
Supercritical Versus Subcritical
Once-Through Operation

When water is heated at a pressure above
3208 psia it does not boil. Therefore, it does not

have a saturation temperature, nor, does it produce a two-phase mixture of water and steam.
Instead, the fluid undergoes a transition in the
enthalpy range between 850 and 1050 Btullb
(Fig. 1).In this range its physical properties (including density, compressibility and viscosity)
change continuously from those of a liquid
(water)to that of a vapor (steam). The temperature rises steadily; the specific heat and rate of
rise varies considerably during the process.
The nature of supercritical steam generation
rules out the use of a boiler drum to separate
steam from water; drumless units are universal
for supercritical operation.
During the boiling process at subcritical
pressure, individual molecules break out of the
dense liquid clusters and, as the physical surroundings permit, form a separate vapor phase.
At supercritical pressure, as heat is added to
the liquid, the clusters gradually divide into
smaller clusters and the spacing of the
molecules gradually becomes less dense until
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the transition to the wide-spaced, random arrangement of a vapor is completed.
The most important result of this situation is
that all impurities in the feedwater must either
be deposited in the furnace and superheater
surfaces or must be carried over into the turbine. As described in Chapter 20 only the best
possible feedwater treatment can be considered
acceptable. Because blowdown from the drum
and furnace walls (as is possible with drumtype units) is not available to remove impurities
from the system, not only the makeup water but
also a portion of the condensate must be purified. Otherwise the concentration of impurities
in the system will build up gradually until intolerable conditions or tube failures force an
outage for cleaning or repairs.
More information on the development of the
once-through boiler and its operation at both
subcritical a n d supercritical pressures can be
found in the 1 9 6 7 edition of this text.'
ONCE-THROUGH FLOW
WITH SUPERIMPOSED RECIRCULATION

This fourth common type of boiler circulation, used for supercritical service, involves the
superposition of pump-assisted circulation, as
previously described, on the once-through
flow. Superposition means that the pumps are
permanently installed, but with a local bypass
system, to allow them to be in-line or in the
bypassed position as a function of load. The
pumps then operate to assist circulation as required, on start-up and at low loads.
By adding to the once-through flow as necessary, the boiler-water circulating pumps act to
protect the furnace-wall system from excessive
metal temperatures. At loads that are between
about 60 percent and 100 percent. of maximum
continuous rating, the pumps are no longer
needed for wall-tube protection, and the unit
operates on once-through flow.
With this type of unit, it is usual to supply a
start-up system that contains shutoff and
throttling valves (arranged between the furnace wall and the superheater) which can be
bypassed through a low-pressure system with a
waterseparator. This arrangement permits the

furnace wall to operate at pressure above the
3300 psig level while allowing the superheater
to operate at a subcritical pressure level during
start-up. The system also lends itself to variable-pressure operation through the superheater and steam turbine over any specified
load range. Chapter 7 presents more detail on
such start-up equipment.
COMPARISON OF BOILER DESIGNS
FOR SUBCRITICAL STEAM CYCLES

Turbines for 2400 psig operation are usually
designed for steam pressures of 2520 psig at the
turbine throttle-a condition of 5 percent overpressure. A boiler-drum operating pressure of
between 2750 and 2850 psig is required to
allow for pressure drop through the superheater and the main steam line. As indicated
earlier, with the densities of steam and water
rapidly approaching each other above this
pressure level, it represents a reasonable
limit for a drum-type boiler incorporating
steam separation and recirculation.
An advantage of drum-type units over oncethrough designs is their ability to operate with
marginal quality feedwater. Steam separation
permits elimination of undesirable solids by
blowdown without affecting steam purity. The
tendency of solid constituents to remain with
the water phase makes this possible.
Because water is converted completely to
steam in a once-through unit, solids in the
feedwater must ultimately deposit in either the
boiler, the superheater, or the turbine. Although high-quality makeup water can be
provided consistently, the condenser always
represents a possible threat of contamination.
Demineralization of the condensate is necessary in systems with once-through boilers if
power production is not to be curtailed during
condenser leaks.
The furnace-wall tubes of the majority of
coal-fired, drum-type, steam generators are virtually always some type of carbon steel. Its use
is possible because the waterwalls are used exclusively for steam generation (evaporation).
As a result, the fluid temperature in these tubes
is constant and predictable. Even with very
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high furnace heat-transfer rates, mean-wall
tube-metal temperatures seldom exceed 800°F.
TWO-PHASE FLOW

The design of boiler furnaces in the subcritical pressure range requires close attention to
the adequacy of coolant flow necessary to keep
the evaporative process in waterwall tubes
within the nucleate boiling range. The importance of this aspect of two-phase flow has been
brought about by the elevated steam pressures
and better steam qualities for which boilers are
being designed. Conditions are aggravated by
the increased and varying absorption rates to
which some furnaces are s u b j e ~ t e d . ~
In simplest terms, the design probiem centers on the choice of a physical arrangement
that provides the coolest waterwall at minimum pump power. To accomplish this the
designer must know the conditions under
which the evaporative process passes from
nucleate to transitional and finally to film boiling. Also necessary is information on the manner in which waterwall metal temperature can
be expected to change as these phases occur.
An understanding of what is involved in
two-phase flow under these conditions is possible from observing the changes that are produced in the film conductance, as indicated
most directly by the inside tube-metal temperature when the heat flux, coolant mass flow, enthalpy and pressure are varied.
If a tube were heated uniformly along its
length while water at a sufficiently high mass
flow were passed through it at a given pressure,
the inside metal temperature would follow a
plot as described by the solid line in Fig. 8. If
the flow rate were reduced, a point would be
reached along the mixed or quality phase section of the plot where the metal temperature
rises, as indicated by the dashed line in the illustration. The point of departure from the
horizontal is known as DNB or the point of departure from nucleate boiling. The maximum
point on the curve can be referred to as the
point of film boiling or the minimum conductance point. Between DNB and the film-boiling
point is the region of transitional boiling.

At DNB, the bubbles of steam forming on the
hot tube surface begin to interfere with the flow
of water to the tube surface, and eventually coalesce into a film of steam which effectively
blankets the hot tube surface. The indication of
this departure is defined as tube metal temperature fluctuations of 20°F or greater at frequencies of 10 seconds per cycle or slower. The
transition from this point of departure from nucleate boiling to the point of steady-state film
boiling is unstable because of the sweeping
away of the coalescing bubble groups. This unstable phenomenon exhibits itself first with cyclical tube-metal temperature fluctuations of
10" to 20°F at a frequency appreciably slower
than that of nucleate boiling bubble generation
(something in the order of seconds per cycle
versus tens of cycles per second for nucleate
boiling). As this unsteady transition approaches full film boiling, metal temperature
fluctuations of 50" to 100°F at even slower frequencies are observed. Fig. 9 is another way of
illustrating the phenomenon.
CIRCULATION IN A SUBCRITICAL
WATER-TUBE CIRCUIT

In recirculation-type boilers, the difference
in density between steam and water is utilized
to provide (or assist in providing) hater circulation. (See Fig. 10) Generally, the downtakes
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external to the furnace serve as the high-density leg of the system. The heated furnace walls
or the forward portion of a boiler bank, containing a mixture of steam and water, constitutes
the low-density leg. The avairable head to promote circulation is reduced by frictional and
entrance and exit losses in the several circuits.
The "adequate circulation" referred to earlier
can be achieved only if the losses are low and
make available a sufficient circulating head.
Before proceeding to the analytical and
quantitative calculations of boiler circulation,
consider what happens in a water-tube of a
subcritical boiler. A steam-generating circuit
(Fig. ll), for the velocity and resistance involved, will circulate as much water as the differential head will allow. The resistance is the
sum of that due to steam flow and that due to
water flow. Because the downcomer head is
constant, the downcomer flow is a function of
the sum of the downcomer head and the riser
tube losses. Steam flow is a function of the
firing rate, and the water-to-steam ratio in
the riser circuit will vary for each operating
condition.
The water in the mixture does not necessarily
flow uniformly or at the same velocity as the
steam, as most riser tubes are more or less verti-

cal, and the flow is against gravity. Because the
water is heavier, it tends to separate and recirculate. The degree of such steam-water slip:
page and consequent recirculation depends on:
the relative densities of steam and water, the
relative amounts of steam and water in the mixture, the steam flow velocity, and the internal
area of the riser tube. As might be expected,
maximum slippage is found in boilers having
large-diameter tubes, high ratios of water to
steam, and low flow velocities.3
CIRCULATION RATIO

Circulation ratio is defined as the mass rate of
water fed to the steam-generating tubes divided by the mass rate of steam generated. If
steam is condensed in the drum by coming in
direct contact with the feedwater, the mass of
steam for the above calculation will be greater
than the net output of the steam drum. In a
boiler with drum internals capable of separating steam from water without condensing
steam in the drum, the circulation ratio is the
total circulation mass rate divided by the total
steam mass rate leaving the steam drum.
The average mass of water per pound of
steam leaving the steam-generator circuits and
entering the steam drum, then, is the circulation ratio minus one.

Steam-Water Mixture
b

I

I

Film Boiling
Transition Boiling

------------

--LAJ
I

Nucleate Boiling

Water

Fig. .9-- Effect of DNB on tube metal temperature

675

850
Tube Metal Temperature,'F

1050

;

Fig. 10 Chart showing relationshipof steam and water mixtures

I

1

Gage Pressure, Lb/Sq In.
I

I

I

I

I

I

I

I

I

I

I

0

2

4

6

8

10

12

14

16

18

20

Gage Pressure, MPa
1

GENERAL BOILER CIRCULATION

There are two distinct but related ways to
consider boiler circulation. The primary view
sees circulating fluid transmitting heat from an
external source to a machine for conversion of
thermal energy into mechanical energy. In this
view the boiler is regarded as a thermal transformer in which heat-transfer functions are of
first importance and are controlled essentially
through fluid circulation.
A second viewpoint emphasizes circulation
as a means of protecting the structure of the
boiler by moving fluid rapidly through its
drums, tubes and headers to prevent overheating. This places circulation also in the important role of a structural-protective mechanism.
Ideally these viewpoints are combined in a
design in which efficiency of heat transfer is
maximized while cost is minimized.
From a physical standpoint, there are three
principles involved in the study of thermally
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Fig. 1 1 Typical steam generating circuit in
a subcritical-pressurewater-tube boiler
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induced circulation of fluid:
differential pressure from expansion of a
fluid by the application of heat to some po- ion
of a circuit causes circulation with equilibrium established, the work available from expansion balances the work done
against resistances to flow in the circuit
mass flow of fluid in a closed circuit is constant throughout the circuit and unaffected by
volume expansion resulting from a steady-state
heat input
A unified analysis of subcritical-pressure
boiler circulation proposed by R. W. Haywood
in 1951 incorporated revisions of the hydraulic
theory proposed by W. Y. Lewis and S. A.
Robertson in 1940, the thermodynamic approach proposed by R. S. Silver in 1943, and the
expansion approach set forth by R. F. Davis in
1947. Following is the Haywood analysis with
changes in wording and terminology.4

equation for frictional flow, the equation of state
for the fluid is needed, namely,
dE

+*p J

= TdS

(3)

and the fact that for frictional flow
TdS = dq

+ dW
J

P
f

(4)

where S is entropy of the unit, and Wf is the
mechanical work- dissipat.ed by friction per
unit mass of fluid.
The substitution of Eq. 3 and Eq. 4 in Eq. 2
gives
VdV
dW,+vdp + - + g d ~ = o
go

go

FLUID FLOW IN HEATED PIPES

The classical analysis of frictional flow of a
homogeneous fluid along a heated pipe must
be understood.before it can be applied to the
special case of circulation, without bubble slip,
in a subcritical boiler U-tube circuit.
The general energy equation relating to a
unit mass of a homogeneous fluid in steady
flow in a heated pipe is:

Jdq = Jdh

= JdE

+d

(Z)z : ;
+

g
+ pdv + vdp + VdV
-+ -dZ
80
go
(2)

where q is heat flow into the fluid; h is enthalpy
of the fluid; V is velocity of the fluid; Z is height
above a datum level; J is mechanical equivalent
of heat; go is standard gravitational acceleration; g is acceleration; E is internal energy; p is
pressure and v is specific volume.
This equation applies whether the flow is
frictional or frictionless. To develop from it the

All the terms in Eq. 5 represent energy quantities per unit mass of fluid, and dwfis that part
of the available mechanical energy which is
dissipated by friction. In the simple case of skin
friction in a straight pipe

where f is a dimensionless friction coefficient;
d is the inside diameter of t.he pipe and 1 is
length of pipe.
The substitution of this in Eq. 5 would give
the momentum equation for frictional flow in a
straight pipe, but this is only a special case of
the more general equation. For other "losses",
such as in bends, etc., dWfmay usually be expressed as some function of the kinetic energy
at the point, namely,
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All the terms in Eq. 16 represent energy
quantities (e.g. ft lb force of energyllb,of fluid).
For integration around the steam generation
circuit, E ~ 16
: may be written

from which the velocity of circulation is given
nondimensionally by the expression

where AFE is the increase in flow energy pv;
AKE is the increase in kinetic energy and APE is
the increase in potential energy.
Applying this to the circuit of Fig. 12
AFE

-v:-

2 ~ 1

1

- v*lo~ev~vl
C
(I3)

where

C

- ps (vz - vl); AKE = 0;APE = 0

Also, p = p, + p', where p' is the local excess of pressure at any point above the drum
pressure. Substitution of these relations in Eq.
1 7 gives

= ~ ( K A+ IVZIVI]KF)

+ (zflld) (v2lv1+ 3) + ( v ~ v -, I)]
(14)
THERMODYNAMIC(EXPANSION)METHOD
OF CIRCULATION

For the case in which fluid is assumed to flow
as a homogeneous mixture, the thermodynamic
(or expansion) analysis of circulation is of interest. Resulting from an essentially thermodynamic approach, it is at the same time very
expressive of the physical nature of the process
to describe it as an expansion theory. Its development depends on an understanding of the
significance of the expansion work term, pdv,
in the frictional steady-flow process. This is
found by substituting in Eq. 5 the relation
vdp = d(pv)

- pdv
(15)

giving
pdv = dW,

v +gdz
+ d(pv) + d go
(16)

The thermodynamic or expansion analysis of
circulation may thus be expressed as:
When unit mass of fluid flowing around the
circuit expands by an amount dv at a point
where the pressure is (p, + p'), it does an
amount of work (p, + p') dv against the surrounding fluid, but the work done at the
boundaries of the system in consequence of this
expansion is only psdv.
Thus an excess of mechanical work equal to
p'dv is available for overcoming friction (or
which, in the more general case, would also
be available for imparting increased kinetic
and potential energy to the fluid). This excess
of mechanical work may be termed the work
available for circulation, and the rate of circulation adjusts itself until a state of equilibrium
is established between the work available for
circulation and the mechanical energy dissipated by friction in the circuit.
As they are derived from a common equation,
it is evident that both thermodynamic and hydrodynamic analyses give the same answer for
the rate of circulation. But the hydrodynamic

approach is simpler to apply because the thermodynamic approach requires a knowledge of
the pressure at all points in the circuit where
expansion is taking place, and this pressure
must first be calculated by the procedure used
in the hydrodynamic method. The steps invalved are outlined as follolvs:

The mechanical energy dissipated in friction
in the whole circuit is given by

:

v ?,
V + 4fLid d ~ v ,= K , 2g 0

2go

v:

+ aB , v 2 d v + K,- 2go
1'1

l

In evaluating p'dv, the integration is necessary only over that part of the circuit with a
change in volume, namely, in the heated riser.
Thus

-

1
'
where a = (vt - ~ 1 ) '

-

Thus

where p" = (p - p,), and is evaluated.from Eq.
8 to give

,

+ aB (v:

- v')

&

(20)

-

where B = 2fG21g,d and G is mass velocity, Vlv.
Also

Equating (22) and (23) results again in Eqs.
(13) and (14) thus giving the same answer for
the rate of circulation as was given by the hydrodynamic method. Although the thermodynamic analysis may clarify the physical processes involved in circulation, evaluating the
rate of circulation by this means is considerably more complicated than by the hydrodynamic method, and the latter is therefore
much preferred for practical use.

SEPARATION OF
STEAM AND WATER
Substituting Eqs. (20) and (21) in Eq. (19) and
integrating,
"work available"
r

=

IIpldv

=EL
1

Water technology for steam generators is not
limited to conditioning gr treatment of makeup
and, feedwater, as discussed in detail in Chapter 20. It is also concerned with the phase transformation of water to steam, and the separation
of liquid and gaseous constituents. The study of
these phenomena considers physical chemistry,
fluid flow and mechanical design.
Despite many theoretical analyses of steam
and water separation and a great number of hypotheses to explain these phenomena, steam
and water separation in boilers retains many
aspects of an engineering art and has thus far
defied completely rational understanding. Experimental work on both model and full-scale
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apparatus continues to provide useful information. Engineering criteria for the design of
separators for subcritical-pressure steam and
water separation, require correlation of these
laboratory results with widely varied experience, as evidenced by the successful operation
for many years of effective and efficient separation devices. But the challenge remains to develop a verifiable theoretical structure that
provides an analytically rigorous explanation
of the phenomena of steam and water separation in terms of the mass flows and physical
equipment size found in large boilers.
THE REQUIREMENT FOR STEAM
SEPARATION

Steam generated in a subcritical-pressure
recirculation-type boiler is intimately mixed
with large and variable amounts of circulating
boiler water. Before the steam leaves the boiler
and enters the superheater, practically all of
this associated boiler water must be separated
from the steam. This separation must be done
within a limited space in the drum, within a
matter of seconds, and under a variety of velocity, pressure and other operating conditions.
The pressure drop across the steam and water
separators must not be sufficient to affect boiler
circulation or water-level control.
Nearly all of the liquid and solid impurities
in the steam and water mixture must be separated from the steam before it is suitable for
use. Any unseparated liquid in the steam contains dissolved and suspended boiler-water
salts which appear as a solids impurity in the
steam when the moisture is evaporated in the
superheater or directed to a turbine or other
steam driven apparatus.
The moisture content in a saturated steam is
defined by its quality, which is a measure of the
percent by weight of dry steam in a steam-water
mixture. The solids content in a saturated
steam is defined by its purity, a measure of the
parts per million of solids impurity in the
steam. Solids content in steam from high
subcritical-pressure or supercritical boilers
is measured in parts per billion.
The relationship between moisture carry-

over, solids carryover and boiler-water concentration is best illustrated by an example. For a
0.01 percent moisture carryover of boiler waterhaving 1000 ppm concentration, the solids iil
the steam would be 1000 x 0.0001 or 0.1 ppm.
Conversely, the moisture carryover can be calculated if the boiler-water concentration and
the steam impurity content are known.
BOILER DRUM

The drum of a subcritical boiler serves two
functions, the first being that of separating
steam from the mixture of water and steam discharged into it. Second, the arum houses
equipment to "dry" steam after being separated
from the water.
As the quantity of water contained in the
boiler below the water level is relatively small
compared to the total steam output, the matter
of water storage is not significant. Primarily,
the space required to accommodate steamseparating and purifying equipment determines drum size. Drum diameter and length
should be sufficient to provide accessibility for
installation and inspection. Length generally
depends on furnace width; in the case of highcapacity units, it is controlled by the space required for the steam-separating devices.
The weight of water in the mixture delivered
to the drum for separation depends on the circulation and may range from less than two to
over 25 times the weight of steam. To reduce
this water to the small fraction found in the
steam requires a high efficiency of water separation. The equation indicating the percent of
water separation necessary to give a steam impurity may be expressed as:
Percent of water separation = 100

100 P,

-NCb

(24)

where
P, = ppm of impurity in steam
N = circulation ratio, Ib of waterllb of steam
Cb= boiler-water concentration
DRUM INTERNALS
Drum internals in subcritical-pressure boil-

;
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ers separate water from steam and direct the
flow of water and steam to establish an optimum distribution of drum metal temperature
during boiler operation. Such apparatus may
consist of baffles which change the direction of
flow of a steam and water mixture, separators
which use a spinning action for removing
water from steam, or steam purifiers such as
washers and screen dryers. These devices are
used singly or in consort to remove impurities
from the steam leaving the boiler drum.
Numerous factors affect the separation of
water from steam in a boiler, among which are
8 the density of water with respect to the steam
8 the available pressure drop for drum-internal
design
8 the amount of water in the mixture delivered
to the steam drum
8 the quantity or total throughput of water and
steam to be separated
8 viscosity, surface tension and other such factors affected by pressure
8 water level in the drum
8 the concentration of boiler-water solids
There is a considerable difference in the
density of water and steam as pressure increases toward the critical point. This relationship is shown in Fig. 13 which is a plot of the
ratio of the density of water to the density of

steam as a function of pressure. The density
of water at 1200 psia is approximately 16
times that of steam. At 2800 psia, the density of
water is about three times that of steam. Thus,
as pressure increases, separating water from
steam with simple devices becomes more difficult and requires more efficient apparatus to
achieve primary separation in a confined area.
WATER SEPARATION STAGES

The stages of water separation are designated
as primary separation, secondary separation,
and drying. The devices used are primary
separators,' secondary separators and dryers.
The term dryer was established during the
course of development of water-tube boilers on
the basis that the final stage of separation delivered a "dry" and saturated steam.
PRIMARY AND SECONDARY SEPARATORS

Primary and secondary separation reduces
the water content of the steam from the boiler
tube circuits to a moisture level that a finalstage dryer can handle. Frequently, the design
of equipment for primary and secondary separation is influenced as much by the boiler design as by the basic function of separating the
water from the steam.
Practically all drum internals consist of plate
baffles, banks of screens, arrangements of corrugated or bent plate, and devices using radial
acceleration to disengage water from steam.
Baffle plates are generally used to change or
reverse a flow pattern to assist gravity separation in the open drum space. Fig. 14 illustrates

Normal Water
Level (N.W.L.)

Pressure,Psia
Fig. 13 Waterlsteam density relationship

Fig. 14 Baffle plates in a steam drum
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an example of simple baffle arrangements. Baffle plates change flow direction of water and
steam and act as impact plates. Water separating out on such plates normally will drain-off
through or adjacent to the steam flow, and a
controlling factor in design and operation is the
steam flow velocity through such drainage.
Areas under and around baffles must be sufficient to prevent excessive re-entrainment of
spray. Limited in their impact-separating capacity, the chief purpose of plate baffles is to
direct flow to make maximum use of the gravity
separating capacity available from any lowvelocity steam space in the drum.
Screens of wire mesh material are generally
satisfactory for secondary separators or dryers.
The limiting factor for screen separators is the
steam flow velocity through the free area of
the screen and the water drainage capacity of
the screen. Screens are effective in separating
spray. Riser mixtures normally have too much
water in them for screens to handle as primary
separators. Other factors affecting performance
of screens as primary separators are circulation
ratio, size of screen, and steam flow velocity
through the screen. Examples of screen arrangements as primary or secondary separators
in boiler drums are shown in Fig. 15.
Bent and corrugated plates are commonly
used for all three stages of separation. Fig. 16 illustrates an example of a corrugated plate assembly which has the advantage of a higher
ratio of free area to projected area than do

screens, This equipment can be relatively small
for the same steam flow velocity.
Bulk separators, Fig. 17, deflect large quantities of water directed into the drum from active
risers. The apparatus reduces the bulk water entrained with the steam and directs it below the
water level. This design has allowed higher
evaporation rates per unit of drum length since
it satisfactorily removes the bulk of the spray
water from the steam. The bulk separator reduces moisture by providing impact surface, a
change of direction for the mixture, a drain
trough, and a screen layer for reduction of
fine spray.
Reversing hoods, shown in Fig. 18, combine
all the desirable design features of baffle and
change-of-direction principles. As indicated,
steam and water from the active generating
tubes are directed behind a baffle into the slotted reversing hoods. These primary separators
are simply an arrangement of baffle plates to
guide steam and water in a manner to give
maximum utilization of gravity separation in
open drum space. By accelerating the gravity
flow of water and by reversing the flow of
steam, normal gravity potential is increased
and separation enhanced.
At higher pressures, water and steam are
separated most efficiently in a drum internal
utilizing radial acceleration to disengage the
entrained particle from the steam. Guide vanes
impart spinning action to the turbulent mixture, and the circular motion causes the heavier

.

Corrugated

Plates

I
Fig. 75 Use of screens for secondary separation
Fig. 16 Corrugated-plateassembly

Fig. 17 Bulk separators for removal
of spray water from steam

Fig. 19 Turbo separators followed by
corrugated-plate assembly

water particles to move radially outward
through the steam and to impinge upon the
outer wall of the separator where they can be
collected: The efficiency of separation is related to pressure in that the relative densities
of water and steam determine the resistance
to particle motion due to buoyant effects. As
operating pressure is increased, and as the density of saturated steam approaches that of water, relative motion is more difficult to achieve
and separation efficiency is decreased.
The turbo separator, shown in Fig. 19 uses
the radial acceleration principle. Equipped
with a corrugated plate assembly at the outlet
of the separator, it provides primary and secondary separation of water from steam at pres-

sures up to the critical operating point.
As the water and steam mixture circulated
from the waterwalls is introduced into the
drum, it sweeps the drum shell on its path to
the bottom. The confining baffle concentric
with the drum shell creates effective velocities
and rapid heat transfer. The mixture enters the
separators arranged along the length of the
drum. Vanes spin the mixture as it travels upward through the separators and thus create a
separating force. The concentrated layer of
water flowing upward along the surface of the
primary tube is skimmed off and directed
downward through an outer concentric tube for
discharge below the waterline with minimum
disturbance to the water level.

Screen
Dryer

(

I

Fig. 18 Reversing-hood primary separators

Fig. 20 Screen dryer for removal of
residual moisture from steam
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The steam and the remaining entrained
water continue upward through a steam collector nozzle and turn horizontally into the secondary separator. The velocity at this point is
low and water cannot be re-entrained from wetted surfaces and runs off the plates. Leaving the
separator, the steam flows upward into the
final dryer which facilitates handling of spray
and dehydration of foam. The turbo separator
has no inherent capacity limit because there is
no water seal under a high differential pressure. Changes in water level do not affect the efficiency of the turbo separator5.
DRYERS

A component of drum internals, dryers function to remove residual moisture from steam
after primary and secondary separators have
eliminated most of the circulating water. They
are designed to have a large surface area on
which moisture can deposit and from which it
can drain back into the drum by gravity. Flow
velocity through the free area of a dryer must be
restricted to limits above which deposition or
drainage may be inhibited.
Closely spaced corrugated or bent plates,
screens or mats of woven wire mesh can be used
as dryer surface materials. The screen dryers are
a practical compromise of performance and
drainability that have given satisfactory service
for many years.
The design of dryers requires consideration
of a number of factors. Space limitation in the
drum restricts the dryer size. Other factors as
sturdiness, leak-proof installation, drainage facilities and provision for cleaning due to possible plugging of dryer free areas must also be
considered when selecting a steam dryer. The
pressure drop across a dryer is normally low
because of the low flow velocities and relatively small amounts of water involved.
Dryers operate on a low-velocity deposition
principle, not on a velocity separation principle. Formation of insoluble residues on the dryers from boiler water entrained with the
steam decreases the free area, increases the
local velocity, and promotes carryover. Similar
results are noted by the filming action of foamy

boiler water in the dryer. The free surface areas
are reduced significantly, increasing the local
velocity and facilitating re-entrainment of
boiler water and carryover. Dryers in boilers
operating with foamy boiler water or large
amounts of suspended matter in the boiler
water should be inspected periodically and
cleaned as necessary. Fig. 20 is a simplified
representation of a screen dryer for final drying
of steam.
AUXILIARY DRUM INTERNALS

Feedwater lines, blowdown lines and chemical feed lines are also installed in the boiler
drum. In some marine boilers, desuperheaters
may also be installed. Although feedwater,
blowdown and chemical feed lines normally
do not take up much drum space, their location
can be a minor complication in the overall
internals arrangement. To give satisfactory distribution of flow, these lines are usually run to
the center of the drum where they feed other
branch lines that are perforated.
Feedwater lines are submerged in the drum
water but must be arranged so as to avoid discharge of cold feedwater against the bare drum
shell, as temperature variations can cause severe thermal stress in the thick drum shells. In
some cases, it is desirable to concentrate the
colder feedwater flow into the downcomer
tubes to condense steam entrained in the downcomer flow and improve boiler circulation. It is
also necessary to prevent water hammer which
can occur readily if steam leaks back into the
feedwater system. The inflow of cold water may
suddenly condense the steam and create a vacuum. Water hammer results when water rushing into the vacuum stops suddenly.
To control scale, sludge, and corrosion,
chemical feed lines introduce chemicals in
a manner which insures rapid mixing with
the feedwater. The chemicals are generally
added in a concentrated form, and it is necessary to flush the lines periodically with clean
water to prevent plugging due to reaction
and deposition.
Blowdown lines periodically or continuously remove a portion of water from the boiler.
Sufficient high-solids boiler water is re-

Treated Boiler Water
pH> 10.3
m

Volatile
Treatment
Boiler Water
pH = 9.0

3

0.4 Fig. 21 Dry-box construction
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moved and replaced by low-concentration
feedwater to maintain a desired concentration
in the boiler water. These lines are located to
minimize the occlusion of feedwater and chemical feed, and are designed to prevent entrainment of steam.
Perforated plates, or tapered-plate restrictions at the top of the drum, distribute steam
flow. Not a steam dryer, this dry-box arrangement distributes the flow to allow a minimum
of steam outlets to assure a satisfactory velocity
distribution to a steam dryer. Fig. 21 shows a
dry box construction.
STEAM WASHERS

Steam washers are special drum internals in
which low-concentration feedwater is sprayed
into the steam space to dilute the solids content
in the moisture being carried over to the steam
dryer. Originally used in multiple-drum boill.0g
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ers at pressures from 600 to 1200 psig, they became obsolete as water treatment improved and
pressures increased. Interest in steam washers
has been renewed however because of their potential for reducing the amount of silica vaporized with the steam. This reduction is not
possible with mechanical devicqs used for
steam separation.
Vaporization of silica increases with pressure, as illustrated in Fig. 22. At 2500 psia, the
silica in the steam is about 10 times the quantity at 1500 psia, for the same concentration in
the boiler watera6Boiler-water pH affects the
vaporization of silica, as shown in Fig. 23. Controlling silica at recommended values such as
these will assure less than 20 ppb in the steam.
Laboratory results and field data conclusively
indicate that silica reduction by steam washing
in boilers above 1800 psig is ineffective. Improving the quality of makeup water, then, is
the only effective means of controlling the silica problem above 1800
VAPOROUS CARRYOVER

As operating pressures increase, the steam
phase exhibits greater solvent capabilities for
the salts that may be present in the water phase.
These salts will be partitioned in an equilib-
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Table I.Summary of Laboratory Results
-Drum pressure (psig)
Concentration i n boiler water, p p m
S o d i u m sulfate, OO/
Disodium phosphate, %
Trisodium phosphate, %
S o d i u m chloride, %
S o d i u m hydroxide, %

2600
15
0.02
0.01
0.02
0.04
0.02

2800
15
0.04
0.03
0.04
0.09
0.08

3000
15
0.28
0.41
0.35
0.39
0.55

rium between the steam and water. Known as
vaporous carryover, this phenomenon will contribute additional boiler-water solids directly
to the steam, independent of the efficiency of
steam-water separation ~omponents.~

Although silica was the first material found
to exhibit significant vaporous carryover, it is
now realized that such carryover coqtributes a
major proportion of total solids in thesteam as
drum operating pressures increase above 2600
psig. And it is recognized that controlling the
amount of vaporous solids in the boiler water
will be required for these other salts as it was
for silica.
Table I shows results of a laboratory experiment conducted in 1973-1974to study vaporous c a r r y ~ v e rFor
. ~ various salts, it lists percent
vaporous carryover, which is the ratio of the
salt concentration in the steam and boiler water. In each case, sodium was measured and
then converted to the concentration value.
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CHAPTER 6

Designing for Boiler Performance .

u

o design a large steam generator, manufacturers 'follow a step-by-step process that
begins with establishing basic output-steam
conditions and systematically building to the
structural design of furnace walls, headers and
supporting steel.
So that each manufacturer can develop a
competitive bid that will give reasonably similar steam- and water-side performance, owners
issue a set of design criteria that form the basic
ground rules. Generally, the scope-of-supply
specifications issued to a boiler manufacturer
cover the pressure parts, the pulverizing and
fuel-burning equipment, the air heaters, the
sootblowers, the furnace containment and ductwork, and the furnace safeguard supervisory
system. "Standard versions" of specifications
include
rn primary-steam and reheat-steam pressures
and temperatures
feedwater temperature
complete fuel and ash analyses
rn ambient-air and outlet-gas temperatures
Often, the mechanical-draft fans, structural
steel, and furnace-bottom ash-handling equipment are also part of the scope of supply. But
even if these items are not included, their required performance and physical characteris-

tics must be defined because of their important
role in performance, accessibility, and maintenance of the boiler and because they directly
interface with the primary steam-generating
equipment. Only when the owner asks for
expanded-scope "boiler islands" will the
manufacturer design such peripherals to the
steam generator as walkways and stairs, steam
and feedwater piping, the boiler building, and
the coal silos or bins. The steam-generator
supplier can also be responsible for the design
of precipitators, flue-gas desulfurization systems, and complete ash-handling equipment.

OF DESIGN BASICS
One of the first steps in the boiler design process is to calculate boiler efficiency by using
the required excess-air percentage for the fuel
to be burned. Working in a systematic fashion,
the designer next determines fuel, air and
gas quantities, selects pulverizers, and establishes a preliminary configuration of furnace
windboxes.
From analysis of pulverizing-air requirements, the feedwater temperature, and the
variation of these and other factors over the
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normal operating range of the unit, the designer arrives at air-heater inlet and outlet gas
and air temperatures. In turn, this determination allows calculation of net heat input,
furnace size, and outlet gas temperature.
SELECTING HEAT-ABSORBING EQUIPMENT

Having settled on the basic "box size" and
gas temperature leaving the furnace, the designer now calculates the gas-temperature
drops for all of the superheater, reheater and
economizer sections up to the air-heater inlet.
A graphic representation of the design calculations to this point gives the skeleton unit
shown in Fig. 1.
By an iterative process, the several highpressure heat-transfer components are "surfaced." That is, the designer assumes a total
physical configuration, including tubing diameters and spacings, then defines the net area
for gas flow between the tubes (called the free
gas area) and determines heat-transfer rates for
each section. When a satisfactory arrangement
of surface is determined, the designer calculates the steam- and water-side pressure drops,
and gas-side pressure losses (also referred to as
draft losses). Finally, metal temperatures are
calculated and tubing diameters, materials,
and thicknesses are chosen.
With the overall steam-generating unit shape
now developed, the cut-and-try strategy can be

Superheater and
Reheater Radian
and Convective
Surface

Windbox (Fuel
Nozzles and
Air-Admission
Ports)

Fig. 1. Skeleton arrangement of radiant-reheat unit
showing superheater, reheater and economizer
downstream of furnace.

applied to the circulation-system design for
which a general approach was outlined in
Chapter 5. Usually, the waterwall tubing diameter, spacing and thickness are predetermined
from design experience with units of the same
size and pressure level. To arrive at the desired
system performance, therefore, the designer's
effort centers on proper sizing of downtakes,
supply tubes, risers, and circulating pumps.

-

SELECTING
NON-HEAT-ABSORBING EQUIPMENT

At this point the design of the basic heatabsorbing circuitry is complete and the design
engineer proceeds with specifications for
drums, headers, desuperheaters, and connecting piping (discussed later in this chapter)
the ignition system (see Chapter 12) air heaters, pumps, and sootblowers (see Chapter 14)
ductwork and fans (the sizing of which are
covered in this chapter and the mechanical features of which are described in Chapter 14)
the furnace-wall structure, which has to consider both explosive and implosive forces (see
Chapter 13)
ash-handling equipment (see Chapter 16)
the structural support system, 'including
hanger rods, columns, girders, and beams
platforms, walkways, and stairs
other balance-of-boiler-island items, such as
specialized chemical-recovery-boiler auxiliaries, emission-control equipment, and stacks.
Except in the case of marine boilers and some
retrofit situations, an owner usually does not
severely restrict the physical space made available for a major boiler installation. Although
the designer has a free hand to establish an optimum configuration by using existing company's standards, costs of building volume and
auxiliary-equipment power consumption will
often lead to consideration of several options in
both basic pressure-part and pulverizer arrangement- as well as the selection of the
boiler-related auxiliaries. The process of selecting the equipment will be described in greater
detail in subsequent sections.
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electrical output on the basis of stated condensing conditions. Boilers are properly rated on
their steam output(s) at certain pressures and
temperatures.

This introductory look at the design process
has viewed its basis, its scope, and its sequence. The next section explains step-by-step
how to calculate unit heat absorption, efficiency, and fuel fired.

HEAT ABSORBED

With the outlet steam conditions identified,
the heat content or enthalpy, h, in Btu per lb,
is read from steam tables (Appendix F) by
interpolating as necessary. The heat in the
feedwater, hfi is read from tables or charts
for compressed water such as Fig. 2. For a
nonreheat unit, if W, represents the steam
produced in pounds per hour, the total boiler
output or heat absorbed, Qabs, will be

HEAT ABSORPTION
AND EFFICIENCY
CALCULATIONS
The first calculation in the boiler-design
process is that of the heat absorbed by the working fluids-the primary steam flow and the
reheated-steam flow. The purchaser establishes these flows at one or more load points,
and gives the steam-generator supplier the
pressures and temperatures at the inlets and
outlets of the primary and reheat headers.
Boiler capacity is given in terms of the mass
flow of primary steam at maximum continuous
rating (MCR). In this and other texts, nominal
boiler size is commonly expressed in "megawatts", an approximation used for convenience-steam-turbine generators are rated in

I

For a unit with one or more stages of steam
reheating, the heat absorbed in the reheater(s)
is added to the primary-steam heat absorption
to arrive at the total Qabs. Fig. 3 emphasizes that
this total heat absorption takes place between
point A, where the fuel and preheated combustion air enter the furnace and burn, and point B,
where the gases leave the economizer, which is
usually the final primary-working-fluid heat
absorber. The heat of the products of combus-

Water Temperature,"F
Fig. 3. Total heat absorption by the primary working
fluids in a steam generator-the water and steamtakes place between points A and B. The theoretical
or adiabatic temperature at point A includes the
heat added to the combustion air in the air heater.
(Heat is not absorbed in the air heater, but is transferred only.)

Fig. 2. Enthalpy of Compressed Water (to obtain
enthalpy in Btullb (above 32°F) for any water temperature and pressure, add or subtract the value
on the ordinate from the water temperature. Example: 400°F water at 4000 PSIG, read - 20 from
curve. h, = (400 - 20) = 380 Btullb)

-
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tion passing through the air heater is picked up
by the air and transferred immediately to the
furnace, essentially without loss.
HEAT FIRED

The fuel fired, Qf,
in Btu's per hour, is given
by the relation

where q i s the overall chemical efficiency of the
steam generator. (See Chapter 21, Testing and
Measureme~ts,for more infcrmation on the
definition of chemical-heat efficiency.)
The quantity of fuel to be burned, the amount
of air to be supplied, and the products formed
are all calculated from Qf.These three quantities largely determine the size of the furnace
and the other components.
The amount of fuel fired, sometimes called
the combustion rate, is found by dividing Q,by
the high heating value of the fix1 (to give the
mass of fuel fired per hour) or, for gaseous
fuels, the volumetric rate which is the cubic
feet of gas fired per hour.
STEAM-GENERATOR EFFICIENCY

The efficiency of a boiler is most frequently
taken to be the ratio of the heat absorbed by the
water and steam to the chemical heat in the fuel
fired. It is not a measure of the efficiency with
which the coal or other fuel is fired into the
combustion chamber or onto a grate, although
the carbon heat loss item in a heat balance will
account for this. Modern suspension-burning
systems reduce this carbon heat loss inefficiency to minimal amounts. Nor is boiler efficiency the net rate at which an electrical
generating plant produces power, called the
net plant heat rate in BtulkWhr. But boiler efficiency must be known to determine the "Btu"
consumed so that the net plant heat rate can be
established for a given boiler turbine unit.
Simplistically, a boiler absorbs most of the
heat in the fuel fired but is unable to "capture"

the heat in the gases going to the stack. Included in that lost heat to the stack is the latent
heat of vaporization of the water in the fuel and
the water formed by the combustion of hydrogen, which is impossible for the boiler to absorb. Thus, efficiency becomes a function of the
type and analysis of fuel fired, the excess air at
which it is burned, the air temperature entering
and the gas-temperature leaving the air pre-heater, and several other factors described
later. Based on the fuel and the above temperatures, heat losses and credits are calculated as a
percent of the heat input, and the efficiency
becomes

The process of accounting for all the heat
losses, as well as the heat available in the steam,
is known as a heat balance. The heat balance
method is frequently used to test for the efficiency of an operating unit. Unlike the test engineer who can measure these losses accurately,
the designer must assign values tosome of them
based on experience.
The following losses are those which must be
known before the efficiency can be determined.
loss in dry products of combustion
loss due to moisture in air
loss due to moisture from fuel
loss due to water vapor in gaseous fuels
loss due to moisture from hydrogen in fuel
sensible heat loss in as,
loss due to unburned combustible
loss due radiation and convection
other losses and heat credits

..
.
.,
..

COMBUSTION CALCULATIONS

With the fuel analysis given, the excess-air
percentage decided on (see subsection Excess
Air for Combustion, which follows), and the
moisture content of the air stated or assumed,
the designer can perform the combustion calculations as delineated in Chapter 4. By using
the combustion equations or the graphical
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methods presented in Appendix C, the air for
combustion, the dry weight of products, the
weight of water resulting from burning the
fuel, and the other items required for heatbalance work are determined, Also, a check is
made of the ultimate fuel analysis supplied
versus the high heating value, to discover early
any discrepancy in this correlation (see Chapter 4 for more on that aspect of the calculation).
EXCESS AIR FOR COMBUSTION

Perfect or stoichiometric combustion is the
complete oxidation of,all the combustible constituents of a fuel, consuming exactly 100 percent of the oxygen contained in the combustion
air. Excess air is any amount above that theoretical quantity.
Commercial fuels can be burned satisfactorily only when the amount of air supplied to
them exceeds that which is theoretically calculated as required from equations showing the
chemical reactions involved. The quantity of
excess air provided in any particular case depends on
the physical state of the fuel in the combustion chamber
fuel particle size, or oil viscosity
the proportion of inert matter present
.the design of furnace and fuel burning
equipment
For complete combustion, solid fuels require
the greatest, and gaseous fuels the least, quantity of excess air. Fuels that are finely subdivided on entering the furnace burn more
easily and require less excess air than those induced i n large lumps or masses. Burners, stokers and furnaces having design features producing a high degree of turbulence and mixing
of the fuel with the combustion air require less
excess air.
Table I indicates the range in values for the
excess-air percentage commonly employed by
the designer. These are expressed in percent of
theoretical air, and are understood to be at the
design load condition of the boiler. (At lower
loads, both in design and in operation, higher
percentages are sometimes used.)

Table I. Excess Air at Furnace Outlet
Fuels

-

% Excess air

Coal (pulv6rizedj '15-30

Liquid
Gaseous

Coke
Wood
Bagasse
Oil

20-40
25-50
25-45
3-15

Natural gas
Refinery gas
Blast-furnace gas
Coke-oven gas

5-10
8-15
15-25
5-10

AIR TEMPERATURE FOR COMBUSTION, t,
Efficiency calculations are based on the air
temperature that will actually be entering the
air heater, not on the ambient temperature (t,,)
nor the specified reference air temperature (t,).
The increase in temperature of the air as it
passes through the forced-draft (FD) fan and
the steam or hot-water air heater must be added
to t,, to arrive at t,.
A function of the power consumed by the fan,
air temperature rise through an FD fan can be
calculated from

AT,, =

10,30O(HP)
-W"
(4)

where ATfdis in OF, HP is the brake horsepower
to the fan shaft, and W, is the weight of air
being handled in Iblhr. The relation is based on
conversion to heat of the air horsepower and
the horsepower corresponding to the inefficiency of the fan. This heat must be stored in
the air. The formula includes a small correction
required for velocity pressure at the fan outlet but the formula cannot be used to predict
the temperature rise at the no-flow or shut-off
condition.
AIR TEMPERATURE RISE
BY STEAM OR HOT-WATER HEATING

It is common in power plants to provide
heating coils ahead of the main air heater inlets
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'to preheat the air entering those heaters. Although primarily used to reduce the potential
for corrosion on the heating surfaces of the air
heater, preheating air with steam or hot water
can substantially improve the overall plant efficiency. Preheating increases the heat content
of the incoming combustion air which helps
increase unit efficiency and thereby decrease
the fuel that is fired in the boiler.
The economic and practical limits to improved boiler efficiency by lowering the unit's
exit-gas temperature, have essentially been
reached. Corrosion andlor plugging of air heatsrs and dust-collection equipment generally
determine the lower temperature limit, which
depends largely on the sulfur content of the
fuel being burned. Efforts to design and operate
modern units for sustained periods with 250°F
final flue-gas temperature at full load generally
have been unsuccessful with many fuels, and
usually the design objective' is at least 25OF
higher, or 275°F. Extraction-steam air preheating has both increased the efficiency and protected air heater surfaces because the steam

flow through the high-pressure turbine blading
can be greater for a given electrical output.
Thus, steam-turbine efficiency is improved by
extracting steam for air heating just as it is improved with feedwater heating.
AIR HEATER COLD-END PROTECTION

The part of an air heater called the cold end is
the section in which the incoming "cold" air
meets the exiting cooled products of combustion. The sum of these temperatures divided by
2 is called the average cold-end temperature
(ACET). Since cold-end fouling and corrosion
can be related to the ACET level, it is usual
practice to work to such a temperature to establish the exit-gas temperature aod the required
air temperature leaving the steam or hot-water
heater. A guide for setting the cold-end temperature is given in Fig. 4.2
For subbituminous and lignitic coals having
the sum of the lime (CaO)and magnesia (MgO)
greater than the ferric oxide (Fe203)in the ash,
the sulfur content used for reading the curve
should be adjusted to equivalent sulfur, ES.

-
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Carbon-Steel Components
Corros~on-Resistant,
Low-Alloy-Steel
Cold-End Element

where S is the percent sulfur in the coal as fired
and HHV isthe high heating value of the coal as
fired.
Thus, for a low-rank coal with an HHV of
7,000 Btullb and an as-fire.d sulfur content of 1
percent, the curve must be read at an ES of 2
percent, for an ACET of 163OF.
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Note that the ACET in Fig. 4 is termed "uncorrected". That means that the gas temperature used in the averaging calculation is not
adjusted for the leakage from air- to gas-side of
the air heater. Because of the differential pressure between the air entering and the gases
exiting an air heater (the latter being below
atmospheric pressure in most instances), there
is a flow of cooling and diluting air over to the
gas-side of the heater.

-
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The dilution raises the excess-air percentage
that is measured in the exiting flue gases. The
measured exit temperature at the preheater is
lower than the _uncarrected (actually unmeasurable) temperature because of this air
leakage. In efficiency calculations, designers
use the uncorrected (theoretical) temperature
and the excess-air percentage entering the air
preheater as the basis for the heat losses. The
result would be the same if the corrected temperature and the corrected excess air were to be
used in the calculations.
It is important to realize that the more input
parameters specified, the less the potential for
differences i n fuel fired and air and gas quantities when bids are taken. The preceding
groundwork is fundamental to the calculation
of the several heat losses.
LOSS IN THE DRY PRODUCTS
OF COMBUSTION

Frequently the largest of all, the loss in dry
products of combustion represents the difference between the heat content of the dry
exhaust gases and the heat content these gases
would have a t the temperature of the ambient
air. The dry gas (Pd)is calculated by subtracting
the water vapor in the products from the total
products of combustion (P) with all quantities
expressed in pounds per million Btu input (see
Chapter 4). Knowing Pd, the percent dry-gas
loss is found from

LOSS DUE TO MOISTURE IN AIR

The moisture in the combustion air (W,) is
determined for specified conditions of temperature and relative humidity, as described in
Chapter 4. For an atmospheric air requirement
(A) in pounds per million Btu fired and typical
conditions of 80°F and 60-percent relative
humidity, W, will be 0.013 CA, where C is the
combustible-loss correction factor.

The heat loss, in percent of heat input, equals

LOSS DUE TO MOISTURE IN FUEL

This loss represents the difference in the heat
content of the moisture in the exit gases and
that at the temperature of the ambient air. If
H20includes both the surface and hygroscopic
moisture in percent by weight
of fuel fired,
...
then

For T, higher than 575"F,the loss due to fuel
moisture equals

and for T,lower than 57s0F,

in which T, corresponds to the temperature of
the fuel received at the pulverizers or the oil or
gas guns. This temperature is ordinarily taken
as 80°F or the reference air temperature if the
actual temperature is not known.
It should be understood that W, does not include water vapor as found in gaseous fuels.
LOSS DUE TO WATER VAPOR
IN GASEOUS FUELS

Moisture is also present in many gaseous
fuels, particularly in blast-furnace gas and
coke-oven gas, which are frequently dedusted
by passing them through sprays of water. This
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moisture exists in the gas in two separate
forms, each requiring different treatment in
calculating the heat balance.
Washed gas contains entrained water in the
form of suspended globules. Where exceptionally clean gas is not required, the entrained
moisture, W,, averages 7 lb per million Btu. No
entrained water is in unwashed gas.
In addition to the visible moisture i n a liquid
state, nearly all gaseous fuels contain some
water vapor. In natural gas, the water vapor is
there because of salt water that has been in contact with the gas in the ground, or because of
rehydration. In refinery gas, blast-furnace gas,
and coke-oven gas it is present either owing to
the nature of the process of which these gases
are byproducts, or because of subsequent
cleaning operations.
The water vapor (WJ in pounds per million
Btu is of such magnitude that it can usually be
neglected in heat-balance calculations for natural gas, refinery gas, or coke-oven gas. For
blast-furnace gas saturated with moisture at
60°F, W, may be taken as 8 lb per million Btu
without serious error.
In a heat balance for gaseous fuels, W, must
be considered separately from W,, and W,, since
it exists as a vapor which already has the latent
heat of vaporization, and therefore requires no
heat evolved by the fuel to vaporize it. In every
respect it is similar to W,, so that the percent
loss due to its presence is
----

LOSS DUE TO MOISTURE
FROM HYDROGEN IN FUEL

This loss includes the sensible and latent
heats of the moisture from the combustion of
the hydrogen in the fuel above the ambient
or reference air temperature. The water from
hydrogen (Wh) equals 9 x H x 1O4/HHV, as
previously defined. When only the proximate
analysis is available, it is necessary to resort to

an empirical relation between the hydrogen in
the fuel and the volatile matter, such as is found
in Appendix C. But remember that, in deriving
the hydrogen moisture from a proximate analysis, the loss due to the water loss may be in error
as much as 1.5 percent-equal to or greater
than some other items in the heat ba!ance.
For Tg higher than 575"F, the loss due to
moisture from hydrogen in fuel equals

-

and for Tglower than 575"F, the loss equals

in which T, is the air temperature entering the
air preheater; that is, the ambient air temperature plus the FD fan and steam-air-heater temperature rises. The above relationships apply to
solid, liquid and gaseous fuels.
SENSIBLE HEAT LOSS IN ASH

Hot ash from the burning of a solid fuel can
represent a substantial heat loss, dependent on
the quantity and the temperature at which ash
is rejected from the steam generator or auxiliary
equipment. The significant locations of ash extraction from most boilers are the furnace bottom and the hoppers under the economizer, the
air heater(s) and the flyash-collection device,
usually an electrostatic precipitator or a fabric
filter. Flyash leaving an air heater at a temperature such as 300°F, for example, represents a
heat loss whether it is collected in a precipitator or not. Further, even if it is cooled below
300°F in the collection process, such cooling
has to be accounted for.
The ASME Performance Test Code PTC 4.1
provides fo? the measurement of the sensible
heat lost in the ash leaving a boiler. The only
specific method given (at this writing) is for
solid-fuel-fired units in which the ash or slag

COMBUSRON

Designing For Boilet Performance

falling from the walls of a furnace is caught in a
wet receiver. The heat loss of this ashlslag is determined by measuring the temperature increase and flow of the cooling water in and out
of the bottom-ash hopper, and making the indicated corrections for evaporation and sluicegate leakage. Flyash heat is Code-designated as
L,, the heat loss due to sensible heat in the flue
dust; this is different and distinct from any loss
attributed to unburned carbon in the ash.
For the majority of pulverized-fuel boilers firing low- to medium-ash coals, the heat loss is
well below 1 percent of the fuel fired, and is not
accounted for explicitly either in a predicted
heat balance or in an M M E Short Form efficiency test. Since it is both difficult and expensive to measure, the ash heat loss on dry-bottom
pulverized-fuel boilers with wet ash receivers
usually is considered part of the unmeasured
and unaccounted-for losses described below.
For stoker-fired and fluidized-bed boilers,
which maintain as much of the ash as possible
in a high-temperature moving or circulating
bed, the hot ash and other solids leaving the
bottom of the unit, for high-ash fuels, may contain a large amount of heat representing well
over 2 percent of the heating value of the fuel
fired. See Figure 5, which indicates the magnitude of this heat loss as a function of the
pounds of ash per million Btu fired and the rejection temperature. The correlation is based on
specific heats varying with temperature, for ash
of an assumed composition. (The specific-heat
variation does not consider the effect of phase
changes of certain ash constituents which can
. occur in the range of 800 to 1200°F.) For contract efficiency determinations, the boiler supplier and owner must agree both on the specific
heats to be used and the means of determining
reject-ashlsolids quantity and distribution.
Note that the ash-removal temperature, for
heat-balance purposes, is the temperature below which no heat is added to any of the steamgenerator working fluids-fuel, air, water, or
steam. Also, for fluid-bed combustion, there is
usually an additive solid, such as limestone, to
facilitate operation and,'or capture sulfur, that
adds to the effective ash quantity per million

0
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Lb Ash Rejected / 1 0 q t u Fired (HHV)

Fig. 5 Heat loss of ash rejected from stoker grate
or fluidized bed above 80°F reference temperature.
Ash here includes fuel ash plus rejected limestone
or other additivelsorbent.

I

Btu fired. Thus, to determine an overall value
for the heat loss attributable to the hot ash leaving a boiler, the temperatures at all rejection
points, as well askhe quantities at all points,
have to be established by calculation or estimation. A summation of the weighted values of
the rejects will give the total heat loss due to the
sensible heat in ash-plus-additive.
LOSS DUE TO UNBURNED COMBUSTIBLE

This loss comprises unliberated thermal energy due to incomplete oxidation of the combustible matter in the fuel. The loss can be from
unburned carbon that is trapped in.the flyash or
the furnace-bottom ash deposited in the ash receiver of a pulverized-fuel fired or fluid-bed
boiler, or it can be from the incomplete combustion of the carbon in the fuel as evidenced by
the presence of carbon monoxide (CO) in the
gaseous products leaving the furnace. For design calculations, liquid and gaseous fuels are
generally presumed to burn with zero combustible loss; CO loss is assumed to be zero, regardless of the fuel.
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For suspension firing of pulverized coal and
other solid fuels, control of unburned carbon
heat loss is an important objective in design
and operation. Carbon burnout is dependent on
fuel properties, furnace and firing system design, and unit operating conditions. Major factors influencing complete combustion of
carbon are:
fuel reactivity
fuel finenesslparticle size
efficiency of fuel-air mixing
excess air available for combustion
residence time in the furnace, and
the furnace temperature profile.
The designer must carefiilly match these parameters with fuel characteristics to minimize
carbon heat loss. In most instances, the loss
due to unburned carbon is controllable to below
1' 2 percent of the fuel fired.
C-E has developed a methodology for predicting solid carbon loss during the suspension
firing of pulverized coal using advanced laboratory characterization and mathematical furnace
modelling techniques. The methodology is described in Reference 3; it involved a comprehensive reactivity study of a wide range of solid
fuels in C-E's Drop Tube Furnace System
(DTFS), which incorporates an entrained
laminar-flow reactor. The DTFS is described in
further detail in Chapter 3 of this text, and in
References 4, 5, and 6 of this chapter,
The fundamental information obtained from
this study comprises physical and chemical
characteristics and combustion kinetics of
many coals, chars, coal-derived synfuels, and
refuse-derived fuels. In devising this improved
method for predicting combustion efficiency, it
was determined that better accuracy could be
achieved if coal pyrolysis and volatile-matter
combustion were separated from the dominant
heterogeneous char-burning phase of coal combustion. An accurate simulation of temperatureltime history to which coal particles are
exposed was of primary importance; this was
accomplished in the Drop Tube Furnace. Finally, it was recognized that meaningful calibration of a mathematical model would be

necessary, achieved through acquisition of field
data taken during combustion of the same fuels
as tested in the laboratory. The validity of the
predictive technique was tested by comparison
between carbon-loss values generated by the
laboratory and those directly measured in operating full-scale units using the same fuel.
LOSS DUE TO RADIATION
AND CONVECTION

This loss is a comprehensive term used in a
heat balance calculation to account for heat
losses to the air through conduction, radiation,
and convection. The heat emanates from the
boiler. ductwork. and ~ulverizers.Because it is
very difficult to measure on large operational
boilers, this is the only significant loss for
which computation is not based on test measurements in the Performance Test Code for
boilers.
Fig. 6, used for both design work and performance tests on fully watercooled furnaces,
was extrapolated by the American Boiler Manufacturers Association from data obtained from
some relatively small boilers. The curve values
were later checked by the ASME Test Code
committee against actual measured losses on
several large boilers and were found to be
consenlatively high.' Note that this item does
not account for or include radiation, convection, or infiltration losses from a precipitator
located ahead of the air heater(s).
For boilers having ratios of external surface to
volume, or surface temperatures, that vary considerably from those used in establishing these
curves, direct calculation of radiationlconvection loss can be done.
UNACCOUNTED-FOR LOSSES

This item represents unclassified, contentious, and difficult-to-measure losses that are
included in a heat balance to arrive at a guaranteed contractual efficiency.
The value used consists of three components,
of unstated weight. First, there are the unmeasured losses which, because of the difficulty or
the great expense of measurement, are best included in a convenient margin. Typical is the
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sensible-heat-in-ash loss for pulverized-coal
boilers covered in the previous section. Approximation of such a loss by calculation frequently
will be a more satisfactory approach than setting up and operating the very complicated
testing equipment and instrumentation to obtain meaningful results.
Second, the loss includes some unstated tolerance for instrument error. Whether the shortform performance test is made, or the fully
detailed and very costly long-form procedure is
followed, it is important to arrive at an efficiency that can be accepted both by the owner
and the supplier. Chapter 22 on field testing
and measurement covers the probable, and
rather large, measurement error that can be expected in performance testing. Having some
"room for error" will often eliminate the need
for retests on the basis of faulty instrumentation, poor placement or operation of probes,

and other potential areas of disagreement.
The third component, grouped with instrument-error, is the manufacturer's tolerance in
making an efficiency guarantee.
HEAT CREDITS

A heat credit is any energy obtained from outside the envelope of the steam generator (see
Fig. 7, Chapter 22) and added to the working
fluid or fluids, the air, or the gas inside the envelope boundary. This is over and above the
chemical heat in the fuel fired and is usually in
the form of electrical energy.
As a practical matter only major credits are
considered in most heat-balances. These include the heat from the power conversion in
pulverizer motors, primary-air-fan motors, gasrecirculating-fan motors, and circulating-pump
motors.
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Fig. 6. Radiation loss for completely water cooled furnaces. The radiation loss values obtained from this
curve are for a differential of 50°F between surface and ambient temperature and for an air velocity of 100
feet per minute over the surface. The curve is based on an analysis done by the American Boiler Manufacturers Association (ABMA), and is published in the original format in the ASME PerformanceTest Code PTC-4.1.
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Credits are calculated by determining the
power input to the motor (or steam turbine if
the steam is supplied from outside the envelope) and dividing by the heat fired (Q,)
if the
power is applied to the air or gas, or by the heat
absorbed
if the power is applied directly
to the working fluid; the quotient is then expressed in percent of fuel fired for use in the
heat-balance calculation.

such leakage can be anticipated and quantified,
it should be given special consideration because of its effect on air-heater heat transfer (the
lower gas temperature entering the air heater
reduces the heat head for thermal transfer) and
its effect on the ID-fan performance and power
consumption.

HEAT LOSS IN INTEGRAL PRECIPITATOR

The heat balance of Table I1 for a boiler to
serve a 500-MW turbine is based on firing a bituminous coal of the analysis given in Chapter
4, page 4-5, at an excess-air percentage of 23
percent. The carbon loss, FD-fan temperature
rise, and heat credits are assumed forth':s example, and will vary from case to case. Combustion air has 0.013 lb of water vapor per lb of air
(80°F and 60 percent relative humidity). Fuel
temperature is taken as equal to ambient air
temperature.

(a,)

It has been demonstrated that there is a substantial gas-temperature drop in the ductwork
a d through the walls of a precipitator located
between the boiler economizer and the air
heater(s). This temperature drop results from
radiation, convection, and air inleakage. No
tests have been performed to categorize these
contributors to the problem.
Logically, there is a loss of energy which has
to be charged someplace. Because the precipitator is not part of the steam-generator circuitry
and because the heat is not returned to the air or
gas, the loss should not be charged to the boiler.
The most satisfactory approach is to consider
the integral precipitator as another "heat absorber", similar to a second reheater, and take
the energy absorbed as an additional output.
Using the higher Q,,,,, will give the correct Q,
and the correct air and gas weight without
penalizing the steam-generator efficiency.
The heat "lost" or "absorbed" in such a precipitator can be calculated by

Li, =

W, x cn x AT,

Q

.

*oO

HEAT-BALANCE CALCULATION

FIRING SYSTEM DESIGN
With combustion and heat-balance calculations completed, and the overall steamgenerator heat absorption fixed, !he designer
can now arrive at the weight of fuel fired.
----

-- ---

Fuel fired, lblhr =

Qr
HHV

(15)

where Qf is in Btulhr. and the high heating
value, HHV, is in Btullb.
PULVERIZER SELECTION

where
W, is the gas flow through the precipitator,
lblhr
c, is the specific heat of the gas, Btullb-OF
A T, is the gas-temperature drop through
the precipitator, O F , and
Qfis the heat fired, Btulhr
Note that this method does not take into account the air leaking into the precipitator. If

It is customary in pulverizer selection to provide one or two "spare" or standby mills to
allow for on-line maintenance at boiler full
load. (See Chapter 23 for more comments on
pulverizer maintenance with the unit in operation.) If there are "n" number of pulverizers installed then (n - 1) mills will be capable of full
boiler load grinding the worst fuel that the
unit must handle; with an average more

I

I
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Table 11. Heat-Balance Calculations
Exit gas temperature, uncorrected for
285
leakage, t,, "F
'
80
Ambient air temperature, t,,, O F
10
Temperature rise, FD fan, h tfd, O F
Air temperature entering air heater, T,, O F 90
0,20
Solid combustible loss, O/O by weight
Combustible loss correction factor, C
0.9985
83
Fuel in products, F, lb110~Btu
936
Air for combustion, A, lb/106Btu
934
Air in products, C x A, lb110~Btu
Total products, P = (F + CA) lbl10~Btu 1017
tvater in air, W, lb11o6Btu
13.4
Water in fuel, W , l b l l ~ ~ B t u
Water formed in combustion, Wh :bllo6Btu 32.7
959
Dry gas i n products, Pnlb/106Btu
Heat loss in dry gas
Heat loss fro,m water in fuel
Heat loss from combustion of Hz
Heat loss from moisture in air
Heat loss from unburned carbon
Radiation and convection loss
Unmeasured losses*
Total losses.
Less heat credits* *
Net losses,
Efficiency (100 - net losses)

%

4.49

0/0

%
%

3.70
O.ll
O."

%
%

1.50
11.71
% 0.25

O/O

% 11.46
88.54

'Unmeasured losses Include tolerance for ~nstmmenterror and
manufacturer's margln
"Heat credits here are the sum of motor Inputs to pulverizers.
primary-a~rfans, and boiler-\\rater c~rculatingpumps. determined
In a separate cal~ulation.

favorable fuel, (n - 2) mills can accommodate
the maximum load. In either case, pulverizer
selection is done using capacity curves similar
to those given in Chapter 11, allowing for the
wearing parts being in worn condition.
The capacity of a given size pulverizer varies
significantly with coal moisture, the grindability of the coal (its "ability to be ground"), and
the fineness required for satisfactory, lowcarbon-loss burning. Chapter 11, Pulverizers
and Pulverized-Coal Systems, covers these
parameters and their effects on pulverizer performance. The wider the range in coal calorific

value, moisture content and grindability, the
greater must be the overall pulverizer capacitv.
The statistical probabiliiy of all the unfavorable characteristics occurring at the same time,
and the total possible period of operation at full
boiler load with the worst fuel, have to be
weighed against the cost and complexity of
multiple installed-spare pulverizers.

-

WINDBOX DESIGN

With tangential or corner firing, each pulverizer installed delivers ground coal to a row of
fuel nozzles located at different levels in the
furnace. A row will contain 4 or 8 nozzles depending upon whether the furnace is of the
open type or of the divided type; the latter usually has a full or partial
between the
two firing chambers, with 4 nozzles per horizontal row in each of the two chambers. In an
open furnace with six pulverizers, there will be
four fuel nozzles arranged in six horizontal
rows for a total of 24. Further detail about tangential windboxes and associated ignition
equipment is given in Chapter 12. FuelFiring Systems.
With front- or rear-wall firing using fixed
round burners, the piping from the pulverizers
to the burners is configured in various ways
depending upon the manufacturer's preference. steam-temperature control means, and
nitrogen-oxide reduction strategy.
Windbox sizing for either tangential or wall
firing must recognize the effect of plant 81titude on airflow velocity, both in primary-air1
fuel piping and in secondary-air compartments. Air volume and corresponding velocity
vary linearly with the elevation correction factor (barometric pressure at sea level divided by
the barometric pressure at altitude; see Fig. 7).
Pressure drop through a given windbox opening or burner throat varies as the square of the
actual velocity divided by the elevation correction factor; this must be taken into account in
fan sizing, covered later in this chapter.

6-13

AIR-HEATER DESIGN

Having designed the windbox and selected
the pulverizers to accommodate the least fa-
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vorable present or future fuel, the designer
now has sufficient information to define the air
preheater requirements.
The gas flow is the primary determinant in
sizing an air heater, since the pressure drop
through the gas side varies predictably with
load (being essentially proportional to the
square of the gas flow and linear with absolute
gas temperature). Primary and secondary
airflows are additive to the total airflow required, but each will change with fuel
moisture, load, and the number of pulverizers
in operation. The maximum primary airflow
and pressure required by a certain size air
heater will be important factors in primary-air
fan and motor selection.
Air heater design is covered in detail in
Chapter 14. The use of the trisector and other
air-heater configurations is treated in connection with pulverizing systems in Chapter 11.

FURNACE PERFORMANCE
The following section deals with the thermal
performance of a large steam-generator furnace. Although the determination of furnace

exit-gas temperature is the key to the performance of all the very expensive superheater
and reheater surfaces installed behind it, that
temperature is not amenable to calculation.
Only through field experience with similar
fuels and generally the same mode of furnace
operation can such temperatures be determined with confidence. And despite using the
most sophisticated computer techniques in the
analysis of the upper and lower furnace regions
as heat-transfer entities, the data input to those
computers is based on a subjective judgment
of the slagging character of every coal burned.
We will discuss heat transfer in general as a
brief introduction to the subject of furnace heat
transfer. We will then show a portion of the
analytical approach we take to furnace performance, and will refer to other publishedmaterial for the interested reader.
Finally, we leave the reader with the perception that furnace outlet temperature determination, while not a secret process, is certainly and
necessarily a proprietary one.
HEAT TRANSFER

A necessary step in the design of boilers is a
detailed engineering analysis of heat transfer
to estimate the cost, practicability and size of
equipment to interchange a specified amount
of heat in a given time. A steam-generatingunit furnace wall, for example, can be operated
successfully over extended periods only if surface temperatures can be maintained within
acceptable limits by removing heat continuously and at rapid rates, The size and geometry
of a boiler furnace depend not only upon the
amount of heat to be transmitted but also on the
rate at which it can be absorbed or transferred.
MODESOF HEATTRANSFER

Most textbooks on heat transfer define three
modes of heat flow: convection, conduction
and radiation. These three encompass much of
the field of physics including medhanics, heat,
acoustics, optics and electricity. For gases,
conduction takes place by elastic impact; for
solid nonconductors, in longitudinal vibration; and for metals, in electronic movement.
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The laws of aerodynamics and hydrodynamics
govern convection which involves the transportation and exchange of heat due to the mixing motion of different parts of a fluid.
Radiative heat transfer is an electromagnetic
event which in fossil-fuel-fired furnaces occurs
mainly in the infrared range.
Usually, heat is transferred simultaneously
by more than one of these modes.
Convection

Authorities differ as to whether Sir Isaac
Newton formulated a'definition of convection
or a law of cooling when he first expressed the
following relationship in 1701:

where q denotes the time rate of heat flow, h i s
the surface or film coefficient of heat transfer,
A, is the heat-transfer-surface area and AT is a
temperature difference between a surface and a
fluid in contact with it.
Conduction

More than a century later, in 1828,the French
physicist and mathematician J. B. J. Fourier
formulated the basic law of heat conduction,
which may be expressed as follows:

tvhere k is the thermal conductivity, A, is a
constant cross-sectional area, and dTidx is the
temperature gradient at the section. The minus
sign signifies that the heat is flowing in the
direction of decreasing temperature, in accordance with the second law of thermodynamics.
Radiation

In 1879, Joseph Stefan empirically discovered the third fundamental law of heat transfer,
the basic equation for total thermal radiation

from an ideal radiator or black body. It was derived theoretically by Ludwig Boltzmann in
1884, and may be expressed as follows:

where u is the Stefan-Boltzmann constant for
total black radiation, A, is the heat-transfersurface area, and T is the absolute temperature.
(See equations 23 and 23A.)
The Stefan-Boltzmann equation represents
the total radiant energy emitted by a black body
in all directions, but it does not reveal the distribution of energy in the spectrum. The distribution of emissive power among the different
wave lengths was derived by Max Planck in
1900, using the quantum concept.8
Heat transfer in boilers will be covered in
more detail after furnace performance is discussed. In a later section this chapter covers
fluid-to-fluid transfer rates and convection
heat-transfer in detail.
FURNACE DESIGN CONSIDERATIONS

The furnace of a suspension-fired steam generator is a large water-cooled chamber in which
fuel and air are mixed and burned. Its purpose
is to generate heat under controlled conditions
with the objective of doing useful work in a
steam turbine or other machine. In a thermalcirculation (non-pumped circulation) furnace,
some of the heat absorbed is used to move the
water-steam mixture against the internal frictional resistance of the 1-in. to %in. diameter
furnace-wall tubing.
FURNACES FOR PULVERIZED COAL FIRING

Furnaces for burning coal are more liberally
sized than those for oil or gas firing. This is
necessary to complete combustion within the
confines of the furnace and to prevent the formation of objectionable ash or slag deposits.
Furnace-wall heat-absorption rates are low
enough that tubing metal temperatures do not
greatly influence the furnace size.
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The furnace dimensions of a unit to fire pulverized fuel have a major influence on the arrangement of firing equipment, the location
and quantity of convective heat-transfer surfaces, the quantity and length of soot blowing equipment, the amount of supporting
structural steel, the extent of platforms and
stairways, and the arrangement of ductwork. A
furnace must be properly proportioned, with
adequate height between the top row of coal
nozzles and the furnace arch, to assure
adequate retention time for the gaseous combustion products. The upper furnace area uses
widely spaced superheater or reheater panels
and platens to further cool the gases. These
measures insure that the furnace outlet temperature at the entrance to the close-spaced
convection surfaces will be sufficiently low to
avoid excessive ash accumulations.
A designer determines the furnace plan area
by carefully studying all of the coals anticipated to be burned and arriving at an appropriate value of net heat input to plan area
(NHIIPA). Values presently used for a wide
range of coals are from 1.4 to 2.0 million Btul
hr-sq ft.
FURNACES FOR OIL AND NATURAL-GAS FIRING

Oil does not require, at what has been normal
excess-air requirements, as large a furnace
volume as coal to achieve complete combustion. However, the rapid burning of and high
radiation rate from oil results in high heatabsorption rates in the active burning zone of
the furnace. The furnace size must, therefore,
be increased above the minimum required
for complete combustion, to reduce heatabsorption rates and avoid excessive furnacewall metal temperatures.
Natural-gas firing permits the selection of
smaller furnaces than for oil firing primarily
because a more uniform heat-absorption pattern is obtained.
This brief discussion of furnace sizing relates
primarily to tangential firing. Some of the
statements made do not necessarily apply to
furnace and firing-system combinations employed by manufacturers other than C-E.

-Once the furnace size has been established,
(based principally on experience with similar
fuels burned in other units), and the windboxes
have been located in relation to the panels and
platens i n the upper furnace, an analysis is
made to arrive at the outlet gas temperature.
FURNACE ANALYSIS

Analysis here means the engineering solution to yield the information required by an
engineer for the design of tangentially fired
utility furnaces. The gas-side requirement is
two-fold: (1)selection of the requisite grade of
water-wall steel requires, quantitatively, the
axial absorption profile, and (2) the furnace
outlet temperature must be known to within
about -C5OoF to correctly size the sequence
of superheaters, reheaters, economizers and
air heater.
Since analysis of radiative transfer between
parallel planes is not trivial, study of a vortexfired utility furnace becomes a project of fair
magnitude. This may be verified by a scan of
~~.
the family of "Parallel Plate" p a p e r ~ g -Thus,
the analysis of industrial furnaces has developed on an overall phenomenon basis. An early
example of this is the Rosin Equation (1925) for
coal dust flames, discussed by Essenhigh in
References 24, 26, 27 and 32.
The engineering approach to various aspects
of furnace behavior, as distinguished from the
theoretical approach, is reasonably well characterized by24-31 and also well represented by
Thekdi et al.32 An excellent survey of the current state-of-the-theoretical-art is given by Beer
and Siddall.33
A promising approach is the Hottel zoning
method,34-36 which is intended as a realistic
scheme for calculating radiant heat exchange
with respect to volume-distributed heat release.
Although from the literature it is clear that the
zoning method has gained widespread acceptance, rigorous solutions for utility furnaces are
not yet available.37
EMlSSlVlTY O F THE COMBUSTION PRODUCTS

Furnace heat-transfer calculations must deal
on a quantitative basis with the emissivity of
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the gaseous products of combustion, gas-togas absorptivity, and metallic-surface-to-gas
absorptivity.
Because about 95 percent of the heat transfer
in large combustion chambersis by radiation, it
is important to evaluate the radiative power of
the gaslfuellflame media. If heat transfer requires quantification, the emissivity of the
radiating components in the furnace must be
known. To make this identification, however,
demands the capability to predict the formation, space-dependent concentration, and lifetime of transient species such as OH, C, CO, CN,
HCN, N, NO, HCO, H, C2,CH and other radicals
which may be present. Not the least problem in
the determination is predicting soot formation
(size, distribution, and density) in hydrocarbon
flames or particle radiation in coal flames.

Similarly, the radiation contribution by the
unburned fuel itself, if the ignition temperatures are high, may not be insignificant either.
At this time, neither the chemical and reaction
kinetics nor the individual spectra are established or even known completely.
Only the main products of combustion, COz
and H 2 0 ,have accepted emissivity values. An
engineering approach based on COz and H 2 0
radiation with an allowance for other contributors constitutes an acceptable alternative
because the design engineer is interested in the
effective overall gas emissivity as it results
from the interacting radiating components.
This requires establishing a relation by which
the total effect can be expressed in terms of
known components.

DEFINITIONSUSED IN FURNACE DESIGN

Effective Projected Radiant Surface (EPRS)
Effective projected radiant surface is the
total projected area of the planes which
pass through the centers of all wall tubes,
plus the area of a plane which passes perpendicular to the gas flow where the furnace gases reach the first convection
superheater or reheater surface. In calculating the EPRS, the surfaces of both sides of
the superheater and reheater platens extending into the furnace may be included.
Furnace Volume
The cubage of the furnace within the ~valls
and planes defined under EPRS.
Volumetric Heat Release Rate
The total quantity of thermal energy
above fixed datum introduced into a furnace by the fuel, considered to be the product of the hourly fuel rate and its high heat
value, a n d expressed in Btu per hour per
cubic foot of furnace volume. This value,
does not include the heat added by preheated air nor the heat unavailable through
the evaporation of moisture in fuel and that
from the combustion of hydrogen.

Heat Available or Net Heat Input
The thermal energy above a fixed datum
that is capable of being absorbed for useful
work. In boiler practice, the heat available in
the furnace is usually taken to be the higher
heating value of the fuel corrected by subtracting radiation losses, unburned combustible, latent heat of the water in the fuel or
formed by the burning of hydrogen, and adding sensible heat in the air (and recirculated gas if used) for combustion, all above
an ambient or reference temperature.
Furnace Release Rate
Furnace release rate is the heat available
per sq ft of heat absorbing surface in the furnace (the EPRS)'
Furnace Plan Heat-Release Rate
Furnace plan heat-release rate is usually
based on the net heat input at a horizontal
cross-sectional plane of the furnace through
the firing zone, expressed in million Btul
hr-sq ft. The area of thefplan is calculated
from the horizontal length and width of the
furnace taken from the centerline of the
waterwall tubes.
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MODIFIED EMlSSlVlTY
AND ABSORPTIVITY FACTORS

An assumption that fuel and air are ideally
and instantaneously converted to CO, and
H,O seriously underestimates the waterwall
heat-absorption rates. That is, the Hottel emissivities34 used for calculating radiative transfer, even though they have been confirmed time
and time again (see Ref. 39), constitute only
a partial contributor to the emissivity in a
tangentially fired furnace. It is clear that an
additional emissivity factor i s necessary.
Bueters4k41 showed that the source condition
required "blackening", which led to the development and use of the "FEoperator".
€

=

energy actually radiated by the system
energy radiated if the system were black,

the combustion-product emissivity is related to
Hottel emissivity according to the equation
1
E = FE -FE

+ EH, I I F E < "
(19)

It follows that the wall-to-gas re-radiation absorptivity is blackened accordingly, or

g,a

=

FE - 1 +
FE

where FAis the gas-to-gas radiation factor for
combustion products.
The F, factor, as defined, is not related to factors published elsewhere.42 The behavior of F,
is physically what one would expect for a transition region from a Hottel radiation, FE = 1,
dependent on beam length, pressure, and temperature, to the black-body limit, FE
a,
where emissivity is independent of beam
length, temperature, and pressure. This is illustrated by Fig. 8 where €(FE= 1) is taken at typical Hottel values for industrial furnaces of 0.2,
0.3, and 0.4,all at temperature T. The F, "operator" has therefore been adopted as being fundamentally preferable to using a multiplying
factor or corrective addition on
To determine and correlate source descriptors such as FE,the heat-absorption profile and
furnace outlet temperature are measured on
operating steam-generating units. The resulting data is processed by a computer which uses
it as a boundary condition to solve for source
descriptors.41
F, values for large natural-gas-fired furnaces
are about 1.2. Applying this to a Hottel emissiv-+

CYH

(20)

1.Or

where,
E

= combustion

FE

=a

EH

a
,,
a,

Blackbody Limit-

products emissivity
value which modifies Hottel emissivities to yield combustionproducts emissivity
= the combined emissivity for CO, and
H,O as given by Hotte138
= gas absorptivity with respect to
bounding-surface radiation
= gas absorptivity as given by Hottel38

The gas-to-gas absorptivity, a,,,, is analogously defined as

Fig. 8 Combustion products emissivity (ii)
.
(for radiating components) vs FE
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where
= heat given up by flame Btulhr
q
0.17134 X
Bt~lft~-hr-(OR)~
is the StefanBoltzmann constant,
= effective exchange factor to account
6
for infinite number of reflections and
re-radiations; written in terms of surface emissivity (dimensionless)
eg
= radiative (combustion products)
emissivity, dimensionless
0.45uT4= Hottel radiation + convection
= effective surface area of flame enA,
+ additional radiation
velope and receiving surface when
equal, sq ft
a
,
= fraction of bounding-surface radiation which is absorbed by the gas, as
For a rather typical temperature of 3500°R1
above
we would arrive at a convective coefficient of
T, = gas temperature, OR
T, = cold-surface temperature, OR
This equation is used to formulate the gas-togas radiation exchange and gas-temperature
distribution inside a furnace by means of a horizontal slicing technique.41
In Eq. 23A, the area of the flame will vary
This value is in the range of values for combussubstantially with furnace design and fuel
tion chambers given by Steward and Cannon.44
fired. The type of firing used affects the rate at
When quantitative convective correlations which gas sweeps over heating surface, and the
for tangentially-fired furnaces have been de- area of the flame varies with the rate of firing,
termined along the lines established by Kottel, other things being constant. Flame emissivity
the FE value for fuels on which no operating ex- depends on many factors including
perience is available may be predetermined.
flame luminosity due to burning particles
RADIATION FORMULATION
the concentration of water vapor and carbon
dioxide in the flame
Hottel and Egbert4s give a Stefan-Boltzmann
the volume of flame and its temperature.
form of equation for net radiation as
The temperature of the flame envelope will be
neither constant nor uniform in a watercooled
furnace of a steam-generating unit. Combustion characteristics of different firing equipment vary widely. Some produce a short,
but intense and highly turbulent flame, while
combustion with others is relatively slow,
Modified by FE, this equation becomes
thereby producing a comparatively long flame
of greater volume.
Although for any given furnace the area of
cold surface is fixed, slag accumulation may influence its effectiveness. The emissivity of the
watercooling installed depends on the material

ity of about 0.34 for gas temperatures in the
range of 3000°E one arrives at E = 0.45:This
accounts for additional contributions by convection, transient species,-and soot. An altered
Hottel emissivity of about 0.39 would be estimated from the work of Ludwig and Boyton on
water vapor.43 Assuming that this is a more exact value and that convective transfer is 4 to 5
percent, we can postulate roughly

COMBUSTION
DesigningFor Boiler Performance

used and its condition. For an oxidized steel
furnace, however, the emissivity will approach
unity at high temperatures.
Generally, the temperature of the cold surface
may be taken as that of the water and steam inside the tube, without introducing an appreciable error. But depending on its area, thickness
and density, slag accumulation will affect not
only the area but also the temperature of the
cold or receiving surface. (See Appendix B, Determination of Coal-Ash Properties.)
DESIGN APPROACH

From the foregoing discussion of the variables affecting the temperature field and
radiant heat transfer in the boiler furnace, the
reasons why the designer does not usually approach the problem in a purely theoretical
manner should be apparent. In practice, the designer resorts to the use and interpretation of
empirical data collected from boilers of similar
design operating under similar conditions.
Known theories of heat transfer are applied to
the empirical data so that they may be used for
conditions differing from those tested. This is
necessary to improve and advance the art of designing boiler furnaces. Furthermore, to predict the temperature of flue gas leaving a given
furnace in advance of actual operation requires
a background of accumulated-data, experience
and judgment generally possessed only by
manufacturers of the equipment involved.
In the simplified empirical design approach,
traverses are made of the gas stream leaving
the furnace to determine the weighted average
temperature. Such measurement of boiler furnace performance is simple in principle but
difficult to attain in practice. There are many
problems in taking measurements at high
temperature in a complex equipment configuration of large size.
The average outlet temperature, along with
the calculated mass flow of the products of
combustion and the mean specific heat above
an arbitrary datum, will give the heat content of
the gas leaving the furnace above the datum.
This may be done according to the following
equation:

where c, is the mean specific heat at constant
pressure from 70°F to the leaving temperature,
T, is the gas temperature leaving the furnace,
and M is the mass flow rate of gas.
The heat absorbed by the radiant heating surface exposed to the furnace gas is the difference
between the net heat liberated in the furnace
available for absorption and the heat content of
the gas leaving the furnace.
TYPICAL FIELD TEST RESULTS
Reference 46 reports a full scale field study of
the foregoing design approach. The study involved a 600-MW tangentially-fired boiler
burning a highly slagging high-volatile bituminous coal in pulverized form.
The boiler furnace, shown in outline in Fig.
9, is 56-ft wide, 49-ft deep, and 183-ft high.
During the tests the net heat input on the plan
area was 2.1 x lo6 Btulsq ft-hr. Furnace temperatures were measured using aspirating,
single-shield high-velocity thermocouples on
15-ft water-cooled probes extending 14 ft into
the furnace.

-Elev. 138'

Windbox

-Eiev. 0'
.

-

Fig. 9 Test furnace outline, showing
test-probe elevation 138 ft.
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Table I11 summarizes the gas temperatures
measured at the 138-ft level through 7 sighting
ports opposite the furnace nose. The average
gas temperature reported in this test program
for the 7 traverse lines is 223Z°F, with a maximum variation of 150°F. (Temperaturesmeasured in ports 2, 3, and 4 were done on one day,
and are higher than those measured in ports 5,
6, 7 , and 8 on the next day.) As is to be expected, temperature levels anywhere in a large
furnace firing pulverized coal will vary
throughout a day, and through a week. This occurs as a function of the thickness of slag and
ash on the furnace walls, the sootblowing pattern, slag falls during the night, and burner
flow and mixing patterns.4:

*

ELEMENTS OF
BOILER HEAT TRANSFER
Earlier, this chapter introduced the concepts
of heat transfer by various models. Ref. 47 gives
much of the historical background of their development. From an understanding of these
concepts, it is apparent that the calculation
of heat transfer occuring in superheater, reheater, and economizer sections downstream
of the furnace has a first-order dependence on
the furnace-outlet gas temperature. And, after
the different types of surfaces are installed and
the unit goes into operation, the furnace leaving temperature has a similarly significant effect on how they perform.

FLOWOFHEATTHROUGH FURNACETUBES

The heat which is given up by the furnace
gas, and which results in the generation of
steam within the tube exposed to that gas, must
pass through a series of resistances: the gas film
adjacent to the tube; slag on the tube surface;
tube wall; internal scale deposited by the water
evaporated; the water and steam film. If the slag
and scale are not bonded intimately to the tube
surface,two more resistances may be added: the
gas film between the slag and tube, and the
steam film between the internal scale and the
tube wall. Fig. 10 illustrates the temperature
gradient resulting from the flow of heat through
some of these series resistances.
Heat transfer through the gas film and the
evaporating film does not follow the simple
equation for conduction. The temperature gradient through the other resistances, however, is
inversely proportional to the thermal conductivity. For conductance through a body having
flat parallel plane surfaces, the following equation may be used:
At

- (9'Av) x
k

(25)

where
At is the temperature drop across any single
thermal resistance,
qlA,is the heat flux per unit of surface area,
xis the thickness of the resistance, and

Table ill. Gas temperatures at elevation 138 ft
Traverse
Distance'"'

Temperature,"F
ZI~I

Distance in feet from boiler inside wall.
(b) Port number (typical).
(a)

3

4

5

6

7

8

I
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k is the thermal conductivity for unit thickness,
all expressed in consistent units.
For radial heat flow in a tube wall we write:

where r 2 is the outside radius, r, is the inside
radius, and qlA, is the heat flux at the outside
tube surface, again in consistent units.
The temperature gradient shown in Fig. 10 is
typical of furnace tubes exposed to radiant heat.
From inspection, the resistance having the
dominating influence on heat-transfer rate is
that through the gas film. Thus, for many practical purposes, the temperature of the receiving
surface may be taken as equal to that of the
water and steam within the tube. This approximation can be closer to fact when studying
transfer in convective zones than it is for furnace-wall tubes. Accumulations of slag or ash
on the outside surface of furnace tubing, or
scale on the inside, may easily become the controlling resistance to any heat transfer if allowed
to form unchecked.
As described in Chapter 20, Power Plant
Water Technology, inside scale can cause sufficient increase in tube metal temperature to produce overheating and rupture.

Fig. 10 Temperature gradient for furnacewall tubes exposed to radiant heat, with slag
accumulation

FLUID-TO-FLUID HEAT-TRANSFER RATES

The fundamental theory of heat-transfer in
the steady state is analogous to, and based on,
the same concept as Ohm's law, namely: That
flow varies directly as the potential and inversely as the resistance. Thus in Fig. 10, the
potential between the two fluids is the temperature difference (& - t,), and there are five resistances in series-the hot fluid (gas) film, the
slag or ash layer, the metal separating the
fluids, the internal scale or sludge layer, and
the cold-fluid evaporating film.
Applying the Ohm's law analogy, the flow of
heat, Q, will equal the temperature difference
divided by the resistance. In each instance,
as with Ohm's law the resistance is the reciprocal of the thermal conductance.
In a boiler bank or economizer the temperature difference, A t,, between cold fluid and
clean heating surface will be very small compared to A t,, because the thermal conductance
of the water film is high. But in a superheater or
reheater the dry steam becomes the cold fluid,
and the temperature gradient across the film
will be higher because the thermal conductance of these films is lower.
The designers of boiler banks and economizers, therefore, are interested only in the overall
thermal conductance or heat-transfer rate, and
are not greatly concerned with the intermediaterates ortemperatures,becausethe metal temperature will be close to that of the cold fluid.
On the other hand, designers of superheaters,
furnace waterwalls, and reheaters-arealso concerned about the metal temperatures.
Whether the gas flows parallel or transverse
to the tube-bank axis has a major effect on the
rate of heat transfer. When gas flows through
tubes, the flow is parallel to the axes for their
entire length. When flowing outside tubes,
however, there is usually a combination of
parallel-flow convection and cross-flow convection, in addition to local radiation.
Equations for heat transfer with parallel flow
contain a factor for inside tube diameter, but
the actual tube diameter can be used only when
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the gas actually flows through the tubes. For
flow outside the tubes, an equivalent diameter
is used:

,

where d, is the equivalent diameter, A, is the
free gas passage area and P is the gas-touched
perimeter of tubes, all in consistent units.
When calculating the heat transfer in a
parallel-flow pass of a boiler, coefficients for
flow parallel to the axis of the tubes should be
applied only to those portions where the gas is
confined between parallel baffles and forced to
travel with minimal turbulence along the axis
of the tubes. For the portions at the ends of such
passes, cross-flow transfer rates may be used
for the effective surface opposite the entrance
and exit openings. Consideration should be
given to the variation of mass velocities in
those portions, if any.
In general, the convective heat-transfer coefficient with flow across tube banks is considerably higher than with parallel flow. Under
some conditions it is twice as much for comparable velocities. Fig. 11 shows the approximate
variation. The upper limit represents flow
across small diameter tubes, and the lower
limit, flow parallel to tubes that are spaced on
relatively wide centers.

convection rate, it will be understood to include this radiation, and the expression-pure
convection will be used in connection with all
data or curves not includinnkthisallowance.
An analysis of pure convection will show
that the heat-transfer rate per unit area of heating surface will be affected by numerous variables given in the following expression.
Rc = f(D,V, P, EL,CP, k, a)
where:
R, = film conductance, fluid to solid, for pure
convection
D = linear dimension of solid surface
V = linear velocity of fluid stream
- p
= density of fluid
p = viscosity of fluid
c, = specific heat of fluid at constant pressure
k = conductivity of fluid
a = geometric relation ratio or combined
ratios to cover the effect of spacing,
width, depth and length
Investigators have found that good correlation of test data has resulted when these variables are combined into dimensionless groups
or ratios, as follows:
Nusselt number or group = Nu = R, Dlk
Reynolds number or group = Re = DV plp
Prandtl number or group = Pr = c, CJk

FACTORS AFFECTING CONVECTION
HEATTRANSFER FROM GAS

Among most designers of steam-generating
equipment, the convection heat-transfer rate in
those parts of the apparatus not exposed to
luminous radiation is the overall rate between
the fluid giving up and the fluid receiving the
heat. It has been shown that the gas film conductance may be used instead of the overall rate
without much error in certain parts of the
equipment. But even the gas film conductance
must include a factor or an addition to allow for
nonluminous radiation from hot gases, such as
carbon dioxide and water vapor, both of which
are present in the products of combustion of all
common fuels. Therefore, when we speakof the
--
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For forced convection it may, therefore, be
written that
R D l k = f[(DV PIP), (c, ~ l k l (all
,
(28)

Expressed in terms of power functions, this
becomes

in which
= constant proportionality factor to be
k,
experimentally determined
Fa = arrangement factor replacing a, to be
experimentally determined
M = V x p = mass velocity of fluid
m, n = power functions to be experimentally
determined
The factor, a, and Fa in the two foregoing
equations could probably be eliminated if all
parts and dimensions of all heat-transfer apparatus were geometrically similar. This is impossible in commercial practice, and has not
always been done in designing apparatus for
research purposes. Therefore, where D in these
equations is merely taken as tube diameter,
complete agreement between data from different sources is not to be expected. This may
partly explain the disagreement in values of m,
n and k as determined by different investigators. Higher values for n have been found
for flow parallel to the axis of tubes than for
flow transverse to the axis.
The numerical value of the Prandtl group, c,
plk, is nearly the same for all the constituents of
flue gas, and, therefore, is practically constant
for all flue gas at a given temperature. There is
little opportunity to determine by experiment
to what extent this group enters into heat transfer from gas, and some investigators do not include it in their equations. However, there is
considerable variation in the specific heat of
gases at high temperature, and there is no
certainty that proper correction for gas tem-

perature has been allowed when this group is
omitted. In general, heat-transfer equations
containing no temperature term, or containing
none of the fluid properties which vary with
temperature, are to be considered only for limited application i n the range for which the
heat-transfer equations are derived.
In regard to tube arrangement and spacing, it
has been definitely established that, in banks of
tubes, the depth of the bank affects the heattransfer rate. here is a marked increase for
each row up to about the fifth, and gradually
less and less increase to the tenth. This is
caused by increased turbulence from row to
row. For one particular Reynolds number, and
other variables kept constant, Pierson48 found
approximately 2 5 percent lower cross-flow
heat-transfer rate for two rows than for ten rows
for both in-line- and staggered-tube arrangements, but the difference between five rows
and ten rows was about 9 percent. Experiments
of other would indicate that a very turbulent
gas stream, on approaching the bank, may affect these comparisons and produce higher
heat-transfer rates for shallow banks than indicated in previous text.
It is obviously incorrect to expect staggered
tube rows to give better cross-flow heat transfer
than tubes in line without considering the effect of depth spacing in the direction of flow.
Mean Gas Temp.
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I

I
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I
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G Mass Velocity - Lb/Ft2-Hr
Fig. 12 Convection transfer rate
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When the depth spacing is great in both cases,
so that the stream has a chance to expand fully
after passing each row, there can be no possible
advantage with staggered rows, and the two
s h o u l d be equal. The method used by
Grimison49 for correlation of Pierson's and
Huge's50 data indicates this to be true under
certain conditions, but it is also affected by the
gas velocity when tube diameter and temperature are maintained constant.
CONVECTIVE HEAT-TRANSFER RATES

In day-to-day calculations of superheater
and reheater heat transfer, it is convenient to
work from curves that synthesize the above
factors. For convection transfer, the general

2

1

3

Tube Diameter, Inches
Fig. 13 Convection transfer-rate correction
factor'for tube geometry

equation forming the basis for either curves or
computational programs is

where
R, = pure convection heat transfer, gas to
metal
kc = a constant
c, = specific heat of gas at constant pressure
M = gas mass velocity through the free area
between the tubes
D = tube diameter, all being in consistent
units
and x and yare exponents; the constant and the
exponents must be determined empirically and
depend on tube arrangement and spacing.
From tests on large steam-generating units or
other heat-recovery equipment, it is difficult to
ascertain the precise effect on heat transfer of
variations in velocity, tube diameter, distribution and direction of flow, tube spacing, or gas
temperature. But it is, nevertheless, necessary
to adjust the various coefficients and exponents in such basic relations as Eq. 30 to reflect
operational experience.
Typical parametric curves based on test data
are shown in Figs. 12, 13, and 14. The overall
convection rate is R, = R', x F, x Fa.

I

% (Saturation +Mean

Gas
Flow

u

Mass Velocity 1O3 Lb/Ft2-Hr

Fa

I

Fig. 14 Convection transfer-rate correction factors, Reynolds number and tube geometry
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Carbon dioxide and water vapor are the principal radiating components of boiler flue gas;
their combined radiating effect has historically
been referred to as nonluminous radiation.
Transfer rates and radiant beam lengths for
nonluminous radiation are to a great extent
based on work done by Hottel and others previously referenced.
In all cases where the flue-gas temperature is
high and the tube spacing relatively great, the
nonluminous radiation will be of considerable
magnitude and should be added to the pure
convection rate. Figs. 15 through 18 show typical rates and correction factors. The radiant

beam length is calculated according to Fig. 17
and is entered into Fig. 18 to obtain the beamlength correction factor, F,,. The basic nonluminous rate from Fig. 15 is multiplied by F,
(Fig. 16)and F, to get a corrected rate to be used
in subsequent calculations.
EFFECT OF VARIATION IN TEMPERATURE DIFFERENCE

The temperature difference between gas and
steam, water, or air produces the flow of
heat; the logarithmic temperature difference
(LMTD) represents the effective difference between two fluids. The LMTD depends on the
relative directions of flow of the fluids as they
pass through or over the surface. That is, do
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they flow counter to, parallel to, or across one
another. For parallel or counter flow
LMTD =

greatest difference - least difference
reatest difference
loge(8least difference

)

or,

where AT, and AT2 are given in Fig. 19. These
figures show that for a given heat recovery the
greatest temperature difference will be obtained, and the least heating surface required,
when the two fluids flow counter to each other.
Furthermore, with parallel flow, the highest
temperature of the heated fluid can only approach but not equal the lowest temperature of
the heating fluid.
In waterwalls or economizer surface, the
temperature difference between cold fluid and

L

I-

-

clean heating surface will be very small compared to the temperature difference between
the clean surface and the mean gas temperature
because the thermal conductance of the water
film is high. In a superheater or reheater, on the
other hand, the temperature gradient across the
cold film will be higher because the thermal
conductance of these films is lower.
In the design and proportioning of waterwall
and economizer surface, interest is primarily in
the overall thermal conductance or heattransfer rate. The intermediate rates or temperatures are of secondary concern because the
metal temperature will be close to that of the
cold fluid. Design of superheaters, reheaters
and waterwalls must also consider the metal
temperatures. In the case of superheaters,
knowledge of metal temperature is necessary
for the most economical use of alloy material.
The designer of a heat-transfer device such as a
tubular air heater, on the other hand, must
know the temperature of the metal separating
the two fluids to combat condensation of
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moisture and acid vapors, or to minimize the effect by selection of noncorrosive materials.
APPLICATION OF HEAT-TRANSFER RATES
TO BOILER CALCULATIONS

As discussed, superheater and reheater tubular surfaces in the upper furnace and beyond,
(loosely termed the "convection pass") absorb
heat in three ways: by direct radiation from the
flame; by nonluminous radiation, chiefly from
the carbon dioxide and water vapor in the combustion gases; and by heat transfer through
pure convection.
The contributions from these sources are additive and directly affect both heat absorption
and metal temperatures. That is, a superheater
in a high-temperature gas zone that "sees" the
fireball may have the same convection rate, R,,
as a low-temperature superheater section in a
1000°F zone. But the effective overall transfer
rate, in this instance including the long-beamlength-radiation, may be double the Re
From the second law of thermodynamics, we
know that a given surface will absorb heat
proportionally to the temperature difference
and the transfer rate.
qlA, = R, (LMTD)
(32)

where q is the heat absorbed per unit time, A,is
the area of the heating surface, R f is the overall
transfer rate, and LMTD is as previously
defined-all in consistent units.
The logarithmic mean temperature difference must be used in Eq. 32 because the reduction in temperature between T I and T2is not
directly proportional to the amount of surface
passed over. For small surfaces, and for values
of AT2 greater than half AT1,the arithmetic
mean temperature difference can be used
without appreciable error.
Also, for a closed system in which the weight
of gas entering is equal to the weight leaving,
and in which losses due to radiation and convection from the boundary walls can be neglected, the quantity of heat absorbed by the

surface will equal the heat given up by the gas:
q = M s p AT

(33)

where M, is the mass flow-rate of gas, c,, is the
mean specific heat at constant pressure, and AT
is the gas temperature drop, all in consistent
units. Figs.20 and 2 1 give specific heats at constant pressure of the products of combustion of
several solid, liquid, and gaseous fuels, burned
at usual excess-air percentages. Fig. 22 with
specific heats of air at varying noisture contents is useful for air-heater calculations.
When heat transfer in commercial apparatus
is calculated from changes in fluid temperature
determined by test measurements on similar
apparatus, several additional errors may be introduced. In taking the temperature readings,
the gas stream is large, and simultaneous readings at many points are necessary. If there is
stratification or nonuniform flow, the arithmetic average of these readings may introduce an
error which may be much larger than any error
in the temperature readings themselves. An incorrect specific heat value will introduce
another error which can be eliminated in the
research laboratory by supplying the heat in
some way which can be measured with a high
degree of accuracy.
For any heat-transfer surface, then, the gas
temperature drop is

AT,

=

Rt49,(LMTD)
MSCP

where the transfer rate and the heating surface
are defined on the same basis-tubing inside
diameter, outside diameter, or mean-wall diameter. Rt is the total rate, equal to pure convection rate plus nonluminous transferrate.
Where luminous or "long-beam" radiation
from the fireball is to be taken into account,
curves such as in Fig. 2 3 are used to give
A

Bagasse, 50% Moisture
Wood, 50% Moisture
Wood, 30% Moisture
Lignite

.-

SubbituminousCoal
High Volatile Bituminous Coal
Low Volatile Bituminous Coal

.

,4 8 12 16 20 24 28
Temperaturex 10-2,OF
I

I

Fig. 20 specific heat at constant pressure for products of combustion of solid fuels

-

Coke Oven Gas

Blast Furnace Gas, Saturated at 60'

Temperature x 10-2," F

Fig. 21 Specific heat at constant pressure for products of combustion of liquid and gaseous fuels
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Moisture
Curve L-, H~OIL-,
No.
Dry Air

Approximate Atmospheric
Equivalent at 29.92 In. Hg

1

Dry Air

2

0.013

60% Rel. Humidity at 80°F

3

0.025

60% Rel.

4

0.043

s urn id it^ at 100°F
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Fig. 22 Specific heat at constant pressure of air at varying moisture contents
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radiant-heat absorption on flat projected areas
of banks of tubing; they are to be corrected for
view factor and depth of tube bank.
CALCULATION OF A REHEATER

An over-simplified example of a singlesection reheater will tie together much of the
preceding discussion. Assume the section is
located in a moderately high gas-temperature
zone, with both inlet and outlet steam conditions known. It is then possible to calculate in
one step without assumption of intermediate
temperatures.
KNOWN DATA

Tube diameter
2% in. OD
Free gas area, FGA
1675 sq. ft.
Number of assemblies, N
90
1005 OF
Steam temperature leaving, tz
488 psig
Steam pressure leaving, P,
Steam temperature entering, t,
680°F
Steam pressure entering P,
500 psig
Steam flow, W,
3,500,000 l b h r
Gas mass flow, 1M,
4,600,000 l b h r
Gas temperature entering T,
2000°F

Enthalpy of steam at 1005°F and 488 psig =
Hz = 1523 Btullb
Enthalpy of steam at 680°F and 500 psig =
H, = 1345 Btullb
Heat absorbed by reheater per lb of steam =
AH = 178Btu
Total heat absorbed by reheater = W,AH =
3,500,000 x 178 = 623 x l o 6 Btulhr. Subtracting the radiant heat absorbed (25 million
Btulhr.),
Since q, is also the heat absorbed from the
gas, the following relationship, leading to the
solution of T2,may be expressed.

For solution of T2all values are known in the
above equations except c, which for an assumed temperature of 1790°F, firing highvolatile bituminous coal, is 0.308 (from Fig. 19)

CALCULATION OF HEATING SURFACE

The reheater section is counterflow and its
entering gas temperature, T,, is the same as the
gas temperature leaving the superheater surface
upstream, previously calculated.
To find the gas temperature leaving the reheater, T,, and the heating surface, S, required
to raise the steam temperature from 680°F to
1005"F, the following steps are required.
The amount of direct furnace radiation which
passes through superheater surfaces ahead of
the reheater is first determined using the projected area of the tubing and a correlation such
as Fig. 23. Assume that the direct radiation absorbed by the reheater is 25 million Btu per
hour. The total heat to be absorbed is now established from the steam conditions in and out of
the reheater. The direct radiation is deducted to
obtain the convective plus non-luminous heat
transferred, q,.

Heating surface, A,, is the only remaining
unknown in connection with this reheater section. This can be determined from
A, = M,cAT,
-----R, (LMTD)

.-

I

I

$k

Gas Temperature Leaving Furnace, 'F

Fig. 23 Radiant heat absorption at furnace outlet
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From Fig. 24, which shows the temperature
gradient across the reheater, we calculate the
LMTD.
LMTD =

(TI - t 3

- (Tz - tl)
TI - tz
Loge T? - tl

R,

= Rn +

R,

TI,,

=R:,XFbXFr .
= t,,., + LMTD

T I,

=

-&

- -

Rc

680
2 .

.+

+ 946

= 178g°F

Assume a radiant beam length of 1 . 2 ft

R',,

= 10.5 Btulhr-sq ft-OF

(from Fig. 15)
= 0.45 (from Fig. 18)
Fb
F,
= Use 1.05
= 10.5 x 0.43 x 1.05 = 5.0 Btulhr-sqft-OF
R,,
= R: x F,, x F,
R,
Mass velocity, G, is required to evaluate R',
G

R;

Fd

W2
=---

-4,600,000
FGA
1675
= 2750 lblhr-sq ft
= 9.5 Btulhr-sq ft-OF
(from Fig. 11based on T , = 1789°F
= 1.0 (from Fig. 13)

DRAFT LOSSES
AND THE SPECIFICATION
OF FANS
Intimately tied to the physical arrangement
of tubular heating surfaces and the determination of convective and nonluminous heattransfer rates is the draft loss, or pressure drop,
of the gases passing over them.
Although there is no direct mathematical relationship between heat transfer and draft loss,
it can be said in general that convection transfer rates and draft losses are directly proportional, but to an unknown power function. That
is, the rate of heat transfer can seldom be increased'tvithout producing an increase in pressure differential.
The engineer designing superheater, reheater, boiler bank, economizer, and air heater
surfaces has to balance the cost of heating surface against the power penalty for pressure
drop and draft loss to arrive at an economic
configuration. And because the several different transfer surfaces (depending on their design pressure level and operating temperature)
have widely varying costs per unit of surface
area, they too have to be evaluated carefully to
arrive at the optimum mix. It is because of this
relationship of transfer rate and draft loss that it
is necessary to include here terminology and
calculation methods for draft losses through
tube banks and power-plant stacks.
DRAFT

Use 0.95 for Fa (Fig. 14 would be used for
actual tube spacings.)
R,

=R'.xF,xF,
9.5 X 1.0 X 0.95
= 9.0 Btulhr-sq ft-"F
= R, + R, = 5.0 + 9.0
= 14.0 Btuihr-sa ft-OF
M, x c, x AT,
=
R, x LMTD

=

R,
S

Although often used in many ways, the term
draft is defined here as pressure difference
below that of the atmosphere. The absolute
pressure of the atmosphere at mean sea level is
29.9 in. Hg, or 14.7 psia under conditions referred to as normal barometer. Without any change
in elevation above sea level, barometric pressure may vary as much as 3 in. Hg from normal
conditions. Thus, as the absolute pressure corresponding to zero, or balanced draft, is quite
variable, it is customary, and more convenient,
to express draft values in terms of gage pressure
rather than absolute pressure.

C O ~ U S Z I O N..

Designing For Boiler Performance

"Hot" (Reheated)

--

"ColdReheat-

.

1005°F

Fig. 24 Schematic arrangement and temperature gradient across reheater

For example, a simple U-tube half filled with
water may be used as a draft gage, by connecting one leg to a duct or furnace in which the
pressure of draft is to be measured, and leaving
the other leg open to atmospheric pressure. If
the absolute pressure in the furnace is exactly
equal to the absolute atmospheric pressure outside the furnace, the water level in the two legs
of the U-tube will remain at the same elevation.
This is known as a balanced-draft condition,
and the draft is said to be zero. On the other
hand, if the absolute pressure in the furnace is
less than that of the outside atmosphere, the
level in the tube leg exposed to the atmosphere
will move down, and the level in the other leg
will move up. The difference in level is then the
draft measured in inches of water, and generally written inches water gage ('WG).
In recording draft readings it is not necessary
to place a minus sign ahead of the numerical
value of draft when the pressure at point of
measurement is lower than that of the atmosphere. But if the absolute pressure at the point
of measurement is greater than that of the atmosphere, it should preferably be called pressure. If it is called draft, the numerical values
should be preceded by a plus sign.
FORCEDAND INDUCED DRAFT

The term forced draft is indicative of an
absolute pressure higher than that of the
atmosphere, and this expression is therefore
not consistent with the word draft as previ-

ously defined. The term induced draft is indicative of an absolute pressure lower than that of
the atmosphere, but the word induced is
somewhat superfluous when using the previous definition of draft. Nevertheless, these expressions are in common usage and are used in
this text, despite these inconsistencies.
PRESSURE DROP AND DRAFT LOSS

The difference between pressure gage readings in parts of a system operating with a positive pressure relative to that of the atmosphere,
is generally called pressure drop; whereas the
difference between gage readings in parts of a
system operating with a negative pressure relative to that of the atmosphere, is generally
called draft loss. The actual gage readings are
referred to as pressure or draft, as the case may
be, except that in reporting data taken at a point
where there is normally a draft, it'i's called draft
even when there is a pressure, but a plus sign
should be used as a prefix to the figures given.
PRESSURE

When the fluid to be measured has motion, it
has a velocity pressure in addition to its static
pressure. The total pressure is the algebraic
sum of velocity pressure and static pressure.
Static pressure is the force per unit area exerted
on a wall by adjacent fluid which is at rest, or
which is flowing without disturbance along the
wall of a conduit. To obtain the static pressure
of a fluid at rest, use any pipe or tube having an
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opening at the point in question. Generally, a
tube with a special construction at the end,
called a "static tube," is used to determine the
static pressure of fluid moving i n a straight
conduit of sufficient length.. Sometimes, a
static hole in the wall of the conduit is used.
In the case of fluids flowing in curved paths,
such as near elbows, centrifugal force of the
fluid affects the pressure. Care must be taken to
locate static holes and impact tubes so that they
are not affected by curved paths, eddies, or turbulence; otherwise the determination of static
pressure or total pressure will be inaccurate.
MEASUREMENT OF TOTAL PRESSURE

Total pressure is measured with an openended tube (known as an impact tube) pointed
upstream. The excess of total pressure as
shown by the impact tube over the static pressure is the qxact equivalent of the energy represented by the velocity. This difference is
known as velocity pressure or velocity head.
When static pressure is below atmospheric,
and therefore negative, the total pressure will
be a numerically smaller negative number, or
may even be pcsitive, depending on the magnitude of the draft and the fluid velocity.
Any statement of pressure should be accompanied by an indication of whether it is static or
total, whether it is gage or absolute, and at what
base plant altitude, if greater than 1000 ft above
sea level. After correction for difference in local
elevation, the difference in total pressure between two points in a closed system is a
measure of the pressure loss between them; the
difference in static pressure between the same
points will give the same result only if the fluid
velocities at both points are the same. When the
velocity of a fluid stream in a horizontal conduit is decreased by a diverging section, the
velocity head is decreased and the static head
increased. Thus it is quite possible to have a
downstream static pressure that is higher than
upstream, even though there is a loss in total
pressure in the direction of flow.
See Chapter 22 on testing and measurements
for draft-loss observations in the field.

STACK EFFECT

Flow of hot gas or hot air in a vertical duct
introduces a factor of correction for elevation.
Because the fluid in the duct has a lower density than the outside air, stack or chimney effect
(or thermal static draft) exists. The pressure
drop for downward flow increases, and it decreases for upward flow, compared to what the
pressure drop would normally be under the
same conditions in a horizontal duct. This
stack-effect correction may be of considerable
magnitude when determining the true pressure
drop or draft loss in a tall piece of apparatus,
and can be of particular significance &a series
of boiler passages and flues, with the direction
of the gas flow alternately up and down.
The static draft, as this difference in pressure
can be properly called, must be calculated,
since simple draft-gage readings indicate the
combined values of stack-effect and frictional
flow losses. The following formula is used:
static Draft

= 27.7 Z,

P

G.

-

Rd.
PC)
(35)

where static draft is in inches of water, the
height under consideration is Z, feet, pa and p,
are the absolute pressures (psia) of the ambient
atmosphere and the combustion gas, respectively, T, and T, are the average absolute temperatures, and R, and R, are the respective gas
constants. The value of R, is 5 3 . 3 , while that of
R, depends upon the composition of the gases.
At usual excess-air percentages, R, is 52.2 for
bituminous coal, 53.2 for fuel oil, 55.6 for natu=
ral gas, and 49.3 for blast-furnace gas.51
Note that the equation for static draft involves only one dimension, the height of the
gas pass or stack, and that the static draft is the
maximum that can be produced by any such
pass of a given height when filled with stationary gases of a given density and surrounded by
a still atmosphere of a given density.
DRAFT-LOSS CALCULATJONS

The variables in the pressure differential
across the convection surface of a steam-
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generating unit include friction due to flow
across tubes; loss of head in turns; friction due
to flow though, or parallel to, tubes; and stack
effect. Named in order of magnitude, they
occur in practically all steam generating units.
Gas and air velocities in steam-generating
units will always be such as to produce turbulent flow, particularly at high unit ratings.
Under these conditions friction loss, when
measured in terms of inches of water, will vary
directly as the square of the mass velocity, and
inversely as density, which also means directly
with the absolute temperature. Eqs. 36, 37, and
38 show the mechanics of friction loss for the
three types itemized above.
--A

Flow across tubes

PD = fN H,
(36)

Turn loss

PD

=

Kt x H,,
(37)

Flow along tubes

L
PD = f D x H,
(38)

where:
PD = pressure drop, " WG
f = friction factor, dimensionless
N = number of restrictions
Kt = constant, depending on type of turns
L = length of tube in ft
D = inside diameter, or equivalent diameter in ft
H, = velocity head, " WG

ameter, and inversely proportional to the viscosity of the gas. Of the two main variables, the
tube arrangement is by far the more important.
Generally the friction loss from flow across
staggered tubes is considerably greater than for
tubes in a line. When tubes are in line, however,
the friction loss will increase as the spacing in
the direction of gas flow is increased. When
that spacing reaches approximately four times
the tube diameter, the friction loss will be
the same, whether the tubes are in line or
staggered. It is not within the scope of this text
to discuss in detail the variation of friction factor with tube arrangement. A c!ose approximation, however, is 0.24 when the tubes are in
line, and 0.36 for staggered tubes.
The number of restrictions will be equal to
the number of tube rows crossed over, unless
the tubes are so staggered that the minimum
free area for the passage of air or gas is determined by the diagonal clearance between adjacent tubes. If that is the case, the number of
restrictions will be the number of tube rows
minus one.
A calculation of draft loss across 22 rows of
tubes in a convection bank, with the tubes on a
square pitch of 3*/2" is as follows:
SDT = Outside
Transverse
Spacing
diameter
of tube -

3%"
2%" -

8000

12,000

The velocity head is calculated from Eq. 39.

where:
G = mass velocity, lblhr-sq ft free area
d = density lblcu ft
For flow across tubes, the friction factor will
depend on the tube diameter and arrangement,
and on the Reynolds number, which is in turn
directly proportional to velocity and tube di-

3 Mass Flow, Lb/Hr-Sq Ft

Re=? where

G=Mass Flow-Lb/Hr-Ft2
D = E~uiv.Dia, ~t -.

-

P

=viscosity- Lb/Ft Hr

Fig. 25 Mass flow versus Reynolds number.
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sL=
D

Longitudinal Spacing - 3l/2"
Outside diameter of tube
2%" =
Reynolds number (from Fig. 25) =

21/2"
= 5000
10
= 0.092
Friction factor, f (from Fig. 26)
Draft loss per restriction (from Fig. 27) = 0.027
Draft loss through bank =
20,000 X

(0'092)(22)= 0.55"WG
(0.027)(0.100)

DRAFT LOSSES IN DUCTWORK

Ductwork systems form a substantial part of a
pulverized-coal steam'generator, both in physical size and in cost. The principal elements are
(a) the main cold- and hot-air ducts from the
forced-draft fans to the air preheaters, and then
to the furnace; (b) the hot gas ducts from the
economizer to the air heater(s) and then to
the emission-control equipment and on to the
induced-draft fans; and (c) the high-pressure

primary-air ducts from the primary-air fans to
the air heaters and on to the pulverizers.
Smaller ducts are needed for sealing air to pulverizers and other equipment,
and ignitor and
scanner cooling air.
To determine the size and performance of
these ducts, the designer must first establish
the predicted maximum flows, the allowable
duct velocities (based on company standards
and parasitical-power costs), and both the ambient barometric pressure and the effect of
localized pressures in the ducts above or below
the ambient barometric pressure.
AIR AND GAS VOLUME CALCULATIONS

Air and gas weights result from the combustion calculations plus considerations of
tempering air, air-heater leakage, and casing
infiltration. To convert gas weight to cubic feet
per minute (CFM) at sea level (14.7 psia), use
this relation.

0.100
0.080
0.060
C

Temperature," F for Evaluation

0.040

.-0
.-0
L.
C

C1

$ 0.020

F

a

3 0.010
v-

8

5

0.005

6
0.002

1

2

3 4 5 6 810

Mass Velocity, 1000 LbIHr-Ft2
Fig. 26 Friction factors for in-line tube banks

Fig. 27 Draft loss across tube banks

I
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Cold-air ducts
2000 to 2500 ftlmin
Hot-air ducts
3000 to 3500 ftlmin
3500 to 4000 ftlmin
Gas ducts
Velocities can be higher at higher temperatures
because the gas is less dense and therefore has
less impact energy; lower static-pressure loss
results for a given temperature.

W, (T + 460)
CFM = (MW), 82.2
(40)

where CFM is the cu ftlmin of air or gas at temperature T in OF, W, is the air or gas weight in
lblhr, and MW is the apparent molecular
weight of the air or gas mixture in pounds.
This volumetric flow rate at 14.7 psia has to
be corrected for plant elevation above sea level
using Fig. 7 and for local pressure in the
ductwork system. Fig. 28 illustrates the variation in pressure that exists in a ductwork system from FD-fan inlet to ID-fan outlet. Actual
gas volumes at each point of interest must be
calculated using a correction curve like Fig. 23.

DUCT-LOSS DETERMINATION

VELOCITIES IN DUCTS

As a general rule, the following velocities are
used in arriving at the cross-sectional flow
areas of boiler ducts.

Air pressu;e and gas draft losses are a power
function of velocity (approximately the square)
and an inverse function of the specific volume
of the fluid. The most significant losses occur
in turns and at abrupt changes in flow area.
Vaning is often necessary to reduce losses
where there are tight turns or large variations in
cross-section, such as between an air-heater
outlet and a precipitator inlet (where the gas
velocity drops below 10 ftlsec).
Curves such as those in Figs. 30 and 31 are
used to proportion ductwork for desired pres-

Fig. 28 Profile of air and gas pressures through a steam generating unit
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Fig. 29 Volumetric correction factor for negative pressure below the local barometric pressure. This provides an additional correction to the basic elevation correction curve, Fig. 6, to adjust for pressures in a
steam generator that are below the local atmospheric pressure. Calculated from the data of Standard
Atmosphere-Tables and Data to 65,800 feet, NACA Report 1235

sure or draft losses. They show that, for very
large ducts, the resistance may be practically
independent of length and almost wholly dependent on the design of bends.
DRAFT LOSS IN STACKS
A stack can operate to produce a net static
draft or flow of gas because it contains acolumn
of heated gas and is connected at its base, indirectly through the breeching and boiler, to
the cooler outside air. To do so, the acceleration
loss of the gas and the friction loss from boiler,
ductwork, and stack must be overcome by the
theoretical differential static head between the
hot and cold column, which in turn depends on
the height of the hot column and the density of
the gas. (See Eq. 35.)
Stack performance curves are usually plotted
for sea-level gas density, and corrections are
made for elevations above sea level. It is obvious, however, that weather conditions which
reduce barometric pressure have the same effect in reducing the capacity of a stack as if it
were located at a higher altitude. Stack selection, or calculation of its performance, requires
the determination of:
gas weight to be handled
mean gas density within stack at elevation
air density outside the stack, at elevation

The gas quantity calculation must make allowance for the number of boilers connected to
the stack, the maximum excess air at which
they may be operated, and the air leakage
through idle units as well as through the many
duct connections.
The gas-density calculation involves a
knowledge of the gas temperature from each
unit, and the effect of air leakage on the total
mixture temperature. Heat losses in emissioncontrol equipment, ductwork, and the stack itself must also be considered, because it is
the mean density in the stack that must be
calculated.
The barometric pressure at plant elevation
must be taken into account, because it affects
the density of both the heated column inside
the stack and the cold column of outside air.
Fig. 32 is a convenient graphical method of
analyzing a stack of given diameter and height
for the net effect of thermal draft versus friction
loss. It is plotted for an 80°F ambient temperature and sea level pressure of 29.92 in. Hg. The
net gain or loss must be divided by the elevation correction factor (Fig. 7) for elevation
above sea level, or for a depressed barometer
from atmospheric conditions that have to be
taken into account.
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Fig. 30 Chart for determining draftlpressure loss for 90" elbows
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Fig. 31 Chart for determining friction loss for straight runs of ductwork

The effective height of the stack, rather than
the actual height, is used with Fig. 32 as in any
stack-effect calculation. If allowance has been
made for static draft in all apparatus and connections between the boiler and the stack, then
the effective height is the distance between the
top of the stack and the centerline of the opening in the stack where the gas enters.
SPECIFYING POWER-PLANT FANS -

-

Specifying the required operating conditions for fans at various load points is generally

left to the boiler manufacturer. The fan mar:ufacturer assumes responsibility for producing
the volume and pressure specified although
limited by the fact that standard fan test codes
specify certain conditions which can be maintained in a formal testing setup but which are
seldom if ever duplicated in an actual installation. It is thus practically impossible, or at least
very expensive, to determine comparable performance of laboratory and field conditions.
Furthermore, the connections made to a fan
may affect its performance to such an extent
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Fig. 32 Net draft (thermal static draft minus friction loss) versus gas velocity
and stack diameter at 80°F ambient temperature and 29.92" Hg

that it would be unwise to select it without reasonably large pressure and volume tolerances
unless it were shop tested with inlet and outlet
connections identical to those to be used under
service conditions. In this connection it is always desirable to submit the layout of
ductwork connected to fans to the fan manufacturer for evaluation and comments.

with life, operation and maintenance of the
unit. Moisture in the fuel determines tempering air which is high with dry coal and low
with wet coal. In assigning values for infiltration and tempering note that too high an estimate of airflow through fan and air preheater
results in low predicted exit-gas temperature.

FORCED DRAFT FANS

The temperature and elevation of the fan
above sea level both affect the density of the air,
which in turn affects the capacity of the fan.
The moisture content of the air, especially for
tropical conditions, also has to be taken into
account (see Fig. 1,Chapter 4).
If air preheater protection such as a steam
coil is provided ahead of the fan, the air temperature leaving must be considered. If hot-air
recirculation is used fsr air preheater protection, then both temperature and extra volume
must be considered.

The requirements of FD fans are calculated
from the fuel fired and the excess air. For pressurized firing, the calculation is quite accurate
as all air passes through the FD fans. For
balanced-draft units, the calculation is more
complicated as the excess air measurement
does not usually correspond to the air through
the FD fans. Other sources of airflow into the
unit are setting infiltration and tempering air.
Infiltrationand Tempering

Determined by tightness of expansion joints,
observation and access doors and other penetrations of the Eoiler, casing infiltration varies

Effect of Air Temperature

Pressure Specification

On balanced-draft units the required static
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head is the sum of all series resistances in the
secondary air system, including cold air duct,
steam air heater, air preheater, air metering device, hot air duct, dampers and burner pressure
drop. On pressure-fired units the additional
loss from the furnace,to the stack outlet must
also be included in determining total system
resistance. Where stack effect is present, it
must also be considered in determining total
head requirement of the fan.
Selection

The volume and static pressure calculated
according to the foregoing give the actual required fan capacity under predicted operating
conditions. The calculation assumes excess air,
steady load, tight casing, normal fuel and commercially clean surfaces as might be expected
during an acceptance test. These actual conditions are needed to evaluate power consumption at the various loads, select the control
equipment and provide a fan that will operate
at maximum efficiency at the desired normal
output of the steam-generating unit.
These actual calculated operating conditions should not be used as maximum requirements in purchasing the fan. At times it may be
necessary and desirable to operate with more
excess air, or the actual temperature at the fan
may be higher than anticipated, or the fan may
not be up to expectations because of poor inlet
and discharge conditions. Therefore, when
specifying conditions for fan selection, liberal
excess factors SUCK as the following are generally applied to both volume and pressure:
balanced-draft unit, 25 percent excess volume, 50 percent excess static pressure
8 pressure-fired unit, 2 0 percent excess volume, 25 percent excess static pressure
These values may, of course, be modified if
extreme conservatism was used in arriving at
the so-called actual requirements, or if they
were calculated for an unusual peak load well
above the desired continuous rating.
INDUCED-DRAFT FAN

The induced-draft fan is usually positioned
at the outlet of the terminal heat recovery apparatus. It may be located either ahead of, or

after, the dust collector. Sometimes it is an integral part of, and built into, the stack base.
This fan therefore must handle the gas resulting from combustion of the fuel as well as all
infiltration occurring u p to the fan inlet, including leakage in the air preheater.
Volume Specifications

The volume requirements of ID fans are figured at the calculated density existing at the
fan inlet. Based on the flue-gas temperature entering the fan, density should also be corrected
for elevation above sea level and, of course, be
based on the actual specific volume of the
products of combustion at the excess air percentage leaving the last piece of heat-transfer or
emission-control equipment.
Flue-gas weight on which the volume is
based is calculated from the fuel requirements
and excess air. This gas weight should include
moisture from fuel, from combustion of hydrogen, and from the air or any other source.
The flyash carried in the flue gas from a
pulverized-coal fired unit does not appreciably
increase the total volume of the mixture handled, even though it does increase density. The
presence of ash may increase the power requirements of the drive for a given speed and
capacity. But since ash will generally be less
than five grainslcu ft, no allowance need be
made other than for fan excess factors recommended in "Selection" subsection below.
Pressure Specification

The ID-fan must provide a static head equal
to the series resistance from the furnace to stack
outlet, including resistance of superheater, reheater, boiler bank, economizer, air preheater,
dust collector and all ductwork. Besides resistances, the net stack effect must be included together with required furnace draft in arriving at
the total draft requirement of the ID fan.
Selection

The vo!ume and static pressure calculated in
accordance with the foregoing give the actual
required fan capacity under good operating
conditions, with assumed excess air, commercially clean surfaces and normal leakage values. As with the FD fan, such conditions are
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needed for evaluating power, setting controls
and providing a fan that will operate at
maximum efficiency at desired normal output
of the boiler, but the actual calculated operating conditions should not be used as maximum
requirements in purchasing the fan. Operation
at higher excess air may be advisable; higher
amounts of gas recirculation may be used;
leakage and infiltration may be higher than estimated: surfaces may be dirty, which will increase temperature as well as resistance; and
the fan may not perform to expectations because of poor inlet and. discharge connections.
Therefore, in specifications for ID fans, liberal
excess factors are generally applied to both
volume and pressure, as follows: 20 percent excess volume and 30 percent excess static pressure. As with the FD fan, these figures may be
modified if extreme conservatism was used in
arriving at the so-called actual requirements, or
if they ~cere~calculated
for an unusual peak load
well above the desired maximum continuous
rate of operation.
GAS RECIRCULATION FAN

For the same size unit and the same amount
of heat released by the fuel, oil firing requires
much larger heating surfaces in the superheater
and reheater than for coal firing. Much of this
relatively expensive surface can be eliminated
by increasing the gas mass flow through the
convection passes, using gas recirculation. This
is common on straight oil-fired units and is a
good solution for combination coal and oil
units. The gas recirculating duct system is
shown in Fig. 3 3 . Gas is tapped off the main gas
duct at point A, passes through the gas recirculating fan and enters the bottom of the furnace
at B. Damper C controls the flow and is part of
the steam temperature control system.
The gas recirculation fan is necessary to
overcome the pressure differential between the
furnace and the economizer outlet. If for any
reason the fan is shut down while the boiler is
in operation, high temperature furnace gas
would flow backward through the fan and
ducts, which are not designed to withstand
such temperatures. Therefore shutoff damper

D, automatically closes when the fan stops.
However, even the best shutoff damper has
some leakage, so higher pressure air is tapped
off the main duct at point E. The shut-off damper
F is ordinarily shut, but opens automatically
with closing of the other shutoff damper. There
will then be a small flow of air i n both
directions from point G thus protecting all
equipment that might be damaged.
Volume Specifications

The amount of recirculation needed to make
steam temperature at the control load determines the volume requirements of the GR fan.
Specifying the flue-gas volume to be handled
together with the gas temperature is a matter
for the superheater designer to determine.
However, it must be given at both the upper and
lower end of the operating range of the gasrecirculation requirement.
Pressure Specifications

Gas-recirculation flow results in pressure
drops throughout the GR system, including
ducts, dampers and dust collector. Because the
amount of gas recirculated adds to and is common with the main gas flow through the
superheater, reheater and economizer, it also
increases the drops through these. It is these
latter resistances which generally dominate in
establishing the total head requirements of the
recirculation fan.
At control load or some other partial boiler
load, GR requirements are maximum. But because the main gas flow is low, the total head
requirements of the recirculation fan are
moderate. At full boiler load, little or no gas recirculation may be required. However, since
the main gas flow through the boiler is high, the
pressure differential across the superheater,
reheater and economizer is high and the recirculation fan must produce a high static head to
balance this differential. In selecting the fan,
the relationship of fan heqd to the differential is
a critical factor to consider.
If at any point over its operating range the fan
could not develop enough head to overcome
the differential developed by the boiler,

I
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Fig. 33 Typical gas-recirculatingsystem

tackflow of furnace gas will result through the
fan with very serious consequences.
To protect against this condition, it is usual
to specify as a minimum point on the fan

characteristic a pressure at least 2 in. wg. above
the maximum superheater-reheater-economizer differential at full load on the boiler. Normally, control-load requirements dictate fan
size. The following are usual excess percentages applied to the calculated requirements at this load: 1 5 to 20 percent volume excess, with the static pressure boost adjusted to
accommodate the increased volume.
-

STRESS ANALYSIS
AND STRUCTURAL DESIGN
OF STEAM GENERATOR
COMPONENTS
- -

-

Ina steam generator design, the structural integrity of the pressure parts and their supports
is of major concern. Not only must the drums,

headers, and tubing withstand all the pressure
stresses under hostile conditions of high temperature and, frequently, corrosive atmospheres,
but they must also retain their positions, contour. and roundness under a variety of externally imposed loads. Extremely sophisticated
analyses Of the
stresses
be made
of both the pressure-retaining parts and their
hanger
lugs. and
members.
This section describes the important aspect
of the boiler design engineer's work that can be
called "designing for structural performance."
U-boltsl

MATERIALS SELECTION FOR
SUPERHEATERS AND REHEATERS

From the view point of thermodynamics,
the power-plant cycle efficiency is related to
primary and reheat steam temperatures. A
steam temperature increase improves the cycle
efficiency, everything else being the same.
However, superheater and reheater outlet conditions are limited by the ability of materials to

.

I
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withstand physical stress and by economic
breakeven points.
In the high-temperature region of boilers, allowable stress goes down as materials are exposed to high flue-gas temperatures necessary
to superheat and reheat steam to high temperatures. At the same time, more costly grades of
alloy steel are required to withstand the physical stress imposed by elevated temperatures
and pressures.
As an example of temperature increase effect,
the allowable stress for a material known as
SA-213 T-11 drops from 11,000 psi at 950°F to
6600 psi at 1000°F. Up to 850°F it is usually
possible to specify carbon steel, but beyond
this point more costly alloys are required.
In view of these facts, selection of materials is
a most important consideration in superheater
and reheater design. Proper material selection
requires knowledge not only of metal temperature conditions but also of the economics of
manufacture and fabrication of various steel
alloys. These aspects are amplified in Chapters
1 7 and 18 on materials and metallurgy, and
steam-generator manufacture. A systematic procedure to calculate the metal temperatures of
superheater and reheater tubing is explained in
the following subsection.
SUPERHEATER AND REHEATER METAL
TEMPERATURES

Before
to make
temperature calculations, the- designer assumes the
following data to be known for the point in
question:
gas temperature, T,
steam temperature at the point in question, t,
mass velocity- of gas,
- G,
mass velocity of steam, G,
tubing size and estimated thickness
m tubing material
steam pressure
heat absorbed, q, Btulhr.

(I) Total heat-transfer rate, Rt (as defined in
previous section on boiler calculations):

(2) Total heat absorption rate per unit area,

q
-is
A0

calculated from

By knowing Rt, t, and T, the localized heat
absorption rate per unit area can be obtained.
If the superheater or reheater tube in question is subject to direct furnace radiation, this
should be taken into consideration in Eq. 42.
Fig. 34 is a polar plot of a reheater tube facing
the furnace, showing the higher metal temperature rise on the front face of the tube compared
to the back or downstream side.
(3) Steam side film conductance of heat
transfer h,:
After the heat absorption per unit is determined, the next step is to establish steamside film conductance of heat transfer, h,. By
dimensional analysis and experimental work, a
general relationship is developed to calculate
the film conductance for forcid convection in
fluids. This may be evaluated from the equation
(Nu) = a(Rejb(PrjC,where a = 0.023, b = 0.8,
c = 0.4 and the terms are respectively Nusselt,
Reynolds and Prandtl numbers. The correlation may then be expressed as follows.

(43)

where D is an expression of applicable diameter, k is the thermal conductivity of the fluid, G
is the mass velocity, p i s the absolute viscosity
of the fluid and c, is the specific heat at constant pressure. The values of a, b and c are determined experimentally and should be used
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Gas
Flow

Gas Flow

-

butside Metal Temperature

Fig. 34. Metal temperature distribution in a reheater tube

with discretion, taking into consideration results available in heat-transfer literature.
(4) Steam-side film temperature drop, At,:
By knowing the heat absorption rate per unit
area and steam-side film conductance of
heat transfer, the steam-side film temperature
drop can be obtained from the foilowing
relationship.
A~

=L1%
A. h, Di

(44)

where Dois the outside diameter of tube and Di
is the inside diameter of tube. The D,IDi term
appears in the above formula because qlA, was
based on outside diameter of tube.
(5) Tube wall temperature drop, AT:
Temperature drop through a tube can be calculated from the conduction equation:

where k is the thermal conductivity of the tube
for which the temperature is being calculated.
The tube metal temperature at any given
point in the tubing will be the sum of the steam
temperature, the film temperature drop and the
tube wall temperature drop.
METALTEMPERATURETOLERANCES

The preceding represents an ideal case based
on the assumptions that the steam flow rate and
temperature and gas flow rate and t'emperature
are uniform for all the elements. These conditions actually are never experienced in the performance of the steam generator. It is necessary
therefore to provide so called "imbalances" or
tolerances that are anticipated. These include
the following:
Desuperheaterallowancewhich is the number
of degrees that the steam temperature will rise
at the particular point upstream of the superheater when the full use of the desuperheater is .
made. Usually the design is such that little or
no desuperheating is required. However, when
a desuperheater is installed all pressure parts
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ahead of the desuperheater are designed to include the desuperheater allowance.
Steam temperature imbalance which allows
for the increase in expected steam temperature
at a given point caused by the unbalanced distribution in steam flows, gas flows and gas
temperatures.
Film and metal drop imbalance which is the
increase in the film and metal temperature drop
caused by the imbalance distribution in the gas
flows and gas temperatures.
The maximum metal temperature at any
given point in the tubing will be the sum of the
steam temperature, the film and metal temperature drops, the desuperheater allowance - if
any, the steam temperature unbalance and the
film and metal drop imbalance.
After the metal temperature is established,
the selection of material is made in accordance
with the ,ASME Boiler and Pressure Vessel
Code. Section I of the Code covering power boilers gives details for calculating tube wall thickness and the allowable stress values for the
various materials. In superheater and reheater
design it has been found desirable to limit
the use of various materials according to the
oxidation-resistance limits in Table IV, which
are in all cases lower than the maximum permissable metal temperatures established by the
ASME Boiler and Pressure Vessel Code.
PRESSURE-DROPCALCULATIONS

Another aspect of the design of superheaters,
reheaters, and economizers that relates to the

selection of materials in previous paragraphs is
the steam or water pressure drop that occurs in
operation. Just as there is a semi-proportional
relationship between transfer rate and draft
loss, as previously explained, there is a similar
connection between pressure drop and metal
temperature. That is, the fluid film thickness
inside a heated tube is affected by the mass flow
of fluid through the,tube. And pressure drop is
roughly a square function of the mass flow.
In evaluating whether a given pressure drop
is too high through any proposed circuitry, the
principal concerns most often are (a) the design
pressure of upstream pressure parts, and (b) the
power penalty for any increment of pressure
drop versus the cost of using more expensive
alloys in superheater or reheater tubing to reduce wall thickness and, thereby, the pressure
drop. An example of the first situation is the influence on boiler drum and waterwall tubes
and headers of the superheater pressure drop:
the superheater drop is added to the required
superheater-outlet pressure to arrive at the
operating pressure in the drum, the furnace
wails, the risers, and the downtakes. With tolerances specified by the ASME Code, the actual
design or working pressure of the steam
generator is established. The higher the superheater pressure drop, the higher the ASME design pressure for the entire unit, which has a
direct effect on the thickness and cost of the
pressure parts. .
Basic Pressure-Drop Equations

The following equations are used for water

Table IV. Maximum Outside-Surface Metal Temperatures
-

-

-

--

ASME Code
Alloy Specification

SA-213
SA-213 T-1
SA-213 T-11
SA-213 T-22
SA-213 T-9
SA-213 Type 304H
SA-213 Type 347H

Nominal Composition

Carbon Steel
Carbon- 1/2 Mo
l%Cr- %Mo
2 % Cr- 1 % M o
9 C r - 1 Mo
18Cr- 8 N i

Oxidation
Limit, O F

..,
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and steam pressure-drop calculations on subcritical-pressure boilers, and are similar to
those for supercritical units.
Water flowing through pipes and tubing:

-

-

return bend is one with a bend radius less than
the tube outside diameter (OD). A 90" shortradius elbow is defined as having a bend radius
less than 3 times the pipe OD. Anything greater
is considered a long-radius elbow.
MECHANICAL STRESSES
IN DRUMS, HEADERS AND PIPING

-

where
F = flow per path, 1000 lblhr
L = length of tube plus equivalent length of
bends, ft
D = inside diameter in inches
Steam flowing through tubing, up to 6" O.D.:

Industrial safety codes, such as the ASME
Code, provide the designer with acceptable
formulas for sizing various components of a
pressure vessel. Typical formulas making use
of equations from the basic theory of elasticity
for specific shells of revolution presented here
are taken from Section I, Rules for Construction
of Power Boilers, of the ASME Code.52
SPHERICAL SHELL

The minimum thickness, t, of a spherical
shell of inside radius, R, for a design maximum
allowable working pressure, P, and a maximum
allowable working stress, STall in consistent
units, is

Steam flow through pipes:

where
F = flow per path, lblmin
V = specific volume, cu ft/lb
and L and D are as defined above.
For determining the total equivalent length
of a circuit, the following factors are used,
where the equivalent length is equal to the factor multiplied by the inside diameter (ID) of the
tubing. Thus, a 180" bend i n a tube with 2 in. ID
has an equivalent length (for use in Eq. 46,47,
48) of 30 X 2 = 60 in. = 5 ft.

on an elastic shell basis.
Eq. 49 gives the correct thickness for thinwalled shells, but when the thickness of the
shell is greater than about 0.36 R, the elastic
theory requires that thickness be calculated on a
thick-walled basis. The formula for thickness is

Equivalent Lengths

Entrance loss
Exit loss
Squeezed return bend
180' bend
90"bend
4S0bend
90"short radius elbow
90"long radius elbow

MULTIPLYING FACTOR
ON ID
30
30
50
30

25
15
21

CYLINDRICAL SHELL

The minimum thickness for a thin-wall
cylindrical shell for piping, drums, and headers in the steam generator is

12

Entrance and exit losses are applied to the junctions between tubes and headers. A squeezed

where C is an additional allowance for threading and structural stability and y is a tempera-

cowusno N
Designing For Boiler Performance

ture coefficient, as in Table V.
For thick-wall cylinders, in which the thickness is greater than one-half the inside radius,
the elastic theory requires that the shell wall
thickness be determined from

In this equation, E is the efficiency, expressed
as a decimal, and called the ligament efficiency. It is based on the pitch. diametral size,
and configuration of the holes in a drum or
header. For openings that form a definite.pattern in pressure parts, the efficiency of ligament between the tube holes is determined per
paragraph PG-52 of Section I of the Code.
When the pitch of the tubes on every tube row
is equal, as in Fig. 35, the formula is

The strength of those ligaments between tube
holes that are subjected to alongitudinal stress
shall be at least one-half the required strength
of the4igarnents coming between the tube holes
which are subjected to a circumferential stress.
When tubes or holes are arranged in a drum or
shell in symmetrical groups along lines parallel to the axis and the same spacing is used for
each group, no group efficiency shall be less
than that on which the maximum allowable
working pressure is based.
HEMISPHERICAL HEAD

The formulas for a hemispherical head are
identical to those for a spherical shell. Either
industrial-code rules or the theory of elasticity
give the required thicknesses for these shells.53
If a pressure vessel consists of a cylindrical
shell capped with a hemispherical head, the

-

~I-herep is the longitudinal pitch of adjacent
openings and d is the diameter of the openings.
in consistent dimensions, and E is the efficiency of ligament, as a decimal. For a pitch of
3l/1 in. and tube-hole diameter of 39/32 in., efficiency is (5.25 - 3.28)/5.25 = 0.375.
When the pitch of the tube holes on any one
row is unequal, the formula is
-

--

-

Longitudinal Line
(A) Pitch of Holes Equal in Every Row

- ---

Longitudinal 'Line

-

(8)Pitch of Holes Unequal in Every Second Row

where p , is the pitch between corresponding
openings in a series of symmetrical groups of
openings and n is the number of openings in
length p ,. The pitch in these equations is measured either on the flat plate before rolling or on
the median surface after rolling.
For the spacing shown in Fig. 35 B, the efficiency is (12 - 2 x 3.281) :12 = 0.453. For the
spacing in Fig. 35 C, ligament efficiency is
i19.23

-

5 x 3.281)/29.25 = 0.439.

-

Longitudinal Line
(C) Pitch of Holes
Varying in Every Second and Third Row

c
Fig. 35 Examples of tube spacings in
drums or headers
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FLAT HEAD

Table V. Temperature Coefficient y
used in Design Calculations
Design
Temperature

y factor
for ferritic
steels

UP
to
900°F

901'
to
950°F

Above
950°F

0.40

0.50

0.70

From Section 1,ASME Boiler Code. Between temperatures listed, determine y by interpolation.

A flat head can be considered as a circular
plate which is uniformly loaded by pressure.
The amount of end fixity depends on the
method of mounting and the stiffness of the
cylindrical shell to which the flat head is attached. If the plate is assumed to be simply
supported, then no moments are transferred to
the shell, and the maximum plate stress occurs
at the center of the plate. The stress is:

-

component sizes can be determined by codes or
by the theory of elasticity usicg the simple
membrane formulas.
SEMIELLIPSOIDAL HEAD

The standard semiellipsoidal head recognized by the ASME Code has half the minor
axis, or the depth of the head, at least equal to
one-quarter the inside diameter of the head. By
elastic theory this head requires a thickness of

The degree of end fixity is determined by
applied edge moments,
M, = C,P R2

and superposed stresses,

By substituting allowable stresses in these equations, the required thickness of the plate can
be expressed as:
The R in the above equation is either the 'I:!
length of the major axis, or the radius of the
mating cylinder.
TORISPHERICAL HEAD

A torispherical head is a shell which combines part of a torus with a spherical cap. In the
ASME Code the knuckle, or torus, radius is required to be 3 times the head thickness, but not
less than 0.06 times the diameter of the shell,
and the crown radius may not exceed the outside diameter of the head flange. There are no
directly applicable formulas based on elastic
theory but any given head shape can readily be
calculated from basic equations. The ASME
Code specifies the thickness to be

j

(58)

where d is the inside diameter of the header at
the flat end plate, and Cpisa factor that depends
on the method of attachment of the head and
other items in Code paragraph PG-31.4.
Eq. 58 gives the thickness of a flat head as required by the ASME Code. The constant Cpin
the equation is a factor depending on the
method of attachment of the head, and on the
shell, pipe or header dimensions. It must be
found from appropriate tables in the Code, and
these tables usually specify the end fixity of the
flat plate. In the industrial code, the constant is
usually greater than that required by elastic
theory, thereby adding another factor of safety
to the code design.
DISCONTINUITY STRESSES

where L is the radius to which the head is
dished, measured on the concave side.

When a pressure vessel is subjected to internal pressure, redundant forces and moments

COMBUSTION

Dsigning For Boiler Performance

are induced in areas of structural discontinuity
such as the intersection of a cylindrical shell
and a hemispherical head. This can best be visualized, Fig. 36, by assuming that the shell
and head act as separate units with internal
pressure applied to the individual, simply
supported parts. Because the deflections of the
components differ, shear forces and moments
must be applied at the edges to rejoin the
components for a compatible structure. The resulting stresses (usually bending stresses) induced by these shear forces and moments are
called discontinuity 'stresses. The bending
stresses reach a maximum at, or near, the discontinuity, but they attenuate with distance
from the joint.54 A commonly accepted approach to the derivation of these discontinuity
stresses is the theory of beams on an elastic
foundation.53.55
If a pressure vessel with a hemispherical
head is designed for minimum thickness of the
mating components, then the maximum stress
in the pressure vessel will be 27 percent higher
than the circumferential stress in the cylindrical shell away from all discontinuities. On the
other hand, for a vessel of uniform thickness,
the maximum stress is only 3 percent higher
than in the same size cylindrical shell.
A pressure vessel with a standard semiellipsoidal head of the same thickness as a mating
cylindrical shell exhibits a maximum stress 13
percent higher than the circumferential membrane stress in the cylinder.56 Unfortunately,
membrane stresses and discontinuity stresses
are very sensitive to changes in curvature.
REINFORCED OPENINGS

For very small unreinforced circular holes,
the theory of elasticity shows that a stress concentration factor of three will exist around the
hole under a n uniaxial tension. The stress concentration is reduced to two for the state of
biaxial tension. In a cylindrical shell under
pressure, the state of stress is such that the circumferential stress is twice the longitudinal
stress. Under this condition the stress concentration at an unreinforced penetration would
reach a peak of 2.5. The stress concentration ef--

Fig. 36. Discontinuity forces at a head-cylinder
junction under internal pressure

fect would be localLed at the edge of the hole
and could cause some plastic deformation with
an inherent redistribution of stresses.
The ASME Code requires that, for holes
larger than a certain diameter, reinforcement to
the opening should be added by the nozzle attachment, increased shell thickness, or the pad
for a cover plate if the opening is to be used for
future servicing operations.
The Code's rules specify that the area removed for the penetration in a given cross section be reinforced within specified boundaries.
At best this is a crude method; however, experience has shown that the stresses do not
cause failure at nozzles if the level of stress in
the shell is at a reasonable limit.57 The best type
of reinforcement is one in which the reinforcement is equally distributed on each side of the
shell, that is, equal amounts of reinforcement
extend inside and outside the she11.58 This
method of reinforcement is not always practical; most commonly, then, it is necessary that
all the reinforcement must be on the outside of
the shell.
STRESS ANALYSIS
AND STRUCTURAL DESIGN
OF FURNACE WALLS

Welded furnace walls are one of the most
important components of boilers. They may be
incorporated into the design of small shopassembled boilers as well as in the largest
utility-type units. Furnace walls, also fre-
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quently referred to as waterwalls, provide the
enclosure around the major parts of a boiler and
are integrally concerned with all of its essential
functions. As a link in the steam generating cycle, they are components of the pressure parts
system. The support of the furnace-wall system
is linked to that of other components and will
be discussed in the final section of this chapter
dealing with structural design of boilers.
Welded furnace walls must be safe and reliable over a range of operating conditions. The
furnace-wall tubes have the highest heat-flux
rates in the boiler and are subjected to the
most extreme fluctuations in temperature and
pressure. During boiler startup the walls experience considerable overfiring and variable
pressure conditions are encountered as the unit
is brought u p to its normal operating level. The
furnace-wall enclosure must be designed to
withstand both positive and negative inside
pressures. In addition, special conditions
sometimes occur in which the enclosure must
withstand wind and earthquake loadings.
The crucial feature i n the protection of a
furnace-wall tube against failure is the assurance of adequate circulation of fluid within the
tube under all operating conditions. For this
reason, the thermodynamic requirement for the
particular type of furnace determines the
internal diameter of the wall tube. For some
furnaces the wall will contain small-diameter
tubing with thick walls while for other furnaces the tubing will be large diameter and
relatively thin walls. Thus, mechanical behavior of furnace walls will vary greatly for
different types of furnaces.
MECHANICAL LOADING OF FURNACE WALLS

Analytical and experimental techniques
make it possible to determine the stresses in the
furnace wall in considerable detail. With this
knowledge and the realization that different
stresses have different degrees of significance,
the furnace walls are designed to give the desired thermal behavior, at the same time being
safe and reliable.59
As a starting point, the tube thickness is determined to give the required internal diameter

for proper thermal performance of the fiknace.
Since the tubes are a part of the pressure system
of the steam generator, the determination of
wall thickness is within the jurisdiction of Section I of the ASME Code.52 Thus the equation
used for tube thickness is

(59)

where t is thickness, P is fluid pressure, D is
outside tube diameter and S is the allowable
stress according to Table PG 23.1 of Section I,
ASME Boiler and Pressure Vessel Code.
Following this procedure satisfies the ASME
Code requirements for minimum tube wall
thickness and gives a wall panel with the required flexibility to keep the thermal stresses
within reasonable limits on severe thermal
transients. Except under special conditions, a
thicker wall tube does not improve the overall
stress condition. As the pressure stress becomes smaller because of thicker tube, the
therzal stress increases rather rapidly with
greater wall thickness. A change to a better material is the most satisfactory method of gaining
improvement in strength requirements.
Other mechanical loads also act on the furnace wall and must be analyzed to assure its
reliability. Some of these additional loads are
furnace firing pressure, dead-weight loads,
wind loads, earthquake loads and reactive loads
that exist between the furnace wall and the
rigid buckstay system.
DETERMINATION
OF FURNACE STRESSES

The straight analytical determination of
stresses in the furnace walls is difficult because
of the complex geometry of the panel. To begin
the calculation, it is necessary to assume a fin
size. For a furnace panel with normal heatabsorption rates, the fin width will be about
one half inch. With this close tube spacing, the
wall can be considered a stiffened orthogonal- .
plate. Using the notation of Timoshenko,53 the
differential equation of equilibrium for small
displacements of an orthotropic plate is

-
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where W is the lateral displacement,

Dl

=

E"h3
Gh3
7'.
D,, = 12'

q is uniform lateral load, E is the modulus of
elasticity and h i s wall thickness.
The numerical computer techniques of finite
elements are used to solve Eq. 60. The tube and
fin geometry of the furnace wall is transformed
into an equivalent orthotropic plate by the use
of equivalent load functions as developed by
C-E engineers. The mechanical loads such as
furnace pressure, dead weight, buckstay loading, wind and earthquake and the thermal
loads from temperature distributions are applied to an orthotropic finite element plate
model of the furnace walls. The transformed
equivalent orthotropic plate elements are used
to model the furnace wall and beam elements
are used for the buckstay system. The finite
element mathematical model of the furnace is
solved using one of the finite element computer
programs such as "MARC-CE Nonlinear Finite
Element Program" or the "STRUDL Finite
Element Program". The computer program
findings are resultant forces and moments acting on the various equivalent orthotropic plate
elements of the furnace-wall mode (Fig. 37).
BALANCED THERMAL LOADING

Balanced thermal loading is a condition
which results in a local variation in temperature that produces thermal stresses in tubes and
fins; this condition occurs because of balanced
heat absorption from one side of the wall. The
local metal temperatures existing in a tube and
fin depend on the panel geometry, the heat

Fig. 37 Orthotropic plate subjected to
in-plane and lateral loads

flux, inside film coefficient and the type of
boiler. Fig. 38 gives an example for a Controlled
Circulation@boiler of the performance of the
four critical temperatures: at the outside, mean
and inside diameter on the crown of the tube,
and at the fin tip, as a function of inside film
coefficient. The curves illustrate the importance of maintaining a minimum inside film
coefficient to keep the tube cool. Using the relationship between heat flux and nucleate boiling
coefficient shown in Fig. 39, the actual maximum temperatures in the tube and fin above the
saturation temperature are plotted against flux
rate in Fig. 40. This relationship is essentially
proportional and demonstrates the range of absorption to which tubing and fin material may
be exposed.
Temperature Distribution

The first step in determining the thermal
stress in the fin and tube is to obtain a temperature distribution, T. The tube and fin respond
with sufficient speed so that, at any given condition, this relationship can be approximated
by the steady state.
Thus

where

,

V2T = 0
V2T =

87''

aT2
+7
av-
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Fig. 38 Furnace-wall tube temperature plot

Numerical computer techniques are used to
solve this differential equation. The CEWIND
computer program for calculating temperature
distributions is based on the finite difference
method and provides directly the surface temperature and the internal temperature distributions. Fig. 41 shows some thermal isotherms
generated by this program. Often a special
computer tape will be made of the thermal results so that temperatures may be directly input
to computer thermal stress programs.
The MARC-HEAT Computer Program will
solve the same equation with a finite element
type of analysis and has the advantage that the
same finite element model may be used for
both the thermal and stress analysis programs.
However, stresses or strains require an extrapolation procedure.
The CE-NOAXCYL Nonlinear Axisymmetric
Finite Element Analysis Program is a special

purpose computer program which will provide
a transient heat transfer analysis with nonaxisymmetric loading on a symmetric tube and
fin cross section. This program has the capability of making plastic and creep strain calculations if they are required.
Thermal Stresses

I
I

Thermal stresses occur in the tube and fin because the elements cannot deform freely. Some
of the thermal stress results from differences
between the mean temperature of the section
and the local temperature. The remaining thermal stress is imposed on the tube and fin by the
comparatively stiff buckstay systeq.
A finite element model is made of the tube
and fin geometry as shown in Fig. 42. If the
temperature distributions of the tube and fin
(Fig. 41) are input into one of the finite element
computer programs such as "MARC-CE Non-
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Fig. 47 Temperature distribution in finned furnace-wall tubes

linear Finite Element Program" or "STRUDL"
with proper boundary conditions, the computer will calculate thermal stresses and
strains in the tube and fin geometry.
The forces and moments from the computer
solution of the orthotropic furnace walls (Fig.
37) are applied to the tube and fin geometry as
shown in Fig. 4 3 . These forces and moments
when used with the finite element model
shown in Fig. 42 will generate additional local
stresses in the tube and fin geometry. The same
finite element model is used to calculate the
stresses and strains from the internal pressure
applied to the tube. Combining and evaluating
these stresses is covered later in this chapter.

given tube. Further investigation reveals a very
complex interplay between heat absorption
and flow rates for some types of furnaces with
conditions that can lead to large temperature

UNBALANCED THERMAL LOADING

Unbalanced thermal loading is defined as
temperature distribution which varies in either
direction along the furnace wall. The variation
in heat-absorption rates longitudinally and
transversely across the wall is one reason for
unbalanced temperaure distribution. Fig. 4 0
shows how the metal temperatures vary with
different heat absorption rates. Unbalances in
the flow rate either in neighboring tubes or in
different areas of the wall will give unbalanced
temperatures. Flow rates in some boilers are
very dependent on the heat absorption for a

Fig. 42 Finite element model of tube and fin
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to the furnace model and the resultant forces
and moments determined with finite element
analysis. Local effects of the resultant forces
and moments on the tube and fin geometry are
obtained by using the tube and fin finiteelement model shown in Fig. 42.
SIGNIFICANCEOF CALCULATED STRESSES

Fig. 43 Geometrical configuration of tube and fin

unbalances. Fig. 41 shows temperature distributions for three different inside-film coefficients, which are strongly dependent upon
flow rates. A third condition that will result in
temperature variations in a furnace wall is that
of varying fluid temperatures. In boilers of the
once-through type, the fluid temperature continually varies as the fluid progresses from
inlet to outlet. In each case there is a very complex interaction between these conditions, and
it is the responsibility of the boiler designer to
select a suitable set of parameters so that the
temperature unbalances will be within reasonable limits.
An experimental technique has been used to
determine the stresses from the unbalanced
thermal loadings. As an example, Fig. 44 shows
a furnace wall panel under test at C-E's
Kreisinger Development Laboratory. In this
test controlled temperature distributions were
imposed on the panel. To identify the influence
of each type of discontinuity, electric strain
gages placed on the outside surface of the
panel, at its end, at its center, at the top bend,
and at the soot blower opening determined the
resulting strains.@
This experimental data has been used to
evaluate the procedures for the equivalent orthotropic plate modeling of the furnace walls.
Unbalanced thermal distributions are applied

The accurate and detailed determination of
the mechanical and thermal stresses in the furnace wall is of little value until the designer
knows how these stresses affect wall failure. A
measured value of stress or strain has little
meaning until it is associated with location and
distribution in the panel and with the type of
loading which produced it. For example, the
average hoop stress in the tube from internal
pressure has a different influence on the life of
the panel than that of the peak stress at the intersection of the fin and tube from a redundant
moment. An excessive hoop stress produces an
instability in the tube, which continues to expand and get thinner and thinner until rupture.
On the other hand, the peak stress at the notch
will relieve itself by yielding and has a bearing
only on fatigue life or stress-rupture life.
To help evaluate the different types of
stresses that may act on the wall, the various
stresses are classified as primary, 'secondary,
and local or peak stresses.
Primary Stress

A primary stress is a normal or shear stress
developed by the imposed mechanical loading
which is necessary to satisfy the laws of equilibrium of external and internal -forces and
moments. The basic characteristic of a primary
stress is that it is not self-limiting. Primary
stresses which exceed the yield strength will
result in failure or gross distortion.
Secondary Stress

A secondary stress is a normal or shear stress
developed by the constraint of an adjacent part
or by self-constraint of a structure. The basic
characteristic of a secondary stress is that it is
self-limiting. Local yielding and minor distortion can satisfy the conditions which cause the
stress. Thermal stresses which produce gross
distortions are secondary stresses.
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Local or Peak Stress

-

Local or peak stress is a normal or shear stress
which is the highest in the region under consideration and is developed by changes in
geometry such as a notch. Thermal stresses
which are caused by self-constraint are treated
as local stresses. The basic characteristic of a
local or peak stress is that it causes no significant distortion and is objectionable only as
a possible source of either a fatigue failure,
brittle fracture, stress-corrosion cracking or
stress-rupture failure. These categories also
differentiate between a membrane stress (average value across a section) and a bending stress
(linearly variable across a section).
COMBINATION OF STRESSES

The characteristic material values on which
strength calculations are based are determined
under uniaxial tension. Usually this is the
common tension test. The furnace walls are

subjected to multiaxial stress, and a direct
comparison of the stress in the wall with the
characteristic strength value of the material is
not directly admissible. Only with the aid of a
strength hypothesis is it possible to calculate
an equivalent stress for comparison with the
characteristic strength value as determined by
the conventional tension test.
Maximum Shear Theory

The maximum shear stress theory is used as
the failure criterion for the furnace walls. The
selection of the maximum shear stress theory is
based on the use of a good ductile steel for the
furnace walls. According to the maximum
shear theory, if the principal stresses are cr,, cr,,
cr3 and further if a,> u2> u3,the maximum
shear stress is

The equivalent stress to that of a simple tension or compression test would be
Called stress intensity, the equivalent stress
is not a single stress quantity. Rather, it represents the combined stress of the three principal
stresses or their equivalent. The addition of
stresses from different categories must be performed at the component level, not after
translating the stress components into stress
intensities. Similarly the calculation of membrane stress intensity involves the averaging of
stresses across a section and this averaging
must be performed at the component level.
The allowable stresses (except for the membrane stress) have been derived from the same
considerations that were used in writing Div 2
of Section VIII of the ASME Boiler and Pressure
Vessel Code. It is an application of limit design
theory tempered by engineering judgment and
some conservative simplifications.
Allowable Membrane Stress

The first stress limit to consider is primary
membrane stress. In this case the value is limited to the values as given in Table PG 23.1 of

Fig. 44 Furnace-wall test apparatus at
C-E Kreisinger Development Laboratory
.
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the Section I Rules for Construction of Power
Boilers of theASME Boiler and Pressure Vessel
Code, since the tubing is part of the pressure
system in the boiler.
Stress intensities are not determined because
this section of the ASME Code is based on
maximum stress theory.
Allowable Local Membrane or Bending Stress

In the remaining evaluation, the stress intensities are determined for comparison with the
stress limits. The next limit is the sum of the
primary membrane stress plus the primary
bending stress plus any local membrane stress.
These stresses are combined at the component
level and then the stress intensity determined.
This limit is set at 1.5 times the stress limits as
given in Table PG 23.1 of Section I of ASME
Code. In addition, if the temperatures are at the
level where stress rupture is the mode of failure, the combined value is limited to those values given in the Table.
Allowable Secondary Stress

In the next consideration, the primary
stresses (membrane and bending) are combined with the secondary stresses at the component level and the stress intensities determined. These values are limited to three times

Fig. 45 Stress limits

the values from Table PG 23.1 for temperalures
below 700°F.
If the temperature is greater than 700°F, the
influence of creep strains must be considered.
Control of the secondary stresses is to limit deformations and to provide a valid basis for
the elastic procedure for the fatigue analysis.
When creep alters the stress distribution and
increases the strain range, a high-temperature
design procedure is required. For the low-alloy
ferric materials the temperature range may increase to 850°F without serious creep strain.
Allowable Peak Stress

For the next evaluation all the stresses - primary, secondary and local - are combined for
both the maximum and minimum conditions of
an operational cycle. From these values the
maximum and minimum stress intensities can
be determined. Using these stress intensities
the alternating stress is calculated. These
stresses are usually evaluated on a fatigue basis
which will be discussed in the next section.
Where loads are at steady state or of very low
cycle frequency and the temperatures are in the
realm of stress rupture, the total stresses can be
limited by yield stresses. In this region each
material has a different behavior as influenced
by notches and metallurgical changes. There-

COMBUSTION
Designing For Boiler Performance

fore, a survey of the literature on the material
should be made as an aid in the final evaluation. Fig. 45 summarizes the stress limits for
the various stress categories.
FATIGUEANALYSIS

The first step i n the fatigue analysis is to estimate a stress history for the expected life of
the unit. From this stress history, the different
operating cycles, such as startups, shutdowns,
load changes and other changes which cause
the stress level in the wall to vary, can be determined. In each of these cases, the maximum
and minimum stress. intensities are determined. Alternating stress intensities can then
be calculated by

If these stresses are significant, they will use
up part of the life of the unit. The number of
times the significant alternating stresses can be
repeated is determined from a design fatigue
curve as shown in Fig. 46. In these curves the
alternating stress is plotted as a function of the
cycles to failure with suitable safety factors.
Because safety factors vary considerably and
are dependent upon the mechanical behavior
of the material, the uncertainty of the assumed
loads and the uncertainty in the material (scatter of data), specific values of the ordinate of
typical curves are not given. Curves such as
these are determined by experimental methods
and may be found in the literature. Some fatigue curves for materials normally used in
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Fig. 46 Design fatigue curve
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furnace design can be found in Section I11 of the
ASME Boiler and Pressure Vessel Code. These
are believed to reflect a conservative design.
In the furnace wall the stresses on both sides
of the wall must be determined: The trend of
the decrease in fatigue life as the temperature
increases is shown in Fig. 47. Thus, because of
the temperature influence on fatigue life, the
hot face of the tube or fin may fail although the
higher stresses may be calculated elsewhere.
CUMULATIVE DAMAGE

The furnace wall is subjected to a wide variety of operating conditions, some of which
produce no significant stresses and some of
which will produce stresses worthy of consideration. When a design is for either static
loads or for a large number of cycles, it is sufficient to design for the condition which produces the highest stresses and to ignore all others. In this case, design is for infinite life, and
all stress must be below the damaging level.
Usually the number of operational stress cycles which the furnace wall must withstand is
not large, but the value of the operational stress
is large unless severe restrictions are imposed.
As soon as the existence of strains beyond the
elastic limit is accepted, the design is based on
finite life and the damaging effect of all significant strains must be considered. The relationship between the alternating stress and cycles
to failure can be determined from the design
fatigue curves, and the number of required cycles can be estimated from the anticipated
stress history. With these relationships estab-
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Fig. 47 Decrease in fatigue life
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lished, the expected life can be estimated with
fair accuracy by adding together the "cycle
ratios" produced by each operating condition.
Cumulative Damage Index

i=n

5

i-1

Ni

=

(64)

where Piis the number of times operating cycle
will occur and N i is the number of times alternating stress can be withstood, based on the
fatigue design curve.
Fatigue tests have shown that the cumulative
damage'index can vary over a range of 0.6 to 5.
If the most damaging stresses are applied first,
the cycles ratio may be as low as 0.6. If the lower
stress values are applied first and followed by
progressively higher stresses, the cycles ratio
can be as high as five. These are extreme conditions. For the instance of random distribution of
cycle ratio as for a furnace wall, the cumulative
sum will be close to unity. Thus the imposed
limiting condition is

Welded furnace walls must be safe and reliable for a wide range of boiler operating
conditions. The analytical techniques and
experimental procedures discussed in this section give the boiler designer the necessary tools
to make an evaluation of the strength of furnace
walls and to assess the suitability of furnace
wall design to withstand any of the various
operating conditions.

DESIGN OF BOILER
STRUCTURAL SUPPORT
SYSTEMS
Because the combustion process must be
confined within a complex structure capable of
supporting many static and dynamic loads,
structural design is an important sector of

overall boiler design. But it is unforturGtely
true that the fundamental importance of heat
transfer and fluid flow tends to obscure the role
of the boiler structural designer whose taskis to
analyze the many internal and external loads
and to select suitable structural members.
Structural design of boilers shares much in
common with bridge and building design.
There is a long history of progressive advancement in this engineering art.61 Yet there is little
evidence of a specialized literature of boiler
structural design, and almost no consideration
is given to structural problems in the most
widely used works on power-plant design.62
STRUCTURAL DESIGN CONDITIONS

Structural design of boilers involves the consideration of many factors. The type of boiler,
its location, and its method of construction all
have a bearing, as do design specifications,
codes and ordinances, protective coatings, and
type of structure, including choice of members
and connections.
Supports for boilers vary greatly, depending
upon size and function. Utility boilers and the
larger industrial units, including recovery
units for pulp and paper mills, are topsupported. Contrarily, shop-assembled boilers
including those for waste-heat recovery and
high-temperature water are bottom-supported,
as are those for marine service. This section,
however, will be specifically concerned with
the structural design of a top-supported central.station boiler.
LOCATION OF INSTALLATION

Boiler location has various effects upon
structural design. It may determine whether
indoor or outdoor construction is used. It has a
bearing on the specification of domestic or
foreign steel shapes. It may require special consideration for climatic conditions, including
both natural occurrences and those artifically
induced, as in a chemical plant or oil refinery.
It will establish wind loads, seismic conditions
and soil bearing capabilities for foundations.
Local ordinances and regulations may impose
special requirements, including restrictions on
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materials and limitations of structural size.
Indoor boilers for utility service are a part of
the power-plant structure, using the building
columns for vertical support.-Lateral support is
provided by the bracing system of the building,
which is completely enclosed and roofed.
Boiler platforms for access and maintenance
are coordinated with the elevations of powerplant floors.
Although outdoor units may have the boiler
completely exposed to wind and weather,
many are built with a full or partial roof and a
protective enclosure , around the fuel-firing
equipment. Special consideration must be
given to the waterproof design of casings and
insulation for outdoor units.
SOURCES OF DESIGN INFORMATION

Many decisions must precede calculations
for structural design. For example, will the unit
be designed for indoor or outdoor construction? Should the frame be rigid; simple, or
semirigid? Related to this is the choice of alternative connections: riveted, bolted, or welded.
It is also wise at this time to consider protective
coatings and their application.
There are many codes, standards and specifications pertinent to and helpful in making
these decisions. One useful publication is
Minimum Design Loads in Buildings and Other
Structures63 which lists design loads for many
materials, gives estimated weights of snowfall
and wind loads for practically all geographical
areas of the United States, and includes seismic
factors relating to the most common occurrences of earthquakes. Detailed information' on

protective coatings for steel may be found in
the Steel Structures Painting Manual.@
The American Institute of Steel Construction's Manual of Steel Construction covers
most routine design work. This manual includes the "AISC Specification for the Design
Fabrication and Erection of Structural Steel for
Buildings" plus an extended cornrnentary.65
Structural design of a large boiler involves
the solution of many simultaneous equations
and can most efficiently be done by using a
structural-design computer program such as
STRUDL.66 Such structures are very large, often
exceeding 200 feet in height and involving the
design and erection of several thousand tons of
structural steel.
Top-supported boilers have many hangers
which carry the loads of the various component
pressure-parts to the structural steel framing.
The boiler is allowed to expand downward
from the main supports at the top of the structure; both structural-steel members and hanger
rods are used. In high-temperature areas, the
hangers may be water-cooled or steam-cooled
tubing operating at high pressure and designed
to theASME Code.
A distinctive feature of boiler structural design is the buckstay system, which protects the
pressure parts against transient internal or external forces. The pressure parts, including
waterwall tubing and wall radiant surface, are
attached to and must therefore deflect with the
buckstays. Spacing of buckstays is determined
from furnace pressure, tube diameter and spacing, and that part of the allowable stress in the
tubing which can be allotted for bending.
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CHAPTER 7

Central-Station Steam Generators
ost of the fundamentals on boiler design,
fuels, ash, coal pulverization, materials
selection, manufacture, field construction, and
operation in this book are common in whole or
in part to the technology of boiler designers
and manufacturers worldwide. The engineering information in this chapter departs from
that commonality.
This chapter presents the C-E design philosophy as it applies to large high-pressure steam
generators for service in electrical-power production. Specifically covered are tangentially
fired subcritical- and supercritical-pressure
boilers - their design and the ways they are integrated into the overall power plant to obtain
maximum reliability and flexibility. The units
described are categorized in Chapter 4 as the
entrained-flow-reactor, suspension-fired, or
open-furnace type; fluidized-bed boilers for
power generation are covered in Chapter 9.
Since WWII, manufacturers have developed
diverse designs for generating steam at the
high subcritical and supercritical pressures.
The diversity is particularly apparent in large
high-pressure units for which the individual
proprietary designs become both the hallmark
and raison d'btre for each manufacturer. Like
fingerprints, the arguments made for the superiority of a circulation or firing system characterize and differentiate all boiler desi,oners.

The C-E product line and C-E's desire for excellence extend from the central-station designs to industrial and marine boilers. But it is
for the development of its large high-pressure
steam generators that C-E has built and staffed
some of the finest research laboratories in the
world dedicated solely to the development and
improvement of equipment for steam generation at the efficient high-pressure levels.

IMPACT OF FUEL
ON BOILER DESIGN
The most important item to consider when
designing a utility or large industrial steam
generator is the fuel the unit will burn. The furnace size, the equipment to prepare and burn
the fuel, the amount of heating surface and its
placement, the type and size of heat-recovery
equipment, and the flue-gas treatment devices
are all fuel dependent.
The major differences among those boilers
that burn coal or oil or natural gas result from
the ash in the products of combustion. (See
Chapter 3.) Firing oil in a furnace results in relatively small amounts of ash; there is no ash
from natural gas. For the same output, because
of the ash, coal-burning boilers must have
larger furnaces and the velocities of the com-
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Fig. 1 Typical coal-burning central-station reheat steam generator of the CUEtangentially fired
Controlled Circulation@design
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bustion gases in the convection passes must be
lower. In addition, coal-burning boilers need
ash-handling and particulate cleanup equipment that adds a- great-dealto cost and requires

considerable space. (Fig. 1).
Table I lists the variation in calorific values
and moisture contents of several coals, and the
mass of fuel that mustbe handled and fired to

Table I.Representative Coal Analyses
Med.-Vol.
Bituminous

Total H,O,%
Ash, %
VM, '10
FC, 1'0

High-Vol.
Bituminous

Subbituminous C

Low-Sodium
Lignite

Med.-Sodium
Lignite

High-Sodium
Lignite

5.0
10.3
31.6
53.1

15.4
15.0
33.1
36.5

30.0
5.8
32.6
36.6

31.0
10.4
31.7
26.9

30.0
28.4
23.2
18.4

39.6
6.3
27.5
26.6

40.0

46.4

29.5

46.1

62.9

23.1

24.0
16.8
5.8

16.2
20.0
7.1

16.0
4.1
26.5

15.2
3.7
16.6

17.5
2.8
4.8

11.3
8.5
23.8

2.0
0.8
2.4
1.3
0.1

0.8
0.7
1.5
1.0
0.1

3.2
0.4
0.6
1.2
0.1

0.7
3.1
2.0
0.8
0.1

5.9
7.4
0.7
0.5
0.2

5.3
1.8

6.0
3.2

14.8
0.3

12.7
0.6

4.6
1.7

17.7
0.8

Fusion (reducing), F
Initial Deformation
Softening
Fluid

2,170
2,250
2,440

1,990
2,120
2,290

2,200
2,250
2,290

2,080
2,200
2,310

2,120
2,380
2,700

2,030
2,090
2,200

Fusion (reducing), C
Initial Deformation
Softening
Fluid

1 190
1 230
1 340

1090
1 160
1250

1200
1230
1250

1140
1200
1270

1 160
1 300
1480

1110
1 140
1 200

Ash analysis, OO/
SiO,
A1,O,
Fez03
CaO
MgO
Na,O
,
K2O
TiO,
p20,

so3
sulfur, Oo/

4.2
1.4
0.5
1.3
1.1

Btullb, as fired
Btullb, MAF
Lb AshlMillion Btu
*Fuel Fired, 1000 lbhr
*Ash Fired, 1000 lblhr
MJlkg,as fired
MJlkg, MAF
kg Ash Million kJ
*Fuel Fired, kgls
*Ash Fired, kgls
'Constant Heat Output, Nominal 600-MW Unit. Adjusted For Effect of Moisture Content on Efficiency
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generate the same electrical-power output.
These values are important because the quantity of fuel required helps determine the size of
the coal storage yard, as well as the handling,
crushing, and pulverizing equipment for the
various coals; the amount of ash in the coal directly affects the sizing of the ash-handling and
flue-gas cleaning equipment.
FURNACE SIZING
As stated in Chapter 6, the most important
step in coal-fired unit design is to properly size
the furnace. Furnace size has a first-order influence on the size and cost of the convective heattransfer surface, the structural steel framing,
the boiler building and its foundations, as well
as on the quantity and length of sootblowers,
the extent of platforms and stairways, and the
arrangement of steam piping and ductwork.
Three very important parametric influences
on furnace sizing are :
fuel reactivity (discussed in Chapter 2)
gaseous-emission limitations (particularly
those concerning oxides of nitrogen), and
fuel-ash properties.

Among the ash properties discussed in Chapter 3 and Appendix B, those that C-E considers
particularly important when designing and
establishing the size of coal-fired furnaces
include:
8 the ash fusibility temperatures (both in terms
of their absolute values and the spread or difference between initial deformation temperature
and fluid temperature)
the ratio of basic to acidic ash constituents
the ironlcalcium ratio
the fuel-ash content in terms of lbs of ash1
million Btu or kg of ashlmillion joules
the ash friability.

-,.

.

These characteristics translate into the typical furnace sizes shown in Fig. 2, which are
based on the six coal ranks shown in Table I.
This size comparison illustrates the C-E philosophy of increasing the furnace plan area, vol-ume, and the fuel burnout zone (the distance
from the top fuel nozzle to the furnace arch), as
lower grade coals with poorer ash characteris-

tics are fired.
Fig. 2 is a simplified characterization of actual furnaces built to burn the fuels in Table I.
Wide variations exist in fuel properties within
coal ranks, as well as within several subclassifications (e.g., subbituminous A, B, C), each of
which may require a different size furnace. Note
that, in general, high-sodium lignites tend also
to have high slagging tendencies.
Among the most important design criteria in
large pulverized-fuel tangentially fired furnaces are the net heat input in Btulhr-sq ft or
W/m2 of furnace plan area (NHIIPA) and the
vertical distance from the top fuel nozzle to the
furnace arch. Furnace dimensions must be adequate to establish the necessary furnace retention time to properly burn the fuel as well as to
cool the gaseous combustion products. This is
to ensure that the gas temperature at the furnace
outlet plane is well below the ash-softening
temperature of the lowest quality coal burned.
Specifically, the furnace outlet plane is the entrance to the closed-spaced convection surface;
the latter is defined as non-platen surface on
less than 1 2 inch (300 mm) horizontal centers.
In addition to the tilting of fuel and air nozzles,
the heat-absorption characteristics of the walls
are maintained using properly placed wall
blowers to control the furnace outlet gas temperature by removing ash deposited on the furnace walls below the furnace outlet plane.
To arrive at an appropriate value of NHIIPA
and furnace plan area requires thorough evaluation of all fuels expected to be burned in the
unit. Depending on the analyses and range of
coals to be burned, large pulverized-fuel units
have an NHItPA that generally varies from 1.4 to
2.0 x lo6 Btulhr-sq ft (4.4 to 6.3 x lo6 W/m2).
The distance from the upper fuel nozzle to
the furnace arch is a function of furnace width
and depth, the upper-furnace superheater and
reheater surface arrangement, and, of course,
the fuel and ash characteristics.
Widely spaced steam-cooled platen-type
heating surface i s usually required in the upper
furnace to provide further cooling of furnace
gases before entering the convection surface.
These sections potentially are subject to the
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Medium-Volatile
Bituminous

High-Volatile
Bituminous
or
Subbituminous

Low-Slagging
Lignite

MediumSlagging
Lignite

High-Slagging
Lignite

I

I

Fig. 2 Effect of coal rank on sizing of a pulverized-fuel furnace (constant heat output)

most severe fouling conditions and wide spacing helps prevent ash plugging caused by
bridging. To perform satisfactorily in this
environment, the platens are constructed with
the tubes tangent to each other in the direction
of gas flow to minimize ash deposition.
A furnace design parameter sometimes specified is burner-zone heat release. This term does
not have the same significance in tangential firing as in other firing systems. In tangential firing not all of the fuel is consumed in the
windbox zone because of the manner in which
the fuel and air are introduced into the furnace.
In a unit designed for wall firing, the fuel and
air are intimately mixed at the burner throat
and consumed directly in front of the burner.
With a wall-fired boiler, then, burners can be
moved farther apart or more burners can be
added to give any value of burner-zone release
rate as there is no interaction between rows
of burners.

The vertical distance from the lowest coal
nozzle to the point where the furnace walls are
bent to form the hopper section of the furnace is
a function of furnace width and depth and the
slagging potential of the fuel. This dimension
is generally between 1 2 and 20 feet (3-'12 and
6 meters) in a tangentially fired furnace. The
hopper section typically slopes at 50' to the
horizontal.
With the exception of dry-bottom pulverizedcoal units in sizes between approximately 50
and 100 MW, the furnace volumetric heatrelease rate (in Btulhr-ft3 or W/m3) generally is
not a controlling design parameter. For such
units, the release-rate range is from 15,000 Btul
hr-ft3 for very good bituminous coals to about
10,000 Btulhr-ft3 for lignites (150,000 to about
100,000 Wlm3).Similarly, the burner-zone volumetric heat-release rate in Btulhr-ft3 or Wlm3
is not a meaningful design parameter for tangentially fired boilers.
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DRY-BOTTOM VERSUS WET-BOTTOM FURNACES

All current pulverized-coal reheat units are
of the dry-bottom type; the ash dislodged from
the furnace walls is below the ash-melting
point and leaves the furnace bottom in a substantially dry condition. The wet-bottom or
slagging-bottom furnaces are offered today only
for special applications, such as in furnaces for
gasifying coal.
In the wet-bottom design, the lower part of
the flame has to sweep the furnace floor at all
loads to maintain the fluidity of the ash. This
requirement imposes a definite limitation in
the use of slag-tap furnaces. Slag-tap freezing
can occur during operation at low load or when
fuel is fired only in the upper furnace for steam
temperature conttol. In addition, wet-bottom
units have higher nitrogen-oxide production.
The dry-bottom furnace, on the other hand,
particularly those designs using tilting fuel
nozzles, can provide a wider steam temperature
control range and can handle coals with widely
varying ash characteristics. It is this latter characteristic, more than any other, that was originally responsible for the greater application of
dry-bottom units.
In the usual dry-bottom furnace, the hopper
is formed by bending the front- and rear-wall
tubes at their lower ends. The tube slope is
greater than the angle of repose of the ash, and
thus forms a self-cleaning, u~atercooledhopper.
Ash is discharged to the ash receiver through a
transverse opening in the hopper, about 4-ft
(1.2m) wide on large units.
ARRANGEMENT OF
UPPER-FURNACE HEATING SURFACE

the furnace. Each of these configurations has
its advantages and allows for customer preference as a factor in the final arrangement of
heating surface.
ADVANTAGES OF THE PENDANT PANEL DESIGN

The support elements for the pendant surface
are out of the gas stream, above the furnace
roof; this eliminates the exposure of load supports and seals to high gas temperatures and
flyash erosion. Superheater and reheater tubes
are free to expand downward, and have only
simple alignment devices in the gas stream.
There is no relative motion between the furnace tubing and the superheater or reheater
tubes where the latter penetrate the enclosure.
Thus, the area of penetration can be sealwelded for maximum gas tightness, thereby
eliminating the need for pressurized header
enclosures.
The above support and sealing arrangement
favors shop modularization of tubes, headers,
attachments, and supports. Field construction
consists of lifting these modules into position,
butt-welding adjacent header sections, and
seal-welding small areas of skin casing after the
horizontal furnace-roof tubes are in place.
The lower height of the pendant boiler can be
expected to result in lower costs of the boiler
building, elevators, platforms and stairways,
structural steel framing, and foundations, particularly in high seismic- and wind-load areas.
In field erection, major pressure-part construction can be carried out in several areas
simultaneously. Also, the pendant panel steam
generator is not as tall, as the horizontal type,
which reduces construction costs.
Any required replacement of, or modifications to, heating surfaces are greatly simplified.
Widely spaced panels (6 to 8 feet or 2 to 2'12
meters horizontal centers), along with steamcooled wall sections in the upper furnace, have
high radiant-heat absorption, resulting in improved steam-temperature control range.

Combustion Engineering uses two principal
arrangements of upper-furnace heating surface,
which can be called the pendant panel and horizontal-surface designs. The reheat steam generators shown in Figs. 1, 6, 11, 17, and 22 of
this chapter illustrate the pendant panel design as it is applied to large coal-fired units.The boiler in Fig. 3 is also a large coal-fired - *ADVANTAGESOF THE HORIZONTAL-SURFACEDESIGN
unit, but using <he horizontal arrangement of rn The essentially vertical gas flow through the
superheater and reheater surface -in the top of superheater and reheater tube banks minimizes

,
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Fig. 3 Large pulverized-coal fired Controlled Circulation@unit with horizontal superheater and reheater
surface in top of furnace
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the potential for localized tube erosion that
might result when gases take a 90" turn into the
rear gas pass.
Horizontal tubing facilitates designing for
drainability, which simplifies freeze-protection
procedures, boilout, and hydrostatic testing.
Large fused ash deposits that are removed by
sootblowers will usually drop through widerspaced tube sections below, directly to the furnace bottom.
Note that the horizontal arrangement requires
that operators take care in start-up to ensure
that there is adequate cooling flow through the
vertical hanger tubes that support and align the
horizontal tube bundles. Thermocouples
should be used to monitor hanger-tube temperatures on start-up, especially in tubes with
downward flow.
CONVECTION-PASS DESIGN

A number of coal-ash properties have a significant influence on superheater, reheater, and
economizer convection-surface design, and the
associated considerations of fouling and erosion. Included are :
ash-softening temperature
baselacid ratio
ironlcalcium ratio
sodium and potassium content
silica and alumina content
chlorine content
ash friability
In sizing and locating these sections within
the unit, a proper balance is required to maintain a thermal head with which to transfer heat
from gas to steam as the heating-surface use is
optimized and undesirably high metal temperatures are avoided. Also, to limit pressure-part
erosion from flyash, the flue-gas velocity must
not exceed reasonable limits. Depending upon
the ash quantity and abrasiveness, the design
velocity is generally 40 to 60 ftlsec. (12 to 18
m/s). A boiler that burns coals yielding a heavy
loading of erosive ash (usually indicated by a
high silicalalumina content) would use the
lower velocities. Such velocities are based on
the predicted average gas temperature entering

the tube section, at the maximum continuous
rating (MCR) of the steam generator fired at normal excess-air percentage.
Considering the above factors in furnace sizing and convection-pass design, it is impractical to propose a steam generator capable of
burning any kind of coal, nor would such a unit
be economically feasible. For example, consider the wide variation in pulverizer size
and primary-air-temperature requirements for
a high-calorific-value, low-moisture, low-ash
coal versus a subbituminous coal or lignite
with a high moisture and ash content. Selecting
an optimum preparation and firing system for
one rank of fuel can result in a much less favorable situation for some other rank of fuel.
Operating experience on units firing certain
coals shows the need for wide transverse tube
spacing throughout the unit to reduce the fouling rate and possible bridging of ash deposits
between adjacent assemblies. This arrangement minimizes serious fouling problems
which have an adverse effect on fan power requirements and unit availability.
As the gas temperature is reduced along its
flow path to well below the ash-softening
temperature of the worst coal expected to be
burned, the transverse spacing of the convection - pass tube banks is also reduceddepending on fuel type and the ash characteristics. The tube spacing selected at the entrance
to the convection pass depends mainly on the
maximum gas temperature possible in this
zone under upset conditions and the propensity of the ash to adhere.
In the superheater and reheater sections beyond the ash-adhesion temperature zone, the
tube spacing is further reduced to the minimum
for effective penetration of sootblower jets. In
addition, gas velocities are maintained sufficiently low to prevent erosion. To avoid serious
plugging, the transverse spacing in this area
must be wide enough to allow pieces of accumulated ash loosened by sootblowers to pass
through the tubebank and not bridge the span
between adjacent tube rows.
Table I1 is a guide for establishing transverse
clearances for platen and spaced convection
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Table 11. Transverse Clearance Guide
Temperature
Range

-

O F

Nonfouling Coal

Fouling Coal

2000-2400
1750-2000
1450-1750
Up to 1450

Platen -22
Spaced- 7
Spaced- 3
Spaced- 2

Platen -22
Platen -12
Spaced- 6
Spaced- 3

- .

. -Inches of Clearance

surfaces. The guide is based on fouling and
nonfouling coals and gas temperatures at
maximum boiler load.

I

COAL PROPERTIES USED FOR DESIGN

Coal properties to be used in a boiler design
are established by the purchaser's specifications. It is preferable to show an analysis that
represents an actual coal as the performance
coal and include low, average, and high analyses to confirm limits for the boiler design. Important items of the analysis are calorific value,
moisture and ash contents, grindability index,
and the ash analysis. If the fuel specifications
are stated as ranges, it is customary to consider
the average as the performance fuel but to
design the u n i t to handle fuels with the
.worst analysis.
If coals from two or more sources may be
fired, individual analyses rather than a calculated average are desirable, with "low" and
"high" representing the composite. Justification for using individual analyses comes from
the necessity to evaluate pulverizer capabilities
as well as ash influences on unit performance.
The "worst" coal can become the design coal
when there is a good probability that the power
plant will use a significant amount of the
"worst" coal. Finally, if coals are to be blended,
information must be provided on both the separate analyses and the possible blends, including values for eutectic fusibility temperatures.
FURNACE DESIGN
FOR OIL & GAS FIRING

Selecting a furnace size, its wall tubing, and
-

.

its circulating system is a function of two
distinct design parameters: the complete combustion of the fuel andthe preservation of satisfactory furnace-wall metal temperatures. To
this end, furnaces for burning pulverized solid
fuels must be configured to prevent the formation of objectionable slag deposits, which can
increase the furnace outlet-gas temperature
above design values. Generally, the large furnaces and the wall deposits associated with
coal firing result in relatively low furnace-wall
absorption rates, so that tube-wall metal
temperature does not influence furnace size.
When firing oil, the larger amount of fuel
reaction surface available for combustion
produces complete combustion in a smaller
furnace volume. The higher consequent heatrelease rate per unit area of furnace-wall surface can cause high localized heat-absorption
rates. Furnace sizing for oil burning, then, must
account for the effect of high absorption rates
on both metal temperatures and circulation,
and these factors usually determine the dimensions of an oil-fired furnace.'
Gas-fired furnace design is similar to oilfired, except for the fact that gas firing inherently results in lower localized heat-absorption
rates. This allows designing somewhat smaller
furnaces with even higher heat-release rates
than used for oil firing.
BURNING REFUSE IN UTILITY BOILERS

Chapter 8 describes methods of burning
municipal refuse and other cellulosic wastes in
industrial boilers. In such units, large percentages of mixed commercial and household
refuse are burned; in some, a small startup
burner is the only fossil fuel consuming device.
For several important reasons large pulverized-coal units primarily generating electricity
should limit refuse firing to 1 0 to 20 percent of
the full-load fuel firing rate. The following are
some of these reasons.
Even shredded and air-separated refuse is not
completely homogeneous, because refuse
composition and moisture content vary considerably from season to season, and day to day.
This nonhomogeneity will result in much
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wider fluctuations in the heating value than
that experienced with coal firing.
Fired alone, refuse is potentially more corrosive than most coals and fuel oils. It appears
that the corrosion potential from burning refuse is nearly linear with the percentage burned.
It seems prudent, therefore, to limit the amount
of refuse burned in reheat units.
Generally speaking, the moisture content of
prepared refuse will be more than triple that of
bituminous coal (on a pounds-per-million-Btu
basis) and will vary widely from day-to-dayas will its heating value. In addition the relatively high moisture content.of refuse and the
corresponding decrease in fuel-firing efficiency will increase the combustion gas mass
compared to the primary fuels being burned in
any given plant. Limiting the percentage of refuse burned minimizes the effect on superheater and reheater outlet steam temperatures, and
on the air-heater exit gas temperature.

THE DESIGN OF
LARGE HIGH-PRESSURE
FURNACE-WALL SYSTEMS
The design of the various heat-absorbing
equipment described in previous chapters involves a finite pressure drop or resistance to
fluid flow. Air heaters, economizers, superheaters and reheaters all have a multiplicity of parallel flow paths or circuits through which the
fluid being heated must pass; the uniformity
of the flow distribution depends largely upon
the magnitude of the pressure drop across the
apparatus.
The watercooled furnace, in general, handles
the fluid it is heating in many more parallel circuits than are found in the other heat-transfer
devices; therefore, the problem of distributing
water to each tube and providing adequate circulation for cooling all the tubes is correspondingly more difficult.
The tubes which form the furnace walls are of
different lengths and are subject to varying
heat-absorption rates. Great care must be exer-

cised to insure that each tube receives a sufficient flow of water to prevent overheating
individual waterwall tubes as well as to prevent
an excessive temperature difference between
adjacent tubes. Flow instability, which can occur in furnace circuits, is considerably more
difficult to control when a large number of
tubes operate in parallel. The designer must
calculate the heat absorption per furnace tube
from a forecast of the normal absorption pattern
of the entire furnace. This forecast depends on
the height and width of the furnace, but most of
all, on the manner in which the fuel is fired.
The anticipated pattern of heat absorption
might not, however, be reproduced in service;
moreover, it will fluctuate from time to time due
to load changes, transient conditions, and because the thickness of ash covering the walls
will not always be the same. With certain firing
systems the number of pulverizers and burners
in service also will vary the pattern.
At intervals ash deposits will drop off, or be
removed by sootblowing, and this will give rise
to further considerable variations. Misjudging
the intensity or distribution of heat absorption
may cause circulation difficulties that are impossible to correct except by decreasing the
rating and operating pressure of the boiler.
As the boiler operating pressure' approaches
the critical point (Chapter 5) the difference in
the density of water and steam to produce
circulation approaches zero. Designing tube
circuits of low enough resistance to insure
adequate velocities and adequate water-tosteam ratios in all tubes at all loads, with all
fuels, under varying slagging conditions, and at
all firing rates becomes proportionately more
difficult at the 2750 to 2850 psig (19.0 to 19.7
MPa gage) drum and waterwall operatingpressure level.
Achieving proper circulation becomes increasingly difficult not only with higher operating pressures, but also with increased unit
capacity. In units with high megawatt ratings,
the fuel fired per lineal foot of furnace perimeter
increases markedly compared to earlier 100 to
200 MW units. This has led the boiler industry
to adopt internally rifled tubes for furnace walls
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because higher percentages of steam can be tolerated in the steam-water mixture in rifled furnace tubes, at lower mass velocities.
In any case, the difficulties of designing a
satisfactory furnace-wall circulating system
involve all these considerations:
8 operating pressure level
furnace physical arrangement
the Presence of non-heat-absorbingtubes near
the fuel nozzles or burners
manufacturing tolerances of commercially
available tubing (which affect inside diameter
and consequent pressure drop tube-to-tube)
allowance for different heat pickup in different
portions of the furnace
the possibility of internal or external deposits
provision for the necessary pressure drop for
steam-water separation in the drum
TANGENTIAL FIRING
AND CIRCULATION SYSTEM DESIGN

With C-E tangential firing and its mode of
introducing the fuel, the furnace is used as
the burner; thus, heat-absorption patterns are
much more uniform and more definable than
with any other type of firing. As further described and illustrated in Chapters 11 and 12,
the fuel and combustion air are introduced in
the corners of the furnace, but the actual burning process takes place in the main body of the
furnace. Therefore, heat is not liberated in a
concentrated form in the area of the fuel admission assemblies, nor is it concentrated on one
side of the furnace.
As the load on the steam-generating unit
varies, the amount of heat admitted into the
furnace is either increased or decreased uniformly, and i n such a manner that the heat absorption pattern remains basically unchanged.
This is because each pulverizer feeds one horizontal level of fuel nozzles. These two features
of C-E's tangential firing, coupled with inherently low flame temperatures, are an asset to
the successful design of and operation of the
furnace circulation system.

ACQUISITION OF
CIRCULATION DESIGN DATA
The furnace enclosure is one of the most critical components of a steam generator and must
be conservatively designed to assure high
boiler availability. The circulation objective is
to assure sufficient cooling of the furnace tubes
during all operating conditions with an adequate margin of reserve for transient upsets.
Adequate circulation prevents excessive metal
temperatures or temperature differentials that
could cause failures-in the furnace-wall tubes
due to overstressing or corrosion.
The design of a furnace-wall circulation system is a procedure requiring knowledge and
data obtained both from field operating units
and laboratory testing. The field data from
operating units is required to understand and
characterize the heat-absorption characteristics for a particular type of furnace configuration and firing system, throughout a wide range
of load and water-side operating pressures, and
the effectthat fuel variation has on furnace heat
absorption.
Furnace absorption/distribution standards
are developed by correlating test data from
many operating units. The following important
parameters are considered in this work: furnace geometry, fuel, excess air, type of firing,
disposition of fuel nozzles, heat input, and
furnace-wall cleanliness. By using these standards, it is possible to calculate the vertical
absorption-rate profile, the lateral heat-absorption distribution and other furnace heat accumulation patterns to properly engineer the
furnace-wall circulation system.
The laboratory data is required for a knowledge of the physical properties of the furnacewall tubing under actual furnace heat-transfer
conditions. In the laboratory, flow versus quality criteria have been established to predict
DNB (departure from nucleate boiling) in a furnace tube containing boiling water. This has
been done in C-E's high-pressure test loop at
the Kreisinger Development Laboratory. The allowable combinations of pressure, mass flow,
local bulk quality, and local crown absorption
rate have been calculated from correlations
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based on the laboratory data. Additionally, the
derived engineering standards take into account
data scatter, dimensional tolerance, instrumentation error, and boiler water chemistry, all
to provide sufficient margin to accommodate
actual field operating conditions.
C-E researchers have tested both full-size
smooth and rifled tubes; this forms the basis for
the design engineering of high-pressure boilers
using either type of furnace-wall tubing.

FURNACE-WALL CIRCULATION
IN SUBCRITICAL-PRESSURE
STEAM GENERATORS
Combustion Engineering uses two types of.
circulating systems for subcritical-pressure applications-thermal (thermosyphonic or "natural") circulation and its Controlled CirculationB
system. (Fig. 4). Each is designed to meet specific power-plant requirements and to provide
certain advantages.
THERMAL CIRCULATION

Thermally induced circulation, in theory,
could be used in the design of a boiler that ap-

proaches the critical pressure of 3208 psia (22.1
MPa abs.). This could be done only by going to
extremely large diameter furnace-wall tubes of
high-alloy materials and essentially zero pressure-drop downcomer systems, risers, and
drum internals. The highest practical thermalcirculation pressure that has been designed for
is 2800 psig (19.3 MPa gage) in the drum and
waterwall circuitry; this limits the available
pressure drop for superheater cooling when the
required superheater outlet pressure is above
2650 psig (18.3 MPa gage).
As furnace-wall operating pressures and furnace sizes increase, a designer must have substantially greater knowledge of waterwall
heat-absorption patterns that result from firingsystem characteristics. Predictability and repeatability of such heat-flux patterns must be
achievable on a positive, long-term basis. Operator intervention or equipment malfunction
must not permit a different distribution of heat
input to the furnace walls other, than that for
which the unit was designed.
CONTROLLED FORCED RECIRCULATION

In Chapter 5 , the concept of subcritical-pressure controlled forced recirculation was introduced. It was stated that a boiler with such a
circulation system incorporates a recirculating
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pump between the drum and waterwalls,
thereby freeing the designer from dependence
upon the difference in steam and water densities to provide circulating head. Using a recirculating pump means that the designer is
assured of positive circulation even before heat
is applied. Because the pump helps to overcome friction loss in the waterwall tubes, it is
possible to substitute smaller diameter tubes
for the larger diameter tubes required with a
limited thermal circulation head. The net result
is a lower-tube-weight, lower-metal-temperature wall with lower thermal stresses.
Another advantage to incorporating a recirculating pump is the greater flexibility of boiler
layout. Also, more freedom exists in the arrangement of boiler heating surface because, with
assured positive circulation, horizontal evaporation surface may be used to any extent desired.
The C-E system for controlled forced recirculation at the high subcritical-pressure level
is called Controlled Circulation. C-E does not
presume to select that pressure which sharply
differentiates between the possibility of using
thermally induced circulation from the advisability of using a Controlled Circulation
system. However, C-E designers believe that

there is a throttle-pressure level above 2200
psig (15.2 MPa gage), particularly in large pulverized-coal units, where a Controlled Circulation system becomes -prudent. A 2850-psig
(19.7 MPa gage) drum-pressure limit has been
established for Controlled Circulation steam
generators. This limit permits operation of the
2400-psig (16.6 MPa gage) throttle-pressure cycle
at 5 percent overpressure, or 2520 psig (17.4
MPa gage) at the turbine, and as high as
2680 psig (18.5 MPa gage) at the boiler superheater outlet.

THERMAL-CIRCULATION
FURNACE DESIGN
Thermal circulation results from a density
difference between the mixture of saturated
water and feedwater in the downcomers (downtakes) and the lighter steam-water mixture in
the furnace-wall tubes. The temperature and
corresponding density in the downtakes can be
changed somewhat in the initial design of a
unit by varying the water temperature leaving
the economizer. Fig. 5 shows how the furnacewall operating pressure and the percent steam
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Fig. 5 Typical available static head for circulation based on 200-ft. high furnace; this available head is independent of type of circulation
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in the mixture in the wall tube affect the available thermal head for circulation. The available
head is the difference between the weight of
water i n the unheated downcomer and the
static head of the steam-water mixture in the
heated waterwall tubes.
Fig. 6 shows a typical C-E thermal-circula'tion reheat steam generator for burning pulverized subbituminous coal, for low to medium
sub-critical pressures.

Tangential fuel nozzles are located 2 five
elevations in the four corners of the boiler furnace. Vertical downcomers connecting the
steam drum to the bottom waterwall header
system supply the boiler water. Lower ends of
the front, rear, and side wall tubes connect to
the bottom waterwall headers and the upper
ends connect to the upper headers. Relief
(riser) tubes transport the mixture of steam and
water from the waterwalls to the drum, where

Fig. 6 C-E thermal-circulationtangentially fired pulverized-coalsteam generator

J
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the steam is separated from the boiler water. To
insure uniform distribution of steam and water,
the connecting tubes are spaced evenly along
the drum and headers. Steam which has been
separated from the steam-water mixture in the
drum passes on to the first superheater stage.
The first superheater stage is located in the
vertical gas pass to the rear of the furnace. Saturated steam from the drum passes through the
roof of the furnace, then down the walls enclosing the rear pass to the lower ring header. From
this point the slightly superheated steam flows
through the horizontal superheater tubes in a
generally counterflow direction to the downward flow of the products of combustion. From
the first superheater stage, the steam passes to
the finishing or outlet stage which is a platen
section located at the gas outlet of the furnace.
The reheater is located between the finishing
platen superheater and the initial superheater
stage. The flow of furnace gas over the reheater
is essentially counterflow to the flow of steam.
The economizer is located directly below the
first-stage superheater. Water flows upward in
the economizer to provide counterflou- of furnace gas and feedwater. Outlet tubes of the
economizer section extend vertically upward
to form the supporting hanger tubes for the
horizontal superheater and the economizer.
These tubes then connect to a header above the
roof; connecting piping conducts the feedwater from this header to the drum.
This boiler is of the balanced-draft type. Pulverizers are pressurized by primary-air fans.
Ljungstroma trisector air preheaters with vertical shafts are located at the economizer gas outlet. The gas ducts connecting the economizer to
the air preheater and at the air preheater outlet
are arranged with hoppers for ash collection as
well as to collect the drain-off wash water.
With the exception of the air preheaters, the
entire boiler is supported from steel located at
the roof elevation. Expansion joists are provided in the gas duct below the economizer and
in the air ducts between the air preheaters and
the windboxes to accommodate the downward
expansion of the boiler pressure parts in their
heated condition.

Shown in Fig. 7 is a cross section of a drum
used in C-E thermal-circulation boilers. In this
drum, the steam-water mixture from the furnace passes through the centrifugal separators
where a spin is imparted. This forces the water
to the outer edge of the centrifugal separator
where it is separated from the steam. Nearly
dried, the steam passes through corrugated
plates where, by low-velocity surface contact,
the remaining moisture is removed by wetting
action on the plates and final screen dryers.
The cross-sectional area of the drum limits
the size and arrangement of the internal steam
separators and dryers and, consequently, the acceptable rating in terms of mass flgw per hour
per unit of length. A drum with a large diameter affords more free area for water content at
norinal water level, and reduced moisture entrainment in the larger steam space. Within the
limits of available pressure drop for steam/
water separation, higher-capacity separators
and increased dryer surface can be provided to
achieve a higher rating per unit of length.
For a specific diameter and arrangement of
internal components, the drum capacity is proportional to length. The diameter and length,
then, are determined by
n unit generating capacity
operating pressure in the drum
t h e practical considerations of the spacing
and arrangement of connecting tubes and piping with respect to drum-shell ligaments
the requirement to insure a uniform distribution of steam and water flow entering and leaving the drum
The percent of boiler-water solids that will
be carried over by moisture entrained in the
steam leaving the drum is proportional to
the boiler-water solids concentration and to the
percent moisture carried over. Moisture is
removed sequentially by the steam separators, followed by gravitational separation of
droplets in the steam space, and finally by the
steam dryers, arranged to prevent moisture
reentrainment.
A high water level in the drum reduces the
steam space available for gravitational separation of moisture. An excessively high level can
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Fig. 7 Steam-drum internals for C-E thermal-circulation radiant and reheat steam generators

impair efficiency of primary and secondary
separators, resulting in an increased moisture
content entering the dryers and a corresponding increase in carryover~moisturein which
there are entrained solids.
The dissolved solids in the boiler water
should be held as low as practicable, consistent
with the recommended chemical treatment for
boiler-tube corrosion protection. This assures
that solids carryover during high water-level
excursions will be negligible (see Chapter 20).
Vaporous carryover of certain boiler water
constituents, such as silica and sodium, is determined by the respective volatility of these
unwanted coilstituents, or their solubility in
steam, as discussed in Chapter 5. They must be
controlled by limiting thi boiler-water solids
concentration at high drum pressures. (See
Chapter 20).

C-E's first Controlled Circulation boiler in an
American central station went into service in
1942 at the Somerset Station of Montaup Electric Company. Since then, the Controlled Circulation principle has been widely accepted for
boilers ranging from waste heat, marine, and
industrial units up to the largest central station
installations. The reliability and safe operating
records of Controlled Circulation boilers have
justified their selection in power stations
throughout the world.
THE CONTROLLED CIRCULATION SYSTEM

Water flow through the economizer is generally the same with either a thermal-circulation
or a controlled recirculation boiler. Water from
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the economizer enters the drum, is mixed with
the water discharged from the steam-water separators, and is directed to the large downcomers
which are evenly spaced along the drum. From
this point on, a C-E Controlled Circulation unit
(Fig. 1)differs from a thermal-circulation boiler
in five respects:
I. Circulating pumps are placed in the downtake circuit to provide sufficient head to insure
adequate, positive upward circulation under all
operating conditions.
2 . Orifices are installed in the inlets of waterwall circuits to assist i n obtaining a predetermined, proportioned flow of water to tubes of
varying length and heat absorption.
3. Furnace-wall tubing is of smaller diameter
and has lower metal temperatures than that for
thermal circulation, all made possible by the
head available from the pumps.
4. The drums are internally shrouded to provide uniform heating and cooling of the drum
shell, for maximum maneuverability during
start-up, load changes, and shutdown.
5. Controlled Circulation boilers have an economizer recirculation line which provides a positive flow from the boiler-water circulating
pump (BWCP) discharge through the economizer to the drum. Under start-up conditions,
with the feedwater valve closed, this feature
minimizes any steaming in the economizer and
precludes the need for blowdown with its associated heat loss.
The boiler circulating pump suction is taken
from a suction manifold, which is supplied by
the downtakes. From the boiler circulating
pumps the water discharges into the waterwall
inlet ring header through the pump discharge
lines. In the inlet header, the water passes
through strainers and then through orifices
feeding the furnace-wall tubes, .the extended
sidewall tubes and the water-cooled element
spacers. The mixture of steam and water leaving the evaporative circuits is discharged into
the upper drum, in which the steam is separated from the water.
In the drum of a Controlled Circulation unit,
Fig. 8, the basic separation process is similar to
that of thermal-circulation drums except that

the available pump head permits more efficient
use of the centrifugal devices. One distinct advantage of the Controlled Circulation design is
the internal shrouding of the drum. This watertight shrouding directs the flow of steam and
water returning from the furnace around the
inside surface of the drum, providing uniform heating. This uniform heating effectively
eliminates thermal stresses from temperature
differences through the thick wall of the drum,
between the submerged and unsubmerged portion of the shell, and from end to end. This facilitates rapid start-ups, shutdowns, and cyclic
operation.
In operation, a Controlled Circulation boiler
has positive circulation established before any
heat is introduced into the furnace, which then
permits rapid start-up with virtually no time
restrictions because of circulation i n the
pressure-part system.
CONTROLLED CIRCULATION
PUMP AND PIPING SYSTEM

Fig. 1 shows the overall arrangement of the
boiler circulating pump and downcomer piping
system. Downcomers installed on the steam
drum carry the recirculated boiler water, mixed
with the feedwater, into the circulating pumps.
These pumps are connected through a common
suction manifold that insures a flow through all
the downcomers regardless of the number or location of the circulating pumps in service. This
feature minimizes the water level difference
along the length of the steam drum and contributes to good performance. of the steamlwater
separation equipment independent of the number of pumps in service.
The downcomers are straight vertical pipes
connecting the steam drum and the suction
manifold; the circulating pumps are mounted
on the suction manifold. Using the boiler as
the support for the pumps is a feature that
eliminates any need for external supports and
prevents undue stresses which might affect
pump alignment.
The head developed by the circulating
pumps is only that required to supplement the
thermal head and, for a typical Controlled Cir-
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Fig. 8 Steam-drum internals for C-E Controlled CirculationBsteam generators

culation boiler is 25 psi (175 kPa) or less; for
this, a single-stage impeller is adequate. Boiler
water circulating pumps and their design are
described further in Chapter 14.
ORIFICES FOR
FURNACE-WALL TUBES

The orifices used for optimizing flow distribution to the furnace-wall tubes are shop-fitted
to adapters welded to the internal header wall.
A keying arrangement insures that each orifice
is installed in its proper tube circuit once the
correctness of the initial installation of the orifice mount adapter has been established. Orifice size varies for different circuits or groups of
circuits, depending on their length, arrangement, and heat absorption.
Strainers or screens between ihe circulating
pump discharge and the orifices prevent large
particles of foreign material from plugging

the orifices at the entrance to the, generating
circuits. The strainers are particularly valuable during the initial start-up of a new unit
because, during this period of operation, foreign material is brought into the boiler from
preboiler-cycle feedwater piping and auxiliary equipment.
DESIGN OF A CONTROLLED CIRCULATION
FURNACE-WALL SYSTEM

The orificing and selection of pump head for
a Controlled Circulation boiler are best understood by first reviewing a non-pump-assisted
thermal circulation unit design.
The designer of a thermal circulation furnace
of a given plan area determines the total number of parallel vertical tubes making up the
outer walls of the furnace; a common selection
is to use 2%-inch OD tubes on %inch centers.
The next step, based on experience with units
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of similar physical size and heat duty, is to establish the size and number of unheated downcomers from the steam drum to the lower
waterwall-header system. Along with this, it is
necessary to establish the arrangement, diameter and number of relief tubes connecting the
upper waterwall headers to the drum. An average overall percent steam leaving the furnace is
then calculated, based on the heat absorbed by
the "average" furnace tube and on the flow
resistances in that tube, the downcomers, the
relief tubes, the drum internals, and all associated entrance and exit losses.
Within the limits of available thermal head
and physical space, adjustments in downcomer
and relief-tube size and flow resistances can be
made at this time to increase or decrease the average circulation to achieve satisfactory cooling of the furnace-wall.
Tubes in the furnace enclosure have different
lengths, dissimilar configurations, and receive
varying amounts of heat. Any tube absorbing
more heat than the average tube has a higher
circulating water flow, but probably also ahigh
percent steam leaving; typically, a 50-percent
increase in absorption above the average,
equally received throughout the length of a
tube, produces a 10 to 20 percent increase in
water flow entering. For every tube receiving
more than the average tube, there is another
tube receiving less water. Each tube must be
analyzed on the basis of its individual heat absorption to arrive at its own mass percerltage of
steam (quality) leaving.
Realize that, in designing a waterwall
-section-a group of parallel tubes having a
common (bottom) inlet header and a common
upper (outlet) header, Fig.9-the pressure drop
or head loss between the headers has to be identical for every tube. This situation exists irrespective of any pump assistance. Flow in each
tube, and percent steam in the mixture leaving,
differ depending upon
heat absorption (overall and local)
8 effective inside diameter of tubing (as affected by manufacturing tolerances)
8 effective tube length (accounting for bends)

amount of tubing "shaded" from heat
location relative to feeder tubes - 8 orifices (if used)
Tube A, for instimince, may be longer, but have
a lower overall heat absorption than the "average" tube B; without orificing, it will have a
lower flow than B. Tube C, if shorter than B but
fully exposed for its entire length to a high heat,
will have a higher flow than the average tube
(B). But all tubes must have the same differential pressure from header to header.
An equilibrium condition will always result
in the flow-plus-orifice losses being additive to
the weight of the saturated mixture in each
tube, at any given moment. This is because the
header-to-header differential is comprised of
8 the weight of the steamlwater mixture in each
tube
8 the pressure drop due to the resistance to flow
of the steamlwater mixture in each tube
8 orifice pressure drop (if any).
The flow may or may not be enough to cool
the tube properly and it may even reverse (from
upward to downward, and vice versa) from
time to time, dependent upon the variables acting on it.
8
8

c
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) Header
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I

Fig. 9 Schematic of furnace-wall section; head
loss between headers is identical for each tube
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For unorificed parallel tubes, the flow-related pressure drop equality can be expressed
approximately as
f LAmA2VA
= f LBmB?VB
= fLcmc2Vc
where f is a common friction factor, mAVis
mass
flow in the Nth tube, L,is the effective length of
any tube, and VNisthe average specific volume
of the steam-water mixture in the Nth tube.
In tubes where mass flow is lower because of
lower heat absorption, the specific volume is
correspondingly higher to compensate for the
flow resistance of a high-absorption tube with
higher mass flaw. For any given overall steam
content, water between lower and upper headers redistributes from tube to tube according to
the above relationships.
Fig. 10 gives a comparison between thermalcirculation and Controlled Circulation performance. In the upper curve, average mass flow in
furnace-wall tubes is shown as a function of design heat absorption. Note that the circulating
pumps move the maximum mass of water before firing commences, because the water is
most dense at that time. The lower curve shows
that the designer of a Controlled Circulation
unit can preferentially increase the flow in
tubes with less favorable configurations to provide more cooling at all loads.
The orifice pressure drop designed into Controlled Circulation circuits is additive to the
heated-circuit resistance loss and static head.
Orificing individual tubes or groups of tubes
provides either adequate mass flow or a desired
exit quality unde: a wide range of postulated
operating conditions.
The orifice pressure drop has a dampening
effect on the almost random behavior of a
purely thermal-circulation unit. Because the
orifice drop occurs at the beginning of a circuit,
before heat has been added in the furnace, the
principal variable is mass flow through the
opening, with no effect of differential specific
volume. This is a very significant difference between pure forced circulation, in which most
of the pressure drop is in the heated tube circuits themselves, and C-E's selectively orificed
pump-assisted controlled circulation.
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CONTROLLED CIRCULATION
STEAM GENERATORS

Fig. 11shows a Controlled Circulation reheat
boiler designed to provide steam to a large
high-subcritical-pressure turbine generator.
This is a single open-furnace unit. It has a
superheater with both pendant and horizontal
surfaces and a reheater.with both radiant wall
and pendant surfaces.
This boiler has superheater outlet conditions
of 2620 psig and 1005OF (18.1 MPa gage and
541°C), with single reheat to 1005OF (541°C).
It is designed to burn high-volatile bituminous coal and is of the balanced-draft type,
with forced- and induced-draft and primaryair fans.
Six C-E pulverizers supply coal to tangential
fuel nozzles located in the four corners of the
furnace. The supply of water to the waterwalls
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begins with the steam drum. The water travels choice of electric-power generators throighout
down through the downcomers to the suction the world.
Some of the advantages of Controlled Circulamanifold and into the circulating pumps from
tion systems are covered in Chapter 5; however, a
which it is discharged to the lower ring header
which has flow-distributing orifices. The mix- primaryreason for selecting a steam generator of
the Controlled Circulation type is its characterture of steam and water that flows up through
the various heated circuits is collected in an ar- istic of high dynamic maneuverability. The fact
rangement of waterwall outlet headers located that furnace-wall flow is positively established,
just above the furnace roof. The steam-water in an upward direction, before heat is applied,
enables an operator to fire such a furnace at any
mixture passes through connecting tubes to the
rate desired-that is, Controlled Circulation
drum, where steam is separated from boiler
furnace walls and steam drums are never a limwater and passes on to the superheater.
iting factor in building or changing load. Thus,
The first-stage superheater is located in the
vertical pass at the rear of the furnace. Saturated Controlled Circulation units are inherently betsteam from the dmm passes through the fur- ter suited to operate under cycling conditions
(particularly those demanded by two-shift opnace radiant roof, backpass roof and walls, and
then enters the lower inlet header of the first eration) than other boiler types. This important
aspect of the design is covered in depth in
stage. The steam flows upward through the
first-stage superheater and into the second the subsection Design Features for Variable
stage, comprised of pendant double-loop pan- Load Operation of large steam generators later
els located at the top of the furnace. The final in this chapter.
superheater is of the vertical pendant-platen
OPTIMUM CHEMICAL CLEANING
type, and is also in the upper furnace, between
the panels and the furnace nose.
Circulating pumps on a boiler facilitate both
Reheat steam enters the reheater radiant-wall ' pre-operational cleaning and operational scale
inlet header and travels upward through the ra- removal. Laboratory testing with circulation at
diant wall tubes. After leaving the radiant-wall
velocities of 0.5 to 1.0 ftlsec (0.15 to 0.30 m/s)
outlet header, the reheat steam enters the low- or greater has indicated that complete scale retemperature rear pendant, and continues into moval can be accomplished in 10 to 20 minutes
the finishing reheat pendant.
following initial solvent contact. A significant
The horizontal bare-tube economizer is lo- reduction from the usual 4- to 6-hour hydrocated directly below the first-stage superheater.
chloric-acid contact period can be obtained in
Vertical outlet tubes from the economizer senre pumped-circulation boilers where desired veto support both the economizer banks and first- locity conditions and uniform cleaning are asstage superheater. The tubes then terminate in
sured in all tube circuits.
an economizer outlet header above the roof
In a thermal-circulation boiler, solvent interfrom which connecting piping transports the
change or mixing from section to section is
water to the drum.
slow or does not occur, and significantly differTwo vertical-shaft regenerative type (Ljung- ent levels of ion concentration can be noted in
stromm) trisector air preheaters are located be- samples taken from various locations in a unit.
neath the economizer.
A reasonably complete picture of what is
occurring in such a unit can be obtained by
ADVANTAGES OF A
multipoint sampling. Although multisamCONTROLLED CIRCULATION SYSTEM
ple monitoring is important during preoperational cleaning to establish local ion
The C-E proprietary design of subcritical
equilibrium, it is of even greater- interest
pump-assisted recirculation boiler, with the
in operational scale removal to guard against
registered Controlled Circulation trademark has
solvent depletion or hide-out in local areas. In
many features that have made it a preferred
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units where positive recirculation can be
maintained, uniform solvent concentration is
rapidly established in all portions of a unit,
and one sample point will give an indication
of conditions throughout the unit.
Under a short solvent-contact procedure that
is used with Controlled Circulation boilers,
then, the solvent contact time is no longer than
30 minutes; with positive circulation, rapid
and complete cleaning is assured with a minimum exposure time of pressure parts to the
cleaning solvent. This also minimizes boiler
downtime and, utilizing the rapid shutdown
and start-up capabilities of such boilers, it
makes it possible to complete the entire procedure during a weekend outage.

tubing than thermal circulation boilers, and incorporate orifices at the entrance to the tubes
for optimum flow distribution. The two act to
control and reduce the amount of water that can
pass through a tube leak of a given size, resulting in a significantly lower damage potential to
adjacent tubes than in a thermal unit.
There are many recorded instances in which
an operator has kept a Controlled Circulation
unit in service through a peak period or until a
weekend, when it became convenient to shut
down. An additional capability, that of forced
furnace-wall cooling with the pumps, allows
boiler cooldown with uniform stresses without
using the feedwater pump or'dumping feedwater to the condenser.

DETECTING DETERIORATION OF FEEDWATER QUALITY

OPERATING-PRESSUREFLEXIBILITY

Carryover of metallic oxides and other impurities from the preboiler system may cause
deposits o n heated water circuits of any
boiler. In severe cases such deposits can lead to
tube failures.
The Controlled Circulation boiler offers an
advantage for detecting deposits without removing the unit from service, by observing the
circulating-pump differential pressure between
the pump suction manifold and either the discharge manifold or the waterwall lower header.
Observation of the differential pressure provides a convenient external means of detecting
internal waterwall system deposits and anticipating more serious operation difficulties.
The actual differential across the pump at
normal full-load operation is established during initial operation, when the boiler is free of
deposits. The differential pressure is then
checked periodically during full-load operation. If a substantial difference is seen between the baseline and later data, the boiler
load may be reduced until an outage presents
the opportunity to inspect and clean internal
surfaces of water circuits, as described in
Chapters 20 and 21.

The curve in Fig. 12 shows that a Controlled
Circulation steam generator can be operated through a wide range of pressure at full
load. Operation within the permissible area
allows great latitude in establishing a desirable
sliding-pressure pattern.
WATER-TREATMENT CONSIDERATIONS

In comparison to once-through boilers, Controlled Circulation boilers have numerous ad-

X

Pressure in Steam Drum, Psig

OPERATION WITH WATERWALL TUBE LEAKS

Because of the available pump head, Controlled Circulation units use smaller diameter

Fig. 12 Maximum permissible capacity as a
function of operating pressure in drum, for C-E
Controlled Circulation@boilers
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vantages in water treatment:
Drum boilers can remain "on line" during a
condenser leak because the drum gives added
protection. In the event of a condenser leak
(greater than 0.5 ppm solids in the hot well),
desuperheating must be discontinued and
steam temperature limited by lowering fuelnozzle tilt or possibly a drop in load. Under
similar hot-well conditions, a once-through
unit must be shut down. (See Chapter 20.)
During normal operation, polishers may leak
small amounts of solids, which may be basic or
acidic. In a once-through unit, these solids will
continue to the turbine unchanged. There have
been cases of turbine corrosion damage from
these.solids which are concentrated by the turbine. In a drum boiler, chemical treatment of
the boiler water renders these solids harmless.
Base-loaded drum boilers are not as restricted
on start-up as once-through units in regard to
feedwater quality. Once-through units should
have a cleanup loop associated with the polishers to remove iron oxide and reduce silica in
feedwater before start-up. Base-loaded drum
boilers do not require this loop.
THERMAL CIRCULATION
VERSUS CONTROLLED CIRCULATION

In choosing between thermally induced circulation and a Controlled Circulation system
the following must be taken into account:
Although thermal circulation does in fact increase in response to heat applied, the increase
in flow is not directly proportional to the increase in heat flux. That is, although there is
usually a larger amount of water circulated in
an individual tube when more heat is applied,
the increase may not be completely adequate to
provide proper tube protection.
Slag can form heavily, and does form unpredictably, on different areas of the furnace at different times; it can be removed by sootblowers,
or shed because of its mass, equally unpredictably. It is common to have a major part of the
heat input to a furnace-wall tube in ifs upper
half, because of sootblower cleaning or shedding, which can result in a calculable decrease
in circulation rate in an individual tube or a

group of tubes. Flow reversal can occur, with
local overheating a possibility.
Controlled Circulation and thermal-circulation boilers have the same thermal circulating
head available if they have the same furnace
height, the same economizer water-leaving
temperature, and the same circulation ratio
(Fig. 5). The pumps and orifices incorporated
in Controlled Circulation units do not destroy the
available thermal head or lessen the density difference between furnace-wall tubes and unheated downcomers.
8 To assure that there is adequate available head
under all operations of firing and maneuvering the boiler, C-E adds orifices so that all tubes
will receive water under all conditions and
shrouds the thick-walled steam drum to cool it
or heat it in a controlled manner under all rates
of load change. The circulating pumps complement these engineered modifications to the
basic thermal-circulation design, and provide
the pressure head to overcome the incrementally increased resistance. A most important
point is that flow increases are created with
pump assistance that are much greater than
those available through the thermosyphonic
phenomenon. This point is illustrated (Fig. 13)
by comparing the pressure drops in the various
components of typical thermal-cil.culation and
Controlled Circulation steam generators.
The net power consumption of the circulating
pumps is small compared to that in other circuitry of the boiler for accomplishing basically
the same objective of equalized flow distribution with variation in load, firing conditions,
and heat-absorption patterns. The feedwaterpump power charged to a unit, because of its
superheater and economizer pressure drops, is
substantially higher than the small power loss
of the circulating pumps.

SUPERCRITICAL-PRESSURE
STEAM GENERATORS
C-E supercritical steam generators can be
classified in three basic design categories according to their operating-pressure regimes.

'
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In the first, for units designed for constantpressure operation, supercritical pressures are
maintained in both furnace walls and superheater over the normal operating range. The
furnace-wall arrangement and the use of boiler
throttling valves are as described under C-E
Combined Circulation@units.
For units that are to have partial slidingpressure capability, supercritical pressures
are maintained in the furnace walls; only
the superheater follows a sliding-pressure
program. The boiler throttling valve arrangement is modified from the basic Combined
Circulation design to allow for increased throttling. For units designed for full sliding pressure, t h e furnace-wall a n d superheater
pressures may vary with load, including operation at subcritical pressure.
Sliding pressure is a highly desirable way

to operate central-station steam generators at
both high subcritical pressures- and in the
supercritical-pressure range. A later section
of this chapter addresses the subject of sliding (or "variableu)-pressure operation in detail, and covers the significant advantages to
the steam generator and turbine while operating in such a mode.
The three C-E steam-generator designs to
meet user requirements for throttle pressures
above the 3800 psig (26 MPa gage) level are described in the following sections.
CONSTANT-PRESSURE
SUPERCRITICAL-PRESSURE UNITS

The C-E Combined Circulation? system is a
once-through steam generator with a superimposed controlled forced recirculation system for
the furnace walls. The furnace-wall system is
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Tubes, Incl. Orifices

Heated ~urnacekall

Thermal
Circulation Boiler

Controlled .
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Fig. 13 Comparison of component pressure drops and available static head
Controlled Circulation@boiler
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automatically protected by recirculation of
fluid with a boiler circulating pump when
once-through flow is insufficient at low loads.
The recirculation pump eliminates the need for
a high-capacity bypass system for furnace-wall
protection, while still allowing once-through
supercritical flow at higher output. This type of
design permits furnace-wall tubes of sufficient
inside diameter to maintain an adequate mass
flow through the tubes at all operating conditions. The recirculating pump handles both recirculated flow and feedwater flow and thereby
assists the feedpump, reducing some of its
power requirement.
In the Combined Circulation design, all furnace walls are single-pass upflow, with no mixing headers. Proper design tolerances and the
use of tube orifices compensate for flow unbalance or uneven heat absorption. The mixing
vessel or sphere is substituted for the conventional drum to properly mix the recirculated
flow from the furnace walls with the unit
throughput.
The constant-pressure Combined Circulation
supercritical units, then, are capable of operating with once-through flow, but cannot be operated with full sliding pressure. The furnace
walls must be kept above the supercritical pres-

sure (3208 psia or 22.1 MPa abs.) to avoid the
film boiling and tube overheating which can
occur at the transition to subcritical pressure.
Boiler throttling valves are used at the furnacewall outlet to keep the wall system pressurized
(Fig. 14). The superheater operates in the sliding-pressure mode below approximately 30percent load. Above that range, turbine load
control is accomplished by using the turbine
throttle valves.
SYSTEM INTEGRATION

The simplified flow diagram (Fig. 15) illustrates several features that have significantly advanced system integration.
First, the supercritical once-through steam
generator closes the steam and feedwater connections of the steam-power cycle in a continuous heat-addition loop without the division
established by the water level in the drum of
subcritical recirculating units. This fact is recognized by an automatic, non-interacting, feedforward control system, geared to the dynamic
characteristics of the entire plant.
Second, system integration permits starting
the turbine and steam generator simultaneously
under conditions that provide an optimum of
turbine protection for accelerated cold and hot
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starts. This facility is combined with unique
features to remove solids and-oxides from both
preboiler and boiler systems.
Third, the. Combined Circulation principle
eliminates the basic requirement of other oncethrough systems for minimum feedwater flow
through the furnace. Heat removed from the
steam-generating system during any operation
is determined only by functions other than
furnace-wall protection. The feedwater heating
system, therefore, need not be used to reduce
start-up heat losses. This in turn avoids contamination of this system by start-up flow and
makes the system very simple. Eliminating the
minimum flow requirement also greatly facilitates use of the turbine-driven feedpumps for
start-up and avoids complications from separate start-up pumps.
BOILER-TURBINE SYSTEM

In Fig. 15, the feedwater enters the steam

generator through the feedwater valve (FW).
From the economizer the feedwater passes
through the recirculating pump and its associated isolating -mlves to the furnace, where it
flows in series through the centerwall and the
outerwalls, then through the enclosure walls of
the rear gas pass. At this point the steam passes
through a system of throttling valves (BTB and
BT) and continues through four sections of horizontal and pendant superheater before reaching the steam leads to the turbine through an
outlet piping system. Steam is returned to the
steam generator for reheating in a two-section
reheater, then returned to the turbine. The condensate passes through a demineralizer and a
series of low-pressure heaters to an open deaerator. The turbine-driven feedpump then returns
the feedwater through a string of high-pressure
heaters to the feedwater valve.
The diagram also shows the main components of a simple start-up system within which

Fig. 15 Simplified flow diagram of C-E Combined Circulation@steam generator
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the throttling valves (BT and BTB) belong.
Upstream of these valves, piping connects
the furnace-wall system with the extraction
valves (BE) and the start-up separator. The
steam side of the separator is connected to the
superheater system through a steam admission
valve (SA)and to the condenser through a spillover valve (SP). Water from the separator is discharged to the condenser through the water
drain valve (WD). The steam drain valve [SD),
close to the turbine valve chest, discharges the
steam for superheater cooling and heating of
steam leads to the condenser and an injection
valve (IC) regulates desuperheating water flow
for condenser protection.
Auxiliary superheated steam is furnished to
turbine seals, the deaerator, and the main feedpump turbine from separate start-up boilers.

COMBINED CIRCULATION RECIRCULATING SYSTEM

The components of the Combined Circulation recirculating system are shown in a simplified isometric view i n Fig. 16. Mixing
feedwater flow with recirculated flow (as takes
place in the drum of a subcritical unit) occurs
here in the spherical mixing vessel. A single
downcomer brings the fluid to the two recirculating pumps which hang from a sjmrnetrical
tee connection on the downcomer. Only one
pump is needed for low-load operation, the
other being a spare on hot standby. Neither is
required at high loads. The pumps discharge to
a common header from which supply piping
runs directly to the furnace-wall headers.
The subcritical-pressure drum (which functions to separate steam and water) is eliminated
at supercritical pressure. The recirculated flow

Economizer Outlet Headers
Roof Mixing Header
Economizer Outlet Link
Mixing Chamber

Downcomer to Circulating Pumps

Circulating Pumps
v

I

Fig. 16 Flow diagram of furnace-wall and startup system for Combined Circulation@centerwall unit
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is returned from the outlet of the furnace-wall
enclosure to the mixing vessel through a single
recirculating line. A stop-check valve in this
line automatically prevents bypassing the
furnace-wall system when recirculation has
ceased at the upper load range. Because downcomer, pumps, and piping to the center-wall all
handle mixed or through flow at low temperatures, they are fabricated of carbon steel. The
recirculating line and the mixing vessel use
chrome-alloy material.
From the furnace-wall outlet headers, the
fluid is piped to the backpass, where it cools
the walls. From the backpass outlet header, the
total boiler through-flow goes through the BT
and BTB valve complex to the superheater. During waterwall recirculation conditions, a portion of flow in excess of the steam generator
through-flow is recirculated back to the mixing
chamber-this flow is extracted ahead of the
BTtBTB valve complex.
TYPICAL COMBINED CIRCULATION UNIT

The most common type of supercritical
steam generator in operation in the United'
States is the C-E Combined Circulation design.
About 75 percent of the operating units are in
the 600 to 900 MW size range, most having single reheat to 1005O (541°C).A Combined Circulation unit in this size range is shown in Fig.
17. It is designed for balanced-draft firing of
sub-bituminous A coal, and has superheater
outlet conditions of 3590 psig and 1005°F
(24.8 MPa gage and 541"C). The reheated steam
has an outlet temperature of 1005°F from inlet
conditions of 583°F and 676 psig (306°C and
4.7 MPa gage).
Seven C-E pressurized pulverizers supply
coal to the seven elevations of fuel nozzles;
two centrifugal fans furnish the primary air to
the pulverizers.
FURNACE-WALL SYSTEM

The arrangement of the Combined Circulation furnace-wall system has several
characteristics:
Flow in all furnace and backpass enclosure
walls is in the upward direction only.
--

With single-pass flow, all tubes in a welded
panel have the same inlet temperature.
Centerwall flow and outerwall flow are in
series on divided-furnace units.
All components of the recirculating system
except the recirculating line are in series with
the once-through flow.
All walls are formed by drainable, weldedtube panels.
These characteristics provide a number of
important advantages, among which is the design flexibility available from the presence of a
circulating pump with which the flow quantity
through the parallel tubes around the furnace
periphery can be distributed. Other benefits are
improved temperature performance over the entire load range and the elimination of the bypass
system as a requirement of the furnace wall.
These advantages will be most clearly understood after considering the flow performance of
a typical furnace-wall system, with the volumetric flow at the furnace-wall inlet a function
of load (Fig. 18). The through-flow as maintained by the feedpump increases in direct proportion to load. The recirculated flow as
maintained by the circulating pumps supplements the through-flow over the low load range
in a manner which protects the furnace walls by
raising the actual flow to a safe level regardless
of feedwater flow.
At low loads the recirculated flow is high, but
decreases as the load increases. At about 60percent load, the pressure drop through the
furnace-wall system equals the head produced
by the circulating pump; the stop-check valve
in the recirculating line automatically closes.
The circulating pump then ceases to add to the
quantity of furnace flow but continues to contribute its positive head on the once-through
flow and so acts as a booster to the feedpump.
At this time, the pump may be shut down.
Combined Circulation Performance

Fluid temperatures, both primary and reheat,
throughout a typical Combined Circulation
supercritical steam generator at maximum con-

-
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Fig. 77 C-E combined-circulation@tangentially coal-fired reheat steam generator
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tinuous load are plotted against the percentage
of heat absorption in Fig. 19.
The primary fluid takes about 83 percent of
total output, showing a gradual and continuous
rise of fluid temperature from the feedwater inlet to the superheater outlet. The curve of these
temperatures follows the characteristic line of
supercritical fluid in which any heat absorption
or change of heat content is accompanied by a
change in fluid temperature.
Desuperheating occurring at the outlet of the
panel superheater provides vernier control of
average steam temperature. It also adjusts for unbalance of pickup across the width of the unit,
as four individually temperature-controlled
sections are installed in each furnace. The platen and finishing superheater sections add the
balance of superheat.
PARTIAL SLIDING-PRESSURE DESIGN

Combined Circulation supercritical designs
with boiler throttle valves (to keep the furnacewall system pressurized above, say, 3500 psig
or 24 MPa gage) can operate in the slidingpressure mode only below approximately
30-percent rating (Fig. 14). Above this point,
turbine load control is achieved through the
steam-turbine throttle valves. This causes the
usual temperature changes in the first stage of
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Fig. 18 Flow in typical Combined Circulation@
fumace-wall system

the turbine and is a factor in establishing permissible load-change rates. This design is
extremely well suited for base-load operation.
However, cycling and two-shifting units may
require greater flexibility at reduced unit load
to protect the steam generator and turbine
during the increased number of load swings.
Fig. 20 shows the re-arrangement of a constant-pressure boiler-throttle-valve set to obtain
sliding-pressure turbine operation to 80-percent rating while maintaining the furnace walls
at supercritical pressure. This design has the
usual advantages of operation of the turbine in
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full-arc admission below 80-percent load.
Note that the boiler feed-pump power is the
same for this modified design as for constantpressure operation. However, with the use of
boiler throttle valves at all loads below 80-percent, some increased wear and maintenance of
them can be expected. This design, then, is often well-suited as a field modification to existing Combined Circulation units which are now
required to cycle, or for new units which will
cycle a minimal number of times during their
operating lives.

a s1iding:pressure mode, including increased
reheat-temperature control range, reduced thermal stresses, and improved turbine heat rates as
a result of variable-pressure operation with
Supercritical4000

-

FULL SLIDING-PRESSURE DESIGN

1000

-

<

Boiler Load, OO/ MCR

--

I

Fig. 21 Pressure versus load for full sliding-

pressure supercritical design

The third once-through design eliminates
the boiler throttling valves and adopts a full
sliding-pressure approach (Fig. 2 1). The furnace walls are allowed to enter the subcritical
pressure range along with the superheater circuits, over the entire load range as shown.
Benefits to plant operation, in addition to
those described above, include:
1) Reduced pressure levels at lower loads unload all cycle components pressure-wise,
from the feedwater pump to the HP turbine,
thereby prolonging life span.
2) Improved overall power plant heat rates
when considering power consumption of
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performance, and cost advantages to each
the boiler feed pump and other auxiliaries.
3) Simplified and faster start-up procedures which must be considered in selecting one or the
other for any given application.
may be employed in the design.
The superheater circuitry for the full slidingVERSUS SPIRAL OR HELICAL
pressure design, as well as the start-up system, VERTICAL
FURNACE WALLS
the operational controls, and the auxiliary
The principal concern with a sliding-pressure
equipment, are essentially the same as for
the constant-pressure and modified constant- supercritical-pressure design is the requirement for once-through operation. The mass
pressure designs.
For start-up and low-load operation below 30 flow in the furnace-wall tubes must be suffito 35 percent, the unit utilizes a pumped recir- ciently high to avoid overheating or departure
culation system (similar to the Combined Circu- from nucleate boiling (DNB) while generating
lation unit) to provide an adequate mass flow steam at subcritical pressures, and to avoid exthrough the-furnace walls and the economizer. cessive metal temperatures and uneven steam
This mass flow is required to provide satisfac- outlet temperatures when operating at supercritical pressure at higher boiler loads.
tory cooling of the furnace-wall tubes and to
To accomplish these objectives, the spiralavoid circuit stability problems. It also avoids
wall design is used for smaller size units. The
flashing and steaming in the economizer. The
basic advantage of a pumped recirculation sys- principle of the spiral- or helical-wall furnace
tem is that no heat is rejected in the recirculated is to increase the mass flow per tube by reducing the number of tubes needed to envelop the
water, but is all returned to the system.
Fig. 22 shows a side elevation of the C-E super- furnace without increasing the spacing becritical steam-generating unit for full sliding- tween the tubes. This is done by arranging the
tubes at an angle and spiralling them around ,
pressure operation.
the furnace. For instance, the number of tubes
The unit has the following features:
An integral water separator is placed between required to cover the furnace wall can be reduced to one half by putting the tubes at a 30the furnace-wall outlet and the superheater inlet. During start-up and low load, the separator degree angle (Fig. 24). Note that the centerline
operates with a water level, or wet. Under these spacing or pitch (P) is made the same as on a
conditions, the excess water from the furnace vertical wall to prevent fin overheating. Addiwalls is recirculated through the furnace walls tionally, by spiralling around the furnace, every
tube is part of all the walls, which means that
and the economizer.
In the once-through mode of operation, the each tube acts as a heat integrator around the
four walls of the combustion chamber (Fig. 23).
water separator is dry and serves as a junction
The spiral-wall concept thus addresses two
header between the furnace walls and the
superheater. The principal advantage of this ar- major challenges of the full-sliding-pressure
rangement is that the water separator remains supercritical-pressure boiler: '
in the circuit at all times, thereby eliminating 8 Achieving the required mass flows to avoid
the multitude of valves associated with pre- overheating and excessive metal temperatures
by reducing the number of tube circuits
vious designs.
Minimizing differences in tube-to-tube heat
The furnace-wall configuration of a full
sliding-pressure supercritical steam generator absorption by exposing each tube to all four furwill vary depending on unit size. Two arrange- nace walls
Spiral-wall furnaces have been in operation
ments are available, the vertical tube-wall and
the spiral-wound or helical-tube furnace. in Europe for many years and have given satVertical tube-walls are shown in the steam gen- isfactory performance, the majority of them
erator in Fig. 22. The spiral-wound design is being used with the 2900-psig (20 MPa gage)
turbine cycle.
shown
-- conceptually in Fig. 23. There are design,
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Fig. 22 C-E supercritical-pressure coal-fired steam generator for full sliding-pressure operation
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times as many tube-to-tube butt welds in the
furnace walls due to the spiralling arrangement. It is customary with this design to revert
to vertical tube construction in the upper portions of the furnace where the heat-absorption
rates are lower. This requires the use of an intermediate header or bifurcatedltrifurcated sections of tubing, which further multiplies the
number of butt welds. Spiral-wall configurations also entail difficult tube routing around
all openings for the firing equipment in the
lower furnace.
As an alternative to the spiral-wall design for
larger-size steam generators, C-E offers a tangentially fired unit with vertical tube walls for
ease of fabrication, erection, and maintenance.
As described in Chapters 12 and 13, a stable
fireball is formed in the center of the furnace
with tangential firing, with essentially equal
distribution of the lateral heat absorption on all
furnace walls. Unbalances are minimized and
lateral heat-absorption patterns are predictable
over the entire load range.
Rifled tubing is used in the furnace walls as
in the Controlled Circulation design, to avoid
overheating or DNB at subcritical pressures. As
mentioned earlier, C-E has characterized the
behavior of rifled tubing for this application by
testing different tube diameters and configurations and subjecting full-size tubes to the heat

There is one major performance penalty with
spiral-wound furnace designs. Because of the
high mass flow, the pressure drop in the lower
furnace walls is generally much higher than for
conventional supercritical or .subcritical units,
which increases the boiler feed-pump power
requirements.
Because the furnace-wall tubes are at an
angle, the furnace-wall support system is more
difficult to build. The load must be transmitted
through the fins between the tubes by means of
weld attachments and tension strips; consequently, the spiral-wound furnace is more expensive to manufacture and erect than a
vertical-tube unit. There are typically four

L

Fig. 23 Spiral-wall furnace for supercritical
pressure

I

Fig. 24 Basic principle of spiral-wall furnace
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flux rates, pressures, and mass flows associated
with these designs.'
The vertical-wall design has individual tube
orifices to control the heat absorption in each
circuit, in the same manner as has been used in
Combined Circulation units. Analyses based on
operating experience and design practices for
Combined Circulation units have proven that
satisfactory temperature differentials throughout the entire operating load range are achieved.
Thus, the two problems-of DNB (tube overheating) and waterwall steam-temperature unbalance-can be addressed in a vertical-wall
design by employing a. tangential firing system
and rifled tubing.
Start-up Systems

Both boiler types are started up with sliding
pressure and sliding temperature, and dry super-

8

7

heaters. In the example shown in Fig. 25A, the
boiler is equipped vr-ith a heat-recovery system
effective at start-up and inlow-load operation. In
this load range, which is run with a minimum
feed rate of 30 percent, the surplus water from the
separator passes through a start-up heat exchanger into the feedwater tank. During pressureless start-up after a longer shutdown, in
the first phase .the separated water must be led
into an expansion vessel until the pressure in the
separator reaches the level in the feedwater tank.
In the second example, Fig. 25B, a recirculation system is used simultaneously as a start-up
and low-load system. The surplus water occurring in the separator during start-up, due to the
difference between the minimum feed and saturated steam generation or to the water swell,
is recirculated to maintain minimum flow for
furnace-wall protection.

1 Feedwater Tank
2 Feed Pump
3 High-Pressure Preheater
4 Feedwater Control Valve
5 Economizer
6 Start-up Heat Exchanger
7 Circulation Pump
8 Waterwall
9 Water Separator
10 Drain System
11 Water Separator -

Level/Control Valve

Fig. 25 Comparative start-up systems: full sliding-pressuresupercritical-pressure units
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Though the starting losses on the water side
are quite different in the two instances, they are
an order of magnitude lower than the starting
losses on the steam side (which would arise
from turbine bypass operation) and are the
same for both examples.
HEAT RATE-THE WHY
OF SUPERCRITICAL PRESSURE

In Chapters 1 and 5, we pointed out the advantages in thermodynamic cycle efficiency to
be gained by using high steam pressures and
temperatures. The data in Table I11 give some
insight into. the relative improvement of net
plant heat rate with several of the available cycles. Large incremental decreases in plant heat
rate (improved efficiency) are very difficult to
achieve. Increasing the superheat temperature
of a sub-critical unit to 1050°F (565°C) in lieu
of 1000°F (540°C) provides only 0.8-percent
improvement in the heat rate. Increasing pressure to 3500 psi (24 MPa) at 1000"/1000"F,
yields an improvement of 1.5 percent, and the
double-reheat ramp cycle improves 4.1 percent
above 2400 psi (17 MPa) at 1000°/10000F.3
Many factors affect plant heat rate besides the
cycle itself, such as load regime, fuel, condenser
temperature, and steam-generator exit-gas temperature. These and other items noted in Chapters 1, 5, and 6 must all be considered when
selecting a pressure and temperature.
A detailed history of the development of the
once-through steam generator and large super-'
critical units is given in Chapter 25 of the 1966
edition of this text.4

DESIGN FEATURES
FOR VARIABLE-LOAD
OPERATION
As pointed out in Chapter 1and elsewhere, it
is extremely important for large pulverizedcoal-fired steam-generating equipment to have
the capability to operate satisfactorily as the
load varies widely.
Traditionally,
electric utility companies

purchased new boiler additions that were the
largest and most efficient equipment available.
These new units were base loaded for the first
several years of use. But as capital became more
difficult to acquire and requirements for emission control equipment increased, this pattern
gradually changed.
As more of the older base-loaded plants are
relegated to cyclic or low-load-factor operation, it is no longer valid to assume that new,
large units are the most cost-effective to operate. On one hand, new units are designed with
features for operating in the two-shifting and
other cycling regimes. On the other hand, they
may have parasitic environmental control
equipment that impacts negatively on their
overall plant efficiency. In any case, there is a
need for maximum system flexibility and using
the older equipment for peak loads is not completely reliable because there are strict limits to
the cycling capability of any boiler not specifically designed for that kind of service. This section discusses such design limitations.
DEFINITION OF CYCLING

In the past, a conventional cycling unit
(either an oil- or natural-gas-fired peaking unit)
was described as one designed for rapid rates of
load increase and a significantly larger number
of start-up and shutdown cycles compared to
conventional base load-operation.
Acoal-fired cycling boiler is one that can operate for long periods of time at reduced capacities ( G 20 percent of MCR) and reduced
pressures (such as 1000 psig) while burning
only coal. Such a unit is also capable of base-

Table 111. Heat Rate Improvement
-Net Plant2400 PSI
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load operation for extended periods. Operation
(Fig. 26) is further defined.
Base-load mode-The unit is entirely base
loaded.
.Weekend mode-The unit is base loaded
during weekdays and removed from service
each weekend. In this mode. there is a cold
start-up at the beginning of each work week.
Cycling mode-The boiler plant operates
weekdays at full load during the day and at
minimum load (=20 percent MCR) at night. It
may be removed from service each weekend.
This method of operation may also involve fast
load changes.
Two-shifting mode-The boiler plant operates weekdays at full load and is taken off line
every night for 8 to 10 hours. In addition, the
unit is removed from service each weekend.
After an 8- to 10-hour nonfiring period, startups on weekday-morning are usually categorized as "warm" starts.

.
'.

To properly consider these operational
modes during the design stage, it is necessary
to take into account the effect of this type of
boilerlturbine loading on furnace sizing, pulverizing and firing systems, operational control systems, turbine start-up systems, and
water treatment.6
DESIGNING COAL-FIRED BOILERS
FOR VARIABLE LOAD

The performance and cost of equipment for
boilers dedicated to variable-load senlice are
greatly influenced by the sizing of the furnace
and the selection of the pulverizers.
FURNACE SIZING

In recent years, furnace sizing requirements
for coal-fired boilers have become very conservative. This trend occurred to permit furnaces to handle the worst possible ash-content
coal that might become available at a particular
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Fig. 26 Modes of variable-load operation
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site. When a conservatively designed furnace is
supplied with coal that produces gas-side
conditions much cleaner than anticipated by
the design of the furnace, the result can be
a lower-than-design steam temperature or reduced temperature control range.
Additionally, several days to several weeks
normally are required to "season" the furnace
of a coal-fired unit so that the unit can produce
design outlet steam temperature(s). When load
is reduced substantially, or when the boiler is
taken off the line, the furnace sheds its accummulation of ash. After restart, additional time is
required for the furnace to season.
PULVERIZER SELECTION

Designing a boiler for cycling operation requires special attention to select and properly
size the pulverizing and firing-system components. Unless these components are flexible
and reliable over a wide range of conditions,
the boiler capability to cycle will be severely
limited. Pulverizing equipment must be able to
deliver fuel to the unit at low loads, as well as
respond to the usual considerations of capacity, fineness and turndown. The alternative
is to use large amounts of some stabilizing fuel
such as oil or natural gas.
To obtain maximum flexibility and reliability, it is advantageous to use a greater number
of pulverizers, of lower capacity, rather than
use a smaller number of larger capacity pulverizers, thereby limiting the turndown ratio.
The larger number of pulverizers, however,
will generally increase initial capital costs.
Primary Air Temperature to Pulverizers

The effect of the hot primary-air temperature
on pulverizer performance is well known. Particularly during start-ups and low loads, primary air temperature can be a factor in the
operation of the firing equipment. While a problem of low air temperature might be alleviated
somewhat on warm restarts following overnight
shutdowns, cold starts still are required after
weekends and other outages. Therefore, in the
selection and arrangement of air-heating equip--

ment, special consideration should be given to
obtaining hot air as quickly as possible. This
can be done either by directly firing supplemental fuel into the ducts to the pulverizers or
preheating the air with steam heaters.
One factor that has a definite effect on the
start-up characteristics of the boiler is the
purge airflow requirements. Although purge
airflow is essential, it acts to cool furnace walls
and reduce steam temperature; therefore, every
attempt should be made to assure light-off and
continued operation after thefirst purge.
UNIT START-UP

Start-up rates for generator-turbine units become increasingly important when system operation departs- from-base loading. If a unit
start-up from a cold condition takes eight
hours, but the unit is started only two or three
times a year, there is little economic impact
from using the more expensive warm-up fuel
and the direct labor cost also is minimal. But
warm-up and stabilizing-fuel costs can be considerable if the unit is continually two-shifted
or cycled at low loads.
The designs described in the following section can assist in matching superheat and reheat temperatures, and pressure ramp, to the
turbine start-up requirements.
TEMPERATURE
AND PRESSURECONTROL

For a hot restart following an overnight outage, high-enthalpy steam is required. For acold
restart following a weekend outage, lowenthalpy steam is preferred to reduce thermal
shock in the first stages of the.high-pressure
and intermediate-pressure turbines.
Although the steam-temperature control systems as designed for base-load operation generally have been adequate for such cycling, a
simple start-up system can provide the necessary flexibility in stea'm temperature control.
Fig. 27 shows an arrangement of valves and piping connecting the backpass ring header of a
subcritical-pressure drum-type unit to the condenser. The arrangement is sized to pass ap-

I
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Fig. 27 Backpass drain system for superheater temperature and pressure control, drum-type unit

proximately 5-percent flow at 1000 psig. This
system controls pressure rise on start-up, permitting increased firing rates to achieve higher
superheat and reheat temperatures. The motoroperated steam-drain bypass valve also preheats
turbine leads before synchronization. A spray
desuperheater in the line from the bypass valve
to the condenser provides for thermal protection of the condenser.
REHEAT TEMPERATURE CONTROL

-.
-

-

A

When high primary and reheat steam temperatures are required for hot-start conditions
(to match turbine metal temperatures), valved
connections from the saturated steam circuits
to the reheat outlet can be added to the backpass drain system.
Figs. 28 and 29 illustrate typical boiler start-

up conditions for an overnight shutdown of
eight hours and a weekend outage of 55 hours,
on a high-subcritical-pressure Controlled Circulation boiler. From light-off to synchronization, the unit can be fired at a rate to produce
gas temperatures necessary to develop the
proper superheat temperature. At the same time
the gas temperature at the first section of reheater is limited to approximately 1000°F (or
540°C) until steam flow through the reheater is
established. The gas-temperature probe in front
of the reheater monitors the gas temperature.
ALLOWABLE START-UP
AND LOAD-CHANGERATES

Disregarding any firing limitations that may
exist, the boiler component that limits start-up
rate on Controlled Circulation units is the final
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Fig. 28 Start-up curves for operation of a Controlled Circulation@unit following &hour shutdown. Hatched
areas indicate temperature control achievable with steam-temperature matching systems.

Fig. 29 Start-up curves for operation of a Controlled Circulation@unit following a 55.hour shutdown.
Hatched areas indicate temperature control achievable with steam-temperature matching systems.
-
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superheater outlet (SHO) header. There are
several reasons why this header, rather than the
thicker-wall steam drum, has such an effect on
start-up rate.
8 SHO headers expe~ienceboth fatigue and
creep damage, while the drum experiences
only fatigue damage due to its lower operating
temperature.
There is a great difference in fatigue life at
1000°F and 680°F (the temperatures of SHO
header and drum plate, respectively).
m The temperature change the drum experiences on a typical hot start is approximately
400°F less than the SHO header.
Controlled Circulation drums have a nominal ramp-rate limit of 400°Flhr and a fast transient limit of 150°F temperature change during
any 15-minute period. This fast transient limit
is extremely important, as illustrated by the following example. If the unit is operated in a
modified sliding pressure mode with approximately 1500 psig drum pressure at 50 percent
load, a rapid increase from 50 percent to 100
percent load will increase the saturated temperature from approximately 600°F to 680°F, or
a change of 80°F. During such transients, the
drum can tolerate the rapid 80°F change an unlimited number of times.
The internal shroud in Controlled C:rculation drums (Fig. 8) promotes heat transfer that
is even around the circumference and along the
length of the drum. This even heat transfer
minimizes through-the-wall and top-to-bottom
thermal gradients. Thermal-circulation boiler
drums cannot tolerate such ramp rates because
of the drum metal temperature differentials
that would be generated. In actual practice,
they are limited to less than one half the allowable rate of a Controlled Circulation unit.
(Thermal-circulation units cannot use an effectively shrouded drum because the circulation
system cannot accommodate the additional
pressure drop.)
Although the superheater outlet header.
(SHO)usually is the limiting boiler component
on Controlled Circulation units, it would be a
mistake to assume that the SHO header always

limits the boilerlturbine during cyclic operation and start-up. Large reheat turbines have
start-up and loading rates compatible with reasonable cyclic life expenditure (CLE).
C-E has developed analytical procedures to
generate CLE curves for boiler pressure parts.
Fig. 30 shows a CLE curve for a 20'' OD, 4.25 in.
wall-thickness, 2% Cr-1 Mo superheater outlet
header. The. calculation procedures used to
construct the SHOICLE curve employ a cyclic
elastic/plastic creep analysis of the SHO header
tee. It is very informative to compare CLE
curves for a typical steam turbine (Fig. 31) and
CLE curves for the SHO header tee (Fig. 30).
The SHO header has much more cyclic capability than the turbine.
The start-up rates indicated for an overnight
shutdown (8 hours) are approximately 55 minutes from synchronization to full load (Fig. 28).
Start-ups after weekend or holiday shutdowns,
in contrast to overnight shutdowns (Fig. 29).
are generally limited by the steam-turbine
thermal stresses.
When lighting off a drum-type Controlled Circulation unit and raising the steam pressure, the
saturated steam temperature increases about
100°F(about 55 "C)from first fire to synchronization, a period of approximately 30 minutes for a
coal-fired unit. This time is not restricted by
steam-generatorpressure parts as the ramp rate is
only 200°F/hr (95"CIhr) and can be readily increased provided the firing system and turbine
conditions permit. From synchronization to full
load in 55 minutes is an increase in saturation
temperature of 130°F (70°C)or a rate of 142OFIhr
(about 80°C/hr). This ramp rate is significantly
less than that permitted by either the steam drum
or SHO header.
TURBINE BYPASS SYSTEM

The turbine bypass system permits operation
of the steam generator independent of the turbine at any rating up to the bypass capacity.
This permits turbine start-up with essentially
zero temperature mismatch. Bypass systems
such as shown schematically in Fig. 32 are usually rated for 50 to 100 percent bypass flow
under full-pressure conditions. The major
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advantages of a bypass system are its
flexibility of operation
ability to hold the generator output during
start-up without undesirable turbine cooling
ability to recover following a load rejection
before restarting or reloading the turbine
ability to match turbine metal temperatures
on hot restart
Also, there is evidence that exfoliated superheater or reheater material which bypasses the
turbine during start-up greatly reduces exfoliation damage to turbine blading.
.-

The disadvantages of a .turbine bypass system are
increased plant cost
complexity of control
additional valve maintenance
possibility of turbine or condenser damage
due to malfunction or failure of components in
the bypass system
increases in plant heat rate because of greater
condenser heat loss during periods of bypass
system operation
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Fig. 32 Steam-turbine bypass system, drum-type subcritical-pressure unit

The temperature-matching potential of a
bypass system depends upon its sizing;
maximum steam temperature capability can be
found from the steam temperature curves f the
boiler at the maximum rating of the bypass system. If the desired' temperature matches between the superheat and reheat steam and the
turbine metals can be achieved with other
start-up techniques, such as a temperature
matching system, no additional saving in startup time on a hot start can be achieved with a
bypass system.
Supercritical units require a start-up system
to protect the furnace walls during start-up and
low loads. These systems then function as turbine bypass systems to varying degrees depending on their design.
SLIDING-PRESSURE OPERATION

The requirement for daily cycling andlor twoshifting can create undesirable thermal stresses

in the steam turbine. One operating regime that
is useful in reducing thermal stresses is variable or sliding-pressure operation.
To controlload on a steam turbine, the pressure
level in the first stage must be varied. Baseloaded units of traditional design provide constant pressure at the boiler outlet. Throttle
valves at the turbine inlet are used to vary pressure and thus load.
This mode of operation generates large differences in temperature inside the first stage
of the turbine because of the throttling losses
at the inlet and the outlet (Fig. 33). A boiler
designed to operate at variable pressure over
the load range can match the requirements that
the turbine demands. With sliding pressure, the
differences in temperature are essentially eliminated because there are no throttling losses.2
The principal advantages of sliding-pressure
o~erationare:
1. Minimal variation of first-stage shell temperature of the turbine under varying load condi-

.

-
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-
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tions. By reducing the temperature difference
that the first-stage components must endure
during significant load changes, operating constraints we minimized.
2. Improved overall power-plant heat rates considering boiler-turbine, feed pump, and other
auxiliaries. Fig. 34 indicates the effect on turbine heat rate of the various operating modes. It
can be seen that the two hybrid pressure programs offer better heat rates over the load range
than the other alternatives.
3. During start-up, the reduced steam pressure
results in smaller heat-transfer coefficients and
correspondingly lower thermal stress levels for
the same temperature differential between
steam and metal components.
4 . Extended control range (full steam temperature at lower loads) of both the primary and reheat steam temperatures (Fig. 35).
5. Improved steam flow distribution at lower
loads in the superheater and reheater because
of the higher specific volume of the steam at
lower pressures.
6 . The reduced pressure level at lower loads
unloads all cycle components between the
feed pump and high-pressure turbine, thereby
prolonging life span and reducing auxiliary
power consumption.

20 30 40 50 60 70 80 90 100

Load, % WVO
Fig. 33 Typical steam-turbine first-stage shell temperature

As their main goal these various start-up
methods protect the turbine. The steam generator must also handle the thermal loads and
ensuing thermal stresses that result from temperature differences and gradients imposed by
start-up and shutdown, cyclic operations, and
the heat-absorption process. As previously
emphasized, Controlled Circulation furnacewall systems provide protection throughout
start-up and shutdown, pressure raising, and
full-load operation by insuring positive water
flow to all furnace-wall circuits independently

43 -2 Admissions

pm

-Constant

Pressure

--- Variable Pressure

0.

(PartialArc Admission)
-2-.

20

I

I

I

I

I

I

30

40

50

60

70

80

I

I

90 100

WVO Load, %
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Fig. 35 Typical superheat and reheat temperatures

in constant. and variable-pressure operation

of heat-input rate, thereby permitting accelerated start-ups and cool-downs.
Finally, regardless of whether variable pressure is used during normal operation, it can be
advantageous for start-up and shutdown by
providing better turbine temperature matching, especially with units subjected to cycling
and two-shifting. It is normally unnecessary to
go below half the maximum operating pressure
to obtain the benefits of temperature matching.
SUBCRITICAL-PRESSURE
SLIDING-PRESSURE OPERATION

As an example, choose a boiler-turbine combination with nominal steam conditio: of

r
.{2400g @ 2000 E z;3

5a

2

I-

.5

3;

e

1000600,
I

20

I

1

I

80

100

I

40
60
VWO Load, O/O

-

Fig. 36 Sliding-pressureprograms for
subcritical-pressuredrum-type boilers

2400 psig, 1000°F/lOOOoF (16.6 MPa gage,
54O0C/54O0C).The turbine has a partial-arcadmission first stage with 4 nozzle groups,
each controlled by a separate valve. Three different operating-pressure programs are considered
(Fig. 36). They are:
full variable pressure, with turbine control
valves wide open
constant pressure when on control valve
No. 4; variable pressure below the point where
No. 4 valve closes
constant pressure when on valves Nos. 3 and
4; variable pressure below point where No. 3
valve closes
Operating with the first pressure program has
the advantage of essentially eliminating firststage temperature changes inside the turbineas long as the initial and reheat temperatures
are held constant. However, the response of the
boiler-turbine combination to changes in load
demand is relatively slow and may not satisfy
the power-system control requirements. Some
operating companies prefer to have the turbine
speed governor contributing to system control,
and therefore choose a hybrid pressure program such as shown by curves 2 or 3 in Fig. 36.
This overcomes the main disadvantages of full
variable-pressure operation, while still retaining most of the benefits.

I

I

I

SUPERCRITICAL-PRESSURE
SLIDING-PRESSURE OPERATION

The first design condition that must be
considered is the mode of variable-pressure
operation versus load.
Fig. 37 shows a series of typical variablepressure programs for supercritical boilers.
These programs are determined for a different
number of turbine control valves in operation.
Operating pressure program Number 1 reflects
the maximum number of control valves in operation, and this is essentially constant-pressure
operation for a typically base-loaded supercritical unit. Operating program Number 5 shows
full variable pressure, with the turbine valves
wide open.
Operating in accordance with program Number 5 has the advantage of effectively eliminat-
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ing first stage temperature changes inside the
turbine, as with subcritical sliding-pressure operation. A hybrid pressure program is shown by
Curves 2, 3, and 4 in Fig. 37. As above, this
overcomes the main disadvantages of full
variable-pressure operation.
Curve Number 3 in Fig. 37 shows a variablepressure program in which the turbine control
valves are throttled above 70 percent of maximum boiler load.
Fig. 21 showed a comparison between waterwall pressure and turbine throttle pressure;
below approximately ,60-percent boiler load,
the furnace walls operate at subcritical pressure, that is; with a mixture of steam and water.
Above 60-percent boiler load, the furnace walls
operate at supercritical pressure. It illustrated
that the potential for departure from nucleate
boiling is only at the lower boiler loads where the
furnace heat-absorptionrates are lower. At higher
loads, the furnace walls handle a single-phase
fluid and DNB cannot take place. In other words,
at the higher loads, the unit operates like a Combined Circulation unit.'
Fig. 38 shows the performance characteristics
of a once-through sliding-pressure supercritical unit plotting enthalpy vs. load; a standard
enthalpy vs. pressure diagram has been used
with load substituted for one of the ordinates in
order to give a more realistic representation of
the performance of the unit.
The following should be noted:
The outlet of the economizer has been kept
substantially below the saturation condition.
Steaming of the economizer would create flow
distribution problems entering the furnace
walls. This is the reason why the economizer
has been included in the recirculation system.
For low-load operation (below 35 percent) the
increased mass flow through the economizer
prevents flashing and steaming, which are common problems in operating such units, particularly under fast-start conditions.
The furnace-wall outlet conditions are above
the saturation point at subcritical pressures.
Therefore, superheated steam is present leaving
the waterwalls. As previously stated, this can
cause temperature differentials which must be
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'Fig. 37 Sliding-pressure programs for supercritical
boilers

dealt with; on the other hand, flow distribution
to the back pass and the superheater becomes
much more straightforward because a singlephase fluid is present.
Below approximately 35 percent, the recirculation system goes into operation and the
furnace-wall outlet conditions become saturated. The recirculation system is sized to stay
in service, if required, up to 45 to 50 percent of
maximum boiler load.
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Fig. 38 Performance characteristics of oncethrough sliding-pressure supercritical steam
generator
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PRESSURE-PART DESIGN
FOR CYCLIC DUTY

...
...
.

furnace-wall tubes and attachments
buckstays
steam'water separators
In addition to the design and performance
pumps
and
reauirements for which base-loaded units are
pulverizer structure and drive train
sefected. two additional, reauirements must be
duct expansion joints
considered for the cycling boiler. These are
hanger rods and supports
rapid rates of load increase and a significantly
greater number of
and
'YSuch components are evaluated using vari'les. The present
of Section I theASME
ous factors, chief being the operating pressures
governing pressure-part design and fabe and operating conditions that minimize therrication do not provide specific guides for mal stresses in the steam-turbine rotor, Simidealing with the thermal-stress and fatigue larly, it is necessary to minimize thermal
problems encountered in this type of unit. The stresses in all boiler components.
Code do", however*'hage the manufacturer
Expansion stresses that result from steadywith the responsibility ofattending to and ac- state operation are relatively simple to accomcounting for these effects.
modate in a design, but thermal gradients
The first step in an evaluation of this type of produced by temperature transients greatly
operation is making a conservative estimate of complicate the design. As faster start-up and
the number
'perating
a plant must shutdown rates become necessary, thermal
undergo. The second
in
a good gradients increase and the thermal design of a
design is to develop and adopt a set of design component may well run counter to the recriteria to allow the intelligent assessment of all
quired design for mechanical loads, such as
Of loading (pressure*
pressure and dead load. Attachments to presmal, and cycling) to insure long-term composure parts normally are sized by the mechanical
nent integrity. This subject was discussed in loads they carry. To reduce the size of such an
Chapter 6.
attachment [so as to reduce a thermal difference) may invalidate its design. Heavy thickCOMPONENT DESIGN
walled components, such as the SHO tees or
AS INFLUENCED BY CYCLIC OPERATION
steam drums, are sized according to pressure
Understanding the definitions of cyclic rerequirements. Wall thicknesses, then, cannot
quirements and boiler design criteria, the de- be decreased to reduce thermal gradients and
signer can assess the various temperature and thermal stresses.
loading conditions in terms of stresses, and can
Pressure and thermal stresses combine to
determine the capabilities of the steamproduce a total stress. Fig. 39 shows an ideal
generator components to satisfy system reoperational cycle in which the pressure and
quirements. The major factors affecting these
steam-temperature curves have the same rate
design considerations are
for start-up as for shutdown. The stresses produced in a cylinder with the pressure and
8 number of cycles
thermal loading cycle are shown in Fig. 40. Of
heating and cooling rates
interest is the relationship of the thermal and
component thickness, diameter, and material
pressure stresses on the inside surface of the
8 operating temperature level
cylinder. During the entire cycle, the pressure
Analytical and test methods are used to stresses are tensile. Thermal stresses are comevaluate specific performance capabilities of a = .pressive during start-up and tensile during
- shutdown. The pressure and thermal stresses
variety of components such as
8 drums, including downcomers
oppose each other during start-up but are addiheaders, including tees and nipples
tive on shutdown.
A

.
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The stress range shown in Fig. 40 determines
the amount of fatigue damage represented by
this cycle. The greater the stress range, the
greater the fatigue damage. One possible way of
reducing the stress range is to reduce pressure
during a cooldown while maintaining the
steam-temperature level.
The sliding- or variable-pressure mode of operation allows main steam and reheat steam
temperatures to be maintained at a given setpoint lower into the load range. Although it is
for this reason and others discussed earlier that
variable pressure is used, there is an added benefit. During a cooldown, the pressure stresses
are additive as shown in Fig. 41. Therefore, the
combined pressure and thermal stresses are
lower than the stresses that would have been
generated if pressure had been maintained and
the temperature dropped.
CONTROL CONSIDERATIONS
FOR VARIABLE-LOAD OPERATION

The thermal inertia of steam generating
equipment relates directly to its size. It is
necessary to understand when designing operational control equipment that, combined with
increases in unit size, present practice is to design for variable-load operation. On constantpressure units, it is only necessary to deal with
the energy-storage changes associated with the
changes in steaming rate. But, as previously
discussed, turbine considerations virtually
demand that variable-pressure operation be
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used on cycling units. This requirement places
a special burden on the steam-generator control system, with the steam-temperature controls being the most severely affected.
The stored energy in a steam generator (metal
temperature and steam enthalpy, both as a
function of mass) is higher at full load than at
any partial load. Increasing the load, therefore,
requires temporarily raising the firing-ramp
rate above the load ramp to provide the required increase in stored energy. During load
increases on a variable-pressure unit, the slope
of the stored energy is substantially steeper
than the load output curve.
Overfiring to satisfy the energy storage requirements of the waterwalls generally results
in excessive heat pickup in the superheater and
reheater, which have lower storage capacity.
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Further complicating the situation is the fact
that the distribution of heat between waterwalls and superheater of a typical subcriticalpressure drum-type unit varies significantly
with pressure because of changes in the vaporization heat of water and the specific heat of
superheated steam as a function of pressure.
Traditional superheater temperature-control systems use cascade-type spray controls,
in which the final-temperature error resets the
setpoint for the desuperheater outlet temperature. This is a type of feedback control and is
inadequate for even moderate rates of load
change in a sliding-pressure mode. Any workable steam-temperature control configuration
must include both careful timing of any overfiring and a sophisticated anticipation signal in
the superheat and reheat control loops. Programming the desuperheater outlet temperature as a function of load and rate-of-change of
load is one example of the use of feed-forward
temperature control.
In a subcritical unit operating at constant
pressure, shrink and swell of drum level occur
during a load change because of the change in
steaming rate. With sliding pressure, however,
there is also a mass-inventory chan,oe associated with the pressure change. Feedforward signals are used to help the drum-level
controller distinguish between shrink and
swell effects and feedwaterlsteam-flow mismatches. Regulating the speed of the boiler
feed pumps is the most common control of
feedwater flow rate. The reduced pressure at
low loads with sliding-pressure operation requires that the stable speed control range on
the pumps be significantly wider or that
supplementary valve control be used.
The specific cycling mode that involves
holding minimum load overnight presents
some additional concerns associated with
keeping supplementary-fuel use to an absolute
minimum. Improved flame-scanning systems
incorporating higher sensitivity scanners
andlor increased quantities of scanners are
mandatory. More precise control of fuel and air
distribution to maintain the fuel ignition point
at each fuel-admission location within the

scanner viewing area is also essential.
In a two-shifting mode, the major impact on
the control system is the need for more automation. Bringing in additional plant operators to
control various subloops manually on every
start-up may be acceptable on a base-load unit,
but is not likely to be so for a two-shifting unit.
Traditional boiler-following control systems
place too much of the burden on plant operators to coordinate both changing conditions of
temperature, pressure and flow in the boiler
and turbine. The use of a coordinated control
system, with its plant-master concept, then,
is virtually essential to satisfy the control
requirements of cycling operation.
Using boiler start-up systems or turbine
bypass systems adds an additional set of
control loops that must also be carefully
coordinated with the steam-generator and
turbine-generator controls.
WATER TREATMENT FOR CYCLING UNITS

Any power plant operation that requires a
great number of start-ups, shutdowns, and idle
periods will be subject to inleakage of air, especially in the condensate and low-pressure
feedwater systems. This increases the potential
for preboiler and boiler internal cor~osionand
over-heating from deposition of corrosion
products in internal tube surfaces. The
mechanism by which this occurs is oxygen corrosion of feedwater heaters and interconnecting piping, plus the formation of corrosion
byproducts such as iron-oxide and copper;
these are subsequentlj7 transported to the boiler
where they will deposit on the inside of the
furnace-wall tubes. High oxygen concentrations in the feedwater and boiler water can
also produce corrosion pitting, which can
directly promote tube failures. Proper precautionary measures are necessary in cycling
units to prevent corrosion damage.
Units for 2400 psi two-shifting and cycling
operation, and all supercritical pressure units
should have condensate polishing equipment
to control corrosion-products, condenser inleakage contaminants, and make-up water impurities. Its design and operation should keep
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feedwater contamination within boundaries of
limiting criteria for all modes of operation. Ion
exchange to process at least 25 percent of fullload condensate flow is required in two-shift
drum-unit operation to process feedwater contaminants and impurities from the turbine and
condenser. Cleanup of condensate will also

facilitate reaching operating pressure without
experiencing undue delays to control silica.
Detailed information on cycling-service preboiler cleanup, condensate deaeration, and
condensate polishing is given in Chapter 20
and Chapter 21.
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CHAPTER 8

Boilers for Process UselPower Production

T"

is chapter is about a wide range of fossilfueled steam generators often designed to
operate at steam temperatures and pressures
that are suitable for electrical-power generation
by a steam-turbine generator. But, because they
can also be used solely for the processes of
the several manufacturing industries, co-t
generatively or not, they have come to be called
industrial boilers, a term which we use freely
in this text. In fact, the versatility of most of
these steam generators makes them part of every
conceivable type of process-steam, steam-forpower, or cogeneration cycle.
This definition of an industrial power-plant
boiler, then, is as arbitrary as previous ones
have been and is based on the physical characteristics of the equipment rather than on its
ultimate application: it is a stationary (not
shipboard) watertube steam generator, without
steam reheat; most often, it has a drum operating pressure below 2,000 psig (13.8 MPa gage),
is below 100 megawatts in electrical generating
capability, and is multifuel fired. Neither cycle
or boiler efficiency, sophistication of operational controls, nor the level of governmentlegislated emission-control systems are
pertinent to this definition.
Obviously, this definition does not exclude
fluidized-bed boilers which, for the purpose of
better delineating the technology, are covered

in the next chapter. Boilers with characteristics
particular to the marine industry are found in
Chapter 10. Finally, Federal legislation that
redefines the relationships between centralstation owners and other power generators significantly affects the incorporation of industrial
boilers in combined cycles, which we have discussed in Chapter 1,and further in this chapter.

PERFORMANCE
REQUIREMENTS OF
MODERN INDUSTRIAL BOILERS
Industrial boilers for process-plant service
are ordinarily designed to fire many different
fuels,.each of which influences sizing and configuration of the boiler and its auxiliaries. In.
addition, the primary fuel may vary over the life
of the unit. Also, many manufacturing/process
plants are sources of byproducts that are valuable as fuel. The need for industrial boilers to
be fuel-flexible, while meeting stringent federal, state, and local emissions standards, requires special design considerations and
sophisticated ancillary equipment.
Understandably, there is a preference to design industrial boilers for burning clean liquid
and gaseous fuels when such are available at
reasonable cost-the boilers and auxiliaries
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will be of minimum size and cost. Unfortunately, world demand for such prime fuels can
be expected to outpace the long-term supply
and will result in a decline in oil- and gas-burning steam generators. The eventual shift to solid
fuels will require boilers that are not only initially more expensive, but also operationally
more difficult. Thus, as more coal and other
solid fuels are burned, there will be an increased need for pulverized-coal, stoker, and
fluid-bed firing.
Owners and operators of industrial boilers
must consider such developments and adapt
unit performance to:
Multifuel-Burning Capabilities: During the
70's some industrial concerns had to convert
boilers from firing coal to gas, to oil, and back
to coal as the environmental requirements, fuel
costs, and fuel availability changed. To protect
an investment in the steam-generating facility,
the owner may more frequently request multiple-fuel capability in new units.
Waste-Fuel Utilization: Rising fuel costs and

200 psig
Saturated Steam
240' F Feedwater

600 psig, 750°F at
SuperheaterOutlet
240' F Feedwater

the high cost to dispose of waste make rgfuse,
biomass, waste acids, and sludge more attractive as fuels for steam generation; they provide
a viable disposal alternative. A growing number
of new boiler designs will use waste fuels.
Low Operating Costs: The cost of fuel and
auxiliary power can in a short time exceed the
original cost of a steam generator. Therefore,
new equipment must be efficient and have a
low auxiliary-powerconsumption.
8 Cogeneration Potential: Simultaneous generation of electrical power and process steam, as
described in Chapter 1,is also common as users
strive to extract maximum heat from their fuel.
Industrial firms will more frequently select the
more efficient high-pressure and high-temperature steam cycles to optimize the amount of
electrical power and steam produced.
BOILER DESIGN AS A FUNCTION OF
OPERATING PRESSURE

As Fig. 1 shows, the percentage of total heat
absorbed in a boiler bank is reduced signifi-

1800 psig, 1005°F at

1800 psig, 1005° F at

Superheater Outlet
350" F Feedwater

SuperheaterOutlet
350" F Feedwater

Fig. 1 Heat-absorption distribution for pulverized-coal suspension-fired boilers
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cantly at higher pressures by two factors:
I. In the superheater, the greater heat absorption required to heat the steam to a higher temperature reduces the gas temperature entering
the boiler b a a
2. The water temperature in the boiler bank is
essentially at the saturation temperature corresponding to the boiler operating pressure. As the
operating pressure increases, the temperature
of the water inside the tubes rises thereby
reducing the logarithmic mean temperature
difference available for heat transfer.

other hand, with coal and refuse firing the design gas velocities, together with gas temperatures, influence the ability of the boiler to
operate continuously without shutdown.
Although convection tube spacing is not critical in boilers designed to fire gas or distillate
oil, it is very important when the fuel is a residual oil, municipal refuse, or coal. This is especially so with coals that have low ash-fusion
temperatures or high ash-fouling tendencies
and with low-rank coals such as subbituminous coals or lignite.

DESIGN CRITERIA FOR INDUSTRIAL
BOILERS _ -

COAL-FIRING SYSTEMS

~
~designs
i areltailored
~ to the
~ fuels and firing systems involved. Some of the more important criteria are
furnace heat-release rates, both Btuhr-cu ft
and Btuhr-sq ft of effective projected radiant
surface (EPRS)
heat-release rates of grates
flue-gas velocities through tube banks
tube spacings

Many industrial boilers are designed for less
than 25G,000 lb steamhr (32 kg steamfs). For
many years most of these units used a spreader
stoker to fire coal because it was less expensive
than installing pulverizers. In this size range,
the other benefits of pulverized-coal (PC) did
not warrant the increased costs. In today's marketplace, the choice is not as obvious. With the
advent of tighter emission regulation, higher
fuel costs, and the commerciaiization of fluidbed boilers, the advantages of each system must
be evaluated thoroughly before selecting a firing system.

.
.
.

Table I gives typical values or ranges of these
criteria for gas, oil, biomass, refuse-derived fuels, and coal, all fired in suspension or on
grates, to illustrate the differences for the fuels
and not necessarily to represent specific recommendations. The furnace heat-release rates are
important from several viewpoints. The proper
Btuhr-sq ft of EPRS value, along with adequate
flame-to-heat-absorbing-surface clearance, will
keep maximum local absorption rates within
safe limits and avoid "hot spots." Also, with
coal and refuse firing, this aspect of design is
important to prevent excessive slag accumulations on furnace walls and convection tube
surface at the furnace outlet. The furnace heatrelease rate in Btuhr-cu ft directly influences
completeness of combustion. Limiting grate
heat-release rates to these values minimizes
carbon loss, controls visible emissions, and
avoids excessive flyash.
The need to limit draft loss controls flue-gas
velocities for gas- or oil-fired boilers. On the

EVALUATING STOKER AND
PULVERIZED-COAL FIRING SYSTEMS

A reduced efficiency due to the carbon loss is
a major factor in comparing a stoker-fired boiler
to a PC-fired boiler. A properly designed PC
boiler can maintain an efficiency loss due to
unburned carbon of less than 0.4 percent. On
the other hand, a continuous-ash-discharge
spreader-stoker fired unit will typically have a
carbon loss of 4 to 8 percent, depending on the
amount of reinjection. The PC unit offers a
lower carbon loss because of the increased combustion efficiency obtained with the finer coal
particles that enter the furnace (normally 70 to
80 percent will pass through a 200-mesh
screen). In contrast, the coal particles entering
the furnace with a spreader stoker are much
coarser. These coal particles have a 314-inch
(about 20-mm) top size and not more than 50
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Table I.Some Typical Boiler Design Parameters
Btulhr-sqA of EPRS
200,000
175,000-200,000
NIA
NIA
N/A
70,000-120,000
80,000-130,000

Furnace

Natural gas
Oil
Biomass
Refuse Derived Fuel (RDF)
Municipal Solid Waste (MSW)
Coal-pulverized
Coal-spreader stoker
Stoker, grate heat-release rate, Btuh-sq A
Continuous ash discharge [CAD), coal
CAD - Biomass
CAD -Refuse-Derived Fuel
Dump grate spreader, coal
CEIdb Pusher Grate (MSW)

Btulhr-cu A
N/A
N/A
15,000-20,000
12,000-15,000
6,000-10,000
15,000-22,000
20,000-25,000

650,000-700,000
900,000-1,200,000
750,000-800,000
450,000-550,000
270,000-300,000

Flue-gas velocity, Wsec
Gas or distillate oil
Residual oil
Bituminous coal
Low ash
High ash
&fuse Derived Fuel
Municipal Solid Waste
Biomass

Single-Pass Boiler
100
100

Baffled Boiler
100
75

Economizer
100
100

50-60
40-50
25-30
20-25
50-60

50
N/A
N/A
N/A
40-50

50-60
40-50
30-35
20-25
50-60

Tube spacing perpendicular to gas flow,inches clear
Superheater
Gas or distillate oil
Residual oil
Bituminous coal
Low ash
High ash

RDF
MSW
Biomass

Boiler

Front
2
4-6

Rear
2
2

8
10-16
6-7
9-10
7

3-6
4-6
3-6
4-5
2112

percent will pass through a %-inch (6-mm)
screen (Fig. 2).
The coal itself also affects the total fuel cost
difference between these firing methods. Efficient operation of a spreader-stoker-firedboiler
requires that the coal has the proper mixture of

Front
1

11/2

Economizer
Rear
1
1

coarse and fine particles. Normally, doublescreened coal is purchased to obtain the proper
mixture as run-of-the-mine coal generally does
not have the optimum balance of coarse *and fine material.
The fine coal particles are burned in suspen-
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Equivalent Particle Diameter, Micrometers
I

1

I
Fig. 2 Coal sizing (as delivered to the furnace)

I

Fig. 3 Size distribution for flyash leaving the furnace

U.S. Std Sieve Designation !squareMesh, in.

I
I

sion. If the amount of fine particles is too great,
there will be excessive suspension burning
which can produce
higher stack particulate-matter loading
furnace pulsations
possible heat damage to the distributors
higher carbon loss and visible emissions
If the amount of coarse coal is too great, there
will be insufficient burning in suspension,
with the potential for loss of flame stability.
If double-screened coal is not used, the dayto-day efficiency of operation will be reduced
as the coal sizing varies from optimum. The
question of whether the higher cost for doublescreened coal offsets the reduced efficiency
with unsized coal cannot be answered on a general basis. The answer depends on the degree of
coal sizing variation, quality of operators, and
boiler or stoker size.
A pulverized-coal-fired industrial boiler requires that the coal entering the mill be 111~-in.
(not over 40-mm) top size. If the proper size is
unavailable at the mine, coal of any size can be
purchased and crushed at the plant site. Considerable horsepower is necessary to pulverize
and transport the coal to the furnace. It is also

necessary
. to provide hot'air to dry the coal to
the proper moisture for pneumatic delivery.
The need for an air heater, additional ductwork,
and a more complicated control system has
to be measured against the fuel savings of
pulverized-coal firing.
The furnace of a PC-fired system must be designed to prevent ash from slagging on the waterwalls whereas high-ash coals with low
ash-fusion temperatures can create a clinkering
problem when burned on a stoker. In Ref. 1,
Pollock gives a detailed comparison of annual
fuel and power costs for pulverized and
spreader-stoker coal firing.
-

EMISSIONS
Control of particulate epissions, sulfur oxides, and nitrogen oxides must also be evaluated i n the comparative installed costs of
different types of coal-fired equipment.
Formerly, a stoker-fired boiler had a definite
advantage in controlling particulate-matter
emissions. This type of firing produces large
particles that can be removed easily with inexpensive mechanical dust collectors (see Fig. 3).
Today, all industrial, commercial, and institutional units firing at or above 100 million Btul
hr (30 MJIs) must meet strict particulateemission standards. Compliance will necessitate the use of electrostatic precipitators, fabric
filters, or equivalent high-efficiency removal

devices regardless of the method by which coal
is fired.
Likewise, federally mandated New Source
Wrforrnance Standards (NSPS) for 100 million
and higher B t u h (30 MJ/s) sources require sulfur-oxide removal equipment on all coal-fired
steam generators. PC boilers with bowl mills
can be expected to have less sulfur in the products of combustion than stoker-fired units. During the pulverizing process, the bowl-mill
tramp-iron spout may reject up to 40 percent of
the pyritic sulfur. Because pyritic sulfur may
approach 60 percent of the fuel sulfur, a reduction of nearly 25 percent could be obtained under optimum conditions. With a stoker-fired unit, some pyritic sulifur may remain on the
grate and be deposited in the stoker ash hopper.
Both firing systems are equally capable of
meeting NSPS NO, emission levels. In some
cases, PC systems may require combustion air
to be staged in various configurations to reduce
NO, to these levels, while stoker-fired boilers
can use varying proportions of undergrate and
overfire air to minimize production of NO,.
FUEL FLEXIBILITY

Coal-fired boilers can be designed to burn a
wide range of coals. For suspension-fired nonreheat units, tilting tangential fuel nozzles and1
or spray desuperheating can control the effect
of varying furnace heat absorption on the superheater. But during design, coal and ash
properties for all of the coals to be fired must be
considered. The major factors in designing a
boiler for a wide range of coals are
Furnace sizing, convective surface spacing,
and sootblower coverage: Coals with a lower
ash-softening temperature require a larger furnace to assure the ash is in solid form before it
enters the convective tube surface. A furnace
that is appropriately sized for the poorest ash
properties will operate successfully with the
better coals. In designing for multiple fuels, it
is not uncommon for one fuel to set the furnace
size while another dictates the minimum allowable convective-surface spacing and sootblower
requirements.
Pulverizer requirements: The lowest heating-

value coal with the lowest grindability will determine pulverizer size. If the coals vary i n
moisture, the boiler convective surface (boiler
bank, economizer, air heater) must provide
the proper air temperature to dry the coal in
the pulverizer so it is surface-dry and can be
transported pneumatically to the furnace.
If, for example, the moisture ranges from 3 to
35 percent, the air temperature required by
the pulverizer will vary from 300 to 700°F
(150 to 370°C).
Stoker requirements: Coals with low ash and/
or moisture will tend to have high grate-metal
temperatures. For such fuels, maximum allowable undergrate air temperature will be less than
300°F (150°C) and, in the worst case, minimum moisture and ash contents should be
specified. High-ash coals or those with low
ash-fusion temperatures can clinker and disrupt the proper flow of undergrate air for efficient combusion and grate-bar cooling. The
actual physical size of a stoker is, however, far
less sensitive to coal properties then is the
sizing of pulverizing equipment.
Superheater sizing: The specific fuel and ash
components determine the heat-absorption
characteristics of the furnace and superheater.
But generally the best fuel, which produces the
lowest gas weight and consequently the lowest
heat-transfer rates and LMTD, will set the superheater size. A wide range of fuel moistures
will require a spray desuperheater to control
final steam temperature when firing highmoisture coal.
Fans and gas-cleaning equipment: The highest-moisture coal to be fired in a boiler generates the largest volume of ,flue gas. The fans and
ductwork must be designed for these conditions. If a wide variation in flue-gas volume is
anticipated during normal operation, variablespeed motors or turbine-driven fans should be
considered to reduce parasitic power consumption (see Chapter 14). Gas-cleaning-equipment
size may not necessarily be set by flue-gas
volume, but rather by the removal efficiency or
the absolute level of emissions in accordance
with applicable regulations, whichever is the
controlling variable.
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PROVISIONS FOR A WIDE RANGE OF COALS

Some special considerations can be made in
the original boiler design to accommodate a
wide range of coals. With a 3 to 35-percent
moisture variation in the coals to be fired, a primary-air preheater may be used to preheat the
mill air to 700°F (370°C) from the nominal
550°F (290°C) temperature leaving the secondary-air preheater. When firing low-moisture
coals, the primary-air preheater is not used and
there is a minimal requirement for parasitic
cold tempering air at the pulverizer inlet. Fig. 4
shows a 650,000 lblhr (82 kgls) pulverizedcoal-fired boiler designed using this principle
for various coals.
Although increasing the pulverizer size to
handle a wide range of coals is common, it has
several drawbacks. The turndown capacity of a
pulverized-fuel firing system is principally a

function of the mill size. Enlarging the pulverizers has the effect of reducing mill turndown
when firing a coal with a higher heating value
and grindability than the mill design values.
More smaller-size pulverizers may be needed to
obtain the required turndown with a system designed for a wide range of coals.
Except for the pulverizers and air temperatures, the design of stoker-fired boilers involves
the same considerations for multiple-fuel firing. A stoker-fired boiler requires an air temperature of less than 400 O F (200°C) to maintain
adequate grate cooling for high-moisture coals
and less than 300°F(1500C)for low-moisture
coals. Because many high-ash coals with low
ash-softening temperatures cause clinkering on
the grate, they cannot be ~sed'e'fficientl~.
To
maintain the required bed height, high-ash
coals require a faster stoker speed which may
increase the unburned carbon content of the
stoker ash. Using a large quantity of ash reinjection also aggravates grate clinkering.
BURNING LIQUID, GASEOUS, AND OTHER FUELS

I

Secondary-Air
Heater
Fig. 4 A pulverized-coal-fired boiler rated 650,000
Iblhr, 1550 psi9 and 955OF (82 kgls, 10.7 MPa gage
and 513OC)at superheater outlet

Besides a range of coals, an owner may consider firing other liquid, gaseous or solid fuels
(presentpr future). Because pulverized coal is
suspension-fired as are conventional liquid and
gaseous fuels, the furnace is already proportioned for this function. Similarly, the required
piping, combustion co&ols, and fuel-firing
equipment are in place as part of oil or gas systems for unit warm-up. These fuels can be fired
to cairy full boiler load with little or no design
or equipment modifications.
Up to 20 percent or more of the total heat input can be obtained from well-prepared solid
wastes burned in suspension. Biomass, sludge
and municipal refuse have all been successfully
suspension-fired in a PC-fired boiler. To burn
liquid or gaseous fuels in a stoker-fired boiler,
the firing equipment must be located relatively
high above the grate surface to protect it from
the radiant heat produced by the auxiliary
burners. For long-term operation, it may be
necessary to cover the stoker with refractory. For
short-term operation, undergrate air dampers
are left partially opened to cool the stoker.
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The stoker is ideally suited for firing unsized
solid fuels other than coal, as shown in Table II.
Normally, biomass, sludge, or refuse can supplement the coal with only a minimum amount
of additional equipment. Also, in a stoker-fired
boiler, the total heat input can come from a
larger percentage of waste fuels than in a PCfired boiler.

THE C-EVU-40 BOILER
The C-E Type VU-40 boiler (Fig. 4) is afielderected, top-supported, single-gas-pass, thermal circulation,. two-drum boiler. Its features
make it particularly suitable for the range of
steam and'fuel conditions of both large industrial and small central-station installations.
Boiler applications cover steam capacities from
100,Oooto 1,000,000l b h (13 to 125 kgls), design pressures from 200 to 1800 psig (1.4 to
12.4 MPa gage), and design steam temperatures
from saturated to 1005OF (541OC). Virtually any
solid, liquid or gaseous fuel can be fired.
DESIGN FEATURES

The W - 4 0 is produced in sizes and types for
every capacity, pressure, fuel, space condition,
or method of firing encountered in municipal
and industrial power and steam plants. It can
be arranged for tangential, horizontal, or stoker
firing of single and multiple fuels.
FURNACE

Completely water cooled, the VU-40 furnace
uses welded tube panels which are constructed
with 2x12-in. (64-mm) outside-diameter tubes
on %in. (76-mm) centers joined by %-in. (13mm) wide fins or fusion-welded webs. This
construction forms an air- and gas-tight fur-

nace enclosure that eliminates refractory and its
attendant maintenance problems.
Complete furnace sidewalls, with inlet and
outlet headers shop-welded to the fusion tube
panels, are available whenever maximum shop
assembly is desired. Also included are seal
boxes, miscellaneous attachments and insulation pins.
The drop-bottom furnace of the W - 4 0 may
be designed for any vertical dimension and may
include a corner tangential-firing system with
either fixed or tilting nozzles, the latter to assist
in achieving steam-temperaturecontrol. It also
may have a horizontal fuel-firing system in the
front or rear walls or may be fired by a mechanical stoker either alone or in combination with
other types of firing equipment.
CIRCULATION

Fig. 5 shows the circulation of water and
steam in the VU-40 boiler. A high furnace and
large unheated downcomer pipes provide a
thermosyphonic circulation effect resulting in
liberal water flow to the furnace waterwall
the watubes' The steam-water mixture
terwall tubes is conveyed to the steam drum
through (1) the furnace roof tubes, (2) the relief
tubes from the sidewall upper headers and (3)
the front-row tubes in the main boiler bank.
Steam-drum sizes vary from 54 to 78 in.
11370 to 1980 mm) inside diameter, with suitible internals of the baffle or centrifugal type
(Figs. 6 and 7) to separate the steam from the
water. As it leaves the drum and flows to the superheater, or to the main steam line-in the case
of saturated-steam units, the steam has extremely low moisture content and is consequently quite pure.

Table 11. Supplemental Waste Fuels Suitable for Firing with a Spreader Stoker
Fuel

Biomass
Shredded rubber
Dried sludge

Waste Fuel%
100
10-20
20-30

Sbing

1OO0h<6"
1"XI
"x1/4"
100% < 2"

Max. Moistun?
-55%

-

75%

Limiting Factor

None
Smoke caqmer, emissions
Fouling, erosion, carryover
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continuous'
Blowdown Piping

m
Fig. 6 Steam drum internals baffle type

*Fig. 5 Circulation system on a C-E VU-40 industrial
boiler

TOP SUPPORT

VU-40 boilers are top-supported from a
structural-steel grid above the unit, with provision for lateral and downward expansion. The
furnace section and superheater are suspended
from the grid by hanger rods, while the boiler
section is hung from two large-diameter Ubolts that cradle the upper drum. The structural
steel which supports the grid also supports
auxiliary equipment, platforms, and walkways.
Suspending the boiler from structural steel permits use of a drop-bottom furnace with a furnace height that is independent of t h e
boiler-bank height.
The boiler size and structural support arrangement necessitate field erection. However,
a number of components other than the waterwall panels, such as superheater assemblies,
economizers, air heaters, fuel-burning equip-

-

Fig. 7 Steam drum internals perforated centrifugal
type
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ment, and ductwork, can be shipped with varying degrees of shop preassembly in order to
facilitate erection and to reduce costs.

Table 111. Fuels and Burning
Equipment
Fuel Burning Equipment

SINGLE-PASS CONVECTIONSURFACES

Pendant platen and spaced superheaters in
combination with the baffleless boiler bank
result in a single-pass crossflow arrangement of
heat-transfer surfaces. The vertical tubes are arranged in-line to facilitate inspection and
cleaning. Tube sizes and spacings can be varied
to achieve the highest possible heat-transfer
rates with the least potential for gas-side fouling. This convection heating-surface arrangement is especially suitable where the flue gases
contain high dust loadings. Because there are
no baffles on which to concentrate and stratify
the d&or flyash, the likelihood of gas-side
plugging and-tube erosion is substantially reduced as compared to multi-pass convection
surfaces. It also has an inherent low draft-loss
characteristic because of the lack of gas turns.
Installed across the entire furnace width, superheater surface takes advantage of the uniform distribution of combustion gases as they
leave the furnace. Superheater assemblies are
supported from their respective inlet and outlet
headers located outside the gas stream above
the furnace roof. The superheater headers, in
turn, are supported by hanger rods attached to
the internal grid steel.
FUELS AND FIRING EQUIPMENT

Diversity of fuels and fuel-firing systems typifies industrial steam generation. All grades of
conventional fossil fuels-plus numerous byproduct andlor waste fuels-have been fired in
industrial units. The list of waste fuels is evergrowing with the decreasing availability and increasing cost of fossil fuels. The list also is
affected by the increasing difficulty and expense in disposing of industrial and municipal
waste materials in an ecologically acceptable
manner. The versatility of the top-supported
drop-bottom furnace to accommodate all types
of fuel-burning equipment permits the burning
of a wide variety of fuels as shown in Table 111.

Fuels

Gases
Natural gas
Refinerygas
**Carbon
.
monoxide
*Blast furnace
gas
Coke oven
gas
Hydrogen
Liquids
Oil
Tars
Pitch
*Waste sulfite
liquor
Black liquor
"Liquid wastes
Solids
Coal
* *Shredded tires
Biomass
* *Sludge
Unsized refuse
Sized refuse

Fmnt
P i g

Tangential
firing

Stoker

X
X
X

X
X
X

X
X
X

X
X

* Usually burned with supplementary fuel.
* * Always burned with supplementary fuel.

Fig. 8 illustrates lower-furnace variations for
different types of fuel-burning equipment. The
water-cooled furnace bottom can be equipped
with a dump grate, as illustrated in Chapter 12,
to insure complete burnout of relatively large
fuel particles of biomass or sized municipal
refuse when these fuels are fired tangentially
in suspension.
With the C-E tangential firing system, two or
more of these fuels can be burned in combination, which is especially desirable if one fuel is
a waste material of insufficient quantity to meet
steaming requirements or is of a low calorific
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Fig. 8 Lower-furnace variations of the VU-40 boiler

value or high-moisture content so as to require
supplementary firing.
Fig. 9 illustrates a 500,000 lblhr (63 kgls) VU40 boiler installed in a paper mill. The boiler
can fire pulverized coal, heavy oil, and natural
gas through the tilting tangential firing system.
A row of nozzles located in the front wall directly below the tangential windboxes, introduces a mixture of 65-percent moisture sludge
and 50-percent moisture woodwaste for flash
drying and partial suspension burning. The firing system also includes a continuous-ash-discharge stoker to burn stoker coal and future
woodwaste through combination distributors
- located on the lower front wall. The tilting tangential fuel nozzles, supplemented by an interstage spray desuperheater, make it possible to
achieve the design steam temperature of 900°F
(482°C) with many combinations of fuels. The
location of the tangential windboxes, positioned high in the furnace, affords protection to
the grate should there be occasion to burn
heavy oil or pulverized coal alone. Not only
does the stoker provide the flexibility to burn
stoker-quality coal to 40 percent of full boiler
load, but it also provides retention time in the
furnace to completely combust any oversized or
high-moisture sludge and woodwaste pieces
that fall to the bottom of the furnace.

THE C-E RADIANT BOILER
The C-E radiant boiler (Fig. 10) is a fielderected, top-supported, single-gas-pass, thermal circulation boiler designed for industrial
and small central-station applications for the
1800-psig (12.4 MPa gage) or higher-pressure
steam cycle. The size ranges from 400,000 to
over 4,000,000 lbhr (50 to over 500 kgls) for
non-reheat steam cycles requiring steam temperatures of 1000°F (538OC) at the turbine.
This radiant boiler is designed primarily for
pulverized-coal firing, but waste fuels such as
sawdust, sewage sludge, or prepared municipal
refuse can be fired in combination with the
coal. An economizer section is substituted for
the boiler bank to facilitate efficient heat transfer when operating at 1850-psig (12.8 MPa
gage) or higher superheater-outlet pressure.
Welded-wall construction and external pipe
downcomers complete the circulation system.
In addition to the above type of boiler, there
are many reheat-cycle steam generators producing electricity for large industrial firms, particularly those involved in the production of basic
metals. These units are identical to those described in the previous chapter and are found
in sizes above 100 MW.
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Fig. 9 VU-40 boiler for a paper mill, for pulverized-coal, stoker-coal, heavy oil, suspension-fired wood waste
and sludge, future natural gas and stoker wood waste
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Fig. 10 Pulverized coal-fired radiant boiler, rated 800,000 Iblhr, 1850 psig and 1005°F (100 kgls, 12.8 MPa gage
and 541O C ) at superheater outlet
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THE C-E VU-60 BOILER
The W - 6 0 is a custom-designed boiler that
is built from pre-engineered, modular components (Fig. 11)and is used to fire clean liquid
and gaseous fuels and many waste and byproduct fuels. This bottom-supported, naturalcirculation steam generator is available in
capacities from 100,000Ibhr to 1,000,000 I b h
(13 to 125 kgls), design pressures to 1800 psig
(12.4 MPa gage), and superheater-outlet steam
temperatures to 1005OF (541OC).
Fig. 12 shows the VU-60 arranged for frontwall round-burner firing. Fig. 19, later in this
chapter, is an example of a tangentially fired
VU-60 unit suitable for firing waste liquid and
.gaseous fuels in addition to natural gas-or oil.
The VU-60 is most often designed for pressurized firing, without an induced-draft fan.
The waterwalls consist of panels of 3-in. (76mm) diameter tubes on 4-in. (102-mm)centers,
between which metallic fins are placed and
welded, producing a completely tight furnace
enclosure. Insulation and lagging are applied
directly over the tube panels. This construction
virtually eliminates refractory maintenance because the only refractory material is the floor
tile and a small amount around the watercooled burner openings. Also, tube replacement in the welded wall is simplified because
the 1-in. fin between the tubes allows cir-

cumferential butt welding without springing
adjacent tubes.
SUPERHEATER DESIGN

For steam temperatures above 825°F (440°C),
the superheater is arranged in two stages, with
interstage desuperheating for control of outlet
temperature. Multiloop pendant-type elements
and a center connection in the large-diameter
outlet header assure even distribution of steam
throughout the superheater surface. The construction requires a minimum number of
header joints. Superheater elements are supported from headers located out of the gas
stream above the furnace roof; these headers are
supported by furnace walls and drum.
ACCOMMODATING SOLID FUELS

When solid wastes must be burned along
with gaseous or liquid wastes, a modification of
the VU-60 modular boiler incorporates a continuous-ash-discharge spreader-type stoker
and is bottom-supported (Fig. 13). The VU-60s
("S" signifying a stoker-firing system) has a
normal range of steam production between
75,000 and 300,000 I b h (9 and 38 kgls) with
operating pressures up to 1550 psig (10.7 MPa
gage) at the superheater outlet and total steam
temperatures up to 955OF (513OC). 'Stoker coal,
sludge, biomass or other cellulose fuels suitable for stoker firing can be burned. Supplemental oil, gas or other waste fuels are fired
with either tangential-firing system or frontwall round burners.

a

FIRING REFUSE IN INDUSTRIAL
BOILERS

Fig. 7 1 Pre-engineered modular components of C-E
VU-60 field-erected steam generator
-

Chapter 2 included a discussion of municipal refuse as a fuel. Its value as an alternate energy source is proportional to the effort spent in
"refining" or beneficiating it. And, to a certain
extent, the cost of the boiler that can burn a prepared refuse will be inverse to the amount of
money spent on the removal of metals and glass
and on the size reduction and homogenization
of the refuse.2-13
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Fig. 12 VU-60 unit with front-wall (round) burners for liquid and gaseous fuels

The following describes three distinctly different systems for handling and burning refuse,
and the types
steam-generating
best suited for the specific method. The different systems are:
mass-burning of unprepared refuse
spreader-stoker firing of prepared refuse

suspension firing of prepared refuse
~ ~ b l ~the boiler performance of
all three refuse systems when burning 600 U.S.
tons/day (545 tonnes/day) of refuse. This
mance is for the boiler and emission-control
equipment combined. When comparing complete systems, the initial cost and power re-
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quirements of all installed equipment mnst be
evaluated. Other factors such as revenue from
electrical power generated and products recovered, as well as operation and maintenance
costs, must also be considered to determine the
true cost-effectiveness of the various systems.
MASS-BURNING OF UNPREPARED REFUSE

Fig. 13 C-E VU-60s bottom-supported stoker-fired
boiler for firing liquid, gaseous, or solid fuels

A major refuse-firing system (Fig. 14) is that
for the massiburning of unprepared refuse.
Usually residential and industrial wastes, this
refuse will be referred to as MSW (municipal
solid waste), as described in Chapter 2. As compared to conventional biomass fuels, MSW contains quantifiable amounts of heavy metals and
an unusually high concentration of sulfur and
chlorine. These fuel components dictate that
the design requirements of MSW Steam generators be extremely different from conventional

Table IV. Systems Comparisons*

Fuel Analysis:
% By Weight
Carbon
Hydrogen
w€Fn
Nitrogen
Sulfur
Moisture
Chlorine
h h
Total
HHV, BTUflb.
Steam Flow, L b h
Ekcess Air, O h
Efficiency, %
Temp. to FGCE, OF
FDIOFA Horsepower
ID Fan Horsepower**

Spreader-Stoker
Firing of Prepared

Mass-Burning of
Unprepared Refuse

Refuse (RDF)

Ww)

Suspension
Firing of
Prepared
Refuse

34.00
4.10

26.47
3.08

34.00
4.10

23.47
0.50
0.23
23.00
0.70
14.00

17.62
0.45
0.15
38.50
0.23
13.50

23.47
0.50
0.23
23.00
0.70
14.00

100.00
5785
205,000
50
75.0
350
340
300

100.00
4500
150,000
100
70.4
400
545
420

100.00
5785
210,000
30
76.1
350
335
295

600 U.S.tonstday of fuel fed to each unit;outlet steam conditions: 825OF TST,900 psig; 300°F feedwater
** Includes flue-gas cleaning equipment m)
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Ash

Fig. 14 Flow diagram for mass-burning of municipal refuse

fossil-fuel units. The heating value of municipal solid waste can vary from 2,000 to 7,000
Btullb (4.7 to 16.3 MJkg) with a mean value of
4500 Btullb (10.5 MJkg). As a general rule, production of a given quantity of steam requires
that nearly 3 times as much MSW be burned as
coal (by weight). Use of municipal refuse for
energy production conserves the remaining
supply of fossil fuels and reduces an imposing
mountain of garbage threatening to overwhelm
landfills. However, to insure an adequate life of
a boiler firing MSW, the designer must have an
understanding of the impact of this non-homogeneous fuel on the steam generator.
An MSW steam generator has an inherently
unique design. The heterogeneous nature of
MSW requires long furnace residence time
prior to flue-gas contact with heat-transfer surfaces in order to completely oxidize the fuel.
Complete oxidation will also reduce the potential for corrosive attack of the heating surfaces.
Metal temperatures above 900"F (480 C) accelerate corrosion rates. As a result, the design of
the MSW steam-generator heat-transfer surfaces
should maintain the metal temperatures below
this value. Flyash which deposits on the heattransfer surfaces as it leaves the furnace initiates a secondary corrosion reaction. The

complex chemicals within the flyash catalyze
corrosion reactions involving the sulfur and
chlorine present in the flue gases. These sulfation reaction rates are also temperature-dependent. Therefore, the design of an MSW steam
generator should attempt to reduce flyash carryover and maintain low metal temperatures.
Combustion Engineering employs a top-supported, multiple-pass, natural-circulation
steam generator design to fire MSW (Fig. 15).
The first gas pass is the furnace and is located
directly above the sloped mass-burning grate.
The second, third, and fourth passes contain respectively the evaporator, superheater, and
economizer heat-transfer surfaces necessary to
achieve the specified steam conditions and
heat-absorption requirements. Currently, MSW
boilers are available in sizes up to 750 U.S. tons
(680 tonnes) of refuse per day. A waste-to-energy plant ordinarily will use two, three, or
more such steam-generatorunits.
Located at the front of the steam generators is
a large refuse storage pit common to all of the
units. The pit is sized to provide for the proper
inventory of fuel, generally three-days storage
of the entire plant capacity. Refuse haulers
dump the MSW either directly into the pit or
onto a tipping floor for fuel sorting before enter-

I

I
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ing the pit. Positioned above the pit is a crane.
Normally a clamshell or "orange-peel" type,
this crane is used both to charge the feed chute
of the steam generators and to remove large

non-combustibles (white goods, tree stumps,
engine blocks, etc.) from the waste stream if a
tipping floor is not used. The crane operator is
generally located in an air-conditioned control

Auxiliary Burner

--

Fig. 15 Multiple-pass steam generator with CEIdb grate for mass-burning of municipal refuse
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booth directly above the refuse pit. This allows
the operator to observe the pit area and to visually-inspect the fuel sent to the steam generat o r ( ~ for
) non-combustibles and hazardous
materials. Since MSW is a .highly heterogeneous fuel, the crane also mixes the fuel into a
more homogeneous state. During this process,
the operator can detect non-combustibles and
other unacceptable components. Some operators stockpile paper and cardboard in a corner
of the pit to be used if high-moisture fuel is delivered, in order to balance the heating value of
the fuel charged to thesteam generator.
FUEL-FIRING SYSTEM

As illustrated in Fig. 15, the fuel fed to the
charging hopper of the steam generator drops
by gravity through the charging chute onto the
front of the grate. The charging chute is the
transition from the charging hopper to the
steam-genekator furnace. During normal operation the chute is filled with fuel. This head of
fuel provides the seal between the charging
hopper and the furnace, preventing air infiltration. The charging chute is water-cooled to provide equipment protection should burning
occur within this area. The chute is equipped
with a cut-off gate to provide a positive seal
during boiler start-up and shutdown. A reciprocating ram feeder located directly beneath the
charging chute controls the refuse flow rate
onto the grate. This device regulates the quantity of MSW fuel fed to the grate for combustion. The ram feeder function is similar to a
fuel-oil flow-control valve. The feeder is operated hydraulically and the stroke length, speed,
and frequency can all be controlled and varied
independently of the grate controls.
The CE/db grate, described in detail in Chapter 12, is sized for a heat-release rate of 270,000
to 300,000 BTUlhr-ft2(850,000to 950,000 W/m2)
based upon gross heat input. This low heatrelease rate is necessary to provide for long residence time of the fuel on the grate, long grate
life, and good carbon burnout. The fuel is extremely heterogeneous; at any time it can contain such varied items as cardboard boxes, tires,
grass clippings, leaves, clothes, mattresses or
--

carpeting. The varying size, moisture, and combustibility of each item require different
lengths of time to burn. Therefore, the MSW firing system must provide sufficient agitation,
adequate exposure to oxygen, and long enough
time within the combustion zone of the grate to
maximize fuel burnout.
Normal operation of an MSW steam generator
requires approximately 100-percent excess combustion air. This much air is needed to ensure
that the heterogeneous MSW has sufficient air
to efficiently oxidize the available carbon and
hydrogen. Combustion air is drawn from the pit
and enters the steam generator through one of
two places. Approximately 40 to 60 percent of
the total combustion air is introduced through
the grate surface and is called undergrate air
(UGA). The balance of the combustion air enters through nozzles or ports above the stoker
and is called overfire air (OFA).
The undergrate air can be preheated to aid in
the drying of the fuel on the grate. This is necessary only for extremely wet MSW. A steamcoil air heater after the FD fan is one method
used, because it provides the flexibility to preheat the air as the fuel conditions warrant.
The overfire air can also be preheated; however, cold overfire air is more dense; than hot
OFA and will be able to penetrate deeper into
the furnace. OFA nozzles are located in the furnace front and rear walls above the top of the
fuel bed; the OFA is pressurized to 20-30" WG
(5 to 7.5 kPa) to ensure air penetration and promote thorough mixing of the air with the volatile combustibles leaving the fuel bed.
FURNACE SECTION

The furnace is composed of water-cooled
tubes to form a gas-tight enclosure. Approximately 60 percent of the unit's steam capacity is
generated within the furnace section.
Before introduction of overfire air, approximately 15 feet (4.6m) above the grate surface,
there exist local reducing environments in the
lower furnace. This is because of the incomplete combustion of the volatiles driven off the
MSW fuel on the grate. From a thermal standpoint, carbon-steel tubing can be used in the
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lower furnace since the tube metal temperatures are kept low by choosing operating pressures in the range of 650 to 900 psig (4.5 to 6.2
MPa gage); corresponding furnace wall temperatures are 500 to 550°F (260 to 290°C). However, due to the reducing environment, some
type of waterwall protection, such as a layer of
castable refractory, is required to physically
keep the corrosive gases away from the furnace
waterwalls.
The refractory applied to the lower furnace
waterwalls is high-conductivity silicon carbide
(Sic). This material, which provides excellent
heat-transfer characteristics, reduces waterwall
slagging and is extremely erosion-resistant.
With increased residence time in the furnace
and additional oxidation achieved with the
OFA injection, the flue gases become more oxidizing, eliminating the need for refractory lining of the upper furnace.
The furnace is sized to provide a low flue-gas
velocity and a low exit-gas temperature. A conservative velocity of 18 to 20 ft/sec (5.5 to 6 m/s)
will provide long residence times and low particulate carryover. Less particulate carried over
into the second pass will reduce corrosion and
erosion of the evaporator tubing. A furnace exitgas temperature of 1450°F or 790°C (under
clean furnace-wall conditions) will limit the
corrosion of downstream heat-transfer surfaces,
since the corrosion reaction rate is very temperature dependent.
Auxiliary fuel-firing equipment located in
the furnace can be used to warm the- boiler
before light-off of the MSW; it can also maintain exiting flue-gas temperatures at necessary
levels for proper performance of the emissioncontrol apparatus.

I

SECOND PASS

As shown in Fig. 15, the flue gas leaves the
upper furnace, making a 180" turn through a
waterwall screen section before entering the
second pass. The watercooled second pass contains convective heat-transfer surface, called an
evaporator, arranged in serpentine tube bundles. The evaporator surface serves a two-fold

purpose. First, it absorbs heat from the fl%e gas
to generate nearly 30 percent of the steam capacity, while lowering the flue-gas temperature
to below 1200°F or 650°C (under clean conditions). Second, the evaporator mixes the flue
gas, promoting further oxidation and reducing
stratification.
The evaporator tubes are constructed of carbon steel and are set on wide transverse spacings, which-prevent particulate carried over
from bridging between the evaporator assemblies. To prolong the life of the tubing, conservative flue-gas velocities in the range of 15 to 20
ftlsec (4.5 to 6 mls) are used. Additional tube
thickness above ASME Code requirements provides for extra corrosionlerosion protection.
Through normal operation, the furnace walls
of the MSW steam generator will become
fouled. This causes an increase in the flue-gas
temperatures entering the second pass. The
evaporator acts as a buffer between the furnace
and the superheater, dampening out the temperature increases due to furnace fouling.
SUPERHEATER

The superheater of this multiple-pass boiler
follows the evaporator section. The flue-gas
temperature entering the superheater should be
below 1200"F (650OC) under clean conditions.
This low gas temperature entering the superheater provides for low metal temperatures and
reduced corrosion potential, while still sufficient for superheated steam temperatures of
800 to 830°F (425 to 445 OC). A corrosion allowance is applied to the superheater tubing thickness, and low flue-gas velocities between
20-25 ft/sec (6 to 7.5 m/s) control erosion.
The design of the multiple-pass MSW steam
generator combines a number of mechanisms
that serve to reduce drastically the erosive and
corrosive nature of the flue gas before it enters
the superheater. The two 180-degree flue-gas
turns and the upstream evaporator section mix
the flue gas and- minimize CO stratification.
The low velocities drop out a substantial portion of the flyash into the hopper under the superheater. Therefore, less flyash deposition will
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occur on the superheater tubing. Since the superheater is not exposed to luminous radiation,
the surface metal temperatures will be lower.
Experience has shown that unit performance
degrades with time. This degradation must be
accounted for in the initial boiler design. As the
unit begins to "season", the fouled heat-transfer
surfaces become less efficient and flue-gas temperatures become elevated; the unit will then
have to be shut down for cleaning. Multiplepass units can run for 4,000 to 5,000 hours before elevated gas temperatures require such
shut down. To illustrate this: the flue-gas temperature entering the superheater may be
1150°F (620°C) under clean conditions. After
4000 hours of operation, the temperature will
be approximately 1250°F (675°C). The 100°F
(55°C) increase must be taken into account
when selecting the superheater metallurgy and
desuperheater capacity. The advantage of the
multiple-pass design is that the evaporator acts
as a buffer between the furnace and the superheater, and limits the impact of the fouling on
the superheater. This lengthens the time between outages, thereby increasing unit availability and reducing maintenance costs.
ECONOMIZER

The final heat-recovery component of the
steam generator is the economizer. On a multiple-pass unit, the economizer is located in a
non-watercooled pass following the superheater. The ductwork forming the walls of this
pass is of either carbon steel or low-alloy steel
depending upon the entering flue-gas temperature. The economizer is constructed of bare, inline, carbon-steel tubes. The flue-gas velocity
entering the economizer ranges from 20 to 25 ft/
sec (6 to 7.5 mls). Generally, the economizer is
sized to reduce the exit-gas temperature to
about 400°F (200°C), suitable for optimum operation of the flue-gas treatment and cleaning
equipment. The large heat duty required of the
economizer may result in a steaming condition;
this will be determined in the design stage and
will affect piping and steam-drum internal
arrangements.

REFUSE-DERIVED-FUEL SYSTEM
The refuse-derived-he1 (RDF) wasteto-energy system burns prepared refuse. The degree of ref;se preparation may vary from simple
removal of bulky material and shredding to an
extensive processing system yielding a highly
combustible fuel. One type of processing
system, as illustrated in Fig. 16, is used in conjunction with the Rc-continuous-ash-discharge spreader stoker described in Chapter 12.
The resultant fuel from such a system is normally 100 percent less than 6 inches (150'mm).
95 percent less than 4 inches (100 mm), and 50
percent less than 3 inches (75 mm) in size. The
high heating value of spreader-stoker-fired RDF
can range from 5,000 to 7,000 Btullb (11.6 to
16.3 MJkg). The ash content ranges from 5 to
15 percent; the moisture content will be from
20 to 30 percent by weight, subject to seasonal
variation.
Unlike the MSW steam generator, the RDF
steam generator appears similar to a biomass or
coal-fired unit with a stoker, as illustrated in
Fig. 17. The design features a large single-pass
furnace with pendant superheater surface located at the furnace outlet.
The RDF steam-generator system operates
in concert with a fuel-processing system. The
processing system takes raw refuse and eliminates a portion of the non-combustibles and
sizes the resulting fuel. The prepared fuel is
then delivered into the furnace for combustion
on a stoker.
FUEL-FIRING SYSTEM

Conveyors transfer the RDF from the fuel storage area to the steam-generator area. The RDF
metering system is located at the front of the
steam generator. A number of devices may be
effectively used to meter the fuel. One such device is an auger bin. The bin is equipped with
a series of screws at the bottom to regulate
the flow of RDF into the chutes leading to the
distributors. The distributors are a pneumatic
type using high-pressure air to project the fuel
into the furnace. Even distribution of fuel on
the stoker is essential for efficient operation of
the unit.
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The stoker is sized for a 750,000 to 800,000
Btulhr-ft2 (2,370 to 2,520 kW/m2) grate heatrelease rate based upon gross heat input. This is
slightly more conservative than a normal
stoker-fired boiler burning wood because of the
potential for clinkering and slagging of the
non-combustible ash on the grate. It also results
in less slagging on the lower furnace walls.
Combustion air is introduced as either undergrate air (UGA) or overfire air (OFA) as on an
MSW unit. Normal operation of an RDF steam
generator is with 50- to 60-percent excess air.
About 50 to 70 percent of the total combustion
air is introduced as UGA with the balance being
OFA. One method of introducing the OFA is
through four separate windboxes located in the
corners above the stoker. The tangential OFA
system promotes horizontal mixing and minimizes flue-gas stratification thereby improving
combustion. Such a system will use an OFA
pressure of about 10 to 12" WG (2.5 to 3kPa) to

produce proper penetration into the furnace.
The UGA and OFA are normally preheated so
that all of the combustion air passes through
the air heater to increase u n i t t h e r m a l
efficiency.
FURNACE

The furnaces of the first-generation RDF
steam generators were designed with the same
criteria as conventional biomass units. This resulted in units that were far too small for the
desired output. When operated at their rated
maximum capacities, the units experienced severe plugging, erosion, and corrosion. These
problems demonstrated that an RDF unit needs
its own unique set of design guidelines.
The furnace of the unit in Fig. 17 is composed of water-cooled tubes forming a gartight -enclosure. The tubing is carbon steel, with typical operating pressures in the range of 850 to
950 psig (5.9 to 6.2 MPa gage).
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Fig. 17 Single-pass steam generator with C-E RC grate for burning refuse-derivedfuel
-
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The furnace is sized for a conservative combustion rate of 12,000 to 15,000 Btulhr-ft3
(125,000 to 155,000 W/m3) and a flue-gas temperature entering the superheater of approximately 1550 to 1600°F (840 to 870°C). These
criteria are more conservative than conventional biomass-unit designs with values of
20,000 Btulhr-ft3 (205,000 w/m3) for combustion rate and approximately 1700 to 1800°F
(925 to 980°C) gas temperature entering the superheater. The low combustion rate provides
approximately 40 percent more furnace volume
than a biomass-unit allowing more retention
time for gas mixingand complete combustion.
In the RDF steam generator, the first heattransfer surface is normally the superheater, but
may in some cases be waterwall screen surface.
The furnace is sized to meet the conservative
combustion rate; however, this may not provide
the desired flue-gas temperature entering the
superheater. The addition of waterwall screens
before the superheater is a means to drop,the
flue-gas temperature entering the superheater
without increasing furnace height. The screens
also act as a buffer to maintain the gas temperature entering the superheater after dirtying of
the furnace takes place, similar to the action
of the evaporator tubes in an MSW unit.
The screen assemblies are placed on wide
transverse spacings and the tubes are tangent
in the direction of gas flow to minimize
ash deposition.
SUPERHEATER

To reduce metal temperatures in the superheater, it is located above the furnace nose arch
to shield it from the direct radiation of the furnace. The flue-gas velocity entering the superheater is about 25 ftlsec (7.5 mls) to minimize
erosion. The superheater may be either a oneor two-stage design depending upon the outlet
steam conditions specified. The two-stage
design is normally employed for outlet steam
temperatures above 725 OF (385"C) and incorporates an interstage desuperheater for final
steam-temperature control. The two stages may
be arranged in either counterflow or parallel
flow of steam with respect to flue-gas flow. A

parallel-flow arrangement is most often used in
the first stage to lower the metal temperatures; a
counterflow arrangement will experience
higher metal temperatures but will also maximize heat transfer. The decision as to which arrangement to use must be made based upon the
particular steam-temperature control range requirements.
BOILER BANK..'

Following the superheater is the next heatrecovery component, the boiler bank. This section acts as a heat sink to reduce the flue-gas
temperature to below 850°F (450°C) so that the
backpass of the steam generator does not need
watercooled walls. The boiler bank contains a
steam-water mixture; the heat it absorbs generates approximately 30 percent of the steam capacity of the unit.
The drum centerline distances and tube spacings may be varied to provide for a maximum
velocity entering the boiler bank of approximately 30 ftlsec (9 m/s). A minimum clear
space of 2112 in. (65 mm) is recommended between the boiler tubes perpendicular to the gas
flow. An erosion/corrosion tube-thickness allowance above the ASME Code-required thickness can be used to extend tube life.
HEAT-RECOVERY EQUIPMENT

Economizers for RDF units are the in-line
bare-tube type. Carbon-steel tubing is used because of the relatively low gas temperature. A
transverse clear spacing of at least 2 in. (50 mm)
is provided to maintain an entering velocity of
about 35 ftlsec (10.5 d s ) to minimize erosion
and reduce the potential for pluggage. Again,
thickness above that dictated by the ASME
Code is recommended to prolong tube life. The
economizer should be arranged in banks separated by large access cavities for maintenance access and sootblower locations. Rotary
sootblowers are used due to the low flue-gas
temperature encountered in this area. Counterflow of water to flue-gas maximizes heat transfer. Depending upon the incoming feedwater
temperature and the exit-gas temperature specified entering the flue-gas cleaning equipment,
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this may be the final heat-transfer surface.
Otherwise, a tubular or regenerative air heater
will be the terminal heat-recovery device.
SUSPENSION FIRING OF PREPARED REFUSE

For suspension firing, refuse must be reduced to a maximum size of 2 in. x 2 in. (50
mm x 50 mm) so that it burns uniformly in suspension. Such size reduction also allows pneumatic conveying to the furnace.
Fig. 18 illustrates a typical preparation system for suspension firing. C-E uses its tangential system for 100-percent suspension firing.
As described in Chapter 12, the refuse and
heated air are directed tangent to a circle in the
center of the furnace. Fuel and air are mixed in
a single fireball, aiding in even distribution
wfthin the furnace. The lighter fraction of the
refuse quickly burns in suspension. The larger
and more dense refuse material will not remain
suspended'by the air and will fall to the furnace
bottom, where a grate is provided to complete
the combustion of this material. Several rows of
tangentially directed air nozzles are located between the fuel compartments and the stoker.
These nozzles maximize the suspension burning of the heavier refuse material as it falls to
the grate at the furnace bottom.

For this firing system, boilers able to burn up
to 1500 U.S. tonstday (1360 tonnes) of refuse
can be designed for steam conditions to 825OF
(440°C) total steam temperature. Once again, the total-steam-temperature limitation is imposed to avoid excessive superheater corrosion
which increases significantly as the tube metal
temperatures approach 900" F (480°C).
The superheater temperature limitation applies to 100-percent refuse-fired boilers regardless of the type of firing systems used. In units
deriving 20 percent or less of the total heat from
refuse when fired in combination with pulverized coal, the superheater metal temperature
may be higher without developing excessive
corrosion rates. It is believed that the reducedcorrosion rate with PC firing is a result of the
neutralizing effect of the coal ash in combination with the reduced refuse-fuel quantity.
FURNACE AND CONVECTIVE SYSTEM DESIGN

The furnace of a suspension-fired boiler is
sized for a gas temperature at the superheater of
1600°F (870°C)to avoid ash build-up and plugging of the convective heating surface. The convective surface must therefore be designed with
wide tube spacing so ash build-up between
sootblowing cycles cannot bridge from tube to

Emission Control System

Fig. 18 Preparation system for suspension firing of municipal refuse
.-
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tube. In-line tube arrangements will assure the
cleanability of all tube surfaces using retractable sootblowers.
When it is not possible to lower the flue-gas
temperature of the boiler bank to about 600°F
(315"C), an economizer cools the combustion
gases. The final heat-recovery equipment is an
air preheater designed to provide the optimum
temperature for the gas-cleaning equipment.

BOILERS FOR FIRING
BYPRODUCT FUELS
+

- Many boilers used for process purposes and
power production can be designed to fire waste
byproduct fuels in order to
reduce disposal cost
meet environmental requirements, or
reduce usage of high-cost prime fuels
The VU-40, VU-60, and shop-assembled
boilers (described later in this chapter) have
a long history of being used in this ri3le. This
section covers only a few of the many byproduct fuels and their associated impact on steamgenerator and firing-system design. Others
are found in Chapter 8 of the 1981 Edition of
COMBUSTION: Fossil Power Systems.
CATEGORIZATION OF WASTE AND
BYPRODUCT FUELS

Waste gases and byproduct fuels may be characterized as solid, liquid, and gaseous in terms
of the state in which they are fired. Data on
their chemical composition and calorific value
are included in Chapter 2. Solid waste fuels are
generally handled and burned in stoker-fired,
fluidized-bed, or suspended-fuel-fired arrangements: liquids, in atomized form. Except for
special cases, these do not differ appreciably
from the handling of coal or oil. Gaseous waste
and byproduct fuels, on the other hand, may require special treatment.
Relatively clean, and differing from natural
gases mainly in volumetric heat content, refinery gas and coke-oven gas require only minor
changes in firing-system design. In general,

fuel gases with heat contents higher than 500
Btulcu ft (18.6 MJ/m3) are easily handled by
burners of the same type as used for natural gas.
With gases of heating value less than 250 Btul
cu ft ( 9 . 3 ~ J / m ~
consideration
),
should be given
to firing systems of high volumetric capacity,
such as tangential firing.
The large percentages of inert gases or dust
carryover differentiate waste gaseous fuels from
natural gas and from each other. Most problems
involved with these gases are typified in the
handling of steel and copper reverberatory
gases, blast-furnace and open-hearth furnace
gases, catalytic-cracker regenerator gas, and
gases from cement kilns. The degree to which
the inerts are present, and the quantity, size,
and character of the solid, strongly influence
the boiler design for a given application.
BOILERS FOR BLAST-FURNACE GAS

Blast-furnace gas is a dust-laden byproduct of
the iron reduction process. It is valuable for its
high carbon-monoxide content, which varies
widely with the furnace charge and affects the
heating value of the gas, which can range from
65 to 110 Btu/cu ft (2400 to 4100 KJ/m3).
The dust carried over is mostly iron oxide
which can foul gas mains, firing systems, boiler
furnaces, and convection heating surfaces. To
extend and improve availability of equipment,
the blast-furnace gas may undergo as many as
three stages of cleaning. The first stage is a simple mechanical separation; the second, a primary spray washing; and the third, either a
more vigorous washing or an electrostatic separation. The dust load .after the first stage of
cleaning may range from 5 to 8 grains/cu ft. (11
to 18 grams/mk3).This is reduced to 0.3 to 1.0
grainlcu ft (0.7 to 2.3 g/m3) in the second stage
and, in the final stage, to 0.005 to 0.01 grain1
cu ft. (0.01to 0.02 g/m3).
Boilers designed for steel-making service
must be able to respond to very rapid load
changes. When fired by blast-furnace or coke- oven gas, they are further subject to quick
changes in the availability of these fuels. For
this reason, a supplemental fuel is required.
The fuel must rapidly pick up load to maintain
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continuity of steam-generator operation.
Unlike designs for fossil fuels, the design of a
boiler for blast-furnace-gas operation involves
many variables. As a first consideration, thequantity of solid carryover in the gas may permit a unit which is as simple and as compact as
those used exclusively for natural-gas or oil firing. Conversely, it may require a unit of large
size, freely hoppered and provided with as
many soot-cleaning devices as a pulverizedcoal-fired boiler.
Second, the low calorific value results in
1500 to 1600 l b h r of combustion products for
each million Btu fired (645 to 690 kg/hr per
million joules fired). This compares with the
850 to 950 l b h r of products per million Btu for
oil and gas (365 to 410 kghr per million joules)
and 950 to 1050 l b h r of products per million
Btu (410 to 450 k g h r per million joules) of coal
fired. For a given evaporation, the quantity of
products passing through a boiler varies considerably as fuels are changed. This means that
the control of the steam temperature for units
having high-temperature superheaters becomes
a critical consideration. Design conditions are
made more difficult because of the erratic availability of the blast-furnace gas, which creates
the need to hold steam temperature constant
under conditions in which it would tend to
swing as much as 100°F (5s0C) in seconds.
This problem is normally handled by steamtemperature control devices such as spray or
gas-recirculation.
There is an additional problem of handling
the simultaneous burning of a number of fuels
in the same furnace with blast-furnace gas.
Tangentially-fired units of the type shown in
Figs. 4 and 19 can be adapted easily to fire
blast-furnace gas along with several other fuels.
BOILERS FOR REFINERY
REGENERATOR GAS

In the petroleum-refining industry, one of the
major processes for producing gasoline is catalytic cracking. It is necessary to regenerate the
catalyst continuously to maintain optimum output in steady-flow catalytic processes. The process of regeneration involves the removal of
.-

coke deposited on the catalyst in the cracking
operation. It is accomplished in a regenerator, a
large vessel in which compressed air circulates
andscours the hot catalyst to burn off the coke
and return the catalyst to the reactor for reuse.
For this cleaning, large quantities of air must be
raised to a pressure as high as 25 psig (170 kPa).
At the same time, to minimize compression
costs and to keep the temperature within the regenerator to a level which will not destroy catalyst activity, the quantity of air is limited to the
smallest amount that will effectively clean the
catalyst.
These combustion conditions produce an appreciable amount of carbon monoxide. This
gas, which may leave the regenerator at temperatures as high as 1125OF (610°C), contains a
large amount of sensible heat, although it may
have a heating value below 40 Btulcu ft (1500
kJ/m3) with a carbon monoxide content from
4 to 10 percent. Unable to support its own
combustion under ordinary conditions, regenerator waste gas, also called "CO gas'', requires
a supplemental fuel such as refinery gas, oil,
or natural gas.
Boilers have been designed to burn this regenerator gas to supply steam at pressures and
temperatures suitable for power generation and
process use. At the same time, these boilers
reduce the potential for atmospheric pollution
by oxidizing the carbon monoxide and hydrocarbon content of regenerator waste gas. A tangentially fired VU-60 boiler for burning this
gas is shown in Fig. 19.
The main differences between boilers burning regenerator waste gas and conventional
fuel-fired units stem from the nature of the gas
and the fact that its full flow must be handled
by the boiler at all times. A conventional boiler
generally maintains a fixed fuel-air ratio
throughout its load range and is capable of
wide variation within this range. On the other
hand, a boiler handling regenerator waste gas
begins with a minimum steam output corresponding to the minimum fuel fired for stable
and complete combustion. Steam output can be
varied from this minimum condition in only
one direction, that is, upward.
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An important feature of the waste-regenerator
gas boiler is the use of fixed tangential firing.
The waste gas, stabilizing fuel, and air are divided into several streams which are directed
from the corners of the lower furnace. Concentration of the windboxes in the lower part of the
furnace provides more heat for ignition as well
as longer gas travel; location in quiescent cor-

ner positions assures positive ignition during
all operating modes.
BOILERS FOR SLUDGE

The disposal of various sludges in boilers is
receiving increased attention as conventional
sludge disposal methods become energy intensive and dumping is banned. There are a

I
Fig. 19 VU-60 unit with tangentialfiring system suitable for firing liquid and gaseous prime and waste fuels
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variety of sludges produced as process or sewage-treatment residue; they are very high in
moisture content, and contain lignins, fibers,
- combustible organic compounds and ash. It is
possible to dispose of most of them in solidfuel-fired boilers. There can even be a net gain
in heat delivered to the boiler; i.e., the chemical
heat in the sludge exceeds the latent heat of vaporization required to evaporate the moisture in
the sludge. The quantity of sludge that can be
disposed of will be maximized by removing the
greatest amount of moisture before delivering it
to the boiler. If the moisture is removed mechanically, the boiler thermal efficiency will be
increased.
Another way to maximize the quantity of
sludge to be fired is by the incorporation of a
flash-drying system. This system is shown in

Fig. 20. Hot flue gas is taken from the boiler
convection-bank outlet and routed to a flash
drier where it is used to reduce the moisture
content of the sludge. Moisture can be reduced
from 80 to 15 percent under optimum conditions. The dried sludge and cooled gas at approximately 300°F (150°C) are separated in a
cyclone. The dried sludge is conveyed pneumatically to the furnace for suspension burning
and the cooled gas is ducted to the furnace
where it is deodorized by the combustion process. The high volatile, low fixed-carbon, and
low moisture contents of flash-dried sludge
make this an ideal material for suspension
burning.
BURNING OF SHREDDED RUBBER

Another category of solid waste fuels that are
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Fig. 20 Flash-drying and suspension-firing system for burning process or sewage sludge
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available is shredded rubber from scrap tires.
Rubber tires are a nuisance in that they work
their way to the surface in sanitary land fills so
they present a continual disposal problem.
Shredding the tires solves this problem, but the
tires still add a considerable volume to our
shrinking solid waste disposal areas. It has been
estimated that the tire scrappage rate averages
250 million tires a year. With an average heating value of 15,000 Btullb (35 MJkg), shredded
rubber has a considerable potential as a fuel.
Currently, the most common method to burn
shredded tires is by mixing them with biomass
or co,al to be fired on a spreader stoker. The upper limit for tires in this case is 15 to 20 percent
on a weight basis.
INCINERATION OF PULP-MILLWASTE
STREAMS

To reduce effluent discharge, various waste
gases and liquids in pulp mills are often incinerated in the plant's steam generators. These can
include total reduced sulfur (TRS) compounds,
stripper gas, liquid methanol, and turpentine.
Most often, the quantities are small and can be
accommodated by modest changes in the fuelfiring system and its associated control and
safety system.

STEAM GENERATORS FOR
GAS-TURBINE HEAT RECOVERY

-

Gas turbines have been widely used to provide standby or peaking power for electric utilities, or for unattended service in remote
locations. As described in Chapter 1,the thermal efficiency is low because of high exit-gas
temperatures (800 to 1000°F, or 425 to 540°C)
and high excess-air levels (220 to 300 percent)
in the combustion products. The thermal energy remaining in the exhaust gas can be recovered in a heat-recovery boiler to produce
additional electricity using a steam-turbine
generator. The combined output of electricity
from-the gas turbine and the steam turbine is
- 30 to 50 percent greater than that obtained
from the gas turbine alone, with no additional
fuel input.

Combined-cycle power plants for industrial
power-generation applications have much
higher thermal efficiencies than conventional
steam power plants with the same steam conditions. In general, the high thermal efficiency of
a combined-cycle plant can be economically
exploited if liquid or gaseous fuels are readily
available and the unit can be operated continuously or operated on an interruptible basis at
least 50 percent of the time at full power. Chapter 1 identified the four major classifications of
combined cycles and their associated heat
rates. The two most commonly used cycles for
industry employ unfired or supplementary
fired heat-recovery steam generators (HRSG's).
Supplementary fired heat-recovery steam
generators use firing equipment located in the
exhaust gas stream in the boiler inlet transition
duct. Since gas-turbine exhaust contains 75 to
80 percent of the oxygen normally found in atmospheric air, fuel may be burned without the
need for additional fresh air. By using duct
burners, gas-turbine exhaust temperatures can
be increased to 2500 to 1600°F (815 to 870°C)
with a consequent reduction in the oxygen content of the exhaust gas from 15 percent to 11
percent. Supplementary firing generally doubles the steam output of the heat-recovery
boiler by providing a mechanism for varying
steam production and matching process-steam
demand, independent of the gas-turbine electricity production.
Most applications of HRSG's to gas-turbines
of greater than 20 MW generate steam at two or
three pressure levels. High-pressure steam (600
to 1800 psig, or 4.1 to 12.4 MPa gage) usually
drives a steam-turbine generator. Intermediatepressure steam (200 to 400 psig, or 1.4 to 2.8
MPa gage) is used for process steam in a plant
or is injected into the gas-turbine combustor to
reduce NO, emissions. Low-pressure steam (5
psig to 120 psig, or 35 to 825 kPa gage) is used
for plant processes or feedwater heating in a deaerator. An increasing number of installation~
induce intermediate-pressure steam for additional power recovery in the low-pressure
stages of a steam turbine. Certain gas-turbines
can accept steam into the power turbine to en-
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hance power output when plant steam demand
is low, but electrical demand is high. The heatrecovery steam generator may also incorporate
additional water-heating sections for condensate preheating or for high-temperature water
for fuel heating or other plant processes.
In some locations, air-quality authorities
have imposed very stringent requirements for
NO, emissions from gas turbines. In many
cases, these requirements virtually mandate the
use of NO,-reduction catalysts in the turbine exhaust steam. These catalyst assemblies operate
in a narrow temperatufe range that is lower than
the turbine exhaust-gas temperature. The presence of an HRSG is an asset in the strategy to
control emissions since the NO,-reduction catalyst may be located in the appropriate temperature zone between sections of heat-exchange
surface in the boiler.
STEAM-GENERATOR DESIGNS

The basic principles for selecting heat-recovery steam-generating equipment are similar to
those for conventional utility and' industrial
boilers. However, the designer must be aware of
the entire system arrangement in order to intdgrate the steam generator properly within the
overall plant. Although cycle efficiency and
economics generally determine the basic cycle
conditions, the designer is typically faced with
a matrix of conditions which determine the optimum design. These conditions include a
wide range of thermal performance parameters,
dictated by varying ambient conditions and
steam load requirements, limitations on capital
cost, and restrictions on available space. In pursuing a solution to the demands of a specific
application, three aspects of the-boiler design
process dominate: (1) extensive use of externally finned tubing for maximum convective
heat recovery, (2) an emphasis on low gas-side
pressure loss to limit the gas-turbine fuel-rate
penalty associated with increased backpressure
on the gas turbine, and (3) distribution of heatrecovery surface in multiple sections to achieve
optimum heat transfer at each temperature level
through the boiler.

BOILER CONFIGURATION

Waste-heat boilers in gas-turbine exhaust service can be configured with gas flow in the hor-izontal or vertical direction. Vertical gas-flow
units permit an arrangement of equipment in
the exhaust flow path that occupies less floor
space but requires extensive steel support structure. Horizontal gas-flow units generally cover
a greater plan area, but afford much better access for maintenance of boiler parts, duct burners, catalyst elements, and other equipment
that may be associated with the HRSG.
Boilers with vertical gas flow usually employ
horizontal tubes connected by return bends
with the tubes supported at several locations
along the length of the tube by tube sheets, as
illustrated in Fig. 21. Most of these applications
require a circulating pump in the steam-generating sections of the boiler. The circulating
pump ensures uniform distribution of water to
multiple parallel steam-generating circuits.
Pumps are usually sized to maintain a circulation ratio of 4 to 1 at the maximum steaming
condition.
Boilers with horizontal gas flow use vertical
tubes connected to headers at the top and bottom (Fig. 22). The tube and header assemblies
may be either top-supported or bottom-supported. Although the tubes are self-supporting
in the vertical direction, lateral restraints are required to control gas-flow-induced vibrations.
Natural circulation in the steam-generating sections provides high circulation ratios without
the use of pumps.
A simplified flow diagram (Fig. 23) for a
triple-pressure HRSG illustrates the way in
which heat-absorbing sections operating at
certain temperature levels are located in the gas
stream to minimize the amount of heat-transfer
surface required. There are ten discrete heatexchange sections distributed in descending
order based on the gas temperature available
and the fluid temperature requirements. Note
that the intermediate-pressure generating
bank and economizer sections are intermeshed
with sections of the high-pressure economizer
to optimize boiler performance.

.-
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Fig. 21 Unfired steam generator for recoveringheat from gas-turbine exhaust

The two critical temperature differences that
influence the amount of heat-transfer surface
and the overall steam generated at each pressure level are the:
Pinch point: The difference between the gas
temperature leaving an evaporating section and
the temperature at which boiling is occurring
(saturated-water temperature).
Approach temperature: The difference between the saturated-water temperature in an
evaporating section and the incoming feedwater temperature.
The pinch point strongly influences the
amount of heat-transfer surface in the evaporating section. Current HRSG designs use pinch
points in the 15 to 25 " F (8 to 14°C) range. In
general, these boilers have 50 percent more surface in the evaporating section than boilers with
pinch points of 40 to 50°F (22 to 28°C).
The approach temperature also influences
the amount of surface required for an economizer section, with exponentially increasing
amounts required for very low approach tem-

peratures. Current HRSG economizers have
approach temperatures in the 15 to 25°F (8 to
14°C)range at the design point. Many other operating conditions can occur at off-design
points, including start-up. Some conditions
will result in steaming at the exit of the economizer, such that it acts as evaporative surface.
Specific provisions to accommodate steaming at levels up to 5 percent of total flow in an
economizer include: (1) careful control of water
distribution in the last downflow passes of the
economizer to cause that portion of the economizer to behave as a forced-circulation evaporator, or (2) configuring the last few passes of the
economizer as entirely upflow, with relief by
natural circulation into the steam drum.
The triple-pressure HRSG temperature diagram shown in Fig. 23 illustrates the distribution of heat-exchanger sections and t h e
associated temperature differences between exhaust-gas and water and steam temperatures.
Pinch points can be observed as a relatively
small temperature difference at the right-hand
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Fig. 22 Horizontal-gas-flow heat-recovery steam generator with supplemental firing in duct
from gas turbine
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Fig. 23 Temperature profile of unfired heat-recovery steam generator with three operating-pressure levels

side of each evaporating bank section. Approach temperatures are illustrated as the difference between the water temperature leaving
the last section of each economizer and the saturated-water temperature. Note that the highpressure economizer is divided into three
separate sections to provide appropriate temperature zones for the intermediate-pressure
superheater, evaporator and economizer.
TYPICAL CONSTRUCTION FEATURES

The triple-pressure HRSG shown in Fig. 22
illustrates equipment normally included in the
scope of supply of the boiler supplier:
expansion joint at gas-turbine exhaust interface
single-blade exhaust diverter valve
bypass stack with silencer
inlet transition duct with flow corrective
devices
duct burner
heat-recovery steam-generator modules
steam drums
access ladders and platforms
exhaust stack
Insulation is placed on the inside of all duct

sections and boiler casing sections, thereby allowing the use of carbon steel casing plate and
stiffeners, and minimizing the thermal growth
of the overall boiler structure. A system of internal liner plates protects the insulation from gas
flow. These plates are segmented for individual
thermal expansion and overlapped 'in the direction of gas flow. All boiler pressure parts are
supported in ways that allow complete freedom
for thermal expansion relative to the casing and
support structure.
FIRED STEAM GENERATORS SUPPLIED
WITH GAS-TURBINE EXHAUST

Normally containing 75 to 80 percent of the
oxygen found in free atmospheric air, gas-turbine exhaust can concurrently supply to the
furnace of a steam generator both sensible heat
and oxygen for the combustion of a fuel. The
design and operation of such boilers vary considerably, depending upon the ratio of the total
exhaust flow to .the amount necessary for oxidizing the supplementary fuel needed for a
given evaporation. Combustion air preheaters
are not used because of the already high level of
preheat represented by the 700" to 900°F (370"
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Fig. 24 Boiler designed for supplementary firing in conjunction with gas-turbine combined cycle

to 480°C) temperature of the exhaust gases.
Supplementary-fired steam generators (Fig.
24) using most of the oxygen in the turbine exhaust are of the same design and size as units
using outside air through forced-draft fans. The
stack temperature on such a unit can be
dropped economically to within 100°F (5s0C)
of the incoming feedwater temperature. Since
the boiler is sized for a flue gas weight based
on fresh-air firing, a portion of the gas turbine
exhaust is by-passed. This portion of the exhaust is cooled by passing over a separate steam
generating bank, to the same temperature as the
gases passing through the boiler, and then proceeds to final heat recovery in the economizer.
In such a cycle, gas-turbine and boiler sizes
must be matched closely to obtain a high ratio
of feedwater flow to gas-turbine exhaust flow.
Because all gas-turbinehoiler applications
involve the recovery of sensible heat, the usual
concept of boiler efficiency loses its significance. Customary practice, therefore, is to eval-

uate performance of combined-cycle boilers on
the basis of stack temperature. The overall station heat balance is determined using the calculated value of fuel fired in the boiler (rather
than boiler efficiency as such), in addition to
the fuel fired in the gas turbine.
HRSG'S FOR INCINERATOR GAS

Some firing systems for municipal refuse use
grates or rotary kilns in conjunction with refractory furnaces. In the past, quench chambers
were often used to cool the gases before they entered the particulate-removal device. An alternative is to incorporate a waste-heat boiler with
the capability to recover sensible heat in order
to generate steam for power or process needs.
Energy-recovery boilers designed for this
purpose [Figure 25) include a water-cooled
chamber to reduce the flue gas to below its ashsoftening temperature. The flue gas from the incinerator will have the same physical and

Fig. 25 Heat-recovery boiler with water-cooled furnace for temperature reduction of gases from
refuse-fired incinerator

chemical properties as previously discussed for
refuse-fired boilers. Therefore, it is important
that conservative tube spacings, low velocities,
proper erosion and corrosion tube-thickness allowances and other refuse-boiler guidelines be
used diligently in the design of these wasteheat boilers.

SHOP-ASSEMBLED BOILERS

The growth of oil and gas suspension-fired
shop-assembled boilers since their introduction in the early 1950's has paralleled industry's
demand for higher capacities, pressures and
temperatures. The evolution of the boiler line
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Fig. 26 Size and capacity growth of the VP boiler

has been from 20,000 lb of steam per hour (2.5
kgls) before 1950 to approximately 600,000 Ibsl
hr (75 kgls) in the late 1970's. As an example,
Fig. 26 shows the evolution of the VP (D type)
boiler. Steam pressures and temperatures have
kept pace with this capacity growth, from the
saturated-steam conditions of the 1950's to today's operating pressures of 1650 psig (11.4
MPa gage) and steam temperatures of 950°F
(510O C) .
As compared with a field-erected unit, the
most significant advantage of the shop-assembled boiler is its lower installed cost. This differential comes from the development of
standard designs with maximum use of standardized fabrication procedures and minimum
field-installation costs.
Shop-assembled boilers can be furnished
with integrated auxiliary equipment. The lower
capacity units are shipped completely packaged with fuel-burning equipment, safety and
combustion controls, and boiler trim. m2ause
of shipping clearance limitations, it is not al-

ways possible or desirable to furnish the highercapacity boilers in a single package. With
higher capacity units it may also be desirable to
use heat-recovery equipment which is shipped
as a separate package.
Most shop-assembled water-tube boilers use
thermal circulation and are designed for pressurized firing. Shipping clearances determine
the allowable height and width dimensions of
an assembled unit. Usually, the allowable shipping length is greater than can be effectively
used. One of the problems of the designer,
therefore, is to use the available height and
width to best advantage.
The burnerlfurnace design must be properly
coordinated, and burners have been developed
specifically for shop-assembled boilers. Having
a relatively narrow flame pattern, these burners
are designed to burn the fuel completely within
the necessarily limited, though sufficient,
clearance dimensions from the burner centerline to the furnace walls.
Shop-assembled boilers typically use exten-
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sive water-cooled surface. This heat-absorbing
surface that "sees" the flame determines the
temperature of the combustion gases leaving
the furnace. Liberal use of water cooling on the
furnace walls, roof, and floor not only reduces
the furnace temperature but also minimizes furnace refractory and its attendant maintenance.
With a completely welded tube-wall enclosure,
the result is highly desirable uniform cubical
thermal expansion.
The amount of furnace volume or heatrelease ratelcu ft of furnace volume bears no direct relationship to the furnace exit temperatures; the amount of water-cooled furnace
surface or the heat-release rate per sq ft or mZis
the valid criterion for determining furnace conditions. Typically, the furnace heat-release
rates when firing oil and gas range from
175,000 to 200,000 Btulhr-ft2 (550,000 to
630,000 W/mZ)of EPRS (effective projected radiant surface).
Size and furnace configuration for these
package boilers result in a ratio of radiant surface to furnace volume which is greater than for
the larger field-erected units. This permits considerably higher furnace liberation rateslcu ft of
furnace volume.
The need to limit gas-side draft loss usually
determines the flue-gas velocities for gas- or
oil-fired shop-assembled boilers. Velocities can
go as high as 100 fps (30 mls) and result in draft
losses of 10 to 15" WG (2.5 to 3.8 kPa).
Convection tube spacing is not critical in
shop-assembled units as the f u d s generally
have little or no ash. However, the designer still
must be cognizant of peculiarities in certain fuels such as high-sodium, high-vanadium residual oils which can form tacky deposits at
approximately 1100°F (590OC). In this case,
tube spacing and sootblower arrangement must
be properly factored into the design.
The enclosing casing structure of shopassembled boilers, including- the integral
- base
plate, serves several functions. It is designed to
eliminate objectionable gas leakage under
maximum pressure conditions. Also, it must
have sufficient structural strength for the necessary handling and lifting during manufacture,

in transit, and at the installation site. Permanent or detachable lifting lugs are provided to
facilitate handling. Many oil- and gas-fired assembled units require only a suitably reinforced-concrete slab or curb for foundation.
THE C-E VP AND A-TYPE UNITS

A typical shop-assembled boiler configuration (Fig. 27) is the C-E VP, which is a D-shape
design with a two-drum, vertical bent-tube
boiler bank, and water-cooled furnace. These
units can be designed to generate as much as
600,000 pounds per hour (75 kgls) of steam.
The VP has welded-wall construction, unheated downcorners, and a combination radiant-convection superheater which produces a
flat steam-temperature characteristic. It can be
rail-shipped in two sections for capacities up to
240,000 lblhr (30 kgls); larger VP units are
shipped over waterways on large barges.
Another shop-assembled boiler is the A type
(Figs. 28 and 29) which can generate as much
as 300,000 pounds of steam per hour (38 kgls).
The A boiler is a three-drum design with one
upper (steam) drum and two lower drums. Its
symmetry makes the A design ideal for rail
shipment because ballast is not needed. This
simplifies off-loading and handling.
Both the A and VP designs have boiler banks
with a multiplicity of simple tube circuits starting at the lower drum(s) and terminating in the
steam drum. Expanded tube joints have proven
most practical to connect these relatively closespaced tubes into the drums. One factor which
determines the thickness of drum tube sheets is
the width of the ligaments between tube holes,
as described in Chapter 6. To achieve the maximum ligament efficiency and minimum drum
thickness with these close-spaced tubes, the
tube ends are frequently swaged to a smaller diameter in order to reduce the required tubehole size.
HEAT-RECOVERY EQUIPMENT

Most shop-assembled boilers include equipment to increase overall boiler efficiency and
save substantial fuel by recovering heat from the
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Fig. 27 C-E VP, a D-type shop-assembled boiler

flue gases leaving the generating equipment. In
most cases this heat-recovery equipment can be
shipped as a complete, but separate, package. ,
A counterflow arrangement of flue gas and
feedwater for an economizer, or of flue gas and
combustion air for an air preheater, results in
the most effective use of the heat-recovery surface (see Chapter 6). With high-sulfur fuels, the
possibility of corrosion of the cold-end surfaces
should be considered, with either an economizer or an air preheater.
Because the gas-side transfer rate in an economizer is relatively low compared with waterside rate, the metal temperature of the cold-end
of a counterflow economizer is only slightly
above the entering feedwater temperature. With
high-sulfur fuels, an economizer is usually not
advisable unless the feedwater temperature
exceeds 250°F (220°C).
The degree and frequency of partial-load operation are most significant in establishing the
optimum air-heater selection. Packaged regenerative air preheaters are designed with reversFig. 28 C-E Type A shop-assembled boiler
ible and replaceable cold-end layers fabricated
-
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Fig. 29 Shop-assembled units like this A boiler are manufactured under controlled indoor conditions

of corrosion-resistant material to minimize
maintenance.
SHOP-ASSEMBLED WASTE-HEAT

Although applied primarily to fuel-fired
boilers, shop assembly is also applicable to
heat-recovew steam generators
and waste-heat
boilers. Unless there is some special consideration, such as auxiliary firing, these units are
built without a furnace preceding the boiler
convection surface.
The temperature of waste gas and the constituents in gas must be carefully evaluated in establishing the design of waste-heat boilers. The
chemical analysis, dust loading, and slagging
characteristics all affect arrangement of the
boiler surface.
Because most oil- or gas-fired shop-assembled boilers are pressure fired, the forced-draft

fan overcomes resistances to gas flow throughout the boiler, whereas with many waste-heat
units these resistances are overcome by an induced-draft fan. The usually large volume of
gases to be handled makes dksignfor low draft
losses desirable to minimize the power requirements of the ID-fan driver.
ECONOMICS OF SHOP-ASSEMBLY

Installation of two or more shop-assembled
units instead of a single large field-erected unit
aids in load flexibility and scheduling maintenance. Other factors such as limited available
headroom for the installation of a field-erected
boiler, or much shorter delivery time for a shopassembled unit, are also important considerations. But the main reason to select
a shop-assembled boiler is its low overall
installed cost.
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Fig. 30 Type A boiler loaded on Schnabel car

Standardization is the key to reduced costs:
most shop-assembled boilers are pre-engineered. In setting up a line of standard boilers,
it is necessary initially to consider all possible
variables. Design conditions such as capacity
a n d operating pressure are varied in increments. Physical variables such as terminal
connection locations may be varied to some
limited extent.
SAVINGS IN MANUFACTURINGAND ERECTION

Standarization of design, then, saves time
and money prior to actual fabrication of a shopassembled unit. But the greatest savings with
shop-assembled boilers is in manufacturing.
Standard shop-assembled boilers are built under controlled conditions which permit a highquality product at low cost (Fig. 29). The
enclosed assembly area is arranged for optimum materials flow both of parts fabricated for
individual units and for parts and materials to
be taken from stock. Likewise, delays from adverse weather conditions are not encountered.
Aside from the obvious elimination of field
erection costs, there are supplementary advantages that further reduce the installation costs
-

and time. Most units require only a simple concrete slab foundation. And, as the boiler is
shipped assembled, no erection space or material storage space is required at the site.
SHIPMENT

Smaller shop-assembled units have been
shipped short distances by truck or in combination with rail. The development of new shipping methods contributed significantly to the
rapid growth of large capacity shop-assembled
boilers in the 1970's.
The first VP boilers had a fixed cross section
and achieved size flexibility by varying the
depth of the boiler. The cross section was limited to standard clearances for American railroads and permitted shipment in standard flat
cars to almost any location. Further investigation determined that clearances to some locations were larger. In addition, special railroad
cars were available or could be designed,
among which is the C-E patented Schnabel
(Fig. 30) to accommodate boilers up to 20 ft
high x 13 ft wide x 55 ft long (6m high x 4m
wide x 17m long).

--

Barge shipment has paved the way for delivery, to overseas and domestic markets, of shopassembled boilers with steam flows as high as
600,000 l b h (75 kgls). Any shop-assembled
boiler can be shipped by barge, since equipment so delivered is generally not limited by
physical dimensions. Boilers up to 30 ft wide x
35 ft high x 70 ft long (9m wide x l l m high x
21m long) weighing up to 950,000 lb (430,000
kg) can be shipped on virtually any existing
commercial waterway with available barge
equipment.

HIGH-TEMPERATURE-WATER
BOILERS
Heating systems using high-temperature
water (HTW) became popular after World War
11. These systems usually operate in a pressure
range from 120 to 300 psig (0.8 to 2 MPa gage)
with supply temperatures to the distribution
system from 350 to 420°F (180 to 215OC). The
higher temperature range affects cost because
water-flow rates and resulting pumping costs
are reduced and system exchangers can be
made smaller. On the other hand, the lower
temperatures permit lighter and less expensive
materials.
High-temperature water systems are closed
systems with makeup required only to restore
water that leaks out of the system at valve stems,
pump shafts, and similar packed joints. Obviously the average water temperature in the system varies depending on the load, and an
expansion drum permits expansion or contraction of the water volume. A small makeup
pump automatically adds the necessary
makeup to hold the water level in the expansion
drum above a predetermined level.
For heat consumers such as unit heaters, radiant panels, and coils of absorption refrigeration
equipment, HTW may be used directly. As with
steam, it is used indirectly for domestic hot
water. 'low-pressure steam or low-pressure hot
water, if required, may be produced in suitable
heat exchangers.

Further description of HTW boilers is found
in Chapter 8 of the Third Edition of Combustion: Fossil Power Systems (1981).

PULP AND PAPER INDUSTRY
CHEMICAL RECOVERY BOILERS
Although the chemical recovery boiler (Fig.
31) shares its general appearance and many of
its physical components with power-boilers, it
is unique in the power-generation field in that
its purpose is twofold: the first is to recover inorganic chemicals from black liquor to be recycled in the pulping process; the second is to
combust the organic constituents in the black
liquor to produce valuable steam. The efficient
recovery of the inorganic pulping chemicals
and the efficient generation of steam from the
chemical recovery boiler are both essential
elements in the economic and environmental
aspects of the kraft pulping process.
THE KRAFT PULPING PqOCESS

This is a chemically closed process that produces pulp for paper making from a variety of
organic materials. Wood is by far the most common source of pulp used with the'kraft process,
although bagasse, straw and other nonwood fibers can also be used. The name kraft, from the
Swedish and German word meaning strength,
is a term often applied to sulfate mills, which
produce long-fiber pulp for making highstrength paper.
PRODUCING PULP

Fig. 32 illustrates the pulp-making process.
As the diagram shows, wood enters the haft cycle at the digester for pulping. Within the digester, sodium hydroxide and sodium sulfide
dissolve the ligneous substances that bind the
cellulose fibers of the wood together. The cellulose fibers, which form the pulp, resist the
action of the chemicals. In the cooking process,
approximately one half of the wood substance
is dissolved in the cooking liquor to form what
is called black liquor. Two types of digesters are
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Fig. 31 C-E chemical recovery boiler
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Fig. 32 Principal processes in kraft pulping and chemical recovery

currently in use in the industry: the continuous-type digester and the batch-type digester.
In continuous cooking, the system being installed in most new mills today, the chips are
preheated in a steaming vessel before entering
the digester. Pre-steaming removes air, noncondensible gases, and volatile constituents
such as the terpenes. After entering the continuous digester, the chips are impregnated with
cooking liquor at a controlled temperature to
ensure uniform penetration of the liquor. After
adequate impregnation, the temperature is
raised to the cooking temperature of around
330" F (165"C) by indirect heating of circulated
cooking liquor and is held there for about one
hour. The pulp is then quenched to about
260°F (125"C) with wash liquor. In most cases,
diffusion washing which is then carried out in
the lower region of the digester removes a considerable proportion of the spent chemicals.
The wash temperature in the lower zone of the
digester is 175 to 185°F (80 to 85OC). This ensures suitable blow conditions with little or no
mechanical damage to the fibers.
In batch cooking, the chips and cooking liquor are charged into the digester which is then

sealed and raised to operating pressure and
temperature according to a pre-determined
schedule. Once the digester is at the proper
pressure and temperature, the charge is cooked
from two to six hours, depending on the grade
of pulp desired.
Direct steam injection is the most common
method used to bring the batch digester to
cooking temperature, although for some installations the heating is performed in part or entirely by indirectly heating white liquor and
recirculating it to the digester. Batch-type digesters using direct steam heating require large
quantities of steam to,bring them to cooking
temperature and pressure. As a result, mills using this type of digester have a heavy intermittent demand from the boilers compared to mills
using indirect heating. Batch digesters are installed in groups of at least three and operate in
sequence, with each digester preparing 6 to 20
tons (5 to 18 tonnes) of pulp per cook.
After the cook, the mixture of pulp and spent
cooking liquor is discharged to the blow tank.
The next major step in the process is washing,
in which pulp fibers are separated from the
black liquor. Most mills use countercurrent ro-
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tary vacuum washers in which the pulp is
washed with progressively weaker black liquor
and finally fresh water. More recently, continuous diffusion washers have been used to complement or replace rotary vacuum washers.
After washing, the pulp is further refined and is
subsequently sent for conversion into a final
product. The weak liquor which was separated
from the pulp goes on for further processing.
The kraft process is economically attractive
because it is possible to recover and reuse the
cooking chemicals, and to generate large quantities of steam and power from the dissolved
carbonaceous matter in the black liquor. However, the black liquor leaving the washers contains far too much water to be burned. The next
step removes most of this water.
RECOVERING THE SPENT CHEMICALS

Water removal from the weak black liquor is
accomplished in large multiple-effect evaporators. Before the black liquor can be fired in the
recovery boiler, the concentration of dissolved
solids in the black liquor must be increased
from an initial 16 to 18 percent to greater than
60 percent. In most mills, the black liquor
is fired at a solids concentration of 65 to
75 percent.
Multiple-effect evaporators are used to raise
the solids concentration of the black liquor
from the initial 16 to 18 percent to approximately 50 percent. An evaporator is a specially
designed vertical heat-exchanger in which condensing vapor provides the heat required to
evaporate moisture from the black liquor. A
multiple-effect evaporator consists of a series of
evaporator bodies in which the black liquor
concentration is progressively increased in
each of the stages or effects. The bodies and
heat-exchange surfaces are designed so that the
pressure drops successively from the initial
steam-supply pressure to a vacuum. The black
liquor generally flows countercurrent to the
steam. Steam economy is achieved by taking
the vapor evaporated from the black liquor in
one effect and condensing it in the following effect. Therefore, most of the heat used to evaporate moisture from the black liquor in one effect

is recuperated in the following effect. The vapor from the last effect is condensed and sent
for treatment to the foul-condensate disposal or
recuperation system. Fresh steam is fed only to
the first effect and the clean condensate from
the first effect is returned to the feedwater system. Steam economies of up to 7.5 can be
achieved with multiple-effect evaporators; i.e.,
for each pound of fresh steam supplied, 7.5
pounds of moisture can be removed from the
black liquor.
Modern installations have concentrators as
part of, or following, the multiple-effect evaporator. Concentrators are specially designed
evaporators capable of raising the solids content
of the liquor to the 65-75 percent level, which is
suitable for firing in the recovery boiler. Most
recovery boilers installed prior to the early
1970's used a direct-contact evaporator to concentrate the black liquor. The operating principle in a direct-contact evaporator is that hot
recovery-furnace flue gases which make directcontact with black liquor evaporate moisture
from the liquor. The evaporated vapors are discharged to the atmosphere along with the combustion gases. Direct-contact evaporators have
,. been almost completely replaced by concentrators in performing the final concentration of the
black liquor.
The next step of the haft chemical-recovery
process takes place within the recovery boiler
and involves five essential functions in which:
black liquor is prepared for firing,
carbonaceous matter is burned out,
sulfur compounds are converted to Na,S,
inorganic salts are smelted for removal, and
heat is efficiently recovered to produce
steam.
The hot smelt (inorganic salts) produced in
the recovery furnace flows in a continuous
stream into the dissolving tank, where it is
quenched and dissolved in weak wash to form
"green liquor". This is a solution consisting
mainly of sodium carbonate, Na,CO,, and sodium sulfide, Na,S. After the non-soluble materials (dregs) are removed, the green liquor is
pumped to the causticizing system in which

-
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slaked lime, Ca(OH),, is reacted with sodium
carbonate, Na,CO,, to produce a solution of sodium hydroxide, NaOH. The sodium sulfide in
solution remains unchanged. After this treatment, the liquor becomes "white liquor" and is
returned to be reused as cooking liquor in the
digester.
The calcium carbonate sludge formed in the
causticizing reaction is converted to calcium
oxide in the lime kiln and is then hydrolized to
calcium hydroxide for reuse in causticizing
green liquor to white liquor.
This completes the kraft cycle. The chemicals
needed for cooking are recovered and reused.
Calcium oxide required for causticizing is reformed, and the dissolved wood substance is
burned as a source of heat for steam and power
generation.
PRODUCING POWER

In most integrated pulp and paper mills, the
waste materials generated by the process furnish a large percentage of the total energy required to produce steam and power. The
recovery boiler uses the heat energy from burning the carbonaceous matter in the black liquor,
while the bark-fired boiler consumes other
waste materials such as sawdust and planer
shavings, as well as bark from the debarking
drums. When more steam is required than is
available from these waste streams, auxiliary
fuels can also be fired in the bark or recovery
boilers to increase their steam product into the
desired maximum continuous rating (MCR).
MILL CAPACITY AND ITS RELATION
TO RECOVERY BOILER CAPACITY

The capacity of a mill is based on the tons of
pulp that are produced in 24 hours. A mill will
also produce a certain amount of spent chemicals, that is, black liquor solids. On an average,
3000 pounds of black liquor solids will be produced for each U.S. ton of pulp produced (1500
kg for each metric tonne). A 1000-U.S. ton (907tonne) mill will then produce about 3,000,000
lb (1,360,000 kg) of dry solids per day --the actual quantity can vary plus or minus 10percent.
Likewise, the higher heating value of the dry

solids produced can vary from 5,000 t o 7,000
Btullb (11.6 to 16.3 MJkg).
Obviously, the thermal process load which is
imposed on the recovery boiler depends on the
specific conditions in a particular mill and cannot be related to a nominal mill requirement.
Thus, recovery boiler capacity must be related
to the following factors:
dry solids produced per day
percent solids concentration from multipleeffect evaporator/concentrator
high heating value (HHV) of the dry solids
elemental fuel analysis of the dry solids
A typical elemental analysis of black liquor
solids derived from a combined hardwoodsoftwood cook, in percent by weight, is
Carbon
39.4
Hydrogen
3.6
Sulfur
3.4
Sodium
21.2
Inert Mineral Oxides
1.0
Oxygen
31.4
Total
100.0
High Heating Value 6,400 Btullb (14.9 MJIkg)
The above values were derived using the standard as recommended by the Technical Association of the Pulp and Paper Industry (TAPPI);
this procedure should be used as others may
give varying results.
BLACK LIQUOR FUEL PREPARATION

Before the strong black liquor leaving the
multiple-effect evaporators can be introduced
into the furnace for burning, the liquor must
undergo several important changes.
If it is not already at the proper firing concentration coming out of the multiple-effect
evaporator, the liquor must be concentrated to
sufficient strength for firing.
Ash
in the precipitator and the
boiler hoppers must be returned to the incoming liquor stream.
8 Makeup chemicals must be introduced if not
added elsewhere in the process.
8 The liquor must be brought up to the proper
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pressure and temperature required at the spray
nozzles.
The final fuel preparation will be done differently depending on whether the liquor is at
firing concentration as it leaves the multiple;
effect evaporator plant.
BOILERS USING DIRECT-CONTACT
EVAPORATION

Direct-contact evaporators are still commonly
used on boilers burning very viscous black liquors such as those produced by bagasse pulping. Because of the direct contact of the flue
gases with black liquor, the sulfur compounds
in the liquor can chemically react with the carbon dioxide in the flue gas to form foul-smelling gaseous compounds which might then be
discharged into the atmosphere. To avoid the
generation of odorous gases, the liquor in direct-contact evaporator systems is first passed
through a black liquor oxidizer in which air or
oxygen is bubbled through the liquor (Fig. 33).
The oxidizer chemically stabilizes the sulfur

compounds in the liquor so that odorous emissions from dire-ct-contact evaporators are
greatly reduced.
After the liquor passes through the oxidizer,
i t i s pumped to the precipitator area. Ash collected in the precipitator is mixed into the liquor stream in either of two ways. The ash can be
allowed to fall directly into the liquor as occurs
in a wet-bottom precipitator, or the ash can be
collected dry and conveyed from the precipitator to a chemicallash mixing tank, where the
ash is thoroughly mixed with the black liquor.
The liquor is then evaporated to a firing concentration of about 68 percent solids in a cascade evaporator by bringing hot flue gases into
direct contact with strong black liquor as
shown by Fig. 34. The evaporator consists of
one or two wheels of rotating tube sheets between which are many horizontal parallel
tubes. Part of the tubes are submerged in liquor;
the rest are in the gas stream. Those that are in
the gas stream are completely coated with wet,
dripping liquor. The slowly rotating cascade
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Fig. 33 Chemical-recovery unit with oxidizer and cascade evaporator
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wheel causes the tubes to be alternately washed
in the liquor bath, and exposed to the hot flue
gases where water is evaporated. It also induces
-liquor circulation in the bottom of the cascade
which causes the liquor to be well mixed at all
times. The tubes never dry out in the gas stream
and are, therefore, good collectors of ash particles entrained in the gas stream.
As shown in Fig. 35, the liquor travels from
the cascade evaporator to a flow box located
next to the cascade tank. Within the flow box is
a rotating cylindrical screen through which all
the liquor must flow. .The screen blocks the
larger lumps which are deposited in the box
where they dissolve.
From the flow box, the liquor moves into the
salt-cake mixing tank where pulverized sodium
sulfate can be added to compensate for the
chemical losses in the mill. The black liquor is
thoroughly mixed with a paddle-type agitator.
A horizontal screen within the tank prevents
lumps of salt cake from flowing into the black
liquor piping. Within the tank a primary black
liquor heater raises the liquor temperature to
about 210° F (10o0C), thereby minimizing

power required by the black liquor pump.
Following the salt-cake mixing tank, the liquor flows to the heavy black liquor pump, and
then on to a secondary black liquor heater
where the temperature is raised to about 240°F
(115OC). From here the liquor flows through the
spray nozzles into the furnace.
EXTENDED ECONOMIZER BOILER

The advances in evaporator technology described earlier permitted the development of
concentrators capable of producing black liquor
at firing strength without the use of a directcontact evaporator. The better thermal efficiency a n d reduced-odor e m i s s i o n s of
multiple-effect evaporators over direct-contact
evaporators caused them to almost completely
replace such evaporators on new chemical recovery boilers. To remove the heat from the flue
gas that would have normally been picked up in
the direct-contact evaporator, the economizer
was made larger. Therefore, this type of boiler
is referred to as extended-economizer or
low-odor system. Fig. 36 shows a schematic of
the liquor preparation system.

uperheated Steam

To Precipitator and Stack
Boiler Feedwater
Combustion Air

Return Ash From Precipitator
Heavy Black Liquor
ChemicaVAsh Tank

Molten Smelt
Indirect Liquor Heater

Liquor Heater
I

Fig. 36 Extended-economizer chemical recovery boiler with schematic of black' liquor preparation system
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The liquor from the heavy liquor storage tank
or the last evaporator effect is sent to the chemicallash mix tank, where the ash collected in the
precipitator and economizer is mixed with the
black liquor. In dry-bottom precipitators and
economizer hoppers, a dry-ash conveying system removes the ash from the bottom of the
hoppers. Dry-ash conveyers can transport it directly to the mix tank, or it can be sluiced with
black liquor in sluice bowls, before being sent
to the mix tank. An agitator in the mix tank prevents ash settling. In wet-bottom precipitators
and economizer hoppers, black liquor flowing
through the bottom of the hoppers removes the
ash. The liquor leaving the hoppers is returned
to the mix tank. Salt-cake makeup can also be
added in the chemicallash tank. In some systems, however, the salt-cake makeup is mixed
in a separate, independent mix tank. The chemicallash mix tank is equipped with a paddletype agitator and a horizontal screen. It also
contains a direct-type heater. However since
the strong liquor from storage is already at
pumping temperature, it is only used during
upset conditions.
From the chemicallash mix tank, the liquor is
pumped to the black liquor heater where its
temperature is raised to between 240F and
260°F (115 to 125OC) by indirect heating
through a heat exchanger or through direct
steam injection. From the heater, the liquor
goes to the spray nozzles.

mands, the air and liquor delivery systems on
the recovery boiler are designed to provide distinct process zones within the furnace, as illustrated in Fig. 37. The black liquor is sprayed
into the furnace at an elevation of 17 to 21 feet
(5.2 to 6.4 m) above the furnace floor so that it
will dry in flight, before reaching the char and
smelt bed. This first zone around the fuel entry
is, therefore, referred to as the drying zone.
Once the fuel is dry, pyrolysis of the organic
constituents in the liquor will begin; accordingly, the next zone in the furnace is referred to
as the pyrolysis zone. Char gasification and reduction of the inorganic chemicals take place
in the lower part of the furnace and this region
is called the bed zone or hearth of the furnace.
The inorganic chemicals are recovered from
this zone in smelt form. Finally, the partially
combusted gases rise up in the furnace and
pass through an oxidizing zone where combustion is completed.
Proper zone control in a chemical recovery
boiler is required to achieve a desirable temperature profile similar to the one shown in Fig.
37. Higher gas temperatures in the lower furnace optimize the drying, pyrolysis, chargasification and chemical-reduction processes.
Achieving a lower furnace-leaving, temperature
will reduce the plugging potential in the convective sections of the boiler.

BURNING THE BLACK LIQUOR

. ing in the furnace is to

Ths diial purpose of the recovery boiler is:
to recover inorganic chemicals from the black
liquor in a form in which they can be recycled
in the pulping process, and
to combust the organic constituents in the
black liquor to produce valuable steam.
The chemical recovery efficiency of the boiler
is measured in the smelted chemicals which
leave the boiler from the bottom of the furnace.
This efficiency is measured in terms of the conversion of sodium sulfate (Na2S0,)to sodium
sulfide evaporated before either the chemical
recovery or the combustion process can begin.
As a result of these multiple-process de-

BLACK LIQUOR DELIVERY SYSTEM

The first priority in achieving optimized zonobtain .consistently
coarse black liquor spray droplets which are
evenly distributed across a narrow vertical band
that covers the entire furnace cross section. The
flat-spray nozzle held in a fixed position is used
for this purpose (Fig. 38). The nozzle will produce a flat spray of coarse droplets over a wide
range of liquor conditions. A second type of
nozzle which can be used to produce a flat spray
of coarse liquor droplets is the splash-plate nozzle also shown in Fig. 38. For both nozzles, the
angle of the nozzle .support can be adjusted to
optimize the liquor distribution in the boiler furnace to allow for optimum drying and pyrolysis
in flight.

COMBUSRON
Boilen for m e s s UsalPower ProducUon

Boiler Stationary Firing Zones

Temperature Profiles

-----Drying Zone

-----Hot Zone
(Pyrolysis)

-----Bed Zone

------

I

Temperature, " F

I
I

L

Fig. 37 Process zones in a chemical-rectvery-unit furnace

CHEMICAL RECOVERY BOILER AIR SYSTEM

The three-level air system installed on chemical recovery boilers is designed to optimize the
processes occuring in the lower furnace
through improved zone control. Each level is
independently controlled and monitored. Primary air is admitted at the bed level, secondary
air is admitted just above the bed, and tertiary
air is admitted above the black liquor spray
guns. Each stream serves a distinct function.
Primary air is required to partially oxidize

carbon on the bed and thereby liberate heat to
maintain the optimum bed temperature, shape,
and size. This stream must not disturb the bed
as this could result in excessive carryover; however, it must make contact with the bed surface
to react with the char. To achieve this, the optimized primary-air stream should enter the furnace through small ports located on all four
walls of the furnace. The velocity of this air
stream should not be excessive but should be
sufficient to provide approximately 4 to 6 feet of
penetration (1.2 to 1.8 m) towards the center of
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the bed. The ports should be equally spaced
and directed slightly downward to provide even
coverage of the bed around all four walls. Primary air is preheated to 300 to 400°F (150 to
200°C) in a steam-coil air heater to help maintain the high temperatures required to optimize
the chemical processes in the lower furnace.
Secondary air is required to supply oxygen to
burn some of the combustibles liberated from
the bed in support of the requirement for high
temperatures in the lower furnace. It also ensures positive smelt bed height control. The
secondary-air stream must, therefore, penetrate
the furnace to reach all the combustibles to promote chemical-reaction activity. At the same
time, it should not disturb the bed or greatly increase the local oxygen concentration on the
bed surface. To achieve this, the secondary-air

Detail of
Flat Spray Nozzle

Detail of
Splash Plate Nozzle

Fig. 38 Black liquor firing showing available
nozzle types

ports are larger in size than the primary-air
ports, are fewer in number, and are angled horizontally into the furnace. This, along with the
slightly higher velocity, provides the momentum necessary to penetrate the furnace cross
section. The optimum location of the secondary-air ports is 4 to 6 feet (1.2 to 1.8 meters)
above the primary-air ports which ensures that
the bed surface will not be disturbed. Carryover
is minimized and the oxygen concentration at
the surface of the bed is not increased so as to
adversely affect reduction efficiency. Secondary air is also preheated to 300 to 400°F (150 to
200°C) to help maintain high temperatures in
the lower furnace.
Tertiary air is required to supply oxygen to
complete combustion of the organics liberated
from the bed and to burn any reduced sulfur
gases to minimize odors from the unit. A controlled minimum quantity of excess air is required in this stream to ensure that t h e
combustibles (carbon monoxide and total reduced sulfur-TRS) in the flue gas leaving the
unit are oxidized. Increased air quantities will
reduce the boiler efficiency and lower the total
steam generation. The tertiary-air stream must
provide the necessary turbulence to generate
intimate mixing of air with the gases liberated
from the lower furnace. It must also generate an
even gas-flow distribution across the width of
the furnace at the gas-outlet plane. Ambient air
is used for tertiary air because it provides a
cooling effect on the flue gases entering the
convection zones. It also has a greater momentum and, therefore, greater mixing potential.
Two types of tertiary-air injection systems are
used on chemical recovery boilers: concentric
injection and interlaced injection (Fig. 39). The
concentric arrangement has four windboxes located in the corners of the furnace. The upper
compartment of each windbox is aimed tangentially to the large circle. During normal operation, each elevation receives 50 percent of the
air at MCR. The interlaced arrangement uses a
series of nozzles located on the front and rear
walls as shown.
Both the concentric and interlaced arrangements provide an even gas-temperature profile
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Fig. 39 Alternative tertiary-air admission systems for C-E chemical recovery boilers

at the outlet of the furnace. They also provide
good mixing of the gases to complete the combustion of the gases and to minimize emissions
from the furnace at a relatively low excess-air
requirement. Concentric tertiary-air admission
is normally preferred for new chemical recovery
boilers since load-carrying burners can be included directly into the tertiary-air windbox.
With interlaced-air admission, a separate elevation of load-carrying burners and windboxes
are required. In addition, unlike the interlaced
arrangement, the concentric arrangement uses
lower injection velocities to achieve proper mixing. This requirement leads to lower static-pressure requirements at the windbox and lower fan
power requirements.
AUXILIARY FUEL FIRING IN RECOVERY BOILERS

Auxiliary fuel is fired in recovery boilers for
one of two reasons:
to provide the heat required in the lower furnace for warming the unit, stabilizing the char
bed during low-load operation or under upset
conditions, and burning down the bed during
shutdowns. Starting burners are used for these
applications, or
to raise the steam production from the boiler
when the supply of black liquor is not suffi-

cient to generate the full-load steam production, or to produce steam when there is no
black liquor available. Load-carrying burners
are used for this application.
Oil, gas or a combination of both can be used
as auxiliary fuel in the recovery boiler.
Starting burners (Fig. 40) provide heat input
to the lower furnace. At start-up, the heat from
the starting burners dries and ignites the black
liquor before a bed is developed. At shutdown,
starting burners burn down the bed. At low
loads, and when the black liquor is likely to
burn poorly, starting burners stabilize the combustion conditions. Four starting burners are
provided to fulfill these requirements, one located near each corner about five feet (1.5m)
above the floor tubes. They are located close to
the bed to minimize auxiliary-fuel requirements while still maintaining the required heat
input to the bed, and they are angled to provide
good coverage of the bed.
Because of their location close to the floor of
the furnace, the starting burners are not suitable
for the large heat input required for steam production. ~oad-carryingburners can be located
at the tertiarv-air elevation to Drovide the heat
input required to produce additional steam at
reduced black liquor flow, or for steam production when no black liquor is available.
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Fig. 40 Recovery boiler starting burner arrangement

DESIGN BASIS FOR RECOVERY BOILERS

Combustion Engineering offers two chemical
recovery boiler arrangements: the classic twodrum design and the single-drum design. Typi,iIlv, the optimum recovery boiler arrangement
wil' be selected based on the operating pressure
of the boiler. The two-drum design uses rolled
joints for the boiler-bank tube penetrations into
the drums. The practical limit for operating
pressures using rolled joints is approximately
1500 psig (10.3 MPa gage). Alternatively, the
single-drum design features an all-welded consfruction. With this type of construction, all
sub-critical pressures can be accommodated.
The boiler operating pressure also influences
the effectiveness of heat-transfer surfaces
within the boiler, as described earlier in this
chapter. As the pressure increases, the saturation temperature increases and the latent heat
of vaporization of the water decreases. Therefore, the need for large evaporative surfaces in
addition to the furnace waterwalls decreases
with increasing operating pressures. At traditional recovery boil& operating pressures of
600 to 900 psig (4 to 6 MPa gage), the two-drum
design provides a large amount of evaporative

surface in the generating bank in a very economical fashion. For higher pressure units, the
requirements for evaporative surface is reduced
and a single-drum design becomes more economical. There are positive features unique to
each arrangement.
The two-drum recovery boiler design provides better access to the boiler tubes a n d ,
therefore, is easier to inspect, maintain and
repair. The arrangement provides a larger
water inventory which makes it less sensitive to water-level fluctuations -in the drum
and to feedwater-flow upsets. This arrangement
also eliminates the need for a hopper and associated ash-removal system below the boiler
bank. See Fig. 41.
The single-drum recovery boiler design,
shown in Figure 3 1,has the generating bank located outside the furnace. This location reduces
the potential of water entering the furnace cavity from the generating tubes. Locating the
steam drum external to the gas stream eliminates the potential for corrosion of the drum
metal. The drum also has fewer penetrations
and, as a result, thinner drum plate. This thinner tube sheet, coupled with the fact that .it is
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Fig. 41 Two-drum C-E chemical recovery boiler for operating pressures to 1500 psig (10.5 MPa gage)
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not in the gas stream, allows faster start-up and
shutdown times. Since the single-drum arrangement is a fully welded design, it is not
susceptible to weeping at rolled joints following emergency boiler draining. The two-drum
design can also be made a fully welded flow arrangement by seal welding the rolled joints
in both upper and lower drums.
FURNACE SIZING

Several factors influence the selection of the
furnace dimensions for a chemical recovery
boiler, including the nature of the fuel, the
characteristits of the black liquor, and the
chemical recovery and steam generation functions of the boiler. The principal characteristics
of black liquor as a fuel are its relatively high
ash content (up to 45 percent of the dry solids),
its relatively low heating value (HHV between
5,000 and 7,000 Btullb, or 11.6 and 16.13 MJ/
kg of dry solids) and its relatively high moisture content as fired (25 to 35 percent).
The hearth heat-release rate (HHRR) is the
first important factor in sizing the furnace. It is
defined as the black liquor gross heat input divided by the furnace plan area. The HHRR is
important because it affects the temperature in
the lower furnace and it can be used to optimize
the reduction efficiency, the combustion stability, pollutant emissions from the lower furnace
(TRS and SOz)and the turn-down stability of
the unit. The optimum value for the HHRR
must be selected based on the liquor characteristics, the anticipated boiler operating-load variations, and the required future load capacity.
The combustion volume is the second important design variable in selecting the furnace dimensions. The combustion volume establishes
the residence time and the degree of combustion in the furnace. Sufficient combustion volume must be present in the furnace to allow for
complete mixing and combustion of the gases
rising from the lower furnace. Since the HHRR
governs the plan area of the furnace, the required combustion volume usually establishes
a minimum furnace height.
The third, and possibly the most important
variable which influences the furnace dimen-

sions, is the gas temperature entering the convective sections of the boiler. Typical recovery
boiler ash deposits have a first melting temperature or "sticky" temperature of 1300 to 1400°F
(700 to 760°C); however, studies haw shown
that the first melting point of the ash can be depressed to as low as 1000°F (540°C)by the presence of impurities such as chloride and
potassium in the black liquor or by high liquor
sulfidities. -1n chemical recovery boilers, the
transition region in which the ash changes from
molten to sticky to a dry powdery form normally falls in the superheater zone. The superheater radiant surfaces are, therefore, designed
to be cleanable under these conditions. The
first closely spaced convective section in the
gas path is the generating bank. In a recovery
boiler, the gas temperature entering the generating bank is, therefore, a critical design parameter, since it must be maintained below the first
melting point of the ash to prevent the ash from
accumulating on the tubes.
The furnace heating surface, based on the required combustion volume, and the superheater surface, based on the required steam
temperature control, are not normally sufficient
to lower the temperature of the flue gas entering
the convection sections to an acceptable value.
The designer of the recovery boiler has three alternatives to reduce the gas temperature to
these sections:
Make the superheater larger to increase the
heat absorption upstream of the convection section
Make the furnace taller
Use radiant furnace panels.
The first option consists of making the superheater much larger than what is required to provide steam temperature control over the
specified load range. Steam-cooled screens
generally fall under this category since they
add superheater surface. This option is usually
practical on high-temperature, high-pressure
units where the required- superheater surface
will absorb a large amount of heat and, therefore, the additional superheater surface
required is minimized.
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The second option is to increase the furnace
height to add sufficient heating surface in the
furnace to reduce the gas temperature entering
the convection sections to an acceptable value
without oversizing the superheater. On lowsteam-temperature, low-pressure units for
which t h e superheater heat pick-up is
not very large, this could lead to extremely tall
furnaces. As a result, this option is usually
applied in conjunction with a slightly oversized super-heater and is generally the preferred option for moderate-temperature,
moderate-pressure units.
The last option is to use radiant furnace panels to remove heat from the gas before it reaches
the superheater. These panels consist of watercooled tube panels. In addition to reducing the
gas temperature, they also serve to protect the
superheater from direct furnace radiation. This
arrangement is usually the preferred option for
low-temperature, low-pressure units since it
provides a reliable and economical method of
adding heating surface in the furnace.
FURNACE-BOTTOM DESIGN

A major difference between chemical recovery boilers and other types of power boilers is
the presence of the char bed and the molten

Fig. 42 Decanting bottom of recovery-boilerfurnace

smelt on the bottom of the furnace. The molten
smelt flows through the smelt spouts into the
main dissolving tank. The floor of the recovery
furnace must form a complete seal to prevent smelt from leaving the furnace other'-than
through the spouts. A decanting furnace bottom, Fig. 42, is used for the following reasons:
1. It equalizes the heat distribution in the
lower furnace and, therefore, optimizes the reduction efficiency, minimizes the SO, and TRS
emissions, and optimizes the gas distribution
leaving the furnace.
2. It reduces the risk of main dissolving-tank
explosions caused by uneven smelt run-off from
the furnace.
3. It eliminates the potential for corrosion of
the floor tubes by ensuring the continuous presence of a frozen smelt layer on the floor. The
frozen smelt layer also minimizes the potential
for stress assisted water-side corrosion at the
floor tube-to-header attachments by minimizing the operating stresses at these attachments.
4. It favors positive circulation through all the
waterwall circuits by reducing the potential of
boiling in the floor tubes.
5. It strengthens the floor tubes.
6. It eliminates the complicated floor tube-to-
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header design and thereby ensures a positive
smelt seal.
7. It reduces the potential for char carryover
in the smelt leaving the furnace.
8. It protects the floor tubes from slag falls
from the upper furnace.
ARRANGEMENT OF THE HEATING SURFACES

As previously mentioned, the nature of the
ash in chemical recovery boilers requires the
designer to make special provisions in the design of the heating surfaces to ensure that they
will be easy to clean.
Because the gas temperature entering the superheater will usually be higher than the first
melting point of the ash, the superheater has to
be designed to make it cleanable under that
condition. A tangent-tube pendant-platen design on wide spacing is the optimullr arrangement to ensure cleanability under sticky-ash
conditions. The tangent-platen design prevents
the deposits from wrapping around the individual tubes. This situation is similar to the condition at the furnace walls, where the ash
deposits build up until they fall off under their
own weight. The wide transverse spacing
(12 in., or 300mm) prevents the deposits
from bridging between elements. These vertical
platens combined with judicious spacing of
the sootblowers ensure the cleanability of
the superheater.
The chemical recovery boiler is designed to
ensure that the gas temperature entering the
generating bank and economizer is well below
the first melting point of the ash. Under normal
conditions, the ash in the generating bank is expected to be mostly sodium sulfate in a powdery form, and it is easy to remove from the
tubes. However, recovery boiler ash can also become hard through sintering.14 Sintering is a
molecular diffusion process that can occur at
temperatures below the deposit first-melting
point.
Under suitable conditions, sintering can turn
soft deposits which are easily removed into very
hard deposits. Deposit control in the generating
bank and economizer is achieved through judicious location and operation of the sootblowers,

by adequate spacing between the tubes based
on the gas temperature, and by a vertical tube
arrangement.

CORROSION
Unprotected pressure-part surfaces in kraft
recovery furnaces have historically been sensitive to wastage in specific regions including
waterwall aild convection section tubing.
WASTAGE LOCATIONS

A pattern of watenvall wastage has been observed in certain kraft recovery furnaces operating above 900 psig (6.2 MPa gage) although it
has also been identified in units operating at
pressures as low as 600 psig (4.1 MPa gage). In
a furnace with unprotected tubing, significant
wastage-up to 30 milslyr (0.75 mm1year)-has
been observed in the primary-air port region,
and up to 10 milslyr (0.25 mmlyear) in the liquor spray-gun area (Fig. 43).15 Wastage in the
leading tubes of the finishing superheater of
30 to 40 milslyr (0.75 to 1.0 mmlyr) has been
reported.
Wastage rates, a function of both environment and metal temperature, have been observed to increase with operation at higher
pressure, more efficient steam cycles.
WASTAGE MECHANISMS

The two most common methods of pressurepart wastage in recovery boilers are sulfidation
and liquid-phase sodium hydroxide attack aggravated by the presence of oxygen.
Sulfidation

The primary mode of attack on both upper
and lower waterwalls is sulfidation; the unprotected carbon steel conventionally used for construction of waterwalls is vulnerable at metal
temperatures exceeding 625 OF (330OC).
During furnace operation, tubes in the affected areas are covered with a sheet of frozen
"smelt" or wall deposit (Fig. 44). The deposit is
generally separated from the tube surface by a
thin layer of irregularly spaced porous material,
probably dried black liquor. This provides a
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Fig. 43 Typical recovery-unitfurnace-wall corrosion

space of about 1mm (0.04 in.) which may serve
as a passageway for corrosive gases. On the
outer surface of the frozen deposit, there is a
pulsating flow of molten smelt. Depending on
the ash-bed configuration, this molten outer
layer may be in contact with the glowing ash
bed and/or bathed in a gaseous stream of
widely varying concentrations of primary air
and combustion products.
The principal corrosion product is FeS (see
Eq. 1).Laboratory and field studies have shown

Tube Wall
Porous Layer
Frozen Smelt

that the corrodent is nascent sulfur formed by
the reaction of furnace gases with the frozen
smelt on the tube surfaces.
Fe + S+ FeS
(1)

A series of laboratory tests has suggested the
probable reactions involved in formation of the
corroding sulfur.16 When metal specimens were
submerged in powdered sodium sulfide and
carbon dioxide was passed through the reaction
tube, severe corrosion was observed. Large
quantities of sulfur were deposited on the reaction tube and carbon monoxide was detected by
gas chromatography. This suggests that, at
700°F (370°C), sodium sulfide is oxidized to
sulfur by carbon dioxide:

Adherent Layer

Fig. 44 Cross section of recovery-unit furnace-wall
deposits

Increased corrosion in the presence of CO,
was also reported as one of several significant
reactions in papers by the Finnish and Swedish
Corrosion Committees.17.18
Also studied was the effect of sulfur dioxide
on the corrosion of a metal specimen submerged in powdered sodium sulfide. While the

corrosion observed in this test was less than the
rate for the carbon-dioxide/sodium-sulfide test,
the corrosion was very severe and large quantities of sulfur collected on the cool ends of the
reaction tubes.

Sodium HydroxideIOxygenAttack

A second mechanism of tubing material loss
occurs when sodium hydroxide evolved from
the bed condenses and reacts with the base
metal (see Eq. 5).

2 Na,S + 3S0,+2 Na,SO,,+ 3 s
(3)

,

Furnace gas analyses in recovery units show
large amounts of carbon dioxide (from 7 to 19
percent) in the area near the tube walls below
the ~ r i m a r y ~ aports.
ir
Only small concentrations of sulfur dioxide were found (less than
0.05 percent).
Another way that sulfur may be generated in
recovery boilers is by the oxidation of hydrogen
sulfide. Fig. 45 shows that the corrosion rate of
carbon steel under powdered Na,S rises rapidly
until the stoichiometric oxygen concentration
is reached.

In the absence of H,S, the effect of the oxygen
concentration is less pronounced.
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Historically this type of wastage, prevalent
in 900 psig (6.2 MPa gage) boilers, was controlled with the advent of fin- and fusion-welded
walls which seal out the oxidizing (0,-in-air)
component.
Some higher-pressure boilers (1200 psig or
8.3 MPa gage) equipped with composite stainless tubes that are intended to resist sulfidation
attack have been found nevertheless subject to
"air-port corrosion" which is observed in crevice areas where hydroxides can condense. At
many non-gas-tight locations in the lower furnace (smelt openings, burners, air ports, or observation doors), the stainless layer seems '
highly susceptible to attack by the liquidsodium/potassium-hydroxide phase. Since
this wastage is confined to a narrow area
around the air ports, the present approach is to
provide air-tight furnace penetrations so that
only high-velocity air enters the furnace and
does not meet hydroxides prior to conversion to
carbonate and/or sulfate.19 Some form of lorverfurnace waterwall protection is, therefore, necessary for operating pressure above 900 psig
(6.2 MPa gage) where saturation temperatures
exceed 540°F (280°C) and skin metal temperatures are 600°F (315°C)or greater.
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Several mechanical and metallurgical approaches to protecting recovery-boiler waterwall tubing and convection-pass heating
surfaces are successfully applied. They are described in the subsequent sections.
Studs and Refractory

Fig. 45 Effect of furnace gas composition on
corrosion of carbon steel

Chrome refractory or frozen smelt is retained
by pin studs on the water-cooled tubes. Molten

,
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smelt is thus prevented from contacting the
tube metal. Experience with studded tubing on
1250 psig (8.6 MPa gage) C-E recovery_boilers
both in the U.S. and Finland have indicated that
extensive repairs and replacement are required
after three to seven years. Because of the
stud spacing, monitoring of wall thickness in
these units has been extremely difficult. In
addition, the labor and fabrication costs can be
prohibitive.
Weld Overlav

Protection by weld overlay on the lower 6
to 9 feet (2 to 3 m) of high-pressure units has
been satisfactorily employed for several years in
Finland, Japan, France and, to a limited extent
in the U.S. Austenitic alloys usually containing
18 percent Cr (or more) have been used. There
is considerable hand labor involved in this
method al@ough satisfactory corrosion protection has resulted.
The weld overlay may be done manually.
More recently, some suppliers are using automated systems. Prebending and other special
handling is required to produce flat waterwall
panels. Surface repair can be done readily in
the field, although tube replacement is difficult. Seventeen to twenty years operating experience has been accumulated by users in
various countries.
Metallizing

The earliest development of field applied
protection was in the form of multi-coat metallizing. Since these coatings are not metallurgically bonded, the most important aspect of
flame or plasma spray metallizing is that the
tube surfaces be absolutely clean.and dry. The
tubes should be cleaned by steel or grit blasting
(0.005-inch or 0.13-mm size) and spraying
should follow immediately. Sand blasting is
not recommended because of dust residue left
on tubes. More than one blast-cleaning operation may be necessary.
The original multi-coat layers consisted of
0.008 inch (0.20 mm) of 200-series stainless
steel adjacent to the cleaned tube surface, fol--

lowed by 0.004 inch (0.10 mm) of aluminum
and then a layer of silicate-aluminum sealer.
After several years experience, bonding layers
were developed to reduce the spalling tendency
of these coatings; consequently, a revised coating procedure was developed using the following proprietary products: undercoat layer0.002 to 0.005 inch (0.05 to 0.13 mm) of Metco
405 nickel titanide adjacent to the grit-blasted
tube surface; middle layer-0.007 to 0.009 inch
10.18 to 0.23 mrn) of Metco #1(300 series stainless); outer layer-0.003 to 0.004 inch (0.08 to
0.10 mm) of ~ e t c oSuperfine (aluminum). A
layer of Metco SA silicate-aluminum sealer is
sprayed or painted on to fill the naturally occurring pores in the metallized coating.
Annual inspection and repair of spalled areas
are required, but it is still not possible to predict where and when coating loss will occur.
More recent trends have been to apply singlelayer coatings using plasma-powder spray or
wire-arc spray techniques. While these coatings
are reported to be more dense and monolithic,
they still are porous and are not metallurgically
bonded. Although the time of application is
significantly reduced with the single layer coatings, they remain subject to spalling andlor undermining by oxide or sulfide formation at the
tube interface.
During the time that single-layer coatings
have been used, they have apparently not required as extensive touch up-& repair during
outages as is the practice with the multicoat process.
Composite Tubing

Composite tubing (bimetallic type 304 stainless over carbon steel) is manufactured by several companies. This development foliowed
successful demonstrations in which C-E participated, where stainless-steel weld overlay was
shown to control recovery-unit wastage.
The resistance of type 304 composite tubing
to sulfidation is very high; however, recent
experience has shown that the more localized
air-port attack (attributed to condensation of
sodium hydroxide) may not be controllable
with this tubing. Fabrication techniques require

'

additional handling and setup. Carbon-steel
fins require austenitic stainless overlay. Maintenance or repairs of composite tubing require
double scarfing and the use of multiple welding rods. The material cost of the composite
tubing is much greater than that of carbonsteel, so that the subsequent cost of boilers with
this tubing is considerably higher than with the
other forms of protection discussed.
Chromizing

Chromizing is a high-temperature diffusion
coating process in which solid-state diffusion
produces a chromium-rich metal surface that is
resistant to corrosion in a variety of environments. Carbon-steel and numerous alloys can
be chromized, including the following steamgenerator tubing materials: SA-192, SA213, T-11,
T-22 and T-91. Typically, the chromized structure in SA-192 carbon-steel is approximately 10
to 15 mils (0.75 to 0.375 mm) thick, and is up to
20 mils (0.5 mm) thick with SA-123, T-11 or T22 base metals. This outer layer contains from
30 to 40 percent chromium at the surface, decreasing almost linearly to between 10 and 15
percent at the base-metalldiffusion-zone interface. At the surface, a very thin 0.6 to 1mil (15
to 25 pm) chromium carbide layer contains 70
to 75 percent Cr. While the total thickness of the
coating is important, it is more important that
the outer portion of the coating contain at least
20 to 25 percent chromium.
The coating process consists of several steps
including placing the part to be chromized in a
metal box, covering the part with the chromizing mixture, and heating the box and contents
at an elevated temperature. After chromizing,
the component is heat treated; the exact procedure is a function of the alloy identity. The process, as developed at Combustion Engineering
and also described in Chapter 17 on Materials
and Metallurgy, can accommodate large heat
exchangers, such as waterwall panels and superheater and reheater assemblies.
Both external and internal surfaces of these
tubular components can be chromized. More
important, however, the attachments and fins

that are fabricated before chromizing can also
be chromized, hereby providing protection to
the total surface. The enrichment occurs "in"
and not "on" the surface; consequently, application of the coating does not change the physical dimensions of the component. Being a n
integral part of the base metal, the metallurgically bonded, diffused-chromium structure is
not subject to peeling or spalling. The 30 to 40
percent chromium in the chromized coating is
significantly higher than the 18 to 20 percent
chromium level in commonly used austenitic
alloys, and thus is considered to be equal to or
perhaps more resistant to sulfidation than the
18-8 austenitic stainless steels.
Welding of chromized components is a simple, straight-forward procedure. Butt welds are
made after preparatory machining of tube ends,
which is done after chromizing. Filler metal is
the same as if welding a non-chromized tube. If
protection from wastage is desired, an E309
electrode is used as a cover pass. Attachments
that must be made to the chromized surfaces
use the same procedures that would be specified for welding non-chromized surfaces.
Field and laboratory analyses indicate that
chromized carbon-steel and chromized lowalloy tubing is resistant to external'corrosion of
waterwall and superheater surfaces in chemical
recovery boilers and has proven itself to be a
cost effective alternative to the use of composite
tubing and field applied coatings.20
SMELT-WATER EXPLOSIONS

When water contacts molten smelt, the elements exist for a potentially violent physical explosion. Unlike chemical explosions, physical
explosions do not involve a reaction between
two substances. Rather, a physical explosion
results from the very rapid expansion of gas and
can be powerful, destructive, and costly. Smeltwater explosions are more violent than typical
nondetonative explosions in furnaces which involve conventional fuels such as coal, oil, or gas
in air. Whereas the latter develop much lower
peak pressures and travel at the speed of sound,
smelt-water explosions, like other physical explosions, produce higher pressures, perhaps by
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a factor of 10 or more, and travel at supersonic
speeds. They are, by definition, shock-wave
phenomena.
A smelt-water explosion results from water
changing suddenly to steam. This rapid change
is caused by an extremely high heat-transfer
rate that can exist between molten smelt
and water. The seriousness of a smelt-water
explosion is not related to the amount of
smelt or water involved; a teaspoon of molten
smelt in a cupful of water can produce a
powerful explosion.
Weak black liquor can also produce an explosion when brought into contact with smelt.
concentrations above 58 percent, however, are
considered safe to fire into the furnace. Many
recovery boilers are equipped with solids meters which continuously monitor the black liquor solids concentration. Should the solids
concentration fall to an unsafe level, the liquor
is automatically diverted from the furnace.
SAFETY CONSIDERATIONS IN CHEMICAL RECOVERY
BOILER DESIGN

Because of the potential 'for considerable
damage and the.threat to the safety of operating
personnel in the event of a smelt-water explosion, the chemical recovery boiler design includes several safety features. Some special
features which minimize such risks are as
follows:
8 Corrosion-resistant materials in the lower
furnace and very conservative corrosion
allowances:
In modern boilers, some form of corrosionresistant materials, composite tubing with
stainless-steel overlay of the fins, or chromized
panels are used to eliminate the potential for
tube thinning in the critical high. temperature
zone of the boiler. In addition, the tubes in the
rest of the furnace are selected with very conservative corrosion allowances to reduce the
potential of water leaking into the furnace.
Emergency Drain System:
The recovery boiler is equipped with a rapid
drain system to allow the operator to drain the
furnace rapidly if it is thought that water may
be leaking in the furnace. This system will

drain the furnace to 8 feet (2112 meters) above
the furnace floor, thereby stopping the leak
while at the same time preventing overheating _
of the lower-furnace tubes.
- Furnace Framing and Structure:
The furnace-framing system is designed to relieve excess pressure in a safe location such as
the upper furnace in the event of an explosion.
Zipper corners on the front wall will open to relieve furnace pressure to minimize damage to
the pressure parts. Also, the furnace structure
has added strength to reduce the risk to operating personnel.
Furnace Bottom Design:
The decanting hearth arrangement ensures that
a frozen smelt layer constantly covers the floor
tubes. This arrangement eliminates the potential for corrosion of the floor tubes, protects the
floor tubes from physical damage due to large
ash deposits falling from the superheater region, and eliminates hot spots on the floor
tubes which assures positive circulation
through all circuits. The decanting hearth also
adds to the strength of the floor and reduces the
risk of main dissolving-tank explosions resulting from uneven smelt run-offs.
RELIABILITY AND MAINTAINABILITY OF THE
CHEMICAL RECOVERY BOILER

In addition to safety, reliability and maintainability are also very important aspects of
the design of chemical recovery boilers. The recovej boiler often constitutes the bottleneck in
the pulp mill production. Keliability is therefore very important since an unscheduled outage usually translates into lost production for
the mill. Also, maintainability is important
since reduced shutdown time means increased
mill production.
Combustion Engineering addresses these issues with conservative materials and equipment selection during engineering of the boiler,
and high standards of quality and inspection
during manufacturing and erection to ensure
the reliability of the unit. Maintainability is improved by providing easy access for inspection
and standardizing the equipment to reduce the
amount of spare parts required.
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CHAPTER 9

Fluidized-Bed Steam Generators
For decades, fluidized-bed reactors have been
used in non-combustion reactions in which the
thorough mixing and intimate contact of the
reactants in a fluidized bed result in high product yield with improved economy of time and
energy. Although other methods of burning
solid f ~ e l salso can generate energy with very
high efficiency, fluidized-bed combustion can
burn coal efficiently at a temperature low
enough to avoid many of the problems of combustion in the other modes. (See the discussion
in Chapter 4 that compares the physical mechanisms presently in use for burning coal and
other solid fossil fuels in steam generators.)

HISTORICAL PERSPECTIVE
Fluidization and observations of phenomena
related to fluidization have been referenced in
the literature since the late 1800's. Here, we will
try to give the reader a flavor for the origins of
fluidized-bed technology and the progress that
has been made in the last two decades in applying it to steam generation.
The person most often cited as initiating fluidized-bed technology is Fritz Winkler, who in
the 1920's developed the Winkler coal gasifier
employing fluid-bed concepts; he received a
patent for his work in 1928. With a knowledge
of Winkler's work, and a wartime demand for

petroleum products, a Fluidized Catalytic
Cracking (FCC) process was developed during
the early 1940's. This process greatly increased
both the quantity and quality of the refined
product. Over the years many improvements
were made to the original FCC process and, today, various types of fluid-bed processes are
used in the refining of petroleum and the production of other chemical feedstocks.
During 1953, patents were assigned to Combustion Engineering for combustion of oil and
natural gas in a fluidized bed composed of particles of alumina, as a means to increase heattransfer rates to boiler heat-absorbing surfaces.
C-E also conducted experiments using a fluidized bed to combust coal. However, with low
prices for oil and gas during the 60's. there was
little incentive to pursue this work in the U.S.
During the 1960's, much of the work of applying fluidized-bed technology to boiler applications was carried out in England by the
Central Electricity Generating Board (CEGB)
and the British Coal Utilization Research Association (BCURA). The overall emphasis was to
develop fluidized-bed combustion (FBC) for industrial steam generation. The FBC technology
developed in England found its way to the U.S.
in the 1960's. Pilot-plant research work was
conducted that was later used to develop concepts for the construction of a 30-MW fluid-bed
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boiler demonstration plant at Rivesville, West
Virginia in 1975. This plant was about 15 times
larger than any other FBC facility in operation.
Spurred on by the oil embargoes of the
1970's, FBC technology was considered a
potential solution to the energy crisis. Many
studies and several demonstration projects were
funded in the U. S. by government agencies,
with C-E involved in several of them.
In 1976, C-E was awarded a contract by the
Energy Research and Development Administration (ERDA), now DOE, to design, construct,
and test a 50,000 lb/hr FBC demonstration
boiler for industrial applications. The boiler
was installed at the Great Lakes Naval Station
near Chicago, Illinois, and supplied steam for
space heating. A pilot plant was built at C-E's
Windsor, Connecticut, facility for process and
equipment development.1 The demonstration
plant began operation in 1981 and showed
promising results.2
In 1977, Combustion Engineering completed
a preliminary design study of a large-scale FBC
boiler for utility applications, funded by the
Tennessee Valley Authority (TVA), involving
the design of a 200-MW demonstration unit
and an 800-MW commercial unit.3 Three years
later, C-E completed a follow-on study to develop the final design for the 200-MW demonstration unit.4 In 1984, a contract was received
to provide the 160-MW FBC demonstration
boiler for installation at TVA's Shawnee Steam
Plant in Paducah, Kentucky. This plant began
operation in 1988.
Simultaneously with FBC development in
England and the United States, Lurgi GmbH
in West Germany had developed various fluidbed processes for roasting of ores and various
other materials. In 1965 Lurgi developed a
new type of fluid-bed process called a Circulating Fluidized Bed (CFB), as distinct from
the more conventional Bubbling Fluidized
Bed (BFB). This process was initially applied
to processes such as alumina calcination and
-later to steam generation.
In 1980, C-E was awarded a study by TVA to
develop the design of a 200-MW CFB boiler
based on the Lurgi technology.5 This study led

to a consortium agreement with Lurgi in 1983
for the joint commercial offering of CFB boilers.
Between 1983 and 1987 C-E sold a large number
of CFB units for industrial and utility applications ranging in size from 150,000 lblhr to
1,100,000 lb/hr (with reheat), and firing fuels
ranging from bituminous coal and lignite to anthracite waste, wood waste, and other biomass.
In 1987, C-Ebigned an agreement to license the
CFB process technology from Lurgi.
This involvement in both BFB and CFB technology, with small- and large-scale units of
each type in successful operation, makes C-E
unique as a supplier to the boiler industry. C-E
can provide the optimum FBC boiler design for
any application.

GENERAL DESCRIPTION
OF FLUIDIZED-BED
COMBUSTION
"Fluidization" refers to the condition in ,
which solid materials are given free-flowing,
fluid-like behavior. As a gas is passed upward
through a bed of solid particles, the flow of gas
produces forces which tend to sepqate the particles from one another. At low gas flows, the
particles remain in contact with other solids
and tend to resist movement. This condition is
referred to as a fixed bed. As the gas flow is increased, a point is reached at which the forces
on the particles are just sufficient to cause separation. The bed then becomes fluidized. The
gas cushion between the,solids allows the particles to move freely, giving the bed a liquid-like
characteristic.
The transition from fixed bed to fluid bed is
illustrated in Fig. 1, which plots the gas pressure drop through the bed versus gas velocity.
For a fixed bed, pressure drop is proportional to
the square of velocity. As velocity is increased,
the bed becomes fluidized; the velocity at
which this transition occurs is called the minimum fluidization velocity, V,,. V,, depends on
many factors including particle diameter, gas
and particle density, particle shape, gas viscosity, and bed void fraction.l.6 At velocities above

.
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Fig. 2 Generalizedfluidized-bed combustor

V,,,, the pressure drop through the bed remains
nearly constant and is equal to the weight of
solids per unit area, as the drag forces on the
particles just overcome the gravitational forces.
Further increases in velocity bring about
changes in the state of fluidization, to be discussed later in this chapter.

bed. In applications where sulfur capture is required, limestone is used as the sorbent and
forms a portion of the bed. Bed temperature is
usually maintained at or near 1550°F (840°C)
by the use of heat-absorbing surface within or
enclosing the bed, because this temperature is
optimal for the chemical processes needed to
capture sulfur and control NO, emissions. It
also avoids ash softening in nearly all fuels. At
this temperature, efficient combustion can be
achieved because of the relatively long residence time of fuel in the bed and the good gas/
solids contact there.
The above characteristics lead to the major
advantages of FBC:

CHARACTERISTICS OF FLUIDIZED-BED
COMBUSTION

Fluidized-bed combustion (FBC) offers the
power engineer design versatility for burning a
wide variety of fuels, including many that are
too poor in quality for use in conventional firing systems. Fuels which contain high concentrations of ash, sulfur, and nitrogen can be
burned efficiently, while meeting stringent requirements for the control of stack emissions
without the use of flue-gas scrubbers. Fig. 2
shows a generalized fluidized-bed combustor.
In fluidized-bed combustion, fuel is burned
in a bed of hot incombustible particles suspended by an upward flow of fluidizing gas.
Typically, the fuel is a solid such as coal, although liquid and gaseous fuels can be readily
used. The fluidizing gas is generally the combustion air and the gaseous products of combustion. Where sulfur capture is not required,
the fuel ash may be supplemented by inert materials such as sand or alumina to maintain the

ABILITY TO BURN LOW-GRADE FUELS

The high thermal inertia of the bed mass provides for stable ignition and combustion of very
low grade fuels such as fuels high in ash and/or
moisture. Fuels with up to 70-percent ash and
JO-percent moisture have been successfully
burned in a fluid bed. The high thermal inertia
of the bed also provides for good performance
when firing low-volatile fuels such as anthracite, anthracite culm, and petroleum coke.
FUEL FLEXIBILITY

Because levels are held below the ash-softening level, the FBC boiler is not sensitive to fuel

I
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ash characteristics. A wide range of fuels with
varying ash contents and properties can be
burned in a single boiler.
LOW NITROGEN-OXIDE PRODUCTION

NO, emissions are considered to come from
.two sources: oxidation of ni'bgen in the air
(thermal NO,) and oxidation of nitrogen and/or
nitrogen components in the fuel (fuel NO,). At
the low temperatures in FBC, thermal NO, is essentially zero; design features such as staged
combustion can significantly reduce fuel NO,,
leading to low total NO, emissions.
IN-SITU CAPTURE OF SULFUR DIOXIDE

SO, emissions are controlled within the
combustor by addition of a sorbent material, so
a stack-gas SO, scrubber is not requhed. The
sulfur sorbent can also react with other fuel
constituents such as vanadium, reducing downstream corrosion potential.

Stoker Firing

Average Bed
Particle Size

The state of fluidization in a fluid-bed-boiler
combustor depends mainly on the bed-particle
diameter and-fluidizing Glocitv. As shown in
Fig. 3, there are two basic fluid-bed combustion systems, each operating in a different state
of fluidization. At relatively low velocities and
with coarse .bed-particle size, the fluid bed is
dense, with a uniform solids concentration,
and has a well-defined surface. This system is
called a bubbling fluid bed (BFB), because the
air in excess of that required to fluidize the bed
passes through the bed in the form of bubbles.
The BFB is further characterized by modest bed.
solids mixing rate, and relatively low solids entrainment inthe flue gas. ~ h i l ~ l i t trecycle
le
of
the entrained material to the bed is needed to
maintain bed inventory, substantial recycle
rates may be used to enhance performance.
At higher velocities and with finer bed-particle size, the fluid bed surface becomes diffuse
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Fig. 3 Relationships between stoker, fluidized-bed, and pulverized firing of solid fuels
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as solids entrainment increases, such that there
is no longer a defined bed surface; recycle of
entrained material to the bed at high rates is required to maintain bed inventory. The bulk density of the bed decreases with increasing height
in the combustor. A fluidized-bed with these
characteristics is called a circulating fluid bed
(CFB) because of the high rate of material circulating from the combustor to the particle recycle system and back to the combustor. The CFB
is further characterized by very high solidsmixing rates.
Fig. 3 also shows the'typical velocity and bed
particle size for BFB and CFB combustors. Also
illustrated is the relationship between FBC systems (BFB and CFB), stoker firing, and pulverized-fuel firing. As described in Chapter 4,
stoker firing incorporates a fixed bed, having
lower velocity and coarser particle size than the
BFB. Pulverized firing incorporates an entrained bed having higher velocity and finer
particle size than the CFB. The performance
differences between BFB and CFB, to be discussed later, will reflect this relationship.

The combustible loss from an FBC boiler is
predominantly a function of the amount of char
that escapes the system without burning. Gen- erally, the loss from unburned volatiles is insig- =
nificant. The char particles are entrained
(elutriated) from the bed in the flue gas or are
drained from the bed in the bottom ash.
In a BFB, the carbon loss by elutriation alone
can be on the order of 10 percent. Recycle of the
elutriated material to the bed is an effective
means for retaining the char within the system
long enough for efficient combustion. Combustion efficiencies of 90 to 98 percent for lowreactivity fuels, and 99 percent for. reactive fuels,
can be achieved with recycle.
In a CFB, there is no distinct bed as in a BFB
unit. The conditions within the CFB combustor
provide vigorous mixing as a result of the relatively high fluidizing velocity. The very high
recycle rate, attained with a high-efficiency
cyclone, provides for relatively long solids residence time within the system. Combustion efficiencies of 95 to 99 percent are achievable even
with unreactive fuels such as petroleum coke.

CHEMICAL PROCESSES

SULFUR CAPTURE

Within the bed, several interrelated chemical
processes occur, including combustion, sulfur
capture, and nitrogen-oxygen conversion.

The use of limestone as a sulfur-capture sorbent allows sulfur emissions to be controlled
within the fluidized bed during the combustion
process. Limestone consists of calcium carbonate (CaCO,) and various impurities. Lime (CaO)
is formed by calcining the limestone to drive off
carbon dioxide [CO,).

FUEL COMBUSTION

Even at the relatively low temperatures associated with fluidized-bed combustion, the
combustion of fuel in a fluid bed is a rapid process. The combustion rate is a function of the
reactivity of the fuel and the fuel surface area
available. Solid fuel can be considered to consist of volatile matter and fixed carbon (char)
which remains after the volatiles are driven off.
Volatile combustible matter generally burns
more rapidly than the residual char and can be
viewed as a separate process from the char combustion. The concentration of char within the
fluidized bed at any given time is typically a small
percentage of the total bed material. Because
sulfur dioxide is released during the combustion process, fuel-burning characteristics can
significantly influence sulfur capture.

Sulfur in the fuel is converted to sulfur dioxide (SO,) during the combustion process. Although nearly all of the sulfur is oxidized, some
of the inorganically bound sulfur may be retained in the ash. The sulfur dioxide combines
with the calcined lime in the reaction:
SO,

+ CaO + 112 O2

+

CaSO,

(2)

Eqs. 1and 2 indicate that a mole of calcium is
required to capture one mole of sulfur. Then,
defining the CaIS molar ratio as moles of calcium in the limestone feed to moles of sulfur in
the fuel feed, the theoretical minimum CaIS required for a given level of sulfur removal is 111,
which assumes 100-percent utilization of the
sorbent .
In practical systems, 100-percent utilization
is impossible to attain. Because the sulfation
process takes place on the surface of the lime
particles in the bed, the lime contained in the
particle core is generally not utilized. Also,
some SO, will escape capture if the total sorbent surface within the unit is insufficient.
Consequently, CaIS mole ratios greater than one
(1)are necessary.
The porosity of the particle surface formed
during calcination is a strong factor in sulfur
capture. Slow calcination results in a highly porous particle with an exposed surface larger in
area than that of a smooth particle of similar diameter. As it forms, calcium sulfate tends to
block the pores. Deep pores provide large surface '
area but may plug with sulfate before being filled.
The optimum particle size provides the maximum surface that can be fully sulfated. The presence of magnesium carbonate (MgCO,) tends to
enhance limestone utilization, even though it
does not participate in the sulfur-capture process
in the bed. This is because, in calcining to MgO,
the MgCO, increases the porosity of the stone.
1
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Fig. 4 Sulfur removal versus fluidized-bed
temperature

The calcination process begins at around
1300°F (700°C) and, as does the sulfation process, improves with temperature increases.
However, the most favorable combination of calcination and sulfation occurs at about 1550°F
(840°C). Above this temperature, less-thanoptimum porosity forms, limiting the sulfation
capacity of the lime particles. Fig. 4 indicates the
dependence of sulfur capture on temperature.
There is considerable speculation as to why
the sulfur-capture performance falls off so rapidly with increasing temperature. One theory is
that sulfate material becomes fluid and coats
the particles with a thin, unreactive layer which
shields the interior of the particle from further
sulfation. Another is the declining rate at
which SO, is oxidized to SO, falls off at temperatures above 1600°F (870°C). The general
shape of the sulfation efficiencyltemperature
curves is common to all types of FBC systems,
thus suggesting a fundamental relationship.
Because sorbent particle size is smaller in
CFB systems (thus exposing more surface area
per unit mass), sorbent utilization is generally
better in a CFB than in a BFB. However, BFB
units with high recycle rates can closely approach the sorbent utilization of a CFB.
NITROGEN-OXYGENCONVERSION

NO, emissions from an FBC boiler are generally less than 0.3 lblmillion Btu (0.13 kg/nJ).
Values below 0.1 lblmillion Btu (0.04 kg/nJ)
have been achieved.
Although at the low temperatures typical of
FBC no atmospheric nitrogen is converted to
NO,, laboratory data have shown that nearly all
of the fuel nitrogen is converted to NO, during
the burning process. For a typical coal containing 1 percent nitrogen, the potential NO, release is roughly 3 lbslmillion Btu (1.3 kg/nJ).
Thus, secondary processes are responsible for
the low NO, emissions.
Carbon monoxide (CO) and char are strong
reducing agents and appear to be the principal
factors in lowering NO,. These agents strip oxygen from the NO, in a reduction reaction that
produces elemental nitrogen (N,). In a CFB system, a significant portion of the total air is intro--
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duced above the grate. Fuel is normally fed below these air ports, creating a substoichiometric zone in the lower combustor with resulting
high concentrations of char and CO. The-reduc- ing conditions in the lower combustor enable
the attainment of NO, emissions of 0.1 lblmillion Btu (0.04 kgInJ) and below.
A similar but less extreme condition can be
established in a BFB by diverting some of the
total air into the freeboard as overfire air. In the
bed, the carbon content is around 1percent and
the CO levels are on the order of 5000 ppm. The
CO is produced by the burning char in the bed,
with burnout completed within the freeboard.
Overfire air can be used to redistribute the combustion air, although this must be done with
care to avoid the corrosion problems in the bed
that would result with substoichiometric firing
and yet provide mixing in the freeboard.
There is also evidence indicating that NO,
emissions hcrease with increasing CaIS, especially at high SO, removal rates.' Thus, minimizing CaIS is important to NO,-emissions as
well as to limestone cost.
HEAT TRANSFER
IN FLUIDIZED-BED BOILERS

Heat transfer to surfaces immersed in, or
bounding, an active fluidized bed occurs by
means of three mechanisms acting in parallel:
gas convection, radiation, and particle convection. The heat-transfer coefficient to the bedtouched surface is:
H,

where H,
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Fig. 5 Correlation of particle convection Nusselt
number with Archimedes number

given emissivity radiating to the surface. The
particle convection term is usually the largest
term, and describes the heat transferred to the
surface by particle contact. In practice, the
overall heat-transfer coefficient is measured,
the gas convection and particlelgas radiation
terms are calculated, and the particle convection term is determined by difference. Then, the
particle convective component is correlated to
certain physical variables for design purposes.
In BFB units, the particle convective component for the active bed area can be correlated
reasonably well with the Archimedes number
(Ar):

(3)

= total outside heat-transfer coefficient
= coefficient of gas convection

H
,

= coefficient of particle and gas

H,

radiation
= coefficient of particle convection

The gas convection term is the smallest and
refers to the transfer of heat from the gas to the
surface assuming no solids present. The radiation term is usually the second-largest term and
treats
the particle "cloud" as a grey body of
. ..

-

where d, = mean particle diameter
g = gravitational constant
p, = gas density
p, = particle density
p, = gas viscosity,
all in consistent units

Fig. 5 is a curve of the Nusselt number versus
the product of the Archimedes and Prandtl
numbers derived from experimental test
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results. The curve represents the following
correlation:

-

Nu =

hd

k,

= 0.31 (Ar)' Z7

(Pr)' 33

TABLE 1. Relative Magnitude of
Heat-Transfer Components in
Fluidized-Bed Steam Generators

(5)

BFB
Bed

where
d, = the harmonic mean particle diameter
= the total outside heat-transfer coefficient
(excluding radiation)
k, = the gas thermal conductivity
Nu = the Nusselt number
Pr = the Prandtl number, and
Ar = the Archimedes Number

-

Eq. 5 indicates that the outside convective
heat-transfer coefficient is a weak function of
particle size and that there is no significant dependence of the heat-transfer coefficient upon
the superficial gas velocity through the bed.
In CFB units, work is currently on-going to
correlate particle convective component in the
combustor with various parameters. The main
determinant of combustor particle convection
coefficient is the bed density, which varies with
combustor height. Factors affecting the density
profile include fluidizing velocity, velocity profile, total solids inventory, bed particle size,
fuel, and combustor geometry.
Note that CFB units sometimes use a bubbling-bed heat exchanger to cool ash, called a
fluidized-bed heat exchanger (FBHE) when
used in the main ash-circulating loop and a fluidized-bed ash cooler (FBAC) when used to
cool bottom ash. Work is being done to test the
match between the BFB heat-transfer correlation and calculation methods and FBHEIFBAC
field data.
Table I indicates the relative magnitude of the
various heat-transfer components i n and
bounding the bed, in typical BFB and CFB
steam generators.
The draft loss in the backpass of CFB units is
-similar to that in stoker or pulverized-fuel boil- ers; therefore, heat-transfer coefficients are essentially the same. However, for BFB boilers
operating at high recycle rates, convective-pass
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H,e

H,d
HPC

0-2 Btulhr-ftZ-OF
8-12 Btuhr-ftZ-OF
30-50 Btuhr-ftZ-OF
CFB (same units)
FBHEIFBAC
Combustor

dust loading is much higher. Field data indicate that such high dust loading improves the
convective-pass heat-transfer rates.
There are several differences in the calculation of boiler efficiency for a fluid-bed boiler as
compared to a stoker or pulverized-fuel boiler.
For discussion purposes, the loss method is
used, as described in Chapter 6.
An additional loss term is required for the net
heat loss or gain from the calcination and sulfation processes in the bed. The calcination loss
is that heat lost in calcining CaC03 to CaO, an
endothermic reaction. The sulfation heat gain
is that from combining the SO, with O2 and
CaO to form CaSO,, an exothermic reaction.
Typically at CaIS ratios above 2 , the calcinationlsulfation term is a net heat loss, while at
CalS below 2 , the term is a net heat gain.
The ash sensible heat loss can be large, considering the high-ash fuels frequently fired and
the presence of sorbent products in the ash. On
a high-ash fuel, the ash sensible heat loss can
exceed 5 percent of heat input, as shown in
Chapter 6 . Therefore, the ash sensible heat loss
should be calculated rather than included as an
unaccountable loss.
For CFB units, the use of large refractorylined cyclones increases the radiation loss
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above that calculated from the ABMA standard
curve in Chapter 6. This loss should also be calculated based on the surface area and skin temperature of the refractory-lined components.
Fan heat credits should also be determined
and included in the heat balance. The high fandischarge pressures used with fluidized-bed
boilers result in significant thermal-energy addition to the boilers. Other loss terms are the
same for fluid-bed boilers as for other types of
boilers, as covered in detail in Chapter 6.
BFB VERSUS CFB

,

The question of which system, BFB or CFB, is
best for a given application is frequently asked
but is usually difficult to answer. In certain
cases, such as very low SO,/NO, emission
limits, CFB may be the only choice. Also, there
is currently more commercial experience with
CFB units\on a wide range of unit capacities,
steam cycles, and fuels which can influence
user selection for new projects. However, for

most applications both BFB and CFB are technically feasible. Defining the lowest-cost option
requires estimating capital and operating costs
for each; the comparison will vary depending
on unit capacity, steam cycle, fuel, sorbent,
space requirements, and emission limits.
The next two major sections of this chapter
describe C-E's fluidized-bed steam-generator
designs in more detail, including process design parameters and typical equipment.

BUBBLING FLUIDIZED-BED
STEAM GENERATORS
~ i ~ .illustrates
-6
a general form of BFB steam
generator. Crushed fuel and sorbent are fed to
the top or bottom of the bed. Fluidizing air is
supplied to the bottom of the bed through a
plenum and air distributor. Combustion and
sulfur capture (presuming a sulfur sorbent is
used) take place in the bed, with the flue gas
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and some entrained solids passing into the section of the combustor above the bed surface,
called the freeboard. In the freeboard, additional combustion and sulfur capture can take
place. From the freeboard, the gas and solids
enter the convective pass where they are cooled
before entering a mechanical dust collector
(MDC). The MDC collects the entrained solids
for recycle to the bed or for disposal. Flue gas
from the MDC passes to an air heater, fine-particulate collector, and induced-draft fan. Bed
temperature is maintained at the optimum for
sulfur capture and combustion efficiency, usually by means of the water-cooled walls of the
combustor andlor a tube bundle immersed in
the bed. Bed level is controlled by draining and
cooling an appropriate amount of material from
the operating bed.
PROCESS CONSIDERATIONS

At minimum fluidization velocity, a cushion
of gas separates the bed particles from one another. Increasing the velocity does not significantly increase the separation distance. Rather,
the gas volume in excess of that required for
minimum fluidization forms bubbles in the
bed. Bubble formation provides a lower resistance path for gas flow. The shape, size, and
growth of the bubbles significantly affect bed
performance.
The volume of the bubbles causes the bed
depth to increase over that of minimum fluidization. The ratio of operating bed depth to the
depth at minimum fluidization is called the expansion factor. An expansion factor of 1 . 5 to 2
is typical.
The bubbles provide an important function
in mixing the bed. At minimum fluidization velocity, there is very little particle movement. Reactive feed materials such as coal and limestone
would not be well dispersed within the bed.
The bubbles agitate the bed and induce mixing.
On the other hand, the bubbles can provide a
path for the bypassing of gases through the bed.
If the system is improperly designed, a major
portion of the air required for combustion can
pass through the bed as bubbles without adequately contacting the fuel. The SO, and NO,

released from the fuel can also escape through
the bubbles without fully contacting the sorbent materials in the bed.
The selection of system parameters is important in achieving good mixing without promoting gas bypassing. This is accomplished by
designing the bed so that the gases in the bubbles are rapidly exchanged with gases from the
non-bubbling regions of the bed. The non-bubbling part of the bed is essentially at the minimum fluidization condition and is referred to
as being in the emulsion phase.
The bubbles rise through the emulsion and
produce agitation. The effectiveness of gas interchange between the bubbles and emulsion is
a function of the bubble size and apparent viscosity of the emulsion phase.
One parameter that can be modified in designing the fluidized bed for efficient gas mixing is the mean bed particle size. At a given gas
velocity, the volume of gas in the bubbles depends upon the minimum fluidization velocity,
which is affected by particle characteristics.
The particle size and density influence the apparent viscosity of the bed which, in turn, affects the average bubble size and rate of bubble
growth. With a mean bed particle size of 1000
micrometers (1millimeter), near-optimum conditions can be maintained over a range of operating conditions with fluidizing velocities from
about 2 ftlsec to about 10 ftlsec (0.6 to 3.0 mls).
For a specific application, it may be desirable
to choose a finer or coarser bed-material sizing.
For example, a low-reactivity, high-sulfur fuel
such as petroleum coke may require a deep bed
with a low design superficial velocity; this
would serve to increase the residence time for
both the fuel-burning and sulfur-capture processes. In such an instance the bed particle size
could be reduced while still maintaining desirable bubble conditions. As a secondary benefit,
the smaller particle size results in a greater surface area per unit mass for the sorbent bed material. Improved sulfur-capture efficiency is a
possible advantage as a trade-off to lower heat
release per unit of bed plan area.
In the freeboard, large solids that are ejected
from the bed surface separate from the gas flow
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and fall back into the bed. The freeboard is considered to terminate at the level at which the
gas velocity significantly increases, usually on
entering a convective heat-transfer section.
The freeboard can be considered as a second
reactor in series with the fluidized bed. The
freeboard serves as an important region in
which additional combustion and sulfur capture occur. Solids which leave the bed and freeboard are captured in an MDC downstream
of the combustor. These solids can be recycled
back to the bed, providing additional reaction
time for the char and sorbent particles. The
amount of recycle is generally described as a recycle ratio, -equal to the recycle mass flow divided by the fuel mass flow. For BFB systems
burning typical bituminous coals, the recycle
ratio is usually selected in the range from 1:1 to
3:l. 1.Vhen firing a typical bituminous coal,
with flue-gas flow about ten times coal flow, a
recycle ratio of 1:1 gives a solids concentration
in the freeboard of approximately 10 percent by
weight. This solids concentration provides
high sulfur capture and combustion efficiency
as the SO,, char, and combustioh air react.
FEED SYSTEMS

The fuel feed system has a major impact on
the performance and design of BFB units. Two
basic types of feed systems are used, underbed

and overbed. Underbed systems include pneumatic as well as mechanical means such as
screw feeder; and ram injectors. The common
feature is that the fuel is introduced at the bot- tom of the bed. On the other hand, overbed systems use devices such as spreaders to throw the
fuel onto the bed surface. Both types of feed systems are shown in Fig. 7.
Underbed feed is the method which takes
best advantage of the bubbling-bed dynamics.
The fuel is typically introduced by a pneumatic
feed system through nozzles located just above
the air distributor. For adequate fuel distribution, generally one feed nozzle is provided for
each 20 ft"(1.9 my of bed area. The nozzles are
designed to inject the fuel laterally with a
velocity of about 50 ftlsec (15 mls) to increase
dispersion. The fuel is usually limited to a topsize in the range of to 112 inch (6 to 13 mm) to
facilitate pneumatic conveying. This size range
also provides a large number of fuel particles
per unit mass which contributes to a nearly
uniform distribution of fuel within the bed.
As compared to overbed, the benefit of underbed feed is improved performance, particularly
with regards to sulfur capture. With the fuel introduced upstream of the bed, most SO, (especially that from the fuel fines) is released in the
bed and so has an opportunity to contact the
sorbent in the bed. Thus sorbent utilization is
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generally better with underbed feed. Also, underbed feed is more tolerant of fuel fines, which
are generally burned in the bed. Further, increasing bed depth can provide acceptable performance for fuels of low reactivity andlor of
high sulfur content.
The drawback of underbed feed is its increased complexity. Relatively small pneumatic
conveying lines limit the surface moisture of
the material being transported to about 6 percent maximum in order to avoid line pluggage.
This will usually require a dryer in the fuelpreparation system. Also, the point of fuel introduction at the base of the bed is typically at a
positive pressure of 40 to 50 "WG (11/2to 2 psi,
or 10 to 12.5 kPa). Adding to this the pressure
lost in the conveying lines and splitter, the feed
system must move the fuel from atmospheric
pressure to 5 to 10 psig (35 to 70 kPa gage).
The main benefit of overbed feed is that it is
much simpler than underbed methods. The
fuel is sized as in typical spreader stoker application to 1to 2" (25 to 50mm) topsize. With the
type of equipment involved, this size material
is much easier to feed when wet, so fuel drying
is not required.
The principal limitations in using overbed
feeding arise where high performance is required, especially for sulfur capture. From a
process point of view, overbed feed injects the
coal downstream of the primary reactor. For
combustion, this may not be a major problem
because high recycle rates and overfire air can
enhance fuel burnout in the freeboard. But the
bed is ineffectively used in a system where sulfur capture is a main objective. Larger particles
which settle on the bed will liberate volatiles, a
large source of SO,, at the top of the bed. Fines
will burn before reaching the bed and liberate
SO, in the freeboard. All of this SO, bypasses
the sorbent in the bed. Screening of the coal to
eliminate fines, and water sprays to avoid fines
burning in the freeboard have been tried to offset this limitation.
Overbed feed also requires closer attention to
removal of rock and other inert material fed to
the bed. With overbed feed, this material can be
quite large and, along with any ash particles
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formed during combustion, will sink to the bottom of the bed. A layer of large, dense particles
can form at the bottom of the bed and disrupt
fluidization.
Overbed feed is most appropriate for highly
reactive fuels with low sulfur content and for
fuels very high in ash. With reactive low-sulfur
fuels (such as certain subbituminous coals and
lignites) the combustion efficiency can be quite
high even with minimal recycle. Also, because
the required sulfur capture is low, SO, bypassing the bed is not a concern. With high-ash
coals and oil shales, the fuel is relatively dense
and contains sufficient inerts so that a small
particle such as 314 inch (20 mm) or smaller can
be uniformly spread. Sulfur-capture efficiency
can still be a problem, but often the fuel ash can
contain a large amount of calcium. The limestone additive required for sulfur capture may
then be negligible or no greater than in the system designed for high-sulfur fuel. Overbed feed
is also more appropriate where simplicity
rather than performance is the main concern.
DISTRIBUTION OF HEAT RELEASE

Within the BFB combustor, fuel heat is released both in the bed and in the frdeboard. Bed
temperature is maintained at the desired level
usually by heat transfer to furnace-wall tubes
and other tubes immersed in the bed. As indicated previously, the heat-transfer rate to these
tubes is very high. Thus it is cost-effective to
maximize the amount of heat released in the
bed. The amount of heat released in the freeboard is expressed as a'percentage of the gross
heat fired, and is referred to as the freeboard
heat release (FBHR). With an underbed feed
system and a bed designed to minimize gas bypassing, the FBHR is typically in the range of
10 to 15 percent. With an overbed feed system,
the FBHR is in the range to 20 to 30 percent,
thus shifting heat duty to the freeboard and
convective pass- where heat-transfer rates are
much lower than in the bed.
HEAT-DUTY DISTRIBUTION

The location of evaporator, superheater, and
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reheat heating surface within the combustor
and convection pass is designed to minimize
total cost while providing the proper performance characteristics over the complete rangeof unit operation.
Usually, the combustor enclosure is composed of welded water-cooled tubing and does
evaporative duty. In-bed tube bundles are used
for evaporation and for superheater and reheater service. The convective pass contains superheater, reheater, economizer, and air heater
surface. With a reheater, a split backpass can be
used, with reheat steain temperature controlled
by gas-biasing dampers.
PROCESS PARAMETERS

Table I1 contains a list of typical BFB process
design parameters.
Feed size affects both operation and performance. For overbed feed, fines must be limited as
they will be entrained in the gases leaving the
bed and so not come in contact with sorbent,
leading to higher SO, emissions. Excessive fines
can also lead to more-than-desired burning
in the freeboard or localized hot spots near
the feeder. For underbed feed, the fuel must be
properly sized for pneumatic conveying. High
topsize leads to a requirement for excessive
transport line velocity and, as a result, potential for erosion. The fuel must have surface
moisture less than 6 percent to avoid pluggage
in the transport lines. Sorbent size is selected
to maximize sorbent utilization; striking a balance between bed solids residence time and
surface area.
In the combustor, bed temperature is controlled in the range of 1560 to 1 6 5 0 ° F (850 to
9 0 0 ° C ) , for good combustion efficiency and
sulfur capture. The lower temperatures are used
with higher sulfur fuels, such as bituminous
coal, to maximize sorbent utilization. The
higher temperatures are used with high-ash
fuels, such as anthracite culm, to maximize
burnout. Freeboard temperature is designed to
the same temperature range as the bed.
Design bed velocity is usually 8 ftlsec (2.4 mls).
This velocity provides a reasonable plan area,
avoids excessive airlgas bypassing via the bub.-

bles, avoids excessive erosion, and retains a
margin in fluidization velocity above minimum
fluidization for turndown purposes.
Bed particle size depends on the fuel and sorbent sizing and the decrepitation characteristics in the bed. For a given design velocity,
bed particle size then determines the state of
bed fluidization.
Bed depth is usually set at 2 ft. (0. 6 m) in the
slumped condition, which results in about 4 ft

TABLE 11. Typical BFB
Process Parameters
Fuel

.

Overbed Feed

Top size
Moisture

25-50

Fines

< 25 percent

Underbed
Feed

mm

10 mm
< 6 percent

-

(surface)
< 2 0 percent
minus
30 mesh

minus
16 mesh
Sorbent

Top size
* d50

5 mm
800-1400

micrometers or pm

Combustor

Bed Temperature
Bed Velocity
Bed Particle Size
Bed Depth
(slumpedlactive)
Bed Pressure Drop
Recycle Ratio

1560-1650°F
4-10 ftlsec
500-1200 micrometers (pm)
24"/4BW
20-50"WG
0 to 511

Performance

Carbon Loss
Ca/S

so,
Co
NO,

2 to 5 percent or lower
2.3 to 3.0 (for 9 0 percent

.

SO, capture)
300 ppm or less
250 ppm
150 ppm or less

'd,, is the diameter at the 50 percent point of a Rosin-Rammler
logarithmic probability plot of particle size versus percent passing
thmugh a given sieve size.

(1.2 m) active bed height, and an expansion factor of 2. Design bed depth is adjusted (along
with bed velocity) to match fuel characteristics.
A deeper bed and lower velocity are used with
harder-to-burn fuels, or fuels requiring high
sulfur capture.
Bed pressure drop is mainly a function of bed
depth. Deeper beds, while yielding better performance, also require more fan power. Recycle
of entrained material to the bed improves carbon burnout and sorbent utilization. Given the
fineness of the entrained material and the
multi-cyclone collection efficiency, optimum
recycle rates are in the range of 111to 511.
PART-LOAD OPERATION

Turndown, or part-load operation, of a BFB
is achieved by one or both of two methods. The
simplest is called velocity turndown. In this
method, fuel and airflow are reduced to the entire bed. The bed cooling bundle is designed so
that as airflow and, therefore, active bed level
are reduced, bed temperature is maintained at
or near the optimum. This method alone is usually effective down to 70-percent load only. The
other method is called bed zone slumping. The
air plenum is divided into zones so that the
air supply to each zone is separately controlled.
As load is reduced, sections of the bed are
slumped (defluidized). This allows the maintaining of temperature at the required levels in
the active zones. With this method, turndown
to 25-percent load and below is easily achieved.
START-UP

Start-up of the unit is accomplished by startup burners firing oil or gas. These burners can
be located underbed in the air plenum, or overbed. Underbed burners heat the bed to solidfuel ignition temperature (typically 1000°F or
540°C for coal) by first preheating the air to between 1200 and 1400°F (650 and 760°C). Overbed burners fire onto the bed surface, thereby
heating the bed material directly.
-Because only a portion of the bed is usually
heated during start-up, the gas or oil heat-input
requirement is minimized. The start-up section
may or may not have in-bed surface. If in-bed
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surface is present, bed level generally is reduced before start-up to avoid having the tube
bundles in the active bed. This minimizes both
heat losses from the bed and bed heat-up time.
When the start-up section is heated adequately, solid-fuel feed is started. An increase
in bed temperature verifies solid-fuel ignition,
and fuel and air flows are raised to bring bed
temperature -up to design. With a multi-zone
bed, load is increased by fluidizing a zone adjacent to the start-up zone, bringing the newly
fluidized one to the solid-fuel ignition temperature, and then firing additional solid fuel. This
process is repeated until all zones of the bed are
at temperature on solid-fuel.
SYSTEMS AND COMPONENTS

The following sections cover the major subsystems within the BFB boiler island. Typical
equipment is described, along with the major
performance criteria affecting design.
FUEL PREPARATION

Selection of fuel-preparation equipment depends on the type cif feed system. Overbed feed
systems can tolerate relatively high-moisture
content fuel, so the preparation system is limited to a primary crusher providing 1 to 2 in.
(25 to 50mm) topsize material. ~ n h e r b e dfeed
systems with pneumatic transport must limit
both topsize and surface moisture to avoid
pluggage of conveying lines. Thus, the fuelpreparation system contains a crusher supplying '14 in. (6mm) topsize material followed by a
dryer. The dryer can take several forms. One
type is the flash dryer, in which the crusher
product is fed to a drying column containing an
upward flow of hot gas (typically boiler flue
gas). The fuel is dried in the column, separated
from the drying gas, and conveyed to the feed
system (see reference 8).
An alternate system under development seeks
to eliminate the dryer for underbed systems by
mixing the wet fuel with recycle material (that
material collected by the multi-cyclone for recycle to the bed).g.lO The hygroscopic components of the recycle material, CaO and CaSO,,
react with the water in the fuel to yield a freeflowing material.
.

-,
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SORBENT PREPARATION
.-

Limestone may be purchased with the desired feed-size specification or may be prepared
directly at the plant. Smaller.instal1ations will
typically purchase properly sized limestone
and have it pneumatically conveyed into storage
tanks. Larger plants will prepare the limestone
in a separate yard facility with the system including an impact crusher and size classifiers
with the required conveyors. The sized limestone is transported to storage tanks.

Coal & Limestone
Inlet

FUEL FEED

The fuel feed system introduces the fuel either above the bed (overbed)or at the base of the
bed (underbed).
The overbed feed system uses mechanical
spreaders to distribute the fuel uniformly
across the top of the bed. Underbed systems
typically use a pneumatic transport system to
distribute the fuel (and often sorbent mixed
with the fuel) uniformly throughout the bed. A
lock hopper, solids pump, or similar device is
required to bring the fuel from atmospheric
pressure up to conveying-line pressure.
Fuel feed nozzles must be located every 20 to
30 ft"(1.9 to 2.8 my of bed plan area for good
fuel distribution. The main-fuel stream from
the lock hopper or solids pump must then be
split into several streams. For this purpose, C-E
uses a fluidized splitter (see Fig. 8) which
fluidizes the incoming fuel stream in a lowvelocity bed. The fuel overflows uniformly into
the individual feed lines within the bed. Splitter
fluidizing air becomes the feed-line conveying air.

To Fluidized Bed

Fig. 8 Fluidized splitter for dividingfuel flow to bed
feed lines

the bed. The air may be preheated in an air
heater. A positive-displacement or rotary
blower supplies conveying air at a higher pressure level for pneumatic transport.
Fluidizing-air nozzles, or bubble caps, are
located at the base of the bed for proper distribution of fluidizing air to the bed. The nozzles
are designed to avoid backsifting of bed material into the air plenum. Nozzle pressure drop
is selected to ensure adequate air distribution
during low-load operation.

SORBENT FEED

COMBUSTOR

The simplest way to feed limestone is to the
top of the bed through a gravity feed chute.
Such a system does not show significantly different sorbent utilization compared with underbed feed.

The combustor includes the bed and freeboard regions. The enclosure is usually watercooled and formed from gas-tight finned or
fusion-welded panelled tubing, including the
bed floor which contains the air nozzles and
the fuel/sorbent/recycle feed nozzles (if an underbed feed system is used).
To maintain bed temperature at the required
value, horizontal tube bundles are immersed in
the bed. Proper design and layout of the tube

AIR SUPPLY

A forced-draft fan supplies fluidizing air to a
plenum which is usually partitioned to allow
control of the airflow to individual sections of

-
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bundle and the tube-bundle supports are critical to long-term performance. The bottom tube
in the tube bundle is usually located about 2 ft
(0.6m) above the fluidizing nozzles, to avoid
erosion from the air nozzles and to allow for access between the floor and bundle. The lowermost tubes in the bundle are frequently coated
with erosion-resistant material or are studded
or finned to avoid erosion. Vertical or inclined
tubing in the bundle is especially susceptible to
erosion. A C-E developed coating called Extendalloy has proven quite effective in preventing
such erosion. The tube-bundle supports must
accommodate the gravity and vibrational forces
on the tube bundle without allowing differential movement between bundle and support.
C-E has developed several proprietary tubebundle support designs, both mechanical and
fluid-cooled, which have demonstrated thousands of hours of trouble-free service.
The combustor can be top-supported, bottom-supported, or a combination of the two.
The high mass of the bed material makes bottom support of the bed area attractive.
Circulation Systems

The walls of the combustor are cooled by natural (thermo-syphonic) circulation of the
steam-water mixture. In-bed evaporator surface
can also have natural circulation, as long as the
tubing is inclined. On larger units, inclined
tubing is not practical, because the element
lengths dictated by the bed depth and the angle
of incline are much shorter than large beds require. On such units, the in-bed evaporator
bundle uses horizontal tubing and assisted
(positive) circulation.
CONVECTIVE PASS

The convective pass is of the same basic design as used in a pulverized-fuel or stoker-fired
unit. The enclosure walls are water or steamcooled tubing, or duct plate, depending on gas
temperature. Retractable or rotary sootblowers
are used to keep convective surfaces clean, although the ash is powdery with little tendency
to adhere to tubing surfaces.

RECYCLE SYSTEM

For units with recycle, a mechanical dust collector collects material entrained from the bed.
The device most often used is a multiple-tube
cyclone. To provide a substantial recycle ratio,
collection efficiency must exceed 90 percent.
Material collected by the MDC is either sent
to disposal or recycled to the bed. Like the fuel
and sorbent, the recycled material can be fed
overbed or underbed. With overbed feed, the recycle material is pneumatically injected from a
few locations just above the top of the bed. 127ith
underbed feed, the recycle material is elevated
to conveying-line pressure by a lock hopper.
solids pump, or seal pot (also called a J-valve).
For reasonable distribution, recycle feed nozzles must be located every 40 ft2(3. 7 m2)of bed
area. Thus, a splitter is also required on the recycle feed system. C-E uses the fluidized splitter for recycle material as well as feed material.
AIR HEATER

The relatively high airlgas pressure differentials affect air-heater selection for BFB applications. Low-leakage designs such as tubular,
heat-pipe, and plate-type air heaters have been
considered. Also, the development of advanced
leakage-control systems for Ljungstrom@ air
heaters, as described in Chapter 14, has led to use
of such on several BFB units.
Use of steam or hot-water preheaters, or a
cold air bypass, is required to maintain air-heater average cold-end temperature (ACET)
above typical limits. While theoretically the
ACET could be reduced for fluid-bed boilers
(because of the low SO,/SO, in the flue gas from
sorbent addition and unreacted lime in the flyash) more operating experience on a wide range
of fuels is needed to verify this.
ASH REMOVALICOOLING

The ash-removal/cooling system includes
both _thebottom-ash and flyash systems.
Bottom-Ash Removal System

The main function of the bottom-ash removal
system is to maintain the desired bed level, or
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inventory. Bed inventory affects performance in
a number of ways, as described earlier. To define bed level, a series of pressure taps are used
to locate the active bed surface, while to define
bed inventory the total pressure drop across the
bed is used. The rate of bottom-ash flow is then
adjusted to give the desired value of levellinventory. The bottom-ash system can also control the accumulation of oversize material,
which in turn can result in poor fluidizing and
nixing, as well as localized defluidization.
LVith an overbed feed system, there is a greater
possibility for feed of oversize, and so greater
care must-be taken to provide a sufficient number of properly located bed drains which can
accommodate relatively large material. With an
underbed feed system, the opportunity to feed
oversize is much less. Providing a bed drain for
every 100 to 200 ft"9 to 19 m') of bed area is
generally qdequate for control of bed level1
inventory and oversize.
Particularly with an overbed feed system, it
may be advantageous to classify the bed-drain
material by reinjecting the fines and passing
only the coarsest fraction to the bottom-ash system. This arrangement helps remove rocks and
such from the bed without excessive ash flow to
downstream equipment. The classifier can operate continuously or in batch mode and can
also provide some cooling of the ash.
The bottom ash must be cooled from combustor temperature to 250 to 450°F (120 to 230°C)
before entering the bottom-ash conveying system. Bottom-ash cooling is accomplished generally by water-cooled screws. Where it is
economical to recover the sensible heat in the
bottom-ash stream, an air-cooled multi-tube
heat exchanger can be used. In this device the
ash leaves the bed and flows down into the
cooler, which consists of several tubes in parallel over which air is blown. Heat from the ash is
transferred to the air which is then mixed with
the main fluidizing air.
From the cooler, the ash passes to the bottomash conveying equipment for transport to storage. The transport system can be either a
mechanical system with flight conveyors or a
pneumatic system. Alternately, a mechanical

system can be used to transport the material to
an intermediate hopper from which the ash can
be conveyed penumatically to storage.
Flyash Removal System

Most fluidized-bed boilers have fabric filters for
final particulate cleanup. Flyash from the economizerlair-heater hoppers, MDC, and baghouse
or ESP is typically handled with a vacuum
pneumatic system. No ash cooling is necessary.
The bottom-ash and flyash streams can be
stored separately or together. An ash conditioner (see Chapter 16) is used to prepare the
ash for transport to disposal.
Chapter 16 describes the complete scope of
ash-handling equipment available for use on
FBC boilers.
There have been many studies of the possible
uses for flyash and bottom ash. Its free-lime
content has led to testing of FBC ash as a substitute for cement, with some success. Other uses
investigated include: extender in asphalt mix,
substitute for gypsum in gypsum board and
conditioner for soil.1 Most often, however, the
ash is disposed of as land fill.
INDUSTRIAL APPLICATION

Fig. 9 is an example of a C-E BFB design for
industrial application. This type of unit is
called the Fluidized Bed Modular (FBM) unit
as it is designed for shop fabrication and shipment in a minimum number of large sections.
The FBM unit can operate over a wide load
range while maintaining superheated steam
temperatures close to the design value. A boiler
firing oil, natural gas, coal, or waste fuel can be
designed for capacities from 70,000 to more
than 350,000 pounds of steam per hour (10 to
more than 45 kgls). The boiler uses an in-bed
superheater, a bottom-support design, and an
overbed, underbed, or combined feed system.
The large freeboard allows the use of overbed
feeding for suitable fuels.
UTILITY APPLICATION

An example of a C-E BFB design for utility
applications is the TVA 160-MW demonstration

. _
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Recycle Tank

Dust Collectors

Fig. 9 C-E bubbling fluidized-bed (BFB) boiler for
industrial applicatidn

Fig. 10 Arrangement of TVA 160-MW BFB
steam generator

boiler, located at TVA's Shawnee Steam Plant
near Paducah, Kentucky. The boiler is designed
to produce 1,100,000 lblhr (139 kgls) main
steam at 1005OF (541°C), 1800 psig (12.4 MPa
gage), firing a Kentucky bituminous coal. The
boiler is the largest fluidized-bed boiler in the
world. The plant utilizes the existing steam turbine, condenser, feedwater system, coal yard,
fabric filter: induced-draft fan, stack, and flyash
transport equipment. Fig. 10 is an isometric
view of the boiler.
The combustor consists of a single large bed
with freeboard above. The air plenum below the
bed is divided into twelve zones, with the airflow separately controllable to each zone. The
bed contains several sections of evaporator and
intermediatelfinishing superheater tube bundles, with mechanical bundle supports. The
convective pass which is located above the freeboard in a tower configuration is split, with the
reheater on one side. Downstream gas-biasing
dampers control reheat steam temperature. An
MDC collects flyash for recycle or disposal. A

Ljungstrom air heater is used. Fuel, sorbent,
and recycle material are pneumatically fed underbed. Further details of the design are contained in references 1 2 , 13, 14, 15.

CIRCULATING FLUIDIZED-BED
STEAM GENERATORS
'-

Fig. 11 shows a typical CFB steam generator.
Crushed fuel and sorbent are fed mechanically
or pneumatically to the lower portion of the
combustor. Primary air is supplied to the bottom of the combustor through an air distributor,
with secondary air fed through one or more elevations of air ports in the lower combustor.
Combustion takes place throughout the combustor, which is filled with bed material. Flue
gas and entrained solids leave the combustor
and enter one or more cyclones where the
solids are separated and fall to a seal pot. From
the seal pot, the solids are recycled to the combustor. Optionally, some solids may be diverted
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Fig. 1 7 Typical circulating fluidized-bed (CFB) steam generator

ties greater than 10 ftlsec (3 mls) with mean bed
particle size smaller than 500 micrometers. A
large fraction of the bed mass is small enough to
be entrained in the gas stream. This material
must be collected and recycled to maintain bed
inventory. The distinction between bed and
freeboard has faded, and bubbles are no longer
apparent. The pressure drop from the bottom to
the top of the combustor follows a smoothly declining gradient, as illustrated in Fig. 12.
Even though the gas velocity is above the entrainment velocity of most particles in the bed,
the entire bed is not entrained out of the combustor. This is because the particles tend to
form "clusters" which break-up, reform, and
PROCESS CONSIDERATIONS
move up and down within the combustor.
(Clusters in a CFB are somewhat analogous to
Circulating fluidized-bed conditions (also
bubbles in a BFB. )The gas velocity is below the
called fast fluidization or lean phase fluidizaentrainment velocity of the cluster. The clusters
tion) are achieved as fluidization velocity is increased past the bubbling regime (see Fig. 1). thus allow maintaining considerable bed inventory at usual CFB velocities, and also account
CFBconditions are generally attained at veloci-

through a plug valve to an external fluidizedbed heat exchanger (FBHE) and back to the
combustor. In the FBHE, tube bundles absorb
heat from the fluidized solids.
Bed temperature in the combustor is essentially uniform and is maintained at an optimum
level for sulfur capture and combustion efficiency by heat absorption in the walls of the
combustor and in the FBHE (if used). Flue gas
leaving the cyclones passes to a convection
pass, air heater, baghouse, and ID fan. Solids
inventory in the combustor is controlled by
draining hot solids through an ash cooler.
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Fig. 12 Circulating fluidized-bed combustor pressure profile

for considerable internal bed recirculation. The
entrained material is of a large enough size to
be captured by a cyclone for transport back to
the bed. This process results in substantial external recycle and leads to excellent mixing and
gas-solids contact with high performance in
terms of combustion efficiency and sorbent utilization. Recycle ratios of 10 to 100 and greater
are typical and are required to maintain the desired high solids concentration in the combustor. When firing a typical bituminous coal with
flue-gas flow ten times the fuel flow, a recycle
ratio of 10 provides a solids loading of 1 Ib
solidsllb gas at the combustor outlet, while a recycle ratio of 100 provides a solids loading of 10
lb solidsllb gas at the combustor outlet. At these
solids loadings, the temperature is essentially
uniform throughout the combustor and cyclone, and the mixing rates are extremely high.
Because of the high mixing rates, only a simple
fuellsorbent feed system with a few feed points
is required.
FLUIDIZED-BED HEAT EXCHANGER

For smaller units (less than, say, a steam flow
of 500;000 l b h or 63 kgls) with a single design
fuel, an FBHE is not needed. For larger units,
particularly with reheat cycles or with a wide
range of design fuels, an FBHE is highly advan-

Compartment

I

i
Fig. 13 Typical fluidized-bed heat exchanger
(FBHE) with refractory-lined steel-plate enclosure

tageous.16 The FBHE is a bubbling-bed heat exchanger with one or more compartments
containing immersed tube bundles, as illustrated in Fig. 13.
Additional Heat Duty

The FBHE is an alternate means to remove
heat from the hot solids in the primary solids
recirculation loop (primary loop), and can reduce the combustor size. Combustor plan area
is proportional to unit capacity since design
fluidizing velocity is fixed. As capacity increases, the combustor must get taller in order
to absorb the required heat in its walls. At some
capacity (in the range of 500,000 l b h steam, or
63 kgls), a combustor height of 100 to 110 ft (30
to 33 m) is reached. Combustor heights greater
than this offer diminishing returns because
heat-transfer rates are low 'in the upper combus-
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tor and additional fan power is required to
achieve a desired solids loading at the combustor outlet. C-E normally supplies an FBHE on
units above about 500,000 l b h (63 kg/s) capacity. The alternative to the FBHE is surface
within the combustor bed such as pendant or
horizontal surface. Precautions must be taken to
avoid excessive erosion of this surface.
Alternate Fuels

Different fuels produce different volumes of
flue gas per unit of heat fired. For maximum
efficiency, it is necessary to fire each fuel at
optimum conditions for sulfur capture and
combustion efficiency. This can require a significant variation in the heat absorption required from the primary loop for a wide range
of fuels. Table I11 shows various fuels along
with the flue gas each produces. Also shown
for each fuel is a term defining the heat in the
flue gas leaving the primary loop as a percent of
heat input. As indicated, a low-grade, highmoisture fuel such as wood produces large volumes of gas and a relatively large percentage
of heat leaving the primary loop (hence lower
primary-loop duty) at optimum firing conditions. At the other end of the fuel spectrum, anthracite produces relatively low flue-gas
volumes and a relatively small percentage of

heat leaving the primary loop (hence more primary-loop duty) at optimum firing conditions.
The FBHE can be used to adjust primary-loop
heat absorption when switching fuels, allowing
the same combustor to maintain optimum firing conditions on each fuel. For example, when
switching from wood to anthracite, solids flow
to the FBHE is increased to augment primary
loop duty, while combustor temperature and
excess air can be maintained at optimum levels.
This is illustrated in Fig. 14.
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Fig. 14 Total heat-duty distributionfor various fuels

TABLE 111. Relative Flue-Gas Volumes and Heat-Absorption Patterns for
Various Fuels

Fuel

Wood Waste
Spent Sulfite Liquor
Anthracite Culm
Anthracite
Lignite
No. 6 Oil
Petroleum Coke
Bituminous Coal
Natural Gas
'At the combustor outlet

Optimum
Combustion
Temperature0F

Lb. Combustion
Products (Wet] per
106BTU Fuel Fired

BTU Combustion

1560
1560
1650
1650
1560
1560
1560
1560

1,329
1,181
1,035
1,015
1,031
1,006
1,004
992
925

0.571
0.562
0.447
0.436
0.431
0.417
0.403
0.400
0.391

-

-

Products*
BTU Fuel Fired

I
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Turndown

Turndown is accomplished by reducing fuel
and air flows to the unit. However, it is a characteristic of a CFB that the combustor heattransfer rate is not reduced proportionally to a
drop in airflow. Consequently, without an
FBHE, combustor temperature drops as load is
dropped. The FBHE can be used to maintain
combustor temperature at the optimum level
over a wide load range, by reducing solids flow
to the FBHE as load is decreased. This feature
is especially important when firing certain
low-grade fuels. In such situations, maximum
combustor temperature must be limited because
of the potential for ash softening, thereby leaving only a narrow temperature range for
acceptable combustion.
Reheat

Reheater surface can be located in the FBHE,
and the flow rate of solids to the FBHE can be
used to control reheater outlet steam temperature. The FBHE can also heat air or other process streams, depending on the application.

while the convective pass typically contains
low-temperature superheater and low temperature reheater, along with the economizer and
airheater. One FBHE then contains the finishing superheater and the other contains the finishing reheater. This arrangement allows
control of reheat steam temperature by means of
solids flow to the FBHE containing the reheat
surface. Either or both FBHE's may contain
evaporator surface as well.
The split reheater (part in convective pass,
part in FBHE) is designed to put heat into the
reheat circuit at low loads (when hot solids may
not be available to the FBHE) for turbine steamtemperature matching; without requiring a turbine bypass.
The heat-duty distribution described above
minimizes the heating surface and cost in a
subcritical drum-typecycle without a turbine
bypass (the most common cycle in the U.S.).
Other heat-duty distributions may be best for
other cycles and to meet certain special performance requirements. One example would be
a once-through steam cycle with a turbine bypass, where all reheat surface could be located
in one FBHE.

HEAT-DUTY DISTRIBUTION

The distribution of evaporator, superheater,
and reheater duty within the primary loop
(combustor and FBHE) and convective pass is
set to minimize cost while providing the required performance over the load range. The
major considerations in selecting the heat-duty
distribution are described in reference 17.
In a unit without an FBHE, the combustor
walls do evaporative duty, and the convective
pass contains the superheater, economizer, and
air heater. In a unit with an FBHE, the combustor does evaporative duty and the convective
pass typically contains the low temperature superheater and economizer plus the air heater.
The FBHE then contains the finishing superheater and may contain additional evaporator
surface. When fluid-cooled, the walls of the
FBHE do evaporative duty.
With a reheat cycle, there are usually two
FBHE's. The combustor does evaporative duty,

Process Parameters

Table IV shows a list of typical CFB process
design parameters.
Proper fuel feed size is extremely important
to both operation and performance. If the feed
is too coarse, there will be insufficient material
in circulation, and reduced burnout, sorbent
utilization and combustor heat transfer will
result. In the extreme, the solids circulation rate
will be low enough to cause large temperature
gradients in the combustor. This condition can
lead to clinkering and defluidization. Further,
the coarse material which resides in the lower
combustor adds unwanted pressure drop. If the
feed is too fine, excessive material will be entrained from the combustor, thereby producing
insufficient material in circulation and a resultant negative impact on performance.
In general, high-ash fuels must be crushed
finer than low ash-fuels. This is for two rea-

.,
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TABLE IV. Typical CFB
Process Parameters
Fuel

Top size
d50

Sorbent

Top size
d50

Combustor

.

Temperature
Velocity
Particle Size
Pressure Drop
Recycle Rate

1560-1650°F
18-20 ftlsec
100-1000 pm

40-80"WG
10 to 10011

Performance

Carbon Loss
CaIS
SO2

percent or less
1.5-2.5 (for 90 percent
SO, capture)
100 ppm or less
100 ppm or less ..
100 ppm or less
1-2

sons. First, high-ash fuels tend to decrepitate
less and so smaller feed size is required to produce the optimum bed particle size. Second, if
high-ash fuels are not adequately crushed, carbon will be encapsulated by ash and the carbon
loss will be unnecessarily high. Very high ash
fuels such as anthracite culm (which may contain up to 70-percent ash), are typically
crushed to 11s-inch (3mm) topsize, while lowerash fuels such as bituminous coals are typically
crushed to 'k-inch (6mm) topsize. More reactive fuels such as lignites are typically crushed
to 318-inch (10rnm) topsize.
Proper sorbent size is also important for good
performance. Limestone is generally crushed to
1millimeter topsize, although the optimum sizing depends on the actual decrepitation and

sulfur capture characteristics of a given limestone. Occasionally a very fine material, having
high surface area but low retention time in the
.
bed, gives the best performance.
The management of the particle size of both
fuel and sorbent to achieve adequate solids circulation rates is critical to CFB performance,
and must take into account the feed particle
size, ash content, decrepitation rates, and cyclone efficiency.The bed particle size shown is
that which can be circulated through the system at the design velocity. Larger particles must
be drained from the combustor, while finer particles are carried through the cyclone. Fuel and
sorbent feed size must be set to provide an adequate inventory of particles in this size range for
acceptable combustor performance.18
Within the combustor, gaslsolids temperatures are typically maintained in the range of
1550 to 1650°F (840 to 900°C). High-sulfur
fuels are usually fired at 1550°F (840"C), which
is the optimum temperature for SO, capture
with limestone. High-ash fuels such as anthracite culm are generally fired at 1650°F (900°C)
for improved carbon burnout; these fuels are
often low in sulfur.
Design combustor velocity is established at
18 to 20 ftlsec (5.5 to 6m/s). This velocity level
provides reasonable combustor heat-transfer
surface for a given height, low erosion rates,
and an acceptable turndown range with adequate bed stability.
- Bed pressure drop is generally in the range of
40 to 80" WG (10 to 20 kPa). The indicated level
of inventory provides for high internal and external solids recycle rates, and leads, in turn, to
good carbon burnout, effective sorbent utilization, and bed stability.
Performance in terms of carbon burnout and
emissions is excellent. For high-ash, low-reactivity fuels such as anthracite culm, carbon loss
can be as low as 1to 2 percent, while for highreactivity fuels such as lignite, carbon loss is
typically below 0.5 percent. SO, emissions can
be reduced below 100 ppm, with 90-percent
SO, capture at CalS of 1.5 to 2.5 (depending on
fuel sulfur levels, limestone reactivity, etc.);
sulfur capture above 95 percent has been re-
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quired and achieved in several commercial
plants. CO levels are generally in the range of
100 to 200 ppm. NO, levels below 100 ppm are
typical.

subsystems within the circulating-bed boiler
and discuss typical equipment and major performance criteria.
FUEL PREPARATION

PART-LOAD OPERATION

Turndown is accomplished by reducing both
fuel and air to the unit. In the process, grate and
combustor velocity should be kept above a minimum level in order to produce adequate mixing and solids recirculation for reasonable fuel
combustion and to avoid severe temperature
maldistribution and backsifting of bed material
into the air plenum. This usually implies excess-air levels holding constant as load is decreased until the minimum velocity is reached,
after which excess air percentage increases to
maintain velocity. Combustor temperature
drops, the solid fuel permissive temperature is
reached, and the start-up burners must be used.
With an FBHE, combustor temperature can
be maintained at high levels through a wide
load range. As load is reduced, solids flow
to the FBHE is lowered, which adjusts the
primary-loop heat absorption to the required
level without affecting combustor temperature
so that combustor performance is maximized at
part load. At reduced load the solids to the
FBHE are stopped; below this point combustor
temperature will drop with decreasing load.
START-UP

Start-up is accomplished by means of startup burners located in the lower combustor
walls and/or in the primary air duct. Minimum
primary-air flow is established and the start-up
burners are used to heat the bed material
slowly, at a rate dictated by refractory heat-up
limits (100 to 200 F/hr or 55 to 11O0CIh).When
solid-fuel permissive temperature is reached
(typically 1000 to 1300°F, 540 to 700°C, for
coal), solid fuel is added. Temperature is further increased by adding solid fuel and backing
out start-up fuel. At about 30-percent load, the
boiler can run on solid fuel alone.
CFB SYSTEM AND COMPONENTS

The following sections' describe the major
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Fuel preparation usually consists of one or
two stages of crushing, with the system design
and layout dependent on such fuel characteristics as moisture and ash content, and required
fuel sizing.
Fuels such as anthracite culm generally require two crushing stages. Because the final
product must be sized to a topsize of 11s inch (3
mm), or smaller, the material leaving the secondary crushers is typically fed directly to the
combustor to avoid hopper pluggage from the
fines. Fuels such as bituminous coal permit the
material leaving the secondary crushers to be
stored in day bins for feed to the combustor.
Many types of crushers, including impact
mills, hammer mills, and cage mills, have been
applied. Cage mills can limit oversize as the
mills wear and so are used with culm firing
where oversize fuel is of concern. Feed size is
varied by changing mill speed. Hammer mills
have changeable grate bars for adjusting fuel
sizing. Alternately, air-swept crushers have
been very successfully applied in Europe and
have been considered for several projects in the
U. S. They allow for direct pneumatic feed to
the combustor. While air-swept crushers also
strictly limit oversize and allow adjustment of
fuel sizing, they are usually more expensive
than the other types.

'

SORBENT PREPARATION

Sorbent can be purchased to the correct size
specification, or can be crushed on site. Sizing
equipment usually consists of an air-swept
roller mill with fan, a cyclone collector, and a
crushed-product storage bin.
FUEL FEED

The solid-fuel feed system usually consists of
a pressurized belt feeder (typically gravimetric)
followed by a rotary airlock valve and a fuel
chute or pipe leading to the side of the lower
combustor. Fuel from the feeder falls by gravity
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through the airlock valve, into the combustor.
The feeder is pressurized with cold primary air,
and the head of fuel in the standpipe of the
feeder inlet forms the pressure seal between bin
and feeder. At least one completely redundant
feed system is recommended.
Alternately, the fuel can be dropped into an
air stream and injected pneumatically into the
combustor. This approach will help fuel dispersion in the combustor and offers the possibility
of using secondary-air ports for fuel feed,
thereby reducing the total number of openings
required in the walls of the combustor.
High-moisture fuels, shch as wood or lignite,
are generally fed to the combustor through the
discharge side of the seal pot to mix the fuel
with hot solids, thereby partially pre-drying
the fuel. This feed location also has the advantage of eliminating a separate opening in the
combustor for fuel feed, and so the seal-pot
feed may be used for any fuel when deemed
convenient and economical.
Various pneumatic feed systems can also be
used, including air-swept crushers. Fuel from
the feeder drops into a pressurized mill, where
the fuel is dried, sized, picked up in an air
stream, and pneumatically conveyed to the
lower combustor. Dense-phase conveying systems are also available. Typically, because of
the high internal mixing rates, only a few feed
points are required for adequate mixing and
dispersion of the solid fuel within the combustor. For smaller units (100,000to 70U,000 l b h r
steam, 13 to 90 kgls), one or two feed points are
usually provided, while for larger units three or
more feed points can be required. Of course,
fuel heating value can influence the number of
feed points. Low-grade fuels with high volumetric flows, such as certain biomass, require
more feed points because volumetric flow
through certain system components is limited.
Liquid and gaseous fuels for load carrying are
fired in lances, fuel-feed pipes which carry
only fuel plus an atomizing medium but no
combustion air and which are located in the
lower combustor. The lance is intended to disperse the fuel within the bed, where it is combusted-- in the fluidizing air stream. Full load

can thus be obtained on liquid or gaseous fuels
with adequate lance capacity. Because these
fuels have much shorter bed residence time
than solid fuel, they require more feed points
for proper fuel distribution and performance.
The lances can be either retractable or stationary. In either case, lance fuel feed can be
initiated very quickly on a switch from solid fuel
to liquidlgas, or to regain load on a temporary
loss of a portion of the solid-fuel feed system.
Liquid and gaseous fuels for start-up are fired
in start-up burners, located in the primarylsecondary air ductwork andlor in the lower combustor. The burners located in the combustor
are retractable.
SORBENT FEED

The sorbent feed system usually consists of a
day bin for storing sized limestone, followed by
a rotary airlock feeder which drops the sorbent
into a pneumatic conveying line for transport to
the lower combustor. Gravimetric feeders can be
used for a more accurate measurement of limestone flow. To provide the desired number of
feed points to the combustor, multiple bin outlets and feed systems can be used or the conveying line from a given feed system can be split.
The sorbent can also be mixed with the fuel just
before entering the combustor. This is typically
done with fine limestone feed, where the limestone is likely to have short residence time in
the combustor and so would not be effective if
fed far from the fuel.
'

AIR SUPPLY

Primary and secondary air are supplied to the
combustor by separate centrifugal fans, generally arranged in parallel. Either or both of these
streams may be preheated in an air heater, depending on the design feedwater and stack temperatures, the economics of air-heater heat
recovery versus heat recovery by water or steam
heating surface, and whether an air-swept mill
is used. An alternate to the above fan arrangement is two fans in series with the second fan
supplying the higher-pressure primary air.
With an air-swept crusher, secondary air is
generally used for mill air. To overcome the

!
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pressure losses through the mill and conveying
lines, the air pressure may need to be slightly
higher than without such a mill.
Fluidizing air for the seal pot, FBHE, and
FBAC is supplied by 'either positive-displacement or centrifugal blowers. Depending on the
flow rates, it may be economical to preheat
these air streams in an air heater.
Fluidizing-air nozzles (bubble caps) are provided in the bottom of the combustor, seal pot,
FBHE, and FBAC for proper distribution of fluidizing air. These nozzles are designed to avoid
backsifting of solids into the air supply system.
COMBUSTOR

-.

The combustor corresponds to the furnace in
a pulverized-fuel or stoker-fired boiler. The
combustor consists of two zones: lower combustor and the upper combustor.
The lower combustor is that portion containing the fuel, primary-air distributor, secondaryair ports, fuel feed ports, and solids-recycle
ports. The density of the bed in this region is
relatively high on average, being highest at the
elevation of the air distributor and dropping off
rather rapidly with increasing combustor
height (see Fig. 12). Due to the staged air feed,
this region is substoichiometric. Physically,
this section is usually rectangular, tapered,
formed from finned or fusion-welded waterwall tubing, and lined with refractory to protect the tubing from erosion by the dense bed
and corrosion in the substoichiometric atmosphere. The optimum refractory lining is hard (to
minimize erosion), thin (to minimize weight),
and reasonably conductive (to maximize combustor heat absorption).
The upper combustor, the section above the
refractory-lined lower combustor, contains the
gas outlet or outlets to the cyclones. The density of the bed in this region is relatively low,
and drops off very slowly with increasing combustor height. Because all air has been fed in the lower cornbustor, the upper combustor operates under
excess-air (oxidizing) conditions. Physically,
this section is usually rectangular, straight-

walled, formed from finned or fusion-welded
waterwall tubing, and unlined to maximize
heat absorption.
The air distributor (grate) containing the air
nozzles can be uncooled or water-cooled, as
can the air plenum below the grate. Watercooling the grate and plenum provides a sealwelded, gas;tight combustor, and minimizes
the size (and thus the maintenance concerns) of
expansion joints connecting the primary-air
ducts to the combustor.
If necessary on large units, two tapered lower
combustors can be used with a single upper
combustor, forming a so-called "pantleg" configuration. This configuration improves fuel
and air distribution within large combustors.
The combustor can be top-supported or bottom-supported. Top supporting is the more traditional approach but requires that significant
differential expansion be taken in the solidsrecycle lines connecting the combustor to the
cyclones and FBHE, both of which are
bottom-supported. Bottom,-supportingpresumably requires less steel, but often a significant
load still must be carried at the top of the structure by the use of constant-load springs, because the number and size of lower combustor
openings will not permit the carrying of the entire unit load from below.
Circulation System

The walls of the combustor are cooled by
thermo-syphonic (natural) circulation. At high
steamlwater pressures, the walls of the combustor may incorporate assisted circulation. When
provided, an FBHE evaporator bundle can be
cooled using pumped (assisted) circulation.
Use of natural circulation generally requires inclined tubing and, therefore, less bundle surface per unit of bed plan area. Yet when the
total bed plan area required is not excessive,
natural circulation is more economical overall.
C-E has established the flow requirements for
both horizontal and inclined evaporator tubing
in laboratory tests.
CYCLONE COLLECTOR

One or more high-temperature cyclones are
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used to collect the solids entrained in the gas
leaving the combustor. The cyclone is designed
to collect essentially all particles with a diameter greater than about 100 micrometers. Given
the relatively large particle sizing entering the
cyclone, the separation efficiency typically is
over 99 percent. When needed, a vortex finder
(also called a re-entrant throat) can be added to
the cyclone gas outlet to improve the collection efficiency.
Cyclone Construction

The cyclone is typically constructed of steel
plate with a multiple-layer refractory lining.
The hot face of the lining is a dense erosionresistant material, backed up by lighter-weight
insulating materials. Proper selection, installation, and subsequent operational care of the refractory materials are essential to ensure
long-term lining performance. Alternate construction using water cooling, steam cooling, or
air cooling is feasible.
SEAL POT

The seal pot is a non-mechanical valve which
moves the solids collected by the cyclone back
into the combustor against the combustor backpressure. Solids flow down on the inlet side, up
the outlet side, then back to the combustor. The
bottom portion of the seal is fluidized so that
material in the seal can seek different levels on
each side of the seal, with the difference in
level corresponding to the pressure difference
across the seal. Then, solids entering the seal
inlet displace solids out of the seal on the outlet
side.
The seal pot is constructed of steel plate or
pipe with a multiple-layer refractory lining.
Fluidizing nozzles along the bottom of the seal
provide the fluidizing air.
On units with a FBHE, a plug valve is located
in the lower portion of the seal pot, to regulate
the flow of solids from the seal pot to the FBHE.
FBHE

As described earlier, the FBHE is a bubblingbed heat exchanger, consisting of one or more
compartments separated by weirs and contain--

ing immersed tube bundles (see Fig. 13). Hot
solids from the seal pot enter the FBHE, where
they are fluidized and transfer heat to the heating surface within, and then flow back to the
combustor. The tube bundles immersed in the
FBHE compartments can be evaporator, superheater, or reheater surface. Here again, proper
design of the tube-bundle supports is essential.
Fluidizing velocity is low (Ito 2 ftlsec, approximately 0.3 to 0 . 6 mls), the fluidizing medium is
air, the particle size is small, and the carbon content of the material is negligible. All these conditions lead to essentially no erosion or corrosion
of the in-bed tube bundles. Also, because of the
high bed density, heat-transfer rates are very
high. Containment can be either refractory-lined
steel plate or water-cooled construction.
CONVECTIVE PASS

The convective pass is of the same basic design
as used in a pulverized-fuel or stoker-fired boiler.
The enclosure walls are usually formed from
finned or fusion-welded tubing, steam or watercooled. Where gas temperatures are sufficiently
low, duct plate can be used to form the enclosure.
The convection pass can contain superheater,
reheater, boiler bank, and economizer surface.
Gas velocities are kept low to avoid erosion from
the relatively high dust loading. Retractable or
rotary sootblowers can be used to keep heattransfer surfaces clean.
RECYCLE SYSTEM

Sometimes an MDC is used to collect fine material leaving the cyclone for recycle to the combustor. Such recycle can improve carbon burnout
and sorbent utilization. Collection efficiency is
usually on the order of 50 percent, given the relatively small incoming particle size and the need
to limit collector pressure drop. Devices used include a multi-tube cyclone and a knock-out box
(a hopper with chevrons). The collector can be
located at any convenient point in the gas pass,
such as between the economizer and air heater,
or downstream of the air heater.
Provisions should be made for controlled, con-
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tinuous (or near-continuous) feed of recycle to
the combustor, as well as for transporting collected solids not being recycled to disposal. Ash
transport equipment will generally be of the
pressure pneumatic type. Lock hopper systems
and solids pumps have been successfully used.
AIR HEATER

A prime consideration in selecting an air
heater type for CFB applications is the high airto-gas pressure differential resulting from the
high primary-air pressures required. This has
resulted in use of low-leakage designs, such as
welded tubular air heaters and heat-pipe air
heaters (see Chapter 14).
Size of the air heater is then based strictly on
economics, since preheated air is not needed by
the process. The exception is where an air-swept
mill is used and sufficient air preheat is needed
for fuel drying.
Generally, two separate air heaters are provided, one for primary air and one for secondary
air. These can be arranged in series or in parallel
with the gas stream. With large amounts of fluidizing air for FBHE's, it is sometimes economical
to provide a separate air heater for fluidizing air.
This is because the primary and secondary air
heaters become large to achieve a given stack
temperature if a significant amount of the total
air bypasses these heaters.
With tubular air heaters, the most common design for CFB applications is a gas-over-tube lairthrough-tubes design. The dust-laden gas
passes over the tubes and, because the tubes are
arranged in-line, they can be easily cleaned with
sootblowers. Gas-throughlair-over designs,
though somewhat more difficult to clean, have
also been used successfully.
Heat-pipe air heaters, described in detail in
Chapter 14, have been used on many CFB projects, due to attractive economics, essentially
zero-leakage, and other favorable characteristics. For CFB applications, a maximum of 3 fins
per inch on the gas side, retractable sootblowers, and provision to add future surface
have been incorporated into the design to accommodate the relatively high dust loading. Cold-end protection by means of steam pre-

heating, hot-water preheating, or air bypass is
usually required to maintain the air-heater
ACET above typical limits under conditions of
low ambient temperature andlor low-load operation. As mentioned earlier, while there is
potential for the ACET to be reduced for fluidized-bed boilers due to low SO,ISO, in the flue
gas (from sorbent addition and lime in the flyash), more-operating experience on a wider
range of fuels is needed to substantiate this
approach.
ASH REMOVAUCOOLING

The ash-removal system includes both the
bottom-ash and flyash systems.
Bottom-Ash Removal System

The main function of the bottom-ash system
is to control bed inventory. Bed pressure drop is
the measure of inventory, and bottom-ash flow
is adjusted to maintain the desired bed pressure
drop. The bottom-ash system can also help control accumulation of oversize material. In a
CFB, such accumulation can produce an unfavorable pressure profile with most of the material in the lower combustor and little in the
upper combustor, resulting in poor performance. However, the best and most direct way to
control oversize accumulation is with proper
design of the fuel-sizing equipment to avoid
oversize. One or two ash drains per combustor
are usually sufficient.'A grizzly mounted over
the ash drains can keep large material from
plugging downstream equipment.
Ash classifiers may also be used, to remove
oversize and adjust pressure profile, without requiring excessive bottom-ash flow rates. Such
classifiers can operate continuously, in batch
mode, and can also cool the ash.
The bottom-ash must be cooled from combustor temperature to between 250 and 450°F
(120 to 230°C), before entering the bottom-ash
conveying system. On high-ash fuels, the heat
in the batt0.m-ash stream may represent a significant percentage of boiler heat input. Consequently, it can be desirable to recover this heat.
Fluidized-bed ash coolers (FBAC's) are generally used for this purpose. The FBAC is a BFB
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heat exchanger identical in design to the FBHE.
Cooling coils immersed in the bed cool the ash
and transfer heat to condensate or boiler feedwater. Ash flow from the combustor to the FBAC
is controlled by a cone valve, as with the FBHE.
The FBAC design must accommodate the accumulation of coarse material which can lead to
sintering andlor defluidization. C-E has developed successful FBAC designs, which have
been proven on high-ash-fuel applications. On
low-ash fuels, there is no incentive to recover
heat in the bottom-ash, so water-cooled screws
are typically used.
'
Cooled ash from the ash cooler passes to the
bottom-ash'handling system for transport to
storage. This is usually a mechanical system
consisting of flight conveyors, although a pressure pneumatic system can also be used. Alternately, a mechanical system can be used to
transport bottom-ash to an intermediate hopper, from which a pneumatic system conveys
the material to storage.

trial-scale applications are described here, to
illustrate major component design and arrangement. The first is a 220,000 l b h r 95s0F,
1255 psig (28 kgls, 513OC, 8.7 MPa gage) wood-- -I
fired steam generator (see Fig. 15). The unit has
a single combustor with cyclone and seal pot,
but no FBHE. The convective pass includes a
superheater, boiler bank, economizer, and heatpipe air heater.19
1

I

Flyash Removal System

As with BFB boilers, fabric filters (baghouses) and electrostatic precipitators (ESP's)
are used for final particulate cleanup. ,
Flyash from the economizer and air-heater
hoppers, the MDC, and the fabric filter or ESP
is typically handled with a vacuum pneumatic
system, although flight conveyors are also used.
No ash cooling is necessary. The bottom-ash
and flyash streams can be stored for disposal together in the same silo or in separate silos. Ash
conditioners then mix in sufficient w8ter for
proper handling and transport to the ultimate
disposal area.
An alternate to the dust collector and recycle
system described earlier is to recycle material to
the combustor from the baghouse-or ESP. Such
a system has the advantage of avoiding an additional dust collector in the system, although
care must be exercised not to overload the convective pass and baghouse or to exceed emission levels.
INDUSTRIAL APPLICATION

Two examples of C-E CFB designs for indus--

Fig. 15 Small C-E CFB steam generator for
industriallpower-productionapplication

The second is an 825,000 lb/hr,lOOO°F, 1800
psig (104 kgls, 540°C, 12.4 MPa gage) boiler,
designed to fire anthracite culm (see Fig. 16).
The unit has a single combustor, two cyclones
with seal pots, and an FBHE containing an
evaporative bundle. The convective pass includes a superheater, economizer, and heatpipe air heater.
UTILITY APPLICATION

One example of a C-E CFB design for utility
applications is a 150-MW unit for the ~ e x a s r
New Mexico Power Company producing
1,000,000l b h r (126 kgls) main steam at 1005OF
(541°C), 1800 psig (12.4 MPa gage), with reheat, designed to fire lignite. Fig. 17 is an isometric view of the boiler.
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Fig. 16 Large C-E non-reheat CFB steam generator
for industriallpower-productionapplication

Fig. 17 C-E 150-MW CFB steam generator
with reheater

The unit has a single combustor with dual
grates (pantleg configuration), four cyclones
with seal pots, and two FBHE's. The FBHE's
contain evaporator, finishing superheater, and
finishing reheater surface. The convective pass
contains low-temperature SH and RH surface,
an economizer and a heat-pipe air heater. Fuel
is fed from a feeder through an airlock to the
seal pot discharge. Reference 15 contains additional design information.

In addition to the reduced emissions of sulfur
and nitrogen oxides that are possible with fluidbed combustion, PFBC offers the potential for a
significant gain in overall thermal efficiency because of the incorporation of a gas turbine in
the cycle. Another advantage of the PFBC system
is that all oi the equipment operating at the
plus-10-atmosphere pressure level is smaller in
size than it would be at normal atmospheric
pressure, making shop-assembly and barge delivery of components an attractive option.
?Lvo of the many approaches to the pressurized cycle are the PFBC turbocharged cycle and
the PFBC combined cycle; even these two have
many possible variations, which are being investigated throughout the world, in both design
studies and operational units.
In the turbocharged cycle, hot flue gas from
a PFBC boiler (at approximately 800°F or
425OC) is expanded through a gas turbine that
produces enough power to drive the turbocharging compressor. One version of the higher efficiency power-producing PFBC concept has the
gas leaving the pressurized fluidized-bed combustor at about 1600°F (about 870°C). The gas
is cleaned in tandem high-temperature cyclones;
and is then sent to the gas turbine. The turbine

PRESSURIZED FLUIDIZED-BED
COMBUSTION SYSTEMS
This chapter has introduced all the concepts
involved in the design of fluidized-bed steam
generators, and has described the implementation of that design for boilers operating at or
near atmospheric pressure. Combustion in that
regime is referred to as atmospheric fluidizedbed combustion (AFBC). Fluidized-bed operation at pressures 10 to 20 times atmospheric
pressure, taking place in large cylindrical or
spherical pressure vessels, in combination with
axial compressors and gas turbines, is termed
pressurized fluidized-bed combustion (PFBC).
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exhaust is further reduced in temperature by
passing through heat-recovery equipment, such
as evaporative and feedwater-heating surface.
The supercharged furnace-fired combined
cycle was introduced in Chapter 1, and is illus-
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CHAPTER 10

Marine Boilers

u

he many limitations and unique requirements applicable to shipboard power
plants make the marine boiler a very specialized form of steam generator. Customarily,
marine boilers must meet the following overall
conditions: high level of dependability, limited space, wide range of steam output capacities, ability to change load rapidly, good
accessibility, aiid limited weight. In addition,
because most ships are designed for specific
trades, propulsion machinery for a certain ship
must be selected to meet the operating conditions encountered in the trade that the vessel
is intended to serve.

SERVICE REQUIREMENTS
Marine-boiler design properly starts with a
review and study of the service requirements
for the particular ship under consideration.
Only after an economic evaluation of potential
propulsion-plant and cogenerative.cycles does
the ship designer set the evaporation rate and
the required steam pressure and temperature.
The plant heat balances, calculated at various steady steaming conditions, establish certain operating conditions which the boiler
must meet. In this connection, it must be recognized that boiler performance is a parameter
in the heat-balance calculations. For example,
-

the boiler efficiency can be set at a given value
for any one evaporating rate, but heat-balance
calculations at other evaporating rates must be
based upon the corresponding boiler efficiencies as set by the performance characteristic of
a particular boiler design.
Normal power is a specified characteristic of
a given merchant ship and generally corresponds to 100 percent rating of the boiler. For
naval vessels, 100 percent boiler rating corresponds to fill power.
LOAD PATTERN AND BOILER DESIGN

Not only do the conditions set by the quantities which are readily defined by numerical
values directly influence boiler design, ,but
operating conditions which will be encountered in service also affect it. Although two
ships might have the same shaft horsepower
(shp) and the same evaporating rates for the
boilers, one ship might be in a trade which calls
for prolonged periods of steady steaming, and
in contrast, the other ship might be in a service
which requires the boilers to be changing load
frequently. As examples, the former would be
typical of a tanker, and the latter, a dredge or a
ferry boat.
Analyses of boiler load variations during a
series of voyages make it possible to graph the
load pattern for the boilers in a particular trade.
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In designing new ships, it is customary to plot
these graphs with averages compiled over an
extended period from data of ships that have
been in the same trade that the new vessels will
serve. Fig. 1 illustrates the boiler load pattern
typical of a dry-cargo ship during a single
round-trip voyage between the West Coast of
the United States and the Orient.
Obviously. a dry-cargo boiler has a load pattern which differs from that of a tanker or a destroyer. Although the design of a ship and its
machinery must take into consideration possible changes in service conditions, the prime
objective is to get the optimum design for the
.trade in which the vessel will initially serve.
Fortunately, most marine boilers have the inherent characteristic of being versatile to a degree.
If later service conditions do bring about
changes in the boiler load pattern, the boiler
usually will be able to meet the new conditions
within the limits determined by the other mechanical components of the propulsion plant
and the cogenerative cycle.
Not only is the load pattern an important factor in deciding some of the principal characteristics of marine-boiler design, but it will also
determine some of the detailed features which
must be included. Consideration must also be
given to various other service conditions, such
as ship sailing schedule and quality of operating personnel. Some of the boiler design features which may be decided entirely, or in part,
by service conditions are
8

8

8
8
8

8

number of boilers per ship
type of firing system
furnace dimensions
overall boiler dimensions
extent of control systems
size of steam drum
type of steam generator
relative amount of waterwall generating
surface

SPACE LIMITATIONS
AND BOILER DESIGN
Up to this point there has been no discussion
of the extremely basic condition of space

Percent of Boiler Capacity
Fig. I Boiler load pattern during voyage of
drytargo ship

restriction which actually dictates the boiler
design on many ships. To the boiler designer, it
would be ideal if adequate space could be provided in the fireroom so that no limitations on
size or shape had to be considered. Table I and
Fig. 2 show the principal dimensions of one
standard series of boiler designs. Although the
ship owner and marine architect usually try to
design the ship so that, as nearly as possible,
space will be provided for the optimum boiler
design, it is almost inevitable that space restrictions will be imposed. From the outset of
the preliminary ship design to the time when
the boilers are installed and accessibility has
been satisfactorily proved, the boiler designer
must constantly consider the space problem.
Frequently, the very purpose of the ship establishes limiting dimensions for the fireroom

Table I.principal Dimensions
for Standard V2M8,Marine Boilers
---

Boiler
Design

Capacity*
1000 lblhr

V2M8-6
V2M8-7
V2M8-8
V2M8-9

132
154
176
198

V2M8-10
221
V2M8-11
243
~ 2 ~ 8 - 1 2 265
- -V2M8-13
287
'Varies with cycle conditions

A
21
21
23.6
23.5
26.2
26.5
27.1
26.2

Dimensions, Ft
B
C
D
24.9
24.6
27.7
27.3
25.2
26.5
28.4
25.2

12.7
16.3
14.5
15.9
18.4
19
19.8
23

15
15
16.5
16.5
19
19
19
19
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interrelationship of furnace dimensions
with main generating-bank dimensions, and
amount of waterwall surface
-

Fig. 2 Principal dimensions applicable to Table I

space. For example, the train ferry must have as
many continuous decks as possible. This feature immediately sets a limit upon the height
allowed for the boiler space. For many ship
types, the Btructural members of the ship hull
present the most common reason for limiting
the boiler dimensions.

SELECTION OF DESIGN
When the service conditions have been
properly evaluated, the boiler designer determines the physical design characteristics
which will best meet requirements. Ideally, the
preliminary design should be completed in
time for use by the ship designer in establishing the machinery arrangement and the layout
of the main hull structurals passing through
the fireroom. Space is generally the first item to
be considered. If the optimum boiler designthe one which has the arrangement and physical characteristics most suitable for the service
conditions and performance requirementshas any dimension that is definitely in excess
of the space allowed, then a compromise has to
be made. In designing the boiler furnace, the
major factors to be considered are as follows:
firing-equipment accessibility
burner clearance to heating surfaces
gas flow and flame travel

The burners must be located in positions that
will be readily accessible from the firing aisle.
The prescribed minimum burner clearances
must be carefully maintained to avoid flame
impingement on furnace-wall, floor, or screen
generating tubes.
Selection of furnace dimensions must include provisions for the proper flow pattern of
the combustion gases within the furnace and
into the tube bank. It would be ideal if the gis
flow could be controlled to the extent that the
mass flow rate and the gas temperature both
would be uniform at all points where the gas
enters the screen tubes. But achieving this
theoretical condition is not generally possible.
The boiler designer must, therefore, be guided
by the results of past experience obtained during the testing and operating service of designs
similar to the one under consideration.
In selecting the preliminary design for a
marine boiler, detailed calculations on the circulation of the boiler circuits are usually unnecessary, if the design is reasonably similar to
previous designs of the same general type for
which complete circulation calculations have
been performed. It is important to note that the
maximum thermal circulation effect isdobtained when the major portion of the heat absorbedis applied to the lower portion of a tube.
Most types of boilers have the arrangement
and dimensions of their generating banks related to some degree to furnace dimensions.
For example, in early designs of two-drum
bent-tube boilers, limitations on the draft loss
through the main bank would frequently set the
main-bank dimensions, and the furnace height
would be fixed accordingly. With some boiler
designs, the furnace dimensions can be set at
the optimum point, and the main-bank dimensions are essentially independent. This is made
possible by having the distributing header located several feet away from the lower drum, as
discussed later in this chapter in the section on

-
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bent-tube boilers. In most instances, boilers are
now designed with the maximum practical
amount of waterwall heating surface.

DEVELOPMENT
OF MARINE BO'ILERS
In tracing the history of the development and
application of marine boilers, it is interesting
that some of the basic requirements have always applied, although from time to time the
emphasis has shifted from one requirement to
another. At the outset, space and weight limitations were not considered to be as important
as other factors, and yet at later stages the emphasis on those items brought about the development of new types of boilers. Generally, it
has been the economic or military need for increased propulsion power that has instigated
significant advances in boiler design.
The earliest types of marine boilers were relatively large pressure vessels, with furnaces located underneath them.' But it soon became
apparent that such exterior furnaces were far
from satisfactory, and they were then located
inside the boiler shell. The boiler exterior had
now developed into an approximate cube and,
no matter how heavily stayed, its flat exterior
placed very low limits on the steam pressure
that could be carried and also left much to
be desired from a maintenance and safety
standpoint. The internal furnaces and tubes,
however, were cylindrical and entirely satisfactory for the pressure demands of their time.
By 1870, marine-boiler pressures had reached
only 60 psig; by 1900 they had increased to
about 300 psig.
SCOTCH MARINE BOILERS
To overcome the structural weaknesses and
at the same time reduce cost of fabrication, the
boiler shell was made cylindrical (replacing
the earlier box construction) with provision to
install one or more combustion chambers between the two flat sides of the shell. Known as
the Scotch marine boiler, this boiler as finally
developed met with wide and enthusiastic approval by marine engineers. Although minor

changes have been made throughout theyears,
its design has remained much the same and its
qualities of ruggedness, reliability, ease of
maintenance, and ability to stand abuse made
it-until recently-the most popular boiler in
the marine field.
The boiler shown in Fig. 3 is coal-fired with a
spreader stoker and has two furnaces. A close
look at the illustration reveals two separate
combustion chambers, each stayed to the other.
Tubes used as flues for returning products of
combustion from the combustion chambers to
the smokebox covering the upper front of the
boiler are also shown.
Even though the Scotch marine boiler proved
to be popular and well-suited for shipboard installations, the fact that its pressure was limited
to 300 psig retarded progress. There was a
realization that advanced boiler designs with
greater generating capacity, higher pressure,
and increased efficiency were needed to meet
the changing requirements brought about by
the development of turbine propulsion machinery. Stiff commercial competition among
merchant fleets as well as various naval powers
made these developments most urgent. Marine
engineers began to adapt various types of
water-tube boilers to fit into the restricted
space available for installations on shipboard.

Airto Windbox
..

Fig. 3 Scotch marine boiler fired by spreader stoker
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Some adaptations proved highly advantageous
with respect to heat transfer and weight, and offered a variety of designs suitable for pressures
in excess of the maximum of firetube types.
Thus, new possibilities were presented for the
utilization of steam aboard ship.2
SECTIONAL-HEADER BOILERS

As an early water-tube boiler, the cross-drum
type had generating tubes extending between a
row of rear headers arranged vertically and
connected to the drum, and a row of uptake
headers at the front of the boiler. Vertical waterwall tubes were arranged at both sides of the
furnace. At a later stage of development, the
downtake headers in the steam drum were relocated to the front of the boiler and that basic
arrangement is known today as the cross-drum
sectional-header boiler.
The handhole plates in the headers of this
type of boiler provide ready access and make it
possible to turbine-clean the water sides of the

main-bank generating tubes without the need
for a person to enter the steam drum. Appreciably heavier than presently available boiler
designs, the sectional-header boiler was used
during World Wars I and I1 on many classes of
merchant ships. The design was ideally suited
for mass production.
The C-E Type SM sectional header boiler as
shown in Fig. 4 was designed for capacities up
to about 150,000 lb of steam per hour and pressures up to 850 psig. Steel corner columns incorporated into the casing members form a
boxlike structure which supports the boiler.
An insulated casing encloses the entire unit.
Where good accessibility is necessary, the casing panels are removable and are held in place
by bolted batten bars. At other locations the
casing panels are welded in place. Generally,
the side and rear walls of the furnace have vertical waterwall tubes. Superheaters may be
either interdeck or overdeck, depending on the
steam temperature required.

Air Heater Bypass Damper

Drum lnternals

Risers

Superheater Elements
Screen Tubes

Sectional Header
i

Downcomers

Outer Casing
Junction Header
Rear Waterwall Tubes
Setting and Insulation

Waterwall Downcomers
Rear Waterwall
Headers
Fig. 4 C-E SM sectional header boiler, principal parts identified

BENT-TUBE BOILERS

_

Just as the need for increased steaming
capacities within fixed space and weight limitations spurred the development of the earlier
water-tube-type boilers, so did the same need
precipitate the advance to boiler designs of the
bent-tube type.
The most compelling reasons for the development of higher capacity boilers came
from the naval designers who, at about the end
of the nineteenth century, were charged with
developing the torpedo boats which were the
forerunners of modern destroyer-type vessels.
The term bent-tube boiler covers a wide
range of boiler designs characterized by the
ability to raise steani pressure within a short
period of time. This means smaller tube diameters, fewer headers, increased furnace ratings
and wider application of watercooled furnaces.
The boilers of this category also became known
as multidrum type, express type, or by various
other names corresponding to the designers of
particular arrangements.
With advanced designs available for naval
vessels, it was a quite logical step to utilize
adaptations of those designs for high-powered
passenger ships. Thus during the 1930's, the
two-drum bent-tube design was developed
for application to merchant ships with power
plants ranging up to about 10,000 shp.
After World War 11,ship operators and boiler
designers became acutely aware that marineboiler designs would have to be modified to
avoid some of the difficulties that were being
encountered with the prewar designs. During
the war, with the emphasis upon standardization and multiple production, time was not
available for the development of improved
designs.
Another factor which prompted the development of new boiler designs stemmed from
competitive and economic pressures compelling shipowners to look toward higher steam
pressures and temperatures, and also propulsion plants of-greater power, as a means of
achieving more profitable operation. It was
also realized that ship boilers would have to be
designed to burn efficiently whatever fuel oils

would be available. Because of improved refining processes coupled with the natural
motivations of profitable marketing, it was to
be expected that the crude oil was to be processed to the fullest, and the resulting residual
oil which normally goes to bunkers of ships
would be progressively of lower quality. The
prewar boilers were particularly vulnerable to
fireside damage caused by slag deposits from
burning such poor;quality fuels.
A comprehensive analysis of these problems
led to the development of the C-EV2M Vertical
Superheater Boiler. Fig. 5 shows a typical arrangement of this design. By providing a separate drum or distributing header at the lower
end of the screen tubes, it is possible to set the
floor of the furnace independently of the location of lower drum and main bank. Not only
does this allow greater latitude in establishing
optimum furnace dimensions, but it also permits the superheater tubes to be parallel to the
generating tubes. The access space within the
superheater contributes to ease of maintenance
and inspection.
V2M8 AND V2M9 DESIGNS

Fig. 6 shows the V2M8 Vertical Superheater
Boiler whose major design featdres are the
single-cased welded-wall furnace and the vertical in-line inverted U-loop superheater, fully
drainable. The boiler shown is top-fired with
resulting improved gas distribution over the
entire superheater furnace. Both the main-bank
tubes and superheater elements are in-line for
improved tube cleaning. Normally, sootblowing equipment includes retractable blowers in
the superheater and rotary blowers in the main
bank and economizer. Typical heat-recovery
equipment consists of a small economizer followed by a regenerative air preheater or, in
some cases, a regenerative air preheater only.
The welded-wall construction provides a furnace with gas-tight integrity without the need
for double casing or heavy refractory bricks behind the tubes. All that is required for insulation behind the walls is blanket insulation.
Some boilers of this type have been built with
"double" or "twin" superheaters. With the
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Superheater Elements
Main Generating Bank
Setting and Insulation

Superheater Access Space

..

Water Drum
Superheater Headers
Rear Waterwall Tubes
Side Waterwall Tubes
Distributing Header
Burners

Outer Casing

Fig. 5 C-E V2M Vertical Superheater Boiler with main parts called out
Steam ~ r " m
Drum lnternals

Windbox
Burner

Control
Desuperheater
External
Downcomer
Generating
Bank
Rotary
Sootblowers
- Auxiliary
Desuperheater

Air Register
Furnace Sidewall/
Roof Tubes
Superheater
Screen Tubes
Vertical
Superheater
Retractable
Sootblowers

Water Drum

Casing
& Insulation

Superheater
Headers

Lower Waterwall
Header

Fig. 6 The V2M8 Vertical Superheater Boiler design featuring the single-cased welded-wall furnace and
the vertical in-line inverted U-loop superheater, fully drainable
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double superheater, the elements are more
widely spaced so that cleanliness is easier to
maintain. Tube metal temperatures are also reduced, both because of the lower mass gas flow
across the superheater and the location of the
secondary superheater, which is furthest away
from the furnace. The total surface, overall size,
and weight of a double superheater are, however, much greater than that of the single
superheater because of the reduced mass gas
flow and consequent lower transfer rate.
To generate the much higher evaporations
required by increasingly larger ships, the furnaces were required to be made very large. To
keep the main bank at essentially the same vertical dimension as the V2M8 boilers, it was
necessary to lengthen the furnace in a vertical
dimension. The boiler then became a vertical
two-drum dropped-furnace boiler. Because the
lower part of the furnace (see Fig. 7) was unencumbered, it became clear that the boiler could
be tangentially fired. The fuel nozzles are
placed in each corner of the furnace, and fire at
a target circle in the center of the furnace. This
lengthens the fuel-particle residence time in
the furnace, and allows for complete combustion and operation at very low excess air. Fig. 7
shows the boiler configuration; Fig. 8A, a diagram of tangential firing. Major design features
include single-cased welded-wall construction, tangential firing, and vertical in-line double superheater, inverted U-loop, fully drainable. The boiler is supported at its midpoint,
under the water drum and center headers.
In some of the larger designs of single-boiler
ships, a nondrainable superheater has been
used, because the boiler would be on the line
from drydocking to drydocking.
Table II summarizes typical performance data
for a regenerative air-heaterhoiler.
The registers of a tangentially fired marine
boiler are of a straight-throat type with primary- and secondary-air zones. The primary
airflow is through the center compartment,
where the oil gun and diffuser are also located.
Secondary air is above and below the center
compartment. See Fig. 8B. Under normal operation, the primary-air damper is fully open at

Fig. 7 The C-E V2M9 vertical two-drum
dropped-furnace boiler

all times the register is in operation, while the
secondary-air dampers are modulated to maintain a constant register draft loss. In this way,
good combustion efficiency can be maintained
over a wide boiler range.
Fig. 8C shows a typical draft-loss curve for
tangential firing. The registers can be operated
to cycle on and off for either a two- or fourregister operation based on steam flow and
drum pressure, or they can operate with four
registers on whenever the vessel is under way.
The oil guns are of the steam-atomizing type
utilizing constant steam pressure at 150 psig
with fuel pressure up to about 350 psig. Flame
monitoring is accomplished by scanning along

Table 11. Typical Performance Data:
Regenerative Air-HeaterIBoiler

-

Evaporation
Total steam temperature
Feedwater temperature
Superheater outlet pressure
Excess air
Efficiency

220,000 lblhr
955°F
424OF
865 psig
3%

90.7%
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the axis of the flame and also scanning the
flame across the furnace corner, with both
scanners showing NO FLAME required to close
the fuel-oil solenoid valve. Scanners will scan . - the individual flame up to about 30 percent
boiler rating, after which they will scan the
furnace as a whole. If the boiler rating is above
30 percent, the "fireball" in the furnace is large
enough to ignite any incoming oil.

STOKER-FIRED DESIGNS
Fig. 9 shows a modern stoker-fired marine
boiler designated as a V2M9S boiler. The boiler
is a single-cased welded-wall design with single-cased uptakes; some areas around superheater headers, access doors, and windbox
are double cased. Table I11 compares typical
performance data of a coal-fired design with an
equivalent fuel-oil-fired design.
By comparing the furnace release rates, it can
readily be appreciated that the coal furnace has
about 3 times the volume of the oil furnace for
the same power output. To minimize furnace
and superheater problems, furnace temperature when burning coal is kept lower than the
ash-fusion temperature. This temperature can
be readily achieved with a totally watercooled
furnace by limiting the grate release and furnace heat release. Overfire-air jets and cinder
reinjection nozzles are located above the stoker
grate, with one line of nozzles serving to r e
duce the carbon loss by about 4 percent. A
cinder hopper is located between -the two
superheater sections. In addition to the stoker,

Table 111. Comparison
..
of Performance Data for
Coal- and Oil-Fired Designs

I

Load

-

L

Fig. 8 Diagram of tangential firing. Fuel nozzles

located in each corner of the furnace
fire at a target circle in the furnace center.

1

Furnace release rate,
Btulhr-cu ft
Grate release rate,
Btdhr-sq ft
Furnace absorption rate,
Btulhr-sqft
Furnace outlet temp., OF

Coal

Oil

25,000

75,000

700,000

...

37,000
1900

70,000
2500

Stoker Floor Line

Fig. 9 A V2M9S stoker-fired marine boiler with a single-cased welded-wall design and single-cased uptakes

a fuel-oil burner is incorporated in the upper
furnace for in-port firing or take-home purposes. When the burner is in use, a layer of ash
is retained on the grate to protect it from overheating. Tube spacings in both the superheater
and main bank and the economizer fin spacings
are increased over the fuel-oil-fired spacings to
keep gas velocities low for minimum erosion.
WASTE-HEAT DESIGNS

-

Many vessels powered by diesel engines and
gas turbines extract waste heat from exhaust
gases to create efficient cogenerative cycles.
The recovered heat provides shipboard energy
in the form of steam for fresh-water production,
water heating, fuel heating, cargo heating, galley and laundry services, and, in some instances, to drive a turbogenerator to supply the
electrical load of the ship.3,4.5,6,7There are various shapes and sizes of waste-heat boilers; Fig.
10 shows a typical waste-heat steam generator
composed of horizontal finned tubes connected
by return bends. The return bends are installed

outside the gas passage with a gas-tight tube
sheet separating them from the gas duct. This
type of extended-surface heat exchanger is essentially of the same construction as a marineboiler economizer. The combination of
large-diameter tubes with welded helical fins
for extended heat-transfer surface is simple,
rugged, and compact.
An important consideration in !he design of a
waste-heat boiler of this type is to configure a
heat exchanger that will produce the required
amount of steam within a limited amount of
space, with acceptable gas-side pressure drop.
A large gas-side backpressure on either a diesel
engine or a gas turbine will result in significant
degradation of engine performance.
Fig. 11 shows a waste-heat steam generator
system as installed in a typical naval vessel.
The five modules, each of which is supported
on its own foundation, include the steamgenerating bank, the drum module, the condenser, the control panel, and the feedwater
pump. Each module can be situated to optimize
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Fig. 70 Steam generating bank module

maintenance access on the ship. The following
specific design features of the waste-heat boiler
system illustrated promote ease of maintenance
access.
Generating bank headers are external to the
casing.
Headers, inspection doors, and access doors
.are accessible by removing .portable insulating pads.
rn Full size header handholes are provided,
with one handhole for each two tubes.
Individual generating bank tubes are removable; each tube is easily handled by one person. The entire generating bank need not be
removed to replace one tube.
Individual condenser tubes are removable;
each tube is easily handled by one person.
rn Large access-way is provided in steam drum
for access to drum internals.

rn

The boiler bank shown in Fig. 10 can be used
in series with an auxiliary boiler, with water

circulated through the waste-heat bank and returned to the steam drum of the auxiliaryboiler. Controls are then arranged to
automatically fire the auxiliary boiler so that
drum pressire is maintained with varying
loads. If the steam generation by waste-heat gas
alone is too high, a steam dump to a condenser
or gas bypass damper can be installed. If required, a waste-heat bank can also be arranged
to run as an independent unit with its own
steam drum and circulating-pump system.
The need for oxygen removal on low-pressure auxiliary systems is just as great as in main
propulsion systems. The direct-contact feedwater heater is a reliable and effective device
for continuously maintaining feedwater at acceptable low levels of oxygen and should be installed. The advisability of using a deaerating
feedwater heater has been recognized by not
only boiler-water chemistry consultants, but
also designers who have experienced problems
with corrosion caused by poor water chemistry
in waste-heat boiler systems.

I
Fig. 11 Marine waste-heat boiler system modules

DESIGN PRINCIPLES FOR
MARINE-BOILER FURNACES

-

A number of factors determine the configuration of a marine-bpiler furnace. First of all, the
type of boiler under consideration sets some of
the furnace dimensions. As already discussed,
fireroom space limitations, service require-

ments, and burner arrangement also influence
the furnace layout. The furnace arrangement
must also conform to criteria which are prerequisites for proper thermal and circulation
performance. The amount of waterwall surface determines the furnace exit-gas temperature which, in turn, is most significant in
the design of the superheater. Practical re-

COMBUSTION
Marine Boilen

quirements must also be considered; for instance,..the firing equipment must be located
where it can be easily operated.
Two-drum bent-tube boilers are always-furnished with watercooled surfaces on the side and
roof and, for the majority of designs, both front
and rear waterwalls are included.

SUPERHEATERS

,

Superheaters are essentially a series of tubular elements connected JO headers. The saturated steam enters the inlet header from piping
connected to the steam drum. In a single-pass
superheater, the saturated steam flows from the
saturated header through the superheater elements into the superheater outlet header. In the
multipass superheater, the headers are diaphragmed to allow the steam to make as many
passes as necessary to assure good steam distribution through all elements.
Marine superheater design requires a judicious balancing of economic and practical
factors. There must be a sufficiently large temperature difference between the combustion
gas passing over the superheater surface and
the steam within the surface to result in a superheater of economic proportions. At the same
time, there are practical limitations on superheater metal temperatures, and provision
must be made to arrange superheater elements
to resist slag accumulation. Screen tubes are
located ahead of superheaters to obtain reasonable metal temperatures while at the same time
allowing a certain amount of direct radiation to
be absorbed by the superheater tubes. This results in a flatter steam-temperature curve at the
superheater outlet.
Some boiler designs have the superheater
behind the main generating bank. Such an arrangement requires a relatively greater amount
of heating surface and an elaborate system for
controlling superheater outlet temperature. An
alternative arrangement incorporates a second
furnace for controlling the steam temperature
by varying the firing rate of the superheater

furnace. Although such a boiler design permits
a wide range of control, there are inherent
complications in the operating procedures.
Most two-drum bent-tube boilers are designed with the superheater within the generating bank and with either horizontal or
vertical superheaters. Positive means must be
provided to keep superheaters clear of slag
deposits. To permit convenient access for inspection, cleaning, and maintenance, modern
designs include access spaces within the
superheater banks.
The advantageous features of the vertical
superheater, as shown earlier in Fig. 6 , result in
reduced maintenance and optimum service efficiency. Because.the elements are arranged
parallel to boiler tubes, clear lanes between
generating and superheater tubes present the
best arrangement for effective action of the
sootblowers. With the superheater tubes in a
vertical position, it is difficult for slag to accumulate. Bulky supports are eliminated as it is
possible to support each superheater tube from
the superheater headers which are outside of
the gas pass. Small slip spacers attaching
superheater elements and adjacent generating
tubes maintain the upper ends of the superheater elements in the correct lateral position.
For most modern marine boilers, all of the
steam generated by the boiler is passed through
the superheater. Auxiliary steam requirements
are met by desuperheating the required quantity of auxiliary steam. Because the superheater
is located in a relatively high-temperature gas
zone and overheating may occur if any substantial proportion of steam were taken directly
from the steam drum to the auxiliary steam
line, this arrangement is necessary to maintain
a flow of steam through the superheater at all
times. To provide low-temperature steam for
auxiliaries and for other purposes, such as
heating, Butterworthing (a special system for
steam-cleaning cargo tanks), and evaporators,
steam from the superheater outlet is passed
through a desuperheater which absorbs some
of the heat in the superheater steam.
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Desuperheaters can be of the internal or the
external type. The internal type contains tubular elements with necessary terminal connections to be installed within the boiler drum.
Fig. 12 shows a typical arrangement of an internal-type desuperheater as installed in a boiler
drum. Note that the unit is arranged so that it
may be passed through the drum manhole as a
complete assembly. The external type includes
a direct or indirect heat exchanger mounted in
the steam line, with feedwater most generally
used as the cooling medium.
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STEAM-TEMPERATURECONTROLS

For high-temperature applications, designing for a constant steam temperature over a relatively wide load range may be desirable, as
indicated by the superheat characteristic Curve
A in Fig. 13, or for nominal temperature applications to limit the steam temperature at infrequent overload ratings, as shown by Curve B.
The dashed-line extensions of characteristic
curves show- expected temperatures without
control. Fig. 14 shows a typical arrangement
which will provide close control of steam temperature and, in so doing, protect the last passes
of the superheater, turbine, and connecting steam
piping from high metal temperature. The steam
temperature at the superheater outlet actuates an
air-operated control valve. Below the set temperature, all steam passes through the orificed line,
the control valve being closed. When the tem-

Fig. 13 Superheater characteristic curves

perature tends to rise above the set temperature,
the control valve opens to permit a portion of the
steam to flow to the desuperheater and have its
temperature reduced. The control valve has a
hand jack for manual operation.
With the exception of manual operation of
the automatic control valve, the same general
arrangement is used to accomplish the limiting-type of temperature control, as shown in
curve B of Fig. 13. At higher boiler ratings,
when the temperature starts to exceed the predetermined maximum, the control valve is
opened fully, accounting for the temperature
drop just beyond normal rating and the continuing rise to maximum rating.

!
I

in Headers

Desuperheater
-

Fig. 12 Internal-type desuperheater

*

-

fig. 14 Steam-temperaturecontrol
arrangement for marine boiler

Marine BoNers

HEAT-RECOVERY EQUIPMENT
FOR MARINE BOILERS
The general classification "heat-recovery
equipment" covers heat exchangers which are
located such that heat is absorbed from the
combustion gases after the gases have passed
through the superheater and steam-generating
sections of the boiler. Economizers, tubular air
heaters, and LjungstromB regenerative-type air
heaters, are the types most commonly used for
marine boilers.
ECONOMIZERS
The economizer is a series of horizontal tubular elementshy means of which heat is recovered from combustion gas leaving the boiler
and added to the incoming feedwater. The
amount of heat absorbed in an economizer depends on the temperature difference between
gas and water, the heat-transfer rate, and the
amount of heating surface. It is the normal practice to use some form of extended surface on
tubes to increase the heating surface per unit of
tube length.
Economizers can be categorized as bare tube
and extended surface types. The bare tube usually includes varying sizes which can be arranged to form hairpin or multiloop elements.
Because the coefficient of heat transfer is
relatively low on the gas side of an economizer
tube as compared to that on the waterside, it is
desirable to have some form of extended heating surface on the outside of the tube so as to increase the overall rate of heat transfer. Many
different configuratiosls of extended surface
are used, each with characteristics of a specific
standard adopted by a particular boiler manufacturer. In turn, each type of extended surface
economizer has a heat-transfer rate that is peculiar to the shape and finish of the surface, the
material employed, and the method of fabrication. Fig. 15 shows a widely used type of marine economizer extended surface.
Most marine economizers are designed for
counterflow of gas and water, that is, water
down through elements and gas up outside of
elements. This is done to take advantage of the

greater temperature difference between the gas
and water. Under these conditions, the heattransfer rate cannot be increased without incurring a substantial resistance to gas flow, and 'I
the use of extended surface to increase the heating surface per lineal foot is desirable. Whatever the arrangement of economizer, ample
provision must be'made to assure that the heating surface can be kept free of deposits. The
coexistence of deposits and moisture can cause
corrosion; accordingly, the spacing of the elements, the quantity and effectiveness of the
sootblowers, and the design of the breeching
above the economizers must a1.l-be carefullv
considered. Moisture can come from a number
of sources:
1. Rain or spray down the stack
2. Leaks in economizers or other pressure parts
3. Condensation of moisture in gases because
of the gas coming into contact with cold heattransfer surfaces and cooling to below the acid
dew-point temperature. Also, dependent on
the sulfur content of the gas, this condensation
forms a corrosive sulfuric-acid solution which
attacks the metal surfaces.
Although a leak in an economizer pressure
part cannot go undetected for very long, substantial corrosion-erosiondamage can result quickly
if a leak is allowed to persist. Therefore, it is
advantageous to design economizers with the

~ j g 15
. Close-up view of economi+er
spiral steel surface

minimum of joints and handhole plates consistent with proper provision for replacing an
element. Generally, the header tube joint is
made up as a full welded joint or, as an alternate
construction, the elements are welded to nipples in the headers. .
Although the economizer is designed principally for steady steaming conditions, proper
consideration must be given to the design of the
elements so that steam will not be generated
within the economizer during maneuvering.
This means that there must be suitable water
velocities and pressure drops to assure adequate circulation in each element. Under most
conditions, there is sufficient differential between saturation and feedwater temperatures
to prevent the generation of steam. But there
may be some maneuvering conditions, such as
the sequence from stop to full ahead, in which
steaming may become a problem. This is particularly true if the water level is high at the
start of the maneuver and the boiler control system is of the single-element (water-level) type.
Usually, an economizer is installed at the
boiler outlet adjacent to the stdam drum with
elements parallel to the drum. In most fireroom
arrangements, sufficient space is available for a
good economizer arrangement. However, to obtain the required economizer heat absorption,
the economizer length, width, and number of
tubes high may have to be varied to obtain the
best arrangement for the space conditions
available and to meet thermal performance
conditions. In addition, the allowable gas-side
pressure loss and water pressure drop must be
considered.
Today, it is common practice to design
marine economizers so that they can be bypassed if a leak occurs, thereby allowing the
boiler to remain in service until the necessary
repairs can be made. The economizer then must
withstand entering gas temperatures without
any feedwater flow through the economizer tubes.
With the economizer bypassed, the feedwater
enters the boiler directly at a lower temperature,
which results in an increased fuel firing rate, increased draft losses, and overall loss of boiler
efficiency. Another important consideration is

that there is generally an increase of total steam
temperature because of the higher fuel firing rate
and increased furnace temperature.
AIR HEATERS

Using air heaters to improve the performance
of steam-generating units began in marine
practice prior to 1880. At that time, practically
all the heaters were of the tubular type with various arrangements of vertical or horizontal
banks of tubes. In some, the gas passed through
the tubes, while in others the tubes served as a
passage for the air. Most marine tubular air
heaters are of the horizontal type, preferable because of its simplicity and the ease of incorporating it into the boiler arrangement.
Most marine tubular air heaters are located
immediately above the boiler gas exit where the
unit can be fitted conveniently into the boiler
design. For a two-pass heater, air both enters
and exits at the rear side of the boiler, presenting an efficient arrangement for transporting
air to the fuel burners.
REGENERATIVE AIR HEATERS

Regenerative air heaters for marine service
are designed for horizontal or vertical flow of
the combustion air and stack gases, In this
type of heat exchanger, as described further in
Chapter 14, the heating elements are contained
in a slowly turning rotor of cellular construction. As the rotor turns, heat is absorbed continuously by the heating elements from the flue
gas, while a like amount of heat is released
simultaneously to the combustion air, as these
fluids flow axially through the rotor. The rotor
is enclosed in a gas-tight housing which is
fitted at each end to make connections with
the air and flue-gas ducts.
Dampered integral air and flue-gas by pass
ducts are incorporated in the four corners of
the structure. Parallel air by-passes offer a way
of controlling cold-end heating-element temperature during operation at reduced steaming rate.
The flue-gas bypasses in parallel, together with
the air bypasses, provide a means of limiting
overall pressure loss at steaming rates above
the corresponding to normal power. Fig. 16
shows a typical regenerative air heater for
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marine service.
A vertical-flow regenerative air heater can be
located directly above the boiler outlet or in the
area above the boiler, and connected with conventional ductwork. From the top of,fhe air heater on the gas side, an uptake is led to the
suck in the usual manner. Forced-draft fans
may be located conventionally and connected
to the air side of the heater by means of ductwork. Various arrangements can be utilized to
suit the conditions (See Fig. 17).
STEAM AIR HEATERS

Both the boiler operating conditions and the
efficiency required of a boiler unit affect the
selection of the heat-recovery equipment to be
incorporated in the design of a boiler. These are
related to the specification of a suitable steam
cycle for a marine installation. The best steam
cycle for one installation may not be advantageous to another. Therefore, for certain
installations, an air heater alone may be
optimum. Where feedwater temperature and
pressure conditions permit, an economizer or a
combination of an economizer and a steam air
heater is used to obtain the boiler efficiency required, with no gas-to-air heater.
One method to improve the steam-cycle efficiency is by means of the feedwater heating system, and here the steam air heater uses steam

Fig. 76 Regenerative air heater
for marine service

I

I

Fig. 77 Arrangement of regenerative
air heaters aboard ship

extracted from the feedwater heater or auxiliary exhaust. This reduces the flow of steam to
the condenser and improves cycle efficiency.
An alternative method is to extract lowpressure bleed steam from the main turbines.
In the condensing of the bleed steam or
auxiliary exhaust, heat is transferred to the air
used for combustion. Because the condensing
steam-film coefficient of heat transfer is high,
extended surface is used to advantage. Closely
pitched tubes and fins can be utilized, as both
the air and heating fluids are clean, eliminating
entirely the necessity for cleaning.
In most steam-air-heater'installations, bleed
steam at 10 to 45 psig is used. Although a feedwater heater uses steam at relatively high
pressure, the steam air heater uses auxiliary
exhaust or low-pressure bleed steam. Utilizing
the lower pressure bleed steam is a good
method of improving cycle efficiency.
Another point to be considered is that the
auxiliary exhaust can be used to advantage in a
steam air heater while boilers are steaming
in port, thereby improving low-load boiler
operating conditions. Suitable air temperature
for good combustion is readily maintained,
whereas with a tubular or regenerative-type air
heater, a bypass system around the heater is

necessary to avoid cold-end corrosion.
FLUID REGENERATIVEAIR HEATER

Fig. 18 shows an arrangement of a fluid regenerative air heater. This is an arrangement
where the feed pump takes suction from the deaerating feedwater heater and discharges to the
secondary economizer where the 285°F feedwater cools the stack gases to approximately
310°F'.In this process, the water is heated to
about 340°F.The feedwater is then routed to an
air heater where it is cooled by the incoming
combustion air to its original temperatufe of
285°F and, in this process, the combustion air
is heated to approximately 310°F. The water
then passes through the fourth and fifth-stage
heaters, entering and leaving at temperatures of
285"F and 423 O F respectively.
From the heaters, the water enters the primary economizer and then goes to the boiler.

The primary and secondary economizer elements are all of spiral steel-fin construction
which has been proven by many years of marine
service (Fig. 15).
For a 45,000shp plant, in changing from a
steam-air-heaterleconomizer cycle to a straight
regenerative air-heater cycle, there is an overall
plant efficiency increase of about 4 percent. Of
this 4 percent increase in efficiency, about 1.5
percent is from the decrease in stack temperature, usually from 310°F to about 250°F; the
other 2.5 percent is from the additional regenerative feedwater heating of the high-pressure heaters (less heat rejected to the condenser
cooling water). From the standpoint of efficiency, the regenerative air preheater is the
more attractive. Some shipowners, however.
still prefer the economizerlsteam-air-heater
cycle because of longer life of economizer surface when compared to the cold-end heating

310"F Combustion
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Fig.-I8 Component arrangement of a closed-loop fluid regenerative air heater
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surface of an air preheater.
Under such a constraint, the use of a closedloop fluid regenerative air preheater can be
considered for the following reasons:
I. The plant efficiency will be increased by approximately 2.5 percent because of the use of
high-pressure feedwater heaters;
2. The stack gas temperature will remain the
same as is presently used in a steam-airheaterleconomizer cycle; maintenance, therefore, will remain at the standards that are
acceptable today;
3. Gas inerting systems can utilize the cool
stack gas after the economizer because there is
no air leakage in an economizer system;
4. Forced-draft fans can be selected smaller
than in the equivalent regenerative air preheater plant because there is no air leakage in
the economizer system.

FUEL BURNING
Oil burners for marine boilers must have features and operational characteristics consistent
with the service requirements of the propulsion
plant. The burner must also be capable of producting efficient firing over a wide range of oil
flow rates and be able to change load rapidly to
meet the maneuvering requirements. For ships
which maneuver for a substantial proportion of
the operating time, it is essential that the boilers be fitted with burners capable of varying the
firing rate over a wide range without the need of
changing atomizer tips.
Before the fuel oil can be burned, the oil must
be changed from a liquid to an atomized condition. Simultaneously, it must be mixed with an
ample supply of air to permit combustion. A
burner actually consists of two parts; the atomizer or burner barrel which serves to deliver a
flow of atomized oil to the furnace (see Fig. 19),
and the register which serves to supply a uniform flow of air to the furnace. The burner
barrel contains a sprayer plate, or swirl chamber, and an orifice tip which act together to
produce the spray of fine oil particles.
The straight mechanical type of oil burner

consists of a burner atomizer which converts
the potential energy of the oil pressure into a
flow of atomized oil particles. The register introduces and mixes the air with the oil spray
produced by the atomizer. The oil flow is regulated by varying the supply pressure. On some
installations this is accomplished manually; on
others, it is automatically performed. Airflow
is regulated by manual adjustment of the
forced-draft fan output or by the automatic adjustment of the combustion control. This type
of burner has a range or turndown ratio of between 1.5 and 3.0, depending on the pressure of
the fuel-oil service system.
The return-flow type of burner functions
with a constant-pressure oil supply, and the
atomizer barrel contains a passage to permit a
portion of the oil to return to the fuel-oil service
pump suction. Regulating the control valve in
the return line varies the firing rate. This type
of burner achieves a much wider range than the
straight mechanical burner.
The steam-atomizing-type burner uses a flow
of steam which mixes in the atomizer tip with
the oil flow. A portion of the<energy in the
steam serves to break up the oil particles, and
better atomization results. This type burner
offers a high turndown ratio and the advantage of being able to burn low-quality fuel
efficiently.

Atomizing Tip

Oil Tube

Fig. 19 The atomizer or burner barrel delivers
a flow of atomized oil to the furnace
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single-cased boiler, must be designed to acAlthough the vast majority of shipboard commodate the refractory and insulation.
boilers are fired by oil fuel, there remain some These materials must be arranged to protect the
ship trades where economic conditions make it casing from exposure to gases and must insuvery desirable to burn coal. Modern coal-fired late the casing from high temperatures. Strucmarine boilers use stokers. Although many tural members should preferably be located
types of stokers (including chain grate, under- outside the inner casing. Whenever this is not
possible, as may be the case for some supports
feed, overfeed and spreader types) have been
of
furnace insulation and refractory, alloy maused for marine service, the spreader stoker has
terial
should be used if there is any possibility
p m n itself over a long period of operation to
of
exposure
to high temperature.
be best suited and most efficient in meeting the
The
space
between inner and outer casings of
requirements. It is capable of burning a wide
range of bituminous coals and has the ability to a double-cased boiler provides a convenient
respond quickly to load changes. These fea- duct system by which the air for combustion
tures make spreader stokers attractive for ves- can flow to the burners. Because there can be a
wide choice of locations for the air inlet consels that will continuously serve in trades
the arrangement presents considerwhich have a readily available source of c ~ a l . ~ .nection,
~
Chapter 12 gives further descriptive material on able flexibility to the design of the forced-draft
system. Those sections of the air space not susthe spreader stoker for coal firing.
taining
the main flow of combustion air are
provided with a flow of cooling air which ultiBOILER CASINGS
mately discharges into the windbox. Thus, all
The primary function of a marine-boiler cas- of the inner casing is pressurized. Because the
ing, Figs. 20 and 21, is to contain the products airflow absorbs a large proportion of the heat
of combustion in such a way that the gases flow given off by the inner casing, there is a reducfrom the furnace through the steam-generating, tion in boiler radiation losses.
In laying out the arrangement of casing, calsuper-heater and heat-recovery tube banks, and
out the breeching. Although both single and culations must be made to determine that the
double-cased designs may be used, the func- air pressure-drop values are not excessive and
tion of containing the products of combustion
takes place in that casing which is immediately
exterior to the refractory and insulation wall.
Many modern boilers are built double cased.
In this arrangement, air pressure in the space
between the inner and outer casings is greater
than the pressure within the furnace. Accordingly, if there are any open joints in the inner
casing, there will be an airflow into the furnace
instead of an outward flow of gas and soot. But
this advantage should not be overexploited to
the extent of disregarding the maintenance of a
tight inner casing. If the flow of air through
inner casing leaks is allowed to become substantial, boiler efficiency will be impaired and
other detrimental effects will accrue.

COAL

DESIGN OF INNER CASING

The inner casing, or the only casing in a

Fig. 20- Exterior view of marine boiler showing
casing arrangement
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that the velocities and airflow pattern in the
windbox will be suitable for the even distribution of air to the registers. In determining the
dimensions of the air space, allowance must be
made for the restrictions imposed by downcomers, structural members and fittings such
as sootblower sleeves.
METHODS OF SUPPORT

For most designs of bent-tube boilers, the
weight of the pressure parts, and the included
water, is carried by the water-drum saddles and
waterwall header saddles. Steam and tubulartype air heaters are generally supported by
the boiler casing. Heat recovery equipment is

usually separately mounted to the structure of
the ship.
When it is necessary to obtain a better layout
of the breeching when there is a narrow fidky
which limits the space directly above the boiler,
the heat-recovery equipment may be mounted
directly on the boiler. The Ljungstrom air heater
is usually located on a deck or platform above the
boiler with the ship structure providing support.
For some types of boilers, the casing structure must also support the pressure parts, and
this requires that heavier structurals be included at the points of loading. The sectionalheader-type boiler has column-type supports
built into each -corner of the casing, as described earlier. -

Fig. 21 Details of boiler casing as fabricated in the assembly plant
--

common

The loadings from connecting piping, particularly main-steam piping, can produce excessive stresses in the boiler connections.
According to accepted procedure, the boiler
manufacturer specifies the maximum allowable forces and moments which can be taken by
the connections, and the shipbuilder designs
the piping to stay within the limits.

demand, and boilers may be operated for
sustained periods of a year or longer between
shutdowns for inspection and maintenance.
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Pulverizers and Pulverized-Coal Systems
he main reason why pulverized-coal firing
is favored over other methods of burning
coal is because pulverized coal burns like gas
and, therefore, fires are easily lighted and controlled. Almost any kind of coal can be reduced
to powder and burned like gas.
"A change of coal upsets the operation of a
pulverized-coal plant to a much smaller degree
than it does a stoker-fired plant. Pulverizedcoal furnaces can be readily adapted to burn
other fuels that burn like gas, and in that respect are capable of burning almost any fuel
which is used for making stearn."' Henry
Kreisinger, former Director of Research at
Combustion Engineering, made this statement
at a 1937 meeting of the American Society of
Mechanical Engineers in Windsor, Canada.
Today, over 40 years later, pulverized-coal
burning has so dominated the utility market
that power generation by stoker firing is no
longer a consideration. A major reason for the
success of pulverized-coal burning is the ability to adapt operating conditions to all coal
ranks from anthracite to lignite. While certain
considerations must be made to accommodate
fuels with such a wide range of properties, the
years of experience since Kreisinger's statement have simply served to prove the versatility and advantages of pulverized-coal firing.

HISTORICAL PERSPECTIVE
One of the most significant engineering
achievements of the twentieth century is the
commercial perfection of methods for firing
coal in pulverized form. In fact, the development is one of the cornerstones making
possible the extremely large, modern, steamgenerating unit with its high thermal efficiency, reliability, and safety.
Worldwide, practically every coal mined is
being burned with complete success in pulverized form. Similarly, many other types of
low-grade, waste, and byproduct solid fuels
may also be fired economically and efficiently
in this manner. As pulverized-fuel firing has
contributed to the reduction of labor costs in
steam power plants, it has also increased operational flexibility and practicable usage of an
extremely wide range of fuels.
Over the years, the concept of pulverizedcoal firing has attracted the attention of some of
the finest engineering minds. Familiar with
early nineteenth century French experiments,
Sadi Carnot provided a critical thermodynamic
analysis of the pyr6olophore, an engine fired by
powdered coal, in his 1824 engineering classic,
Reflections on the Motive Power of Fire.2
During the 1890's Rudolf Diesel conducted
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his first experiments on the internal combustion engine bearing his name with pulverized
coal as the primary fuel. At this time pulverized-coal firing was achieving its first real
commercial success in the cement industry.3 In
the early 19001s,Thomas A. Edison made improvements in the firing of pulverized coal in
cement kilns, greatly increasing their efficiency and o u t p ~ t . ~
In all fairness, however, recognition must be
given also to hundreds of engineers of lesser
renown who have made equal or greater technical contributions. Since the first information
attributed to the Niepce brothers was published in France in the early 18b0's, there have
been many examples of engineers whose visions of future developments in pulverizedcoal technology have far outreached the materials and technical understanding of their time.
Largely developed as an empirical art, pulverized-coal firing progress has been marked
by the efforts of devoted engineers whose
success may be attributed to persistence despite many discouraging obstacles. Generally, theoretical understanding has followed
rather than preceded practical accomplishment in the field of pulverized-coal firing.
INCENTIVES FOR DEVELOPING
PULVERIZING TECHNIQUES

Some elements of engineering reasoning
which have stimulated invention and improvement of devices to burn coal in pulverized form include the following: (1)Coal is
widely available for combustion purposes. (2)
Burning gas appears to be a simpler process
than consumption of large pieces of coal. (3) If
coal can be finely divided and burned like a
gas, it becomes an even more attractive fuel,
promising greater boiler efficiency and simplicity of combustion.
In the U.S., the rapid increase i n oil prices in
the 1890's was the principal incentive for developing the use of pulverized coal for firing
cement kilns-the first industrial application
to achieve outstanding commercial success.
E. H. Hurry-and H. J. Seaman of the Atlas Portland Cement Company began a series of exper-

iments relating to the use of pulverized coal in
1894, and in the following year it was successfully applied to a rotary cement kiln. Since that
time, pulverized coal has been the dominant
fuel in the cement industry.
By the time of World War I, powdered coalthe term then generally used for what is now
designated as pulverized coal-had gained sufficient acceptance for the ASME to sponsor a
symposium bringing together the accumulated
experience in the several fields of application.
Reading the record of this symposium will give
a clear understanding of the empirical nature of
the wide variety of equipment available for various types of pulverized-coal firing.5
PIONEERING UTILITY INSTALLATIONS

By the end of the war, pulverized coal still
had not achieve'd its full potential despite an
increasing number of applications which
spread from the cement to the metallurgical industry, to the steam locomotive and to several
stationary boilers. Although all of the elements
for outstanding success appeared to be present,
someqne was needed to integrate the many
ideas and to provide a new thrust for pulverized-coal firing in the central-station industry. No one can lay more claim for initiating
this impetus than John Anderson, then chief
engineer of power plants of what is now Wisconsin Electric Power Company. He effectively
enlisted the support and active participation of
exceptionally able engineers from his own organization, the public-utility industry, equipment suppliers, and the U.S. Bureau of Mines.
Anderson's pioneering efforts resulted in
pulverized-coal installations in the existing
Oneida Street Station and the bold new concept
of Lake~ide.~
Although American research in this field
stems from the establishment of the U.S.
Bureau of Mines in 1910 with its extensive program of boiler and equipment testing,' there
was also earlier work in this country and
abroad on the inflammability of dust clouds
causing explosions in coal mines. Empirical
progress in the art of pulverized-coal firing
linked these two areas of research, and brought '
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forth a series of reports and investigations ranging from power-plant tests to studies of particle
flow and the thermodynamics of combustion.
Two outstanding test reports stand as engineering classics. Based on experimental
work at the Oneida Street and Lakeside Stations, these reports contain important basic
information on pulverized-coal firing and
establish a pattern for subsequent research,
including many of the activities of the ASME
Furnace Performance Factors C~mmittee.~
Studies on velocities and characteristics of
pulverized-coal particles were reported by
E. Audibert9 and John Blizard,lo who a few
years earlier had published a comprehensive
study of the state of the pulverized-coal art.ll
Research linking studies of inflammability of
coal-mine dust to desired combustion properties appears in an article by Henri Verdinne.12 W. Nusselt published results of
research on coal-particle ignition times in
1924,13and P. Rosin reported on studies of heat
liberation based on thermodynamic data in
1925.14The first of a series of papers on boiler
heat-transfer studies at Yale University by W. J.
Wohlenberg and his colleagues was also published by ASME in 1925.15
Despite the extensive theoretical studies that
were made in the 1920's, much of the progress
was achieved on an empirical basis of trial and
error with boiler installations of ever-increasing size. This was particularly true in the development of pulverizers, where the theory of
the underlying principles had not advanced
very rapidly. Even today, the laws for crushing
materials are subject to much dispute.
Rittinger's law of crushing dates back to a
book published in Germany in 1867. It states
that the work required to produce material of a
given size from a larger size is proportional to
the new surface produced. This expression
finds more general acceptance than Kick's law,
which was first published in 1885 and which
states that the energy required to effect crushing or pulverizing is proportional to the volume reduction of the particle. While Rittinger's
law is a closer approximation, neither of these
laws can be used for comparing efficiencies of

coal pulverizers which are different.
The energy that is required to effect pulverization is dissipated in a number of ways. It cannot be accounted for in the specific manner
which is applicable to a boiler or power-plant
heat balance. For this reason, both pulverizer
design and application have retained many of
the elements of an engineering art.

PULVERIZING PROPERTIES
OF COAL
To predict pulverizer performance on a specific coal with some degree of accuracy, the
ease with which the coal can be pulverized
must be known.
GRlNDABlLlTY.

A grindability index has been developed to
measure the ease of pulverization. Unlike
moisture, ash, or heating value, this index is
not an inherent property of coal. Rather, it represents the relative ease of grinding coal when
tested in a particular type of apparatus. The
consistency of grindability test results permits
the pulverizer manufacturer to apply the findings to a particular size and, to a lesser degree,
type of pulverizer.
Grindability should not be confused with the
hardness of coal. (See also Tables IV and V and
related text.) The same coal may have a range of
grindabilities depending on other constituents
in the coal. Fig. 1gives typical curves for North
Dakota lignites and shows the variation in
Hardgrove grindability as the moisture content
changes. Typically, anthracites and some lignites have at least one point where their grindabilities are very close. Anthracite, however, is
a very hard coal whereas lignite is soft, yet both
are difficult to grind.
Pulverizing a small air-dried sample of
properly sized coal in a miniature mill determines its grindability. Results may then be
converted into a grindability-index factor
which, with appropriate correction curves, can
be used to interpret mill capacity.
The Hardgrove method was developed to
measure the quantity of new material that will
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pass a 200-mesh sieve. The apparatus for this
method, shown in Fig. 2, is extremely simple. A
50-gram sample of air-dried coal, sized to less
than 16 and greater than 30 mesh, is placed in
the mortar of the test machine along with eight
1-in.-diameter steel balls. A weighted upper
race is placed on the ball and coal charge, and is
turned 60 revolutions. The sample then is removed and screened.
The quantity passing the 200-mesh sieve is
used in the preparation of a calibration chart,
from which the grindability of the coal sample
is determined in accordance with ASTM Standards D 409, Grindability of Coal by the Hardgrove-Machine Method. Four coal samples.
obtained from ASTM, ~tanda~dized
especially
for this purpose and representing grindability
indices of 40,60,80, and 100, are used for calibration of each grindability machine and
associated apparatus, before the equipment is
used to test coals.
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Frequently, too much emphasis is placed on
grindability while other factors affecting mill
capacity, such as moisture, are almost entirely
overlooked.Pulverizer capacity is proportional
to the grindability index of the coal, but corrections must also be made for fineness of product
and moisture of the raw feed.

MOISTURE
Usually a reference to moisture in coal pertains to the total moisture content. This is
comprised of what is commonly termed equilibrium moisture and surface or free moisture.
Equilibrium moisture varies with coal type or
rank and mine location, and would be more accurately called "bed" or "seam" moisture. In
reality, surface moisture is the difference between total moisture and bed moisture.
Surface moisture adversely affects both pulverizer performance and the combustion
process. The surface moisture produces agglomeration of the fines in the pulverizing
zone, and reduces pulverizer drying capacity
because of the inability to remove the fines efficiently and as quickly as they are produced.
Agglomeration of fines has the same effect as
coarse coal during the combustion process, because the surface available for thk chemical
reaction is reduced. Since in-mill drying is the
accepted method of preparing coal for pulverized-fuel burning, sufficient hot air at
adequate temperature is necessary in the mill-
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Fig. 1. Variation of grindability index with moisture
content, North Dakota lignites (average of standard
and corrected values)

Fig. 2. Hardgrove grindability machine
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ing system. Curves such as those shown in
Figs. 3 and 4 indicate the air temperature required to dry coal of varied total moistures and
coal-air mixtures.
The achieving of rated pulverizer capacity
depends upon having sufficient heated air
available to dry the coal. If there is a deficiency
of hot air, the mill output will be limited to the
"drying capacity" and not the "grinding capacity." Thus, it may be possible to obtain more
capacity with a relatively dry coal of lower
grindability than with a high-moisture coal of
higher grindability.
,

RELATION OF PULVERIZER CAPACITY
TO GRINDABILITY

As stated previously, mill capacity is not
directly proportional to grindability. Thus, if
the actual capacity of a pulverizer with 50
grindability is 10,000 lb per hr, then with 100
grindability it will be about 17,000 lb per hr,
and not 20,000 lb per hr. This is because of the
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differences between a commercial pulverizer
and a grindability test machine which, with no
provision for continuous removal of fines, is of
the batch type rather than the continuous type.
The crushing pressure of the test equipment is
also considerably less. As a result, some of its
energy is dissipated in deforming the coal particles without breaking them.
Although the test equipment does not indicate a direct proportion of capability between
hard and soft materials, the value of these tests
is not reduced. Correction factors developed
by pulverizer manufacturers on commercial
equipment provide for overcoming these discrepancies. Fig. 5 gives correction curves for
variations in fineness, .grindability, and moisture. As a rule of thumb, for every point the
grindability index of a particular coal changes,
there will be a corresponding change of 1 Y 3
percent in pulverizer capacity. Similarly, for
every percentage point of change in fineness
from the basic design point of a pulverizer,
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Fig.3 Temperature of air to mill, eastern U.S. coals

Lbs of Air Leaving Mill/Lb of Coal

I

Fig.4 Temperature of air to mill, midwest-U.S.
coals
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there will be a corresponding change of 1%
percent in capacity.
VARIATION OF LIGNITE GRINDABILITY
WITH MOISTURE

The Bureau of Mines at Grand Forks, North
Dakota, and others have reported the grindability of lignites at various moistures, and the results show a wide variation, as in Fig. 1. Some
feel that such curves are of little value because
it seems impossible to select the proper index
from them; others feel that they do have
significance. With theincreased use of lignites,
solution of this problem is important.
In setting up the present ASTM code for
grindability, the test specifies use of an airdried sample. In the C-E bowl mill, all of the
surface moisture and some of the equilibrium
moisture are evaporated during pulverization
with a hot-air sweep. The moisture content of
the pulverized product leaving the mill is con-

Low- and Medium-Volatile Bit.,
and Hiah-Volatile A Bit.-

astern

ceived to be the moisture level that exists in the
grinding zone. Thus grindability vs. moisture
indices above the equilibrium level are of little
interest. Hardgrove indices therefore have
meaning to the pulverizer designer only
below the equilibrium-moisture level and in
the general range of moisture contents between
10 and 25 percent.
The actual choice of the grindability index
for pulverizer design capacity requires consideration of total moisture, equilibrium (bed)
moisture, and the selected hot-air temperature.
RELATIONSHIPOF COAL RANK
TO REQUIRED FINENESS

Successful pulverized-coal firing depends
on recognizing differences in coals and on
making whatever modifications are necessary
to provide the optimum conditions for efficient
combustion. Experience over the years has established that a relationship exists between

*

r High-Volatile B and C Bit. (Midwestern US.)

Coals

Coals

10O0/0 Capacity Is at

55 Grindability and
70% Through 200 Mesh

Coal

% Base Mill Capacity

Fig. 5. Mill correction factors for grindability, fineness, coal type, and moisturebituminouscoals with preheated air
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rank of bituminous coals and degree of fineness
required for successful operation.
To insure complete combustion within the
furnace confines for minimalcarbon loss, highrank coals must be pulverized to a finer size
than coals of lower rank. Although in part dependent on the type of firing system used,
the approximate limits within the following
ranges-have been established through operating experience.
-

Passing
ZOO Mesh

Retained on
SO Mesh

(741)
Wt%

Wt%

Subbituminous C coal
and Lignite

60-70

2.0

High-Vol. Bit. C,
Subbituminous A and B

65-72

2.0

Low and Medium-Vol.
Bituminous:
High-Vol. Bit. A and B

70-75

2.0

Coal
Rank

(297~)

When firing certain coals in the low-volatile
group in small pulverized-coal furnaces, the
fineness percentage may be increased to as
high as 80 p e r ~ e n to
t insure adequate burnout
of the carbon content.
SPECIFICATIONS FOR CLASSIFYING COALS

Table I lists the specifications as set by
ASTM for classifying coal by rank. Rank classifications are based on varying combinations
of volatile-matter content, heating value, and
agglomerating properties.
After the predrying step is accomplished in
the pulverizing operation, the low-rank subbituminous coals and lignites manifest a
higher degree of reactivity than do the higher
rank bituminous coals. Recent investigations
confirm that this increased reactivity results
primarily from the lack of agglomerating
properties and increased O2 content.16 Data
from these investigations are summarized in
Table 11, Coal Properties.
A comparison of flammability indices with
volatile matter and heating value suggests that
factors other than these have a great influence

on ignition temperature and particle burnout.
Because lower flammability temperatures are
experienced primarily with lignitic and subbituminous coals, it is reasonable to ask what
property is common to lower rank coals. Exclusive of heating value, the most obvious
difference between the two groups is that
property known as "agglomerating character"-subbituminous coals and lignites do
not agglomerate. As applied to coals, agglom
eration is the property of particles fusing into a
cokelike mass or bonding together into a firm
cake when the particles are heated to temperatures of 10QO°For above.
While the determinations of both volatile
matter and heating value are well defined,
tests for establishing the agglomerating character of coals are less commonly known.
ASTM Standards D 388, Specifications for
Classification of Coals by Rank, describes
agglomerating character as: "The test carried
out by the examination of the residue in the
platinum crucible incidental to the volatilematter determination. Coals which in the volatile-matter determination produce either
an agglomerate button that will support a
500-g weight without pulverizing, or a button
showing swelling of cell structure, shall be
considered agglomerating from the standpoint
of classification."
Since the agglomerating property of coals is
the result of particles transforming into a plastic or semiliquid state when heated, it reflects
a change in the surface area of the particle.
This surface change is manifested by a transformation of the particle from an angular, irregular shape into a spherical or sphere-like
particle. Also, the surface character of the particle changes from a porous, irregular, absorptive surface to a glasslike nonporous surface.
Thus, with the application of heat, agglomerating coals tend to develop a nonporous surface, while that of nonagglomerating coals
becomes even more porous with pyrolysis.
This explanation indicates why agglomerating
coals require a correspondingly finer particle
size to maintain an equivalent surface area for
efficient, rapid ignition and burnout.
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Table I.Classificationof Coals by Ranka
-

Class and Group

'

I. Anthracitic
1. Meta-anthracite
2. Anthracite
3. Semianthracite'

Fixed Carbon
Limits, %
(Dry,MineralMatter-Free Basis)

Volatile Matter
Limits, %
(Dry,MineralMatter-Free Basis)

Calorific Value Limits,
Btunb (Moist,
MineraEMatterFree Basis)

Equal or Less
Greater Than
Than

Equal or Less
Greater Than
Than

Equal or
Greater
Than

Less
Than

...
...

...
...

98

...

...

2

92

2

86

98
92

8

8
14

78

86

14

22

...

...

69

78

22

31

...

...

...

69

31

...

l4,00Od

...

...

...

...

...

13,000d

14,000

...

...

...

...

11,500
10,500

13,000
11,500

11. Bituminous
1. Low-volatile

bituminous coal
2. Medium volatile

bituminous coal
3. High-volatile

A bituminous coal

4. High-volatile

B bituminous coal
5. High-volatile

C bituminous coal
111. Subbituminous
I. Subbituminous
A coal
2. Subbituminous

B coal
3. Subbituminous
C coal

IV. Lignitic
1. LigniteA
2. LigniteB

...

...

...

...

...

...

10,500

11,500

...

...

...

...

9,500

10,500

...

...

...

...

8,300

9,500

...
...

...
...

...

.,.

6,300

8,300
6,300

...

...

...

Agglomerating
Character

1

nonagglomerating

I,

commonly
agglomeratingr

agglomerating

i

nonagglomerating

"This classification does not include a few coals, principally nonbanded variet~es,~vhichhave unusual physical and chemical properties and
which come within the limits of fixed carbon or calorificvalue of the high-volatile bituminous and subbituminous ranks. All of these coals either
contain less than 48% dry, mineral-matter-free fixed carbon or have more than 15.500 moist, mineral-matter-free Bntish thermal unlts per
pound.
"Moist refers to coal containing its natural inherent moisture but not including visible water on thesurface of the coal.
If agglomerating, classify in low-volatile group of the bituminous class.
"Coals having 69% or more fixed carbon on the dry, mineral-matter-free basis shall be classified according to fixed carbon, regardless of calorific
value.
'It is recognized that there may be nonagglomerating varieties in these groups of the bituminous class, and there are notable exceptions in
high-volatilec bituminous group.
Reprinted from ASTMStondords

D 388, Classification of Coals by Rank.
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In addition to the correlation of agglomerating properties with coal reactivity, an equally
strong correlation exists between the ultimate-analysis oxygen level of coals and their
response to reactivity as reflected in the flammability temperatures. Data in Table I1 show
ranges in oxygen from 4.8 to 14.8 percent for
agglomerating coals, moisture- and ash-free
(MAF), and from 18.7 to 26.6 percent MAF for
the lower rank coals that are nonagglomerating. Seemingly, the higher the inherent or organically bound oxygen content of the coal, the
more reactive the coal. These data do not conflict with the observed correlation with
agglomerating character:.In fact, deliberately
varying degrees of oxidation temper or destroy
the agglomerating properties of caking coals.
Apparently, the breaking point between agglomerating and nonagglomerating coals is a
14-15 percent oxygen level, MAF.17

appreciable quantity of extremely fine particles
to insure rapid ignition. Conversely, to obtain
maximum combustion efficiency, a minimum
amount of coarse particles in this same fuel-air
mixture is desirable. The former condition is
usually expressed as percentage through a
200-mesh screen (74 microns), while the latter
is designated as percentage retained on a 50mesh screen (297 microns).
The number of openings per linear inch designates the mesh of a screen. Thus, a 200-mesh
screen has 200 openings to the inch or 40,000
per square inch. The diameter of the wire used
in making the screen governs the size of the
openings. The U.S. Standard and W. S. Tyler
are the most common screen sieves. The mesh
and opening of these and other international
screens are shown in Table I11 and Fig. 6.
CLASSIFICATIONAND SIZE CONSIST

In some reactions, such as setting of cement,
surface area is of extreme importance. In the
combustion of pulverized coal, however, while
it is important to have a proper percentage of

STANDARDS FOR MEASURING FINENESS

When burning solid fuels in suspension, it is
essential that the fuel-air mixture contain an

Table 11. Coal Properties
Bituminous

Subbituminous

High Volatile

Low
Medium
Volatile Volatile

A

B

Agglomerating
character

%
4.

4%.

Agg.

Agg.

Proximate, %
Moisture (seam)
Volatile matter, VM
Fixed carbon, FC
Ash

2.0
21.1
68.6
8.3

2.0
32.3
55.8
9.9

4.0
38.4
51.5
6.1

7.0
33.8
47.3
11.9

HHV,BNlb, As-fired
Flammability index, F
Ultimate (MAF), %
Hydrogen
Carbon

Sulfur
Nitrogen
Oxygen

Lignite

C

*
10.0
35.9
43.3
10.8

A

B

C

A

Non
‘41%.

Non
Agg.

Non
Agg.

Non
Agg.

14.0
35.3
41.2
9.5

19.0
34.5
37.5
9.0

25.0
25.8
40.9
8.3

40.0
25.9
27.4
6.7

13,150 13,210
1,010 1,030

13,410 11,610 10,590
950 1,030
990

9,840 8,560 7,500
970
970
990

5,940
890

5.0
88.5
0.4
1.3
4.8

5.6
82.5
2.5
1.5
7.9

5.4
74.2
0.5
1.2
18.7

4.3
67.0
0.9
1.2
26.6

* Agglomerating but noncaking

5.5
84.1
1.1
1.7
7.6

4.6
81.0
0.9
1.3
12.2

5.5
74.3
4.0
1.4
14.8

5.1
69.8
0.8
1.1
23.2

5.6
66.4
0.6
1.3
26.1
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fine particles having a large surface area, it is
equally necessary to eliminate the oversize on
the coarser screen. Despite the percentage less
than 200 mesh (-200 mesh), as little as 3 to 5
percent greater than 50 mesh (+50 mesh) may
produce furnace slagging and increased combustible loss, even though combustion conditions are excellent for the finer coal. The small
amount of oversize represents very little additional surface if it is pulverized to all -50 mesh
and all +200 mesh.
As an illustration, assume a typical screen
analysis of a high-volatile bituminous coal sample, pulverized to 80 percent -200 mesh:

99.5%-50 mesh
96.5% -100 mesh
80.0%-200 mesh
This represents a surface area of approximately
1500 sq cm per gram, with over 97 percent of
the surface in the -200 mesh portion.
By overgrinding and poor classification it
would be possible, on a commercial-sized mill,
to have a sample of the following analysis:
95% -50 mesh
90% -100 mesh
80%-200 mesh

Table 111. Comparison
of Sieve Openings
Mesh

Inches

mm

U.S. Standard Sieve
20
30
40
50

*

Mesh
*

400

0.0331
0.0234
0.0165
0.0117

0.84
0.595
0.420
0.297

Inches

mm

.

W. S. Tyler Sieve

0.0015

0.037

"Commonly used screens in pulverized-coal practice for combustion purposes.

-
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-

British Engineering Std. Association
?GermanIndustry Norm
$Association Franpa~sde Norm

Fig. 6. Internationalscreen opening comparisons
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This is not a satisfactory grind, because of the
high percentage retained on the 50 mesh, even
though the surface area is still 1500 sq c d g .
In the pulverizing process, then, classification plays a major role in matching the particle
size to the reactivity of the fuel. Both fine and
coarse particles must be controlled within limits by the use of mechanical classification techniques. Careful attention, therefore, must be
paid to both the design and the operation of the
classification system.
SAMPLING PULVERIZED COAL

It is apparent that product fineness has a considerable bearing on pulverizer performance.
Fineness samples should, therefore, be analyzed periodically. In a storage system, this
sample may be taken directly from the mill cyclone discharge.
On a direct-fired system, obtaining the sample is more difficult because it must be taken
from a flowing coal-air stream. A sampling device, consisting of a small cyclone collector,
sample jar, and sampling nozzle with connecting hose, may be utilized. See Fig. 7.
The sample is obtained by traversing the pipe
across its diameter, from two points in the same
plane and at 90" to each other. The entire pipe
diameter must be traversed, and the rate of

movement must be uniform. Samples must be
taken in both directions for the same period.
Currently, the industry has further refined
these sampling techniques for greater accuracy. In this refinement,-th-epipe traverse with
the coal-sampling device is timed to obtain an
isokinetic coal sample. The method uses the
proportion of coal-pipe area to the sampleprobe-opening area in conjunction with the
pulverized-fuel loading in the individual
transport pipe. Because pulverized fuel in a
transport pipe is not a homogeneous mixture,
another sample taken at the same time at a different location in the same pipe may yield different results.
With collection completed, the pulverizedcoal samples from each mill are thoroughly
mixed. Fifty grams of the sample is placed in
the top sieve of a nested stack of 50-mesh,
100-mesh, and 200-mesh sieves. The nest is
then shaken either by hand or by a mechanical
shaking device until the procedure has separated the coal particles by size. The results of
the percentages of coal passing through the individual screens plot as a straight line on a typical sieve distribution chart. (See Fig.8.) ASTM
Standards D 197, Sampling and Fineness Test
of Pulverized Coal and ASME PTC, 4.2, Coal
Pulverizers, give additional information on
recommended sampling techniques.
CLOSED-CIRCUIT GRINDING

Flexlble Hose

Air Valve

CompressedAir

Cyclone Collector
Pulvenzed-Coal
Ptp~ngto Furnace

Fig. 7 Pulverized-coal sampling device
and aspirating fittings

When a large piece of coal is reduced to a
number of. smaller ones by any method, a great
number of fine particles will be produced
simultaneously. Therefore, it is not possible for
a pulverizer to produce a product that will pass
a 50-mesh screen without also obtaining a large
percentage of material finer than 200 mesh.
Thus, if a quantity of coal at one stage of pulverization contains 50-percent material that
will pass through a 50-mesh sieve, and if this
- 50-mesh material is removed from the grinding zone, it will contain a smaller percentage of
-200-mesh material than if it had been permitted to remain in the grinding zone until
the total quantity had been reduced to pass a
50-mesh sieve.
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As already noted, an abundance of fine particles is necessary to insure prompt ignition of
coal in suspension burning. Substantial energy
consumption is required in the production of
this fine material. However, when grinding
finer than necessary, power is wasted and the
pulverizing equipment must be larger than actually required. Removal of the fines from the
pulverizing zone as rapidly as they are produced and return of the oversize for regrinding
eliminates unnecessary production of fines
and reduces energy requirements. Better product sizing and increased capacity result from
the removal of the fines, a process called
closed-circuit grinding. The pulverizing system component which accomplishes this size
control is known as the classifier.

sand, and pyrites, commonly found in coal as
mined, are quite abrasive. These are the undesirable constituents that produce rapid and
sometimes excessive wear in pulverizing apparatus. The economics of coal cleaning to remove such abrasive foreign materials depends
on many variables and must be determined for
each individual application.
The resistance of a smooth plane surface to
abrasion is called its hardness. It is commonly
recorded in terms of 10 minerals according to
Mohs' scale of hardness, Table IV. There is no
quantitative relation between these, the diamond being much greater in hardness above
sapphire than sapphire is above talc. Hardness
of selected common materials is shown in
Table V; the relatively low hardness of pure
coal is compared to the abrasive impurities
usually found in the commercial product.

ABRASION

Pulverizing results in an eventual loss of
grinding-element material. Balls, rolls, rings,
races, and liners gradually erode and wear out
as a result of abrasion and metal displacement
in the grinding process. Thus, the power for
grinding and the maintenance of the grinding
elements make up the major costs of the pulverizing operation.
In itself, "pure coal" is relatively nonabrasive; however, such foreign materials as slate,

U.S. Standard Sieve Designation
L

Fig. 8. Typical fineness sample results
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COAL PREPARATION
Coal should be prepared properly for its safe,
economical, and efficient use in a pulverizing
system. Controllable continuity of flow to the
pulverizer must be maintained. Organic foreign materials such as wood, cloth, or straw
should be removed. Such materials'may collect
in the milling system and become a fire hazard,
or they may impair material or airflow patterns
in the mill. Although many mills are designed
to reject, or are not adversely affected by, small
inorganic or metallic materials, a magnetic
separator should be installed in the raw-coal
conveyor system to remove larger metallic objects. If this is not done, these objects may damage the pulverizer coal feeder or obstruct the
coal flow.
The raw coal should be crushed to a size that
will promote a uniform flow rate to the mill by
the feeder. Favorable size consist will minimize segregation of coarse and fine fractions in
the bunker, and result in a more uniform rate of
feed to various pulverizers being supplied from
a given bunker. When mixed with relatively
dry lump coal, fine coal with high surface
moisture accentuates the segregation problem
in bunkers. Crushing by size-reduction of the
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dry lumps exposes additional dry surfaces for
the adsorption of moisture from the wet fines,
thereby producing a more uniform size and
moisture distribution in the raw-coal mass.
Most commonly, direct-firing of pulverized
coal is the method used for steam generation. In
this application, an uninterrupted and uniformly controllable supply of pulverized coal
to the furnace is an essential requisite. A steady
and continuous flow of raw coal to the pulverizer will insure this.
An ideal feed is one that is closely sized and
double-screened; e.g..3/-1in. x '14 in. Coal of this
size will permit excess water to drain off; it will
flow freely from bunkers and can be fed uniformly. However, such favorable sizing can be
obtained only at a considerable price premium
and this usually precludes its use. In most
cases, power plants will receive coals classified
as run-of-mine or screenings with lumps;
therefore, crushing equipment must be installed to provide uniform raw-feed sizing.
Generally coal-feed sizing up to 2 in., as sieved
through a round screen, is permissible with
large pulverizers.
COAL CRUSHERS

Although there are numerous types of
crushers commercially available, the type
generally used for smaller capacities is the
swing-hammer type. This crusher has proved
satisfactory for overall use and has demonstrated reliability and economy. The swinghammer crusher consists of a casing enclosing
a rotor to which are attached pivoted hammers
or rings. Coal is fed through a suitable opening
in the top of the casing and crushing is effected
by impact of the revolving hammers or rings
directly on, or by throwing the coal against, the

Table IV. Mohs' Scale of Hardness
1-Talc
2-Gypsum
3-Calcspar
4-Fluorspar
5-Apatite

6-Feldspar
7-Quartz
8-Topaz
9-Sapphire
10-Diamond

liners or spaced grate bars in the bottom of the
casing. The degree of size reduction depends
on hammer type, speed, wear, and bar spacing.
The latter is usually somewhat greater than the
desired coal size. These crushers produce a uniform coal sizing and break up pieces of wood
and foreign material with the exception of
metallic objects. Foreign material that is too
hard to crush is caught in pockets.
Roll crushers have been used but are not entirely satisfactory because of their inability to
deliver a uniformly sized product. Probably the
most satisfactory crusher for large capacities is
the Bradford breaker. This design, Fig. 9, consists of a large-diameter,-slowly revolving (approximately 20 rpm) cylinder of perforated
steel plates, the size of the perforations determining the final coal sizing. In diameter, these
openings are usually 1% in. to 11/2 in. The
breaking action on the coal is accomplished as
follows: the coal is fed in at one end of the cylinder and carried upward on projecting vanes
or shelves. As the cylinder rotates, the coal cascades off these shelves and breaks as it strikes
the perforated plate. As the coal drops a relatively short distance, coal crushing occurs with
the production of very few fines. Coal broken to
the screen size passes through the perforations
to a hopper below. Rocks, wood, slate, tramp
iron, and other foreign material are rejected.
This breaker produces a relatively uniform
product and uses very little power.

Table V. Common Materials
and Their Mohs' Hardness
Coal
Slate
Mica
Pyrite
Granite
Marble
Soapstone
Kaolin clay
Iron ore
Carborundum
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Fig. 9. Bradford breaker

COAL FEEDERS
A coal feeder is a device that supplies the
pulverizer with an uninterrupted flow of raw
coal to meet system requirements. This is especially important in a direct-fired system. There
are several types, including the belt feeder and
the overshot roll feeder.
THE BELT FEEDER

The belt feeder uses an endless belt running
on two separated rollers receiving coal from
above at one end and discharging it at the other.
Varying the speed of the driving roll controls
the feed rate. A leveling plate fixes the depth of
the coal bed on the belt.
The belt feeder can be used in either a volumetric or gravimetric type of application (see
Fig. 10). The gravimetric type has gained wide
popularity in the industry for accurately measuring the quantity of coal delivered to each

Coal Inlet

Demand
S~gnal

Digital
Scale Control

Totalizer
Feedback Signal

Fig. 10. Schematic of belt-type gravimetric coal feeder.

COMBUSTION

Pulverizem and Pulverized-Coal Systems

individual pulverizer. ~ e n e r a l l ~ , - t are
h e ~applied to steam generators having combustion-control systems requiring individual coal
metering to the fuel burners.
There are two accepted methods of continuously weighing the coal on the feeder belt. One
method uses a series of levers and balance
weights; the other, a solid-state load cell across
a weigh span on the belt. Both are very accurate
mechanisms and both are well accepted by
utilities. This same belt feeder design can also
be used for volumetric measurement.
THE OVERSHOT FEEDER,

The oyershot roll feeder, Fig. 11, has a
multi-bladed rotor which turns about a fixed,
hollow, cylindrical core. This core has an opening to the feeder discharge and is provided with
heated air to minimize wet-coal accumulation
on surfaces and to aid in coal drying. A hinged,
spring-loaded leveling gate mounted over the
rotor limits the discharge from the rotor
pockets. This gate permits the passage of oversize foreign material.
Feeders of this type may be separately
mounted, or they may be integrally attached to
the side of a pulverizer.
The roll feeder and the belt feeder, by virtue
of their designs may be considered highly efficient volumetric feeding devices.

METHODS OF PULVERIZING
AND CONVEYING COAL
Early coal-pulverizing installations received
undried coal and utilized ambient air in the
mill system. Because no heat was added to the
system, the coal feed was limited to that of very
low moisture content; therefore, maximum pulverizer capabilities were not realized. Subsequently, external coal dryers were added to the
system. Because of the lack of cleanliness, high
initial cost, fire hazard, and space requirements, these dryers were replaced with the now
universallyaccepted in-mill drying.
Three methods of supplying and firing pulverized coal have been developed: the storage or
indirect system, the direct-fired system, and
the semidirect system. These methods differ on
the basis of their drying, feeding, and transport
characteristics.
TH E STORAGE (INDIRECT) SYSTEM

In a storage system, Fig. 1 2 , coal is pulverized and conveyed by air or gas to a suitable collector where the carrying medium is separated
from the coal which is then transferred to a
storage bin. The hot air or flue gas introduced
into the mill inlet provides for system drying
requirements and is vented to rid the system of
Cyclone Collector

Vent
To
Collector Atmosphere

lving Blade
Hot-Air Slot

Hot Air or Flue Gas
Fig. 11. Overshot roll feeder
--

Fig. 12 Storage (indirect) pulverizing system

.
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Pulverizer
Fig. 73 Direct-fired pulverizing system

.

moist~re'eva~orated
from the fuel. From the
storage bin, the pulverized coal is fed to the
furnace as required.
THE DIRECT-FIRED SYSTEM

In a direct-fired system, Fig.13, coal is pulverized and transported with air, or air slightly
diluted with gas, directly to the furnace where
the fuel is consumed. Hot air or diluted furnace
gas supplied to the pulverizer furnishes the
heat for drying the coal and transporting the
pulverized fuel to the furnace. Known as primary air, this air is a portion of the combustion
air. As a reduction in oxygen concentration in
this primary-air stream affects the rapidity and

Pulverizer

stability of ignition, it is necessary, when using
hot gas, to draw it from a point of low CO, concentration and high temperature. This prevents
the use of flue gas for drying in direct-firing.
Fig. 14 illustrates a schematic arrangement
of the primary-air system for a pulverizer using
a LjungstromBtrisector air heater. As the name
implies, this air heater has three sections: flue
gas, primary air (the air that dries and conveys
the coal to the furnace) and secondary air (the
balance of the air that goes to the furnace). The
primary-air section is located between the
openings for the secondary air and the flue gas
(Fig. 15). With this design, a higher primary-air
temperature can be obtained. If there is a large
variation in primary airflow, there is relatively
little effect on heat recovery, because heat not
recovered in the primary section will be picked
up subsequently in the secondary section.
THE SEMIDIRECT SYSTEM

In a semidirect system, Fig. 16, a cyclone collector located between the pulverizer and furnace separates the conveying medium from the
coal. The coal is fed directly from the cyclone to
the furnace in a primary-air stream which is independent of the milling system. The drying
medium, therefore, can be the samelasin a storage or bin system.

-

Fans

Fans

Fig. 14. Primary-air system of balanced-draft furnace. Air pressures shown are illustrative only.
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SOURCE OF HEATED AIR

The best source of hot air for mill drying is
either a regenerative or recuperative air heater
using combustion gas as the source of heat.
Those used in connection with large boiler installations usually provide sufficiently high
temperature for almost any fuel moisture
condition. On small installations, where the
moisture in the coal is not high, steam air
heaters may dry the coal. For higher moisture
conditions a furnace-gas supplement may be
necessary. Direct-fired air heaters, properly interlocked and protected, may also be used to
supplement air-heating requirements.
All the moisture contained in coal must be
evaporated before ignition can take place. For
rapid ignition, therefore, surface moisture must
be removed before the fuel is injected into the
furnace. This same drying process facilitates
pulverization. The type of fuel and its surface
moisture govern mill-drying requirements.
The drying capability of a given pulverizer

design depends on the extent of circulating
load within the mill, the ability to-rapidly mix
the dry classifier returns with incoming raw,
wet, coal feed, and the air weight and air temperature which the design will tolerate. C-E
pulverizers are designed to operate satisfactorily with inlet air tempertures up to 750°F.
High-rank bituminous coals have a relatively
dense structure and appear dry only when containing less than 2 or 3 percent total moisture.
The inherent moisture of these fuels varies
from 1 to 2 percent. Extremely low-rank fuels,
such as lignite, are of a relatively porous or cellular structure and contain inherent moisture
of from 15 to 35 percent. These same fuels with
3 percent surface moisture (18 to 38 percent
total moisture) still appear dry. For both the
pulverizing and ignition processes, it is necessary to reduce the total moisture contained in
the fuel to the inherent moisture level.
If a particular pulverizer design requires low
airflow for fineness maintenance, wet coal
cannot be utilized without a considerable reduction in mill capacity. The design should
permit high-temperature incoming air in sufficient volume to maintain a condition of relative
humidity below saturation at the mill output
temperature. A pulverizer designed for a larger
volume of low-temperature inlet air for normal
moisture fuel will require the admission of

Hot Air

Fig. 15. Ljungstrom" trisector air heater
--

Exhauster

Fig. 16 Semidirect pulverizing system

Fan
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Table VI. Allowable Mill Outlet Temperatures, O F
System

Storage

Direct

Semidirect

High-rank, high-volatile bituminous
Low-rank, high-volatile bituminous
High-rank, low-volatile bituminous
'Lignite
Anthracite
Petroleum coke (delayed)
Petroleum coke (fluid]
*160DF~ermissiblewith inert atmosphere blanketing of storage bin and lowaxygen-concentration conveying medium.

large quantities of cold tempering air when
grinding dry coals.
The type of fuel and the kind of system being
used will determine the mill outlet temperature. As Table VI indicates, outlet temperatures
for storage-systems mills are lower than for
direct or semidirect firing, because most coals
will not store safely at the temperatures used in
direct firing. Storage-bin fires caused by spontaneous combustion of the fuel may result from
inadequate mill outlet temperature control.
These may be inhibited by maintaining an
oxygen-deficient atmosphere, such as flue-gas
inerting, over the bin coal level. Oxygen limits
for various fuels are shown in NFPA 69, "Explosion Prevention Systems".
Mill capacity is based on coal input, and output on a given coal on a dry basis will decrease
with increasing moisture content. Thus, in selecting a mill size, if too much reduction of capacity is experienced with high-moisture fuels,
the mill can be too large under normal conditions of moisture or too small under excessive
moisture conditions.

method utilizes a fan behind the pulverizer,
while the other has a fan ahead of it. The former
is a suction system and the fan handles coaldust laden air, while the latter is a pressure system and the fan handles relatively clean air.
With direct firing, the exhauster or blower
volume requirement will depend upon the
pulverizer size, and is usually fixed by the base
capacity of that pulverizer. The pressure or
total head requirement is a function of the pulverizer and classifier resistance and the fuel
distributing system and burner resistances.
These resistances are in turn affected by the
system design, the required fuel-line velocities
and density of the mixture being conveyed.
In a storage system, the fan is located behind
the dust collector and handles only a very small
quantity of extremely fine (-200 mesh) dust
at a relatively constant temperature (approximately 130°F).These fans are, therefore, designed for high efficiencies and need not be
designed for a head higher than their operating
temperature requires.
INDIRECT COAL-STORAGE
PULVERIZING SYSTEMS

PULVERIZING AIR SYSTEMS
All coal-pulverizing systems utilize air or
gas for drying, classification and transport
purposes. Two methods are utilized for supplying the air requirements and overcoming system resistance. In a direct-firing system, one

Initial attempts at utilizing pulverized coal as a
utility fuel led to the development of the indirectfired system (Fig. 12). In this system, a cyclone
collector separates the coal from the air used in
the pulverizer for drying, classifying, and conveying. The pulverized coal is conveyed either
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mechanically or pneumatically to storage hoppers or bunkers. Mechanical, controllable feeders at the bunker outlets deliver the required
quantity ofLcoal to the fuel lines. At or near
these- feeders, the coal is reentrained in air
called "primary air" in the proper proportions
for transport to the furnace.
The indirect-fired pulverizing system is described in greater detail in the previous edition of this book.
DIRECT-FIRING ARRANGEMENTS

Most direct-fired pulverized-coal systems
are for furnaces operated under suction (balanced-draft). Fig. 1 7 shows an arrangement of
equipment for a suction-type mill when applied to a furnace of this design; Fig. 14 shows
a pressure-type mill for a similar furnace.
With a suction mill, the coal feeder discharges against a negative pressure, whereas in
the pressurized mill, the feeder discharges
against a positive pressure of 18 to 2 1 in. WG.
No coal feeder can act as a seal; thus, the head of
coal above the feeder inlet must be utilized to
prevent backflow of the primary air. As a rule of
thumb, the height of the coal column above the

Mill Airflow

Regulator

'Atmospheric
Pyrites Hopper

From

F.D. Fan

feeder should equal 1 ft for every 3 in. of
primary-air mill-inlet pressure. If the primary-air-fan inlet pressure is 30 in., then the
coal-column height will be 10 ft.
There are three basic air conveyance systems
used by C-E for direct firing: (1)the suction system in which an exhauster induces airflow
through the pulverizer and discharges the
coal-air mixture under pressure to the furnace;
(2) the pressurized-exhauster system in which
the pulverizer is pressurized by the forceddraft fan with both hot and ambient air and
discharges the coal-air mixture through an exhauster, acting as a booster fan, to the furnace
(this system is used only in conjunction
with pressurized furnaces); and (3)the cold primary-air system in which e primary-air fan
forces air through an air heater, ductwork, and
pulverizer and then forces the coal-air mixture
into the furnace.
SUCTION SYSTEM

The suction system has a number of advantages. It is quite easy to keep the area around the
pulverizer clean. To control the airflow through
the pulverizer a damper is placed in the constant-temperature coal-air mixture just prior to
the exhauster entrance. Control of the coal-air
mixture temperature is by a single hot-air
damper and a barometric damper through
which a flow of room air is induced by the suction in the pulverizer. With this control, the fan
is designed for a constant, low-temperature
mixture and has a low power consumption,
even though such material handling fans have
a relatively low efficiency of 55 to 60 percent.
The main disadvantage of the suction system
is the maintenance required on the exhauster.
On the other hand, by using proper design
techniques and wear-resistant materials, the
maintenance on an exhauster can be minimized. Exhauster maintenance costs are more
than offset by the power and capital savings
of the system; this justifies the continued use
of the suction system on smaller units.
PRESSURIZEDEXHAUSTER SYSTEM

Fig. 17. Balanced-draft furnace with suction mill.
Air pressures shown are illustrativeonly.

To obtain sufficient pressure for firing a
pressurized furnace, the pressurized exhauster

'

COMBUSTION
Pulverizersand Pulverized-Coal Systems

system was developed; there are a number of
these systems in operation. This system retains
the advantages of the suction system in the design of the fan for constant, low-temperature
mixture and the relative ease of airflow control.
Two dampers, one in the hot-air duct to the mill
and one in the cold-air duct to the mill, control
the amount of pulverizer airflow. This flow varies with, but is not proportional to, the amount
of fuel being fed to the pulverizer. Biasing the
hot- and cold-air dampers controls the temperature of the mixture leaving the pulverizer.
One advantage of the pressurized exhauster
system is that the low pressures in the pulverizers do not present as severe a problem of
sealing the head of coal over the raw-fuel feeder
as with pulverizers under direct blower pressure. The disadvantage of the system, as with
the suction system, is exhauster maintenance.
COLD PRIMARY-AIR SYSTEM

In this system the primary-air fan handles
only ambient air. The fan is located ahead of the
air preheater, with a separate primary-air system through the air heater. Although not as
simple as the other two systems, its chief advantage is in fan power and maintenance. As
the fans handle cold air, they can be smaller,
run at higher speeds, and use highly efficient
airfoil blade shapes. Inlet vanes can control
airflow and further add to fan efficiency.
Some other advantages of this system are
that, with high-efficiency fans handling ambient air, design for higher pressure differentials is possible and larger mills with longer
fuel-pipe runs are practical. Thus, mills may be
located farther from the boiler. Because individual fans for each pulverizer are not necessary, the space requirements for the pulverizer
bays can be reduced. Morever, experience has
proven that metering airflow on the inlet-air
side of the pulverizer is most desirable. With
the higher fan head available, the airflow can
be quite easily measured by installing aventuri
-or.other metering means.
- Even with fewer pulverizer fans, controlling
airflow to the various pulverizers is still relatively simple. The total primary air required is

a function of the number of pulverizers in operation. This permits the use of a simple control
for the airflow requirements. Because of possible variations of load and coal moisture content
between pulverizers, it is necessary to control
not only the total airflow but the temperature of
the air to individual pulverizers. This is accomplished with a system similar to that outlined under the pressurized exhauster system,
which uses a hot primary-air duct and a cold
primary-air duct with a damper in each for each
mill. The airflow requirement for a pulverizer
is met by operating both dampers, while controlling temperature by properly proportioning
the flow between the hot- and cold-air ducts.
When very wet coals are pulverized in the
suction systems described, the exhauster
supplies less air at the very time maximum
airflow is required for maximum drying. In the
suction and pressurized systems with the
exhauster located between the pulverizer and
the furnace, the high evaporated-water vapor
content in the coal-air mixture will reduce the
exhauster air-handling capacity. In the pressurized exhauster system only, this can be partially overcome if the forced-draft-fan head
capability is adequate. These disadvantages
can be corrected by over-designing the fans,
but this produces inefficiencies when the unit
is operating with normal moisture coal. Conversely, the cold primary-air system may produce a higher capacity at any time it is needed.
The cold primary-air system offers numerous
advantages. As compared with the other systems, the total savings with this system. from
elimination of exhauster maintenance and reduction in fan power, may be 35 to 40 percent of
the cost per unit of coal pulverized. This
operating saving is partially offset by the capital charges for additional ductwork, dampers,
and controls. With larger units and pulverizers,
the use of the cold primary-air system becomes
economically favorable.

By definition, the cold primary-air system
requires independent primary-air heating accomplished in the past by several different
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methods. Several systems have been installed
using a separate primary tubular air heater with
Ljungstrom@air heaters for secondary air, while
some have been installed using separate primary Ljungstroma air heaters. These systems are
expensive and become rather complicated in
ductwork design. With the cold primary-air
system, the trisector Ljungstroma air heater
shown schematically in Fig. 15 is now being
used as a basic design. As the name implies,
the flow channels of this heater have been divided into three sections, with the primary-air
section being located between the secondaryair and flue-gas sections. With this arrangement, primary -air temperatures higher than
that of secondary-air can be obtained. Further,
the efficiency of heat recovery is no! significantly affected by variations in pulverizer hotair requirements, because the secondary air
recovers that heat which is not recovered by the
primary air,sections.

PRINCIPAL TYPES
OF PULVERIZERS
To effect the particle size reduction needed
for proper combustion in pulverized-coal firing, machines known as pulverizers or mills
are used to grind or comminute the fuel. Grinding mills use either one, two, or all three of the
basic principles of particle size reduction,
namely, impact, attrition, and crushing. With
respect to speed, these machines may be classified as low, medium and high. The four most
commonly used pulverizers are the ball tube,
the ring-roll or ball-race, the impact or hammer
mill, and the attrition type; their speed characteristics are shown in Table VII.
BALL-TUBE MILLS

A ball-tube mill (Fig. 18) is basically a hollow horizontal cylinder, rotated on its axis,

Raw

I

I

Fig. 18. Arrangement of ball-tube mill
. -.
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whose length is slightly less to somewhat
greater than its diameter. Heavy cast, wearresistant liners fit the inside of the cylindrical
shell which is filled to a little less than half
with forged steel or cast alloy balls varying
from 1 to 4 in. in diameter. Rotating slowly, 18
to 35 rpm (about 20 rpm for an 8 ft diameter
mill) the balls are carried about two thirds of
the way up the periphery and then continually
cascaded towards the center of the cylinder.
Coal is fed into the cylinder through hollow
trunnions and intermingles with the ball
charge. Pulverization which is accomplished
through continual cascading of the mixtures
results from (a)impact of the falling balls on the
coal, (b) attrition as particles slide over each
other as well as over the liners and (c) crushing
as balls roll over each other and over the liners
with coal particles between them. Larger
pieces of coal are broken by impact and the fine
grinding is done by attrition and crushing as
the balls roll and slide within the charge.
Hot airflow is passed through the mill to dry
the coal and remove the fines from the pulverizing zone. In most designs used for firing boilers
or industrial furnaces, an external classifier
regulates the size or degree of fineness of the
finished product. The oversize or rejects from
the classifier, sometimes called tailings, already dried in the pulverizing and classifying
process, are returned to the grinding zone with
the raw coal. This type pulverizer is particularly susceptible to reductions in capacity from
surface moisture of the coal. Reducing the average moisture content of the mixture is very
important in maintaining a continuous flow of
coal through the feed end. The recirculation of
dried tailings, then, reduces the tendency for
wet coal to plug the feed end.

During operation, the relatively large quantity of pulverized coal in the grinding zone of a
ball-tube mill acts as a storage reservoir from
which sudden increases in fuel demand are
supplied. The power consumption of ball-tube
mills, kW per unit of coal pulverized, is very
high, particularly at partial loads. Relatively
large physically per unit of capacity, they require considerable floor space. Because of their
size and weight, the initial capital cost is quite
high. The presence of a high circulating load
within the mill results in an overproduction of
fines within the mill charge. Using an adequate
external classifier permits the removal of the
fine product from the grinding zone and reduces the production of extreme fines. The
comparatively poor mixing of heated air with
the partially pulverized material reduces the
drying efficiency of this type of mill. Highmoisture coals produce a large reduction in
mill capacity.
Ball-tube mills are not well suited to intermittent operation as the large amount of heat
stored in the coal and ball charge may produce
overheating and fires when the mill is idle. The
mass of this mill type makes it necessary to use
high-power, high-starting-torque motors. In
addition, these mills are very noisy. Most installations require that insulated "dog houses"
be erected over each mill for noise attenuation.
Maintenance in the grinding zone of balltube mills is relatively easy to perform. Periodically, a ball charge is added to the mil1 to make
up for metal lost in the grinding process. It may
take years to wear out the cast liners, but considerable downtime i s necessary for their replacement. Over the long run, maintenance
costs per unit of coal ground are about the same
as for ring-roll type pulverizers.

IMPACT MILLS

Table VII. Pulverizer Types
Speed: Low

Medium

High

Type: Ball-Tube
Mill

Ring-Roll or
Ball-Race Mill

Impact or
Hammer Mill
Attrition Mill

An impact mill consists primarily of a series
of hinged or fixed hammers revolving in an enclosed chamber lined with cast wear-resistant
plates. Grinding results from a combination of
hammer impact on the larger particles and attrition of the smaller particles on each other
and across the grinding surfaces. An air system
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with the fan mounted either internally or externally on the main shaft induces a flow
through the mill. An internal or external type of
classifier may be used. (See Figs. 24 and 25)
This class of mill is simple and compact, low
in cost and may be built in very small sizes. Its
ability to handle high inlet-air temperatures,
plus the return of dried classified rejects to the
incoming raw feed, makes it an excellent dryer.
However, the high-speed design results in
high maintenance and high power consumption when grinding fine. Progressive wear on
the grinding elements, produces a rapid dropoff in product fineness, and it is difficult if not
impossible to maintain fineness over the life of
the wearing parts. Using an external classifier
permits maintenance of fineness, but only at
the expense of a considerable reduction in capacity as parts wear. The maximum capacity
for which such mills can be built is lower than
most other types.
AlTRlTlON MILLS
G

No true attrition mill is used for coal pulverizing because of the high rate of wear on
parts. A high-speed mill which uses considerable attrition .grinding along with impact
grinding is, however, used for direct firing of
pulverized coal. In this mill, the grinding elements consist of pegs and lugs mounted on a
disc rotating in a chamber; the periphery of the
chamber is lined with wear-resistant plates and
its walls contain fixed rows of lugs within
which the rotating lugs mesh. The fan rotor is
mounted on the pulverizer shaft. Instead of an
external classifier, a simple shaft-mounted rejector type is used. This design utilizes wearresistant alloy lug and peg facings and casing
linings to reduce the wear effect on fineness
and extend the periods between parts replacement. This mill type exhibits all the characteristics of the impact mills.

plus a very small amount of impact to obtain
size reduction of the coal. The grinding action
takes place between two surfaces, one rolling
over the other.-The rolling element may be
either a ball or a-roll, while the member over
which it rolls may be either a race or a ring. The
ball diameter is generally from 20 to 35 percent
of the race diameter, which can be as large as
loo1! If the element is a roll, as in the C-Ebowl
mill, its diameter may be from 50 to 60 percent
of the ring diameter, which can be as much as
110". Its face width, depending upon mill size,
will vary from 15 to 20 percent of ring diameter.
When the rolling elements are balls, Fig. 19,
they ape confined between races. In the majority of designs, the lower race is the driven
rotary member, while the upper race is stationary. Some designs also utilize a rotating upper
race. The required grinding pressure is obtained by forcing the races together with either
heavy springs or pneumatic or hydraulic cylinders. Some additional grinding pressure is
obtained from centrifugal force of the rotating
balls.
There are two general classes of mill that use
rollers as the rolling elements. In one, Fig. 20,
the roller assemblies are driven and the ring is
stationary, while in another, Fig. 21, the roller
assembly is fixed and the ring rotates.
Perhaps the most frequently used application of the first class is the C-ERaymondBroller
mill, used in storage systems. Grinding pressure is obtained from centrifugal force resulting from rotation of these rolling elements.

Grinding Bal

RING-ROLL AND BALL-RACE MILLS

Ring-roll and ball-race mills comprise the
largest number of pulverizers used for coal
grinding. They are of medium speed and utilize
primarily crushing and attrition of particle

in^I

~rivin~

Fig. 19. Diagram of ball-race mill
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The other classification of ring-roll mills,
namely those in which the ring rotates, constitutes the largest number of mills used for grinding coal; they are manufactured by the major
boiler companies. The C-E bowl mill is of this
latter type. The vertical driving shaft of these
mills operate between 20-70 rpm, with larger
mills running at the slower speeds.
Generally, such mills are equipped with
self-contained or integral classifiers to regulate
the fineness of the finished product. In some
cases, this device may be external to the mill itself and is then termed an instream classifier. .
Primary-air fans or exhausters create a flow
of heated air through the mills. This heated air
dries the coal, removes it from the grinding
zone, carries it through the classifying zone,
and conveys it to its point of use, whether this
is a direct-fired furnace or the dust collector of a
storage system.
When this type of mill is provided with sufficient air at a temperature to produce a satisfactory mill outlet temperature, it can handle very
wet coals with only, a small reduction in capacity. The high ratio of circulating load (classifier rejects returning to the grinding zone for
further size reduction) to output, with the resulting rapid reductibn of average moisture
content, facilitates the grinding process. These
mills require less power than any others.
Physically, these mills are compact and occupy a relatively small amount of floor space
per unit of capacity. Some designs of ring-roll

mills are extremely quiet in operation. Fineness of the product is relatively uniform
throughout the life of the grinding elements.
Several references have been made to the ability of the various types of pulverizing equipment to grind different coals economically and
efficiently. This capability is a reflection of the
grinding pressures available, the method of application of this force, speed of moving elements, abrasion, and power and size
limitations of the particular units. A list of materials capable of being commercially pulverized by the mill types described could be
extended indefinitely; therefore, the scope of
Table VIII covers combustible materials of primary concern in power generation.

C-E PULVERIZER DESIGN
In the following sections, C-E pulverizers
corresponding to the generic types are described. Their detailed design, constructionand
operational features, and fields of application
are given.

Journal Assembly
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Fig. 20. Diagram of roller-typering-roll mill
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Fig.21 Diagram of bowl-type ring-roll pulverizer
journal assembly
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C-E RAYMOND ROLLER MILL

The period between 1895, when the first pulverizers were installed in a Pennsylvania cement plant, and 1919, when a successful boiler
installation wgs-made at Oneida Street Station
in Milwaukee, was a testing time for this type of
equipment. Early during this period the C-E
Raymond roller mill, Fig. 22, was developed to
pulverize coal for storage systems serving
metallurgical furnaces and cement kilns. By
1919, several hundred of these mills were be-

ing operated successfully. when, after World
War I, pulverized coal gained a foothold in the
central-station industry, this machine was a
fully developed and standardized pulverizer
specified for many pioneering installations.
The early mills were built for a maximum capacity of 6 tons per hour of 55 grindability coal
when grinding to a fineness of 65 percent -200
mesh. By 1930. the maximum capability of this
mill design had been increased to 25 tons per
hour. Nearly all used external dryers to predry

I

I

Fig. 22 Sectional view, C-E Raymond roller mill

I
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the coal before use in the pulverizer. The
economic disadvantages of these dryers helped
to bring about internal mill drying, now the accepted practice. However, the original feature
of air-separation and classification inherent in
the roller mill has become the accepted standard of ring-roll pulverizer design.
A typical grinding and drying system incorporating a roller mill is shown in Fig. 23.

C-E RAYMOND IMPACT MILLS
The increase in possibilities for direct
pulverized-coal firing resulted in the development in 1923 of a series of C-E Raymond
impact mills with two basic designs: one for the

'

larger capacities (Fig. 241, utilizing an integral
fan but external classifier. The other design
(Fig. 25) was for smaller outputs, in which the
grinding elements, classifying means, and fan
were all mounted on a common shaft rotating
at 1800 rpm. Both designs were provided with
a mill-housing clearance space or tramp-iron
pocket for accumulation and periodic removal
bf foreign material. The whizzer or rejector
blades for fineness control were first used on
these mills. These mills are excellent drying
pulverizers because high-temperature air can
be utilized and there is very violent turbulence
of the mlxture passing through the pulverizer.
They are best suited to soft, relatively nonabra-

Table VIII. Types of Pulverizersfor Various Materials
Type of Material

Low-volatile anthracite
High-volatile anthracite
Coke breeze
Petroleum coke (fluid)
Petroleum coke (delayed)
Graphite
Low-volatile bituminous coal
Med-volatile bituminous coal
High-volatile A bituminous coal
High-volatile B bituminous coal
High-volatile C bituminous coal
Subbituminous 4 coal
Subbituminous B coal
Subbituminous C coal
Lignite
Lignite and coal char
Brown coal
Furfural residue
Sulfur
Gypsum
Phosphate rock
Limestone
Rice hulls
Grai* Ores-hard
Ores-soft

BallTube

Impact and
Attrition

Ball
Race

Ring
Roll
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Fig. 23 Equipment for a complete grinding
and drying system for C-E roller mill

Fig. 24 C-E Raymond impact mill with external
classifier and exhauster integrally mounted

Whiuer or Fineness

Mill Drive
Shaft

"I

Fig. 25 C-E Raymond impact mill with hammers, classifier, and fan on common shaft

'
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sive coals and for use on small boilers and furnaces. Life of grinding elements is short;
maintenance and mill power are quite high.

C-EBOWL MILLS
The positive-pressure type C-E HP ring-roll
bowl mill is shown in Fig. 26. It is a mediumspeed type, similar in size and performance to
the prior C-E "R" series mills. When fitted with
an exhauster (such that the pulverizer operates
below atmospheric pressure), it is designated an
HPS or HPPS mill, a cross-sectional view of
which is' given in Fig. 27. Table IX shows the
type of mill used with different furnaces and air
systems, for the two pressure regimes in which
these mills can operate.
OPERATION OF THE HP PULVERIZER

When in operation, raw coal enters the center
of the pulverizer through a center feed pipe. It
falls onto a rotating bowl which has a replaceable wear surface composed of bull-ring segments. Centrifugal force causes the coal to move
outward from the center and under the three
journal assemblies, where it is crushed by large
rolls. To prevent physical contact of the rolls
and bull-ring when the mill is run without coal,
a stop limits the downward movement of the
journal assembly. The force to pulverize the
coal is applied to the journal assembly by an external spring. As the journal rotates about its

trunnion in response to increasing coal feed,
the spring is compressed and the force for grinding is increased.
The partially pulverized coal passes over the
rim of the bowl and is entrained by the rising
hot-air stream and is flash-dried. The pyrites
and tramp iron that enter the mill with the coal
follow the same path as the coal until they pass
over the rim of the bowl; being denser than coal,
they cannot be carried upward by the air stream
and fall into the millside. Once there, these rejected materials are swept around by a set of
pivoted scrapers until they reach the tramp-iron
opening. They then fall into a hopper external
to the mill; this rejects hopper can be emptied
with the mill in service.
The air-transported partially pulverized coal
enters the vane-wheel assembly, where initial
size classification occurs, with the heaviest particles falling back into the bowl. The balance of
the coal and air stream passes up through the
separator body until it reaches the classifier.
Here, the coal-air mixture begins to spin in a
cyclonic path. Externally adjusted vanes control
the amount of spin. Because of the differing
mass of the particles and the amount of spin,
the oversize particles fall into the cone and slide
downward until they mix with the incoming raw
coal. In this way, only the desired size of coal
leaves the pulverizer. The HP mill has a venturi
where the flow is split into four equal streams
before exiting through the discharge valves. With

Table IX. C-E HP Pulverizer Application
Mill fipe

Furnace fipe

Mill Pressure

Air System

HP

Balanced Draft

Positive

HP

Pressurized

Positive

HPS

Balanced Draft

Negative

HPPS

Pressurized

Positive

Primary Air
Fan
Primary Air
Fan
Exhauster
Fan
Exhauster
Fan

-

'

Capacity*

16,200 to
200.000 Iblhr
16,200 to
2o0,ooo lblhr
16,200 to
87,200 lblhr
16,200 to
87,200 lblhr

*Pulverizer capacitites are based on a 55-grindability coal pulverized to 70 percent through a 200 mesh sieve, having a
12 percent moisture content with low-rank bituminous coals or 8 percent with high-rank bituminous coals.
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Fig. 26 C-EHP ring-roll bowl mill for positive-pressure operation
--
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Fig. 27 C-E HPS or HPPS ring-roll bowl mill for use with exhauster

I
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an exhauster mill, there is only one discharge
pipe, which conducts the pulverized product to
the exhauster. The fineness of the pulverized
product leaving this type of pulverizer is affected by-the grindability of the coal, the amount
of wear that has taken place on the grinding rolls
and ring, the air flow and temperature, and the
grinding force-both the spring rate and the initial spring compression.
PULVERIZER SHELL DESIGN REQUIREMENTS

All pulverizing equipment containing coaldust laden air is designed and built according to
the recommendations of the National Fire
Protection Association (NFPA), their Standard
NFPA 85F: Installation and Operation of Pulverized Coal Systems. The pressure-containing shell
of the pulverizer, the exhauster, and the rejects
hopper are designed to contain a 50-psig pressure. This requirement is independent of any
lower design or operating pressure in the
equipment.
PULVERIZER FOUNDATION DESIGN

The HP pulverizer exerts three types of loads

on its concrete foundation. They are: the static
weight of the machine itself; dynamic loads that
are the result of the grinding process; and thermal loads from the heating of the pulverizer by
the hot primary air, which results in expansion
forces on the foundation. The engineer who designs the foundation must take these loads into
account in both anchor-bolt and concretereinforcement sizing and placement. The mill
and its drive motor are both mounted on the
same foundation so there is no relative vibration or settling between the two, which could
affect component alignment.
REMOVABLE GEAR DRIVE

A distinctive feature of theC-E HP pulverizer
is its removable planetary-gear drive (Fig. 28).
This drive is lighter in weight yet stronger than
similar capacity worm-gear or triple-reduction
spiral-bevel helical gear drives. The HP gear
unit is independent of the mill housing structure
and can be removed for inspection or maintenance, Fig 29. Its size and weight make it practical to move it to a maintenance area away from
the pulverizer bay. Mill outage time will be mini-

Input Gear Set

Fig. 28 Removable planetary-gear drive of C-E HP pulverizer
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ciation (AFBMA) B-10 life of 100,000 hours
minimum.
Mill grinding forces are carried by a hydrodynamic tilting-pad thrust bearing assembly
located above the planetary stage. There are multiple bearing pads, four of which have dualelement sensors to measure pad temperature.
The pad temperature is interlocked with mill
operation to prevent damage to the thrust bearing. The thrust-bearing pad pitch-circle diameter is the same as the gear-housing outer structural wall, to maximize thrust-bearing support
and to transfer grinding forces directly to the
foundation without affecting gear meshes.
LUBRICATION SYSTEM

Fig. 29 Shop assembly of C-E HP pulverizer and
planetary-gear drive

-.

ma1 if a spare gear unit is available at the site.
Since the gear unit does not penetrate the mill
housing, it is not exposed to the pulverized coal
entrained in the primary air, The input-shaft
and output-table seals are of the non-contacting .
labyrinth type operating at local ambient pressure. The mill-housing penetration seal is on the
grinding-bowl support hub, above the gear unit.
Any heat load on the gearing is substantially reduced by its physical separation from the hot-air
inlet, allowing the gears and bearings to run as
cool as possible.
Internally, the gear unit consists of a rightangle spiral-bevel reduction input stage and a
planetary reduction output stage. The sun gear
is connected to the bevel-gear shaft by a crowned
gear-type coupling to allow both axial and radial
movement. Floating sun and planet gears assure
equalized loads on the meshing teeth; this acts
to distribute the total horsepower equally among
the three planets. Input-gear, bevel-gear, and
planet-gear shaft bearings are all designed
for Anti-Friction Bearing Manufacturers Asso-

An external lubrication system supplies cooled
and filtered oil to the roller bearings, the gear
meshes, and the hydrodynamic thrust-bearing
pads. All major components of the system are
shop-mounted on an oil reservoir tank. An
isolation device allows maintenance of the system skid assembly without draining the gearunit hydrodynamic bearing reservoir, which is
at a higher elevation. A duplex filter assembly
provides for maintenance of a standby filter
while the pulverizer is operating.
After filtering, the oil passes through an oilto-water shell-and-tube heat exchanger. Electrical temperature and pressure sensors monitor
the lubrication system; mill starting, operation,
and stopping are all interlocked to prevent running the gear unit without proper lubrication.
Low watt-density oil heaters installed in thermowells in the reservoir bring the oil up to minimum operating temperature before mill energization.
MILLSIDE AND LINER ASSEMBLY

The millside and liner assembly (Figs. 26 and
27) is a weldment which supports the upper section of the pulverizer and receives the hot primary air from the combustion-air preheater. It
is mounted on sole plates and is secured to the
foundation by anchor bolts. Since the hot primary air could produce thermal stresses in the
millside and foundation, the millside is internally insulated with ceramic-fiber blankets. Re-
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placeable liners and wear plates cover the insulation.
A tramp-iron spout in the floor of the millside
conducts rejected material to the external rejectsconveying system. Doors in ?he millside give
access to the underside of the bowl and provide
for a ventilating airflow when maintenance is
being done.
BOWL, BOWL HUB, AND VANE-WHEEL ASSEMBLY

Figs. 26 and 27 show these components*lohub
cated above the gearbox. The
and
carry the skirts%the
the vane-whee1segments, and the bull ririg segments.
The bull ring is subject to abrasive wear as a
result of the-grinding that takes place on it; replacement is necessary when the wear becomes
excessive. C-E furnishes segmented bull rings for
ease of handling, and uses high-chrome white
iron for the segments for most applications.
heatThe vane-whee1segments are made
treated abrasion-resistant steel plate. Removable
air restriction rings provide for adjustment of the
pressure differential across the bowl. These
rings, welded to the vane-wheel segments, have
a weld overlay to protect them from wear.
The pyrites (mill-rejects)hopper is normally
opposite the mill drive motor. In this case either
the motor or the hopper must be removed to
slide the gear unit out. If the hopper is placed
to the side of the mill, then the gear box is removed away from the motor. The standard HP
mill setting height permits mounting of the
hopper and the pyrites handling system without
pits or entrenchment.

structed of abrasion-resistant plate, segmented
for convenience in assembly and maintenance.
Removable liners control the upward airflow
past the bowl rim, to adjust pressure drop across
the grinding zone and optimize transport of the
coallair mixture to the final classifier.
HP PULVERIZER JOURNAL ASSEMBLY

The roll-assembly bearing system consists of
two identical tapered roller bearings in an opposed arrangement (Fig. 30). The system is designed for an AFBMA B-10 life of 100,000 hours
minimum, under a severe duty cycle,An oil bath
lubricates the grinding-roll bearings. To prevent
of the oil, seal air flows through
internal mll-assembly ports, then
through a roll air seal. No parts of the seal-air
supply system are exposed to the coal/primaryair
HP mills have a unique grinding-roll tilt-out
feature, as depicted in Fig. 30. Each roll assembly can be rotated out of the mill on its trunnion
mounting shafi, using a tilting fixture and an
overhead mill hoist or crane, as shown in Fig. 31.

SEPARATOR BODY AND VANE-WHEEL ASSEMBLY

As described above, initial coal-particle classification is done in the grinding zone by the
bowl-mounted rotating vane wheel and the
housing-mounted stationary coallair deflectors.
The vane wheel, the primary classifier on HP
mills, promotes uniform distribution of the coal
and carrier air while it also lessens erosion of
mill internals by the coallair stream. Large coal
particles return immediately to the bowl for
regrinding before entering the main classifier
above.
The rotating part of the vane wheel is con-

Fig. 30 C-E HP pulverizer journal assembly with
tilt.out feature
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large ungrindable material to
under the
rolls until it is rejected from the mill. A positive
spring-preload locking device prevents any
change in spring setting during operation. The
entire spring assembly is a cartridge type to reduce changeout time, and to allow for stocking
of spare assemblies, and convenient inspection
and refurbishing.
The spring.gssembly, as well as the journal assembly and the main bowl-hub air seal, have
labyrinth-type seals that use air for sealing
between stationary and moving parts. The pressure-ofthe filtered seal air is 8 to 16 in. WG above
the mill-inlet pressure, with the flow rate a
function of mill size.
CLASSIFIER AND DISCHARGE-VALVEASSEMBLIES

Fig. 31 HP roll assembly tilted-out of pulverizer

With the roll locked in this vertical serviceaccess position, several inspection and maintenance tasks can be performed without removing
the assemblies from the mill: worn grinding rolls
can be removed and new ones installed; rollbearing end play can be inspected and adjusted;
oil seals can be inspected or replaced, and oil can
be changed; the entire roll stem assembly can be
removed and taken to another area for bearing
maintenance.18
Maximum roll life is a primary goal of the C-E
HP pulverizer design. It is accomplished by
incorporating large rolls to increase the total volume of wear material available, and by using roll
material with high wear resistance. CombustalloyTMwear material, a C-E proprietary weld
overlay, provides effective wear life five times
greater than standard Ni-Hard.
The externally mounted spring assembly (Figs.
26 and 27) has a major advantage in that maintenance personnel do not have to enter the pulverizer to inspect or adjust springs. Since the
assembly is located away from the coal flow, erosion is eliminated. Spring travel can be maximized with an external mechanism, to allow

The top of the mill is made larger than the main
body to redme coallair stream velocity, to reduce
mill aerodynamic pressure drop, and to optimize
classifier efficiency.
Plant personnel can adjust the position of the
classifier vanes when the pulverizer is operating, by use of two manually operated levers on
the mill top, each lever operating half of the
vanes. Particle separation is accomplished in a
stationary-cone cyclone classifier. As described
before, oversized coal particles are>returnedto
the grinding zone through the return spout at the
bottom of the cone, where they mix with the
incoming raw coal feed to increase drying
efficiency.
All areas of the classifier section subject to
abrasion wear are lined with cast nitride bonded
silicon carbide. The inside of the cone is lined
with 90-percent-alumina tile to protect it from
wear by the sliding oversize coal particles.
Four knife-gate valves at the outlet of a positive-pressure HP pulverizer isolate it from the
fuel piping leading to the furnace, as recommended by NFPA. Each valve has a set of
replaceable valve seats, coated to minimize wear.
Pneumatic cylinders operating in unison open
and close the valves. They are actuated by a single
solenoid valve that also controls the supply of
purgelseal air to the fuel piping. Fig. 26 shows
the seal-air header located downstream of the
discharge valves.
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Fan Casing

/

Fig. 32 Centrifugal material-handling exhauster for C-E suction-type pulverizer
COALlAlR EXHAUSTER FANS

For suction-type HP pulverizers, C-E supplies
material-handling fans to match the mill and
fuel-piping system requirements. These exhausters are horizontal-shaft straight-bladed centrifugal fans (Fig. 32) operating at constant speed and
temperatures between 150" and 180°F (65" and
80°C).They are designed in accordance with
NFPA standards. There are replaceable liners on
the housing scroll and sides. The fan spider is
removable if fan blades are to be replaced.
The fan wheel is supported by anti-friction
bearings mounted in an external bearing housing located between the exhauster and its driving motor. Exhausters used with HP pulverizers
are driven by separate motors. The pulverizer
and exhauster motors are interlocked logically
to insure coal transport out of the mill. Fan bearing lubrication is independent of the mill lubrication system.
SAFETY AND CONTROLS

The production and
of
fuels can be hazardous. Because fine particles
in suspension or deposition are readily volatilized and become combustible, under cer.-

tain conditions explosions may take place.
Notwithstanding these dangers, the industry
has achieved a remarkable safety record since
the inception of pulverized-coal firing. To
protect property and life, all pulverizing
equipment and related auxiliaries, including
strength of equipment, valving and inerting,
are designed in accordance with NFPA 85F.
Various controls and safety devices are
utilized for the correct and proper operation of
the equipment. Pulverizer output is controlled
by regulation of feed rate in response to load
signal. Airflow and air temperature are proportioned to feed rate by automatic control. Also
included are permissive interlocks for the
proper sequential operation of equipment, flow
alarms to indicate cessation of coal flow to and
from feeders, and load-limiting devices to prevent overfeeding the mills. Anticipating actions and more responsive feedback may often
be included with the above in pulverizer control systems. Control systems and instrumentation are covered in detail'in Chapter 13.
PULVERIZER INERTING AND FIRE EXTlNGUlSHlNG

To supplement the above operational controls,
current practice is to install systems to detect and
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extinguish miH fires, and to reduce the possibility of destructive positive pressures.
An ideal inerting system continuously purges
any combustible volatiles from the pulverizer to
the furnace and avoids "bottling up" of the pulverizer; also, it allows a mill to be returned to normal service quickly after the inerting takes place.
C-E's pulverizer inerting and fire-fighting system is designed to provide an early warning of
a potentially hazardous situation: it uses readily
available plant steam as the inerting medium because steam is less damaging to equipment than
other inerting media and makes for easier pulverizer restart. Plaht water is used as the fireextinguishing agent; it is hard-piped to fixed
water spray nozzles installed in the pulverizer.
The purposes of such a system are
to dilute the oxygen content of the mill when
there is risk of explosion;
to transport pulverized fuel to the furnace by
means of an inert medium when transport by air
may be hazardous;
9 to extinguish fires in the pulverized-fuel
system.
C-E SYSTEM DESIGN FEATURES

The C-E pulverizer inerting and fire-fighting

system includes the following features:
The pulverizer is automatically inerted when
conditions exist for a fire or potential explosion.
Steam is used as the primary inerting medium, with CO, or other cold inert gas used to
cool the pulverizer.
9 The inerting system is capable of supplying
steam in such quantities to transport the combustible contents of the pulverizer to the furnace
while maintaining an inert atmosphere within
the mill.
Multiple water-spray nozzles are strategically
installed in the pulverizer to provide complete
internal fire-extinguishing coverage.
T h e system monitors the entire pulverizedfuel system from the feeders through the fuel
piping.
Audible and visual alarms are activated in all
critical areas and in the control room upon detection of a hazardous condition.
Provision is made for interfacing with existing plant control systems.
In Chapter 21 on power-plant operation, we
give further information on the efficient and
proper operation of pulverizer inerting and
fire-extinguishing systems.
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Fuel-Firing Systems

0

n the process of steam generation, fuelburning systems provide controlled, efficient
conversion of the chemical energy of fuel into
heat energy which, in turn, is transferred to the
heat-absorbing surfaces of the steam generator.
To do this, fuel-burning systems introduce the
fuel and air for combustion, mix these reactants, ignite the combustible mixture and distribute the flame envelope and the products of
combustion.
An ideal fuel-burning system fulfilling
these functions would have the following
characteristics:
8 no excess oxygen or unburned combustibles
in the end products of combustion
8 a low rate of auxiliary ignition-energy input
to initiate the combustion reaction
8 an economic reaction rate between fuel and
oxygen compatible with acceptable nitrogenand sulfur-oxide formation
8 an effective method of handling and disposing of the solid impurities introduced with the
fuel
m uniform distribution of the product weight
and temperature in relation to the parallel circuits of heat-absorbing surface
8 a wide and stable firing range
fast response to changes in firing rate

'

m high equipment availability with low
maintenance
In actual practice, some of these characteristics must be compromised to achieve a reasonable balance between combustion efficiency
and cost. For example, firing a fuel with the
stoichiometric air quantity (no excess above
the theoretical amount) would require an infinite residence time at temperatures above the
ignition point at which complete burnout of the
combustibles takes place. Thus, every firing
system requires a quantity of air in excess of
stoichiometry to attain an acceptable level of
unburned carbon in the products of combustion leaving the furnace. This amount of excess
air is an indicator of the burning efficiency of
the firing system. (Further discussion of the impact of excess-air percentage on boiler design is
found in Chapter 6; included is a table of commonly used excess-air percentages.)

THE COMBUSTION REACTION
The rate and degree of completion of a chemical reaction, such as in' the combustion process, are greatly influenced by temperature,
concentration, preparation and distribution of
the reactants, by catalysts, and by mechanical
turbulence. All of these factors have one effect

in common: to increase contacts between
molecules of the reactants.
Higher temperature, for instance, increases
the velocity of molecular movement permitting
harder and more frequent contact between
molecules. A temperature rise of 200°F at some
stages can increase the possible rate of reaction
a million fold.
At a given pressure, three factors limit the
temperature that can be attained to provide the
greatest intermolecular contact. These are the
heat absorbed by the combustion chamber enclosure, the heat absorbed by the reactants in
bringing them to ignition temperature, and that
absorbed by the nitrogen in the air.
The concentration and distribution of the
reactants in a given volume are directly related
to the opportunity for contact between interacting molecules. In an atmosphere'-containing
21-percent oxygen (the amount present in air),
this rate is much less than it would be with
90-percent oxygen. As the reaction nears completion, the distribution and concentration
of reactants assume even grea'tef importance.
Because of the dilution of reactants by the
inert products of combustion, the relative
distribution-and
opportunity for contactapproaches zero.
Preparation of the reactants and mechanical
turbulence greatly influence the reaction rate.
These are the primary factors available to the
fuel-burning system desigber attempting to
provide a d.esirable reaction rate.
The beneficial effect of mechanical turbulence on the combustion reaction becomes apparent when it is realized that agitation permits
greater opportunity for molecular contact. Agitation improves both the relative distribution
and the energy imparted. Agitation assumes
greater significance if achieved later in the
combustion process when the relative concentration of the reactants is approaching zero.

PRACTICAL FUEL-FIRING
SYSTEM DESIGN

tal factors influencing rate and completeness of
combustion must be considered along with the
degree of heat-transfer efficiency.
There are two methods of producing a total
flow pattern in a combustion chamber to provide successful molecular contacts of reactants
through mechanical turbulence. One is to divide and distribute fuel and air into many
similar streams and to treat each stream independently of all others. This provides multiple
flame envelopes. In contrast, the second process provides interaction between all streams
of air and fuel introduced into the combustion
chamber tagroduce a single flame envelope.
The first concept requires that the total fuel
and air supplied to a common combustion
chamber be accurately subdivided. It also limits the opportunity for sustained mechanical
mixing or turbulenceparticularly in the early
stages of combustion. The necessity of obtaining and sustaining good distribution of fuel
and air is a design as well as an operating problem. There must be sufficient opportunity for
contact of fuel and oxygen molecules as well as
uniform distribution of product temperature
and mass in relation to the combustion
chamber. On the other hand, the single-flameenvelope technique provides interaction between all streams of fuel and air introduced
into a common chamber. It allows more time for
contact between all fuel and air molecules, and
mechanical turbulence is sustained throughout the chamber. This avoids stringent fuel and
air distribution accuracy requirements.
Firing systems representative of these two
concepts are horizontally wall-fired systems
(characterized by individual flames) and tangentially fired systems (which have a single
flame envelope). There are other types and
combinations; one such is the vertically fired
system, which uses characteristics of both previously descfibed systems.
HORIZONTALLY FIRED SYSTEMS

-

A

In the practical application of a burner and
fuel-burning system to a boiler, all fundamen-

In horizontally fired systems the fuel is
mixed with combustion air in individual
burner registers (Fig. 1).In this design, the coal
and primary air are introduced tangentially to
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Fig. 1. Burner for horizontal firing of coal

the coal nozzle, thus imparting stroig rotation
within the nozzle. Adjustable inlet vanes impart a rotation to the preheated secondary air
from the windbox. The degree of air swirl,
coupled with the flow-shaping contour of the
burner throat, establishes a recirculation pattern extending several throat diameters into the
furnace. Once the coal is ignited, the hot products of combustion propagate back toward the
nozzle to provide the ignition energy necessary
for stable combustion.
The burners are located in rows, either on the
front wall only (Fig. 2) or on both front and rear
walls. The latter is called "opposed firing."
Because the major portion of the combustion
process must take place within the recirculation zone, it is imperative that the airlfuel ratio
to each burner is within close tolerances. The
rate of combustion drops off rapidly as the reactants leave the recirculation zone and interaction between flames occurs only after that

Fig. 2. Flow pattern of horizontal (wall) firing
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point. The degree of interaction depends on
burner and furnace configurations.
TANGENTIALLY FIRED SYSTEMS

The tangentially fired system is based on the
concept of a single flame envelope (Fig. 3).
Both fuel and combustion air are projected
from the corners of the furnace along a line tangent to a small circle, lying in a horizontal
plane, at the center of the furnace. Intensive
mixing occurs where these streams meet. A
rotative motion, similar to that of a cyclone, is
imparted to the flame body, which spreads out
and fills the furnace area.
When a tangentially fired system projects a
stream of pulverized coal and air into a furnace,
the turbulence and mixing that take place along
its path are low compared to horizontally fired
systems. This occurs because the turbulent
zone does not continue for any great distance,
since the expanding gas soon forces a streamline flow. The significance of this factor on the
production of oxides of nitrogen is discussed
later inthis chapter. However, as one stream impinges on another in the center of the furnace,
during the intermediate stages of combustion,
it creates a high degree of turbulence for effective mixing.
The fuel and air are admitted from the vertical furnace corner windboxes (Fig. 4). Dampers
which control the air to each compartment
make it possible to vary the distribution of air
over the height of the windbox. It is also possi-

ble to vary the velocities of the air streams,
change the mixing rate of fuel and air, and control the distance from the nozzle at which the
coal ignites.
The vertical arrangement of fuel and air nozzles provides great flexibility for multiple-fuel
firing. It is possible to provide for full-load capability with gas or oil by locating the additional nozzles for t h e s e fuels i n the
secondary-air compartments adjacent to the
coal nozzles. In addition, separate nozzles for
injecting municipal refuse and other waste fuels are frequently provided in both utility and
industrial boilers.
As illustrated in Fig. 5, fuel and air nozzles
most commonly tilt in unison to raise and lower
the flame in order to control furnace heat absorption and thus heat absorption in the superheater and reheater sections. In addition to
controlling the furnace exit-gas temperature for
variations in load, the tilts on coal-fired units
automatically compensate for the effects of ash
deposits on furnace-wall heat absorption.
As wall blowers clean ash deposits from the
furnace walls, the furnace exit-gas temperature
tends to decrease because of the increase in
overall furnace absorption. The windbox nozzles are then automatically tilted 'upward at a
controlled rate, and combustion is completed
higher in the furnace. The repositioning effectively reduces the absorption in the lower part
of the furnace, and increases the furnace exitgas heat content to maintain steam at design
.
temperatures.
Conversely, as furnace walls are again gradually covered with ash deposits and furnace heat
absorption decreases due to the insulating effects of the ash, the tilts are gradually depressed and combustion is completed lower in
the furnace. This exposes the hot gases to a
greater proportion of furnace wall surface and
effectively controls furnace exit-gas temperature and steam temperature until ash is again
removed from the furnace walls.
VERTICALLY FIRED SYSTEMS

I

Fig. 3. Tangential firing pattern

I

The first pulverized-coal systems had a configuration called vertical or arch firing. They are

-

Nozzles
Secondary Air

Damper

1

Fig. 4. Arrangement of corner windbox for tangential firing of coal

L

Fig. 5 Selective furnace utilization and steam temperature control are accomplished by tilting noales
in a tangentially fired system.

now used principally to fire coals with moisture-and-ash-free volatile matter between 9 and
13 percent. They require less stabilizing fuel
than horizontal or tangential systems, but have
more complex firing equipment and, therefore,
more complex operating characteristics,
The firing concept and the arrangement of
the burners in the arches are shown in Figs. 6
and 7. Pulverized coal is discharged through
the nozzles. A portion of the heated combustion air is introduced around the fuel nozzles
and through adjacent auxiliary ports. Highpressure jets are used to avoid.short-circuiting
the fuellair streams to the furnace discharge.
Tertiary air ports are located in a row along the
frcint and rear walls of the lower furnace;
The firing system produces a long, looping
flame in the lower furnace, with the hot gases
discharging up the center. A portion of the total
combustion air is withheld from the fuel stream
until it projects well down into the furnace.
,

This arrangement has the advantage of heating
the fuel stream separately from a significant
portion of its combustion air to provide good ignition stability. The delayed introduction of the
tertiary air provides needed turbulence at a
point in the flame where partial dilution from
the products of combustion has occurred. The
furnace flow pattern passes the hot product
gases immediately in front of the fuel nozzles to
provide a ready source of inherent ignition energy which raises the primary fuel stream to ignition temperature. The flow pattern also
ensures that the largest entrained solid-fuel
particles,- with the lowest surface-area-toweight ratio, have the longest residence time in
the combustion chamber.

FIRING SYSTEMS
THAT MINIMIZE
NITROGEN-OXIDE FORMATION
In-furnace firing systems to minimize NO,
formation are designed so that the fuel-bound
nitrogen conversion is controlled by driving the
major fraction of the fuel nitrogen compounds
into the gas phase under overall fuel-rich conditions. In this atmosphere of oxygen, deficiency,
there occurs a maximum rate of decay of the
evolved intermediate nitrogen compounds to
N,. Following the admission of the remaining
air, the slow burning rate reduces the peak
flame temperature, to curtail the thermal NO,
production in the latter stages of combustion.
The final section of Chapter 4 on the formation of NO, in fossil-fired steam-generatingunits
is a useful treatment of thermal and fuel
NO,, and the design criteria relevant to their
control.
TANGENTIALLY FIRED LOW-NO, SYSTEMS

4

Furnace Enclosure
(RefractoryLined)

Fig. 6. Flow pattern of vertical firing

Early studies of NO, emissions from all types
of steam generators indicated that those from tangetially fired units were about half the values
of those from horizontally fired systems.
The reduced formation of nitrogen oxides
results from the relatively low rate of mixing between the parallel streams of coal and second-
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Oil and Secondary Air

----------------------Upper Frpnt Wall

Jet Air
Coal and Secondary Air
Front Wall
Fig. 7. Burner arrangement on the front arch of the furnace shown in Fig. 6
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ary air emitted from the corner windboxes.
Thus, ignition and partial devolatization occur
within an air-deficient primary combustion
zone that exists from the fuel nozzle to a point
within the furnace at which the stream is absorbed into the rotating mass of gases termed
the fireball.
The fireball itself is rich with oxygen because
it contains all the air required for complete
combustion of the fuel. Because the balance of
the devolatization occurs after the coal stream
enters the fireball, fuel nitrogen-oxide formation is limited.
Two significant modifications in the design,
and operation of the C-Etangential firing system have resulted in further extension of the
oxygen-deficient combustion zone.

position. This decreases the available oxygen
below the OFA ports in even greater proportion
to the change in total excess air.

TANGENTIAL FIRING WITH OVERFIRE AIR

As shown in Fig. 8, the first modification
added air compartments within the windbox
above the uppermost coal nozzle. Termed overfire air (OFA) ports, these compartments divert
approximately 20 percent of the total combustion air to a burning zone above the windboxes.
As a result, the fireball at windbox level is at or
near stoichiometric air conditions. ..
Fig. 9 shows the effect on NO, production of
varying quantities of overfire air. Note the effect
of total excess air on NO, levels. This is due primarily to the reduction in available oxygen
within the fireball adjacent to the windboxes.
With a constant windbox-to-furnace differential, reducing total excess air increases the proportion of overfire air at any given OFA damper

~ig8
. Tangential-firing windbox with overfire air
(OFA) ports and high energy arc ignitors
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LOW NO,. CONCENTRIC FIRING SYSTEM

The second modification was the development of a firing-system concept called the Low
NO,,Concentric Firing System (LNCFS). The
LNCFS proportions the secondary airflow
through the windbox so as to effect a decrease
in the amount of fuel air while increasing the
amount of auxiliary air. In addition, the auxiliary air is directed away from the fuel towards
the adjacent furnace wall in order to reduce the
entrainment of auxiliary air by the expanding
primary-airlcoal jet.
In the plan view, Fig. 10, LNCFS leaves the
fuel and fuel air aimed at the tangent of the
small circle central in the furnace. The secondary air, however, is directed 2 5 O away from the
direction of the fuel. Like OFA, air is effectively
withheld from the fuel; unlike OFA, LNCFS affects the very early stoichiometry of the fuelburning process. Both techniques are examples
of staging, as discussed in Chapter 4. OFA is a
type of "vertical staging"; LNCFS can be
thought of as a "horizontal staging" technique
unique to tangential firing.
As a practical matter, LNCFS affects the
"early stoichiometry" for a very limited amount
of time. The cross-mixing patterns inherent in
tangential firing are massive and the separation
of both streams are qui-ckly lost as they penetrate the furnace. Thus, LNCFS requires the use

Fig. l o

phn

of "flame attachment" nozzle tips to accelerate
the devolatization process, Fig. 11.
Fig. 12 presents typical results which indicate an approximate 20% reduction from the
standard tangential-firing mode with OFA. The
tests clearly show that the NO, reductions from
LNCFS are additional to those already achieved
through OFA.

IGNITION SYSTEMS
Modern steam generators are very dependent
on their ignition systems for safe start-up and
shutdown operations. The need to insure reliable and safe firing conditions has caused the
evolution from simple ignitors to highly sophisticated ignition systems. Such advanced systems require the following features:
a timed spark-ignition sequence
a device to create turbulent fuellair mixing
and sufficient hot gas recirculation to insure
flame stability .
a device to detect and monitor the ignitor
flame, and
a device to monitor ignitor fuel flow as an
indication of ignitor heat-energy release
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correct amount of ignition energy to fulfill either function is a challenging task. The correct
combination of ignition-energy quantity, quality, and location is affected by many factors,
some of which vary with time; what constitutes
sufficient ignition energy at one instant may be
insufficient the next. From the rate-igniting
standpoint, there is never excess ignition energy: the more stable a fire, the more likely that
the ignition energy substantially exceeds the
minimum necessary to maintain ignition.
Years of experience with various fuels and firing systems have led the National Fire Protection Association (KFPA) to establish practical
guidelines for defining ignition-energy requirements based on fuel type and ignition-system
function. For NFPA definitions, see the accompanying box Ignitor Functional Definitions.
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Plan View (A-A)
of Auxiliary Air
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IGNITION-SYSTEM DESIGN
Fig. I I Air nbule tip for LNCFS
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Fig. I 2 No,, vs excess air with and without LNCFS

The primary function of the ignition system
is to light off the main fuel input to the furnace.
Often, the ignition system is designed also to
stabilize the main fuel flame under potentially
unstable firing conditions. Determining the

An electrical spark is the typical initiating
source of fuel ignition. High-voltage free-air
sparks can reliably ignite high-calorific-value
gases and light (distillate) oils. High-energy
surface-shunted arcs are used to reliably ignite
distillate and heavy (residual) oils. Safety considerations dictate that only a limited quantity
of fuel be exposed to the electrical spark because of its relatively low ignition energy. The
heat released from this initial fuel input then
becomes the ignition energy for a different and/
or large fuel input. Essentially, the ignition system provides for a controlled transition from
spark to main-fuel firing through an incremental increase in ignition energy.
Not to make too large a step increase in fuel
input is also important in order to avoid undesirable furnace pressurization during lightoff.
Fig. 13 shows two methods of achieving a step
increase in fuel input for tangential firing. In
the example on &;left, the lowest elevation of
ignitors is fired first and, after a suitable time,
the elevation of oil warm-up guns is ignited. As
furnace temperature stabilizes, the main coal
nozzles adjacent to the oil guns are brought into
operation. Thereafter, additional ignitors can
come into service to light off elevations of main
coal nozzles directly.

C-ON
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In the alternative on the right of Fig. 13, ignitors light off successive elevations of warm-up
oil guns. Adjacent elevations of main coal nozzles are then ignited by the oil guns.
Experience indicates that firing by these stepinput methods will ininimize furnace pressurization and unnecessary over-pressure trips.
C-E IGNITION SYSTEMS

Ignitors available for tangential and horizon-

tally fired systems include Ionic Flame Monitoring and High Energy Arc.
These ignitors use a wide variety of gas and
oil fuels. The Ionic Flame Monitoring (IFM) ignitor fires medium to high-heating-value gases
or distillate oils, while the High Energy Arc
(HEA) ignitor fires distillate to residual oils.
The type of system selected depends on fuel
availability-and cost. High-quality gas and distillate oil are preferred for both ignition systems

IGNITOR FUNC'rIONAL DEFINITIONS
To fully understand the hardware, it may be necessary to review definitions contained in
NFPA 85E, "Standard for Prevention of Furnace Explosions in Pulverized Coal-Fired Multiple Burner Boiler-Furnaces, 1985 Edition", from which we quote.
Ignitor Types:
Class 1(Continuous Ignitor)
'An igniter applied to ignite the fuel input through the burner and to support ignition
under any burner light-off or operating conditions. Its location and capacity are such that it
will provide sufficient ignition energy (generally in excess of 10 percent of full load burner
input) at its associated burner to raise any credible combination of burner inputs of both
fuel and air above the minimum ignition temperature."
Class 2 (Intermittent Ignitor)
'An igniter applied to ignite the fuel input through the burner under prescribed light-off
conditions. It is also used to support ignition under low load or certain adverse operating
conditions. The range of capacity of such igniters is generally 4 percent to 10 percent of the
full load burner fuel input. It shall not be used to ignite main fuel under uncontrolled or
abnormal conditions. The burner shall be operated under controlled conditions to limit the
potential for abnormal operation, as well as to limit the charge of fuel to the furnace in the
event that ignition does not occur during light-off. Class 2 igniters may be operated as Class
3 igniters."
Class 3 (Interrupted Ignitor)
'A small igniter applied particularly to gas and oil burners to ignite'the fuel input to the
burner under prescribed light-off conditions. The capacity of such igniters generally does
not exceed 4 percent of full load burner fuel input. As a part of the burner light-off procedure the igniter is turned off when the timed trial for ignition of the main burner has expired. This is to ensure that the main flame is self-supporting, is stable and is not
dependent upon ignition support from the igniter. The use of such igniters to support ignition or to extend the burner control range shall be prohibited."
Class 3 Special (Direct Electric Ignitor)
"A special Class 3 high energy electrical igniter capable of directly igniting the main .- - .
burner fuel. This type igniter shall not be used unless supervision of the individual main
b u r n e ~flame is provided."
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Fig. 73 Alternative step-ignition processes for
tangential firing

and for boiler warm-up; they arceasier to handle and cleaner burning in cold furnaces.
IFM IGNITORS

The IFM ignitor is a complete ignition system
containing ,an electrical spark source, a self-

stabilizing burner device, flame detection, and
fuel-input monitoring. A high-voltage spark or
high energy arc source can be used for ignition.
Either gases ranging from coke-oven gas to butane or No. 2 fuel oil, is used with this type of
system. Flame detection is achieved with the
Ionic Flame Monitoring device. Flow switches
monitor fuel input. The IFM design (Fig. 14)
follows the traditional C-E philosophy of providing both qualitative and quantitative indication of flame.
The IFM system takes advantage of the production of ions and charged particles generated
during the combustion of hydrocarbon fuels. A
hydrocarbon-fuel flame, then, will conduct
electricity. Another characteristic of turbulent
flames is that they continuously pulsate at some
constant frequency. The quantity of ions and
charged particles generated varies as the flame
pulsates. Thus, the conductivity of the flame
also changes with the pulsation of the flame.

lgnitor Combustion Air
to Next Elevation of Ignitors

Eddy Plate
Spark Plug
Atomizer
Flame kod
Horn

Fig. 14. Ionic Flame Monitoringside ignitor

.
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When a DC potential is placed across a flame,
the electric current flow varies at the same frequency as the flame pulsation.
The IFM system operates by imposing a DC
potential on an electrode called the flame rod,
which is in contact with the flame. When there
is "no flame'', the DC voltage remains at the
Miginally imposed level and no current flows.
When there is "flame", the DC voltage drops as
current flows, generating what is called an AC
feedback signal. This AC signal is filtered, amplified, and modified by the IFM electronics to
drive a flame-indication relay. The electronics
are designed to be fail-safe. If there is component failure (a short circuit in the flame rod or
signal- lead wire, or an external AC interference), a "no flame" indication will occur.
The most common application of IFM ignitoEs is consistent with the NFPA Class 2 definition. IFM ignitors have been used as Class I,
and could be used as Class 3; however, additional burner-control logic and discriminating
flame scanners would be required. (Refer to
Chapter 13 for more information on flame scanners,) A Class 3 application would be made
only when a limited amount of ignition fuel is
available, such as with a bottled-gas supply
system.

- -

The High Energy Arc (HEA) ignitor was developed specifically for residual oils, as it eliminates dependence on premium fuels such as
natural gas and No. 2 oil for main-fuel ignition
and boiler warm-up. The HEA ignitor directly
lights off a heavy-oil warm-up gun which, in
turn. ignites the main coal nozzles. The HEA
ignitor is used with a discriminating scanner,
which verifies the operation of the warm-up
gun. The warm-up gun is designed for a proven
oil flow of about 10 percent of an adjacent coal
nozzle, with the discriminating scanner proving the presence of a flame. The combination of
an MEA ignitor and No. 6 oil-fired warm-up
gun satisfies the NFPA definition of a Class 1or
Class 2 ignitor. The HEA ignitor alone would be
a Class 3 ignitor.

The complete HEA Ignition System consists
of
a high energy arc ignitor
a warm-up oil compartment capable of producing a stable flame at all loads
a flame-detecting system sensitive only to its
associated oil gun
a control system coordinating all the components and providing unit safety
The High Energy Arc ignitor can ignite
warm-up fuel oils ranging from No. 2 to No. 6
and crude oils. The ignitor is a self-contained
electrical discharge device which produces a
high-intensity spark. Use of a high-resistance
transformer, to produce a full wave charging circuit and to control spark rate, enables the
sealed power supply to store maximum energy
and to deliver a greater percentage of this energy through insulated cables to the ignitor tip.
A high spark energy also eliminates coking of
the ignitor tip. The HEA ignitor consists of four
basic components: the exciter, flexible cable,
spark tube and guide pipe, and retractor assembly (Fig. 1s).
A key to the successful application of sparkignition is the presence of a strong recirculation
pattern in the primary combusti0,n zone (Fig.
16). The recirculation provides the energy required to vaporize and heat the oil to its ignition point, thus maintaining stable ignition
after the spark has been deactivated.
8
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The discriminating flame scanners operate in
the visible-light range, which provides for excellent sensitivity to the presence of a flame.
These scanners, therefore, can discriminate between different flames based on both frequency
and intensity. This insures safe operation of the
overall HEA system.

STOKERS
Stokers are, by modern definition, mechanical devices which feed and burn solid fuels in a
bed at the bottom of a furnace. In all cases, the
fuel is burned on some form of grate, through
which some or all of the air for combustion
passes. The grate surface can be stationary or
moving. Stokers are classified according to the
way fuel is fed to the grate; the three general
classes in use today are underfeed stokers, overfeed stokers, and spreader stokers.

I

I
(A) Flame pocket is Created on Ignitor Tip

(B) Flame Pocket Becomes Entrained
in Recirculation Zone and
Expands Towards Oil-Gun Tip

(C) Flame Pocket Reaches Oil-Gun
Tip and Stabilizes
Fig. 16. Flame pocket is created on ignitor tip

UNDERFEED STOKERS

In an underfeed stoker, the incoming fuel,
usually coal, is pushed through one or more
troughs, called retorts, which are located below
the burning fuel bed and air emission grates.
Here, moisture is driven off and volatile constituents are distilled, passing up through the incandescent bed. As the retorts are recharged,
the char from the previous fill is pushed into
and becomes part of the burning bed. On both
sides of the retort, the "overflow" burns to completion on air-admitting grates or tuyeres. Ash
is removed by dumping grate sections (see Fig.
17). Boilers with underfeed stokers of the single
retort-design have been built in capacities ranging from 5,000to 50,000 lblhr steam flow. Multiple retort stoker units have been built for
boilers ranging from 40,000 to 300,000 lblhr
steam flow.
OVERFEED STOKERS

In an overfeed or traveling-grate stoker, gravity feeds the fuel (again, primarily coal) at one
end of the air-admitting grate surface (see Fig.
18). The incoming bed depth is adjusted by a
gate under which the coal passes before entering the furnace. The rotating grate surface
moves away from the feed end through the furnace; combustion is completed as air passes up
through the grate. The ash residue is continuously discharged as the grate rotates around to
its return run. Traveling-grate stokers can burn
every type of coal that is mined with the exception of caking bituminous coal. In addition, byproduct and waste fuels, such as coke breeze or
anthracite dredged from river bottoms, can be
burned effectively. This machine has also been
used as a part of chemical process operations
which produce coke and carbon dioxide.
Steaming rates ranging from 10,000 to 300,000
Ibhr are achievable.
For more detailed discussions about the designs and performance of these first two classes
of stokers, the reader is referred to the First Edition of Combustion Engineering -A Reference
Book on Fuel Burning and Steam Generation.'

-

-
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Fig. 17 Cross-section through underfeed stoker showing stages of combustion
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Fig. 18 Arrangement of C-E traveling-grate stoker
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SPREADER STOKERS

The third major class of stokers, and the machine of choice in modern steam-generation applications, is the spreader stoker (Fig. 19). It
combines the principles of suspension burning
and thin-bed combustion. Feederldistributor
devices continuously project fuel into the furnace above an ignited fuel bed on the grate.
Fines are burned in suspension while larger
particles fall and burn on the grate.
The spreader stoker method of fuel firing provides quick response to changes in boiler demand, and generally never has more than a few
minutes of fuel inventory on the grate. Flash
drying and rapid release of tarry hydrocarbons
enable this system to fire caking-type coals
without concern of matting or clinkering. The
air-cooled, non-agitated ash bed forms few
clinkers despite low fusion temperature fuels.
Particulate loadings for spreader stokers are
higher than for previously described designs in
which the fuel quiescently enters the burning
zone. Practically all types of coal (except anthracite) and a wide variety of cellulose fuels,
including wood wastes, bagasse, furfural residue sludge, rice hulls, and coffee grounds have
been successfully burned on spreader stokers.

.

Two important designs used for spreaderstoker firing are thedump grate and continuous
ash discharge (CAD) grate. The dump-grate machine has one or more independent sections
which open like venetian blinds to discharge
the accumulated ash. When ash builds up on
one section, the coal feed is stopped and the
fire is burned down. The undergrate air is then
shut off to that section only, and the ashes are
dumped. After the fire is reestablished, the process repeats in another section. Dump-grate
stokers have been built for boilers ranging from
20,000 to 80,000 lb steamlhr.'
The most popular type of spreader stoker is
that incorporating the CAD grate '(Figs. 19 and
20). This machine, unlike the traveling grate
stoker, moves toward the fuel feeders, which are
throwing new fuel towards the back of the unit.
All the fuel is burned before reaching the front
end, from which ash is continuously dumped.
The return side of the grate carries siftings,
which fall through the topside, to the rear and
discharges them into a hopper. Grate speed is
regulated to maintain an ash bed depth of 2" to
4" at the discharge. Typical operating speed
ranges from 2 to 20 ftlhr, and is varied via gear
or hydraulic drive units.
The C-E CAD stoker grate surface is sectional-
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Fig. 19 Spreader stoker with continuous ash discharge grate
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Fig. 20

C-Econtinuous ash discharge grate

ized. Each section is of the bar-and-key construction (Figs. 21 and 22) and has independent
idler shafts. The grate bars are mild-steel fabricated I beams, while the grate keys are the ductile-iron type having a maximum working
temperature of 1400°F. Constant load springs
maintain proper grate tension. Thermocouples
in the stationary castings between the movinggrate sections monitor temperatures and signal
overheat conditions that require corrective
action.
Current boiler designs that include hightemperature combustion air preclude the use

Carrier Bar

of conventional grease-lubricated stoker mainand idler-shaft bearings. Therefore, selflubricating bushings rated at 750°F in an oxidizing environment are used exclusively.
The combustion-air chamber is located belolv
the fuel-supporting surface; the air passes
through the keys. Undergrate air is zoned frontto-back by adjusting manual damper assemblies at t h e entrance to t h e u n d e r g r a t e
compartments. Sealing between compartments
is maintained by drag seals and, for cellulose
units, by an undergrate sand seal. Thus, under
compartmented areas uniform air pressure is

Stoker Grate Chain

i
Frame Protective Castings
Fig. 21 Sectionalized grate assembly for continuous ash discharge stoker
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maintained without air leakage.
One of the outstanding characteristics of
spreader-stoker firing is the ability to handle
-r_apid load swings with little or no change in
steam temperature and pressure. Turndown of
4:l is readily achievable. It is not unusual for a
spreader-stoker installation to go from 25 percent to 100 percent of rated capacity in less
than two minutes. Also, if fuel is shut off, the
fire goes out almost immediately.
COAL FIRING ON SPREADER STOKERS

Firing coal with a sp'reader stoker is accom-plished by using one or more coal spreaders
(Fig. 23) mounted on a front plate. These include a.feeder that regulates the flow of coal in
proportion to the load, and a distributor rotor
that spreads the coal over the grate.
COAL-SPREADER DESIGN

The desigh of the coal spreader (major parts

of which are identified in Fig. 23), is'of utmost
importance, because it controls the uniformity
_with which fuel is supplied to the furnace.
When the coal is fine and dry, cascading over
the feeder may occur; when it is wet, the particles may cohere or stick to the feeder, causing
an erratic supply of fuel to the distributor. For
all conditions, including these governing extremes, the rotary feeder provides a positive
control of the fuel feed rate. The feeding unit
permits positive regulation of the fuel supply
over a wide range of operation by either manual or automatic control.
The coal is measured out of the feeder at a
rate necessary t6 carry the boiler load. It then
falls in a practically continuous stream into the
path of the revolving distributor blades. These
blades are usually mounted in rows parallel to
the axis of the distributor rotor. The projection
of fuel from a single distributor or from a combination of distributors results in uniform dis-

Fig. 22 Bar-and-key grate construction for CAD stoker
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Fig. 23 Feeder-distributor for firing of coalon a spreader stoker

tribution on the grate, which may be of the
dumping or continuous-discharge type.
FUEL SPECIFICATIONS FOR SPREADER-STOKER
FIRING

-

--

A

Spreader stokers were developed to burn the
lower grades of coal, but they are capable of
handling all ranks from semianthracite to lignite as well as numerous waste and byproduct
fuels. As might be expected, spreader-stoker
performance is best when fuel quality and sizing are good. The thin, quick-burning fuel bed
requires a relatively small size fuel. Because 25
to 50 percent of the fuel is burned in suspension, the size consistency of coal for spreader
stokers has a direct bearing on boiler efficiency
and on the tendency of the installation to emit
particulates. Coal with a large percentage of
fines will have high particulate emissions and
high carbon loss. If the coal is coarse, with only

a small percentage of fines, boiler response to
load variations will be affected because fuel ignition depends on the fines. In general, the
spreader-stoker coal consistency should follow
the ABMA recommendation per Fig. 24, which
shows that 95 percent of the coal delivered to
the coal spreader will, pass through a 314-inch
round-hole screen. Top size should not exceed
111-1inches.
OVERFIRE AIR

In stoker-fired furnaces in which bituminous
coals are burned, overfire air is necessary to improve combustion efficiency by turbulent mixing of air with the unburned gases. Optimum
mixing results are achieved through proper
pressure and volume of the air. The quantity of
overfire air should be between 5 and 20 percent
of the total quantity of air needed for fuel combustion. The amount of overfire air will be a
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quite different from the main coal supply. In
some instances, dat, will indicate that a reinjection system woulc not be appropriate.

Fuel To Be Delivered Across
Stoker Hopper Without Size Segregation

-

-
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Round Mesh
Screen, in.
Fig. 24 ABMA-recommended limits of coal sizing
for spreader stokers

function of the coal rank and the amount of excess air in the furnace. Relatively small jets of
air at pressures up to 25 or 30" WG are used in
most installations for improving combustion in
the furnace, and for reducing visible emissions
and cinder carryover.
CINDER REINJECTION

A carbon-reinjection system can improve
boiler efficiency. The reinjection system reclaims carbon separated from the flyash by using vibrating or rotating screens. Once the
carbon has been separated from the flyash, carbon-recovery nozzles reinject it into the high
temperature zone of the furnace, just above the
fuel bed.
The proper design of a carbon-reinjection
system requires that the boiler designer know
the percentage of combustibles remaining in
various screen-sizes of the coal residue to be
reinjected. The combustion potential of this
material also is important. This knowledge can
only be obtained from test data gathered from
operating units. It is probable that the reinjected carbon particles will exhibit properties

CELLllLOSE FUEL F.'lRING
ON SPREADER STcKERS

Spreader-stoker firing systems have been applied to a number of boilers burning a variety of
waste products such as bark, refuse, bagasse,
and furfural residue. In general, cellulose fuel
has a higher moisture and volatile content than
coal, and the combustion process involves three
phases: drying, distillation of volatiles, and
burning of fixed carbon. These phases take
place in rapid succession. For complete combustion of the volatile gases formed, 30 to 50
percent of the air supply is furnished as tangential overfire air. This system effectively increases burn-out and reduces particulate
carryover. The center lines of the overfire air
nozzles are tangent to a firing circle in the center of the furnace. All nozzles are oriented in
the same direction to establish the same rotation as that of the tangential windboxes located
above the overfire air zone. This continuity of
rotation throughout the lower furnace assures a
strong vortex, promoting particulate burnout
and reducing carryover into the exiting gases.
Distributors for cellulose fuels may be either
mechanical or pneumatic. A mechanical distributor (Fig. 25) is essentially a rotating drum
with blades placed at an angle to establish uniform fuel distribution over the grate surface.
The speed of the rotating dru? is adjusted for
fuel conditions and the throw required to properly cover the grate.
With the pneumatic distributor (Fig. 26)
high-pressure air projects and distributes the
fuel uniformly over the grate. The fuel enters
the furnace in a uniform, dispersed stream.
Most is burned in suspension with the remainder consumed after falling to the grate. As with
coal-fired spreader stokers, the grate surface
may be of the dumping or continuous-ashdischarge type. A carbon-recovery system with
sand-separation screens and steam injection is
often incorporated to increase the boiler efficiency.

*
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that most of the fuel burning occur completely
in suspension. In general, low-density materials such as diffuser bagasses, shredded paper
wastes, and dry lumber mill waste can be fired
at a larger top size or higher percentage of total
heat input than higher-density, high-moisture
wood waste.
The solid waste fuel is metered to four highpressure pneumatic transport systems which
convey it to tilting nozzles located in compartments of the corner windboxes. The light particles are flash dried and burned in suspension.
Larger dense particles are partially dried and
burned in the lower furnace before falling to a

I

Fig. 25 Mechanical distributor
SUSPENSION FIRING OF CELLULOSE FUELS

Another proven option for burning some cellulose fuels is suspension firing. Here, like pulverized coal firing, the prepared fuel is
pneumatically conveyed to the four corners of
the furnace and injected into the fireball (Fig.
27). Depending on fuel sizing and moisture, a
small dump grate may be affixed at the bottom
of the furnace in the coutant throat (Fig. 28).
The application of this firing system requires

5% ~otai~ornbustion
Air At 30" WG Pressure

Adjustable Fuel Retention
Fig. 26 Pneumatic distributor

1. PneumaticTransport System. Each of four
systems include a positive displacement blower.
silencers, air lock, and conveying Ilnes:
The solid-waste fuel is metered to thls system
for direct transport to the windbox nozzle.
2. WindboxNoule. Adjustablenoules are incorporated in the tilting'tangential windboxes. The
arrangement permits optimization of firing
conditionsfor the best burn out of the solid-waste
fuel.
3. Tangential Overfire Air. Multiple elevations of
tanaential overfire air sustain the susDension
burning of the waste fuel.
4. Dump Grate. This feature allows burn out of the
relatively small percentage of solid-waste fuel
which does not burn in suspension.
5. Grate Air System. Undergrate air provides most
of-theair for burning fuel which falls to the grate.
Overgrate air is introduced from both ends of the
grate to aid in distributing concentrations of fuel
on the grate surface.

Fig. 27 Pneumatic firing system
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Fig. 28 Dump grates at furnace bottom: closed position on left, open position on right

small dump grate. Burning on the grate adds
heat to the lower furnace. This added heat increases the suspension drying and burning of
incoming fuel.
The cellulose-fuel nozzle (Fig. 29) is part of
the windbox assembly. The bucket at the end of
the nozzle can be tilted 30" along with the
adjacent auxiliary air and supplemental fuel
nozzles.
The dump grates (Fig. 28) are suspended in
the hopper throat formed by the pressure parts.
The shafts and bearings are located under the
pressure parts where they are protected from
the radiant heat of the furnace. Undergrate air is
introduced into the ash hopper; overgrate air
nozzles are provided at each end of the grate to
-.

blow down any piles that may occur.
Grate castings and support bars argsimilar to
CAD stoker design to maximize component life.
Pneumatic cylinder assemblies actuate the
grates. This simple design has had a record of
very low maintenance and high availability.
C-E TYPE RC SPREADER STOKER

The Combustion Engineering Type RC
(refuse combustion) stoker has been designed
specifically for prepared-waste-burning facilities that fire refuse-derived fuel (RDF) alone or
in combination with coal. The need for such a
design grew from operating experience at
plants using conventional grates designed for
burning woodwaste and coal.
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Tilting Mechanism

Cellulose Fuel
Fig. 29 Tangential corner windbox assembly

TYPE RC STOKER DESIGN DESCRIPTION

Fig. 30 illustrates the RC stoker. It is a continuous-ash-discharge grate design that uses a catenary formed by the return side of the grate to
maintain chain tension. The moving grate surface is divided along the grate width to facilitate grate maintenance and to a l l o w f o r
temperature monitoring by means of thermocouples located within the stationary grate-seal
castings. These grate surfaces are a bar-and-key
design similar in construction and method of
assembly to that of the CAD 'stoker (Fig. 22).
The RC key profile, shown in Fig. 31, offers the
following distinct advantages:
1. The grate-surface metallurgy is designed
with oxidation-resistant keys and cart,on-steel
grate bars which support the grate keys.
'. Warpage due high-tem~eraturecreep is
not a problem since the steel grate bars do not
see high temperatures.
3. Grate maintenance is facilitated by key re-

moval from outside the grate and by replacement only of those keys that are broken or
oxidized instead of complete assemblies.
The undergrate air is split to each grate half
and then into five compartments along the
length for a total of ten individual zones. Each
compartment has its own damper control to
regulate the amount of air to that zone. The air
passes around the sifting trough, then up
through the free area of the grate surface.
Ash siftings and molten aluminum that fall
through the grate are contained within trough
assemblies and removed by a compartment
screw conveyor which discharges into a common transfer screw. Each transfer screw discharges into the main ash system. While it is
recognized that additional moving parts add to
the complexity and maintenance needs of the
stoker, there are two compelling reasons for the
troughtscrew conveyor system. First, and most
important, is that molten aluminum which
flows through the grate will not freeze on the
underside of the grate keys, plugging air passages or hindering grate motion. Second, the
moving grate surface does not readily allow the
siftings to pass through into the siftings hopper.
Both the drive and idler shafts are supported
by self-lubricating bushings. Eacs bearing is
sealed around its exposed circumference by
graphite fiber packing held in place by a singlepiece seal ring bolted to the bearing housing. In
addition, lightweight covers enclose the entire
housing assembly to minimize sifting contamination. A triple-reduction worm gear is supplied to drive each half of the grate. A 3-HP,
1200-RPM motor is integrally mounted to a
speed variator that allows continuous drive motion over a 9: 1 speed range.
CEIdb MASS-BURNING GRATE

Combustion Engineering is the exclusive licensee for the DeBartolomeis (db) mass-burning pusher grate in North America. This unique
grate system, developed by DeBartolomeis over
35 years ago, has been used in ltaly, Switzerland, France, Japan, North America and South
America.
I

-
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Fig. 30 RC stoker firing system
CUdb SYSTEM DESIGN

In the CE/db mass-burning system, overhead
traveling cranes transfer unprocessed municipal solid waste (MSW) from a storage pit to the
furnace-charging hopper of the steam-generating unit. With a clear view of the storage pit,
the crane operator selectively removes such
bulky items as tree trunks and domestic appliances from the pit.
The MSW falls by gravity into the feeding
chute to form a natural seal between the furnace
and ambient air and thereby prevent air infiltration. The charging hopper is top supported by
the building steel and joins with the bottomsupported feed chute by means of a seal joint to

allow for thermal expansion.. A remote-controlled, hydraulically operated, shut-off gate allows the furnace to be isolated'from ambient air
during normal shutdowns. The walls of the
steel feed chute are diverging to prevent bridging and are designed to promote uniform mass
flow of MSW to the ram feeder (see Fig. 32).
Thermal protection of the feed chute is accomplished by a water-cooled jacket. Inside the
chute is a low-level alarm to advise the operator
of the need for more fuel in order to maintain
the seal between the furnace and ambient air.
A hydraulically operated ram feeder
equipped with three steps is located at the base
of the feed hopper. The reciprocating ram
feeder moves waste from the feed chute onto a

-Stationary

Key

Fig. 31 Design key action at sprocket, C-E RC stoker bar-and-key grate surfa,ce

multiple-zone burning grate surface consisting
of alternating rows of moving and stationary
cast stainless-steel grate bar assemblies. This
device follo~vsthe steam-flow demand by regulating the quantity of MSW fed onto the grate
for combustion.
The pusher grate consists of three or more
grate sections inclined slightly downward
toward the discharge end. Drying and devolatilization of the MSW occur on the initial portion
of the grate, and are followed by active combustion and final burnout on the subsequent sections. The movement of each grate section is
separately and independently controlled by hydraulic drive cylinders, allowing adjustment of
frequency, speed and stroke. The stroke and
speed can be adjusted in place: stroke displacement can vary from 2 to 10 inches, and speed
can vary from 3 to 30 feet per minute. Frequency can be adjusted automatically in the
control room from one stroke every 30 seconds
to one stroke every 5 minutes. With each grate
section being equipped with such independent

adjustment, it is possible to vary the fuel-bed
height and combustion conditions on the grate
to allow for the variable characteristics of the
waste. Forward movement of MSW fuel on the
grate surface is accomplished by the reciprocating motion of the movable rows of grate bars.
The stationary rows of grate bars for each
grate section are directly supported by the steel
framework of the grate. The reciprocating grate
bars are fastened to a frame which slides on
support rollers. Stationary and reciprocating
grate bars are exactly alike (see Fig. 33).
The design of the grate bar assembly requires
the undergrate air to flow along the underside
of the surface plates before entering the MSM1
fuel bed through the air gaps at the front of the
grate bar assembly (Fig. 34). The position of the
free area occurs vertically between the nose of
the plate and the scraper and provides protection from problems caused by siftings and molten materials which might obstruct the regular
flow of undergrate air. The scraper is protected
from radiation by the surface plate and acts as a

,
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Fig. 32 CEldb stoker in a mass-burning MSW furnace

sealing element against the surface of the lower
adjacent surface plate. The free area between
the precision-ground cast stainless steel plates
and the pivoting scrapers is approximately 2
percent of the total grate surface. The sides of
t h e surface plate contain a n overlap1
underlap feature minimizing siftings and air
leakage between the plates.
CUdb AIR SYSTEM

Approximately 60 percent of the total combustion air is introduced through the grate sur-

face and is called undergrate air (UGA). The
balance of the air enters through nozzles above
the grate and is called overfire air (OFA).
The undergrate air can be preheated to aid in
the drying of the fuel on the grate. This is necessary only for extremely wet MSPV. A steamcoil air heater after the forced-draft fan is one
method of preheating which is flexible to varying fuel conditions. Each grate section has its
own plenum to provide a controlled quantity of
primary combustion air for optimizing combustion of the MSW. Dampers located in the duct-
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Fig. 33 Typical CEIdb grate section
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Fig. 34 Undergrate air flow pattern of CEldb grate
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work to each plenum chamber provide control
for the undergrate air distribution.
Strategically located in the front and rear
walls, the OFA nozzles provide turbulence for
mixing and ensure complete combustion of the
volatile gases. The OFA is at a pressure of 20 to
30" W G for sufficient penetration.

MORE ON FUEL FIRING
Other aspects of preparing, transporting, firing, and burning fuel in steam-generator furnaces are covered in complementary chapters of
this text.
The processes of combustion and the forma-

REFERENCES
'Otto De Lorenzi, ed., Combustion Engineering - a Reference Book on Fuel Burning and Steam Generation, First
Edition, Nelv Yo&: Combustion Engineering-superheater,
Inc., 1947.

BIBLIOGRAPHY
Bartok. William; A. R. Crawford: and G. J. Piegari. "Systematic Investigation of Nitrogen Oxide Emissions and
Combustion Control Methods for Power Plant Boilers:' R.
W. Coughlin, A. F. Sarofin, and N. J. Weinstein, (eds.), Air
Pollution and Its Control, AICHe Symposium Series, No.
126, Vol. 68, 1972, pp. 66-74. New York: American Institute of Chemical Engineers, 1972.
Bartok, William, et al., Systems Study of Nitrogen Oxide
Control Methods for Stationacy Sources. Volume 11. Final
Report. June 20, 1968-November 20, 1969. Report No. PB192 789 (GR-2-Nos-69). Springfield, I!%: National Technical Information Service, 1969.
Bueters, K. A., et al.. "NO, Emissions from Tangentially
Fired Utility Boilers-A Two Part Paper:' Part I, "Theory,"
by K. A. Bueters and W. W. Habelt; Part 11, "Practice:' by C.
E. Blakeslee and H. E. Burbach, presented at the 66th Annual AICHe Meeting, Philadelphia, November 11-15.1973.
Chen, S. L., McCarthy, J. M., Clark. \V. D.,Heap, M. F?,
Seeker. W. R.. and Pershing. D. W.,"Bench and Pilot Scale
Process Evaluation of Reburning for In-Furnace N0,Reduction," Twenty-First Symposium (International) on Combustion. Pittsburgh: The Combustion Institute, 1986.
Frey, D. J. and M. S. McCartney, "The Formation. Measurement, and Control of Nitrogen Oxides in Existing Fossil
Fuel Fired Steam Generators," presented at the 28th Engineering Conference, TAPPI, Boston, October 9-11, 1973;
also as Combustion Engineering publication TIS-3598.
Habelt, W. iV.. "The Influence of the Coal Oxygen to Coal
Nitrogen Ratio on NO, Formation," presented at the 70th

tion of nitrogen oxides are further described in
Chapter 4. Chapters 7 and 8 cover the integration of the firing system and furnace in utility
and industrial boiler designs. The equipment
for injecting fuel into fluidized beds is described in Chapter 9. Firing equipment exclusively oriented to shipboard service is included
in Chapter 10, Marine Boilers.
Chapter 11, Pulverizers and Pulverized-Coal
Systems, focuses primarily on how coal is reduced in size and transported to furnaces.
Chapter 13,OperationalControl Systems, deals
at length with safety and flame-detection systems
that are so important to the modern firing equipment that has-been presented in this chapter.

Annual AICHe Meeting, New York, November 13-17, 1977;
published as Combustion Engineering publication TIS5140, windsor, CT:Combustion ~
~
~ , 1977.
i
~
Heap, M. R , et a]., "Burner Design principles for ~ i n i mum NO.,. Emissions," Proceedings, Coal Combustion Seminar, Research Triangle Park, NC, June 19-20, 1973, Report
No. PB-224 210 (EPA 65012-73-021). Springfield, VA: National Technical Information Service. 1973.
Marshall, J. J. and A. P. Selker, "The Role of Tangential
Firing and Fuel Properties in Attaining Low NO, Operation
for Coal-Fired Steam Generation:' presented at the EPRI
NO, Control Technology Seminar, Denver, November 8-9,
1978; also as Combustion Engineering publication TIS5623A.
Pershing, D. W. and J. 0. L. Wendt, "Pulverized Coal
Combustion: The Influence of Flame Temperature and Coal
Composition on Thermal and Fuel NO,:' Sixteenth Symposium (International) on Combustion, Massachusetts Institute of Technology, Cambridge, MA, August 15-20, 1976,
pp. 389-399. Pittsburgh: The Combustion Institute, 1976.
Sarofim, A. F., et al., "Strategies for Controlling Nitrogen
Oxide Emissions During Combustion of Nitrogen Bearing
Fuels," AICHe Symposium Series No. 175, 74, 67. (1978).
Selker, A. P. and R. L. Bunington, "Overfire Air Technology for Tangentially Fired Utility Steam Generators Burning Western U. S. Coal:' presented at the 2nd Symposium
on Stationary Source Combustion, New Orleans, August
29-September 1,1977; published as Combustion Engineering publication TIS-5242, Windsor, CT:Combustion Engineering, Inc., 1977.
Taylor, B. R., "Reactions of Nitrogen Species In Fuel-Rich
Flames", Sc.D., Department of Chemical Engineering.
M.I.T., 1984.
Zel 'Dovich, Ya. B., P. Ya. Sadarnikov, and D. A. Frank
Kamenetskii, Oxidation of Nitrogen in Combustion. Translated by M. Shelef. Moscow-Leningrad: Academy of Sciences of the USSR, 1947.

~

~

~

i

CHAPTER 13

Operational Control Systems

AA

power plant may be thought of as an
electricity factory. In that context, modern
power plants are among the most highly
automated a n d centrally controlled and
monitored production facilities in the world.
As power plants began to grow in size and
complexity many years ago, local monitoring
and regulation of the plant systems in a timely
manner became impossible. Thus, instrumentation and controls in power plants came into
being to provide the ability to operate the major
plant systems from a central location (Fig. 1).
Historically, meters, gages, and lights displayed equipment status to the operator, while
recorders made a permanent record of plant
performance. Remotely operated air cylinders
and electric motors gave plant operators the capability of responding quickly and efficiently
to changing plant requirements. More recently,
cathode-ray tubes (CRT's) have _replaced the
panel-board instrumentation, to link the operator with past and present process information
through sophisticated microprocessor-based
distributed control hardware.
Since the early days of remote operation, the
generation of electricity has become a very
complicated business. High energy costs demand that as much electricity as possible be extracted from the fossil fuel consumed. Higher
--

availability of equipment is needed to stem rising operating and maintenance costs. Protection of both personnel and equipment must be
achieved, and unscheduled shutdowns have to
be kept to a minimum.
While obviously instruments and controls
cannot of themselves satisfy such concerns, the
problems have resulted in a substantially increased requirement for sophisticated instrumentation and automatic control systems.
This chapter deals primarily with the major
control and diagnostic systems associated with
fossil-fuel-fired utility steam generators. Control systems for the various types of steam
generators use$ in stationary industrial applications are also discussed.

INTERLOCKS AND SAFETY
SYSTEMS
The concept of a centralized control room
was a big step forward in power-plant control.
Nevertheless, as first conceived and executed,
remote-manual systems relied entirely upon
operator judgment and response.
The multiplicity of operating steps required
for safely and properly admitting fuel to a furnace (or the removing of incompletely burned
fuel from a furnace) leaves considerable lati-
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Rg.7 Instrumentation and controls permit operation of major power-plant systems from a central location. Control-room meters, gages, lights, and CRT's display equipment status; recorders permanently
chronicle plant performance; and diagnostic systems monitor and evaluate both status and performance.

tude for operator error, if left solely to her or
his judgment. Determining the adequacy of
igngtion-energy levels is another area that
should not be left to operator discretion. Considering that a major furnace explosion can
result from the ignition of unburned fuel accu-

mulated in only one to two seconds, it is apparent that human reaction time is inadequate, to
say nothing of the need for an instantaneous
decision-making capability.
The recognition of these limitations to a completely operator-dependent mode of operation
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led to the development of automatic protection
systems that are designed to minimize the risk
of furnace explosions.

FURNACE EXPLOSIONS
Furnace explosions are rare and unlikely.
When compared with the total number of unit
operating hours, the hours lost because of explosions are minimal. This desirable situation
exists because (a) furnaces are supplied with an
explosive accumulation only during a small
percentage of their operating lives and (b)just a
minute part of those explosive charges receive
sufficient ignition energy to actually cause an
explosion.
In suspension burning. the primary control
of the combustion process is the admission rate
of fuel and air to a furnace, independently of
each other.!The dynamic response of the combustion reaction, however. depends on the diffusion of the fuel and air to a flammable limit,
and the elevation of this diffused mixture to its
kindling temperature. The aerodynamic diffusion of fuel and air results from both the rate
and method of admission. This admission flow
pattern produces diffusion mechanically by interscrubbing of the fuel and air masses. Molecular diffusion is also present as a result of the
elevated temperature level at which the combustion process takes place.
Furnace explosions result from a rapid rate of
volume increase of the gaseous combustion
products when too great a quantity of fuel and
air reacts almost simultaneously in an enclosure with limited volume and strength. Avoiding furnace pressures in excess of furnace
enclosure design pressure is, therefore, necessary to prevent furnace rupture. The basis for any explosion-prevention system must be to limit the quantity of flammable
fuel-and-air mixture that can exist i n the furnace at any given instant. The rate of maximum
pressure rise possible during the reaction is a
function also of the available oxygen per unit
volume of reactants. The effect of any oxygendensity diluent (nitrogen, increased tempera-

ture, decreased p cessure, excess fuel, inert
gases) reduces the ossible explosion pressure.
Furnace-exploston prevention should be
aimed at limiting tlie quantity of diffusedflammable fuel-air mixture that can be accumulated
in a furnace in proportion to the total volume
and the mechanical strength of the furnace.
While fuel and air are being admitted to a
furnace, there are only three possible methods
of preventing excessive flammable diffused
accumulations:
I. Igniting all flammable mixtures as they are
formed, before their excessive accumulation.
2. Diffusing all flammable mixtures with sufficient additional air, prior to ignition, to a point
beyond the diffused flammable-mixture ratio;
and accomplishing this with a sufficient degree
of diffusion before a critical percentage of the
furnace volume becomes occupied by the flammable mixture.
3 . Supplying an inert gas to diffuse simultaneously with the fuel and air, thereby diluting
the oxygen content of the mixture below the
flammable limit.

Implementation of these preventative methods requires operator action beyond the response, memory, and judgment capabilities of
the normal operator controlling a plant in the
manual mode. A fireside safeguard system must
supervise the flow and processing of fuel, air,
ignition energy, and the products of cambustion. Satisfactory boiler operation requires that
these four ingredieItts be properly prepared, ratioed, directed and sequenced so that the furnace cannot contain an explosive mixture. At
the same time, the combustion process must be
supervised to check the results. Combustion
must be kept efficient or the unconverted chemical energy may accumulate and subsequently
become explosive.
The following factors influence the effective
composition change of an explosive charge:
The facility for mixing
The inert material in the fuel
The fuel-air ratio (a near-stoichiometric ratio
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dmlops the highest explosion pressure)
The kind of fuel
A furnace explosion requires both sufficient
explosive accumulation within the furnace and
sufficient energy for ignition. The ignition requirements for an explosive charge are very
small, making it impossible to protect against
all possible sources of ignition, such as static
electricity discharges, hot slag, and hot furnace
surfaces. Therefore, the practical means of
avoiding a furnace explosion is the prevention
of an explosive accumulation.
The factors determining the magnitude of a
furnace explosion-mass, change in composition, and reaction time-are related in the explosion factor.

Explosion Factor =
X

Mass
Furnace Volume

Composition Change
Elaosed Time

Each furnace has a limiting explosion factor.
If the conditions create an explosion factor exceeding this limit, a catastrophic explosion can
result. Any lesser reaction will produce a furnace "puff' (a nondestructive explosion) or a
temporary upset.
To protect a furnace from an explosion, a
safety system must insure a minimum reactive
mass accumulation with a minimum available
composition change and with a maximum reaction time required. Only control of the composition of t h e furnace atmosphere offers
complete coverage in minimizing the explosion
factor. After firing has begun, furnaces always
contain sufficient mass to have an explosion
and control of the time factor is impossible.
Therefore, the composition change must be
controlled to prevent furnace explosions with
any assurance.
The mechanics of furnace explosions, although defining the actual process, do noi de-

scribe the furnace opepations which provide the
explosive accumulations. Ideal furnace operation continuously converts reactive furnace inputs into unreactive products as fast as the
inputs enter the furnace-this precludes furnace explosions. However, in practical furnace
firing, unfavorable operations that create explosive situations are difficult to avoid completely.
Several correctly timed events precede a damaging furnace explosion. The furnace explosion
event itself is the rapid change in composition
of the furnace atmosphere (not the furnace inputs). The change in furnace composition is
not'spontaneous, and suitable ignition energy,
which can be substantially less than that required for continuous furnace-input ignition,
must be supplied after the explosive composition is attained.
The potentially reactive furnace accumulation must be formed from an earlier buildup
process which introduces reactive inputs not
converted by oxidation to nonreactive or inert
products. This buildup process must continue
long enough to create a damaging accumulation. The accumulation composition, which
must be within the limits of flammability for
that particular fuel, is formed in one or more
basic ways.
w A flammable input into any furnace atmosphere (loss of ignition)
A fuel-rich input into an air-rich atmosphere
(fuel interruption)
An air-rich input into a fuel-rich atmosphere
(air interruption)
Furnace firing systems are designed to start
up air-rich by introducing fuel into an air-filled
furnace. Main fuel is introduced after the integral ignition system has satisfied permissive
main-fuel interlocks that it can provide more ignition energy than the main fuel requires to be
ignited or to remain ignited. Additional air is
introduced around the primary-aidfuel mixture
to take it beyond-flammable limits, if it has not
been ignited and reacted to inert combustion
products; this is done to avoid a critical portion
of the total furnace volume being occupied by a
flammable mixture.
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FLAME DETECTORS
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In the prevention of furnace explosions, the
detection of the absence of flame-while fuel is
being admitted is the only>roper criterion for
any control a c t i o n initiated by a flamemonitoring system.
Flame-monitoring hardware must be reliable,
must be sensitive enough to discern the minimum flame envelope, and must have fail-safe
characteristics to avoid unnecessary trips. Reliability is improved by fault-detection circuits.
Various methods are.used to determine circuit component failures which could cause a
false indication of flame. Reaction time of the
flame-detecting device must be an absolute
minimum to prevent the accumulation of diffused flammable reactants in the furnace following a loss of flame, before the furnace
protection system can initiate corrective action
to prevent an explosion. Unnecessary trips are
avoided by proper flame-safety control logic.
The burning process exhibits many characteristics which can be sensed as indicators of existing flame. Heat sensors, for example, in the
form of thermocouples and bimetallic strips
have been used successfully for many years in
small space-heating systems, though the application of these devices to larger installations
has generally not been practical.
Another characteristic of the burning process
used for flame detection is the electrical-conduction capabilities of the ionized gases of a
flame. An electrical-conduction path is established by a flame rod which extends into the
flame envelope; the ionized gases themselves
and the boiler tubes serve as the ground return
of the system. This flame-rod concept is also in
use today on smaller burners fueled by oil or
gas, but the erosive nature of suspension-fired
pulverized coal makes this type of flame detection impractical for that fuel.
Especially in large suspension-fired burner1
furnace installations, the most practical characteristic to sense for proof of flame has proven to
be the light emitted by the burning process.
The light emission covers a very broad spectrum and it is a continuous, rather than a line,

spectrum. The shape of the emission versus
wavelength plot for rassil-furnace flames generally resembles the b!ack-body curve, with peak
emissions being nokd which are characteristic
of the fuel being fired.
The light emitted by these furnace flames is
furth?r characterized by a fluctuating intensity,
commonly called flicker frequency, which depends on the area of the flame being viewed, as
well as physical conditions at the fuel nozzle.
Fuellair ratio, fuel velocity, air velocity, and the
location and effectiveness of turbulence-producing diffusers all influence the frequency of
the pulsating intensity.
ULTRAVIOLET D E T E ~ I O N

In the early 196OPs,the use of ultraviolet (UV)
detectors for proof of fossil flames became practical when the GeigerIMueller-tube principle
was applied to flame detection. Fig. 2 shows the
ultraviolet detecting tube.
The UV detector had a distinct advantage
over previous light sensors with cadmiumsulfide or lead-sulfide cells which were responsive to very broad bands of light intensity and

Magnetic Shutter

I I \I I I
I

I

Fig. 2. An ultraviolet detecting tube. The hterior
tube atmosphere is helium at low pressureand the
electrodes are extremely pure tungsten. m a u s e
the special glass envelope has a low attwation,
quartz is unnecessary.
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had peak responses in the infrared (IR) range
(Fig. 3). The infrared was certainly a characteristic of the flame, but it was also emitted by hot
refractory, hot metal, and hot gases, any of
which could cause the IR detector to falsely indicate flame intensity present. Contrarily, the
UV radiation which is abundant in fossil flames
is not emitted in significant quantities from hot
bodies at the temperatures encountered in
boiler furnaces.
The UV tube works under the photoelectricemission principle whereby the tungsten electrode will emit an electron when struck by a
photon with energy (E,,) in excess of the photoelectric work function (E,) of tungsten.
Because each photon of light results in only
one electron being freed from the electrode, amplifying the electron flow to a detectable level is
necessary. The combination of hydrogen and
helium gases in the UV tube performs this func-

A,

1o6

tion. A large voltage difference accelerates photoelectric electrons to the opposite electrode;
these electrons collide with molecules of hydrogen and helium, freeing additional electrons that collide with more molecules, setting
off a chain reaction. This process is called a
Townsend avalanche, and the very large current
flow it generates is readily sensed with electronic circuits.
UV detectors respond well to natural gas and
oil flames. At times, intensity reduction has
been needed because of the overabundance of
UV generated from natural gas flames as compared to others.
Since a common failure mode of the
tube
is to electrically short out, thereby giving the
appearance of seeing a flame, a shutter-check
circuit is often used. When a pair of magnetic
shutters close off light in front of the detector,
there should be no indication of flame.
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SOLID-STATE DETECTION

Solid-state light sensors transfer the light energy of the flame to a semiconductor device
such as a photodiode or phototransistor. Here,
the light energy raises an electron of the semiconductor to the conduction band rather than
emitting an electron from an electrode as in
the UV tube. Because the electrical potential
barrier of the semiconductor is easily varied, a solid-state light detector can be devised
which responds to different portions of the
light spectrum.
Most commercial solid-state devices have low
allowable ambient temperatures (around 70°C
or 160°F), whereas burner windbox temperatures can run above 260"C (500" F). For this reason, they are usually mounted in the cooler part
(at the back) of the burner. To transmit flame
light from the hot burner front to the cooler location, a fiber-optic cable is sometimes used.
This transmission distance is generally not
more than 6 ft. Commercially available fiberoptic cables exhibit good transmission in the
visible and near-IR spectrum. Special highpriced cables are available for the transmission
of UV and for the IR spectrum. In those instances where line-of-sight transmission is
available, as with fixed burners, fiber-optic cables might not be required. To assist in keeping
scanner-head temperatures low and to prevent
particulate matter from getting into the scanner,
purge or cooling air is often used.

gases as indicative of flame. To overcome this
problem, modern scanners monitor both light
intensity and frequency to detect the presence
of flame. The frequency of the fluctuations is
generally accepted as being between 2 and 600
hertz. The higher frequenries are evident at the
base of the flame or the ignition point; lower
frequencies originate at the more distant areas
or in the "fireball", where fuel streams from
many admission nozzles combine and burn in
large tangentially fired furnaces.
Reliable flame-scanner design includes selfchecking features to assure that sensor failures
do not result in false information. This emphasis on assuring the validity of the "flame" or
"no-flade" output of the detector is a vital step
in preventing furnace explosions.
Proper and accepted proof of flame requires
the simultaneous generation of three permissives: (1)no fault, (2) a threshold intensity and
(3) a specific flicker characteristic. Fig. 4 shows
these operational principles.

-----Remote Scanner

GENERAL SCANNER PERFORMANCE

For the past two decades, ultraviolet flame
scanners have been the most widely used flame
detectors on large tangentially fired boilers.
During the oil crisis of the 1970's, operating
coal-fired boilers at low loads without the use
of expensive support fuel became necessary.
When firing coal at low rates, the emission of
UV radiation is reduced; also coal dust and
combustion products absorb UV. As a result it
is difficult at low firing rates to detect a coal
flame with a UV scanner.
As indicated earlier, infrared and visiblelight detectors may falsely sense hot material or

Intensity

Fault Int. IxF Freq.

Freq. Flame

~ i g4. Furnace corner functional diagram showing
principle of operation of SAFE FLAMEmI

.
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A complete scanner system for tilting burners
includes a scanner-chassis assembly as in Fig.
5, a scanner-head assembly as in Fig. 6, and a
cable to electrically connect the two. A guide
tube provides both a cooling-air and a semirigid path for the scanner-head assembly.
The scanner-head assembly consists of a
light-collecting head, a flexible hose that moves
with the tilts of the fuel nozzles, and a housing
which contains the scanner-head electronics.
The flexible hose contains a fiber-optic cable
which passes the flame light from the head
back to a photodiode in the scanner-head electronics circuit for signal conditioning.
The scanner-chassis electronics evaluates the
flame-signal levels for intensity and frequency,
to determine the presence of flame. Also, it contains fault-detection circuitry. Chassis outputs
include a flarne-relay contact and fault-relay
contact as well as intensity and frequency
flame-signal outputs. These signals monitor
the flame status.
As some of the basics of furnace explosion
prevention have been discussed, protection systems can now be described in more detail.

This task can be performed adequately only by
a dedicated protective system such as a furnace
safeguard supervisory system.
THE ROLE OF THE SUPERVISORY SYSTEM
IN THE STEAM-GENERATING PROCESS

Experience has shown that the furnace safeguard supervisory system cannot be treated as
an auxiliary function of the steam-generator
process (e.g: combustion, feedwater, and steam
temperature) control systems. Rather, the furnace safeguard supervisory system is a separate
and distinct system, more closely allied to the
firing-system digital actions than to the process
controls.
The most important design criterion of a
fuel-firing protective system is that it be tailored specifically to the requirements and operating characteristics of the firing system.
SYSTEM ORGANIZATION

The components of the FSSS system can best
be divided, for discussion purposes, into four
sections (Figs. 7 and 8): (1)the operator's panel,
(2) driven devices, (3) sensing elements, and (4)
the logic system.
The operator's panel contains all the command devices (panel insert with lights and
FURNACE SAFEGUARD
switches, or CRT a n d keyboard interface)
SUPERVISORY SYSTEM
required to manipulate t h e firing-system
One of the control systems furnished on al- equipment and to monitor the status of
most all modern fossil-fuel-fired steam genera- this equipment.
The driven devices are primarily those by
tors is a protective system which may be called
burner control, burner management, fuel-firing which fuel and air are admitted to the steam
safety, or, when supplied by Combustion Engi- generator. Typical examples are valve operators
neering, an FSSS@furnace safeguard supervi- (oil and gas firing). feeder and pulverizer motor
sory system. For a fluidized-bed boiler, the starters (pulverized-coal firing), air-damper
protective system is designated the FBSSB fluid- drives, and fan-motor starters.
Sensing devices include not only position inized-bed supervisory system. The main
function of such a system is to prevent the for- formation on the driven devices, but also such
mation of an explosive mixture of fuel and air items as fuel pressures, temperatures and flow,
in any portion of a boiler during any phase of and the presence of flame.
The heart of the furnace safeguard supervioperation, including start-up and shutdown.
Preventing damage to the steam generator sory system is the logic system. All operatorandlor the firing-system-components requires initiated commands are routed to the logic
simultaneous, continuous monitoring of a sub- system, and the status of all sensing elements is
stantial number of pammeters and, at times, in- monitored continuously by the logic system.
stantaneous reaction to a hazardous situation. Operator commands are passed on to the driven
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a& fault-alarm outputs

Fig. 6 SAFE FLAME Iflame-scanner head assembly for tilting fuel nonles
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flame failure
loss of logic power to FSSS system
m loss of primary and redundant processors
(if applicable)
m operator's emergency -trip push buttons
depressed
m

Flame Scanner

Flame Scanner

Flame Scanner

Fig. 7 Typical air and fuel nozzle arrangements
within a windbox

devices only if its logic verifies that the proper
safety permissives have been satisfied. On the
other hand, the logic will shut down equipment automatically whenever continued operation would jeopardize the safety of this
equipment or the steam generator.
A list of the typical conditions that would
cause an emergency shutdown (trip) of a recirculation-type steam generator is as follows:
a low airflow
m loss of all forced-draft fans
m loss of all induced-draft fans
loss of all primary-air fans
turbine trip
inadequate waterwall circulation
high furnace-gas-side pressure
m high superheater-outlet pressure

DEGREES OF AUTOMATION

The FSSS arrangement discussed so far is
commonly called a remote-manual system.
With this type of system, the operator initiates
the start-up and shutdown of each individual
piece of equipment from a remote operating
panel. The system logic insures that the operator commands are performed in the correct sequence and intervenes only when required to
prevent a hazardous condition.
Higher levels of automation commonly specified are "automatic" and "automatic with load
programming." An automatic system allows an
operator to place in service or remove from service a related group of firing equipment (a subloop) in the proper sequence by initiating a
single command. A typical example of a subloop would be the feeder, air dampers, and
other equipment associated with a single coal
pulverizer.
In the automatic mode of operation, a single
operator command to start a pulverizer would
initiate the following appropriately timed sequence of events [provided all of the required
permissive conditions are established):
8 associated ignition system placed in service
pulverizer motor started
hot-air gate opened
m pulverizer airflow and temperature controls
released for automatic operation
m feeder started
feeder speed control released for automatic
operation
associated windbox dampers released for automatic operation .As the required load on the steam generator is
varied over a wide range, firing system subloops are placed in, or removed from, service to

_
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Fig. 8 FSSSO (furnace safeguard supervisory system) arrangement

out of prescribed safe sequences and will shut
down equipment if prescribed operating practices are not followed. Removing ignitors too
early, for example, would result in the shutdown of the associated main fuel.
The specific safety interlocking included in
the furnace safeguard supervisory system depends on the physical characteristics of th6 firing system and type of fuel or fuels being fired.
All safety systems of this type, however, are concerned with the following functions:

maintain the most stable flame conditions and
make the most efficient use of the firing-system
components. With the inclusion of the loadprogramming feature, the FSSS system will take
care of this function automatically as steamgenerator load demand changes.
BASIC SAFETY FUNCTIONS

Although the furnace safeguard supervisory
system does not regulate the fuel and airflow
auantities and does not, in most cases, initiate
t-he start-up or normal shutdown of firing-system components, it does exercise authority over
both the operator and the process cant 01s
through its safety interlocking features.
If, for example, the combustion control
should drop the airflow below the minimum
value (typically 30 percent) permitted during
start-up, the safeguard supervisory system
would trip the fuel automatically. Similarly, it
will not permit the operator to start equipment

,

a prefiring purge of the furnace
establishment of the appropriate permissives
for firing the ignition fuel (i.e., purge complete,
Pressure within limits)
rn establishment of the appropriate permissives,
including ignition permissives, for the main
(load-carrying) fuel
m continuous monitoring of firing conditions
. and other key operating parameters
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emergency shutdown of portions or all of the
firing equipment when required
m a postfiring purge of the steam generator

firing conditions during the steam-generator
start-up phase of operation.

The purpose of the prefiring purge is to be
sure that any unburned fuel that may have accumulated in the furnace is completely removed
prior to initiating firing. To do this, an airflow
is passed through the steam generator at a minimum rating (usually 30 percent of that required
for rated steam-generator capacity) for 5 minutes. At the same time, windbox dampers (Fig. 7)
are maintained in a particular configuration, the
fuel-admission devices are proven closed (or
off), and the flame-monitoring devices indicate
"no-flame." This combination of conditions will
provide the proper velocities and number of air
changes through the furnace and convection
pass to assure the removal of any fuel accumulations. These purge-permissive requirements
also provide a check on the proper operation of
the air-damper, fuel-admission, and flamemonitoring sensing devices just prior to firing.
Upon completion of the purge, the steam generator is ready to be fired. The 30-percent minimum airflow requirement is maintained until the
steam generator reaches 30-percent load in order
to assure an air-rich furnace mixture during the
entire start-up phase.
Initial firing is accomplished with a group of
ignitors that have the capability of lighting the
ignition fuel with an electric spark. A flame detector must be provided with each ignitor to
determine the presence or absence of a stable
flame. In the case of the C-E ignitor, the flame detector is an integral part of the ignitor, and a
fuel-flow measurement is included to insure
the proper quantity of ignition energy.
Depending on the choice of load-carrying
fuel and the firing-system arrangement, the
load-carrying fuel may obtain its ignition energy directly from the ignitors or an elevation of
ignition fuel guns may be used as an intermediate step. On coal-fired units, for example, ignition fuel is normally kept in service until two
adjacent coal elevations are being fired at 50
percent of their rated capability, thereby assuring sufficient ignition energy to maintain stable

The C-E tangential-firing configuration
(Fig. 9) operates during start-up with a separate,
independent flame emanating from each operating fuel-admission point (nozzle).Each flame is
monitored independently by the use of continuous, self-flame-proving ignitors.
As soon as any elevation is fired at a rate ex-

FLAME MONITORING

Fig. 9 Tangential-firing pattern at low-firing rates

Fuel

Dampers

Air

Plenum

Fig. 10 Tangential-firing pattern: fireball condition
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ceeding 30 percent of its design rating, the characteristics of this firing configuration change
dramatically (Fig. 10). The thorough mixing of
fuel and air producedby the rotating fireball (vortex) permits ignition energy produced at one location in the furnace to support the combustion
of fuel admitted at other locations.
The furnace, in effect, becomes a single
burner. Under these firing conditions, multiple
flame detectors monitor the furnace on a statistical basis. No individual fuel nozzles are shut
down because of an adjacent flame detector indicating "no-flame." But should insufficient flame
detectors confirm the presence of flame, the entire firing system is shut down.
The transition from start-up firing characteristics to fireball conditions is a padual transformation as elevation loading is increased. The
selection of the 30-percent elevation-loading
condition as the point where the logic is transferred to fireball monitoring is based on field experience and assures a completely adequate
margin of safety between the two different firing
conditions.
During the fireball phase of operation, sufficient ignitors in service at specified locations
constitute proof of stable firing conditions. To
eliminate the need to keep ignition fuel in service, however, optical flame detectors are used as
the normal means of monitoring the fireball.
Front-fired (horizontal-burner) systems exhibit, at all firing rates, the individual burner
characteristics which the tangential configuration exhibits at low firing rates; that is, the flame
produced at onefiring location does not provide
ignition energy for.fuel admitted at the other locations. The flame-monitoring system for such
burners must be designed accordingly. Attempts
to use front-fired flame monitoring techniques
on tangential-firing configurations and vice
versa have met with little success.
LOGIC ACCOMPLISHMENT

The logic portion of the furnace safeguard supervisory system may be implemented with electromagnetic relays, solid-state electronics, or
computer-based programmable controllers. All
these implementations must be able to tolerate

the dust, temperature variations, and electrical
noise encountered in a power plant.
The normal method of powering the FSSS
logic is to provide redundant AC sources to a
transfer switch w?th the output of the transfer
switch going to the system. To prevent a boiler
shutdown during operation of the transfer
switch, the AC-powered field devices are of the
"energize-to-trip" type: that is, they require the
presence of power to close. DC power from the
plant battery system is also provided to the FSSS
system to assure the capability of shutting off
the fuel input in the event of a loss of both AC
sources.
Electromagnetic relays, which have been the
traditional building blocks of furnace safeguard
supervisory system logic in the past, are now
rarely built. Hard-wired solid-state logic was a
successor to electromagnetic relay systems and
has been applied to FSSS design for many years,
but did not assume a dominant position until the
late sixties and early seventies. For a long period,
the utility industry continued to judge the traditional advantages of solid-state logic (less power
drain, less space required, greater speed, and no
moving parts to wear out) to be less important
than the disadvantages (higher susceptibility to
electrical noise and temperature variations,
more complexity, and higher cost).
Fig. 11 shows a typical solid-state FSSS logic
cabinet. The built-in simulator provides maintenance personnel with a fast, convenient method
to check the operation of the system logic without disturbing field wiring or, inadvertently,
operating equipment.
Solid-state logic then evolved such that the
electrical noise and environmental problems
were mastered. The widespread use of solidstate process controls has resulted in the ability
of plant maintenance people to handle solidstate problem-solving easily. Plug-in solid-state
modules provide an on-line repair capability not
available to relay systems.
The additional expense of a solid-state system
versus an electromagnetic relay system results
primarily from the need to convert all incoming
signals h m the sensing-device voltage level to
the logic voltage level and back from the logic
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Fig. 11 The solid-state-logic cabinet of an FSSS system includes a built-in simulator.
The system currently provides protection and automation for an 850-MW unit.

level to the voltage level required by the driven
devices. (Logic devices cannot provide either
the voltage or the current level required by the
field devices.) As systems become more automated, however, the ratio of logic functions
(inexpensive) to inputs and outputs (expensive)
increases and the differential expense versus
relay logic decreases.
PROGRAMMABLE CONTROLLERS

Currently the predominate technique for implementing furnace safeguard supervisory
system logic is the microprocessor-based
programmable-logic controller-(PLC).See Figs.
12 and 13. These devices are minicomputers
with a built-in compiler (translator)that makes it

possible to program the system directly from
logic diagrams. They are also configured to
be strong in logic capability and can be packaged ruggedly enough for the power-plant
environment.
Although this technology has been in existence for a number of years, further improvements, increased versatility, and wide acceptance of PLC's in coming years are anticipated.
As a result of their general popularity, a wide
range of data-communication interfaces will
be available so ?he PIX will be easily adaptable to atotally integrated informationsystem.
A distributed, fault-tolerant architecture is
used in a microprocessor-based FSSS system.
The distributed architecture has a multiplicity of

Operational Control Systems

Fig. 12 Inputloutput channels for a programmable system

Fig. 13 The central processing units for the programmable system in Fig. 12
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logic controllers in modular fashion to match
the functional process modules it serves; for
example, pulverizer equipment groups, fuelfiring elevations, or unit functions. In this
architecture, each controller and associated
inputloutput module is considered a component
with a statistically remote probability of failure.
The basic design criterion of this distributed,
fault-tolerant architecture is that failure of a single controller, with all its logic capability, or an
inputloutput module, will not jeopardize the
steam-generator safety. In addition, a failure will
not require the steam generator or even the given
fpnctional process module to be shut down. This
design criterion is satisfied by the ring-type arrangement shown in Fig. 14.
Fig. 14 represents non-switched fault-tolerant
architecture featuring distributed modular redundancy. The ring-type arrangement illustrates
the concept of distributed modular redundancy
with identical, universal software in each module. Although the primary objective is maximum

safety,maximum availabilityis also a target, with
"on-line" maintenance capability built-in. Fig.
14 is a representative schematic configuration for
a coal-fired utility steam generator with four
logic controllers in the ring. Each controller
serves two pulverizer equipment groups and also
contains the logic for overallunit control. (This is
a flexible configuration and is adjustable to suit
individual plant requirements.)
The functions contained in each processor
module consist of two sections. One (shown as
white space) is concerned with the control and
safety of the associated equipment group. The
other section (showncrosshatched) is concerned
with the redundant safety of the neighboring
equipment group to the left. The arrows in the
ring schematic indicate the direction of processor-to-processor redundant coverage, such as 1
providing back-up to 4,2to 1,3 to 2, and 4 to 3.
The total arrangement, in viewing the ring
counterclockwise, results in having one processor-controlsection and two redundant safety sec-

Primary and Redundant
Data Communication Link

Software Back-Up

0Primary Control/Safety
System Power Distribution

Redundant Safety

I

Fig. 14 Typical ring-type logic-processor architecture, with distributed redundancy

A- Scanner
I - Ignitor
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tions per equipment group distributed i n
modular fashion.
All combinational logic required to produce
the redundant safety action is derived independently. Also, all field-status information to substantiate these safety actions is connected in
parallel to and is processed by an independent
set of input-conditioning modules. Similarly, an
independent set of output drivers processes all
safety output command signals. These output
drivers act in parallel with the respective output
drivers from the other machines to actuate the
selected field-driven devices.
The distributed, selective modular redundancy is, therefore, active onafull-time basis. No
fail-over circuits are requi~edfor switching to
backup sections because the backup section is
always in operation "on-line:' covering safetyrelated functions. Typically, each pulverizerequipment group includes a pulverizer and its
motor, a coal feeder and its motor, a primary-air
supply, a secondary-air supply, associated
valves and drives, dampers and drives, and feedback sensing elements.
The notations A, B, C, D, E, F, G, and Ht
shown on processor sections of the ring configuration of the diagram correspond to the
designations given the individual coal-firing
physical arrangement. The unit section contained in each processor (but used in only one),
has control and safety sections dedicated to sewing the overall unit. The corresponding safety
section in another processor provides redundant
backup for all the critical unit functions. This
redundancy will, among other functions,
backup the overall-flame-failureprotection in its
entirety, including 110.
The ringtype architecture (Fig. 14) provides a
frameworkfor a very versatile range of redundant
coverage options, both processor and 110,to suit
requirements, while maintaining the concept of
universal software in each module.
The principle of fault-tolerant partitioning in
the example given is applied in comprehensive
fashion. Consequently, no common bus exists
between the I10 processors of individual controllers. Each processor is electrically and functionally independent and there is also isolation

between the low-level internal I10 bus and external I10 bus served by each processor. The processors are, in general, operationally independent
of each other and obtain their information independently from their own set of dedicated 110's.
Also, redundant 110's do not share common connector structure or any other elements having the
potential of common-mode failure. A failure
of any one processor is localized and does
not, therefore, cause misinformation in another
processor.
The modular system is designed so that any
processor in the ring imposes control on its associated equipment groups only. Furthermore,
since a neighboring processor.is monitoring the
critical safety aspects of the equipment group, an
already operating (different)group does not have
to be shut down because its processor or associatedI/O has failed. Processor and interface maintenance can, therefore, be accomplished with the
unit and given equipment group in operation.
Should both primary and redundant processors
fail, an external monitoring circuit will initiate a
trip, independent of the processor logic and confined to the associated equipment only. Emergency-trip pushbuttons can shut down the
driven devices from plant DC battery power.
The on-line replacement of a failed processor
with a spare unit is accomplished in bumpless
fashion using an updating technique which is
automatically activated at the time of component replacement. Updating of the "new"
processor encompasses all the necessary
historical data.
It is important to note that, generally, redundancy structures should be built in simple,
straightforward fashion in order to avoid the
inadvertent introduction of common-mode
failure elements.
OPERATOR INTERFACE

Traditionally, the operator's panel located in
the control room contains the command devices,
such as switches and pushbuttons for initiating
operation of firing-system equipment, and feedback indicators, such as lights or lighted panels,
which display the status of the equipment to be
controlled. The availability of a communication
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link allows enhancement of the operator-machine interface with a colorgraphic display. The
framework for the CRT displays should be arranged in two categories: Message Silmrnaries
and Colorgraphic Animated Schematics.
Message Summaries are primarily dedicated
to diagnostic information allowing the operator
to identify problem areas blocking orderly startup or shutdown. The Colorgraphic Animated
Schematics (see Fig. 15)allow operator observation of the start-up, shutdown, and operational
progress in graphic form, with special techniques for device simulation.
Often for comprehensive visual effect, Message Summaries and Colorgraphic Animated
Schematics are combined on the same visual. It
is important to specify complete coverage with
frames (pages)arranged in functjmally modular
fashion with clear directions from overview to
detail. Process alarms should be grouped separately from hardware alarms.
While the static data for the colorgraphics resides in the graphics processor,the dynamic data
resides in the Burner Management Logic processors. The logic processor transmits the dynamic
data to the graphics processor by real-time
communication links. This data is then superimposed u p o n the static display image.
Limited-scope hardwired control panel inserts

Push
Key to
Display Detailed
Graphics

may be specified as a backup feature.
Comprehensive error-checking procedures
are utilized. To further assure system integrity.
a software buffer zone is inserted into the logic
processor application program to provide additional isolation between the base working
system and the communication bus. Greaterflexibility is an additional benefit of this feature, which virtually sectionalizes and allows
the independent engineering and maintenance
of the base control system from the display colorgraphics. The software buffer also helps to reduce traffic on the communication network and
prevent overloading.

PROCESS CONTROLS
Plant operators retain the ultimate responsibility for the operation and protection of both
utility and industrial steam generators. But as
discussed, automatic safety systems are customarily installed to relieve operators of the
task of instantaneously analyzing and reacting
to a rapidly developing hazardous condition.
safety systems improve unit availability by
preventing improper operating sequences and
by automatically shutting down equipment before damage can occur. But acceptable availability can only be achieved by installing

6 Bo~lerW-U Guns

Aux Air M/A

01I/Pump Fan M/A
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Fig. 15 Typical FSSS CRT Animated Schematics Screen
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control systems to prevent the plant-controlled
variables from reaching the deviation from normal values which result in safety system action.
The continuous, automatic regulation of controlled variables is the functi-on of the process
control systems.
Although it is still common to divide the
process controls for a large steam generator
into subsystems (such as combustion control,
feedwater control, and steam temperature), a
coordinated approach to process control has
proven to be the most effective technique to
achieve optimum boiler performance.
BOILER-FOLLOW SYSTEMS

..

For many years, the most common process
control system employed on subcritical drumtype units was the "boiler-follow" system which
relies heavily on feedback control principles.
With a boiler-follow system on a subcriticalpressure qnit, a change in required electrical
generation results in the following events:
1. The turbine control valves are repositioned
to establish the new generation level, at the expense of a change in steam-generator energy
storage level.
2. Changes in steam flow initiate changes in the
flow of feedwater, fuel, and air on a feedforward basis. Fuel and air are further modified
by the feedback of throttle-pressure -deviation
from setpoint, which is an indication of the energy balance between the steam generator and
the turbine. Feedwater is adjusted by drum:
level deviation, which is a measure of the
feedwater-flowlsteam-flowbalance.

The large energy storage of drum-type units
allows boiler-follow systems to be very effective
as long as generation-level (load) changes are
small or are accomplished slowly.
COORDINATED-CONTROL SYSTEMS

The advent of the supercritical unit in the
1960's, with its relatively small energy storage,
quickly demonstrated the limitations of the
boiler-follow system. The solution to this problem was the development of the coordinatedcontrol system.

Ideal for supercritical units, the coordinatedcontrol system is also well-suited for subcritical
drum-type units. Its fundamental objective is to
operate the steam generator and turbine generatoras an-integrated unit in order to maintain the
process control variables (unit generation,
steam pressure, flue-gas oxygen, furnace draft,
and steam temperatures) within acceptable
limits. The system operates the unit in an integrated (coordinated) manner by developing a
unit load demand (ULD) signal in the unit load
control (ULC),and transmitting the ULD signal
simultaneously to both the steam-generator fuel
and air control and the turbine governor-valve
control. Fig. 16 shows a typical control-room
operator interface for the unit load control in a
coordinated-control system.
Fig. 1 7 shows the functional design arrangement of a coordinated-control system. This design illustrates that the ULD signal, which
represents generation demand, goes directly to
the steam-generator input variable as well as to
the turbine governor. This parallel control arrangement is based on the principle that the
only way to permanently change unit generation is to change the energy output of the
steam generator.
The presence of any error between required
output and actual generation will bias the
steam-generator and turbine-demand signals in
order to recalibrate the system for cycle
changes. Similarly, throttle pressure error is
used to recalibrate the balance between steam
production and steam usage. Both of these error
signals operate on a transient basis to compensate for the difference in response time of the
boiler and turbine, allowing the faster responding turbine to minimize generation errors by
modifying boiler energy storage levels.
Today's modern coordinated-control systems
are designed to accommodate both the U.S. traditional fixed-pressure type of operation and
also sliding-pressure type of operation. Sliding-pressure operation has long been popular
in Europe because of Europe's smaller grid systems and the resulting need for cycling and
two-shift units. Now, in the U.S., because older
large units, once base-loaded, are being cycled
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Fig. 76 Typical operator interface for the unit load control of a coordinated-controlsystem ,

and two-shifted, sliding-pressure operation is
becoming more common.
In fixed-pressure operation, the coordinatedcontrol system regulates throttle pressure to a
fixed setpoint for the entire range of unit load
after start-up. The turbine governor valving
strokes open as unit load increases. Fixed pressure provides for boiler storage and thus the capability of the unit to more effectively respond
during transient load changes without suffering excessive process-variable deviations.
In sliding-pressure operation, throttle pressure setpoint is ramped over most of the unit
load range. The turbine governor valving is
fixed at a near-open position (normally 90 percent open) throughout the ramp. The 10 percent
position reserve allows for moderate unit loadchange accommodation. The fixed position of
the turbine governor valving is temporarily in-

fluenced during a unit load change by the rate
of change of ULD.
THE C-E COORDINATED CONTROL SYSTEM

-

The preceding discussion summarizes the
basic differences between boiler-follow and coordinated-control-type systems. The C-E Coordinated Control System (CCS) contains a
number of additional features designed to provide several layers of defense between the direct
regulation of the variables and the automatic
shutdown actions of the furnace safeguard
supervisory system.
Each major subsystem, such as fuel, air, or
feedwater, contains a flow tie-back loop to insure the process variable will quickly match required output. Redundant transmitters and
comparison networks transfer the loop automatically to manual if a transmitter malfunc-
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tion occurs. Bypass switches permit automatic
operation while one transmitter is being calibrated. Ahead of the flow loops are the ratio
correction loops. Flue-gas oxygen corrects h e l l
air ratio.
When all process loops are well tuned and
calibrated, and are functioning properly on automatic, the controlled variables will be maintained well within acceptable limits.
Various limit circuits are provided to take
care of the times when this desirable condition
does not exist.
In the case of fuel and air matching, a crosslimit circuit is provided which does not permit
fuel demand to exceed measured airflow (plus
tolerance) and does not permit airflow demand
to drop below measured fuel flow (plus tolerance). This circuit is most commonly activated
when a malfunction causes airflow and fuelflow regulating devices to follow demand at
different rates.
Referring again to Fig. 17, note that the "output
adjustment signal" (the desired generation value
established by the operator or the load-dispatch
system) must pass through several conditioning

devices before emerging as unit load demand.
The first such device is the operator-setrate-ofchange limiter. This device prevents the unit
from accepting a load demand change at a rate
which would create instability and a resulting
unit trip.
Turbine governors automatically change unit
steam flow in response to an electrical-grid frequency disturbance. To prevent the CCS from
fighting the governor, and to match the boiler
demand to the turbine action, the frequency
bias conditioner is required. This circuit simply adjusts required output to match the governor action.
Limit actions occur when the CCS detects
that one or more process variables cannot follow the output adjustment demand signal. If,
for example, a feedwater pump were out of service, the limit circuit would not allow required
output to exceed the capability of the pumps
in service. Without this limit, firing rate would
be allowed to exceed feedwater flow, resulting
in loss of drum level. The limit circuits also
act whenever such process variables as generation and throttle pressure deviate from their
required values by a preset mount. These deviations are indications that the steam generator
or turbine, or both, are unable to follow the
desired output.
An extension of the limit circuits, which is not
shown on Fig. 17, is the run-up and run-down
circuits. These circuits act to return the required
output within fhe capability of the unit when a
change in boiler-unit conditions occur. For example, if all coal feeders are operating near maximum output and one feeder trips, the unit cannot
maintain its existing load. The run-down circuit
would automatically reduce load to a value
within the capability of the existing feeders.
The run-back actions shown next are simply a
more dramatic version of a run-down. The loss of
a major piece of auxiliary equipment such as a
feed pump or forced-draft fan may reduce the
load-carrying capability of the unit to 50-60 percent of maximum continuous rating. When such
an equipment loss is detected, the run-back circuit very rapidly reduces the required output signal to a value within the capability of the
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remaining equipment. Without such a circuit, a
unit trip would almost certainly result.
One final protection circuit, which is the last
line of defense designed to act before the safetysystem limits are reached, is the deviation-limit
system. This system cpntinuously makes two

separate and independent calculations of fuel/
air ratio. Fig. 18illustrates the fuellair ratio monitoring concepts. If both calculations verify that
this ratio has exceeded allowable limits, the deviation-limit system directly operates the control
loops torestoreapermissibleratio. This system,
which overrides manual control, would normally activate only when the operator has made a
serious mistake or an automatic-control computational element has failed.
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Steam-temperature control is accomplished
on C-E suspension-fired pulverized-coal units
by a combination of fuel-nozzle tilt positioning
and superheater (SH)and reheater (RH) desuperheating sprays.Steam temperature is maintained
by allowing fuel-nozzle tilts to respond to the
lower of either SH or RH outlet temperatures,
with sprays responding to the higher.
Desuperheating spray control is a cascade type
control. An "outer-loop" controller associated
with final steam outlet temperature sets the setpoint for an "inner-loop" controller, which controls desuperheater steam-outlet temperature.
Fig. 19 shows a typical primary steam-temperature control scheme.
Basic boiler design provides for the reheater to
be controlledby heat redistribution devices. The
several boiler manufacturers have developed numerous mechanisms for this purpose, including
flue-gas bypassing, gas proportioning, and excess-airvariation. Fig. 20 shows three techniques
which C-E uses most commonly: tilting nozzles,
desuperheating sprays, and on oil-and-gas fired
units, gas recirculation. Only during unusual
conditions is reheater desuperheating by water
spray used, because of its deleterious effect on
heat rate. On coal-fired units, fuel-nozzle tilting
is the most common mechanism.

100

% Fuel Flow

Fig. 18 The deviation-limit system is a protection
circuit which continuously monitors fuellair ratio
and, if needed, directly takes action to restore a
permissible ratio.
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Fig. 19 Coordinated-control system, primarysteam-temperature control

Primary measuring devices, transmitters, indicators, recorders, annunciators, indicating
lights, and CRT -graphic displays can be integrated into a syste& which permits plant operators to continuously and conveniently monitor
plant operating conditions. Push buttons,
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switches, manual-loading stations, and CRT keyboards can be combined with pneumatically and
electrically powered regulating devices (such as
valves and dampers) to provide the capability of
starting up, maneuvering, and shutting down a
steam generator from a central location.
Using process control systems results in more
precise control, thus increasing plant productivity and reducing cycling-life expenditures
caused by process variable excursions. When a
sophisticated process control is employed, such
as the described Coordinated Control System,
the steam generator and turbine generator act as a
coordinated unit to further improve unit transient response and productivity. The CCS also
provides several layers of limit systems designed
to improve unit availability by preventing a process deviation from reaching a safety-system
limit. Today's modern designs implement the
CCS using computerized distributed systems.
Safety systems, such as the FSSS system described earlier, also contribute to plant automation while performing their primary function of
protecting both plant personnel and equipment.

A well-designed automation system, with
both firing system and process controls, will operate the unit in the same manner that the plant
equipment designers would operate it, if they
were given the opportunity to do so. It is vital,
therefore,that the control-systemdesigners thoroughly understand the process requirements
and limitations and that the control systems are
tailored to the specific equipment and plantoperational requirements.

INDUSTRIAL BOILER
OPERATIONAL CONTROLS
Controls for industrial boilers of the types described in Chapter 8 serve the same overall purposes as controls for utility boilers. Designers of
both types of systems are concerned with balancing boiler inputs and outputs of mass and energy,
remote operation, precise control, transient response, and operating ease, as well as efficiency,
safety and reliability. The principal differences
between utility and industrial control systems
result from industrial plant steam requirements,
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types of fuels and firing equipment, and historically divergent design practices. The following
sections describe these distinguishing characteristics in greater detail.
PLANT STEAM REQUIREMENTS

Industrial-plant steam requirements serve local needs for direct process use, thermal power,
and mechanical power (which may include
power to drive electrical generators). The required steam conditions vary from low-pressure
saturated steam to high-pressure superheated
steam depending on the application.
Process plants, which often have many steam
consumers encompassing all of the above uses,
supply steam to the Grious users through a system of steam distribution headers. Steam is
generated at conditions to meet the highestpressure requirements and then is cascaded
from the main steam header through pressureregulating valves to intermediate- and lowpressure headers.
A cogeneration cycle, is described in Chapter
1,uses steam generated at high pressure and temperature for expansion through a hck-pressure
turbine generator to produce electrical power.
The turbine exhausts into distribution headers
for plant thermal and mechanical power needs.
In effect, the turbine generator acts as a pressurereducing valve for the plant steam consumers,
and the industrial-plant consumers, by using energy that is lost in a typical utility generating
station, function as condensers in the steam cycle. In other plants, a condensing turbine with
controlled extraction may be the economical
choice, depending on such factors as seasonal
plant steam demand and prices negotiated with
the electrical utility for purchasing the cogenerator's excess electrical power.
Load swings in industrial plants vary according to plant needs and, in some plants, may be
quite severe, exceeding 10 percent of maximum
continuous rating per minute. Industrial boilers
must have greater maneuverability than utility
boilers in responding to load changes without
great upsets in steam pressure, drum level, and
steam temperature.
Due to the multiplicity of steam andlor power

Fig. 21 Cross-limited-metering combustioncontrol system, single fuel

consumers in an industrial plant, it ii usually not
practical to feed-forward a load demand to coordinate boiler control with the control of steam
consumers. The concept of a coordinated control
system is generally not applied to industrial boilers because they are not dedicated to a tyrbine
generator. Figs. 2 1 through 24 show typical
operational-control sub-systems. In the industrial plant, the main steam header pressure is an
index of plant load, and a master pressure controller sets the demand for firing rate for boilers
supplying steam to the header (see Fig.2 1).This
is a feedback control loop similar to the boilerfollow system described earlier in this chapter.
Note that industrial plants commonly have multiple boilers supplying steam to the same main
steam header. In many plants a form of feedforward control is incorporated in the master
controller scheme in which the total steam flow
from all boilers is the feed-forward demand.

,
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In m u l t i p l e - b o i l e r p l a n t s , t h e o p e r a t o r
usually establishes the sharing o f l o a d among
b o i l e r s . T h e r e are a l s o several a u t o m a t i c

load-allocation schemes in use that vary in
complexity up t o a n d i n c l u d i n g the lowestoperating-cost energy-management scheme.
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INFLUENCE OF FUEL
ON CONTROL SYSTEMS

match combustion air and fuel for economical
operation. Measuring steam flow and relating it
to heat input and combustionairflow are the control strategies commonly used to surmount this
difficulty. Controlling steam-flowfairflow ratio
approximates fuelfair ratio control, but it should
be noted that there are limitations to this method.
For example, changes in energy storage during
load swings temporarily alter the relationship of
heat input to steam flow. Changes in boiler efficiency, feedwater temperature, or boiler outlet
steam conditions also affect the relationship.
This type of control system is often adapted to
adjust the airflow automatically to trim fuelfair
ratio by flue-gas analysis.

The type of fuel fired in a boiler has a great
effect on the combustion-control system. Controls on boilers firing gas, oil, coal, wood or bark
are designed to respond to plant load swings.
Boilers firing municipal or industrial refuse,
black-liquor recovery boilers, and certain waste
fuel boilers are usually operated base-loaded to
optimize combustion of these difficult fuels.
Waste-heat boilers usually are operated to the
extent of waste-heat availability.
Gas- and oil-fired boilers are probably the most
effectively controlled because the fuels are practically homogeneous and of nearly constant density and heating value as delivered to the plant.
Continuous and nearly instantaneous flow CONTROLS FOR CHEMICAL RECOVERY BOILERS
measurement of the fuel is possible, and the fuelBlack liquor recovery boilers in pulp and pafiring rate is readily and precisely controlled by per mills, described in Chapter 8, are operated
control-valve adjustment.
to recover spent chemicals from black liquor
The most commonly used combustion-control and to produce steam by burning the carbonasystem for gaseous and liquid fuels is the cross- ceous matter contained in it. Black liquor is
limited metering system illustrated in Fig. 21. fired in recovery boilers at a rate that is automatThe fuel and airflow control loops in this system ically controlled to a value determined by 'the
compensate automatically for changes in air- or operator. The black liquor forms a char bed at
fuel-system resistance to flow. Continuously ac- the furnace bottom and burns in a reducing attive safety constraints automatically limit fuel mosphere which promotes chemical reactions.
flow to available airflow. This control system is To maintain the reducing atmosphdre at the furreadily adaptable to automatic adjustment of air- nace bottom and to complete the combustion of
flow for fuellair ratio trim by flue-gas analysis. the evolved gases higher in the furnace, air is
This basic control system strategy has also been admitted to the furnace through primary, secadapted to simultaneous firing of multiple fuels. ondary and tertiary air ports. The three airflow
When combustible plant-process byprod- streams are each automatically controlled
ucts can be used as a boiler fuel, burning the to maintain a fixed ratio to black liquor flow
byproducts instead of purchased fuels may be rate. Proper adjustment of each ratio establishes
economical. In such instances, the combustion- the distribution and quantity of combustion
control system may be adapted to fire the byprod- air, which is a critical factor in contfolling
uct gas or liquid fuels automatically on a prefer- the chemical-recovery process as well as the
ential basis to the extent of their availability. Such combustion efficiency.
a control strategy has beenused in many plants to
It will be noted that, due to the nature of the
process, the black liquor flame is not monifire as many as four fuels in the same boiler.
Firing solid fuel presents a challenge because tored, but an FSSS furnace safeguard supervisthe effective fuel firing rate and the correspond- ory system does monitor the auxiliary fuel
ing heat input and combustion air requirements burners. Oil- or gas-fired starting burners in the
cannot be directly and continuously measured. lower furnace of the recovery boiler are fired to
This difficulty requires that an inferential meas- initially dry and ignite the black liquor before a
urement of fuel-firing rate be made in order to char bed is established. These burners are also
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fired to stabilize combustion conditions at low
load and-at times when the black liquor is not
burning well. For normal black liquor firing
conditions, the starting burners are not in use.
However, they are subject to operation on very
short notice, if necessary, to stabilize combustion conditions. For this reason, the furnace safeguard system distinguishes between an auxiliary
fuel trip and an orderly shutdown of auxiliary
fuel burners. Following an orderly shutdown of
the auxiliary burners, as long as airflow through
the furnace exceeds purging airflow and as long
as all operating permissives are within limits,
purge credit should be maintained and it
should be permissible to initiate an auxiliary
burner start sequence when required.
Some recovery boilers include auxiliary-fuelfired load burners located in the oxidizing zone
high in the furnace. The load burners augment
steam production when black liquor is insufficient for plant needs or is unavailable for firing.
The load-burner firing rate is usually controlled
to a setpoint adjusted by the operator, and the
recovery boiler continues to be operated baseloaded. Some units have combustion-control
systems designed for load burners to respond
automatically to load swings as demanded by
the plant master controller. The control systems
automatically introduce additional air into the
oxidizing zone of the furnace in excess of black
liquor requirements specifically for combustion
of the auxiliary fuel fired at the load burners.
The FSSS flame monitoring and interlocking
extend to load burners as well as to starting
burners. The recovery-boiler supervisory system
is designed to operate these auxiliary burners
with continuous ignitors (described in Chapter
12). The interlock system requires proof that
adequate ignition is produced by the ignitor as a
permissive to admit fuel to the auxiliary burner.
Loss of ignition at an ignitor results in immediate closing of the safety shutoff valves at the associated auxiliary burner.
There are some exceptions to the use of continuous ignitors for recovery-boiler auxiliary
burners. In response to the scarcity of premium
fuels for ignitors in the mid-197o1s,some recovery boilers were equipped with burners started

with interrupted ignitors, usually direct electric
ignitors. For these units the FSSS system allows
a short timed trial for ignition, after which the
ignitor is turned off and flame detectors monitor
the auxiliary burner flame. Failure to detect
flame any time after expiration of the time trial
results in immediate closing of the associated
auxiliary burner safety shutoff valves.
FIRING-EQUIPMENT CONTROL

As has been seen in the previous chapter,
some fuels may be burned by more than one
type of firing equipment, and the control system must be designed accordingly.
For example, oil, gas, and pylverized coal can
be either tangentially or horizontally fired.
Flame monitoring of tangentially fired industrial boilers is as described for utility boilers in
an earlier section. For multi-burner horizontally fired boilers, however, each burner flame
envelope must be monitored individually at all
firing rates. The significance of this is that a
"no flame" indication by the flame detector will
cause individual shutdown of the associated
burner. Burners with flame detectprs confirming
the presence of flame are continued in operation. If the combustion-control system is in automatic operation, it will compensate for the
reduced number of burners in operation by increasing fuel heat input at each operating
burner. In order to distribute combustion air to
the burners in operation, the individual burner
dampers or burner vanes must be closed at burners that are shutdown. The FSSS system can be
designed to coordinate the operation of the
burner air-dampers automatically.
The various means of firing may require >ontrol either of the firing equipment or closely
associated distinctive fuel-preparation processes. For example, steam-atomized oil firing requires control of oil temperature and atomizingsteam pressure. Black liquor water content,
temperature, and pressure must be controlled.
Pulverizer coal-feed rate, primary airflow, and
mill outlet temperature are regulated. For
spreader stokers, feed rate and overfire air are
controlled; undergrate air distribution, grate
speed, and distributor speed are also adjusted
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by the operator.
The chosen fuel and means of firing it can
also affect the boiler control system by its dynamic responsiveness. Consider the inventory
of unburned fuel resident in a furnace in normal operation at any given instant. At equivalent firing rates, it can be seen that pulverized
coal (fired in suspension) results in a far
smaller inventory than spreader stoker firing
over a grate, and several orders of magnitude
smaller than for underfeed, traveling grate, and
mass-burn refuse firing. The response of the
boiler to changes in fuel feed rate to the furnace
is much faster for firing systems with a small
inventory of finely divided fuel than for firing
systems with a large inventory of large pieces of
fuel in various stages of drying, devolatilization, and burning. Firing systems with a large
fuel inventory are more responsive to changes
in combustion airflow than in fuel flav, so it is
desirable to apply firing-rate demand changes
to the air input first and to retard changes in the
fuel input.
CONTROL OF CIRCULATING FLUIDIZED-BED BOILERS

Circulating fluidized-bed (CFB) boilers,
which are described in detail in Chapter 9, include many significant features of operation
that the control system designer must consider.
In its basic elements, the combustion-control
system for a CFB unit is a cross-limited metering system similar to that shown in Fig. 21. Primary air and secondary air are individually
controlled combustion-air streams that are
staged as a fun'dtion of firing rate for 'effective
distribution. Seal-pot and fluidized-bed heat
exchanger (FBHE) fluidizing air streams provide additional combustion air and are measured but not modulated. Oxygen in the flue gas
is measured and automatically adjusts fuel feed
rate for fuelfair ratio trim. It is important to
maintain the combustor temperature within a
narrow band. The combustor outlet temperature is controlled by regulating the flow of ash
to the FBHE, thereby affecting the distribution
of heat absorption in the unit. Sulfur dioxide in
the flue gas is measured and controlled by adjusting the rate of alkaline-sorbent feed to the

combustor. The combustor differential pressure
is measured and controlled by varying the rate
at which ash is drained from the FBHE.
Oil- or gas-fired starting burners operate to
increase the combustor temperature gradually
and at a low rate in order to protect the refractory during start-up. The starting burners are
horizontal burners which are operated with
flame monitoring and safety interlocks similar
to those reqtiired for horizontal burners in conventional boilers. The starting burners are required to raise the combustor temperature to a
level exceeding the auto-ignition temperature of
the main fuel. This is a key firing permissive for
the main fuel interlock in the fluidized-bed
FBSS@supervisory system.
The CFB combustor includes oil- or gas-fired
burner lances designed to provide a fuel input
to the combustor in the event of problems with
the solid-fuel feed system. The combustor temperature must exceed the auto-ignition temperature of the boiler lance fuel as a permissive to
fire the burner lances.
Key safety functions of the FBSS system are
a prefiring purge of the furnace,
establishment of the appropriate permissives
for firing the starting burners,
8 establishment of the appropriate'permissives
for firing the main fuel,
establishment of the appropriate permissives
for firing the burner lances,
continuous monitoring of firing conditions
and other key operating parameters, and
emergency shutdown of portions or all of the
firing equipment when required.
DIVERGENT DESIGN PRACTICES

Industrial boilers are usually smaller in scale
and less complex than electric-utility boilers.
In many industrial plants, an individual boiler
may be less critical to the plant operation than a
utility boiler is to power-system operation. In
the continuing evolution of boiler control designs for industrial and utility boilers, it is understandable that some divergence in design
practices has occurred. As might be expected,
then, control systems for most industrial boilers
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are less complex than for utility boilers.
One of the fundamental differences is the
frequent application of "de-energize-to-trip"
design to industrial boiler controls. The various control elements to be used in a control system are analyzed to determine their behavior
during loss of power and during their most
probable mode of failure. The control system is
then designed with components selected to
position the final elements in a process "safe"
position or to shutdown in case of loss of power
or component failure.
In many multiple-boiler industrial plants, the
shutdown of one boiler does not greatly affect
plant operation, so redundant boiler controls
and auxiliary equipment have generally not
been applied to industrial boilers. It follows
that runup, rundown, and runback circuits also
have little application in most industrial-boiler
control systems.
Nevertheless, each boiler application must be
carefully evaluated because, in some cases, the
boiler is so critical to plant operation that exceptions to usual design practice are warranted
in order to increase availability of the unit. Indeed, for this reason, many industrial-boiler
control systems have been designed according
to utility-boiler control practice.

FURNACE IMPLOSIONS
Earlier in this chapter, furnace explosions
and the techniques to prevent their occurrence
were discussed. In the mid-1970's, a new problem, which came to be known as a furnace
implosion, appeared. Before discussing the impact of the implosion phenomenon on steamgenerator control systems, the fundamental
nature of the problem should be examined.
THE IMPLOSION PHENOMENON
Two basic mechanisms can cause a negativepressure excursion of sufficient magnitude to
cause structural damage. The first of these
mechanisms is well understood.
Simply attach to a boiler an induced-draft
(ID) fan that is capable of producing more suc-

tion head than the boiler structure is capable of
withstanding. Next, through control malfunction andlor operator error, establish circumstances that result in this pressure capability
being applied to the structure. An-exaniple
would be opening the dampers on an operating
ID fan with the forced-draft (FD) fan dampers
closed, which can result in a destructive negative pressure with the boiler not being fired.
The second mechanism, the so-called flame
collapse or flameout effect, is not generally
understood. As a matter of fact, the unfortunate
use of such terms as flame collapse has led to
many distorted conceptions of the physical
reality.
It is vitdly important that the following explanation for the negative-pressure excursion
which follows a fuel trip and loss of furnace
flame be understood, because only through a
basic knowledge of this mechanism can pitfalls
and preventive techniques be realistically
evaluated.
The physical state of the gases in a furnace or
other subsystem at any instant in time can be
described by the Perfect Gas Law as follows:

PV = MRT
where: P = absolute pressure
V = volume of system under consideration
M = resident mass (not mass flow)
R = the universal gas constant
T = absolute temperature,
all in consistent units
(21

Because V is fixed and R is approximately constant, P is directly proportional to the product
MT. Thus, for two different conditions of pressure and temperature in a given boiler system,
this approximate relationship holds:

During steady-state operation, P is held constant at approximately atmospheric pressure
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by balancing the resident mass M and the existing temperature T. Furnace temperature in a
steam generator is not directly controlled and
depends on the thermal balance between the
heat in (in the form of burning fuel and heated
air) and the heat out (in the flue gas and heat
transferred to the pressure parts). The resident
mass is automatically balanced by controlling
the flue gas flow out of the boiler to maintain a
given furnace pressure.
When the fuel input is terminated, this balance no longer exists. The flue gas being pulled
out of the furnace by the ID fan is now being replaced only by preheated air rather than by the
products of combustion in the firing zone. As a
result of this situation, the average temperature
of the gases resident in the furnace (or other
subsystem) at any given time following the fuel
trip will decrease rapidly. Because of the tem-

perature drop, the pressure in the furnace starts
to decrease (Fig. 25).
If the resident mass were to remain constant
in quantity, the absolute pressure in the furnace would drop in direct proportion to the absolute temperature drop. A gage pressure of
-1.0" WG is equivalent to 406" WG absolute.
Thus, with a constant resident mass, a 10 percent change in absolute temperature would
cause a 10 percent change in furnace pressure;
that is, 40.6" WG.
Fortunately, the natural characteristics of
forced-draft and induced-draft fans and their
control devices are such that a constantresident-mass situation is virtually impossible
to achieve.
Assume, for the moment, that all FD and ID
fan dampers are fixed in position. As the furnace pressure begins to decay because of the
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Fig. 25 Pressure profile in a balanced-draft unit before and after trip. Notice that the magnitude of the
drop in furnace pressure at the peak of the excursion is higher than those at the FD fan discharge and the
ID fan inlet. This is because of the difference in flow conditions at the time of the excursion.
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temperature decay, the fans will move to different operating points on their respective performance curves. The FD fan will move in the
direction of increasing volume; the ID fan, in
the direction of decreasing volume (Fig; 26).
The airflow through the windbox will increase
because the lower furnace pressure appears to
the FD fan to be a reduced system resistance.
T h e fluegas flow will decrease because the
lower furnace pressure appears to the ID fan to
be an increased system resistance.
The net effect of this increase in airflow and
reduction in gas flow is to increase the resident
mass in the furnace, which tends to compensate for the temperature decay. This natural
corrective action taken by the FD and ID fans is
a key ingredient in the ability to contain
furnace-pressure excursions to values that are
within tolerable limits.
It should be apparent that the Perfect Gas
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Law does notrecognize the difference between:
w types of firing systems (corner, front and rear,

dry-bottom, or slagging bottom);
coal firing, oil firing, or gas firing; and w balanced-draft or pressurized operation.
To understand, then, why the most serious
implosion problems have been experienced
with oil-fired, balanced-draft boilers, it is necessary to keep in mind that the key to holding
furnace pressure constant is to maintain
the product of resident mass and temperature
constant.
On a pressurized boiler, the action of the FD
fan during normal operation pushes the flue
gases out of the furnace.
When the combustion process in such a pressurized unit is terminated, the resulting temperature decay causes the furnace pressure to
drop rapidly. As soon as the furnace pressure
drops below atmospheric pressure (ignoring
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stack effect), the flue gas will no longer leave
the furnace but the airflow will continue to enter. Moreover, any additional decrease in furnace pressure will cause a reverse flow7 down
the stack, back into the furnace.
When firing is terminated on a balanceddraft unit, flue gas (with its mass at furnace
temperature) will be pulled out of the furnace
until the pressure there reaches a negative
value which is directly related to the cutoff
pressure of the ID fan corresponding to the temperature entering the fan. The higher the head
capability of the ID fan, the larger the pressure
excursions that may be experienced.
Thus, although some authors have attempted
to treat the ID fan characteristics and the fuel
cutoff as two independent effects, they are actually inseparable.
With respect to pulverized-coal and oil firing, the difference is one of therate of temperature change. This rate depends on how fast a
given percentage of the furnace volume undergoes a replacement of combustion products
with preheated air. Coal-fired units have the
following characteristics that produce a slower
temperature decay:
1. The fuel cutoff is generally more gradual
than with oil firing, because of the pulverizedfuel residual in the pulverizer and fuel piping.
2 . The ratio of resident mass to mass-flow rate is
higher than for an oil-fired boiler, because
coal-fired furnaces are significantly larger in
size than oil-fired-only furnaces.

THE "CULPRIT," THE INDUCED-DRAFT FAN

I n connection with the implosion phenomenon, it is most important that engineers
responsible for draft-system and furnaceframing-system design understand how an induced-draft fan operates, how it is controlled,
and how it responds to changes in the inlet pressure that it "sees."
Induced-draft fans are used singly, or in multiples of 2, 3, or 4, to evacuate the products of
combustion from a boiler-furnace while maintaining the pressure at the top of such a furnace
about 0.2" WG below atmospheric pressure.

Centrifugal-type ID fans customarily are
equipped with inlet vanes or inlet louver
dampers for control of the volumetric flow of
gas through them. (See Chapter 14.)
These devices have similar control characteristics (as compared to outlet dampers or
variable-speed drives), but can have widely
varying time-constants depending upon the
type of actuator used to move them.
Fig. 27 shows the effect on the pressure1
volume curve of such a fan when either vanes
or dampers are closed to reduce the gas
through-flow. On this curve, fan static-pressure capability is plotted against rated volume,
and a system-pressure curve is shown-a simple square relationship of static pressure to
volume (SP a V2).The control device is regulated so that the required static pressure to
satisfy the resistance of the physical system is
developed at any given volumetric flow rate.
But, at the same time, for the particular vane
position, a fan characteristic curve is established such that the fan is capable of an infinite
number of discrete static-pressure values yersus any given volumetric flow.
If we consider an operating mode in which
the induced-draft-fan control vanes or dampers
are capable of infinitely fast response, any
change in the furnace pressure of a balanceddraft unit that is sensed by the system will
cause the vanes to change position to maintain
the required system static pressure exactly, and
along the system-pressure curve. For instance,
if there should be a reduction in furnace pressure (caused,say, by a decrease in the fuel fired
and the corresponding. combustion airflow),
the vanes will immediately close to reduce the
gas flow handled by the fan before the furnace
pressure drops any further. With such infinitely fast vane control assumed, even with an
instantaneous very large drop in furnacepressure level (such as there could be if there
were a master fuel trip or if the forced-draft-fan
dampers were to accidentally close), the system curve will always be followed and the
induced-draft fan will make instantaneous corrections to maintain furnace pressure at the
level preset (below atmospheric).
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Fig. 27 The effect on a centrifugal-type ID-fan pressurelvolume curve when either vanes or dampers are
positioned to reduce the gas through-flow

Another condition can be postulated, in
which the control vanes or dampers are maintained in a fixed position as boiler load varies;
this is equivalent to a zero rate of damper response. When boiler load decreases (and fuel
flow, airflow, and gas flow decrease correspondingly), the developed fan static pressure
increases following a static-pressure versus
volume curve sloping upward to the left;
furnace suction (pressure below atmospheric)
increases rapidly. The obvious limit to the
furnace suction that can be developed is the
highest static-pressure value on the curve,
which for damper settings below 50 percent,
appears to be at or about the fan no-load cutoff
value (the static head developed by a fan when
its volumetric delivery is zero).
Under normal load-changing -conditions, if
fan vanes are maintained at a given position,
either accidentally or purposely, furnace suction will vary, with the maximum staticpressure capability of the fan being the limit.
Under these conditions, of course, forced-draft
airflow continues, but is automatically varied
with boiler firing rate.
Assume that a master fuel trip occurs un-

der this condition of vanes-maintained-inposition. Assume further that the forced-draft
fan dampers close quickly, so that there is a
rapid decrease in the gas available to the
induced-draft fan. The induced-draft fan will
immediately ride up along the characteristic
curve to the cutoff point; after reaching the
cutoff point, reverse flow of gas down the stack
will occur (at some indeterminable flow rate)
until the furnace suction that has been established by the decrease in the average gas temperature is satisfied. .
If the rate of reverse flow is not high enough,
the furnace will fail structurally if the framing
system is not capable of withstanding the low
absolute pressure that results from the fuel trip.
Of course, what happens during a master fuel
trip in which equipment is on automatic control is somewhere between the above two postulated situations. Fan dampers or vanes close
in an effort to reduce the gas flow leaving the
furnace, restricting the magnitude of the furnace pressure-level reduction. With good
mechanical response to the control signal (particularly if an "early" signal has been received
through the use of a feed-forward arrange-
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ment), fan static-pressure capability will match
the furnace suction being developed as a result
of the reduction in furnace gas temperature, all
while the volumetric gas flow through the fan
is being reduced to zero. Ultimately, this frustrates any implosion tendency.
The above analysis applies to constant-speed
centrifugal-type or vane-controlled axial-flow
fans. A similar approach can be used in assessing the implosion potential of variable-speed
centrifugal, or variable-pitch axial-flow fans.
CONTROL IMPLICATIONS

Implosion cancerns have resulted in many
new control-system developments. The search
for the ideal implosion-prevention control
scheme is still proceeding. Each steamgenerator manufacturer has recommendations,
and the National Fire Protection Association
has issued NFPA 85-G on the subject.
Space does not permit going into the specifics of the control-system designs which are
outlined in such recommendations. However,
the following must be provided in any
furnace-draft and combustion-control system:
1.The airflow to a furnace must be maintained
at its pretrip value and must not be prevented
from increasing by following natural fan
curves; but positive control action to increase
airflow is not allowed by NFPA.
2. The flow of combustion products from a furnace must be reduced as quickly as possible following a unit trip.
3. If the removal of fuel from the furnace can be
over a 5- to 10-second period (rather than instantaneously),there will be a reduction in the
magnitude of the furnace-pressure excursion
that follows a unit trip.

Obviously, even the most carefully designed
control system will be of limited value if all its
components are not completely installed, if it
has not been properly checked out or is in
"poor tune", or if it has been inadequately
maintained. It is essential, therefore, that protective control systems for large, high draft-loss
boilers be properly designed, installed, tested,

and maintained, and that plant operators consider these control systems to be vital.

POWER-PLANT
DIAGNOSTIC SYSTEMS
The need for performance diagnostic systems
and their high cost-effectiveness are discussed
in Chapter 24. Although the study referenced
in that chapter was aimed at improving the
availability and performance of existing steamgeneration equipment, the application of diagnostic systems is equally important for new
units. Beginning with plant start-up, performance monitoring and diagnosis can provide a
consistency of unit operation and can minimize, if not totally avoid, those operating conditions that may have adverse effects on the life
of the equipment. Further, because fuel costs
constitute the major portion of the cost of electricity, plant heat rate, especially as it is influenced by boiler efficiency, must be a primary
consideration in all modes of operation.
SYSTEM STRUCTURE

The purpose of diagnostic systems is to continuously monitor, evaluate, and interpret during operation the thermal, structural, and
chemical conditions of the entire power-plant
complex in real time. The information obtained
is displayed in a meaningful manner to operating personnel and provides them with the opportunity for appropriate action to improve
performance and to avoid conditions which
may adversely impact equipment life. Further,
operating conditions (in the form of data sets)
are date- and time-stamped, and archived for
off-line recall at a future time. This chronicling
allows the opportunity for detailed analysis by
results engineers, and the setting of long-term
operating strategies consistent with management objectives. In addition, the archiving of
data sets with the ability to review operation
conditions based on various, parameters (such
as load, fuellair ratio, water chemistry, temperature excursions, sootblowing frequency, and
the names of operators on duty) can provide in-
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sights into long-term degradation of equipment
performance or the necessity for additional
operator training, which may not be readily apparent during on line-operation.
The sophistication of the installed diagnostic
system will, of course, depend on the type and
cost of the equipment and software selected. A
range of systems is available, from off-line personal-computer-based programs to advanced
mini-computer types that allow interactive
communication for on-line changes in operating parameters.
DESIGN STRATEGY

The modern power plant obviously will include all the means to generate power; that is, it
will have a boiler, a turbine, a generator, primary sensors for monitoring operation and for
data acquisition, a data highway, and operational-control equipment. Adding appropriate
diagnostic programs, as needed, can improve
the efficiency and reliability of power generation. Although the calculated results of on-line
analysis can be used to directly affect unit operation, diagnostic systems are better employed to
provide adequate feedback information for operators to make intelligent and well-considered
decisions to improve unit performance. In order
to so improve thermal performance, increase
plant availability, and to promote equipment
longevity, an integrated system can be built
from one of more of the currently available
diagnostic modules'described below.
8 On-Line Thermal Information. System - improves plant thermal-cycle efficiency and optimizes sootblowing frequency.
Boiler Stress and Condition Analyzer - extends unit life and improves availability by reducing damage to heavy-walled components.
8 Interactive Chemistry Management System improves availability by minimizing water and
steam chemistry excursions.
8 Acoustic Steam-Leak Detection System - reduces forced-outage time by early detection and
location of leaks in boiler pressure parts and
feedwater
heaters.
--

Tube Temperature Monitoring System -improves availability by reducing superheater and
reheater element temperature excursions..
8

OPSIZE - reduces carbon loss, lessens slagging and fouling, and optimizes pulverizer and
precipitator performance by measuring and
controlling coal-particle fineness.
8

Although each system functions on a standalone basis, they work in combination to complement each other by sharing a common data
base. For example, optimizing pulverized-coal
fineness can improve thermal efficiency, and so
on. Fig. 28 illustrates the integrated concept; it
shows how each diagnostic module can communicate with plant data-acquisition systems,
the station control room, and engineering work
stations, as desired.
Two of the modules above are intended to improve boiler efficiency as well as the overall
plant heat rate.
C-E ON-LINE THERMAL INFORMATION SYSTEM (OTIS)

Thermal-performance-optimization software
assists operators in selecting controllable parameters of boiler and steam cycles. For coal-,
oil-, and gas-fired plants, the controllables include excess air, burner tilt, desuperheatingspray flows, and feedwater heaters in service.

Fig. 28 Combustion Engineering Total On-Line
Performance System
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For coal-fired plants, special importance is
placed on sootblowing. Thermal-performance
software also assists operators and plant technical staff in diagnosing long-term trends of conditions that can erode heat rate. Examples of
such effects are turbine blade erosion, condenser fouling, feedwater-heater leakage or
fouling, and air-heater leakage.
Thermal-performance-optimization software
is evolving for four distinctly different levels of
plant operation. These levels are as follows:
1.Gross plant, boiler, and turbine efficiency.
2. Component-level berforrdance with trending
compared to baseline tests. The components
analyzed are the boiler, steam turbine, condenser, and feedwater heaters.
3. Subcom~onent-levelperformance, with online optimization strategies. The subcomponent-level diagnostics address, for instance,
individual heat-exchanger elements and discrete turbine expansion stages in addition to
overall component performance. Optimization
strategies are based on achieving original design thermodynamic conditions or on iterative
searches to optimize overall heat rate. Patternrecognition techniques are employed to diagnose the causes of long-term heat rate degradation. Predictive modeling allows operators
to evaluate alternative control strategies without
actually changing operating parameters.

4. Bona fide expert systems employing heuristics
to isolate problems and recommend action.
These diagnostics are mostly experimental at
this time; in them, standard engineering models
based on the conservation equations, heat transfer, and thermodynamics interact with a heuristic process.
COAL FINENESS CONTROL

Minimizing carbon loss is widely recognized
as an important factor in improving boiler efficiency. Even though a new boiler operates with
excellent carbon-conversion efficiencies, older
equipment may not do as well. Inadequate coal
fineness control is amajorcontributor to elevated
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Fig, 29 Sensitivity of carbon loss to coal fineness

carbon loss. Fig. 29 shows the sensitivity of carbon-conversion efficiency t~ coal fineness for a
boiler firing low- to medium-volatile bituminous
coal.
The degradation in fheness usually results
from one or more of the following problems:
worn separator body liners
damage to one or more classifier vanes
excessive ring-to-roll clearance
variations in coal grindability resulting from
'
blending or switching sources
infrequent fineness measurement and adjustment
'

The C-E OPSIZE system addresses these problems by performing on-line real-time measurement and control of coal fineness.
PLANT AVAILABILITY IMPROVEMENT

Pressure-part failures are generally found to be
the single most important contributor to steamgenerator forced outages. Interactive chemistrymanagement systems and acoustic steam-leak
detectors address this problem area.
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chemistry, and the effect of corrective actions.

C-E INTERACTIVE WATER-CHEMISTRY
MANAGEMENT SYSTEM (ICMS)

This diagnostic tool is designed to _improve
boiler availability through better control of water
and steam chemistry, as described further in
Chapter 20 on power-plant water technology.
Continuous on-line water-chemistry management assists operators by providing alarms and
recommending corrective action as soon as a
water or steam chemistry excursion is detected.
Fig. 30 shows a schematic diagram of the sampling requirements f0r.a typical waterlsteam cycle. For feedwater: pH, oxygen, ammonia,
hydrazine, and condenser leakage are monitored
and displayed; for boiler water: pH, phosphate,
total solids, silica, and blowdown; for steam:
cation conductivity, sodium, and carryover.
Pattern recognition, trend analysis, and solubility data are used to diagnose phosphate hideout and condenser leakage. Analyses are
performed on-line to determine the magnitude
of the occurrences, their impact on system

G E ACOUSTIC STEAM-LEAK
DETECTION (ASLD) SYSTEM

The ASLD system allows plant operators to
detect leaks early and locate them more accurately. Both features help minimize the cost resulting from a tube leak. Early detection can
minimize the damage that can occur when a
leak washes nearby tubes; accurately locating
the leak will reduce repair time.
The Acoustic Steam-Leak Detection System
consists of a number of tuned listening channels which are strategically located along the
furnace walls of a steam generator. Boiler size
and configuration determine the required number of listening channels per system. The sound
produced by a leak is picked up by the listening
channels and is transmitted to a head amplifier
which filters and boosts the signal for transmission to the signal-conditioning unit controlroom display.
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LIFE CONTINUATION

C-E TUBE-TEMPERATUREMONITORING SYSTEM (TTMS)

A major area of concern in prolonging the life
of existing steam-generators is in the avoidance
of damage to heavy-walled components. The
life of headers, tees, drums, and high-energy
piping is critical because of the high costs and
long times associated with obtaining replacements for damaged components.
A second aspect of continuing unit life is concerned with preventing superheater and reheater tubing failures, which represent nearly
half of all boiler tubing failures.
One of the most cost-effective ways of continuing equipment life is to make it possible
for plant personnel to avoid damaging operations. To do this, operators need accurate online information, provided in the control room
through a stress-and-condition analymr and a
tube-temperature monitoring system.

This system is designed to assist the plant
operators and engineering staff in making intelligent operating decisions which will minimize
loss of tube life and increase unit availability
The importance of monitoring tube temperatures is illustrated in Fig. 31, which shows
stress-to-rupture data for 2-114 Cr 1 Mo steel.
This data indicates that increasing the temperature of a given superheater element by just 12 F
can reduce its time-to-failure from 115,000
hours to 76,000 hours.
The Tube-Temperature Monitoring System
monitors the metal temperatures of superheater
and reheater tubing. The measured temperatures are compared against predetermined
alarm levels, which are based on oxidation
limits and stress-rupture limits. Current data,
including alarm conditions, are presented to
operators on a menu-driven display. Using this
information, personnel can modify boiler operation to achieve optimum unit performance
consistent with minimizing damage to tubing.
In addition, the TTMS maintains a historical
data base which the engineering staff can utilize to develop strategies for extended operation
and maintenance based on economic criteria.

C-E BOILER STRESS AND CONDITION ANALYZER
(BSCA)

The BSCA is an on-line diagnostic system designed to assist operators in avoiding damaging
operating conditions. During plant start-up,
shutdown, and cycling operation, temperature
transients are imposed on the headers, tees,
drums, and steam lines. The resulting thermal
loadings cause significant stresses which can
increase creep damage and cyclic fatigue. The
BSCA monitors the unit operation in real time,
alerts operators to damaging transients as they
occur, and calculates accumulated damage to
critical components.
The BSCA continually collects plant operating data including temperature, pressure, and
flow data. The effects of pre-existing operational practices on the state of damage in the
thick-walled pressure parts are accounted for
either by initializing the damage arrays based
on historical unit operating data or by a variety
of material analysis techniques. Alarm setpoints for differential _temperature and overtemperature are established based upon
initialized damage arrays, expected mode of
unit operation in the future, and optimum component life.
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OTHER POWER-PLANT
CONTROL SYSTEMS
This chapter has dealt solely with stearn-generator related control and diagnostic systems.
Given sufficient space, similar chapters could
be written about the controlsfor flue-gas-desulfurization systems, precipitators, and ash-handling
systems, all of which can be in the "steamgenerator island." Increased controls sophistication istaking place in .such areas, for the same
reasons as outlined above.

The power industry cannot be expected to play
a significant role in the development of microelectronics. But the industry will take advantage of new developments, particularly in the
area of distributed computer-based systems, as
they become available.
Increasing demands for higher productivity
and availability of steam-generating plants will
provide new challenges for designers of operational-control and diagnostic systems. The electronics industry will provide the tools; the
power-generation controls engineers must provide the imagination.

CHAPTER 14

Steam-Generator Auxiliary Equipment

u

his chapter describes power-plant equipment such as fans, air heaters, sootblowers,
and the boiler-water circulating pumps. This
equipment is usually designated as boiler auxiliaries. Power-plant noise, which applies particularly to these and most other equipment
peripheral to the boiler, also is covered. Other
such components described in detail elsewhere
include pulverizers, Chapter 11; ash-handling
equipment, Chapter 16; and structural-steel
design and erection, Chapters 6 and 19. Operational control system philosophy and design
are included in Chapter 13, and the entire scope
of boiler-related emission-control equipment is
presented in Chapter 15.
Although boiler auxiliary components are
secondary to the design of the boiler itself, they
are absolutely essential to its operation. Together, they represent a very sizable portion of
the overall steam-generator cost. As differentiated from equipment considered auxiliary
to the remainder of a steam power plant, a boiler
auxiliary is equipment which is an integral
part of, or is required for the operation of, the
boiler. For example, compressors for air sootblowers and certain sealing requirements, are
part of the overall power-plant equipment and
are not boiler auxiliaries. Pumps within the
boiler circuit are boiler auxiliaries, but feed-

water pumps are part of the power-plant cycle.
In general, valves required for boiler operation
are boiler auxiliaries, but steam stop valves,
turbine throttle valves and most other valves
related to the steam turbine and feedwater
heaters are not.
Equipment is described here to help
familiarize the reader with the different components and their specific applications in
boiler work. The calculation of volumes handled and static pressures to be encountered
with fans are given in Chapter 6 . For sootblower selection, the designer must take into
account the boiler configuration and the probable dirtying characteristics of the coal ash, as
referenced in Chapters 2, 3, 6, 7, 8 , and Appendix B. For air-heater sizing, air and gas flows
and temperatures have to be calculated, as will
allowable static pressure losses; for more information on such calculations see Chapter 6.
It is important to realize that there are instances in which some of this peripheral
equipment is purchased separately from the
steam-generator contract. However, the boiler
manufacturer has to be relied on heavily to
provide basic steam generator performance
data. The data is necessary for the proper selection and design of the peripheral equipment
and other auxiliaries.

COMBUrnON
Steam-Generator Auxiliary Equipment

POWER-PLANT FANS
Regardless of fuel and method of firing, all
boilers for electrical, industrial, or marine
power generation use mechanical draft fans
(Fig. 1).They supply the primary air for the pulverization and transport of coal to the furnace.
They also supply the secondary and tertiary air
to the windboxes for completion of combustion. Fans also remove the products of combustion from the furnace and move the gases
through heat-transfer equipment and flue-gas
desulfurization equipment. Sometimes, gas
fans control steam temperature. Numerous
small fans are used for sealing and cooling
of ignitors, scanners, and other equipment.
Power-station fans are among the largest
made: static pressures of 60" WG and individual fan volumes of 1.5 million cu ftlmin
are common. And, usually, they are customdesigned with blade configuration and control
systems highly sensitive to both owner preference and the evaluated cost of installed pnd
operating power. Applications that require the
largest fans (and thereby use the greatest
amount of plant power) on a boiler fall into four
categories which combined account for more
than half of the total boiler power requirements.
The four fan categories are: forced-draft, primary-air, induced-draft and gas-recirculation.

plant. They are particularly well-suited for
high-speed operation. Most FD fan installations have inlet silencers for noise reduction
with screens to protect the fans from any entrained particles in the incoming air.
EFFECT OF AIR TEMPERATURE

Both the air temperature at a power plant and
its elevation above sea level affect air density,
which in turn has a direct influence on the
FD-fan capacity. If steam coils or other means
of heating the air ahead of the FD fans are provided, the consequent air temperature to the
fans must be taken into account. If hot-air recirculation is used for air-heater protection, then
both the added volume of air and its higher
temperature must be considered. As mentioned
in the calculation sections of previous chapters, if air moisture exceeds 2 percent by weight
(as can occur in high-temperature tropical installations) the resulting greater volume calls
for increases in size of all fans on a unit.
PRIMARY-AIR FANS

Large high-pressure fans supply the air
needed to dry and transport coal either directly
from the pulverizing equipment to,the furnace,
or to an intermediate storage bunker. As de-

FORCED-DRAFT FANS

Forced-draft fans supply air necessary for
fuel combustion, as calculated in Chapters 4
and 6 , and must be sized to handle the stoichiometric air plus the excess air needed for
proper burning of the specific fuel for which
they are designed. In addition, they provide air
to make up for air-heater leakage and for some
sealing-air requirements. Forced-draft (FD)
fans supply the total airflow except when an
atmospheric-suction primary-air fan is used.
Radial airfoil (centrifugal) or variable-pitch
axial fans are preferred for FD service. FD fans
operate i n the cleanest environment associated with a boiler, and are generally the
quietest and most efficient fans in the power

Fig. 1. construction view of four axial-flow type
induceddraft fans serving a large pulverized-coal
steam generator
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scribed in Chapter 11, primary-air fans may be
located before or after the milling equipment.
The most common applications are either
pulverizer exhauster fans or_ cold (ambient
temperature) primary-air fans.
The mill exhauster fan draws hot air from the
secondary-air duct and through the pulverizer.
The coallair mixture from the pulverizer then
passes through the fan and discharges into the
fuel pipes which carry the mixture to the furnace for ignition. One fan is usually supplied
for each pulverizer.
A materials-handling fan of the straightblade type, the mill exhauster is sized for the
maximum airflow needed by the pulverizer. It
must develop sufficient pressure at maximum
airflow to overcome the resistance of the air
ducts, dampers, the pulverizer, and the fuel
pipes to the furnace.
Located before the air heater, the cold
primary-airsfan draws air from the atmosphere
and supplies the energy required to force the
air through the ducts, air heater, pulverizer,
and fuel piping. Usually two fans are supplied
for each steam generator.
Cold primary-air fans for ambient-air duty
are of the centrifugal airfoil or multi-stage axial
type and, like FD fans, have silencers. In situations involving severe particulate concentrations or high temperatures, straight radial or
modified radial fans are recommended.
With a cold-air system, the air volume handled by the primary-air fan is subtracted from
the amount of air that must be handled by the
forced-draft fan. Therefore, if coal is the only
fuel being fired, the forced-draft fan may be
made smaller because of the amount of air handled by the cold primary-air fan.
~

INDUCED-DRAFT FANS

.-.

Induced-draft (ID) fans exhaust combustion
products from a boiler. In doing so, they create
sufficient negative pressure to establish a slight
suction in the furnace (usually from 0.2 to 0.5"
WG). This condition gives rise to the name
"suction firing" or "balanced-draft" operation.
These fans must have enough capacity to accommodate any infiltration caused by the nega.-

tive pressure in the equipment downstream
of the furnace and by any seal leakage in air
preheaters. Chapter 6 gives the method of establishing volume and pressure specifications
and tolerances.
As ID fans are now typically located downstream of any particulate removal system, they
are a relatively clean service fan. In most instances, therefore, radial-tip or solid-reinforced
blade centrifugal fans are not required. Typically, airfoil-bladed centrifugal or variablepitch axial fans are used for this service
because of their inherent high efficiency. These
fans have high capacities, in excess of 1.5 million cu ftlmin, and their airfoil blades minimize turbulence and noise. The blades and
center plates may also be fitted with wear pads
and replaceable nose sections for greater wear.
Structural strength, particularly important in
larger sizes, is excellent with these designs.
Where greater wear resistance is needed because of dust burden or where a very conservative approach is desirable, a modified radial or
forward-curved, backward-inclined design is
used. With some sacrifice in efficiency, these
blade shapes minimize dust build-up and reduce downtime for cleaning. They have low
noise characteristics, and their relatively simple design allows fabrication in special alloys
should they be required for service downstream
of a wet scrubber.
The ID fan is sometimes used as a booster fan
with flue-gas desulfurizing (FGD)scrubbers. In
one such arrangement, ID fans follow the precipitator or baghouse and another set of fansthe booster fans-follows the scrubber. With
pressurized scrubbers, the booster fans are
placed directly behind the ID'S and ahead of
the scrubbers, acting to "push" the gases
through the FGDS.
GAS-RECIRCULATION FANS

Gas recirculation fans draw gas from a point
between the economizer outlet and the air-preheater inlet, and discharge it (for steam-temperature control) into the bottom of the furnace.
When controlling steam temperature on coalfired units, a high-efficiency, high draft-loss
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mechanical dust collector must be installed
ahead of the fan. If the recirculation fan on a
coal-fired unit is only for standby or emergency
oil firing, the dust collector is omitted.
Gas-recirculation duty provides the most severe test of a power-plant fan. The combination
of heavy dust loads and rapid temperature
changes demands the utmost in rugged, reliable fan design. Particularly important is how
the fan hub is mated with the shaft; the oftenused shrink-fit may not be adequate. To cope
with temperature excursions, fans with an integral hub are preferable. Straight or modified radials or forward-curved, b a c k ~ a ~ d linclined
y
centrifugal wheels meet these needs the best.
Turning gears are supplied on gas-recirculation fans to turn them at slow speed when the
main drive motor is not in operation. If a gasrecirculation or ID fan is exposed to gases above
400°F,the turning gear should be energized to
prevent thermal distortion of the motor.

pressure is the air pressure that exists by virtue
of the degree of compression and the rate of motion. When applying these definitions to fan
performance, there are distinct relationships
that exist between each variable.
Fan total pressure is the difference between
the total pressure at the fan outlet and the total
pressure at the fan inlet. Fan velocity pressure
is that corresponding to the average velocity at
the specified fan outlet area. Fan static pressure is the difference between the fan total
pressure and the fan velocity pressure. Thus, it
is the difference between the static pressure at
the fan outlet and the total pressure at the fan
inlet. Static pressure rise, sometimes mistaken
for fan static pressure, is the static pressure at
the fan outlet minus the static pressure at the
fan inlet. The difference between fan static
pressure and static pressure rise is the inlet
velocity pressure.

HOW FANS WORK

With the equation for fan work and some
basic physical constants, the equation that'expresses air horsepower can be developed.

A fan is a volumetric machine which, like a
pump, moves quantities of air or gas from one
place to another. In so doing, it overcomes resistance to flow by supplying the fluid with the
energy necessary for continued motion. Physically, the essential elements of a fan are a
bladed rotor and a housing to contain the incoming air or gas and direct its flow.
ENERGY FACTORS

Because a fan does work it demands energy
to operate. The amount of energy depends on
the volume of gas moved, the resistance against
which the fan works, and machine efficiency.
Chapter 6 gives the method of calculation of air
and gas volumes. It is important to calculate
such volumes at the actual pressure or suction
existing at the fan inlet.
FAN PRESSURE RELATIONSHIPS

Draft, pressure, draft loss and pressure loss
were defined in Chapter 6 which also differentiated between velocity*pres.iiureand static
pressure: total pressure was stated to be the
algebraic s u m of velocity pressure and static
pressure. Specifically related to fans, total

POWER

V x H
Ahp = 6356

'

where V is the volumetric flow through the fan
in cu ftlmin and H is the head or pressure difference (in inches of water) across the fan. The air
horsepower may also be designated as either
static or total. Because the resistance to be
overcome in fan application is primarily static
pressure, the fan pressure developed is usually
referred to in terms of static head. On this basis,
the calculated fan power is known as static air
horseporzrer (Ahp,). When the power calculations are based on total head, fan power is referred to as the total air horsepower (AhpJ and
is equivalent to the power output.
Ahpt
Fan Mechanical efficiency (q,)= power input
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fluid pressure (br directly with fluid density)-and that adjustments often must be made
for pressure and temperature variations when
calculating performance or selecting a fan for a
particular application.

or, transposing,
Power input (brake or shaft hp) =.&p,
71

--V H,
6356qt
(3)

T h e power input formula assumes that air is
a n incompressible fluid. But the fact that air is
compressible must be recognized when designing for high pressure differentials. The fan
power formula then becomes
Power input, hp =

k,Y H,

-

6356v,

ivhere kc can be taken from Fig. 2 , which is
based on adiabatic compression.
Density

'

Because they affect gas density, pressure and
temperature of the air or gas also influence
power output and efficiency. A change in
density changes total and static pressure and
their subsequent conversion into inches of
water at standard conditions. Remember that
head and horsepower vary inversely as absolute fluid temperature and directly as absolute

SPECIFYING FAN OPERATING CONDITIONS

The problem of specifying the required operating conditions for fans at various load points
is usually the responsibility of the boiler, FGDsystem, and particulate-removal-equipment
suppliers. The fan manufacturer assumes responsibility only for producing the volumetric
flow and pressure specified. If the fan and system are incorrectly matched, the fan will not
deliver the desired flow or pressure. Once the
fan has been installed, it is difficult to increase
its capability significantly because of physical
limitations such as motor and impeller size. To
select the appropriate fan for a given application, the fan vendor needs to know the density,
flow and pressure requirements of the system at
various points of operation and whether there
are any fan speed !imitations. If any of these
variables change, it can affect the fan selection.
FLOW

The gas flow through the fan is usually expressed as a volumetric flow rate. It is necessary to determine the flow rate in actual cu
ftlmin (acfm) at the inlet to each fan from the
density at the fan inlet and the mass flow rate
(lblhr). Proper corrections for plant elevation
and actual conditions of local pressure at fan
inlets must be made to the calculated air and
gas volumes, as described in Chapter 6 .
PRESSURE

1.00 1.04 1.08 1.12 1.16 1.20 1.24

--Outlet - Pressure Ratio
P inlet
Fig. 2. Compressibility hctor for use in calculating
fan power consumption, assuming adiabatic cornpression
.-

On balanced-draft units, the required static
head for the FD fan is the sum of all the series resistances in the secondary-air system,
including cold-air duct, steam air heater, air
preheater, air metering device, hot-air duct,
dampers and windbox pressure drops. For pressurized units, the additional loss from the furnace to the stack outlet must also be included
in determining total system resistance. ID fans
must provide a static head equal to the series
resistance from the furnace to the stack outlet,
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including resistances of superheater, reheater,
boiler bank, economizer, air preheater, dustcollecting equipment, scrubbers and all ductwork. For primary-air (PA) fans, static pressure
requirements are determined by the resistances
through the inlet duct and air preheater,
the pressure drop through the pulverizer,
and the resistance through the fuel piping to
the furnace.
"SPECIFIED" CONDITIONS

The volume flow (acfm) and static pressure
("WG) calculated by the boiler or scrubber
manufacturer, as previously discussed, give
the actual required fan capacity under ideal
operating conditions. Besides the requirements at full load, the boiler or scrubber manufacturer should also calculate performance
requirements at several other partial load
points to evaluate power consumption, select
the control equipment, and assure a fan that
will operate at maximum efficiency at the desired normal output of the steam-generating
unit. Also, the fan manufacturer must have a
clear understanding of the system resistance
over its entire range to ensure that a fan will
operate at all points along its curve from the
point of view of stability, sound, and efficiency.
Usually a margin or safety factor is added to
the maximum continuous (MCR) volume and
pressure requirements to arrive at maximum
design or "specified" rating. Fan tolerances
ordinarily used by C-E are given in Chapter 6.

Fans are broadly classed as either centrifugal
or axial, according to the flow direction. The
centrifugal (radial) fan moves air perpendicular to the rotational axis of the impeller; the
axial-flow fan moves air parallel to the rotational axis of the impeller.
CENTRIFUGAL FANS

Centrifugal fans use blades mounted on an
impeller (or rotor) which rotates within a spiral
or volute housing. Blade design determines fan
characteristics, so by using blades of different
shapes, a fan engineer can select an appropriate
fan design. Basic blade types are the radial.
radial tip (forward curved), and backwardly
inclined (solid or airfoil). A velocity vector
diagram at blade tip (Fig. 3) indicates that backward curved blades produce low velocities for a
given tip or peripheral speed, and that forward
curved blades give high velocity. Radial blades
and radial-tipped blades lie between these two
extremes. The back~vardlycurved blade type,
therefore, operates at greater motor speeds than
the other types for a given duty and is u~ell
adapted to direct drive with motors or steam
turbines.
Fig. 4 shows some commonly used blade
shapes. In general, blade type limits fan speed.
Thus, the backward-blade machines can operate at a relatively higher speed than the for-

TYPES OF FANS

From the point of view of fluid mechanics,
fans represent a class of turbomachines designed to move fluids such as air, gases and
vapor against low pressure. From the point of
view of mechanical design, fans have a very
light casing because inlet pressures are atmospheric or lower. Simplified hydraulic forms
and welded steel plate are generally encountered in fans.
Direct-connected drives most often are used
in power-plant work with control obtained
through variable-speed motors, hydraulic couplings, or variable inlet vanes.

Forward Curved

Backwardly Curved

Fig. 3. Velocity vector diagrams comparing forward-curved and backwardlycurved centrifugal-fan
blades. At same tip velocity (Vb) each type blade
produces different air velocity (Va). Vector Vab is air
velocity relative to the blade
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ward-curved design. Blade selection depends
on speed limitations, allowable noise levels,
efficiency demanded by specified load conditions, and desired fan performance characteristics in the most likely range of operation. In
addition, the maximum attainable mechanical
efficiencies and tolerance of the blade to corrosion and erosion are selection factors. Table I
shows the effect of blade type on both
maximum possible efficiency and fan resistance to flyash erosion. Notice that increasing
the efficiency of a centrifugal fan sacrifices its
erosion resistance.
Once the optimum fan has been determined,
the aerodynamic selection process yields
width, diameter and speed of the fan wheel.
These parameters then become factors for subsequent elements of the fan design. In general,
the fan wheel dimensions determine the basic
dimensionsof the fan housing and inlet boxes.
Centrifugal-Fan Design

A very common centrifugal fan arrangement
(Fig. 5 ) is a single-speed motor drive which
controls flow by inlet vanes or inlet louvers.
The centrifugal fan in this instance is sized for
"specified" conditions and is throttled by the
inlet vanes to allow the fan to provide the flow
and pressure required at lower operating loads.
As fuel costs and equipment efficiency have
become increasingly important, new arrangements for centrifugal fans have developed. Because the welded blades of a centrifugal fan are
not easily adjusted, the only other means of
controlling flow and pressure is to vary the

Table I.Effect of Blade Type
on Erosion Resistance and Efficiency
Blade Type

Typical Max.
Static Eff., %

speed of the fan. Two-speed motor drives, turbine drives and fluid couplings all have been
used with varying success on centrifugal fans,
and have helped to increase their efficiency at
lower loads. These arrangements do, however,
add more moving parts to the fan system, with a
potential negative effect on reliability.
The variable-speed and the variable-frequency wound rotor motors are fan drives that
allow varying the speed from full to zero in infinite intervals; they improve dramatically
low-flow efficiencies. As discussed elsewhere
in this chapter, speed variation is the ideal way
to change fan operating characteristics; thus,
for centrifugal fans, these motor designs are of
great interest.
Centrifugal-Fan Construction

Fan scrolls and inlet boxes are of welded steel
construction. The housing and the inlet boxes
have either removable sections or are split for
access and removal of the rotor (Fig. 6). The
rotor wheel is of all-welded construction. After
final machining, the rotor is usually statically
and dynamically balanced and installed on its
shaft in the manufacturer's plant (Fig. 7).
AXIAL-FLOW FANS

Axial fans at various boiler loads can maintain far higher efficiencies than constant-speed

rh

Backwardly
Inclined
Solid Blade

Tolerance to
Erosive
Environment

Backwardly
Inclined
Airfoil
rh

-

Radial
Radial
Tip
Backrvardly
lncli~ledSolid
Airfoil

70

High

80

Medium to High

85
90

hledium
Low

Radial Tip

Radial

Fig. 4. Centrifugal (radial)fan blade types
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Fig. 5. Airfoil-blade centrifugalfan with inlet-vanecontrol

Fig. 6. Airfoil-bladed centrifugal fan showing inlet boxes and housing split for rotor removal
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centrifugal fans. As fuel costs continue to-rise,
their higher initial expense has been offset by
operational cost savings over the life of the
plant. However, a detailed evaluation is required to show the advantages of using axials
in any given situation.
In the most common axial arrangement (Fig.
8), the fan operates at constant speed and the
angle of the blades on the hub is adjusted to
vary flow; n o inlet vanes are required for control. This enables the axial fan to develop, for
each point of operation, a unique aerodynamic
configuration that is as efficient as possible.
Either a mechanical or hydraulic mechanism
adjusts blade pitch while the fan operates at its
design speed. Mechanical type pitch-change
mechanisms are, however, usually insufficient
to properly control fans of the size required for
utility applications. Variable-pitch axials are
best suited to PA, FD, ID or booster-fan applications on large industrial and utility boilers. As
stated earlier, axial fans are not appropriate for
small fan requirements or for gas recirculation.

Axial-Fan Construction

Variable-pitch moving blades provide a wide
range of flow with satisfactory operational efficiency. Because the fan and its built-in components work under high peripheral speed, and
thus great centrifugal force, mechanical reliability is as important as aerodynamic performance. The centrifugal force of a moving blade,
for example, can be more than 150,000 lbs.
Fig. 9 shows the structure of a typical twostage axial ID fan. An overhung hub, with
blade-actuating levers and an oil hydraulic piston and cylinder, supports the moving blades.
At the free end of the rotating cylinder a control
valve is attached.
The variable-pitch scheme shown in Fig. 10,
includes an oil-hydraulic control that can be
operated both manually and automatically. In
automatic operation, an electric drive responds
to a signal from the automatic plant controller
and moves the control spool in the control
valve through a linkage of levers. The control
valve consists of a rotating sleeve attached

Fig. 7...Centrifugal-fan rotor undergoing static balancing in manufacturer's shop
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Gas Flow

Inlet Box

Rotor Assembl
Removable Upper Fan Housing

Removable Variable-Pitch
Rotating Blades
Main Bearing Assembly

lade Pitch Control Mechanism
Fig. 8. Two-stage variable-pitch axial-flow fan for induced-draft service

directly to the hydraulic cylinder and a nonrotating spool linked to the external control
unit. With the displacement of the spool, pressurized oil flows, accompanying the cylinder
movement; the oil is fed back directly to the
control valve. Thus, an accurate location of the
blade pitch is obtained.
A thrust ball bearing at the blade root supports the blade, and is subject to high centrifugal force. The bearing is one of the most critical
elements, as it fluctuates under severe static
loading. Such working conditions are most
strenuous on such bearings, which require substantial attention in design, with life tests mandatory to simulate actual operating conditions.
FAN CHARACTERISTIC CURVES
Fig. 11 shows a typical sit bf constant-speed
characteristic curves for a centrifugal fan with
backwardly inclined blades. Although by applying principles of geometric and dynamic

Fig. 9. Construction view of two-stage axial-flow fan
with upper housing not yet in place

i
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Fig, 10. Schematic arrangement Of pitch
for adjustable blade axial-flow fan

similarity, the performance of a single fan of a
given type may be used to determine the characteristics of a complete line of sizes, each separate type must be tested independently. The
curves are for one speed only; when a constantspeed motor drives the fan, it will operate
somewhere on the characteristic curves, depending on the resistance imposed by the system through which the air passes. The system
resistance, therefore, acts as an automatic control on the fan and will limit the amount of
overload that can be developed, despite the flatness of the pressure characteristic. The amount
of overload depends also on the shape of the
horsepower curve.
To fully appreciate the significance of fan
characteristic curves, realize that every fan is
restricted to that performance defined by its
curve. The fan must operate at a point that lies
somewhere on the characteristic plot. For
example, if the head required for a given volume is less than that specified by the curves,
additional resistance must be placed in the
system; otherwise, the fan will put out more
capacity until it reaches a point on the characteristic curve at Tvhichthe head matches system resistance. The fan has no choice; it must
operate at a point on the curve where head, capacity and system resistance balance.
DEVELOPMENT OF PERFORMANCE CURVES

Flow Volume, O/O
Fig. 11 Chart showing typical constant-speed characteristics for a fan with backwardly curved blades.
Pressure decreases as fan capacity goes up; this
expands the range of stable operation. Horsepower
characteristic is non-overloading.

Fan performance curves are normally developed from base test curves, which, in turn,
are developed from test data recorded under
controlled laboratory conditionsl. For continuity throughout industry, as well as'for ease
of understanding and ready comparison, test
data are corrected or adjusted to what is known
as standard conditions. Standard conditions
for fan design work denote that all flow, pressure and power values are at 70°F and sea
level, with air density of 0.075 lb per cu ft.
Normal curve format consists of a graph
which has the air or gas volumetric flow numerically on the abscissa or horizontal axis,
with both static pressure and brake horsePower numerically on the ordinate or
axis. Two separate curves-volume versus sta-
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tic pressure, and volume versus power-are
plotted on each performance curve.
Several other variables can be incorporated
on the constant-speed performance curves.
such things as static or mechanical efficiency,
the horsepower or pressure at various temperatures, altitudes, or densities, can all be plotted
to illustrate actual conditions. Finally, in rating
from a curve, the same fan design must be retained. That is, a radial-blade centrifugal-fan
test curve cannot be used to determine the
rating of a backwardly-inclined-blade fan.
APPLICATION OF CHARACTERISTIC CURVES

Fig. 12 illustrates the application of typical
centrifugal-fan characteristic curves to a fan
problem in which points A, B, C, and D are calculated requirements at four load points on a
given boiler. The line through them defines the
system resistance. The point where this line intersects the static pressure characteristics of any
fan, at any given speed, determines the point
on the characteristic at which the fan will operate, if both curves are plotted for the same density. However, the fan can operate only on its
characteristic curve. If any error has been made
in calculating point D-in volume or pressure,
or temperature-that point will not fall on the
characteristic curve and the fan may not meet
the requirements when operating at that particular speed.
For example, if 10 percent more volume is
needed at the same pressure, point D will be
displaced to the right, but the available pressure at the fan head at the same time drops 14
percent and the fan cannot satisfy the requirements. Similarly, if the volume is correct but 10
percent more pressure is needed, the volume
that the fan would deliver at the greater pressure would be only about 90 percent of the requirements, because the fan can operate only
on its characteristic curve for a given speed and
density condition.
To provide excess capacity it is customary to
specify the volume and pressure in excess of
-the actual calculated requirements and thereby
obtain a larger fan. Suppose a portion of the
pressure characteristic of this larger fan,

operating at the same speed and density, is represented by line FG in Fig. 12. Then it is apparent that this size fan would be selected by the
manufacturer if the purchaser specified 24percent excess volume. At the same time the
fan would satisfy the requirement of point E,
which requires 8-percent excess volume and
17-percent excess pressure. The only advantage in attempting to define point E on the extrapolated system resistance curve, instead of
point F or G, is that the power requirement
given by the manufacturer will then represent a
closer estimate of the larger fan under actual
operating conditions than if point F or point G
had been defined for fan selection. The fan
finally chosen can, however, satisfy the requirements of all three points, if sufficient
power is available from the drive.
Speed Variations

For a given fan, a family of characteristic
curves can be obtained by varying the fan
r

Maximum Calculated
Actual Requirements

Volume Entering
Fan, Percent
-

Maximum Calculated
Actual Requirements

Fig. 12 Use of characteristic curves as applied to

a problem of centrifugal fan selection
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VARIABLE INLET VANES

speed.' The nature of each curve remains the
same because the change in operating speed
merely shifts the curve by a proportionate
amount. A graph like that of Fig. 13 results if
system resistance is plotted on the same grid as
the family of curves for different fan speeds.

Sometimes variable inlet vanes (Fig. 14) are
used to control fan performance by providing
swirl to the fan impeller; -saving significant
power. Variable inlet vanes tend to be slightly
more effective in saving power than parallel blade inlet box dampers. When furnishing
variable inlet vanes for either centrifugal
or fixed-pitch axial fans, fan manufacturers
provide a complete performance envelope
showing the effect of vane position on fan performance and power. Fig. 15 shows the typical
percentage range in power reduction along a
constant system resistance line as a percentage
of design flow for a backwardly-inclined airfoil
centrifugal fan.
An inlet-vane-controlled centrifugal fan is
selected to produce full specified flow and
pressure with no inlet vanes present. Inlet
vanes then throttle down this maximum performance capability so that the fan can operate
over the range of normal boiler operating load
points. Fig. 16 illustrates the effect of this type
of control system, which is extremely sensitive
at the lower load conditions. Extremely minor
changes in inlet vane openings have a dramatic
effect on the flow produced by the fan, whereas
at higher loads it requires increasingly larger
movement of the inlet vanes to have any effect
on the flow produced by a centrifugal fan.

FAN CONTROL
Very few applications permit fans to operate
continuously at the same pressure and volume.
Therefore, to meet the requirements of the system, some means of varying fan output becomes necessary. Capacity control of a fan can
be achieved in two ways:
controlling the aerodynamic flow into or
within the fan
controlling the speed of the fan
The first method refers either to altering the
flow of gas into the eye of a centrifugal-fan
wheel as with inlet vanes, or changing the
internal aerodynamics by altering internal
geometry as with controllable pitch axial fans.
The second method refers to any speedchanging device such as a turbine, fluid drive,
multiple-speed motor or an electronically
adjustable motor drive connected to the fan.

.

Static
Pressure Rise

I

Flow

-

AXIAL-FAN BLADE PITCH CONTROL

I

The axial-flow fan can control flow at constant speed by varying the blade angle of the fan
(Fig. 17). The effect is to create a unique
aerodynamic configuration for the fan at each
point of operation so that the fan is operating at
maximum possible efficiency. As the blade
angle is adjusted from minimum to maximum
position, the flow change is nearly linear (Fig.
16). Another aspect of control rests in the response time of the fan. Most axial-flow fans can
move the blades a full stroke, from the
maximum open to fully closed position in 30
seconds. This means that under the normal
boiler operating range, an axial fan can respond
or move from maximum continuous conditions
to zero flow in approximately 20 seconds.

m
Fig. 13 Fan speed of a centrifugal fan can be varied
so that output pressure matches system resistance
for desired volumetric flow; this conserves energy.
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Fig. 14. Inlet vanes give an initial spin to air entering a centrifugal fan. By adjusting angle of vanes, the degree
of spin and volumetric output are regulated.

Air Flow

Specified Conditio

0'

10 20 30 40 50 60 70 80 90 100 110 120130140 150160 170
Percent Volume

Fig. 15. Typical airfoil blade centrifugal-fan performance characteristics-constant-speed with variable
inlet-vane control

COAdBUSRON
Steam-GeneratorAuxiliary Equipment

SURGE OR STALL LIMIT

The surge limit of a centrifugal-fan is that
point near the peak of the pressure curve corresponding to the minimum flow rate at which
the fan can beoperated without instability. The
stall limit of an axial fan is that point near the
peak of the pressure curve at a particular blade
angle corresponding to the minimum flow rate
at which the fan may be operated without separation of airflow over the blades. Operation in
the surge or stall region for any length of time
should be avoided. Such operation can result in
a substantial reductionin fatigue life.
An aerodynamic characteristic of all axial
fans (just as with an airplane), stall is understood by few. A stall occurs when the angle of
attack of the fan blade (or airplane wing) exceeds a certain value in relationship to air
velocity. When this angle of attack value is exceeded, airflow becomes separated from the
convex side of the blade. Centrifugal force then
throws air trapped in this separated portion in a
radial direction, to the outer tip of the blade. At
this point, pressure builds up until it is relieved
through the blade tip clearance. This process
creates a very unstable and oscillating pressure
force on the blade, and can cause very severe
vibrations throughout the entire fan. A reduction in fan flow and head capability also occurs
when operating in this mode.
In Fig. 18, the flow separation points occur at
100-

the upper end of the several blade-pitch lines,
with the dotted lines extending downward and
left to the recovery point, where another reversal takes place. At Iow blade angles, the fan
tends to get noisy and somewhat unstable, but
it no longer is subject to stalling. (A detailed
discussion of stalllair separation is beyond the
scope of this text.)
FAN SPEED CONTROL

Controlling the fan speed is potentially the
most efficient form of capacity control. The
only significant inefficiency that a speed control system can introduce to a fan results from
the inefficiencies of the speed control system.
All speed control systems yield certain
operationallreliability improvements to large
fans in induced-draft servick. They include
reduction in erosion approximately proportional to the ratio of the squares of the impact
velocities
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Fig. 16 Comparison of inlet-vane flow control versus blade-angle flow control

Fig. 17. Close-up of adjustable airfoil blading
of an axial-flow fan
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reduction i n mechanical shock at start-up
adjustability of speed to any point within the
operating speed range
reduction in potential fan system-oriented
problems (fanlfoundation, fanlductwork, fan
noise) at reduced running speeds
reduction in electrical power surge on motor
start-up
The primary disadvantage of adjustablespeed drives is their cost which, depending on
unit size, can be significantly more than a
single-speed motor drive with inlet-vane control. Also, adjustable-speed drives add additional components to the drive train which
require more careful consideration of system dynamics to avoid torsional oscillations
or other undesirable phenomena.
Fluid-Drive Speed Control

For speed adjustment, fluid drives are either
hydrokinetic or hydroviscous. In hydrokinetic

operation, an impeller attached to the driving
motor accelerates oil particles and i~npinges
them against a runner attached to the driven
fan. Speed is adjusted by changing the volume
of oil in the system and thus the transmittable
torque. The hydroviscous method is similar in
principle, but relies for speed change upon the
increase in torque transmitted by the oil used
between alternate rows of driverldriven plates
that are forced closer together.
Fluid drives have been used extensively
where speed changing was required on large
centrifugal fans. They are more efficient than
single-speed inlet-vane control as volume output drops below about 75 percent. They are.
however, the least efficient adjustable speed
method of gas volume control, giving away essentially a percent of efficiency for each percent of speed reduction. They also add another
mechanical device in the drive train which increases the cost of installation, requires cooling equipment, and possibly increases initial
fan size due to slip at full speed.

iI
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Fig. 18. Typical axial-flow fan performance characteristicswith variable-pitch bladecontrol
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Two-Speed Motor Drives

As a centrif ! fan is vaned or dampered
Jecified point, its efficiency
down f r o r
,pidly. If, however, at the norfalls off r
mal ope1
goint, fan speed is changed to a
lgwer E
speed and the vanes or dampers
?openi:d, a system efficiency is achieved
~ h i c hmatches the original full load levels.
'his is the principle of application of twopeed motors to power fans. Many two-speed
notors have been applied to fans to gain the
overall high efficiencies available from two
running speeds. Also, the two-speed motor
drive is the least expensive and least complex
speed control method. An objection frequently
voiced is that operators hesitate to change to
the lower speed until far below the designed
load limit, which of course negates the planned
economy of the system.
Variable-Speed Drives

A variable speed system significantly improves fan efficiency during periods when the
boiler is operating at less than its maximum
load. A centrifugal fan can be equipped with an
adjustable-speed drive, a control and monitoring system. The speed control range can be
tailored to a particular installation and drive
system costs can be optimized. By equipping
a fan with both adjustable speed capability and
inlet vanes, the fan output can be tailored to
match all possible boiler operating conditions.
Slip-ring (or wound-rotor) motors provide
step changes in speed by connecting the motor
windings to an adjustable external resistance
through slip rings and brushes. By changing
rotor circuit resistance, the motor speedltorque
characteristics can be adjusted to fit changes in
load conditions. With no resistance in the rotor
circuit (rings-shorted condition), the woundrotor motor will operate exactly the same as a
squirrel-cage motor.
Another important difference is the starting
characteristics of the motor. The wound-rotor
motor inrush current can be as low as the magnetizing current-normally about 30 percent of
rated current. Most other induction motors
draw a very high (600 to 700 percent of rated)

.current during start-up. This lower current
characteristic can provide significant savings
in the electrical distribution system. It also
eliminates the need for long intervals between
motor starts which are needed to dissipate the
heat generated by the high starting current.
Wound-rotor motor current is essentially proportional to the load torque.
Synchronous motor adjustable-frequency
systems use static electronic control equipment to adjust frequency and voltage. The synchronous motor is an AC device with two sets
of windings, one fixed in the stator (frame) and
the other wound around field poles which are
fixed to the rotor in pairs. For a given frequency, the number of poles determines the
speed of the motor. To run the synchronous
motor, the stator windings are energized by
connection to an AC power source. The rotor
field pole windings are excited by a DC power
source. A magnetic coupling then exists between the stator and the DC field pole windings
which are separated only by a small air gap.
The windings in the stator when energized
with an AC power source set up a rotating magnetic field around the stator. The magnetic DC
fields on the rotor couple with the rotating AC
field and, thus, mechanically follow the rotating AC stator field. This causes the rotor to turn
at the same speed as the rotating AC field.
Sometimes, when a supply of exhaust steam
is available, boiler fans can be driven by steam
turbines. Such an arrangement is frequently
used in industrial plants to achieve an efficient
heat balance-as well as drive the fan. Speed
variation is feasible down to about 35 percent
of rated turbine speed.
FAN SELECTION

Once the boiler or scrubber engineer determines the pressure and flow required by the
system at rated load, at the specified condition
(with margin) and at various load points, this
information can be plotted and the fan selected.
A centrifugal fan will have its specified point
fall within the area of maximum efficiency. At
this point, the fan is operating wide-open with
no restrictions. To achieve the lower load
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points, inlet vanes are closed to throttle the
maximum capability of the fan. As the fan performance moves down the system resistance
line, it moves through areas of constant efficiency that fall perpendicular to the system resistance line.
The characteristic curve for an axial fan is
considerably different from that of a centrifugal
fan. Given exactly the same system resistance
curve, an axial-fan designer will select a fan
that operates at maximum efficiency at boiler
full load. If normal fan performance tolerances
have been used, the fan will usually have the
capacity to achieve the specified requirements.
If higher-than-normal tolerances have been
applied, a less-than-optimum selection will
have to be made, in which full boiler load does
not fall inside the maximum efficiency area.
The oblong or egg-shaped areas on the axial-fan
curve are the areas of constant static efficiency.
It is important to note that these areas for the
axial fan are oblong in a direction approximately parallel to the system resistance line
rather than perpendicular to it, as with the centrifugal fans. Changes in flow requirements
along the system curve cause only slight
changes in efficiency compared to the significant changes in efficiency for constant-speed
centrifugals. The lines that are perpendicular
to the system line on the axial curve depict the
angle of the blades at that point of operation.

individual load points for the entire life of the
unit must be multiplied by the associated
power consumptions of the fans being compared. Maintenance costs also must be considered by analyzing available historic data.
FAN SIZE SCALE-UP

Most fan designs are developed using
models of moderate size and input power.1 The
performance obtained from the model provides
an information base to calculate the performance of larger fans that are geometrically
similar to the model. If only the basic fan laws
are used to make these conversions, (with no
correction for compressibility of air) the larger
fan, in many cases, will perform better than
predicted, providing that all geometric, kinematic, and dynamic similarity requirements
are satisfied. Geometric similarity requires not
only linear proportionality but also requires
complete angular similarity without omission
or addition of parts.2
The three main performance factors of flow,
speed, and head are linked in the concepts of
specific speed and specific diameter.
Specific speed is that rpm at which a fan
would operate if reduced proportionately in
size so that it delivers 1 cfm of air at standard
conditions, against a 1" WG static pressure.
Speed Control (Actual)
and Variable-Pitch AxialA

COMPARISON OF FANS AND FAN CONTROLS

100-

Table I1 summarizes the available fans and
Inlet Vanes at
operational control equipment; generally, with '
increasing efficiency of either draft equipment
or controls, cost increases. Fig. 19 shows the
power consumed by the various designs over
the full range of capacity.
In comparing the several types, both capital and operating costs must be established
over the anticipated load range. The cost of
fans, controls, drives, silencers, foundations,
switchgear and other auxiliaries, plus any dif- . Flow Volume, O/O
ferences in ductwork, have to be obtained for
equal specified capacities and sound-pressure
levels. Based upon the relative power- ~ i g 19.
. Comparative fan power consumption versus volumetric flow with various types of control
consumption curves, the operating hours at the
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where flow in cfm is at standard conditions, SP
is static pressure (in. of water), and D is the diameter of the fan in inches.
Table I11 shows the parameters for designing
to "specified" pressure and volume.
In the case of axial fans, maximum flow can
be achieved by proper selection of the rotating-blade tip diameter, so an increase in tip
size results in a shift of the entire fan curve
along the flow (horizontal) axis to the right.
Maximum pressure can be achieved by selection of the proper hub diameter, so an increase
in hub size would result in a shift of the entire
fan curve along the pressure (vertical) axis upward. The system-resistance requirements
given the fan designer remain the same, so by
selecting the proper hub and blade sizes, the
fan characteristic can be shifted along the system resistance, so that boiler full-load conditions occur in the area of maximum efficiency.
A centrifugal fan's characteristic similarly can
be shifted along the system resistance line.

Specific diameter is the fan diameter required to deliver 1 cfm standard air against a 1"
WG static pressure at a given specific speed.
From the fan laws we get these equations:
Specific speed (N,) =

rpm (cfm) ' I 2
(SP) 314
(5)

D (SP) 'I'
Specific diameter (D,)= [cfm) 'I2

-

-

Table 11. Available Types of Fans
and Fan-Control Equipment
Centrifugal Fans

Radial
Radial-tip
Backwardly Inclined Solid
Backwardly Inclined Airfoil

Increasing
Efficiency
Over Normal
Operating
Range

Axial Fans

Fixed Pitch
Adjustable Pitch
Variable Pitch

,

Single-Speed Motor
Outlet Damper
Inlet Louver
Inlet Vane
Two-Speed Motor
Fluid Coupling
Variable-Speed Turbine Drive
Variable-Speed Motors

FAN LAWS

,,

Flow Control

Increasing
Efficiency
At
Partial-Loads

/

How a change in any operating condition affects a fan can be predicted by a set of rules
known as the fan laws. These are summarized
in the box on the next page and apply to fans of
the same geometric shape and operating at the
same point on the characteristic curve.3
FANS OPERATING IN SERIES

Infrequently it is necessary to install two or
more fans in series in the same system. very
fan in series handles the same weight of air or
gas, assuming negligible air loss or infiltration
between stages.
In theory the combined volume-pressure

Table Ill.Effect of Fan Parameters on Performance Capabilities
To increase volume:
To increase pressure:

-

Axial

Centrifugal

increase blade tip diameter
increase rotational speed
increase blade-root diameter
increase rotational speed
increase number of stages

increase wheel width
increase rotational speed
increase wheel diameter
increase rotational speed

-

-.
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FAN LAWS

1. For a given fan size, system resistance, and

air density:
A-When speed varies,
(a) Capacity varies directly as the speed
ratio.
(b) Pressure varies as the square of the
speed ratio.
(c) Horsepower varies as the cube of the
speed ratio.
B-When pressure varies,
(a) Capacity and speed vary as the square
root of the pressure.
(b) Horsepower varies as the 1.5 power of
the pressure.
2. For constant pressure:
When density varies, speed, capacity and
horsepower vary inversely as the square
root of the density; that is, inversely as the
square root of the barometric pressure,
and directly as the square root of the absolute temperature.
3. For constant capacity and speed:
When density of air varies, horsepower

and pressure vary directly as the air density; that is, directly as the barometric
pressure, and inversely as the absolute
temperature.
4. For constant mass flow:

A-When density of air varies,
(a) Capacity, speed and pressure vary inversely as the density; that is, inversely as
the barometric pressure, and directly as
the absolute temperature.
(b) Horsepower varies inversely as the
square of the density; that is, inversely as
the square of the barometric pressure, and
directly as the square of the absolute
temperature.
B-When both temperature and pressure
vary,
(a) Capacity and speed vary as the square
root of (pressure x absolute temperature).
(b) Horsepower varies as the square
root of (cube of the pressure x absolute
temperature).

I
I
curve of two fans operating in series is obtained
by adding the fan pressures at the same volumetric flow. (Fig. 20). In practice there is some
reduction in volume due to the increased air
density in the later stages. There also can be a
significant performance loss from non-uniform
flow into the second stage fan.
FANS OPERhTING IN PARALLEL

Fans commonly operate in parallel in the
same system, particularly when large volumes
of air or gas must be moved. The combined
volume-pressure curve in this case is obtained
by adding the volumetric capacity of each fan at
the same pressure (Fig. 21). Each fan handles
only part of the volumetric capacity. The total
performance of the multiple fans will be less
than the theoretical sum if inlets are restricted
or the flow into the inlets is not straight.
Some centrifugal fans have a pressurevolume curve with a positive slope to the left of
the peak pressure point. .If fans operating in

parallel are selected in the region of this positive slope, unstable operation can occur. Fig.
2 1 shows the combined volume-pressure curve
of two such fans in parallel. The closed loop to
the left of the peak pressure point is the result of
plotting all the possible combinations of
volume flow at each pressure. If the system
curve intersects the combined tolume-pressure curve in the area enclosed by the loop,
more than one point of operation is possible.
This may cause one of the fans to handle more
air than the other and could cause a motor overload if the fans are individually driven. This
unbalanced flow condition tends to reverse
readily and fans will intermittently load and
unload, with the possibility of damage to the
fans, ductwork or driving motors.4
When paralleling two variable-pitch axialflow fans, care must be taken to keep both units
out of the stall region. Since this area generally
is not near the boiler resistance line, avoiding a
stall situation is relatively easy. With two fans
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Fig. 20. Typical Characteristic curve of two fans
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operating, the resistance line for one fan is influenced by the other fan, as well as by boiler
conditions. This means that the two fans together will develop the pressure required to
overcome the boiler resistance, but that their
volume flow need not be equal. GAS-FAN EROSION AND CORROSION

Erosion is the loss of fan material through
mechanical action of particulate matter in the
flue gas impinging on or abrading the fan surfaces during operation.
Corrosion is the loss of material through the
reaction of various chemicals in the flue gas
coming in contact with the fan.
Erosion is determined not only by tip speed,
but also by the properties of the impeller and
the particulate matter in the gas. Factors such
as ash loading, particle size, composition, den-.

sity, hardness, shape, surface texture, velocity
and impact angle-as well as impeller material,
hardness, and use of wear plates-influence
erosion rates.5 Chapter 23 covers the repair of
eroded fan blades in detail.
It is significant that fans for induced-draft
service have become progressively more efficient as more efficient dust-collection devices
have been installed. Airfoil bladed fans could
not be used with particulate-collection efficiencies below 95 to 97 percent; axial-flow
fans required even higher efficiencies. Now,
with dust loadings as low as 0.03 grains1
standard cu ft, the use of more sophisticated
equipment is practical. During this same
period of development, there had been technical developments on erosion-resistant materials for fan blades, as well as the increased
usage of variable speed drivers, which results
in further reduction of erosion.
FAN EROSION

The loss of fan wheel material poses two
serious threats to fan' reliability. First, any
change in the rotor mass distribution, especially at the outer extremities, can cause unbalanced forces and. high vibrations. Second, a
loss of material on highly stressed fan elements
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such as blades and side plates can cause struc- environment. Note that, when axial-fan blades
erode, they normally lose material at a greater
tural damage and lead to catastrophic failure.
rate in the tip area than in other areas. This is a
The centrifugal fan designer can consider
several alternatives one of which is modifying less serious situation in terms of overall
the fan-blade type and speed. As described ear- strength and balance than with a centrifugal fan
lier, some fan blades are more resistant to ero- because the blade actually gets lighter, and
sion than others. Also, the ability of any given blade root stresses reduce.
Because coatings can affect the physical
fan to resist erosion is proportional to at least
the square of the relative velocity of the gas properties of fan structural material, and cracks
in coatings can propagate into critical fan
passing the blading. The principal fan wheel
members, tests must be performed using proareas attacked by erosion are the blades and the
posed spray coats and actual fan structures becenter plate. Heaviest erosion occurs in the area
where blade and center plate are joined. Ero- fore such coatings are used.
sive wear on these critical parts can be reduced
FAN CORROSION
by applying a larger fan running at loker speed
The problem of chemical corrosion of fans
which can meet aerodynamic requirements at
has to be accounted for in the design and operalower gas velocities.
tion of ID and booster fans downstream of wet
Another alternative would be to modify the
scrubbers. Although early experience with corfan inlet conditions where it appears that ductrosive gases entering fans was limited to chemwork design has led to differential erosion of a
ical process plants, the use of FGD systems has
fan. It is possible for flyash leaving a prebrought the problem to the utility industry.
cipitator to be channeled down a particular leg
of a duct and to concentrate in one fan of a
multiple-fan installation, or even in one of the
inlets of a particular fan.
As a third alternative, repairable liners can
be used to control erosive effects on airfoil fans
(Fig. 22). This method consists of designing
blades with two layers of material, the outer
layer being easily repaired in the field with
welding. Periodic inspection is required to determine when repairs are necessary. In addition, airfbil blades can be furnished with extra
thick nose pieces.
As a fourth alternative, replaceable liners to
bear the brunt of erosive forces can be provided
on fan blades. It is essential that, in the design
of a fan, the added weight of the liner plates be
accounted for in the stress calculations for the
structural members such as the blade and side
plates, as well as in specifying the moment of
inertia of the motor.
The axial-fan designer generally uses renewable coatings on blade leading edges and surfaces. In-s.0- doing, it is important that the
designer consider the strength and durability of
the blade base material in terms of both the eroFig. 22. Airfoil blades of a centrifugal fan
with repairable weld-metal liners .
siveness and the temperature of the operating

.
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Experience has been excellent with fans of
standard carbon-steel or low-alloy-steel construction, where the entering flue gas has been
properly dehumidified and heated above the
temperature of adiabatic saturation (which is
about 130°F).On the other hand, "wet" fans
handling scrubber effluent gas without reheating to at least 30°F above saturation temperature have undergone severe corrosion. Highalloy metals used to manufacture such rotating
equipment have proven a very expensive alternative to flue-gas drying and reheating.
ACOUSTICS
Controllable-pitch axial fans exhibit a much
different noise characteristic than centrifugal
fans for similar duty. As shown in Fig. 23, a
controllable-pitch axial-fan noise signature
contains more acoustic power in the high frequencies due to the large number of rotor
bladelstator blades passages in fan operation.
This factor must be considered in the design of
any noise suppression devices for the axial fan.
Because axial fans have a slightly higher total
noise sound-power level than centrifugal fans,
more acoustical treatment is sometimes
needed. Power-plant noise and attenuation are
discussed further later in this chapter.

AIR HEATERS
The functions of combustion-air heaters have
been described in Chapters 5, 6 and 11. Although justified by the increased efficiency resulting from lower exit-gas temperature, air
E.
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heaters also make pulverized-coal firing practical by providing the drying and transporting
medium.
Three principal types are in use: the tubular
recuperative, the rotary regenerative (Ljungstrom@),and the heat-pipe ((2-pipe@)air heater.
The choice of the size and type of air heater depends on economic and engineering factors.
The economic factors include the original cost
of the air heater, the maintenance costs, the cost
of the fuel, and the cost of the fan power resulting from air-heater draft losses. The engineering factors include the air temperature
required for combustion andlor pulverized coal
drying, as well as unit reliabilty and installation space requirements.
TUBULAR AIR HEATERS

Fig. 10 in Chapter 8 shows a typical application of a tubular air heater to an industrial
boiler. The heater is arranged for vertical gas
flow through the tubes. Air flows horizontally
across the tubes, usually 2 to 3 inches in diameter, and in a staggered relationship for optimum
heat transfer. The air passes over all the sections
of the air heater in sequence, the effect of which
is to provide counterflow heat transfer. Tube
sheets at top and bottom support and guide the
tubes. Most frequently, the bottom tube sheet or
sheets form the structural support; the upper
tube sheet is welded to the outside casing; and
the tubes pass throygh slightly oversize holes
in the upper sheet which allows for expansion
when the equipment is brought up to temperature. Many designs for use with sulfur-bearing
fuels have separated cold-end sections, as
shown, to reduce the cost of tube replacement
in the event of excessive corrosion.
In contrast to regenerative and heat-pipe designs, tubular or recuperative type air heaters
have more severe cold-end corrosion problems.
With variations in cleanliness of the tube wall,
, entering air temperature, and flow intensities
on gas and air sides, very low metal temperatures and correspondingly severe corrosion can
occur. Although the tube-metal temperature
may be considered to be the arithmetic average
of the air temperature entering the air heater
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and the gas temperature leaving, actual field
measurements have shown metal temperatures
as low as 120°F below the mean of the air and
gas temperatures. Such conditions can result in
deposits that reduce heat transfer and increase
draft loss until they are removed, usually by
water washing .6

ing a completely wetted surface for maximumpossible heat transfer. (Without a wick, the
fluid would puddle in the bottom portion of the
tube, making evaporation less efficient.) In the
air section, the wick provides a roughened
surface and, therefore, higher heat-transfer
coefficients.

HEAT-PIPE AIR HEATERS

ADVANTAGES OF THE HEAT-PIPE AIR PREHEATER

The C-EQ-Pipeo heat-pipe air preheater is a
highly efficient heat-transfer device with no
moving parts. It consists of many individual
heat-pipe tubes formed into an exchanger for
transferring heat from flue gases to incoming
combustion air. Each heat pipe is a finned steel
tube which has been evacuated, partially filled
with a heat-transfer fluid, and permanently
sealed at both ends (Fig. 24).

The technology incorporated in Q-Pipe air
preheaters offers several benefits. Specific advantages include
no air-to-gas leakage
minimum cold-end corrosion
excellent cleanability
no maintenance requirements
compact size
low weight per unit of heat transferred
short time and low cost for installation
design flexibility to suit the needs of a wide
variety of applications
individual operation of each heat pipe, so
that the loss of a single pipe has minimal
impact on the overall efficiency of the preheater system

MODE OF OPERATION

Heat absorbed from the flue-gas stream
vaporizes the fluid within each of the selfcontained heat pipes. The vaporized heattransfer fluid travels up the tube, transporting the
heat to the cooler combustion-air side. In the
combustion-air end, the working fluid releases
its heat energy, is condensed, and returns to the
flue-gas side. As long as a temperature difference is maintained externally between those
two areas, and the hotter temperature is adequate to vaporize the working fluid, a heat pipe
is a self-operating and self-regulating device.
Q-Pipe heat pipes are installed at a slight angle (4 to 7 .degrees), with the flue-gas ends
lower than the combustion-air section to gravityassist the return flow of the liquid.
A unique feature of the Q-Pipe heat pipe is its
ability to enhance heat transfer by means of a
patented internal capillary wick. This wick is a
circumferentially spiralled groove that is an
integral part of the inner wall surface of the
tube; it is continuous along the entire length of
each heat pipe. In creating the wick, no material is removed; the metal is merely displaced,
as shown in Fig. 25.
The wick serves two different purposes. In
the gas section, it distributes the liquid around
the entire inner circumference, thereby provid-

The function of the working fluid inside the
heat pipe is to absorb the heat energy received
at the evaporator end, transport it through the
pipe, and release it at the condenser end. It is
this process that is called vapor heat transfer.
When a liquid vaporizes, two things happen.
First, a large quantity of heat is absorbed from
the heated area. This takes place because energy is needed to separate molecules that are in
contact in the liquid state; the energy required
for evaporation at a given temperature is the latent heat of vaporization. Second, as the working fluid vaporizes, t h e pressure at the
evaporator end of the pipe increases; this is
caused by the thermal excitation of the molecules comprising-the n&vly created vapor. The
higher vapor pressure sets up a pressure difference between the ends of the pipe which causes
the vapor, and thus the energy, to move toward
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Fig. 24 Heat-pipe tube for C-E Q-Pipe air preheater

the condenser end. There, it encounters a temperature lower than that of the evaporator. The
vapor then reverts to a liquid and releases the
thermal energy stored in its heat of vaporization. In addition, as the fluid' condenses, the
vapor pressure created by the molecules decreases, so that the necessary pressure differential for continual vapor heat flow is maintained.
The condensed liquid returns by gravity to the
evaporator to complete the cycle.
It is important to note that the vaporized fluid
stores heat energy at the temperature at which
the vapor was created, and that it will retain the
energy at that temperature until it meets a
colder surface. The result is that the temperature along the entire length of the heat pipe
tends to remain constant-essentially isothermal. It is this tendency to resist any difference
in temperature within the heat pipe that is responsible for its high thermal conductance.
There are four properties of the heat pipe
that serve to define the areas for its practical
application:
Devices that operate on the principle of vapor
heat transfer can have a much greater heattransfer capability than the best metallic conductors.

Fig. 25 Patented capillary wick improves efficiency.
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A second property is called "temperature flattening'', which provides a uniform temperature
over a large surface area.
The evaporation and condensation functions
are essentially independent operations connected only by the streams of vapor and liquid
in the pipe. Thus, the process occurring at one
end of the pipe can take place uniformly or
nonuniformly, over a large or small surface
area, without significantly influencing what is
going on at the other end.
The heat source can be separated from the
heat sink. It is often inconvenient or undesirable to have the heat source and the consumer
of heat in close contact.
Although the heat pipe is a highly versatile
device, it must operate within certain design
limitations. Four limiting factors govern its operation: the maximum total thermal power that
can be transferred in a device of a given size;
the maximum power per unit of evaporator area
that can be handled safely; the maximum and
minimum useful temperatures for a given working fluid; and, the extent of operation in a gravitational field or other acceleration. Detailed
treatment of these factors is beyond the scope of
this text.'
COMPARISONTO A TUBULAR AIR HEATER

As described in a previous section of this
chapter, a tubular air preheater is constructed
by connecting tubes between tube sheets; the
connections'are made most commonly by
means of either tightly or loosely rolled joints.
As gas and air flow through the tubular exchanger, the thermal gradients that are generated demand that the various tubes grow in
length at different rates and amounts. Either by
design or by thermal action, joints loosen and
the higher pressure air leaks into the gas
stream. Such leakage results in increased
pumping costs for both the gas and air streams.
The tube bundles of a Q-Pipe preheater are
made up of a number of heat pipes completely
seal-welded to the structure dividing the air
and gas streams (see Fig. 26). The ends of the
heat pipes are free to expand independently on

both sides, with sleeves supporting them at the
outboard ends. The Q-Pipe preheater is, then,
for all practical purposes, a zero-leakage heat
exchanger, one that is especially suitable where
there are very high air-to-gas-differential
pressures.
CORROSION AND FOULING

Cold-end corrosion when handling sulfurbearing flue gases occurs at the juncture of the
cooled-gas outlet and the incoming cold air.
Typically, at least a portion of every tube in the
cold end of a tubular air heater will have a
metal temperature below the acid dew point,
leading to corrosion of the carbon-steel tubing.
Because a Q-Pipe air preheater operates totally on counterflow principles and the pipes
are isothermal, cold-end corrosion is minimal.
Air- and gas-stream temperatures along the row
of pipes are essentially uniform, with a much
smaller percentage of the total tube bundle at a
temperature below the acid dew point. Also the
lack of turning baffles (which can add to the
thermal stratification) effectively eliminates
temperature gradients in the gas and air outlet
ducts under all load conditions.
The drier the surfaces of an air heater, the less
flyash accumulation throughout the operating
range of the boiler. Furthermore, as a deposit
begins to form at the cold corner of a tubular
heater, the problem accelerates. The insulating
effect of the initial deposit extends the area of
undesirably cold temperatures, thereby increasing the potential area of flyash fouling.
FLEXIBILITY OF DESIGN OF HEAT-PIPE PREHEATERS

Q-Pipe heat pipes are presently available in
lengths up to 42 feet (12.8 meters). The pipes
can be manufactured as bare pipes without fins,
or with segmented or solid spiral steel fins that
are attached by a continuous weld.
The fin spacing can range from one to six fins
per inch, depending on the range of fuels to be
fired in the boiler. To increase heat recovery
while still maintaining ease of cleaning, fins
can have a closer spacing on the air side.
If specified, a configuration incorporating removable tubes at the cold end can be provided.
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A heat pipe, by design, operates on the satuAlso, the Q-Pipe counterflow design accommoration curve of its working fluid. The internal
dates space for future heat-transfer surface to
pressure, then, is a function of the temperature;
increase the gas drop through the preheater if
- -the higher the temperature, the higher the preslater desired.
sure. To provide maximum service life, operatCHOICE OF WORKING FLUID
ing-temperature limits of 550°F (290°C) for
toluene, and 800°F (430°C) for napthalene,
Prior to the charging of the heat-transfer
have been established. These have correspondfluid, each heat pipe is evacuated to a pressure
ing maximum internal pressures of 405 and 398
of 100 micrometers of mercury or less, at ambipsig,
respectively (2.79 and 2.74 MPa gage).
ent temperature. After charging with an aroThe tubing thicknesses selected for airmatic hydrocarbon, usually toluene or
preheater heat pipes are in strict accordance
napthalene, the fill tube is closed off by a radiwith the allowable pressures stipulated by
ally symmetric cold weld, followed by a fusion
the ASME Boiler Code for the material used.
weld to assure an absolute and reliable seal.
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Fig. 26 Assembly of C-E 0-Pipe zero-leakage air preheater
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INSTALLATIONOF Q-PIPE AIR PREHEATERS

The time required and costs associated with
the field installation of Q-Pipe preheaters are
substantially less than those of tubular heaters.
Normally, a tubular preheater is shipped as
side and end panels, tube sheets*baffle plates,
and loose tubes. Each tube must be rolled or
welded in place on the job site. A Q-Pipe preheater is compact in size and is shipped in two
to six shop-fabricated modules, as governed by
shipping limitations. Freight and site installation costs are thus much lower; the modules are
simply set in place and seal-welded together.
REGENERATIVE AIR HEATERS

_

The Ljungstrom air re heater transfers semible heat in the flue gas leaving the boiler to the
combustion air, through regenerative heattransfer surface in a rotor which turns continuously through the gas and air streams at from
1to 3 rpm (depending on diameter.) The principle is illustrated in Fig. 27.
Fig. 27 also illustrates the major components
of a large vertical-shaft Ljungstrom air preheater designed for gas flow downward and airflow upward. The rotor, packed with efficient
heat-transfer surface, is supported through a
lower bearing at the cold end of the air preheater
and guided through a guide-bearing assembly
located at the top or hot end.
Depending on its size, the rotor has either 12
or 24 radial members, which are attached to a
center post. The rotor compartments are closed
with a shell plate as shown in Fig. 27. The rotor
sealing system contains simple leaf-type
labyrinth seals bolted to the rotor radial members at both the hot and the cold ends. The radial seals compress against radial plates, again
located at both the hot and the cold ends of the
rotor. To complete the system, axial seals are
positioned at the peripheral end of the radial
members of the rotor. There are also leaf-type
labyrinth seals used with axial sealing plates.
This systeineffectively separates the air stream
from the flue-gas stream. Both the radial and
axial sealing plates can be adjusted during operation for maximum effectiveness.

The air preheater design can accommodate
any steam-generator duct arrangement. The air
preheater ducts and heating surface can be positioned for either vertical or horizontal flow.
The vertical-shaft air preheater can be arranged
for flue-gas flow upward or downward, while
the horizontal air preheater can be arranged for
gas-over-air or air-over-gas at the option of the
plant designer.
The electric motor provides drive action
through a speed-reducer pinion gear which engages a pin rack attached to the periphery of the
rotor.
Ljungitrom air heaters are designed with
rotor diameters from 7 to 65 feet. The smaller
units are completely shop assembled, while the
larger utility size units are arranged for convenient field assembly.
HEATING SURFACE DESIGN

The heating surface of a Ljungstrom preheater uses combinations of flat or formed pressed-

AIR HEATER TEMPERATURE TERMINOLOGY

Exit-Gas Temperature with Leakage (corrected)-This is the observed or measured
exit-gas temperature and includes the dilution
effect of leakage through the air-heater seals.
Exit-Gas Temperature, No Leakage (uncorrected)-This is the temperature at which the
gas would leave the heater if there were no
leakage in the heater. This temperature cannot
be measured directly, but is arrived at by accounting for the cooling,effect of the leakage
air by calculation. (See Chapter 6.)
Gas Drop-Temperature of the gas entering
heater minus temperature of the gas leaving
heater (not including leakage).
Air Rise-Temperature of the air leaving
heater minus that of the air entering heater.
Temperature Head-Temperature of the gas
entering heater minus air temperature entering heater.
Gas Side Efficiency, percent =
Gas Drop
Temperature Head
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steel sheets with corrugated, notched or undulated ribbing. When in combination, they form
longitudinal passages of the most desirable
contour for the predetermined spacing. The
surface design and arrangement provides only
point contact between adjacent plates. Although the gas and airflow are turbulent, the
smooth path for their travel through the rotor
offers low resistance. As an approximate rule.
one inch in height of this highly efficient heating surface recovers about as much heat as two
feet of surface in a tubular heater with equivalent resistance to gas and air flow. The compact
arrangement of light metal sheets permits a
large amount of effective heating surface to be
placed in a relatively small rotor. The metal
sheets are factory packed in containers.

Normally, the heating surface is divided into
two or more layers (Fig. 27). Advantages resulting from layering include the ability
to provide a field-removablecold-end section,
usually 12" (300mm) in height, that can undergo severe corrosive duty and be first reversed
in position, and then replaced;
to vary the configuration of surfaces throughout the preheater to satisfy different operating
demands: and
to make sheets in each layer of different materials, each to accommodate the temperature
and other conditions particular to its zone.
Large rotors have 24 self-supporting compartments extending the full length of the heater axially and fabricated as separate modules; the
15%ompartments consist of two side plates

i

Cold-End

~

Eleme

Fig. 27. Ljungstromregenerative air preheater, bisector design for vertical air and gas flow
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FACTORS AFFECTING REGENERATIVE AIR-HEATER PERFORMANCE

Entering Air Temperature
A change in entering air temperature will
cause the exit-gas temperature to change in the
same direction. Changes in entering air temperature result in a change in temperature head
which directly affects the drop in gas temperature. For example, if the entering air temperature increases l o 0 , the exit-gas temperature
will increase by 10 x (gas-side efficiency/
100)O.

A decrease in the HCR results in an increase
in the exit-gas temperature. A 10 to 12 percent
change in this ratio may alter exit-gas temperature by as much as 30' to 35°F (15" to 20°C).
Factors that affect the HCR include tempering
air, overall boiler-system infiltration, and airheater bypass for cold-end protection.
Pressure Drop Across Air Heater
The air and gas side pressure drops will
change approximately in proportion to the
square of the air and gas weights through the
heater. If excess air is greater than anticipated,
the air-heater pressure drop will be greater than
expected. A build-up of heating element deposits will result in higher air heater resistances
~viththe consequence of an increase in pressure
drop. Pressure drop will also vary directly with
the mean absolute temperatures of the fluids
passing through the heater as a result of
changes in density.

Entering Gas Temperature
A change in entering gas temperature causes
the exit-gas temperature to change in the same
direction. Changes in entering gas temperature
result in a change in temperature head which
directly affects the drop in gas temperature. For
example, a l o 0 increase in entering gas temperature will cause the exit-gas temperature to
increase by 10 x [ I - (gas-side efficiency1
lO0)l0.

.Iir Heater Leakage
A change in the temperature of the fluid leaking past the seals will. by reason of density
change, have a slight effect on the amount of
leakage. Variations in pressure levels between
the high and low pressure sides of the heater
will, Gkewise, alter the air heater leakage. An
increase in the pressure differential will increase the leakage while a decrease in pressure
differential will reduce the leakage. Improper
settings of the heater radial and circumferential
seals will also result in an increase in leakage.

Gas Weight
An increase in gas weight to the heater will
result in a higher exit-gas temperature. while
conversely, a lower exit-gas temperature results
from a lon~ergas weight entering the unit.
Heat-Capacity Ratio
Also called the
ratio (HCR) =

ratio, the heat-capacity

mass flow of air x avg. specific heat of air
mass flow of gas x avg, specific heat of gas
I

I

connected by a series of circumferential stay
plates and grating. With this rotor design, the
rotor post is placed upon its bearings and the 24
rotor modules are then pinned in place, a technique that eliminates any field welding. The
basketed heating surface is usualljr installed in
each module before the unit is shipped.
TRISECTOR AIR PREHEATERS

In Chapters 5 and 11, the discussions of the
direct-fired pulverized-coal system included
the necessity of air heating for coal pulverization. Ordinarily, hot air supplied to the pulverizers furnishes the heat to dry the coal and is

-

used to transport the pulverized fuel to the furnace. This portion of the total air for combustion is called the primary air (Fig. 28).
The trisector air ?reheater is used on large
coal-fired boilers where a cold primary-air fan
is desirable. The preheater is designed so that
by dividing the air-side of the preheater into
two sectors (Fig. 291, the higher pressure primary air and the lower pressure secondary air
may be heated-by a-single air preheater. Some
advantages of the trisector over arrangements
having separate primary- and secondary-air
preheaters include
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no gas-biasing dampers and controls
B because average cold-end temperatures can be
maintained using only secondary-air preheater
coils, the requirement for primary-air steam
coils is eliminated
fewer sootblowers and water-washing devices
are required with one heater in lieu of two
even with a large variation in primary airflow,
there is relatively little effect on overall heat recovery, because heat not recovered in the primary section will be picked u p i n the
secondary section.
,
The trisector is equipped with an additional
radial sealing plate and an axial sealing plate
separating the primary and secondary air
streams. The trisector heater is readily adaptable to varying coal moisture content. The size
of the primary-air opening depends on the coal
being fired and its moisture content, with a
3 5 3 503 on 72" primary-air opening normally
furnished.
EFFECT OF THERMAL GRADIENTS ON
REGENERATIVE-PREHEATER STRUCTURAL
DEFORMATION

The continuaus process of heat exchange between cold air and hot gas result: in a signifi-

Fig. 28 Trisector air heater arrangement

cant metal temperature gradient through the air
preheater which, in turn, leads to a predictable
deformation in the shape of the cylindrical rotor. The hot or entering gadexiting (hot) air side
expands radially becoming larger in diameter

Gas Sector
Secondary Air Sector
Primary Air Sector

Fig. 29 Ljungstrom trisector air preheater, vertical-shaft arrangement
--
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and convex. The cold or entering aidexiting
(cooled) gas side end remains smaller in diameter and becomes concave.
To compensate for this thermal distortion, the
radial and axial seals are set, in the cold condition, a prespecified distance from their respective sealing plates. During normal operation, in
the hot condition, these preset gaps are reduced
to near-zero.
The shape of the stationary housing is also affected by the temperature it attains. To further
enhance the effectiveness of the sealing system
the radial and axial sealing plates are attached
to the housing structure through pinned connections. The sealing plates are thereby freed
from the effects of the thermal distortion of the
housing. The pinned attachments also serve as
adjusting mechanisms: the sealing plates can
be accurately positioned relative to the rotating
leaf seals, on-line if necessary, to achieve an optimum running clearance.
The Ljungstrom Air,Preheater Leakage Control System

On larger air preheaters, a leakage control
system is furnished. This system acts to minimize the air-to-gas leakage which occurs when

the hot-end radial seal clearance increases as
the rotor approaches its operating temperature
and these seals move away from the sealing
plate.
Controlling the hot-end radial seal clearance
during operation requires the installation of a
drive system to move each sector plate, and a
control system to automatically operate the
drive. (Fig. 30).
The sector.plate drive assembly is comprised
of an electric motor, speed reducer, and two mechanical screw actuators mounted to a welded
steel base. The electric motor is operated by the
control system in response to changes in seal
clearance detected by a rotor position sensor.
The rotor sensors are attached to each hotend sector plate and are actuated upon contact
by a sensing lobe that is located on the outer
circumference of the rotor.
When the system is in the "auto" mode, the
drives independently move the outboard ends
of the sector plates approximately 1/16"
(1.5mm) per min. toward the rotor. Upon contact with the rotor lobe, the sensor signals the
drive to stop and retract the sector plate a small
distance from the rotor, leaving a nominal clear-

eal Access Door

Fig. 30 Sector-plate drive assembly for Ljungstrom air preheater leakage control system
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ance at the periphery. If the seal clearance
changes as a result of temperature change in the
rotor, the drive system will automatically maintain an acceptable clearance.
- -:

Effect of Rotary Regenerative Air Preheater Leakage

Even with such provisions for minimizing
the air-to-gas leakage as described in the previous two sections, such leakage is a design factor
that must be taken into account in the sizing of
boiler fans. The leakage is defined further as
follows.
Direct leakage is that quantity of air that
passes into the gas stream between the radial
and circumferential seals and sealing surface as
a result of the static pressure differential between the air and gas streams. The leakage
across the sealing system is directly proportional to the square root of the pressure differential but also depends on the air and gas
density. '
Entrained leakage is that quantity of air contained in the rotor as it passes from the air side
to the gas side and from the gas side to the air
side. The quantity of entrained leakage depends on the rotor depth, rotor diameter, and
rotor speed.
Whether direct or entrained, leakage has no
effect on the heat-transfer efficiency of the
Ljungstrom air preheater. There is no difference
in the heat transferred to the air stream from the
gas stream because of leakage, as discussed in
Chapter 6. However, the gas temperature leaving the preheater is decreased by 1O0Fto 20°F
(5°C to 11"C) by the mixture of the cooler air
with the hotter gas stream.
CLEANING REGENERATIVE AIR HEATER
HEAT-TRANSFER SURFACES

Cold-end deposition occurs when boiler flue
gases reach the condensation temperature. The
flyash in the flue gas can combine with moisture and sulfur derivatives to form a finegrained deposit or scale on the cold-end
heating surface. Sootblowing can remove and
control regenerative air-heater cold-end deposits provided those deposits are not subjected to
moisture.
--

Moisture can be introduced as drainage from
waterxooled gas analysis probes, economizer
and boiler tube leaks, and unprotected FD fan
inlets through which rain can enter the air
heater. Leaking steam-sootblower and waterwashing shutoff valves add to the problem. But
the most frequent source of external moisture is
the sootblowing steam. Moisture in this blowing medium can be eliminated by selecting a
steam source with controlled pressure and temperature to provide dry steam to the sootblowers
at all times.
Air-heater element fouling also can result
from the carryover of material from the economizer and the subsequent lodging of the larger
particles in the heating surface, particularly at
the air-heater hot end.
Regenerative air preheater fouling can be limited by controlling the cold-end temperature
level and by the use of proper maintenance procedures and cleaning equipment. The primary
requisites for this purpose are sootblowing and
washing equipment, a dry blowing medium,
an adequate water supply, and a well-engineered drainage system.
Sootblowing

Three types of sootblowing equipment are
furnished on Ljungstrom air preheaters. Powerdriven sootblowers w h i c h have nozzles
mounted on a swinging arm are used extensively, while a stationary multi-nozzle type is
used on package air preheaters.
Retractable blowers of the same type as used
in boiler convection passes (see the next section
of this chapter) are installed on air preheaters
above 32 ft (10m) in diameter. The equipment is
most often located at the gas-outlet side to eIiminate flyash from being carried into the windboxes. They are installed either as an integral
part of the air-preheater duct or in the gasoutlet ductwork immediately adjacent to
the unit.
Air-Heater Sootblowing Media

Superheated steam (approximately 300°F
superheat) or dry compressed air is the recommended cleaning medium. Although saturated
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steam, which contains some moisture, has been
used occasionally, superheated steam has been
found to be more effective for sootblowing.
Although compressed air is considered to be
the premium cleaning medium, its merits do
not stem from an inherent cleaning ability, but
from its dryness as compared with steam. In
fact, under dry discharge conditions, the kinetic energy of a steam jet at 1.4 MPa abs. is
approximately twice that of air at the same
blowing pressure. But a steam source must be
selected to have pressure-temperature conditions which, by proper control measures, may
be used to provide dry steam to the airpreheater sootblower.
Steam blowing pressure should be 200 to 250
psig (1.4 to 1.7 MPa gage). A steam-sootblowing
piping system should include an automatic
drain valve, thermocouple, and an automatic
admission valve to the blowers. The automatic
drain valve is open to free drain discharge until
the temperature-sensing thermocouple indicates steam of adequate quality.
When using air, care should be taken to install a proper line of traps and separators to remove moisture from the blowing medium. Air
at a pressure of 180 psig [1.25 MPa gage] is
recommended.
Water Washing

-

In cases where sootblowing cznnot readily remove residual deposits, it sometimes becomes
necessary to water wash the heating surface to
maintain acceptable draft losses through the air
preheater. In some instances this may be required more frequently than during the scheduled boiler outages.
Most deposits forming on the air-preheater
heat-transfer surface are highly soluble in water
and, therefore, are easily removed by washing
with a sufficient quantity of water. A highpenetration, stationary multi-nozzle device is
the standard washing apparatus and is available
for all air-preheater types and sizes.
Adequate drainage is necessary before planning to wash an air heater. Washing can be on
either the air or gas side, depending upon
which has best drainage.

Out-of-service washing is simply washing the
preheater in a cold state during periods when
the boiler has been shut down. During shutdown is the best time to control the washing operation and to make a thorough inspection of
the heating surface, both during and after washing. The rotor can be turned at normal speeds.
If it is necessary to restrict the discharge of
water to one side of the air heater, however, an
auxiliary drive will be required to reduce rotor
speed. Surfaces should be examined frequently
during the washing process. After the deposits
are removed, the unit should be allowed to dry
completely before being returned to service.
In-service isolated washing consists of reducing boiler load and isolating one preheater by
means of dampers while the boiler remains on
the line by using the other preheater(s) and
fan(s). After the isolated air preheater is completely washed, the procedure is reversed allowing all the gas and air to flow through the
clean preheater while another preheater is isolated and washed in the same manner. The isolated method of washing air preheaters has
been found to produce excellent results both
from the standpoint of cleanliness and time.
Normally, about "13 boiler load can be maintained during isolation of one preheater for
washing. Fig. 31 shows the arrangement for the
isolated washing procedure. The rotor speed is
controlled in a manner similar to that used for
out-of-service operation.
On-stream in-service washing is carried out
while allowing gas and air to pass through the
preheaters. This is only feasible where drains
are located to eliminate the moisture entering
the dust collectors, precipitators, windboxes,
and boiler. The preferred location for operation
is in the air side, especially with an electrostatic precipitator. On-stream washing should
not be done when gas passes are plugged.
The speed of the air-preheater rotor should be
reduced to 1/15 rpm by means of an auxiliary
drive unit before admitting water to the washing devices. The slow speed permits the wash
water to drain from the rotor and heating surface before the wash water enters the other
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are moved radially 'across the surface, allowing
sufficient time for the rotor to complete at least
one revolution between each movement of the
nozzle of the sootblowers.

stream. To insure coverage of all heating surface, the washing cycle must consist of at least
one revolution of the preheater rotor.
An intermediate-pressure, high-volume
wash is sometimes necessary-to remove particles of insoluble material that are carried from
the boiler by the gas stream, the larger ones becoming wedged in the flow passages of the
hot-end heating surface. These obstructed
passages then fill up with flyash, which
restricts flow. This type of deposit accumulation is difficult to remove with the usual washing equipment. Special equipment using a
high-energy jet has been developed for this
purpose. The procedure is similar to that followed i n a regular out-of-service washing
using standard washing devices. Water nozzles

INFRARED HOT-SPOT DETECTION SYSTEM

C-E Air Preheater's infrared detection system,
installed on a rotary regenerative air heater,
triggers an alarm if the amount of infrared radiation emitted within the air preheater should
ever exceed levels encountered in normal operation. The system operates on the infrared principle, in the 0.9- to 2.5-micrometer wavelength
range, where the detector sensitivity is at its
maximum.
An infrared syste& is used because it is easily
adaptable to high-speed solid-state electronics.

Isolated Area
Closed Dampers

\

Fan Shut Down
\

\

,

Fan Shut
Down

I

Air Preheder

I
Fig.31 Arrangement for in-service air-preheater washing with one preheater isolated
--

I
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For example, a six-inch (15~~nm)-diameter
hot
spot in the rotating heat-transfer surface will
pass a given point in about 150 to 1000 milliseconds; the response time of the detector is
less than 100 milliseconds. Also, the leadsulfide sensing chips used in the equipment are
very sensitive to small changes in background
temperature. The sensitivity is electronically
adjustable and is normally set so that hot spots
of 200 to 300°F (90 to 150°C)above the gas inlet
temperature will trip the alarm.
During the early stages of deposit heat-up, external effects are not very apparent. The deposit
restricts the flow of gas or air so that very little
of the heat generated is carried away from the
area of origin; most of the heat is absorbed by
the metal heat-transfer element nearby. If the
condition can be detected during the initial
period when temperature buildup is slow, the
amount of water needed to reduce the temperatures to a safe level is much less. The C-E infrared system is designed to detect excess heat
during this early period.
DESIGNING FOR LOW EXIT-GAS
TEMPERATURE

Combustion of sulfur in coal results in the
formation of sulfur dioxide, and about 3 to 5
percent of the SO, is oxidized to SO.,, depending on the oxygen content, moisture, and temperature of the flue gas. The SO, and SO., may
then combine with moisture in the flue gas to
form sulfurous and sulfuric acids. Sulfurous
acid will not form above the water dew point
temperature, and is seldom a problem. However, sulfur trioxide is hygroscopic and will absorb moisture at temperatures well above the
water dew point, resulting in the formation of a
sulfuric-acid mist. The temperature at which
this acid mist condenses to form sulfuric acid is
called the acid dew point.8
While boiler efficiency can be improved by
adding surface to reduce the air-heater exit-gas
temperature, this practice lowers the cold-end
metal temperatures, possibly below the acid
dew point. Consequently, steel construction
materials are subject to corrosion from the sulfuric acid in the flue gas.

The acid dew point varies with the concentration of sulfur trioxide in the flue gas. Highsulfur coals result in the existence of a dew
point at a higher temperature, thus exposing
more of the air-heater surface to corrosion and
fouling. Typical acid dew points for coal are between 280" and 320°F (135" and 160°C).
For coal firing, fouling potential increases as
the temperature decreases. Water condensation
causes a marked increase in dew-point meter
response at 140°F (60°C) or below. This does
not necessarily mean as severe corrosion in the
water dew-point range, as compared to the acid
condensation range, although rapid fouling
would likely take place at the water dew point.
With low-sulfur coal, the corrosion and fouling
potential is low and restricted to the extreme
cold end of the air preheater.
A number of means have been developed to
minimize the rate of corrosion, as well as provision for replacement of corroded surface.
Because corrosion occurs on the lowest temperature surface, air-heater designs have been developed which incorporate replaceable
cold-end sections. Other means to minimize
corrosion are aimed at increasing the metal
temperature. One such arrangement directs a
portion of the preheated air to the inlet of the
forced-draft fan and recirculates it through the
air heater. Thus, the temperature of air leaving
the fan and entering the air heater is increased,
correspondingly increasing the cold-end metal
temperature.
Air bypass around the air heater is used to a
limited extent. With reduced airflow, metal
temperatures within the air heater are higher
because of the influence of the higher gas-to-air
ratio. Also, because the overall recovery is less
as a result of the reduced airflow, gas outlet
temperature rises, causing a rise in the coldend metal temperature.
The prevalent means of increasing cold-end
metal temperature, discussed in detail in Chapter 6, is the use of steam air heaters located in
the cold-air duct between the FD fan and the air
heater. These increase the temperature of the air
entering the heater, correspondingly causing an
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increase in the metal temperature. Steam bled
from the turbine is used as the heating medium
in the steam air heater. In supplying heat to the
cold air, steam is condensed and the condensate returned to the appropriate stage of the
feedwater bleed heating system.
To assist specifiers and operators in arriving
at reasonable cold-end temperatures, average
cold-end temperature (ACET) guides for regenerative air preheaters are published. These
guides take into account the variables of fuel
type, sulfur content, and the effect of excess air.
A guide for coal firing,was presented as Fig. 4
in Chapter 6.

BOILER SOOTBLOWERS
One of the most important boiler auxiliary
operations is the on-line fireside cleaning of
heat-absorbing surfaces. Not only is it important for proper heat transfer, but also to prevent
sections of the boiler from becoming severely
plugged. Plugged sections can restrict gas flow
and cause load limitation. Tube erosion due to
high local velocitigs also can occur.
Sootblowing, systems are required on coal
and oil-fired furnaces. Oil had a low ash content
which ~roducesa thin water-soluble deposit
on the furnace walls that is normally removed
by annual water washing. Furnace-wall sootblowers are, therefore, not required on oil-fired
units. In the superheater and reheater sections
of an oil-fired unit, ash deposits do accumulate
on the tubing surface. This is especially true of
high-vanadium oils where additives are used to
combat highAemperature corrosion. But with
the use of solid-powder additives, ash deposits
in the high-gas-temperature areas increase
markedly. Ordinarily quite friable, such deposits are easily removed with sootblowers.
Coal-fired units require large complements of
permanently installed sootblowing equipment.
In the boiler furnace, the concentration of wall
blowers depends upon such factors as the ashfusion temperatures, as described in Chapter 3.
The lower these temperatures are, the more
likely the ash will adhere to the furnace walls

and accumulate. The percentage of ash in the
coal is another factor in the design of the
furnace wall-blower system, with higher-ash
coals requiring greater and more
- concentrated
coverage.
FURNACE-WALL SOOTBLOWERS

A short single-nozzle retractable blower,
called a wall blower, removes the ash deposited
on furnace walls (Fig. 32). It is a short-stroke
lance which penetrates the wall one to two
inches. Supported by wall boxes welded to the
furnace tubes, it follows both vertical and horizontal movements of the furnace walls as they
expand and contract. The single nozzle at the
tip directs a supersonic high-energy jet of superheated steam 'or air parallel to the furnace
face of the water-wall tubes, dislodging the slag
deposits. The lance rotates through 360" and
cleans approximately a five-foot radius; the effective radius depends upon how tenacious the
deposit is. Some coals with difficult-to-remove
slag require wall-blower spacing to be closer;
the maximum cleaning radius may be only 3 to
4 ft. Blowing frequency depends on the rate of
slag build-up, but frequencies in the 4- to 8hour range are common.
CONVECTION-SURFACE SOOTBLOWERS

Superheater, reheater, and economizer sections of large boilers are cleaned with long,
fully or partially retractable lances which penetrate the cavities between major heat-absorbing
sections. Smaller boilers may use nonretractable blowers with multiple nozzles, which rotate, allowing each nozzle to clean a tube row.

Fig. 32 Typical retractable furnace-wall sootblower
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The long retractable type sootblower is the
most effective way to clean radiant and convective heating surface. It normalIy uses two 18O0opposed cleaning nozzles at the tip which emit
a high-energy jet of superheated steam or compressed air perpendicular to the lance. While
the lance traverses the boiler, it rotates, forming
a helical blowing pattern (Fig. 33) which effectively cleans the tubes and spaces between
tubes in a superheater, reheater, or economizer
bank. In widely spaced platenized sections,
these nozzles are angled slightly, leading and
lagging the perpendicular to gain more dwell
time on the tube surface. The effective range of
retracts depends upon the gas temperature in
the area to be cleaned and the ash characteristics of the particular fuel being fired. Therefore,
the maximum effective cleaning radius varies
from 4 to 9 feet. It is difficult to relate cleaning
radius to blowing pressures because of various
nozzle combinations. Blowing pressures depend not'only on supplying a flow for cleaning
but, in high-temperature zones, supplying an
even greater flow for cooling the lance.
Fig. 34 sho\vs a retractable blower on one side
of a large utility boiler; this blower penetrates
half the width of a 90-ft wide boiler. The blower
typically uses a two-point support which allows for boiler expansion. A wall box welded to
the tubes supports the front of the lance; the
platform structure supports the rear through a
slot-and-pin connection.

say, one complete cycle per 8-hour shift. After
observing fouling patterns either through observation doors (on line), or by gas-side inspections during shutdowns, the operator can
modify the blowing pattern to that which best
suits the boiler for the coal being fired. It is
common for certain retracts to be blown more
frequently than others, either singly or in
groups. Once the pattern is established, it can
be programmed in the sootblower system and
run automatically. '
The air preheaters are also cleaned by sootblowing as described in the previous section on
air preheaters. The ash at this point in the system is usually dry and the particles small
enough to pass through air preheater elements.
BLOWING MEDIA
The two blowing media are steam and compressed air, with both being equally effective in
deposit removal. The utility normally makes
the choice based on plant economics. In the
case of air, large compressors must be installed
with an integrated piping system around the
boiler. Steam systems are usually supplied
from the boiler through a pressure-reduction
station so that, after pressure reduction, dry
superheated steam is available at the sootblower nozzle. Steam has the advantage of
availability whenever the boiler is in operation.

SOOTBLOWER OPERATION

The type of deposits in the radiant and convection sections of the boiler can vary from
very hard tenacious slag to a dry powdery coating. The most important coal properties affecting the severity and rate of ash build-up are ash
softening and fluid temperatures, percent ash
in the coal, and the percent sodium in the coal
ash. Coals with high percentages of ash, low
ash-fusion temperatures, and high percentages
of sodium in the ash are the most difficult to
keep clean. The blowing sequence and frequency of the retract system must be adjusted
during initial operation by starting with an assumed sequence of blowing and a frequency of,

Fig. 33 Retractable sootblower cleaning pattern
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Fig. 34 Long retractable sootblower for cleaning convection surface of a 750-MW steam generator

I
Fig. 35 Retractable probe for measuring furnace gas temperature
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With air, there is always the possibility that the
blowing medium will be lost if the compressor
is out of service.
Water as a medium is not generally recommended for sootblowing and is considered as a
last resort for particularly troublesome slag deposits. Thermal shock from water may reduce
,tube life due to cyclic fatigue.
FURNACE TEMPERATURE PROBES

Fig. 35 illustrates a typical retractable furnace probe for monitoring gas temperatures at
the top of a furnace. The probe is inserted during the lighting-off period and remains in the
furnace until reheater steam flow has been established. Its design is based on that of the long
retractable sootblower, but without the rotating
feature. It traverses back and forth across the
furnace or convection pass as it is driven by a
single electric motor.
As a probe senses temperatures, it also transmits its position. A thermocouple mounted
on the end of the lance measures gas temperatures. The standard thermocouple is suitable
for temperatures to 1850°F.
For lance extensions below 16 ft and gas
temperatures of 1200°F or lower, there is no
need for cooling the lance. Automatic retraction from the recorder alarm Drotects the lance
at excessive temperatures. When air cooling is
required, the lance is supplied with an inner
lining for optimum cooling.
Introduced into the traveling carriage, the
cooling air passes through a small annular
space between the lance wall and the inner
liner. It then is discharged from a nozzle into
the furnace. Mounted back from the end of the
lance, the nozzle is slanted away from the
thermocouple, so that discharged air will have
no effect on the temperature readings.
SOOTBLOWER CONTROL SYSTEMS

The mode of sootblower operation depends
upon the size and capacity of the boiler unit
and the number of blowers installed. Small industrial boilers using few sootblowers cannot
economically justify the use of automatic contfol systems; manually operated blowers are

used. On the other hand, large industrial and
central-station boilers can justify various degrees of automatic control.
In systems with over 200 sootblowers, programmable controllers frequently are installed
so that proper automatic sequential operation
of the system can be accomplished after
ash-deposition patterns are established under
operating conditions. With properly programmed blowing ,sequence, ash deposits on
the furnace walls are minimal and the combustion gases are cooled to the required temperature before entering the convection pass.
Sootblower control panels are now designed
for easy modification of the automatic sequential operation. This gives the operator maximum flexibility in maintaining the cleanliness
of a unit. Essential parameters for such a sootblower control package include
equipment to automatically start each sootblower in the system
a method to cancel the operation of any sootblower in the system
a way to determine easily which sootblowers
have been selected to operate, and their programmed operating sequence
the complete capability to monitor and display the operation of each sootblower
the capability to monitor all the essentials of
the sootblowing system and prevent continued
sootblower operation if the system is not functioning properly and abort the operation of any
sootblower if a malfunction occurs.
a method to select and alter various blowing
routines as required by the boiler cleaning
requirements
the ability to operate certain of the sootblowers simultaneously
rn a means of manually overriding the automatic routines
Ideally, a sootblower control system would
respond automatically to conditions of load,
temperature, pressure and fuel to provide for
the most efficient boiler operation. However,
because of the number of input variables and
the questionable validity of signals and the
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complexity of process manipulation, this has
not been technically feasible to date. Sequential control with the boiler operator as the decision maker has been used for the majority of
sootblower systems. With the advent of more
complex blowing operations, the hard-wired
solid-state logic systems have taken over some
of the decision making. It is extremely beneficial to minimize operator attention and still
operate the sootblowers efficiently. Effective performance of any soot-blowing control
system depends on its ability to make complex
decisions with a minimum of operator input.

BOILER-WATER
CIRCULATING PUMPS
Boiler circulation pumps are an integral part
of the furnace-wall circulation system on the
~ontrolled~irculation@and
Combined Circulation@units. By using pumps in the circulation
flow path, the total quantity of water circulated
can be apportioned and distributed throughout
the furnace heat-absorbing surfaces to suit all
the conditions of operation. Boiler circulation
pumps also give the operator the capability of
insuring positive circulation for a wide variety
of pre-operational procedures and off full-load
plant cycling conditions.
Most boiler circulation pumps have certain basic similarities. All are vertical, singlestage, centrifugal type with overhung impeller
and are designed for constant-speed operation
without throttling. The hydraulic erid consists
of a single vertical suction and either single or
double horizonlal discharge (Fig. 36).
The pump casing and associated isolation
valves are entirely supported -by the boiler
downcomer piping, thus permitting unrestricted expansion movement during boiler
start-up and shutdown. Butt-weld joints between pump nozzles, valves, and piping are designed to withstand the combined moments
and forces resulting from dead weight loads
and the expansion differential between the furnace and the downcomers. Only the connec-.

tions for station services of seal water, cooling
water, and electric power supply must be flexible to accommodate pump expansion movements. The pump drives share the basic
electrical characteristics of low starting torque,
induction squirrel-cage motors, designed for
full-voltage across-the-line starting.
DESCRIPTION
OF BOILER CIRCULATION PUMPS

Pumping water at or near saturated temperature and at high pressure requires pumps of
special design because of the possibility that
shaft seal leakage water may flash rapidly into
steam. For this service, three types of boiler circulating pumps have been used. The zeroleakage pump is driven by a wet motor, cooled
and lubricated by recirculated water at system
pressure. The stator windings are immersed

~ i g 36
. Vertical single stage centrifugal pump
for boiler-water circulation
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in the high-pressure water. This unit is also
known as a glandless submerged motor pump.
The second type employs a canned motor
housed within a pressure vessel common to the
pump itself. It too is a glandless or zero-leakage
type of pump. The third type employs a conventional motor drive. Shaft sealing is accomplished by a stuffing box with packing or a
shaft mechanical seal, supplemented by an injection sealing-water arrangement.
ZERO-LEAKAGE
BOILER-WATER PUMPS

Controlled Circulation boilers of the type described in Chapter 7 are designed with glandless pumps in which the electric motor and the
pump are enclosed in a common pressure casing (glandless meaning that there are no stuffing boxes or mechanical seals around the pump
shaft). These zero-leakage pumps are of two
main types: those with stator enclosures, but
with the rotor immersed in water (known as dry
stator or "canned" pumps) and those in which
water at system pressure is circulated through
the stator windings (known as wet stator or
"submerged motor" pumps). In both designs,
the high-pressure water in the motor is recirculated through an external heat exchanger and
then through the rotor gap and acts as a lubricant for both thrust and journal bearings, and as
a cooling medium for removing the heat generated by the motor losses.
SUBMERGED MOTOR RECIRCULATINGPUMPS

The motors of these pumps are wound with
waterproof insulated cable. The motor power
is supplied through pressure-tight cable inlets.
As shown in Fig. 37, the internal high-pressure
water content is circulated through an external
heat exchanger to keep the motor cool and provide bearing lubrication. Circulation is accomplished by an auxiliary impeller, integral
with the thrust disc and located at the base of
the motor. The design also includes a thermal
barrier for minimizing the flow of heat from the
pump to the motor. Provision is made for controlling the temperature within the submerged
motor by

restriction of conduction and convection between pump and motor by reduced crosssectional areas, and by mounting the pump
above the motor
heat exchange through a closed-circuit pipe
system and external heat exchanger
The electrical leads exit the motor casing
through pressure-tight sealed glands to an external terminal box at atmospheric pressure.
The main supply cable is connected to the
motor phases inside this terminal box.
The entire pumping element-the
drive
motor, pump shaft, thermal barrier and overhung impeller-can be installed or removed
from the pump casing without disturbing the
casing or its piping connections.
The pump shown in Fig. 38 is of the diffuser
type with a spherical casing. The materials and
construction of the pressure-retaining partspump casing, heat barrier, forged motor case,
and all bolted flanges-are in accordance with
A SME Section I requirements.
The motor shaft of this pump is fitted with
two chromium-plated chrome-steel sleeves
running in water-lubricated journal bearings.
A double-acting Kingsbury-type thrust bearing
locates the rotor assembly axially and takes up
any residual thrust. Both the radial journal
bearings and the axial thrust bearings are selfadjusting, thus ensuring equal bearing loads.
CANNEDMOT0.R PUMP

The canned-motor boiler-circulating pump is
a zero-leakage pump designed to circulate
boiler water at high temperature and high pressure. No shaft seals are required. The motor and
pump components are designed as an integral
pressurized unit, sea!ed by a gasket and studs.
The impeller is rotated by an AC polyphase,
squirrel-cage induction motor. The spaces between the stator'and rotor and around the bearings are filled with the cooled system water.
A heat barrier between the pump and motor
limits the conduction of heat from the highpressure hot water being pumped, to the
high-pressure internal motor water. The dry
stator winding is completely isolated from the
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high-pressure water by a corrosion-resistant
"can" lining the stator bore.
The stator assembly consists of the bearing
assemblies, the stack of laminated steel punchings, the three-phase insulated copper winding, the outer pressure sheli, and stator can.

The rotor assembly contains a shaft, squirrelcage type rotor body, auxiliary impeller, rotor
journals, and thrust runner. The main impeller
is mounted on the rotor shaft extension. Secured to the lower end of the shaft, the thrust
runner carries the weight of the rotor assembly

Inlet
(Suction)

0

y Impeller

Reverse Thrust Bearing

Fig. 37 Schematic of a typical glandless wet-motor boiler-water circulating pump

COIQlllmION
Stwm-Generator Auxiliary Equipment

.-

and absorbs the axial hydraulic thrust. The
pump motor with its integral pump shaft and
impeller can be withdrawn from the pump casing without disturbing the casing or its piping.
In operation, high-pressure cooling water in
the motor cavity is circulated by the auxiliary
impeller mounted on the rotor shaft. This water
is circulated from the auxiliary impeller up
through the gap between the rotor and stator,
through the upper guide bearing, out to the external heat exchanger, back into the motor
through the piping connections to the auxiliary
impeller suction in the hollow shaft end. Some
of the auxiliary impeller discharge is circulated
down through the lower guide bearing and the
thrust'bearing and then back to the auxiliary
impeller suction.

Fig. 38 Single discharge spherical-type pump
for supercritical-pressure steam generator.
Pump casing design pressure is 4500 psig.

Low-pressure cooling water is circulated
through the external heat exchanger. When
the pump is idle, but pressurized with hightemperature boiler water in the pump casing,
conducted heat is removed by motor-fluid
convection flow through the heat exchanger.
INJECTION-SEAL PUMP DESIGN

This controlled-leakage boiler-water circulating pump'is mounted vertically with a rigid
shaft designed to carry its own thrust. No thrust
load is transmitted to the motor, which is entirely supported by the pump. The internal
pump materials are selected to accommodate
expansion encountered at high temperatures,
and to provide corrosion resistance.
Essentially, the pump contains the following
main components: casing, stuffing box, pressure breakdown assembly, bearing assemblies
and pump shaft with impeller. The pump casing is supported by the suction and discharge
piping to which the casing nozzles are welded.
A direct-drive coupling connects the pump
motor to the pump shaft. Thevertical induction
motor is of open drip-proof construction for indoor installation, or a weather-protected type
for outdoor installation.
The suction pressure and temperature at the
pump are virtually the same as the boiler
operating conditions. The injection seal reduces the pressure and temperature at the
stuffing box packing by injecting cool water at
high-pressure into the annulus formed by the
shaft running clearance. The injection water
serves as a thermal barrier against conducted
heat and as a means of keeping the boiler water
from entering the close clearances of the
throttling sleeve and floating seals. The floating seals and the packing control the leakage at
the stuffing box. The injection water, free and
clear of foreign particles, can be supplied from
the discharge of the boiler feed pump or any
other source that can supply a pressure differential of 50 to 100 psi over the discharge of the
boiler circulating-water pump. A supplementary booster pump of limited capacity is provided with a takeoff point from the boiler
feed-pump discharge to supply the additional
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pressure necessary for sealing the boiler circulating pump. The booster injection pump has
a bypass system for operation at partial loads.

OTHER AUXILIARY

Boilers operating at supercritical pressures
involve special considerations that differ from
ASME Boiler and Pressure Vessel Code requirements for subcritical-pressure bailers.

EQUIPMENT

Although this chapter has discussed fans, air
heaters, sootblowers, and boiler-water circulating pumps, it has only scratched the surface as
far as the multiplicity of ancillary equipment
involved in a large steam-generator installation. For instance, hundreds of valves for highpressure steam, water,, compressed-air and oil
duty are part of the scope of most boiler contracts. The ASME Boiler and Pressure Vessel
Code and ANSI Code B31.1 for power-plant
piping govern the design and application of
most of the valves.
Because boiler valves experience extremes of
temperature and pressure as well as widely
varying conditions of operation, the valve
manufacturer must give close attention to the
materials of construction. For valve parts these
may range from low-carbon steel through the
low and medium chrome alloys to stainless
steel, in both castings and forgings.
Safety valves are regulated by the ASME
Code. For boilers operating below the critical
pressure, superheater safety valves are customarily set to pop before boiler safety valves.
This assures maximum possible flow through
the superheater, thus protecting the tubes.
Feedwater valves contain stop and check
valves near the economizer inlet. Ordinarily
these valves are wide open. Blowoff valves are
located at low points in the boiler, such as the
lower waterwall supply header, for rapid removal of sludge collected at these points. Continuous blowdown and chemical feed valves
serve to limit and control concentration of impurities in the water in the main steam drum.
Sampling valves provide a continuous record
of steam and water purity.
Modern Controlled Circulation boilers have
three 50-percent capacity pumps, with outlet
stop-check valves. With such an installed spare
pump, suction valves are not required at the
pump inlets.

POWER-PLANT NOISE
This final section discusses the problem of
noise and its suppression in a large pulverized-coal fired power plant. Generally, the
motors, and the rotating equipment they drive,
are the source of most noise.
Noise is unwanted sound with a severity that
varies with.sp$ce and time. For example, it is
worse at night when the masking effect of
background sounds is reduced-.
The human ear is more sensitive to high than
to low-pitched sounds. Because of this, high
frequency noise is normally the greatest offender, particularly if it contains a pure note.
An essential feature of the human sense of
hearing is that to perceive a just noticeable difference in volume requires a discrete change of
about 10 percent in the subjective noise level
on the decibel (dB) scale. Therefore, worthwhile reductions in noise levels should probably involve 5- to 10-fold decreases.
PHYSICAL LEVEL SCALES OF NOISE
The human ear is a frequency meter, a sound
analyzer, and an intensity meter. Conveniently, we describe our sensations,.sometimes
in physical, sometimes in psycho-physical
terms, but neither provides terminologies that
alone seem suitable for classifying all sounds.
Physically, a pure note is a single harmonic
wave. Sound is produced by adding together
several, but not too many, pure notes. Too
many produce noise. The human ear, to some
degree, can separate sound into pure notes, but
apparently only if the frequencies involved are
well separated. The intensity of specific frequencies then becomes important.
The quantity usually measured in acoustics
is the RMS-root-mean-square sound pressure
(P).The weakest sound pressure perceptible to
the average human ear is very small, about
0.0002 microbar. In comparison, the greatest
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sound pressure perceived without pain is about
1000 microbars. The human sense of hearing
covers a wide dynamic range.
The human ear responds to changes in sound
pressures, but it is the ratio rather than the absolute difference between two intensities or
two frequencies that produces the distinct subjective sensation. In noise measurement, it is
practical, therefore, to adopt a relative scale of
sound pressure, such as the decibel (dB) scale.
The decibel is defined as 10 times the logarithm
to the base 10 of the ratio between two quantities of power. (The factor 10 converts bels to
decibels.) Thus, as sound power is related to
sound pressure squared, the common scale for
noise measurement becomes:

There is no simple relationship between the
physical measurement of a sound pressure
level and the human perception of sound. In
Fig. 39, each curve represents one of constant
subjective loudness equal to the physical dB
level at a standard noise frequency of 1000 Hz.
These "equal loudness contours" are an international standard. Sound-level meters are
made with electronic filters which can integrate sound energy in such a way that the filter
characteristics (Fig. 40) reflect the subjective
response of human hearing. The ensuing noise
level (measured in decibels on the A-scale,
dBA) is then a good measure of the subjective
loudness of the sound provided there are no
discrete tones.
Prolonged exposure to noise results in a temSound Pressure Level (SPL) =
porary
threshold shift, TTS. It has been
P
I0 log ,.
( d ~=) 20 log ,. - [dB]
suggested
that 1 2 dB TTS (Po-0.0002microbar)
p
(7) should be the maximum permissible shortterm noise exposure for given noise ratings (N)
where P is the actual pressure measured and Po as a function of TTS at 2000 Hz. For example,
exposure to noise rating N-90'should not exsome reference value, conventionally the
ceed 2 hours. If the subject becomes exposed for
threshold of human hearing (0.0002 microbar
any longer periods, hearing-conservation aids
or 20 micropascals). The use of this equation
reduces the range of sound pressures to 0 to 120 should be provided.
dB, 0 dB indicating the reference value and 120
dB an approximate "maximum" level for pain- NOISE MEASUREMENT
free stimuli (during short exposures).
Most sound-level meters are now equipped
with frequency weighting networks to deterNOlSE CRITERIA
mine overall sound pressure levels at a certain
The dB term, unfortunately, is also used to location. However, for abatement purposes,
designate levels of sound power, sound inten- more thorough investigations are often resity, and in ratings simulating human response quired. Therefore, the next step is to make a
such as the A, B, and C "weightings" and the frequency analysis of the noise. Usually, the inNoise Criteria Curves. To avoid confusion, ref- struments are provided with filters that divide
the noise spectrum into 8 to 10 electronicallyerence values should never be omitted.
Some common sound levels are listed in controlled, well-separated bands. The freTable IV. Most daily activities take place quency analysis is then simplified to discrete
within 1/4 of the scale, from 50 to 85 dB. This dB measurements for each band.
In noise studies, the position of observation
covers any sensation between pleasantly quiet
and annoyingly noisy. A noise attenuation of a with respect to the source is of utmost imporfew dB will be most pronounced within this tance, and so is a detailed knowledge of the surnarrow range. At the top and the bottom of the roundings. The effects of reflections from wall
scale, as much as 10 or 15 dB attenuation (i.e., surfaces and the contribution of the other
sources must be known. In fact, to do a noise
10% of full-scale) is hardly noticeable.
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_ Table IV. Typical Sound Pressures and Sound Pressure Levels
SPL
(dB ref.
2,000

- -

0.0002 p bar)

Source
(long time average)

140

Threshold of pain

1

Distance

(fl)

Pneumatic clipper
Threshold of discomfort

6

Automobile horn

20

New York subway train

Inside

Motor bus

Inside

.'

Traffic on street corner
70
0.2

Conversational speech

3

Typical business office

Inside

Quiet residence

Inside

Library

Inside

Whisper

5

60
50

0.02

40
30

0.002

20
10
0

0.0002

Normal Binaural
Minimum Audible Field
Fig. 39 Normal equal loudness contours
for pure tones

Threshold of hearing

study properly, one should operate in a free
field and, in a standardized way, locate the observation points around the source to account
for sound directivity. As measurements usually cannot be made under these conditions, it
is extremely important, from the point of view
of noise guarantees on equipment, to stipulate
not only the noise spectrum, but the exact location at which it applies. Specifying distance
from casing or center of the noise source is generally inadequate, as the sound spectrum invariably changes around the source.
In specifying noise ratings, it must be
realized that at the present state of the art there
are no set regulations, only suggested ones, and

...
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verizers. High-frequency noises dominate at
positions where gas or steam is emitted at high
velocity through valves and vents.
There are two principal sources of sound
within a fan. The first source is the blade passing tone which is generated by the impeller
blades. The frequency of the blade passing tone
is equal to the number of times per second a
blade passes a stationary object.
Frequency in Hertz (Cycles Per Second)
Fig. 40 The standard weighting curve
for sound level meters

that each of the several possible ratings has
limitations. No sound measurement is that accurate. Plus or minus 2 dB or less in sound
power level is insignificant, particularly in the
low frequency bands where differences of up to
4 dB should be disregarded.9
There seems to be a trend toward the use of
sound power level ratings. These indicate the
actual acoustic power radiated from a source.
From these data, the audible sound pressure
levels can be predicted with an accuracy dependent on how well the physics of the surroundings is understood, and one can predict
the need for extra abatement measures such as
silencers, barriers or plenum chambers.
References 10, 11, 12, and 1 3 are publications applicable to fan sound ratings, methods
of calculating fan sound ratings from laboratory
data, and methods of testing sound power from
air-moving devices.
NOISE SOURCES

To determine the nature of an offending
noise and to make silencing worthwhile, it is
necessary to examine the spectral distribution
of sound levels at various frequencies. In a
power station, nearly every frequency within
the audible area is represented. The dominating frequencies differ at different locations
within the plant. Where low frequency noise
dominates, the offender is likely to be the furnace, fans, reciprocating compressors, or pul-

FBP =

(rpm) (number of blades)
60

The loudness of the blade passing tone depends on the width of the fan impeller and
the distance between a blade and the cutoff or
the stator vanes. The second major source is
the turbulence created by the fan while adding energy to the airstream. This sound is generally broad band in character.
There are three primary paths by which
sound radiates from a fan; namely, through the
inlet, the outlet, and the fan housing. Sound
radiated from the fan inlet and outlet is approximately at the same sound power level. Sound
radiated by the housing is normally at a lower
sound power level than that radiated from
either the fan inlet or outlet. If the fan inlet(s)
andlor outlet are ducted, some of the sound is
radiated into the system while some of the
sound is transmitted through the duct'wall to
the surroundings. In the case of FD fans with
open inlets or inlet boxes, sound passes
directly through the openings to the surroundings. The sound radiating from the fan housing
is transmitted directly to the surroundings. For
effective sound control, it is necessary to consider all three of the sound paths in accordance
with the amount of sound power being transmitted from each.
NOISE REDUCTION

Basically, there are two ways of abating
noise. One is to assumethe existing process
cannot be modified and to isolate the sound
from nearby inhabitants by enclosures, barriers, etc. The other is to examine thoroughly
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the nature of the noise and to modify the process or replace the offending component with a
less noisy one. In practice, both methods may
be required since 10 to 20 dBA reductions are
difficult to obtain except early-in the design.
In most cases, separation of source and receiver is also only possible during the early design stage. Doubling the distance halves the
sound pressure, i.e., reduces the sound pressure level by 6 dB. For this reason, it may be attractive to include a "buffer zone" rather than
silencing equipment.
In general, most problem noises are at a fairly
high frequency. Therefore, the best results are
obtained with double structures (inner steel
and outer lead linings with porous glass fibre
material between). This method prevents the

;;j

build-up of reverberant sound levels. However,
the structure must be leaktight. With 30 dBA
reduction, for example, only one thousandth of
the noise energy that hits thejnsid.e.of an enclosure escapes to the outside. A similar quantity would be emitted through a hole 111OOO of
the wall area. Therefore, small leaks between
panels and around openings for supply pipes
must be avoided. Also, the wall must be vibrationally isolated from the mechanical
sound-source, or, because of its larger area, the
noise emission produced by the vibration may
be worse than the initial noise.
An example of the noise attenuation that can
be achieved by enclosing two 500,000-CFM FD
fans for a 500-MW boiler in 30 ft x. 45 ft x 35 ft
enclosures of 8-in. block masonrl is shown in
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Frequency Band, Hz
1. SPL - Inside Enclosure
2. SPL - Outside Wall
3. SPL - Silencer Outlet
4. SPL -600-Ft Away, Both Fans
at Full Load

s
Fig. 41 Calculated abatement of sound pressure
levels for two FD fans for a 500-MW boiler. Each fan
is housed in a 30-ft wide x 45-ft long x 35-ft high
enclosure of 8-in. masonry.
-

Fig. 42 Large centrifugal forced-draft fan
with silencers mounted on inlet boxes

--
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Fig. 41. At 600 ft (free field assumed), the noise
is reduced to a mere whisper.
Fig. 42 shows inlet silencers attached directly

to the inlet boxes of an airfoil-type centrifugal
FD fan. Such silencers are often used in lieu of
acoustical enclosures.
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CHAPTER 15

Control of PowermPlant Stack Emissions

u

his chapter presents the various types of
commercially available equipment for the
control of particulate and gaseous effluents. No
reference is made to national or local legislation or regulations because of the probability of
change from year to year. Such regulations are
best found in the U.S. Federal Register or obtained from the local environment-regulating
agencies in other countries.

ENVIRONMENTAL FACTORS IN
POWER PRODUCTION
The installation of highly efficient electrostatic precipitators, fabric filters (baghouses),
and flue-gas desulfurizaiion systems (FGDS)
has become increasingly necessary; powerplant owners must include them in their planning to obtain permission to start construction
of a new facilitv. Additional controls that are
applied to other gaseous emissions such as oxides of nitrogen, and to liquid and solid wastes
that result from the processing, handling, and
disposal of fossil fuels and their products of
combustion add considerably to the complexity and cost of installation, operation, and
maintenance of power plants.
Changes in fuel availability as well as airquality standards have significantly impacted
--

the electric-utility industry. Discounting inflation, the cost of installation of a major facility
has more than doubled since the imposition of
environmental laws. Because of permits
needed to satisfy environmental statutes, and
the delay occasioned by debating these in public, the time required to construct a fossil plant
has increased by as much as 2 to 3 years.
Besides the emission-control equipment described in this chapter, a coal-fired power plant
must have
very high static-pressure induced-draft fans
or additional FGD booster fans to accommodate
draft requirements
FGD solid-waste beneficiation, handling,
and disposal systems
more sophisticated treatment of raw water,
makeup water, and waste water
condenser cooling-water systems that do not
add heat to inland or coastal waters.
The auxiliary power requirements of equipment to satisfy environmental regulations will
demand a significant percentage of the total installed capacity of a power plant.
POWER-PLANT EMISSIONS

Three classes of emissions from fuel-burning
processes are judged significant from an airquality standpoint: particulate matter, sulfur

"
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oxides, and nitrogen oxides. Historically, particulate matter has received the greatest attention because it is easily seen and often labeled a
public nuisance. The concern about sulfur oxide comes from its possible health effects and
from its potential to damage vegetation and
property. Oxides of nitrogen are also significant because they participate in complex chemical reactions that lead to formation of
photo-chemical smog in the atmosphere. Additionally, both sulfur and nitrogen oxides have
been implicated as precursors to acidic deposition, more commonly called acid rain.
Emissions from coal-fired boilers vary considerably depending on the ash content of the
coal and the type of firing. A pulverized-coalfired unit can be expected to have 60 to 80 percent of the coal ash leaving the furnace with the
flue gas. The balance of the ash leaves through
the boiler bottom-ash removal system, hoppers
under economizers and air heaters, and pulverizer rejects hoppers. Fig. 1 illustrates the
exceedingly high efficiency required of particulate-collection equipment for high-ash-con-

tent coals and very low effluent ash levels.
As flyash is nonhomogeneous in properties
such as specific gravity and particle shape, size
is very difficult to describe in absolute terms.
Methods for determining this property include
photomicrographs, sedimentation, elutriation
and inertial impaction devices. Flyash is the
combination of inert or inorganic residue
i n pulverized-coal particles with varying
amounts of carbon or coke particles resulting
from incomplete combustion. In general, the
inorganic ash particles consist primarily of silicates, oxides, and sulfates, together with small
quantities of phosphates and-other trace compounds. Particle size varies from below 0.01
micrometer diameter to over 100 micrometers.
Fig. 2, based on test data,l shows the size distribution between the 2 and 50 pm diameters.
SULFUROXIDE

As fuels burn, most of the sulfur is converted
to sulfur dioxide (SO,) and sulfur trioxide
(SO,). As explained in Chapter 2, the quantity
of sulfur varies widely for different coals and
may range from less than 0.5 to over 5 percent.
In general, 90 percent or more of the sulfur in
-

Effluent /lo6Btu Fired
Effluent /lo6Btu Fired

Lb Ash Entering Collector/106Btu Fired
-.

-

Fig. 7 Required particulate-collectionefficiency
versus inlet ash concentration

O/O

LessThan Size Indicated

Fig. 2 Flyash particle-size distribution in
pulverized-coal-firedboilers
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the fuel will oxidize to gaseous sulfur oxides.
Typically, concentrations will be 0.05 to 0.30
percent by volume in the products of combustion. The further conversion of SO, to SO,
ranges from 1 to 4 percent. T h e formation of
SO, in a boiler is a complex process and is believed to be influenced by the oxidation of SO,
by molecular oxygen, oxidation of SO, in the
flame by atomic oxygen, and catalytic oxidation of SO,.
NITROGEN-OXIDE EMISSIONS

During the combustion process in a conventional steam generator, oxides of nitrogen (collectively referred to as NO,) form i n the
high-temperature region in and around the flame
zone. The oxidation of both atmospheric nitrogen (thermal NO,) and nitrogen contained in the
fuel (fuel NO,) is the cause. The rate of formation is influenced by the temperature and the
oxygen present. Reducing the flame temperature and the excess air can help control thermal-NO, formation. Fuel NO, is related to the
available nitrogen in the fuel and is most significantly influenced by the oxygen concentration in the combustion region.
In addition to the information on post-fur-

nace NO, control in this chapter, refer to Chapter 4 for a discussion of NO, formation during
combustion, and to Chapter 12 for techniques
to reduce NO, in furnaces.
INTEGRATED EMISSIONS CONTROL

For decades, utilities and large industrial
power producers in the United States have
been routinely purchasing electrostatic precipitators (ESP's) or fabric filters (FF's) to control
particulate emissions from their boilers. Since
the enactment of the 1970 Clean Air Act requiring control of sulfur dioxide, utilities have also
been installing flue-gas desulfurization (FGD)
systems. More than 100,000 MW's of FDG systems have been purchased in the United States.
Wet FGD systems have accounted for about 80
percent of those purchased; dry-scrubbing FGD
systems over 10 percent; and all other types of
FGD systems, under 10 percent. Nitrogen-oxide emissions have been almost exclusively
controlled in the combustion process, although
selective reduction of nitrogen oxides will be
applied more widely in the future, to compIy
with the 1990 CAA.
Fig. 3 illustrates the mosf common and typical integration of the particulate, nitrogen-ox-
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ide, and sulfur-dioxide control systems. SCR
equipment, if used, can be designed for either
high or low dust contents, thus dictating the
position of the electrostatic precipitator. See
reference 2 for a generic description of the various gas-cleaning systems, and other sections of
this chapter for detailed discussions of the wet
and spray-drying desulfurization processes.

PARTICULATE EMISSION
CONTROL
Particulate emission control deals with
methods of removing particles dispersed in effluent gases of power, industrial process, and
commercial plants. These dispersions have
through general use come to include all particles in air or other gases.
Dispersoids are characterized by their physical, chemical, and electrical properties, their
particle size and structure, rate of settling under gravity, optical activity, the ability to absorb a n electrical charge, the surfaceto-volume ratio, and the chemical reaction
rate. Particles larger than 100 pm are excluded
from consideration because they settle rapidly.
Dispersoids are generally classified as dust,
smoke, fumes, and mists. Fig 4A indicates the
common dispersoids and the typical particle
size for each classification. Fig. 4B shows the
devices for collecting the various classifications of dispersoids. Note that methods relying
on gravity or centrifugal forces are effective for
removal of particles larger than 10 micrometers
radius. Efficient collection of 1 pm and submicrometer particulate requires devices that
depend on electrical force, impaction, interception, or inertial diffusion; these are the capture mechanisms at work in electrostatic
precipitators, fabric filters, and high-energy
wet scrubbing.
INFLUENCE OF COAL
AND COMBUSTION CHARACTERISTICS

The varying coal characteristics described in
Chapter 2 have a dominant effect on the re-

moval efficiency of particulates. The variation
in ash content, ash composition, ash resistivity, and particle size distribution requires an
engineering evaluation of collection principles
to reduce emissions to required levels.
INFLUENCE
OF VOLUMETRIC GAS FLOW

No matter what type of flyash collector is to
be installed on a steam generator, it is essential
that it be designed for the correct gas volume.
Manufacturers design and size their equipment based upon their experience with this
equipment. This experience includes tests on
both laboratory or pilot-plant equipment, and
full-scale equipment. The joint American
Boiler Manufacturers Association (ABMA) and
Industrial Gas Cleaning Institute (IGCI) survey
has shown there to be a difference in the volume of flue gas that is measured by pitot tube
and the volume of gas that is calculated from a
stoichiometric balance.'
The pitot tube consistently indicates a higher
volume. The manufacturer of the dust-collection or desulfurization equipment, therefore,
must ascertain if the gas volume for equipment
design has been stoichiometrically calculated
and be aware that the value may differ from a
volumemeasured by pitot tube in the operating
installation. It is vital that proper corrections
be made for plant elevation and local negative
pressure ahead of the induced-draft fan, to arrive at the actual gas volume. (See Chapter 6
and reference 3 .)
Performance testing required to demonstrate
compliance with air-quality regulations uses
pitot-tube techniques as proscribed by EPA
Reference Methods 1,5 and 16.5 See Chapter 22
for more on gas-volume measurement.
MEASUREMENT TECHNIQUES

It is difficult to analyze size distribution of
fine particulate matter because flyash is nonhomogeneous. The. varying specific gravity
and particle shape make it difficult to describe
size in absolute terms. Many methods, including photomicrographs and various sedimenta-
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gravity. Determination of terminal velocity for
a centrifugal classifier is included in ASME
Performance Test Code 28.
Flyash characterization also -includes methods for bulk electrical resistivity, in-situ resistivity, and particle size.

tion and elutriation techniques, have been used
to determine size distribution. The ASME Performance Test Code Committee has selected terminal settling velocity to characterize flyash
particulate emissions from furnaces.
TERMINAL VELOCITY

BULK ELECTRICAL RESISTIVITY

Particle terminal velocity is a significant parameter in the design of mechanical separators
that use inertial or centrifugal forces to separate
dust from a gas stream. It includes the effect of
particle shape and specific gravity for each particle. Its determination is important for heterogeneous dusts of varying shape and specific
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Particulate resistivity can be determined in a
high-voltage conductivity cell in which a sample of known thickness is placed between two
oppositely charged electrodes. Guard rings
eliminate fringe effects. The potential between
the two electrodes is increased and the voltage
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and current noted until an electrical breakdown occurs. The resistivity is then calculated
and reported in ohm-cm at 85 to 95 percent of
the average breakover.
IN-SITU RESISTIVITY

A combination high-voltage and groundpotential probe, inserted in the gas stream, has
a negative high-voltage probe consisting of a
flat disc concentric about a needle-point electrode. The needle-point electrode precipitates
the particulates electrically from the dispersoid. The flat charged disc is separated from
the needle point so as not to affect the precipitation of particulate onto a grounded electrode.
After a short time, the charged disc is lowered
to entrap the precipitated particulate between
it and the grounded electrode. Calculation is
the same as for bulk electrical resisti~ity.~
DUST COLLECTION
BY MECHANICAL MEANS

Although
mechanical collec- cyclone-type
tors have a long history-in boiler service, their
use is now limited to stoker-fired and fluidized-bed units. Mechanical collectors can be
either dry cyclone collectors or wet scrubbers.
MECHANICAL CYCLONE COLLECTORS

These devices achieve particulate removal by
centrifugal, inertial, and gravitational forces
developed i n a vortex separator. The dustladen gas is admitted either tangentially or axially_over whirl vanes (Fig. 5) to create a high
velocity in the cylindrical portion of the device. Particles are subjected to a centrifugal
force and an oppositely directed viscous drag.
The balance between these two forces determines whether a particle will move to the wall
or be carried into the vortex sink and be passed
on to the clean-gas outlet tube.
The high-velocity, downwardly directed
vortex is reversed at the bottom of the cylindrical section. In this reversal, inertia and gravity,
as well as centrifugal force, inject the dust into
the hopper. The action of the reversed-gas circulation takes place over a small diameter but
at a relatively great velocity.

This inner vortex has an axially upward component which carries the spirally flowing gas
to the outlet pipe at the upper center of the separating unit. Because these collectors depend
primarily on differential inertia, collection efficiencies vary with particle size, particle density, gas temperature, and pressure drop
through the apparatus. Efficiencies are very
high on material greater than 20 micrometers
(20pm) in size, but drop off rapidly for smaller
particles. The overall collection efficiency of a
cyclone can be estimated when the particlesize distribution and specific gravity of the
dust and the allowable pressure drop are
known. Fig. 6 relates collection efficiency to
particle size. In normal boiler operation, differential-pressure requirements for mechanical
collectors are from 2 to 5" WG.
WET SCRUBBERS

In the analysis of particulate scrubbing, a
number of important facts are known. First, the

Clean
Gas
Outlet
Dust Laden Gas Inlet
Whirl Vanes

Central Vortex Sink
Downwardly-Directed
Peripheral Flow

Dust
to
Removal System
Fig. 5 Principle of cyclone-separator operation
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Fig. 6 Form of mechanical cyclone dust-collector efficiency curve versus particle size

dust particle must impact on the water droplet.
The im~actionefficiencv is a function of the
dimensionless group @where V, is the rel-

Fig. 7 shows a typical efficiency curve for a
wet scrubber operating at 6" WG pressure drop.

ative velocity between &e water droplet and
the dust particle, V, is the settling velocity for
the dust particle, D is the diameter of the water
droplet in micrometers, and g is the acceleration of gravity. As g and V, are constant for a
dust particle of given size, target efficiency is a
direct function of the relative velocity and an
inverse function of the droplet diameter. If the
collection efficiency depends critically on relative velocity and droplet size, then collection
efficiency must also be a function of the power
supplied to the unit.
Capture of small particles requires high energy inputs, usually in the form of greater press u r e drops across the scrubber. Lowpressure-drop scrubbers, such as-spray towers,
collect coarse dust in the range of 2 to 5 micrometers. High-pressure-drop venturi scrubbers are effective in removing 0.1 to 1.0
micrometer particles.
Typically, a scrubber operating at 6" WG
pressure drop should capture practically all of
the particles greater than 5pm and about 90
percent of the particles in the 1to 2pm range.

In a venturi scrubber, dust-laden gases are
wetted continuously at the venturi throat.
Flowing at 12,000 to 18,000 fpm, the gases produce a shearing force on the scrubbing liquor
due to the initial high velocity differential between the two streams. This shearing force
causes the liquor to atomize into very fine
droplets.
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Impaction takes place between the dust entrained in the gas stream and the liquid droplets. As the gas decelerates, collision continues
and agglomerated dust-laden liquor droplets
discharge through a , diffuser into the lower
chamber of a separator vessel. Impingement of
the stream into the liquid reservoir removes
most of the particulate.
A- venturi-type scrubber operating in the
pressure range of 30 to 40" WG can collect
nearly 100 percent of 0.2 to 1.0 pm particles.
ELECTROSTATIC PRECIPITATION OF DUST

In electrostatic precipitation, suspended particles in the gas are electrically-charged, then
driven to collecting electrodes by an electrical
field; the electrodes are rapped to cause the
particles to drop into collecting hoppers. This
process differs from mechanical or filtering
processes in which forces are exerted directly
on the particulates rather than the gas as a
whole. Effective separation of particles can be
achieved with lower power expenditure, with
negligible draft loss, and with little or no effect
on the composition of the gas.
In the United States, the control of emissions
began with preventing or minimizing nuisance
smoke. Such control required equipment capable of only 70- to 90-percent efficiency. Later,
the need to protect induced-draft fans from erosion by reducing entrained flyash emitted from
utility boilers led to precipitators being built
for power plants. The first such application
was 1923.7The early users of electrostatic precipitators,
then installed them to
recover a valuable product, such as lead, copper, or saltcake
eliminate a nuisance, either visual or damaging to crops
protect process equipment, such as induceddraft fans.
As initially applied, precipitators were designed to provide-a minimum plate area at low
cost; designs used interlocking or opzel collecting plates and hanging weighted-wire discharge electrodes. Roof-mounted gang-rapping

vibrators removed particulate from the collecting plates.
To meet a demand for ultra-high efficiency
collectors of rugged construction and high reliability, European manufacturers in possession
of the basic patents disseminated by Frederick
Gardner Cottrell developed the rigid-frame precipitator. Actually, this design more closely
approximated Cottrell's original design than
did the U.S.-style weighted-wire designs. The
term rigid-frame refers to the rugged pipeframe or mast-construction discharge electrode, which largely precludes wire breakage.
The basic design incorporates segmented collecting plate configurations and profiles, for
close fabrication tolerances over heights up to
52 feet; rigid discharge electrodes; and much
greater division of rapping, often with individual rapping for each discharge frame.
ELECTROSTATIC COLLECTION TECHNIQUE

Fig. 8 shows in simple fashion the principle
of electrostatic precipitation. The pr,ocess applies an electrostatic charge to dust particles
with a corona discharge and passes them
through an electrical field where the particles
are attracted to a collecting surface. The basic
elements of a precipitator include a source of
unidirectional voltage, corona or discharge
electrodes, collecting electrodes, and a means
of removing the collected matter.
Single-state (Cottrell type) precipitators combine the ionizing and collecting step (Fig. 9A).
In the more common plate type, the electrodes
are suspended between plates on insulators
connected to a high-voltage source. A voltage
differential created between the discharge and
collecting electrodes develops a strong electrical field between them. The flue gas passes
through the field and a unipolar discharge of
gas ions, from the discharge electrode, attaches
to the particulate matter.
The unipolar discharge of gas ions (normally
negative charge) occurs at a critical voltage at
which gas molecules are ionized. The ionization is visible as a corona at the discharge electrode. The negative ions move towards the
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Uncharged Particles

from Rectifier

Particles Attracted to Collector Electrode
and Forming Dust Layer
Fig. 8 Principle of electrostatic precipitator operation
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positive collecting electrode; the positive ions
migrate toward the discharge electrode. In this
movement, the ions become attached to particles carried by the gas stream. The charge is the
force that moves flyash to the appropriate electrode. The particles attached to the positive
electrode dissipate their charge and become
electrically neutral. The particulates on the collecting electrode are removed mechanically by
rapping or washing.
In the two-stage precipitator, the ionizing

and collecting stages are separated (Fig. 9B).
This design is used for low particulate loadings
and minimum ozone generation.
Single-stage precipitators can be either
weighted-wire or rigid-frame units. Weightedwire units work well on high-sulfur coal and
easily removed particulates and have economic
designs. The rigid-frame precipitator is better
suited to applications where high-resistivity
ash is to be collected and large collecting areas
are needed.

or
(A)

Rigid-Frame Single-Stage Precipitator

Fig. 9 Single-stage and two-stage precipitators

Pre-Ionizing
(B) Two-Stage Precipitator
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PRECIPITATORDESIGN FACTORS

'

Precipitator designs consider
specific collection area
8 treatment time
gas velocity
electrode configuration and spacing
8 number of fields
automatic voltage control
hopper size and slope
Specific Collection Area (SCA)

The SCA relates the size of one precipitator
to another in terms of the effective collectingelectrode surface area in square feet per thousand cfm (cubic ftlmin) of gas treated. The area
considered is the flat projected surface of both
sides of the collecting electrodes; the gas volume is the actual volume at the design operating temperature and power-plant elevation.
Depending upon the physical, chemical, and
electrical characteristics of the coal ash, precipitator SCA's range from 300 to 1,000 for collection efficiencies above 99.5 percent.8
Treatment lime

This refers to the length of time a particle
will spend in the presence of the electrical
field, at design velocity, if it were allowed to
traverse the entire length of the precipitator.
The treatment length is not the total front-torear dimension of the"'box," but is rather the
horizontal dimension from the plane of the
front face of the first collector to the rear plane
of the last surface less any space for walkways.
Gas Velocity

Superficial gas velocity is a critical design
parameter. It is calculated by dividing the actual gas volume (at design temperature and
plant elevation) by the face area of the precipitator immediately in front of the first collecting
electrode. Effective plate height is multiplied
by the inside face-tozface dimension between
the side-wall casings to give the face area.
Designs for low-sulfur, low-sodium coals use

velocities between 3 and 4 fttsec. For high-sulfur, high-sodium coals, velocities on the order
of 5 fps are used.
Electrode Configuration and Spacing

The shape and spacing of the electrodes can
drastically affect the amount of peak voltage
and current achieved in the precipitator before
sparking occurs. The selection of transformed
rectifier (T/R) sets with adequate kVA ratings
and sensitive controls can affect this voltage
and current.9
Number of Fields

For reliability, precipitators are divided into
fields, each of which is composed of one or
more independent electrical sections in the direction of gas flow. The amount of plate area
per transformedrectifier set can affect the peak
current and voltage achieved in a n electrical
section. Systems with a large number of fields
(5, 6, or more) are not seriously impaired by the
loss of a single field.
Automatic Voltage Control (AVC)

The AVC system keeps the precipitator operating at its optimum voltage. Such control systems can be either analog or digital. Digital
control systems are able to maintain higher precipitation voltage potential between the discharge electrode and the collecting plate than
analog systems.
Microprocessor-based AVC systems can be
designed to reduce overall ESP power consumption during load changes. Such a system
can provide users with features such as intermittent energization-blocking selected ACvoltage half cycles to decrease power
usage-and automatically modulated ramp rate
to maintain present spark rates.1°
Hopper Sire and Slope

The proper design of the collecting hoppers
forming the floor of s precipitator is important
because a breakdown in hopper outflow that
results in overfilling can severely damage the
electrical internals. C-E has made comprehen-

.
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sive recommendations concerning the design
and heating of precipitator and fabric-filter
hoppers, and their flyash-removal systems.11
These recommendations, some of which are
detailed later in this chapter, help the industry
avoid costly outages attributable to these portions of the collection/transport complex.

tion velocity and has led to the development of
a modified equation:
-

(2)
PRECIPITATOR DESIGN ANALYSIS

It is traditional to consider the semi-empirical Deutsch-Anderson equation in the analytical design of a precipitator for efficiencies up to
98 percent. Above that level, performance can
be predicted accurately by a modified form of
the Deutsch-Anderson formula.
Electrostatic-precipitator collection efficiency is related to the total surface of the collection electrodes per unit volume of gas (the
SCA) and is directly proportional to the particle migration velocity. Efficiency, in the
Deutsch-Anderson equation, is determined by

where
7 = efficiency of collection, percent
e =base of natural logarithms (2.718 . . .)
A = collecting-electrode surface area, ft2
w =migration velocity, fps, and
V = actual volumetric gas-flow rate, in 1000
ft3/sec (at temperature and elevation)
Although important to an understanding of
the precipitation process, the Deutsch-Anderson equation does not satisfactorily predict performance for a known ash at higher or lower
efficiencies than an actual test point. That is because it relies entirely on Stokes law and is
properly applied only to average-size particles
that are effectively the same size and experience the same force. The lack of correlation of
analytical and field-performance data has been
found to be specific to the variation in migra-

-

where w, is now the empirical migration velocity at an observed lower efficiency, and k is a
constant, approximately 0.5 but varying between 0.4 and 0.6 depending on the specific
ash and application. The other terms are as defined for equation 1.
Migration or Drift Velocity

The drift velocity w, also called the "precipitation rate," is determined by the magnitude of
the particle charge, the strength of the electrical field, and by Stokes law for the drag of the
particles.7.12 There is a significant discrepancy
between theoretical and practical values of w,
with the theoretical being about twice the actual, or more.13.14 This loss of performance is
caused by such factors as uneven gas flow, particle diffusion, electric wind, particle charging
time, and loss of particles from collecting surfaces by reentrainment.
Because of these uncertainties, and the effects of performance of concentration variation in SO, and sodium in the flue gas and the
flyash, it is necessary to rely upon field experience with a variety of precipitator installation~.7~*.13.1s.l6,17
Where experience is limited,
designs are established by means of experimentation and pilot-plant testing.'". 20. 21
199

EFFECT OF ELECTRICAL PROPERTIES

The electrical conductivity of flyash and the
dielectric strength of the bulk ash are two properties important to the electrostatic-collection
process. For effective operation, a small but
definite electric current, in the form of charges
carried by gas ions and particles, flows between the high-tension discharge electrodes
and the collecting electrodes. This current
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must pass through the layers of collected ash
which normally coat the plates. The ash, therefore, must be able to conduct the ionic current
to the grounded metal surfaces of the plates.
The electrical conductivity required is very
small: about 10'' mho. In practice, it is usually
more convenient to express this in terms of resistivity, which is the inverse of conductivity.
The dielectric strength of the collected ash on
the plate electrodes is also an important electrical property of the ash. The build-up of charge
on the ash layer produces a voltage or potential
drop across the layers in accordance with
Ohm's law. When the resistivity of the ash is in
the critical zone (near 2 x 10" ohm-cm), the
voltage drop across the ash layer can amount to
several kV. The existence of this voltage drop
across the layer may be sufficient to cause it to
break down electrically.
When this happens, a spark flashes through
the dust layer and is propagated to the discharge electrode. This is the source of the intensified sparking which occurs with dusts of
excessive resistivity. Clearly, the higher the dielectric or breakdown strength of the dust
layer, the higher the resistivity which may be
tolerated for a given amount of corona current.
Thus, dusts of relatively high breakdown
strength are less sensitive to resistivity effects
than dusts of low dielectric strength.
For flyash, the dielectric strength of the bulk
ash in 114 to l/z in. thick layers ranges from as
low as a few hundred V/cm up to as high as 20
kV/cm. The average value of dielectric strength
is in the 5 to 10kV/cm range.
Ash Resistivity

Experience has shown that coal ashes with
resistivities above 5 x 10" ohm-cm are difficult
to collect. Low resistivity (less than log ohmcm) ash tends to suffer from excessive reentrainment, but such low resistivities are rarely
encountered. The area between 10' and 5 x 10"
ohm-cm usually is normal for satisfactory and
predictable precipitator design.
The factors that affect resistivity are the sulfur content of the coal, flue-gas temperature
and moisture, and such ash constituents as so-

dium, potassium, calcium, carbon, alumina,
silica, and iron oxide.
Ash resistivity is inversely proportional to
the concentration of sulfur trioxide and water
in the flue gas and the sodium, potassium, and
carbon in the ash. It is directly proportional to
the ash constituents of calcium, magnesium,
alumina, and silica. Peak ash resistivities occur
between 250" and 450°F, depending upon
coal-ash and flue-gas characteristics. Above
450°F to 550°F, the ash resistivity is inversely
proportional to the absolute temperature, while
below 250°F to 300°F, the resistivity is directly
proportional to the absolute temperature.
Low-resistivity ash is a problem because the
ash easily loses its charge after being collected
on the plates. The uncharged particles may
then be reentrained in the flue gas. High-resistivity ash does not readily lose its charge when
collected on the plates and the agglomerated
ash can be very difficult to remove. When a
deep enough layer of high-resistivity ash collects on the plate, back-corona develops on the
ash surface and the precipitator can no longer
collect efficiently.
Back-corona is extremely detrimental to precipitator performance. It occurs when a particle
migrates to the collecting surface)but fails to
dissipate its charge, causing a high potential
gradient in the dust layer on the surface of the
plate. This layer disrupts the electrical field
that induces migration, and repels particles of
like charge attempting to migrate to the collecting surface.
Measurement of Dust Resistiyity

Dust resistivity, to have any possible value to
a precipitator design engineer, must be measured with the dust under the same gas and temperature conditions as those at which the
precipitator will operate. Also, the packing
density of the dust should be the same as that of
the dust layer deposited on the precipitator collectors. It will be appreciated, then, that the
measurement of dust resistivity is subject to
considerable problems, making it very difficult
in practice to relate absolute precipitation efficiency to dust resistivity.
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Fig. 10 indicates the in-situ bulk resistivity
of a variety of fuels as related to temperature.
Although there is a significant difference between many of the ash samples tested at temperatures below 4 0 b 0 ~it, appears that, above
600°F, most ash will have resistivities below
the level of 5 x loll ohm-cm.
For this reason some precipitators have been
located between the boiler economizer and the
air heaters, in what is called the "hot" position, instead of downstream of the air heaters,
the ordinary "cold" position. Hot precipitators
are used to avoid back corona, to minimize the
heavy rapping that is sometimes needed at
lower temperatures, and'to increase the effective migration velocity.22.2s
The structural and mechanical design of hot
precipitators is more critical than that of equipment to be operated at the 300°F temperature
level. Designs should minimize thermal gradi-

1 0 1 5 ~

ents and allow for differential expansion if
such temperature gradients cannot be avoided.
Gas Conditioning

Migration velocity declines as resistivity increases (Fig. ll),as is characteristic of many
low-sulfur subbituminous coals. Adding SO, to
flue gas can reduce ash resistivity.26 For some
western-U.S. low-sulfur coals, an increase of
30 ppm of SO, in the gas has reduced the flyash
resistivity from between 10"and 1012to 5 x log.
COHESIVE AND ADHESIVE
PROPERTIES OF FLYASH

These properties of flyash are important for
collection by electrostatic precipitators, where
the ash forms in compacted layers on the electrode surfaces. Typically, these layers are less
than 0.5 in. thick, but may in some cases build
up to 1 in. or more. Although some ash falls
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Fig. 11 Precipitation rate versus resistivityfor
representative group of flyash precipitators

into the hoppers because of either the mechanical vibrations frequently present in plant structures or its own weight, rapping or jarring of
the electrodes is usually necessary to effectively remove the collected ash layers. The ash
generally breaks away in isolated patches, so
that the collecting-plate surfaces present a
somewhat spotty appearance.14
It is well known that fine solid particles tend
to cohere and to form agglomerated masses
which have a small but definite stability. The
coherence of the particles is caused by molecular attractive forces at the points of contact of
the particles. The degree of coherence is appreciable only for relatively fine particles of less
than about 20 to 40pm. Coarse or granular particles such as sand, for example, do not cohere
in the dry state. On the other hand, fume partiticles, which typically are less than 1pm in
size, usually show a high degree of coherence.
The adhesion of particles to the collecting
electrodes is also the result of molecular attractive forces, and, similar to cohesion, the adhesive forces are rarger for fine particles. Thus,
the adhesion and retention of the collected layers of ash on the electrodes are determined basically by particle size, and increase with

decreasing particle size. But other factors such
as particle shape and composition also influence the adhesion and cohesion of particles.
The presence of condensed moisture, with possible cementing effects, can also profoundly influence the build-up of particles on electrodes
and other surfaces.
In electrostatic precipitators the accumulation of ions .on the collected dust layers produces an additional retention force of major
importance. These ions tend to charge the collected particles so that they are attracted to the
collecting plates by relatively strong electric
forces. Further, any particles that do escape
from the collected layers of ash tend to be immediately recharged electrically by the corona
ions and forced back to the collecting plates.
The particle-retaining force of the corona current increases with the electrical resistivity of
the particles and with the strength of the current. Thus it is often advantageous to operate
precipitators at relatively high-corona current
densities-particularly the outlet sections.14
Agglomerated masses of particles, removed
from the electrodes by rapping, fall into the
hoppers by the force of gravity. These agglomerated masses are bound together by molecular
cohesive forces. For best performance, these
falling agglomerates must be relatively stable
and fall with as little loss of particles as possible. If the falling agglomerates have little coherence, some may break u p and be
redispersed in the gas stream, thus partially
nullifying the collecting action of the
precipitator.
The presence of coarse particles tends to reduce the cohesive and adhesive forces and,
therefore, the agglomerating effect which holds
masses of fine particles together. Excessive
amounts of coarse, gritty particles in an ash
make the ash difficult to hold on the collecting
plates and also lead to loose, unstable agglomerates when the plates are rapped. On the other
hand, the elimination of all coarse particles
above 10 to 20pm may in some cases make removal of the ash difficult. As there also will be
a much greater tendency for the particles to
build up on the discharge electrodes, a very
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fine ash containing no coarse particles presents
a more difficult rapping problem.14
CONSTRUCTIONOF
ELECTROSTATIC PRECIPITATORS

The weighted-wire type of precipitator has
been well described in references 2 , 7, 27, 28
and 29. Features of the rigid-frame design can
be found in references 2, 17, 21, and 29.
In the rigid-frame design, the carbon-steel
collecting plates are constructed of profiled
segments approximately 18 to 19 in. wide and
up to 52 ft long. They attach at the top to backto-back channels spanning the insulator housing, usually on 12-foot centers. At the bottom,
anvil or spacer b x s maintain plate alignment
and act as anvils for plate rapping. The collecting-electrode plates are rapped individually by
mechanical hammers indexed on a shaft driven
from outside the precipitator shell.
Made from steel tubing, the individually suspended and rapped discharge frames are typically up to 26 ft long and are located one above
the other. The discharge wire itself can be starshaped; thin, flat wire with barbs; or have another profile depending upon t h e
manufacturer. Insulators carrying the high-tension support steel-work are located in the insulator housing. There is no high-tension framing
and, therefore, no access above the collecting
plates. The discharge frames are individually
rapped by mechancial hammers driven from
outside the precipitator and are restrained front
and rear to maintain electrical clearances. With
top suspension for all internals, expansion allowances are provided in the lower alignment
steel work.
PRECIPITATOR ARRANGEMENT

After calculating the total collecting area of a
precipitator, the application engineer must determine the shape of the box required to house
the internals. The beginning point is the computation of precipitator frontal area (width x
height) using an acceptable gas velocity to the
unit-ordinarily 3 to 5 fttsec for a coal-fired
boiler application. Once field height and number of gas passages have been determined, re-

quired treatment length is figured. Selection is
now complete if the equipment fits the allocated space envelope. Should the equipment
extend beyond width constraints, alternative
selections must be made.
There are four basic arrangements for locating precipitators in a given plot plan (Fig. 12):
in-line
cross-flow
piggyback
chevron
The preferred arrangement is in-line because
of such advantages as:
lowest capital cost
good flow balance between chambers
best gas distribution within a chamber
lowest system pressure drop
easy removal of internals in event of damage
due to fires, explosion, or corrosion
ease of erection and shortest time span to install a precipitator system.
In laying out a plant, rigid-frame precipitators have a decided advantage over weightedwire units because field heights can be 52 ft for
the rigid-frame, and a maximum of 36 ft for the
weighted-wire. In many instances a rigid-frame
unit will fit in-line, whereas the weighted-wire
design must be arranged in one of the other,
less desirable, ways.
FLYASH RECEIVING HOPPERS

During operation, the flyash accumulated on
the collecting surfaces of the precipitator is periodically shaken loose, and dropped into to
the hoppers. The level of dust in each hopper
will rise until that particular hopper is emptied. If for any reason, emptying the hopper is
delayed until the dust level approaches the elevation of the bottom of the discharge electrodes, they will be electrically short-circuited
to ground through the mass of collected dust.
The affected precipitator section will cease
functioning in a normal manner, but will continue to collect some dust by acting as a settling
chamber.
If the dust and flue gas entering the precipi-

In-L~neArrangement

Cross-Flow Arrangement

Piggyback Arrangement

Chevron Arrangement

Fig. 12 Basic precipitator arrangements

tator are reasonably well distributed, all precipitator hoppers in any row perpendicular to
the gas flow will collect substantially the same
quantity of dust per unit time. However, much
more flyash will be collected in the rows of
hoppers closer to the precipitator inlet than in
the rows toward the rear of the precipitator.
The quantities can be approximated with reasonable accuracy by use of the Deutsch equation, An example is shown in Table I for four
precipitators having overall efficiencies of 99.6
percent and from 3 to 6 rows of hoppers in the
direction of gas flow. In modern flyash precipitators, then, the inlet row of hoppers can collect from 40 to 100 times as much flyash as does
the rearmost row .30
FABRIC FILTRATION

Fabric filters, or baghouses as they are commonly called, have a long history of application in the capture of particulate from process

gases. Applications range from nuisance-particulate collection (for the control'of silo dust
emissions or conveyor transfer station dust
control) to process applications where the fabric filter equipment is an integral piece of process equipment used to capture the product [as

Table I.Percent of Flyash Collected In
Each Row of Hoppers
Total number of rows, front to rear
3
4
5
6
Row No.
1
2
3
4

84.1
13.4
2.1

-

74.9
18.8
4.7
1.2

-

-

6

TOTAL

99.6

99.6

5

-

-

66.9
22.2
7.3
2.4
0.8

60.2
24.0
9.3
3.9
1.6

-

0.6
99.6

99.6
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with carbon-black manufacturing), and to
strictly particulate capture for environmental
compliance (as with coal-fired boiler applications). In general, fabric filters have found increasing acceptance in applications where
gas-borne particulate must be efficiently and
dependably removed from gas streams.
Fabric filtration is presently considered by
many as the best available control technology
to control particulate emissions from a gas
stream. The development of new and improved
fabrics and finishes since the early 1970's has
had a dramatic effect on the application potential of fabric filters, which in early years were
limited primarily to the natural material cloths
available at that time. These new cloths and
finishes have greatly extended the allowable
operating-temperature window, the expected
service life, the resistance to chemical attack,
and the cake-release properties.
The preference of fabric filtration over other
types of particulate-removal equipment, primarily electrostatic precipitators and highenergy wet scrubbers, is generally because of
the superior performance of fabric filters in the
following areas:
Outlet emissions are nearly independent of
the magnitude of the inlet dust loading.
Special fabrics and fabric finishes can significantly reduce outlet emissions below the capabilities of the electrostatic precipitators and
wet scrubbers.
Particulatelgas chemical reactions can occur
in the fabric-filter system; thus, in the case of
dry flue-gas desulfurization systems, overall
sulfur-dioxide removal efficiency is improved
by as much as 15 to 20 percent because of the
interaction of the flue gas with the fabric-filter
dust cake.
Captured particulate and chemical reaction
products removed from the filter bags (cake) remain dry for ease of handling and disposal.
Although fabric-filters can be used in a wide
variety of applications to control particulate
emissions, the emphasis in the following discussion is primarily on those applications in
which the fabric-filter controls emissions re-

sulting from the combustion process, i.e.,
boiler applications.
TYPES OF FABRIC FILTERS

_

Fabric-filters have a reiatively constant collection efficiency and exhibit a varying pressure drop dependent upon the degree of cake
thickness at any point of reference. Electrostatic precipitators, on the other hand, have a
relatively constant pressure drop, but will vary
in overall removal efficiency dependent on inlet loading. Another way of expressing this relationship is to say that the fabric-filter is a
constant-emission device (as measured by the
mass of particulate emitted per unit of fuel
fired), whereas the electrostatic precipitator is
a constant-efficiency device (as measured by
the percentage removal of inlet loading).
When dirty gas flows through a fabric, the
captured particulate matter forms a cake on the
surface of the fabric. This deposit increases
both the filtration efficiency of the cloth and its
resistance to gas flow. Thus, for continuous operation, a fabric-filter must have some mechanism for periodic cleaning of the deposited
cake, and the mechanism chosen must be capable of maintaining a reasonable pressure drop,
consistent with the operational pressure drop
limitations of the system in which it is installed. The cleaning mechanism used frequently represents the generic name of the type
of equipment.
In addition to the above, the magnitude of
the gas flow will have a bearing on the cleaning
mechanism or fabric-filter design selected.
Also, the intended service of the fabric-filter
will have an additional influence on equipment selection, with more aggressive cleaning
mechanisms being used for more-difficult-todislodge cake. The designer of the system must
address the merits of each filter type and
choose the appropriate design for the system
requirements.
Shaker Type Fabric-Filters

In this oldest of filter designs, the cleaning
mechanism is a vigorous shaking of the filter
bag to remove the deposited cake. The shaking
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action causes the cake to fracture and fall into
the collection and disposal hopper (Fig. 13).
This method of cleaning has been applied to
both inside collectors (those collecting particulate matter on the inside of the individual
filter bags) and outside collectors (those collecting the particulate matter on the outside of
the individual filter bags).
The cleaning mechanism is a very aggressive
system limiting filter-bag cloth selections to
those materials and weaves that can withstand
the rigors of cleaning without premature cloth
failure, andlor where special precautions have
been taken to address the forces acting on the
filter bags during the cleaning cycle, such as
the amplitude of shake, t\e frequency of shake,
and bag tension.
Shaker designs, being the oldest type, have
been used in a variety of applications from ambient-condition nuisance-dust collection (those
typically seen on bin vent filters and dust-suppression systems on conveyor transfer points)
to small industrial-boiler applications (those
using the outside-collector type designs) and
large utility applications (those using insidecollector-type designs on coal-fired boilers). In
all cases, the fabric cloth is carefully selected to

be consistent with the cleaning mechanism, as
well as the chemistry and temperature of the
filtered gas.
Reverse-Air Type Fabric-Filters

Originally developed to accommodate the
relatively fragile fiberglass cloths selected for
fabric-filters operating at higher boiler flue gas
or process' off-gas temperatures, this cleaning
method is generally associated with insidetype collection units, although some variation
of this design can be found in limited and
unique applications. The name reverse-air is
really a misrepresentation; properly named the
cleaning mechanism should be called reversegas, since the cleaning mechanism is a reverse
flow of gas through an isolated compartment to
cause an inward collapsing of the filter bag and
thus the fracturing of the filter cake [Fig. 14).
Low airlcloth (AIC) ratios characterize reverse-air units, with typical gross ratios (with
all compartments in service) ranging between
1.5 and 2.0. The airlcloth ratio given for any
operating condition represents the cubic feet of
gas filtered divided by the square feet of filter
cloth currently in service.

Damper
Closed
Released
Cake

I

Operating Cycle

Fig. 73 Schematicarrangement of shaker-type fabric filter

Cleaning Cycle

I
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Filter-bag attachment hardware consists of a
cap installed in the upper top portion of the
bag. This arrangement allows for attachment of
the bag to the tensioning device which is hung
from the compartment bag hanging frame. An
adjustable clamp or a sewn-in band fastens the
bottom cuff of the bag to the tube-sheet. Both
arrangements allow direct attachment to the
tube-sheet thimble. Filter bags for reverse-air
service contain multiple rings sewn in the bag
length to prevent total collapse during the
cleaning cycle (Fig. 14).
Although the bag hardware represents only a
small fraction of the total cost of the fabric-filter
system, this- hardware can cause problems if
not properly selected with respect to both design and material. Any component that contacts the cloth needs to be carefully chosen to
insure that premature cloth damage will not occur during normal operation of the unit; that is,
edges need to be smooth and excessive comosion should be prevented.
Depending on the inlet grain loading and
particle-size distribution, the designer of the
fabric-filter unit will adjust the design airlcloth
ratio andlor the total number of system com-

partments required, to insure a reasonable AIC
ratio under all operating conditions. Of concern in these calculations is the effective AIC
ratio during the cleaning mode, and the maximum ratio in the event of full-load operation
with one compartment isolated for any maintenance activity plus one additional compartment in the cleaning mode. Generally, the
maximum AIC ratio with two compartments
out of service, and with one in the cleaning
mode, is limited to 2.5 for these types of units.
The cleaning frequency of the individual
compartments will depend, in part, upon the
resistivity of the filter cake formed and the inlet
grain loading being experienced. As the inlet
grain loading increases, all other parameters
remaining equal, the frequency of cleaning will
also increase, which results in a greater time of
operation of the filter unit in the net (less than
full complement of compartments operating)
condition. Ideally, a properly designed fabricfilter unit should operate in the gross condition
the majority of the time as this represents the
most efficient filtering mode (lowest AIC ratio)
and lowest differential system pressure-drop.
This fabric-filter design using appropriate
7

Reverse "Air" In

Collected

Operating Cycle

Fig. 14 Schematic arrangement of reverse-air type fabric filter
--

Cleaning Cycle
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cloth materials has been applied to a wide temperature range, from near ambient to more than
500°F. An advantage of this particular system
is the ability to use fiberglass cloth which can
withstand wide ranges in temperature without
physical damage. The reverse-air system, being
the most gentle method of filter bag cleaning, is
compatible with most available bag materials.
ShakelDeflate Fabric-Filters

This type of unit combines the features of the
shaker unit and the reverse-air unit in its design. The unit is an inside type of collector
which uses shaking and mild reverse gas flow
during the cleaning cycle.
An advantage of the shakeldeflate unit is its
ability to operate at somewhat higher airlcloth
ratios than pure reverse-air units due to the
more vigorous cleaning action of the shaking
mechanism. Following the shaking sequence
the filter bags are exposed to a mild reverse-air
deflation which further assists in cake removal
from the bags. This type of cleaning system is
sensitive to cloth selection and the parameters
of the cleaning cycle, as previously noted for
the pure shaker units, and has generally not
demonstrated the bag-life expectancy characteristic of pure reverse-air units.

to the inside of the bag through the venturi to
the clean-gas plenum, and exits through the
compartment outlet damper. The individual
bags and support cages are installed and removed from the top of the compartment
through the clean-gas plenum. The clean-air
plenum can be either a full height walk-in type,
an extension of the compartment casing, or a
top hatch-c~verdesign, which has removable
top hatch covers to reach the venturis and bags.
Bag cleaning is by short pulses (50 to 100
milliseconds) of high-pressure air directed
downward into each bag in the row being
cleaned. Radial acceleration of the fabric and
dust cake causes a portion of the dust to be separated from the bags. Gravity allows the released cake to fall down between the bags into
the discharge hopper. Within a single pulse-jet
unit, or single compartment, rows of filter bags

Pulse-Jet Fabric-Filters

The pulse-jet unit is an outside collector type
wherein the particulate-laden flue gas flows
from the outside to the inside of the filter bag.
Fig. 15 shows a generic pulse-jet collector with
the incoming flue gas entering the hopper and
flowing upwards and through the filter bags.
Wire or mesh-frame cages support the filter
bags to prevent their collapse during the filtering period. Cages vary in both design and construction material depending u p o n the
composition of the gas being filtered, the support requirements necessary for the filter-bag
construction, and customer preference with respect to ease of handling and
potential re- the
use of components.
.-The filtered particulate (cake) is trapped on
the outside of the bags while the clean gas
flows through the cake and cloth. It travels up

i
Fig. 15 Generic pulse-jet fabric filter, with one
filter bag being cleaned on-line

J
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are pulsed sequentially under the control of a
solid-state programmer which is usually
mounted adjacent to the collector casing.
The original operating concept for all pulsejet type of collectors was on-line pulse cleaning; that is, the gas flow through the collector
was continuously maintained and the rows of
filter bags were pulsed sequentially either on a
timed sequence or under control of the collector differential-pressure monitor. Although
still an established practice in many nuisancedust collection applications, this cleaning
method is a very inefficient cleaning process
when compared to off-line pulse cleaning. Consider only these facts:
The pressure pulse is from 50 to 100 millisecond in duration, and it is only during this period that the gas flow through a row of bags is
stopped.
Dust pulsed from one bag row is immediately
reentrained on an adjacent bag row and, therefore, does not reach the hopper.
Only after repeated pulsing will the captured
cake gravitate to the hopper.

air operating scheme to smaller industrial boilers produced the modular reverse-air systems,
those that are made up of totally shop-assembled compartment modules; these designs substantially reduced field erection-labor costs.
This same concept was then applied to the
pulse-jet units using shop-assembled modular
units and off-line cleaning. This allowed for
pulse-jet systems composed of totally shop-assembled modular systems including the extra
module for off-line cleaning. With this method
of operation, the features include:

The only logical explanation for the success
of on-line pulse-jet cleaning is dust agglomeration. The dust particles form agglomerates
which are heavy and dense enough to resist attraction to adjacent bags and, therefore, can fall
through the rising gas stream into the hopper.
With the advent of large collectors to control
emissions from hot processes (such as boilers),
the on-line pulse-jet filter has been shown to
have several disadvantages:

The pulse-jet fabric-filter units, then, can be
cleaned in either an on-line mode, where the
compartment is not isolated from the system
during the cleaning cycle, or an off-line mode,
where the compartment to be cleaned is removed from on-line service by closing the compartment outlet dampers prior to and during
cleaning. Generally, the off-line mode is the
preferred for boiler particulate-control installations, whereas the on-line mode would be cbmmonly used for nuisance-dust applications. In
the on-line mode, fewer filter bags are required
in the total system. In the off-line mode, multiple compartments are required, including an
extra compartment to allow for the removal of
one compartment, without affecting the overall
system performance, during cleaning.
Pulse-jet module designs have evolved over
the years, with numerous design modifications
providing improved performance over the generic design of Fig. 15. Some of these major differences are illustrated in Fig. 16.
In place of a dirty-gas inlet in the module

On-line maintenance and inspections are not
practical.
Compressed-air requirements are very large,
with increased filter area needed to maintain
the required pressure-drop.
The physical properties of fiberglass fabrics
required for hot boiler processes are inconsistent with the harsher cleaning mechanism of
on-line pulsing at high pulse pressures.
Reverse-air systems, as previously described,
are essentially multi-compartment units with
off-line cleaning. The carryover of the reverse--

1. Off-line cleaning, which is more effective as

there is little tendency for the dust to migrate to adjacent filter bags. Instead, the cake
has an opportunity to fall downward into the
collection hopper(s).
2. Pulsing pressure can be reduced as there is

no need to overcome the operating-system
forward momentum.
3 . Lower pulse pressures improve filter bag

life without sacrificing fabric-filter
performance.
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knowledge of the process on which equipment is to be installed and a knowledge of the
High-Pressure Cleaning Air
limiting factors of the choices available for
application.31
Fabric-filter designs have some established
criteria such as typically acceptable air/cloth
ratios and bag aspect ratios. As noted previously in the discussion of reverse-air systems,
the gross airlcloth ratio generally acceptable for
the reverse-air system is at or less than 2.0,
with a maximum of 2.5 in the net condition of
two compartments off-line with one of the compartments in the cleaning mode. In the design
of a reverse-air unit, or any off-line cleaning
unit, the number of compartments will affect
the value of the net condition as, with fewer
compartments, the removal of one compartment from service has a greater effect than with
a greater number of compartments.
In the design of the reverse-air unit, bag aspect ratios are typically limited to 32 to 1,with
a maximum of 35 to 1 under any conditions.
Bag aspect ratio is defined as the ratio of the
Fig. 16 Improved design of pulse-jet fabric filter
bag length divided by the bag diameter. Here,
with high side inlet, shown in filtering mode
the concern is the ability to clean effectively the
upper section of the bag on this inside-collechopper, gas entry is into the side of the module tor-type unit if the length becomes too long.
casing. An internal baffle and impact plate pro- Most designs have used the more common bag
tect the filter bags from direct impact of the in- lengths of 32 feet in the typical boiler flue-gas
coming gases and dust-particle stream. application.
Advantages of this arrangement include:
Similar design criteria have also developed
Better gas and dust distribution to all module for the pulse-jet units in defining acceptable rafilter bags.
tios or component designs. As an example, typ8 A gas-inlet location consistent with a comical filter bag lengths range from 12 to 16 feet,
bined manifold design in which the system in- although some designs have been up to 20 feet
let and outlet manifolds are formed by a single in length. The application of felted cloths on
rectangular duct with a diagonal splitter plate pulse-jet is quite typical; however, the use of
forming the two gas paths.
woven fiberglass cloth is acceptable especially
Greater hopper storage capacity, which is im- for the higher boiler flue gas operating temperatures. Filter bag cage materials are commonly
portant on high-inlet-loading systems.
of carbon steel with galvanized coating, but
DESIGN OF EQUIPMENT
other coatings are available, as is alloy conOverall system designs involve the selection struction. High-side inlet collectors have adof the cleaning mechanism and type of fabric- vantages with respect to hopper capacity and
filter to be used for a particular service, along hopper reentrainment; however, designs havwith the selection of a suitable cloth and cloth ing the gas entering hoppers are acceptable and
finish to be installed in the unit. To make this allow for lower equipment setting heights in
selection, the designer needs a complete overall system design.
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FABRIC-FILTER PERFORMANCE

The selection of the cleaning mechanism design, the number of compartments needed, the
airlcloth ratio necessary, the cloth type and finish, the maximum bag length and a variety of
other design considerations, are specific to the
service intended and the user's preference.
'

FABRIC-FILTER MATERIALS

Specification of the weave, thread count,
weight, and finish of the cloth for a required
filter bag lists only a few of the possible combinations of manufacturing procedures or design
that ultimately will describe the finished filter
bag for a particular application. Fabric specifications include such properties as tensile
strength, abrasion resistance, chemical attack
resistance and limitations of operating temperature ('Ibble 11). Tensile strength measures the
ability of the yarn or fabric to resist breaking
when in direct tension. Abrasion resistance is
the fabric's ability to withstand externally
caused abrasion or that resulting from internal
rubbing of the fabric fibers. Some cloths exhibit
excellent resistance while others are damaged
quite easily. Coatings applied to some cloths
not only improve their abrasion resistance, but
also their ch'emical resistance, as in the case of
fiberglass cloth, which would self-destruct
without a suitable coating.

Unlike fabric-filters, most other kmissioncontrol devices depend upon either pressure
drop or collection surface area to reach the required collection efficiencies. Upsets to predicted gas volumes or particulate loadings will
typically cause these other types of equipment
to have higher emission rates, despite their
maintaining the same fractional efficiency. The
fabric does not behave in this fashion, because
the material collected on the filter bags is the
filtering medium that captures the incoming
particulate. Although upset conditions may
change the flange-to-flange pressure drop, resulting in an excessively fast build-up of cake,
these conditions do not materially change the
final emission. It can be said, as stated in an
earlier section, that a fabric-filter represents a
constant-emission device.
The actual performance of a fabric-filter depends on specific items such as airlcloth ratio,
permeability of the fabriclcake (particulate
bleed-through), the loading and nature of the
particulate (irregular-shaped or spherical), particle size distribution (fine versus coarse) and,
to some extent, the frequency of the cleaning
cycle. By careful selection of design components, fabric-filterscan achieve emission levels
of higher than 99.9-percent removal of incom-

Table 11. Fabric Material Properties
--

Fiber Property

Chemical Resistance

Fiber

Tensile
Strength

Abrasion
Resistance

Acids

Bases

Cotton
Polyethylene
Glass
Nylon
Dacron*
Acrylic*
Nomex*
Teflon*

Good
Excellent
Excellent
Excellent
Excellent
Average
Very Good
Average

Average
Good
Poor
Excellent
Excellent
Average
Very Good
Below Average

Poor
Excellent
Good
Poor
Good
Very Good
Fair
Excellent

Excellent
Excellent
Poor
Excellent
Fair
Fair
Very Good
Excellent

'Trademark E.I. DuPont

Recommended
Operating Temp., OF
Continous Short-time
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ing particulate, or an outlet loading of less than
0.005 grain per dry standard cubic foot.
FABRIC-FILTER OPERATING PROBLEMS

A primary concern in the operation of a fabric-filter is bag life and bag replacement cost.
Since the initial cost of the filter bags, excluding installation, can represent 10 percent or
more of the total cost of the equipment, a significant operating expense can occur if bag life
is shorter than expected. And, since typical bag
life is 3 to 5 years (depending on the type of
cleaning mechanism selected and the design
parameters used in that selection), this operating expense item can represent a significant
cost over the life of the equipment. Shortened
bag life can be caused by various operating and
design problems among w h i c h ' are the
following:
Bag blinding, usually caused by operating a
fabric-filter for frequent or long periods at or
below the dew point; such operation tends to
plug or blind the cloth. Bag blinding results in
unacceptable unit pressure drop which will'ultimately become fan- or process-limiting and
require filter-bag replacement. The effect on
the filter cloth is that material builds up in the
passages of the cloth body and restricts the gas
passage such that, even after repeated cleanings, the lodged material cannot be removed.
Bag erosion, resulting from high-velocity
streams of flyash-laden gases where the gas enters the filter-bag or impacts the cloth in any
way. Proper selection of the airtcloth ratio and
filter-bag length controls the high entry velocity at the bag inlet inside collectors. Higher air/
cloth ratios with longer filter bags tend to
increase this velocity in the entrance or "neck"
area of the bag. Metal thimbles are provided in
this area to minimize abrasive action. Velocities are generally limited to less than 300 feet
per minute at the bag neck.
Filter-bag deterioration, often caused by a
or finish, or by
poor selection of cloth
abnormal operation of the system, resulting in
damage to the cloth or components of construetion. Abnormal operation would include ope!-

.

ation outside the design temperature range
(either high or low), or operation in excess of
the design volumetric flow, or a significant variation in the chemistry of the flue gas being filtered. Any of the above could cause premature
deterioration of the cloth selected for service.
FLYASH HOPPER PLUGGING

The reliability and availability of electrostatic precipitators and fabric filters are affected
adversely by problems in the dust-receiving
hoppers and equipment beneath those hoppers
for transporting flyash to disposal. A significant portion of the downtime of such dust-collecting equipment stems from problems with,
and malfunctions of, ash evacuation systems."
There is a paradox in the design of equipment for removing the collected flyash from the
bottom of precipitators and fabric filters and
conveying it away. Suppliers of ash-handlingsystems design their equipment for "dry and
free-flowing" material at the inlets of the ashremoval equipment. Yet, dust-collecting equipment can have mud or water flowing out of
hoppers any time the hopper metal temperatures are below the water dew point (loo0 to
130°F, depending on fuel type and excess air
in the products of combustion). his condition
occurs commonly during boiler cold start-up.
when many metal surfaces in the gas stream are
at ambient temperature.
When sub-dew-point conditions occur, the
hygroscopic flyash absorbs the acid or water
produced and may agglomerate and cement
into large pieces that either cannot pass
through the hopper outlets or are too heavy to
be conveyed.
EFFECT ON COLLECTING EQUIPMENT

uncorrected hopper plugUndetected
ging can cause one or more of the following
deleterious effects on precipitators:
be" Or misaligned collecting surfaces
discharge-electrode burning
distorted or broken discharge-electrode
frames

.

'

CoMBvsnON
Control of Power-Plant Stack Emissions

Maintenance of Flyash Intakes
broken anvil bars
broken shaft or drive insulatorsIt is estimated that some flyash intakes may
shorted high-voltage bus sections
open and close nearly a quarter of a million
times per year. It is completely reasonable to
lowered electrical-power output from bent or
misaligned collecting- and discharge-electrode
expect, under such conditions, that solenoids
components
will fail and that valve seats will become worn,
resulting in an inflow of air into the hopper.
the formation of large, difficult-to-remove
With a pressure-pneumatic system, air can be
clinkers by high-temperature electrical fusing
forced into the hopper at pressures as high as
of the ash overflowing a hopper.
100 psig (in a dense-phase system). With vacWith fabric filters, plugging can increase the
uum systems, the motive force for inducing air
gas velocities as hoppers fill above the inlet
into precipitator hoppers or baghouse hoppers
level, resulting in the .possiblity of reentrainis
the suction maintained in the precipitator or
ment of dust. This can result in excessive bag
"
baghouse
by the boiler induced-draft fans,
abrasion. With a completely blocked hopper,
which
can
create a suction of as much as -20
the compartment will no longer accept gas
in.WG.
in
the
precipitator or baghouse. With
flow, and the other compartments will have to
either a pressure or vacuum system, then, there
handle the volume, resulting in increase gasis a pressure differential that can result in the
side pressure drop.
introduction
of large quantities of cool air into
With both precipitators and fabric filters, if a
precipitator
hoppers,
which can lead to the
plugged hopper cannot be cleared and discondensation
of
moisture
in the flue gas.
charged through the ash system in a normal
Actual field temperature measurements on
manner, the ash must be emptied onto the hopboth "hot" and "cold" precipitators have
per-room floor or the ground (creating a fire
shown that even very active hoppers can have
and safety hazard) and be manually removed.30
low (essentially ambient) temperatures. One
SOLUTIONS TO THE PROBLEM
plausible explanation for such a low internal
temperature is leakage of air into the hoppers
The problem can be solved by:
through the flyash intake valves located at the
1. Removing the ash as continously as possible
bottom
of the hoppers. Very seldom have such
so that it can remain hot and uncompacted,
valves been considered "maintenance items"
such that the hoppers are not used for storthat should be inspected and considered for reage of the.lnJlgrosopic flyash.
placement on some time schedule. But it has
2 . preventing air in-leakage that cools the
- flyash below the acid or water dew point,
become apparent in plant after plant that such
valves cannot be expected to last forever and
by regular inspection and maintenance or
that they are the source of the low-temperature
replacement of flyash intakes.
conditions occurring in many hoppers.11
3. Modifying hopper design for improved flyash out-flow.
Heating of Precipitator and Fabric-Filter Outlet Hoppers
4. Enclosing hopper areas and using adequate
insulation thickness to minimize heat losses
The ABMAfIGCI Committee stated that the
and cooling of ash-system hardware.
heating of hoppers has not been sufficiently
5 . Heating hoppers such that the walls do not
emphasized in the purchase, design, and construction of precipitator and baghouse dust
drop in temperature and have condensation
form.
outlets. They recommended that,. along with a
redesign of the dust-conveying equipment, imThese suggestions, and other recommendaproved hopper heating and insulation has to be
tions on the design and sizing of flyash hoppers, are discussed further below and in the
accomplished, all with the purpose of facilitating the emptying of the dust outlets.
following chapter on ash-handling systems.

,
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The principal variables in the application of
hopper heating are:
external (ambient) design temperature
internal design temperature
presence of an inteinal ash layer
the extent and placement of heating elements
the design electrical-heat density
the thickness of insulation outside the heating equipment
Design operating temperature for hopperheating equipment for boilers firing low- to medium-sulfur coals should be a minimum of
270°F, based on an ash layer inside the hopper.
This is 10 to 15 degrees above the normally expected acid dew point. For units firing highsulfur oils, the hopper plate should be kept
above 350°F. The heating equipment must be
capable of maintaining such temperatures under the worst expected ambient conditions of
temperature and wind velocity (for 97 to 98
percent of the time) and for the lowest anticipated interior gas temperature.
Test reports of temperature measurements in
operating precipitator hoppers indicate that
gas or air temperatures as low as 90°F sometimes occur inside the hoppers, with the precipitator and boiler operating at essentially full
load. Under such conditions, most of the heat
loss from the hopper plate is not to the outside
atmosphere, but rather to.the inside of the hopper.30 The heat-transfer and the mass-transfer
situation in such a precipitator can in no way
result in the occurrence of such low temperatures by a normal heat loss/transfer mechanism. The greatest probability is that the low
temperatures in such hoppers result from the
inleakage of relatively cool air from the pneumatic transport system serving the hoppers.
Even when bulk gas temperatures in collecting equipment are above the acid dew-point
(240 to 350 F), hopper skin temperatures at the
critical throat can be very loy, due to the heatsink effect of the ash-system hardware (strike
pads, poke holes and vibrators) and the convective transfer of heat from the bottom of the hop-

pers to the top, by chimney action. This
situation is aggravated by severe local weather
conditions and exposed hoppers facing a prevailing wind, and can result in localized condensation and wetting of collected ash.11
Normally, only the lower one-third or onehalf of a hopper is heated to minimize costs and
to avoid the problem of heating elements obstructing access to the equipment; also, most
plugging is expected to occur in the constricted
outlet region. But the hopper plate does not
readily conduct heat to other parts of the hopper, especially when the interior gas temperatures are low. If such areas cannot be
heat-traced, they must be completely insulated, including doors, poke holes, strike pads,
and other protrusions.
Because heater vendors may interpret heating needs very differently, precise heater specifications or hopper heat loads in kilowatts must
be made directly to the vendor, both to ensure
adequate heating and to prevent the possibility
of damage from overheating. Heat loads as high
as 32 kW per hopper have been specified on
some large coal-fired-boiler precipitators. This
is two to three times as much as in many existing installations.
In most current installations, if the flue-gas
temperature falls below the acid dew point, or
if air or gas in the hopper falls below the water
dew point, there is little that can be done by
hopper heaters to prevent condensation inside
either precipitator or fabric-filter hoppers. This
is because their proper function-is to heat the
steel wall of the hopper and not the air or gas
inside."

CONTROL OF GASEOUS
EMISSIONS
Sulfur in coal exists in two forms: organic
and inorganic. The inorganic compound pyrite, FeS,, is present as discrete particles within
the fuel, and typically accounts for 20 to 50
percent of the total sulfur. Fig. 17 is illustrative
of the variety of pyritic sulfur occurring in just
one small area of the United States. The coals
forming the basis for the plot are all from the
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In addition to SO,, lesser quantities of sulfur
trioxide, SO3,are formed during combustion.

state of Kentucky, which has two separate basins of formation. Pyrite as a percentage of total
sulfur is from less than 10 to over 55 percent for
the low-sulfur Appalachian basin coal, and
from about 25 to 70 percent for the higher sulfur Illinois basin fuel. The milling and classifying operations associated with pulverized-fuel
steam generators using pulverizers similar to
the C-E Bowl mill separate a substantial portion of the pyritic sulfur from the coal. (See
Chapter 11.) An additional amount of inorganic
sulfur is retained in the bottom ash and the flyash leaving the boiler in solid form.
FORMATION OF SULFUR OXIDES
contained in the molecular structure of the
coal, organic sulfur is oxidized during the combustion process and emitted from the furnace
as gaseous oxides of sulfur.
The principal oxidizing reaction leads to the
formation of sulfur dioxide.
S

+ 0,

+

SO,

+ '12 0,

-c SO,
(4)

Typically, the ratio of S02/S03in combustion gases ranges from 20:l to 80:l. The chemical reactions that form sulfur dioxide and
trioxide are substantially more complex than
the overall reactions represented by Eqs. 3 and 4.
Explicit emission standards for the control of
SO3 do not exist. But as SO, is highly reactive
and extremely hygroscopic compared to SO,, it
is capable of readily combining with water to
form sulfuric-acid aerosol. The reaction is enhanced by the presence of fine particles which
serve as condensation nuclei; the resulting
aerosol is a principal constitutent of visible
stack plumes. Thus, opacity and particulateemission regulations are an indirect method of
restricting SO3emissions.

SO,
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Studies show flue-gas desulfurization systems intended principally for SO, control are
moderately effective in curtailing SO3 emissions. Tests indicate that a venturi/spray towerscrubber removes approximately 60°h of the
SO, in flue gas, with the removal efficiency essentially independent of the SO3concentration
or scrubber operating variables.32
CONTROL OF SO, EMISSIONS

'

Historically, gaseous sulfur-dioxide emissions have been controlled by either dispersion
or reduction. Dispersion of SO2and other pollutants through tall stacks is the oldest form of
control. Under favorable meteorological conditions tall stacks can effectively limit groundlevel SO, concentration to local ambient
air-quality standards. Thermal inversions or
comparable short-term meteorological conditions can impair the effectiveness of dispersion
as a control method. A further and more critical
concern over control by dispersion is the accumulating scientific evidence that oxides of sulfur and nitrogen are the principal precursors to
acid precipitation.33
Reduction of sulfur emissions has been
achieved through one or a combination of the
following:
switching to lower-sulfur fuels
use of fuel desulfurization methods
use of flue-gas desulfurization systems
Switching to lower-sulfur fuels is not possible for many large fossil-fired steam-generating
plants. Additionally, current air pollution
regulations for new power plants require a percentage reduction in SO2 emissions regardless
of the fuel sulfur content.
Fuel desulfurization processes range from
conventional coal washing to coal liquefaction
and gasification. Coal washing is effective in
reducing the pyritic sulfur in the coal. It cannot
remove the organic sulfur from the coal matrix,
and as such it is limited to sulfur reduction of
less than 50 percent.
FLUE-GAS DESULFURIZATIONSYSTEMS

Flue-gas desulfurization (FGD)began in England in 1935; the Battersea process used the

alkaline Thames River water for scrubbing
power-plant flue gas until the visibility of the
stack plume caused abandonment of the process early in World War 11. The technology remained dormant until the mid-1960's when it
became active primarily in the United States
and Japan. Since then, over 50 FGD processes
have been developed, differing in the chemical
reagents and the resultant end products. In the
following section, we will describe some of the
more prominent, with particular emphasis on
those processes which are commercially significant. References 32, 34, 35, and 36 provide a
comprehensive overview through the mid1980's.
In the flue-gas scrubbing process, water
evaporates from the scrubbing liquid as the
flue-gas is cooled to the adiabatic saturation
temperature. Under equilibrium conditions, a
quantity of water must be added to the system
to make up for the water loss.
In a recirculation type wet-scrubbing system
where scrubbing liquid is not bled from the
system, the salts in the incoming make-up
water gradually concentrate. In any scrubbing
system involving solids present in the flue-gas
stream as flyash or as solids from the sorption
of sulfur dioxide, a stream must he bled off to
remove the solids and similarly prevent their
buildup to excessively high values in the system. The specific concentration of various
chemicals in the scrubbing liquid in any given
system depends on the sulfur in the coal, the
flyash in the flue gas entering the scrubber, and
the type of additive.
The evaporation that occurs in the wet fluegas scrubbing process, then, results in essentially pure water being discharged to
atmosphere, and simultaneously, a concentration of solids in the bleed stream leaving the
scrubbing system. Of these solids, the sulfates,
sulfites, and chlorides are of the greatest
significance.
One approach in categorizing FGD processes
is to differentiate between nom7egenerable, or
"throwaway ", and regenerable, or recovery type, processes. Throwaway systems produce
waste products of various sulfur compounds
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that must be stored in ponds or treated for use
as landfill. Regenerable systems recover the
SO2in some commercially useful form such as
elemental sulfur or sulfuric acid. A further differentiation can be made between wet processes and dry processes: wet processes
saturate the flue gas with water vapor and dry
processes do not.
NON-REGENERABLE FGD PROCESSES

In the U.S., the overwhelming majority of
commercial FGD systems are of the throwaway
type. Included in this category are the lime or
limestone wet scrubbing, the double or dual al''
kali, and the lime dry-scrubbing systems.
LimelLimestone Wet Scrubbing

Lime or limestone scrubbing is the oldest
and most common method of flue-gas desulfurization. Thb first successful closed-loop lime1
limestone process is credited to the English
firm of J. Howden and Company. During 19311933 pilot-plant tests were conducted in which
the scdbber effluent was recycled to the absorber; initially, scale formed in the absorber.37
The critical breakthrough in system chemistry
came in 1933 when the problem was identified
as one of excessive gypsum (CaSO;ZH,O) supersaturation in the scrubber. The solution was
to add a crystallization tank and increase the
liquid-to-gas (LIG) ratio. Adding a crystallization tank operating at high solids concentration
allows calcium-sulfur compounds to precipitate outside the scrubber. Becauseof precipitation reactions, the absorbent recycled to the
scrubber has a lower concentration of scaleforming gypsum. A high LIG ratio minimizes
the increase in supersaturation across the
scrubber and thereby further diminishes the
potential for scale formation.
In the mid-1960's, Combustion Engineering
developed and marketed the limestone-injection scrubbing process. In this variation, pulverized limestone was injected into the furnace
simultaneously with the coal. The resulting
calcined limestone (CaO) was entrained in the
flue gas along with flyash. A water scrubber

was used to remove the flyash, limestone, and
SO, from the flue gas. Several systems-were
placed into operation between 1968 and 1970,
but persistent difficultieswith scaling, poor additive utilization, and plugging of boiler convection surfaces prompted C-E to revert to the
older Howden tail-end process.
In a typical limellimestone wet FGD system
(Fig. 18), boiler flue gas enters the scrubber
(spray tower) and contacts the absorbent slurry
while sulfur dioxide and lesser amounts of o G gen are simultaneously absorbed. The spent absorbent returns to the reaction tank, or
scrubber-effluent hold tank, where the dissolved sulfur compounds are precipitated as
calcium salts. Fresh limestone or lime slurry is
added to regenerate the spent absorbent.
The size of the reacti'on tank provides sufficient time for precipitation of sulfur compounds and the dissolution of additive. The
rate of additive feed is pH-controlled. From the
reaction tank, the regenerated absorbent slurry
is recycled to the absorber. The slurry typically
contains from 5 to 15 percent suspended solids
consisting of fresh additive, absorption reaction products, and lesser amounts of flyash. To
regulate the accumulation of solids, a bleed
stream from the reaction tank is routed to the
solidlliquid separation equipment.
Typically, the bleed is routed to a gravity
thickener where the suspended solids settle to
the bottom and the clear liquid is drawn off the
top and returned to the scrubber loop. The
thickener underflow containing 25 to 45 percent solids can be pumped to a pond or may be
further dewatered through vacuum filtration.
Alternative liquid-solid separation equipment,
such as wet cyclones and centrifuges, may be
used to dewater the bleed stream. The filtrate is
returned to the scrubber loop. Alternately, the
bleed from the reaction tank can be pumped directly to a settling pond where solids accumulate and clear liquid is recycled to the scrubber.
Make-up water is added to the system to replace water evaporated by the hot flue gas and
water entrained in the waste stream. The water
is added as mist-eliminator wash, and as the
additive slurrying medium.
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Fig. 18 Process flow diagram for limellimestonewet scrubbing
Double Alkali Systems

Like lime/limestone processes, in double alkali (or dual alkali) processes, lime or limestone is consumed and a calcium sulfite/sulfate
wet solid is produced as waste. They differ
from the lime/limestone in that SO, is absorbed
and waste-products are formed in separate
components. The absorption and waste generation are separated by using an intermediate soluble alkali such as Na2C03,NaOH, or Na,S03.
The separation serves two objectives. First, it
permits scrubbing the flue gas with a clear solution, allowing the rate of SO, absorption to
proceed independently of lime or limestone
dissolution rate. Second, it permits better control of the calcium-sulfur precipitation reactions in equipment specifically designed for
this function. In theory, this improves the use
of lime or limestone.
Double alkali FGD processes developed be-

cause they offered significant advantages over
limellimestone slurry processes. First, there
are no suspended solids in the absorbent to
contribute to scaling and plugging of internal
scrubber components. Second, because of a
high concentration of dissolved alkali species,
there is minimal resistance to liquid-phase
mass transfer. The practical implication of
these factors is excellent SO, removal efficiency
achieved with a simple scrubber at lower
liquid-to-gas ratios.
Fig. 19 shows a typical double-alkali process. Clear alkali solution is circulated through
the scrubber where SO, absorption and some
oxidation take place. The absorbed SO2 reacts
with sulfite to form bisulfite:
Na2S0,

+ SO, + H20

-+

ZNaI-ISO,
(5)
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Fig. 19 Simplified process diagram for double alkali system

The pH of the absorbent is typically between
effluent, which contains a
lower ratio of sulfite to bisulfite than the scrubber feed, is collected in the absorber sump. A
bleed stream from the sump is pumped to the
regeneration system where it is treated with
lime or limestone. The absorbed SO, is precipitated as calcium solids as follows:

versible oxidation of sulfite to sulfate.

6 and 8.5. !$rubber

The bisulfite is neutralized and active sulfite
is regenerated. The sulfite-rich clear solution is
separated from the precipitates in conventional
solidlliquid separation equipment such as
thickeners and vacuum filters. Waste calcium
and sulfur compounds are disposed of and sulfite solution is returned to the scrubber loop.
Sodium lost as a result of entrainment in the
waste solids is replaced with fresh sodiumcarbonate addition.
Technically, the most serious difficulty with
double alkali processes arises from the irre--

Na,S03

+

1/20,

-+

Na2S04
(8)

When active sodium sulfite is converted to
inactive sulfate, the capacity to absorb additional SO, is diminished. To restore dissolved
scrubbing capacity, the inactive sulfate must be
removed from the system while the sodium remains in solution. A direct purge of sodium
sulfate from the system is unacceptable because it contributes to surface and ground
water contamination. Additionally, the cost of
replacing the lost sodium is further incentive
against direct purge.
The methods for removing sulfate depend on
the concentration of sulfite in the system. If the
sulfite concentration is low, the system is said
to operate in the dilute mode. In a dilute double alkali system, sulfate may be removed according to the following reaction:

In a concentrated double alkali system with
a high sulfite concentration, this reaction will
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not proceed appreciably and other techniques
must be used to regenerate the inactive sulfate.
In Japan, sulfuric acid is added in a separate reactor to force the following reaction:

This mode of operation is often referred to as
low-pH crystallization because the reactor operates at a pH of 2 to 3. Low-pH crystallization
often :an be combined with simultaneous
forced oxidation to yield a marketable gypsum.
Double alkali desulfurization systems in
large plants are limited because of the cost
of sodium reagents, requirements for large
solidlliquid separation equipment, and
leaching problems associated w i t h the
disposal of wastes containing entrained
sodium compounds.
Spray Dry-Scrubbing

A principal characteristic of wet limellimestone scrubbing is the requirement for a wet

purge or bleed stream in order to prevent the
accumulation of excessive reaction products.
The bleed stream must be treated to separate
the water from the solids, to prepare the solids
for their final disposition, and to return the
water to the scrubbing process.
In the late 1960's, researchers at Rockwell International conceived spray dry-scrubbing as a
simple alternative to the bleed stream with its
required treatment steps.
Initially, the. spray dry-scrubbing process
was proposed as an enhancement to dry injection of nahcolite or trona ahead of a fabric
filter. As a result, the original absorbents were
solutions of soda ash and its related compounds. It was soon discovered that lime slurry
also produced very good results when used as a
reagent in the spray dryer. The first commercial utility system, the 410-MW Coyote Station
near Beulah, North Dakota, used soda-ash solution. Because lime slurry is more economical
than soda ash, subsequent installations' have
used lime slurry for the alkaline reagent.
Fig. 20 illustrates the spray dry-scrubbing
process in which flue gas from the air preheater
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Fig. 20 Flow schematic of spray dry-scrubbing flue-gas cleaning system
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is passed into a spray dryer. Spray drying is a
unit operation used for more than eighty years
in the food and chemical manufacturing industries. It replaces the spray tower in order to simultaneously achieve both absorption of the
sulfur dioxide and thorough drying of the reaction product. The amount of reactant slurry introduced to the spray-dryerlabsorber (SDIA) is
controlled to insure that the reaction products
leaving the SDIA will be completely dry. No
crystallization tank is required: crystallization
of the reaction products occurs quickly in the
droplets as they dry and pass through the SDIA.
The crystallized reaction products, together
with any entrained flyash from the boiler,
are collected in a fabric filter or electrostatic
precipitator. It is a typical, but not necessary,
practice to drop-out some reaction products
and flyash in a hopper at the bottom of the SDIA.
The alkaline reactant for the spray-drying
process is prepared by slaking pebble lime
to produce a slurry of calcium hydroxide as
follows:
CaO

+ H,O

+

Ca(OH),

+ Heat
(11)

The slaking reaction must take place at temperatures above 170°F, which cause the reaction to
occur quickly. The pebbles of CaO "explode",
forming a very finely divided milk-of-lime
suspension with high particle surface area.
Because absorption, dissolution, and recrystallization processes must all occur very quickly
in the spray-dryerlabsorber, the lime-slurry
particle surface area significantly affects how
much reagent is required for a given sulfur-dioxide removal. The requirement for relatively
fast dissolution of the reagent solids precludes
the use of less costly pulverized limestone.
High slaking temperatures are achieved by
maintaining the highest practical ratio of pebble lime to water in the slaker reactor. The reactor is usually one of three types: a paste mixer
or pug-mill, a detention unit, or a ball mill.
The ball mill provides for slaking while simultaneously reducing the size of impurities

which dre always present in the pebble lime.
Both pug-mill and detention slakers use a
screen or settling unit to remove grit or rocklike impurities from the milk of lime. Pug-mill
slakers, which allow the highest ratios of pebble-lime to water, can most reliably achieve the
high slaking temperatures so important for the
spray dry-scrubbing process.
The reagent slurry is prepared by mixing the
milk of lime with additional process water as
required to achieve a suitable degree of dryness
of the solid effluent leaving the spray dryer.
Reactant solids from the particulate collecting
device may also be mixed into the reagent
slurry. The practice of employing recycled
solids in the reagent slurry tends to reduce the
amount of fresh lime required for a given sulfur-dioxide removal. Most often, the recycled
solids are first pre-mixed in a separate slurry
tank and pumped to the reagent preparation
tank. The reagent preparation tank may be located at ground level with pumps for supplying the slurry to the atomizers or at a high
elevation above the atomizers to facilitate gravity feed. Some systems do not use a reagent
preparation tank: the milk of lime, recycle
slurry, and makeup water are mixed in the line
supplying the atomizing device or directly in
the device itself.
The most important unit operation in the
spray dry-scrubbing system is atomization. Either air-assisted nozzles or rotary atomizers are
commonly used. There are two major types of
air-assisted nozzles, differentiated by where
the slurry is mixed with the atomizing airinside or external to the atomizer body.
Internal-mix nozzles generally are more energy-efficient, although more expensive to fabricate, than the external-mix types. Rotary
atomizers are comprised basically of a highspeed rotating atomizer wheel coupled to a
drive device. In order to protect the load-bearing components of the drive device, the coupling is usually designed to absorb vibrations
induced by imbalanced operation. Generally,
the drive device is a two- or four-pole, threephase electric motor with a speed-increasing
gearbox, although in some systems a high-
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speed electric drive is used without a gearbox.
Rotary atomizers offer some significant advantages over air-assisted nozzles for large industrial and utility systems. They are
more energy efficient for achieving a uniformly fine degree of atomization
more capable of handling large slurry flow
rates while at the same time producing a uniform spray pattern
more suitable for atomizing highly abrasive
slurries, especially those which contain recycled solids.
Almost as important as the quality of atomization is the mechanism for contacting the
atomized slurry and flue gas in the spray-dryer1
absorber. Commercial systems can have as
many as three spray machines and inlets in one
SD/A. Using multiple spray machines reduces
the individual power requirements for each
machine without appreciably affecting SDIA
performance.

chemical plants generally unattractive to electric-power producers.
Limited application of this technology
results from several factors. First, regenerable
processes are energy-intensive as reducing sulfur compounds to elemental sulfur requires
thermal energy. Second, the decomposition
processes require substantial amounts of reducing gases including hydrogen sulfide, carbon
monoxide, or hydrogen derived from natural
gas or other hydrocarbon feed stock.
Aside from the availability problem, there is
a reluctance to handle large quantities of potentially toxic reductants like hydrogen sulfide in
the power plant. Also, regeneration processes
are difficult to justify unless it is impractical to
dispose of large quantities of wastes, or there is
a secure market for the sulfur. Examples of
some regenerable FGD systems follow; others
were described in the Third Edition of this text.

REGENERABLE (RECOVERY) PROCESSES

Although regenerable FGD systems can produce marketable sulfur or sulfuric-acid end
products instead of essentially valueless
wastes, such systems are more expensive and
complex. They result in highly sophisticated

Magnesium Oxide

The magnesium-oxide FGD process, a wetslurry regenerable/recovery system, is shown
as a simplified flow diagram in Fig. 21. As with
all regenerable processes, the flue gas must
have the particulate matter removed to prevent
buildup of inert solids and contamination of
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the'final product. Ash-free flue gas is scrubbed
with a slurry of magnesium oxide and water in
a suitable absorber. Depending upon specific
process conditions, sulfur dioxide reacts with
magnesium oxide, magnesium sulfite, or magnesium hydroxide to yield soluble magnesium
bisulfite.
MgO

+ 2S02 + HZ0 -+

Mg(HS03)z
(12)

Power Company's Dickerson station and Philadelphia Electric Company's Eddystone-station.
Sodium Sulfite

-

*

.

The sodium-sulfite process (Fig. 22) is a
regenerative FGD process which combines
absorption of soluble SO, with thermal
regeneration of sodium sulfite to produce
either elemental sulfur or sulfuric acid.38 A
sodium-sulfite solution absorbs SO, from the
flue gas, thereby forming sodium bisulfite.

A bleed stream is sent to the evaporatorlcrystallizer where sodium bisulfite is thermally
decomposed to form solid sodium sulfite and
gaseous SO,.
In the prodess, some oxygen is also absorbed
into the slurry, an action that forms magnesium
sulfate.
The magnesium bisulfite is neutralized with
magnesium oxide to produce a magnesium bisulfite precipitate.
Mg(HSO,),

+ MgO + 11H,O

-+

2MgS03' 6H20
(15)

The magnesium-sulfite/sulfate crystals are
withdrawn in a bleed stream from the absorber
loop and sent to a centrifuge for dewatering.
The product from the centrifuge is thermally
dried and the liquor is recycled to the scrubber.
Dried magnesium-sulfite/sulfate crystals are
calcined, usually under a reducing atmosphere
at approximately 1500°F, to regenerate magnesium oxide and produce a gas stream concentrated in sulfur dioxide. The calciner exit gas is
treated for particulate removal and then used as
the feed stream to produce sulfuric acid or
elemental sulfur. The magnesium oxide is
recycled to the scrubber. Commercial magnesium-oxide FGD systems were built at Boston
Edison's Mystic station, for an oil-fired boiler,
and for coal-fired units at Potomac Electric

The sulfur dioxide is stripped with steam to
yield a concentrated product stream containing
approximately 90 percent SO, and 10 percent
water. This stream is further processed to recover sulfuric acid or elemental sulfur. Sodium
sulfite crystals are dissolved in water and recycled to the absorber. Sodium sulfate formed as
a result of oxidation does not decompose in the
evaporator and must be purged.
The sodium-sulfite process has been applied
since 1971 in Japan on several oil-fired industrial and utility boilers. The only sodium sulfite processes prior to 1979 in the United States
controlled SO, emissions from Claus sulfur and
sulfuric-acid plants. Early in 1980 three systems were installed on coal-fired boilers, all
designed to produce elemental sulfur for ultimate use in sulfuric-acid manufacture.
Activated-Carbon Absorption

Activated-carbon processes are dry regenerable FGD processes in which SO, is absorbed on
activated-carbon granules in either fixed or flu-
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Fig. 22 Simplified process diagram for the sodium-sulfite system

idized-bed reactors. Sulfur dioxide is catalytically oxidized to SO, which then undergoes hydrolysis and forms sulfuric acid in the
carbon pores.
SOz + M02+ H a

Activated

arbo on

H2S0, (Sorbed)
(la)

~h~ carbon, loaded with sulfuric acid,
bines with hydrogen sulfide in a separate reactor to yield sulfur.

-

H2S04+ 3H$ -,4 H P

+4s

(191
. .

A third
the
absorbed
upon the carbon by reaction with hydrogen at
1000°F.
Activated
4 s + 3H2 Carbon * 3 H S + S (Product)

(20)

The reactor off-gas, consisting of sulfur vapor
and hydrogen sulfide, is cooled to condense
out the sulfur.
The ability of the process to consistently remove SO, with acceptable carbon degradation
has to be demonstrated at the prototype and
commercial ~cale.3~
WET LIMEILIMESTONE FGD-SYSTEMS

In the U.S., the ~nvironmentalProtection
Agency (EPA) regulations require substantial
reductions in gaseous ' and particulate emissions from power-producing facilities, depending on plant size, age, and the fuel being
burned. To meet such standards, and depending on additional local regulations and other
site-specific conditions, utilities and large industrial boiler operaters have to consider all of
the available flue-gas cleaning processes.
The viable options for particulate collection
consist of electrostatic precipitation, fabric filtration, and high-energy wet scrubbing. The
preferred options for SO2 removal are lime1
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limestone wet scrubbing and lime dry scrubbing. Integrated flue-gas cleaning systems
consist of various combinations of particulate
and SO, removal systems, as shown in Fig. 3.
WET PROCESS VARIATIONS

Limellimestone wet-scrubbing systems for
pulverized-fuel boilers fall into three categories, as described in the following sections.

is less sensitive to such changes. Thus, fabric
filters give the power generator the option of
switching fuels without modifying the particulate collection system. The major disadvantages of fabric filters include gas pressure drops
of 4 to 6" WG and more maintenance compared
with precipitators.
Two-Stage Scrubbing

Two-stage wet scrubbing, as shown in Fig.

ESPISingle-Stage Wet Scrubbing

23, can remove not only gaseous emissions but

The most common flue-gas cleaning system
uses an electrostatic 'precipitator (ESP) followed by a lime/limestone wet SO, scrubber.
After the flue gas has been treated in the precipitator, it passes through the induced fans
and enters the SO, scrubber. If the required SO,
removal efficiency is less than 85 percent, a
fraction of the flue gas can be treated while bypassing the rest to mix with and reheat the saturated flue 'gas leaving the scrubber.
For higher sulfur fuels requiring SO, removal
efficiencies of 90 percent or greater, the entire
flue gas stream must be treated. Upon leaving
the SO, absorption section, the flue gas is
passed through entrainment separators to remove any slurry droplets mixed with the gas.
The saturated flue gas may be reheated approximately 25 to 50°F above the water dew
point before it is vented to the stack.

particulates as well. To collect flyash by wet
scrubbing, a liquid is atomized to fine droplets
which are then dispersed and mixed thoroughly with the flue gas. Atomization takes
place by accelerating the gas through a venturi
and using the momentum of the gas to shear
the liquid into fine droplets. The initial large
velocity differential between the liquid droplets and the flyash particles provides ideal conditions for collecting flyash by impaction and
interception. Simultaneously with flyash collection, some of the SO, is absorbed in the
venturi scrubber. A second-stage absorber
accomplishes final SO, removal.
Two-stage wet scrubbing is particularly attractive when collecting flyash containing appreciable amounts of calcium, magnesium, and
sodium. To a certain degree, the alkali content
of the flyash reacts with the absorbed SO, and
reduces lime or limestone consumption.
The primary advantage of particulate wet
scrubbers is low initial cost compared to electrostatic precipitators and fabric filters. A significant disadvantage is the high gas-side
pressure drop. For very low emission levels,
pressure drops in excess of 20" WG are required for most applications.

BaghouselSingle-StageWet Scrubbing

For certain types of fuels, the size of an electrostatic precipitator to meet current particulate emission standards becomes so large that
fabric filters are a technical and economic alternative. The principal advantages of fabric filters (baghouses) are
very high removal efficiency .
ability to collect fine particles
insensitivity of collection efficiency to fuel
characteristics
This latter advantage is significant because,
contrary to the performance of a fabric filter,
electrostatic precipitator performance is affected by the characteristics of the flue gas and
flyash particles while fabric filter performance

-

WET-SCRUBBER DESIGN FACTORS

Limellimestone-additive scrubber processes
commonly use spray towers to absorb SO, from
the flue gases. whether operated in the countercurrent, co-current, or cross-current modes,
such towers typically have few internals and
very low liquid-residence time.
The scrubbers designed by the British in the
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Fig. 23 Two-stage scrubbing flow schematic

1930's reflected the belief that high mass-transfer rates were required to absorb slightly soluble SO, gases. Thus, towers were designed
with internals to promote liquid hold-up. In
the 1960's, U.S. firms, acting on the British experience, adopted packed towers for simultaneous SO, and particulate removal.
More restrictive effluent-discharge regulations together with more effluent dewatering of
waste solids made it necessary to operate FGD
systems at higher concentrations of dissolved
solids. In general, as the level of dissolved
solids in limellimestone slurries increases, the
potential for scaling also increases. Scale formation in packed scrubbers can shut down a
desulfurization system due to excessive gasside pressure drop. The consequences of scale
formation in spray-tower absorbers are considerably less severe.
.

.

Spray-Tower Design

Among the advantages of spray towers for
limellimestone FGD processes are

maximum turndown ratio
high allowable gas velocities
low gas-side pressure drop
low plugging potential
simple mechanical construction
The most common spray-tower design is the
vertical countercurrent type in which the gas
enters the bottom of the absorber and flows upward through the absorptionlspray zone.
In the typical absorber, multiple stages of
atomizing nozzles distribute absorbent slurry
into the gas. Designs usually have an optional
spare- stage. Depending upon the particular
FGDS vendor, the nozzles are either hollow or
full-cone spray type with capacities that range
from approximately 250 to 1000 U.S. gallons
per minute in large installations. Nozzles are
designed to produce fine droplets over a large
area at minimum spray-water pressure.
The sprayed slurry falls by gravity to the bottom of the absorber and is drained to a reaction
tank. In the spray tower, above the spray
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stages, entrainment separators (mist elirninators) separate suspended slurry droplets from
the gas stream. Zig-zag baffles are the most
common type of entrainment separators because they offer low pressure drop,-simple construction, and good cleanability.
Mass-Transfer Concepts

Sulfur dioxide absorption in countercurrent
spray towers involves mass transfer from the
gas phase to the liquid phase. The design of
spray towers and other FGD wet absorbers requires an understanding of mass-transfer.40
The rate of mass transfer, N, is determined by
the mass-transfer driving force, y - y*, and the
resistance to mass transfer, l/K$. Symbolically, the relationship may be expressed as

N = (y

- y*) + (lIKgA) = K,A (y - y*)
(21)

where
N =rate of mass transfer across interface,
m o l h ..
y =concentration of SO, in gas phase, mole
fraction
y* =concentration of SO, in gas phase in
equilibrium with the existing liquidphase composition, mole fraction
Kg = gas-phase mass-transfer coefficient,
mol/hr-ft2
A =total interfacial area available for mass
transfer, ft"
From material-balance considerations, the
rate of mass transfer may also be expressed by

where
G =molar gas flux, molthr-ft2
S = cross-sectional area of tower, ff
Ay =change i n SO, concentration across
tower, mole fraction
.-

For any different element of spray-tower
height dz, Eqs. 21 and 22 may be equated to
give
GSdy = Kg (a) (S) dz (y

- y*)
(23)

where
dy =differential change in SO, gas-phase
concentration, mole fraction
dz = differential increment of tower height, ft
a =available interfacial area per unit volume of spray tower, ft2/ft3
Rearrangement of equation .23
- gives

where
Kga = overall gas-phase mass-transfer coefficient, molhr-ft3
Eq. 24 may be expressed in integral form as

where
H, =height of gas-phase transfer unit, ft
N, =number of gas-phase transfer units
Z =total height of tower, ft
The overall mass-transfer coefficient, K,a,
may be evaluated by rearranging Eq. 25 to:

and then graphically solving the integral for
the appropriate limits of y.
For spray-tower design it is essential to
know the relationship between K,a and design
variables such as gas velocity, tower height,
number of stages, stage spacing, nozzle charac-
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teristics, and LIG. This information usually
must be developed through pilot- a n d
prototype-plant experiments. Fig. 24 illustrates
how such experiments help.
The operating line, AC is based on test data.
where points C and A are the gas-phase inlet
and outlet SO, concentrations respectively. The
slope of the line equals the liquid-to-gai ratio,
L/G. The gas-liquid equilibrium line, BD, expresses the equilibrium relations between SO2
in the liquid and gas phases and is a function of
variables such as temperature and liquid
composition.
As mentioned, K,a may be obtained by
graphically determining the integral in Eq. 25
to obtain N,. Although details of this integration procedure are not included here, understand that if the operating line AC and
equilibrium line BD are close (due to changes
in position of either the operating line or equilibrium line), the number of transfer units (N,)
will increase and make the removal process
more difficult. As seen in Eq. 26, this situation
, would require an increase in Kga (G and Z being
constant), or an increase in tower height, Z (K,a
and G being constant). If the operating and
equilibrium lines are further apart, the opposite relationships will exist.
Through a series of parametric experiments,
a mathematical correlation between Kga and
spray tower design variables can be estab-

lished. One such correlation developed by
Combustion Engineering" is
Kga

Cd AP
=K~(Yin)a(z)b([UG)c
[
T
I
(Lra)p(Mg9C1)'
(271
. .

where
Kga

-

= overall mass-transfer coeffi-

cient, molhr-ft3
=actual SO, concentration at
inlet, mole fraction
Z
= spray tower height, ft
L/G
= liquid-to-gas ratio, gpm/1000
cfm (actual) at the outlet
=coefficient of discharge of the
Cd
spray nozzle
AP
=pressure drop of liquid across
the nozzle, psi
D
= Sauter mean droplet diameter
of the spray liquid, pm
=
superficial gas velocity, ft/sec
vg
Mg,C1
= concentration of magnesium
and chloride in spray liquid
&, a, . . . , f = correlation constants

y tn

Eqs. 26 and 27 are used simultaneously with
mathematical models of lime/limestone slurry
chemistry to select the optimal spray tower.
Other models for prediction of SO, removal are
available in the literature.41
LlMElLlMESTONE
FODS PROCESS CHEMISTRY

The chemistry of wet scrubbing of SO2 from
flue gas with lime/limestone consists of a
complex series of kinetic and equilibriumcontrolled reactions occurring in the gas, liquid, and solid phases. Although the overall
reactions are commonly expressed as:
Lime: CaO + SO,+CaSO,

CaSO, + ~ / ~ 0 , + C a S 0 ,

- _
.
-

Mole Fraction SO2 in Liquid
Fig. 24 Determination of K,a

Limestone: CaCO, + SO,+CaSO, + CO,
CaS0, +-1/202+CaS0,

(28)

-

(29)
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considerably more detail is required to emphasize and understand the effect of several key
process variables such as pH and soluble magnesium and chloride concentration on the chemistry of lime/limestone scrubbing.
The chemical reactions occurring in lime/
limestone systems can be written in several
different forms, depending on which aspects
are being discussed. For this discussion, the
reactions have been categorized as absorption,
neutralization, regeneration, oxidation, and
precipitation. Although written sequentially,
many of these reactions occur simultaneously
in an actual system. Significant reactions are
-

--

Absorption:
SOz + Hz0

+

H S 0 3 [ H S O + H+)
(30)

Replacing Eqs. 33 and 34 with the following regeneration reactions makes it possible to describe limestone scrubbing:
-

Regeneration:
CaCO, + HSO;

+ Caf+

+ SO; + WCO,(39)

The following text relates this chemistry to
key aspects of FGDS design. Specifically covered are the effects of absorbent composition on
SOz removal, scale control, oxidation, and additive utilization.
Absorbent-CompositionEffect

Regeneration:
Ca(OH)2+ 2HS0;

-*

CaC++ 2SO;+ 2Hz0
(33)

Ca(OH), + 2H&03 + Ca++ + 2HC0;

+ 2Hz0
(34)

Oxidation:
HSO;

+ l/202

+

SOT+ H+
(35)

so; + %02 + so:
(36)

Precipitation:
(m + n ) C a + + + m S O ; + n S O ; + x H 2 0
Ca(, + ,,,[ S O S ) ~ ~ , xHQ
(S~~~,~

+

(37)

Ca++ + SO;

+ 2HQ

Vapor-liquid equilibrium between SO, in the
gas and the absorbent liquid governs the
amount of SO, absorbed from flue gas. If no soluble alkaline species are present, the liquid
quickly becomes saturated with SO, and absorption is limited.
The neutralization reactions 31 and 32 remove sulfurous acid, H2SO3,from solution and
allow the absorption reaction to proceed. In a
spray tower, the soluble alkaline species in the
spray slurry performs most of the neutralization due to the extremely short liquid residence
time. If an absorber has greater liquid holdup,
additional neutralization can be expected from
dissolution of solid calcium sulfite or limestone. Thus, factors affecting soluble alkalinity
in the spray slurry impact on the overall
SO, removal capability of a lime/limestone
FGDS. In the development of these processes,
it is apparent that the three major factors affecting the soluble alkali level are pH, solublemagnesium concentration, and soluble-chloride concentration.
Effect of pH

+

CaSOi.2H20
(38)

In general, with a lime/limestone FGDS, the
higher the pH, the greater the SO, removal effi-
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ciency. Two factors are involved. First, by definition, a high pH increases the hydroxyl-ion
(OH-) concentration, which acts similar to sulfite and bicarbonate reactions 31 and 32. But at
the pH ranges experienced in commercial systems-between 5 and 8-the impact of hydroxyl-ion neutralization is negligible. So it is
the second factor, the impact that pH has on the
sulfitehisulfite and bicarbonatelcarbonic-acid
equilibrium reactions, that has the primary
beneficial effect on SO, removal.
Figs. 25 and 26 illustrate the impact of pH on
these equilibria. In the range of pH from 5 to 8,
increasing pH shifts the sulfite-bisulfite equilibrium in favor of sulfite. Shifting the equilibrium towards the sulfite region by increasing
pH is beneficial to SO, removal. A similar condition exists with the carbonic acid (H,CO,)/bicarbonate equilibrium. Increasing pH favors
existence of the bicarbonate ion which can neutralize sulfurous acid (reaction 32).
Effect of Magnesium

Magnesium enters the SO2 scrubbing system
through several mechanisms:
as a constituent in limestone and lime
8 from coal-ash constituents solubilized in the
scrubbing liquor
in the makeup water added to compensate for
evaporation and other liquid losses.
The magnesium concentration depends on

Fig. 25 Bisulfite-sulfiteratio versus pH

the total input from the various sources and
upon the rate at which liquid leaves the system. In closed-loop operation, the accumulation increases until a magnesium compound,
such as magnesium hydroxide, precipitates. In
a commercial system some liquid containing
magnesium leaves with the solids. Thus, the
degree of solids dewatering affects the concentration of magnesium in a wet-process FGDS.
Systems with vacuum filters or centrifuges
for final solidlliquid separation operate at
higher magnesiu%itd.~elsthan those with a
thickener 0nly.42
Commercial operation of FGD systems has
shown that soluble Mg in the absorbing slurry
significantly improves SO, removal efficiency
(Fig. 27). The increase is attributable primarily
to the higher soluble-alkali levels in the presence of magnesium. In normal limellimestone
spray-tower operation, little of the additive dissolves within the tower because it remains
there such a short time. Thus, the amount of
sulfur-dioxide absorbed depends principally
upon soluble-alkali content. If the alkali concentration in any region of the liquid drops, the
rate of the neutralization reactions 31 and 32
also drops. Ultimately, a static equilibrium
condition between gaseous and liquid SO, concentration is approached.
Where magnesium exists, the soluble alkali
level of the absorbent increases primarily be-

Fig. 26 Bicarbonate-carbonate ratio versus pH
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cause of the presence of sulfite and bicarbonate
salts of magnesium. As these magnesium alkalies are significantly more soluble than the
corresponding calcium alkalies, there is
an increase in the sulfur-dioxide absorption
capacity of the slurry. The solubility of magnesium alkali compounds depends on pH. In a
lime-additive FGDS, therefore, the proper system operating pH is very important to take full
advantage of the magnesium. Examination of
the sulfite-bisulfite and carbonate-bicarbonate
equilibria and the magnesium solubility curve
(Fig. 28) indicates the optimum pH to be in the
7 to-8 range. System operation at pH higher
than 8 reduces the magnesium solubility and
may prevent full use of the additive. Operation
below a pH of 7 decreases the concentration of
neutralizing bicarbonate and sulfite and the
beneficial effect of magnesium on SO, removal.
Effect of Chloride

Chlorides generally find their way into an
FGD system by one or both of the following:
from the chloride present in the coal burned
and subsequently dissolved as a hydrogen
chloride gas (or as a salt in the scrubbing liquor), or with the makeup water, especially
when cooling-tower blowdown or other plant
waste water is used.

95

While magnesium improves SO, removal efficiencies by increasing the soluble alkalinity
level of the scrubbing slurry, chloride has an
opposite effect. Chloride ions combine with
available magnesium and displace soluble
sulfite and bicarbonate from solution. Many
investigations have correlated SO, removal
efficiency to "effective" magnesium concentration not "actual" magnesium concentration.
"Effective" magnesium concentration is defined as:

where
Mg, = effective Mg concentration, mg/P
Mg = actual blg concentration, mglP
C1 = actual Cl concentration, mglP

Using Eq. 41, it can be shown that, in the
presence of 10,000 mglP of chloride, the beneficial effect of 5,000 mg/P of magnesium is reduced to the equivalent of only 1575 ppm
magnesium. In the absence of magnesium, it is
generally accepted that increasing chloride-ion
concentration reduces SO, removal efficiency
through a pH-lowering effect. Some research-

Inlet SO2 Concentration

g 75?
.

70 3
0

I

1000

I
I
I
I
2000 3000 4000 5000

Magnesium Concentrat~on,
ppm
Fig. 27 Effect of magnesium on SO,
removal efficiency

Fig. 28 Magnesium solubility at various
pH values
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ers, howevers, have failed to observe any SO,
removal reduction for chloride-ion concentration up to 40,000 mg/L43
Scale Control

The principal compounds crystallizing in a
flue-gas desulfurization system are calcium
sulfite and sulfate (reactions 37 and 38). The
major concern with crystallization of these
compounds is the potential for scale formation
on scrubber internals. Uncontrolled scale can
plug the spray nozzles, mist eliminators, piping, and other equipment. Plugged systems
must be shut down and cleaned.
As the crystallization of calcium sulfite is
pH-sensitive, abrupt pH increases (especially
in lime systems) must be avoided. Control of
the spray slurry pH has curtailed sulfite scaling
in commercial systems.
Control of calcium-sulfate scaling is more
difficult, and the normal 5-8 pH range encountered in operation is not a factor influencing
calcium-sulfate saturation or crystallization.
Control of calcium sulfate relative saturation
depends on seed-crystal concentrations and
crystallization time. Any increases in the
relative saturation of calcium-sulfate to high
values can be conducive to heterogeneous
nucleation and the consequent scaling of scrubber components.
Work on scale-control techniques performed
by C-E and others in 1974 and 1975 revealed
that there was an alternate mode of FGDS operation-subsaturated operation.42.44 Under some
conditions, coprecipitation of sulfite within
the calcium-sulfate crystal lattice can occur to
such an extent that it removes all the sulfite
formed through oxidation. When this occurs,
the scrubbing slurry does not become saturated
with calcium-sulfate, and scale cannot form.
The following sections will discuss various aspects of scale control including relative saturation a n d scale potential, supersaturated
operation, and subsaturated operation.44

- _

-

Relative Saturation and Scaling Potential
-.

As the scrubbing liquor absorbs SO, from

flue gas, it is in intimate contact with gases
containing typically 3 to 5 percent oxygen. The
reaction between the oxygen, which is absorbed, and the sulfitehisulfite in the liquid
leads to sulfate formation. Since there may be
no accumulation of material at steady-state,
sulfate must be continually purged from the
system. Although sulfate may theoretically be
purged entirely in the liquid phase, this mode
is generally unacceptable from an environmental standpoint-large quantities of sulfate
would be discharged into the local water.
In practice, sulfate is generally purged from
limetlimestone wet scrubbers as relatively insoluble calcium salts which are dewatered and
disposed of as solid waste. Thus, it is extremely important to control the reactions of
crystallization which form the calcium-sulfate
salts. If these reactions are not properly controlled, serious plugging can occur because
of a hard scale of calcium-sulfate dihydrate
(CaSO, 2H20, gypsum) that may form.
The equilibrium and kinetic factors in crystallization reactions involving calcium sulfate
are complex. Slurries containing high concentrations of salts behave as non-ideal solutions
and the relationship between the concentration
of calcium sulfate and its equilibrium solubility is best defined in terms of activity coefficients. Activity coefficients are factors which,
when multiplied by the concentrations of the
respective ions, yield their activities. In a
slurry, calcium sulfate does not behave ideally,
hence the use of the activity in defining the solubility product, K,.

where
Kc- = baAso4 = solubility product of CaSO,
= activity of calcium ion
A,
Aso4 = activity of sulfate ion
If the activity product of the calcium and sulfate ions is less than the solubility product, the
solution is said to be subsaturated. If the prod-
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uct is greater than K,, the solution is supersaturated. The ratio of the activity product to the
solubility product is called the relative saturation (RS)and is used as a measure of the saturation level of a solution with respect to gypsum.

tion rate expression.
A crystallization rate equation was developed from bench-tests
R = knS
(44)

RS =

K,,c~so,.-~H~o

(43)
.
.

when
RS < 1.0, solution is subsaturated;
RS = 1.0, solution is saturated;
RS> 1.0, solution is supersaturated.
The importance of gypsum relative saturation in designing lime/limestone wet-scrubbing systems for scale-free operation is shown
in the following discussions.
Supersaturated Operation-Gypsum Crystallization

Formation of calcium-sulfite and calciumsulfate scale on scrubber internals can be a severe problem and, while control of calciumsulfite scaling is possible by avoiding rapid
increases in slurry pH, control of calciumsulfate scaling is not a function of slurry pH.
Considerable effort was made in the early
1970's to establish an expression to describe
the desupersaturation rate of calcium sulfate as
a function of appropriate system design and
operating parameter^.^^
In addition to developing a crystallizationrate equation, it was necessary to determine the
level of calcium-sulfate supersaturation that
could be tolerated without causing scaling of
internal surfaces in any operating scrubber.
A series of experiments to determine the critical supersaturation above which scaling can
occur revealed that a high probability of scaling exists if the absorber effluent relative saturation exceeded 1.35. Thus, Fig. 29 shows the
supersaturated operating range between relative saturation 1.0-1.35 where scale formation
is unlikely and operational difficulties slight.
After establishing a calcium-sulfate relative
saturation region for scale-free operation, the
industry worked on developing a crystalliza-

where
R = reaction rate
k = rate constant
n = number of seed crystals
S = driving force
Interpretation of the data collectgd suggested
a driving force term of the form (RS - 1). It also
showed that the rate was directly
to seed-crystal concentration.
Further work was performed to calibrate the
rate expression with data from full-scale, commercial FGD systems.44.45 The rate expression
may be used to predict the seed-crystal concentration required to prevent calcium-sulfate
scaling. The rate of calcium-sulfate precipitation in the reaction tank, R, can be computed
by material balance if the following information is known: SO, absorption rate, fraction
SO, oxidized to SO,', and reaction tank residence time. Sulfur dioxide absorption rate and
reaction tank residence time are design pararn-
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Fig. 29 Relative saturation of gypsum as
an indication of scaling potential
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eters, and fraction SO2 oxidized can be predicted from various design models. The
maximum relative saturation allowable in the
absorber effluent is 1.35; values above this critical level will result in scale formation. By using information on the absorbent composition
(such as magnesium and chloride concentrations), rates of oxidation, ionic strengthlactivity coefficient correlations, and the level of
saturation entering the absorber which will
result in an absorber effluent saturation of 1.35
can be calculated. This value and the rate of
calcium-sulfate precipitation are used in Eq. 44
to predict the seed-crystal concentration required in the reaction tank to maintain the absorber effluent relative saturation below 1.35.
Thus, the solids concentration circulated to
prevent scaling can be computed and used as
an operating point.
Subsaturated Operation-Coprecipitation

Because crystallization is thermodynamically impossible from subsaturated solutions,
the potential for scaling can be eliminated by
operating the system at a relative saturation
less than 1.0. Until recently, the only technique known to accomplish this was liquid
blowdown. However, discharging large quantities of process water to the environment is
unacceptable. Work by EPA suggested an
alternate method for purging sulfate from solutions that are subsaturated with respect to gypsum: coprecipitation of sulfate with calcium
sulfite to form a mixed crystal.46 Although the
exact nature of this mixed crystal is not fully
understood, several interesting facts have
evolved:
significant amounts of sulfate can be coprecipitated with calcium sulfite from solutions
which are subsaturated with respect to gypsum
the mole ratio of sulfate to sulfite in the
mixed crystal can be as high as 0.2-0.3
x-ray diffraction analysis of samples of the
mixed crystal indicates only the presence of
calcium-sulfite hemihydrate (CaS03.11~H20);
no known calcium-sulfate forms are observed.
Bench and pilot scale experiments aimed at

studying this phenomenon led to the development of mathematical correlations which related the amount of sulfate coprecipitated to
various system parameters. An example of one
of the more useful correlations is shown below:

where
MR

= mole ratio of SO4to SO, in the

co-precipitated solid
A,,Aso, =activities of calcium and sulfate
ion, respectively
K,x,y = experimental constants
Numerical values for the experimental constants were determined to be
K =231
x = 0.54
y =0.76
Fig. 30 is a plot of over 60 bench-scale experiments and several data points taken from
full-scale commercial installations. The
dependency of mole ratio (MR) on the activities
of calcium and sulfate has been demonstrated
over a wide range of solution c~mpositions
and kinetic conditions. The ranges studied
included:
Calcium
Sulfate
Sulfite
Magnesium
Chloride
Sodium
.
Sulfite precipitation rate

60-6,000 mgl e
600-20,000 mgl f?
100-6,000 mgl f?
0-5,000 mgl f?
0-14,000 mgl C
100-5,000 mgl P
0.15-2.3
millimoll f-min.

The mathematical model can be used to
predict the effect of oxidation on the level of
gypsum saturation in a subsaturated lime1
limestone FGDS.
The left side of Eq. 45 consists of the term,
MR, the mole ratio of sulfate to sulfite in the
copiecipitated solid. Because nearly all forms
of sulfur leave the system in the solid phase,
the ratio of sulfate to total sulfur in the solids
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equals the oxidation in the system. It can be
shown that the following relationship exists
between MR and system oxidation:

saturation to system oxidation. As oxidation
can be predicted by other design models, the
level of gypsum saturation can be predicted
using Eq. 45. Furthermore, the relationship is
direct and by increasing the oxidation we
increase the saturation.
Maximum Tolerable Oxidation

where
so4
OX = fraction oxidized = SO, SO,
+

The right side of Eq. 45 contains terms for
calcium and sulfate activities similar to the definition of RS. Thus,
MR = KA,,". A,,,Y
(relatedto

(relatedto
oxidation)

relative saturation)
(45)

~

Eq. 45 can, therefore, be used to relate relative

One particularly useful concept is that of
maximum tolerable oxidation (MTO) which is
the oxidation level that will cause a limellimestone FGD system to run saturated with respect
to gypsum (RS = 1.0). Maximum tolerable oxidation can be calculated using the proposed
design equation. By using an equilibrium program or other experimental or theoretical techniques, the activities of calcium and sulfate for
a saturated solution can be calculated. If these
values are inserted into Eq. 45, it is possible to
calculate the mole ratio of sulfate to sulfite in
the coprecipitated solids in equilibrium with
this solution. Oxidation can then be calculated

0.25-

4
.c2

0.20 -

P.- 0.15 c

2

-

.2 0.10m

/*%

a:
a
o
2 0.05 -

0

o

Bench
Pilot Plant
Data
Data

o

o FieldData

* *
1

I

I

I

I

I

I

I

I

2

3

4

5

6

7

8

9

A&% ::A
;

Fig. 30 A c , ~A. S
~O
~ ~ versus
~ . ' ~ mole ratio of SO, to SO,
--

~ 1 0 - ~

I
10

COmmnON
Conird d Power-Plant Stack Emissions

.

from Eq. 46. For example, in a solution containing no magnesium or chloride, the activities of calcium and sulfate in a saturated
solution are approximately 0.0049 and 0.0039
mollPrespectively at 50°C;this translates to approximately 16-percent oxidation (Eq. 46).
If the system operates at 16-percent oxidation, the reaction tank will operate saturated
with respect to gypsum, assuming that the precipitation reaction occurs in the reaction tank.
Higher oxidation levels will result in supersaturated operation; lower oxidations will result
in subsaturated operation. Thus, the MTO for a
system containing no magnesium or chloride is
16 percent.
The design equation can be used to predict
the relative saturation of gypsum for subsaturated systems as a function of magnesium and
chloride concentrations, and temperature. As a
consequence, it can also be used to predict
whether a system will operate in the subsaturated mode. Calcium and sulfate ion activities
can be predicted for solutions of various com-

positions (i.e., magnesium/chloride concentrations and saturations) and temperatures. Using
these activities it is possible to calculate the
mole ratio of sulfate to sulfite in the coprecipitated solid and, thus, the oxidation required to
produce that mole ratio.
Fig. 31 is a plot of relative saturation versus
oxidation as a function of varying magnesium
and chloride concentrations obtained by this
method. The presence of chloride shifts the
curves to the left resulting in high saturations
for the same oxidation, while magnesium
has the opposite effect.It also can be seen that
the presence of chloride diminishes the beneficial effect of magnesium. In addition, the oxidation that corresponds to relative saturation
of 1.0 represents the maximum tolerable oxidation for subsaturated operation at these
conditions.43
Oxidation

In lime/limestone FGD systems, solutions
containing sulfite (SO,-)come in intimate con-
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tact with flue gas containing typically 3 to 7
percent oxygen. As a result, significant quantities of SO,- (S+,)are oxidized to SO,' (S+6).The
rate at which sulfate is formed directly deterniines the required rate of sulfate purge at
steady-state which in turn influences the level
of calcium-sulfate saturation. The relative
amounts of sulfate and sulfite formed in the
process also have implications in the ultimate
disposal of FGDS waste product. In general,
sludges containing high sulfate to sulfite ratios
are more easily dewatered and result in a more
stable disposal product. Thus, the rate of sulfate ion formation (rate of oxidation) has widespread implications on the performance and
reliability of wet SO, scrubbing processes. A
quantitative understanding of the factors
which contribute to sulfate ion formation is essential if lime/limestone wet scrubbing is to
have optimum performance.
Two major oxidation process options exist:
natural and forced. In natural oxidation, conversion results primarily from a reaction between soluble sulfite in the scrubbing slurry
and oxygen in the flue gas. Only a minute
amount of oxidation occurs from contact with
atmospheric oxygen in open tanks, overflow
weirs, and the like.
Several factors influence the rate of oxidation: oxygen concentration in the flue gas,
ionic strength and pH of the absorbent slurry,
and the liquid-to-gas ratio in the absorber.
In forced oxidation, on the other hand, compressed atmospheric air is injected into the process [usually in the reaction tank) to promote
oxidation and achieve oxidation efficiencies of
90 to 99 + percent. Forced oxidation improves
the dewatering and structural characteristics of
the waste product and consequently reduces
disposal costs. The following text discusses
factors which influence oxidation in limellimestone scrubbing systems.
Natural Oxidation

The major source of oxidation in a naturally
oxidized FGDS is the absorber in which the oxygen in flue gas reacts with the soluble sulfite
in the scrubbing slurry. The reaction between

oxygen and sulfite in the aqueous phase is very
complex and can be greatly influenced by the
presence of catalysts and inhibitors. The rate of
the oxidation reaction is nearly always much
faster than the rate of oxygen transfer to the liquid phase. Thus, oxidation in FGD systems is
generally mass-transfer limited and the rate of
chemical reaction can be assumed to be instantaneous. Mathematical models of the oxidation
process can then be expressed in terms of classical two-film mass-transfer theory.
An example of the type model which has
been developed to describe the rate of oxidation in a spray tower absorber is

where
r,, = rate of natural oxidation, mollmin-gal
G = gas flow rate, mollmin
C, = oxygen content in flue gas, mollgal
R = gas constant, gallatm-mol-OR
T = gas temperature, OR
P = total pressure of gas, atrn
KLa= overall volumetric mass-transfer
coefficient, min-'
V, = volume of liquid in absorber, gal
V,= absorber volume, gal
H = Henry's law constant, gallatm-mol
All variables in Eq. 47, except KLa,are design
parameters which are known or may be estimated. The overall mass-transfer coefficient
cannot be determined on theoretical grounds
except in the most simple cases and must therefore be determined experimentally. C-E has developed mathematical correlations which
predict KLaas a function of operating and design parameters for various absorber types. An
example of the equation form used to predict
KLafor spray-tower absorbers is

K,a = a (L/G)* (I)" (pH)d(V,)" (ZY(CAP
(48)
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where
LIG = liquid-to-gas-ratio
I = ionic strength of absorbent
slum
pH = pH of spray slurry
V, = superficial gas velocity in
absorber
Z = height of contactor
a,b,c,d,e,f,g= experimental constants
With the oxidation rate known, the fraction
of SO, oxidized can be calculated by dividing
the oxidation rate by the SO, absorption rate.
The fraction oxidized can then be used in the
various scale-control models to arrive at appropriate operating conditions, and to predict the
characteristics of the disposal product.
Forced Oxidation

Forced oxidation uses atmospheric air injected into the reaction tank of FGD systems. To
achieve the best efficiency, the injected air
must be finely divided into tiny bubbles to
maximize the interfacial area. The dispersion is
usually accomplished by using either sparge
rings and radial turbine mixers, or jet eductors. With either arrangement, the ultimate
problem is to define and predict the impact of
various process design and operating parameters on the oxidation rate. This can be achieved
in a manner similar to predicting the level of
natural oxidation occurring in an absorber. The
two-film mass-transfer approach is:

where
r, = rate of forced oxidation
GA= airflow rate
h = height of reaction tank
Similar to the absorber natural oxidation
model, all of the variables except K,a are
known OF may be estimated. A correlation describing K,a as a function of pertinent process
variables for a sparge ringlradial turbine

-

forced-oxidation system is as follows:
K L=
~ K,(hIa (IIb(PHI'

( v a i d d (Dle (Pdf

(50)

where

K, = experimental constant
,V = superficial air velocity in tank
D = tank diameter
= mixer power input to tank
It is generally accepted that oxidation is increased by decreasing pH, increasing mixer
power, increasing ionic strength, and increasing tank height.
Note that the total oxidation achieved in a
forced oxidation FGDS is a function of the naturally occurring oxidation, for which credit
may be taken.

P,

ADDITIVE UTILIZATION IN WET SCRUBBERS

Minimizing the amount of alkali additive required to obtain a desired SO, removal efficiency reduces the operating cost of an FGD
system. To determine the factors influencing
additive use, it is ne'cessary to understand the
additive dissolution process and the effect of
system operating conditions, design, and additive properties on this process.
In a lime or limestone SO, scrubbing system,
the addition of alkali is controlled to neutralize
the SO2absorbed and precipitate the calciumsulfur salts. Although in theory the amount of
lime or limestone required is stoichiometrically equal to the amount of SO, removed, the
kineties of the limestone dissolution process
dictates the use of excess additive to achieve
the desired SO, removal efficiency.
Additive stoichiometry is usually defined as
the mols of additive fed (excluding impurities)
to a scrubber per mol of SO, absorbed (although
it can be, and sometimes is, defined as the mols
of additive fed per mole of SO, entering the
scrubber). Additive utilization, then, can be expressed by the following relationship:
Utilization =

1
moles SO, absorbed
Stoichiometrv = moles additive fed
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Although not usually significant, the absorption of other acid gases such as HC1 can influence utilization of the additive. Utilization
then could be more broadly defined as the fraction of additive converted to reaction products
in the scrubber. However, unless a detailed material balance is done, it is more straightforward to use Eq. 51 to calculate utilization from
system operating data.
From Eq. 51 it can be seen that, to increase
utilization, one must either reduce the additive
feed rate while maintaining constant SO, absorption efficiency or i,ncrease the SO, removal
efficiency for a given limestone feed rate.
The dissolution rate of alkali additives is inversely proportional to the solution pH; therefore, better utilization is possibIe by operating
a system at low pH levels. However, as pointed
out earlier, reducing the pH also can reduce
SO, removal efficiency. Therefore, it is usually
more productive to increase the absorber performance for the same system pH, or increase
the additive dissolution and utilization at a
constant system pH.
Lime Utilization

Lime or calcium oxide (CaO) is obtained from
calcination of limestone (CaC03). The conditions under which the limestone is calcined or
"burned" can have a great impact on the reactivity of the lime produced. If the limestone is
calcined at too high a temperature, the lime
may become dead-burned and unreactive,
making it unsuitable for FGDS use.
Because of the high reactivity of most commercially available lime, it is possible to
achieve high utilization (as much as 95 percent) with minimum impact on the remainder
of the system. The main design parameter in
maximizing utilization is the pH of the scrubbing slurry. With pH maintained above 8.5,
considerable carbon-dioxide absorption occurs
because of the 10 to 15 percent by volume of
CO, in the flue gas. Carbon dioxide reacts with
lime in a manner similar to sulfur dioxide to
form calcium carbonate. Calcium carbonate,
being insoluble at high pH, precipitates and
thus prevents the calcium from reacting with

sulfur dioxide. The following summarize the
effectof CO, absorption:
CaO + C02+CaC03(aq)

Data from a full-scale commercial FGDS indicate that a decrease in utilization from 95
percent to 85 percent may occur as pH is increased from 7.5 to 9.0. To reduce waste of the
relatively high-cost lime, the pH of lime systems should thus be held below 8.5.
Limestone Utilization

Limestone is usually less reactive than lime
in FGD systems operating under identical conditions. For this reason, system modifications
are needed to produce limestone utilizations in
excess of 90 to 95 percent.
Limestone dissolution is a function of surface area of the suspended limestone and hydrogen-ion concentration (i.e., pH) of the
solutions as follows:

where
r = rate of limestone dissolution, moll!-s
K = experimenta.1constant, s/cm2
A = surface area of suspended limestone,
cm2
Hi =hydrogen ion concentration
moll!
Use of Eq. 54 suggests two methods of increasing the limestone dissolution rate and,
thus, utilization: first, by increasing the surface
area, A, and second, by increasing the hydrogen-ion concentration (reducing pH).
Large surface areas can be produced by finely
grinding the limestone before it is injected into
the system. Limestone is typically ground to 80
to 90 percent through 325 mesh in FGDS applications. Finer grinds are possible, but more
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pulverizer power is required. This is many
times cost-effective.
Limestone utilization can also be improved
by operating at reduced pH's. As mentioned
previously, this impairs efficiency-to maintain the same removal at reduced pH, the absorber design must be modified. For example,
WG may be increased (with higher pumping
costs) or tower height may be increased (with
higher capital costs). The cost-effectiveness of
any such adjustments must be examined.
It is also possible to use a two-stage operation in which the primary stage is operated at
reduced pH.to optimize 1imeJlimestone use,
and the second stage is operated at high pH to
accomplish the required SO, removal. In this
operation, limestone is fed to the second stage
and the spent slurry from the second stage is
fed to the primary stage before being bled off.
A final technique for improving limestone
utilization is to increase residence time-at a
fixed rate of reaction, the longer a limestone
particle remains in the absorberlreaction-tank
loop, the greater will be the fraction of the particle that dissolves.
The residence time of the solid particles in
the process is a function of the particle inventory and the solids bleed rate. Because the
bleed rate is fixed by the SO, absorption rate at
steady-state, only the inventory can be adjusted. The solids inventory can be made
greater by increasing the reaction-tank volume
andlor the solids concentration. Because the
slurry is abrasive, the solids concentration has
a practical upper limit of about 15 percent. The
relatively low cost of tanks and low mixer
power requirements suggests that, in many situations, it is less expensive to increase the tank
size to improve limestone use.
SPRAY-TOWER COMPONENTS

In addition to viable process chemistry, successful spray-tower performance requires the
proper selection of system components. These
consist principally of the tower shell, the slurry
delivery subsystems (pumps, piping and nozzles), the mist eliminator, and the gas reheater.
Each must be designed with materials for good

reliability and performance in a corrosive and
erosive environment.
Tower Shell

Velocity considerations dictate the tower
cross-sectional area (Fig. 32). Although higher
gas velocities through the absorbing section
improve SO2removal, the maximum allowable
velocity through the close-coupled mist eliminator section (about 10 to 11ftlsec) sets a practical limit of 12 to 13 ftlsec through the absorbing
section. A short transition piece with a gradually expanding area connects the mist eliminator section to the absorber section. The number
of absorbing stages required to obtain the desired level of SO, removal governs the overall
tower height.
The corrosive and erosive environment
within the tower requires special materials.
Type 316L and 317L stainless steels have been
successfully applied in numerous instances.
Under certain conditions of scrubber-slurry
pH, temperature, and chloride concentration,
the use of nickel-based alloys with higher molybdenum and chromium contents can provide
superior corrosion protection.47 The use of such
high-grade alloys requires very careful fabrication. In general, failures of high-grade alloys
incorporated in the tower shell and internal
support members occur primarily because of
faulty welding rather than corrosion.
In contrast to the spray-tower shell, the gas
ducts upstream and downstream of spray
towers represent much more severe corrosive
environments. Absorber inlet and outlet ducts,
and reheat mixing zones, require special consideration with respect'to material selection.
Protective linings such as inorganic cements or
borosilicate glass blocks over carbon or stainless-steel
are typically used for the absorber inlet ducting.
Pumps, Piping and Nozzles

Fig. 32 shows independent absorption
stages, eachxonsisting of a spray pump, piping, manifold, headers, and spray nozzles. If a
spare pump is included, a complete spare absorption stage is also provided. This arrange-
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Fig. 32 Typical spray-tower absorber module
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ment provides maximum flexibility and allows
tailoring the spray flow to system requirements
by removing absorption stages from operation
in steps.
Rubber-lined centrifugal spray pumps provide erosion resistance and protection against
unexpected process upsets in pH control. A tall
reaction tank provides a large net-positivesuction head to prevent pump cavitation
which can damage rubber pump liners.
Fiberglass-reinforced plastic (FRP) spray
piping with a abrasion-resistant internal liner
provides both abrasion and erosion resistance.
The FRP is an inert material used for its corrosion resistance. FRP piping is easily fabricated
and, unlike rubber-lined pipe, can be readily
repaired in the field.
The manifold and headers are built of FRP
for the flow and geometry requirements of each
application. Tapered manifolds and headers

keep slurry velocities within allowable values
(nominally 5 to 10 ftlsec).
The spray nozzles at each absorption stage
are arranged to provide full spray coverage
over the tower cross-section. The nozzles provide a full-cone, wide-angle spray pattern, and
are typically made of a wear-resistant cast refractory containing silicon carbide.
Mist Eliminator

The cleaned flue gas passes through a separation section with two stages: the bulk entrainment separator (BES) and the mist eliminator
(Fig. 33). The BES consists of six-inch FRP
vanes mounted at a 45-degree angle on twoinch parallel spacing. It extends across the entire face area of the spray-tower absorber.
The mist eliminator located above the BES is
made from vee-shaped FRP vanes arranged in a
series of chevrons across the gas flow path.

Chevron Vanes

Washer Lance

Bulk Entrainment Separator (BES)

Fig. 33 Spray-tower mist-eliminator system
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Two rows of chevrons assure droplet impingement and minimize mist carryover.
Retractable lances, which rotate 360 degrees,
.. have pairs of opposed nozzles at the ends and
-midpoints; they are located between the BES
and the lower level of chevrons. These lances
provide high-energy jets of water to clean each
vane. Efficient cleaning prevents excessive
droplet carryover which would result from
deposition on the vanes.
Flue-Gas Reheater

Combustion Engineering recommends inline carbon-steel gas reheaters for full-flow
heating of treated flue gas before discharge to
atmosphere.48 Compared to austenitic-stainless-steel reheaters, they are the least expensive
to install; with proper maintenance, they are
also the least costly to operate. C-E uses spiralwound finned-tube heat exchangers identical
to those installed in many high-pressure boilers. Staggered tubes combined with shallow
overall depth ensure high heat-transfer efficiency as well as easy cleaning of the reheater.
C-E has had excellent experience with its carbon-steel reheaters placed immediately downstream of the scrubbing equipment. T h e
mist-eliminator system described above exposes the reheater to extremely small quantities
of liquids and solids. Any solids that do collect
on the reheater are removed easily by conventional air or steam sootblowers.

-

single-inlet designs have ready spare machines
which can be installed in thirty minutes or less
after an unplanned spray-machine shutdown.
When on-line redundancy is desired, the three
machines are usually designed for handling
one-half the rated load, thereby allowing one
machine and inlet to be isolated if necessary.
Three-inlet vessels can even be designed to
operate with only one machine and inlet in
service, thereby amplifying the turndown
capability.
DROP-SIZE REACTOR

Inside the SDIA, the slurry is introduced as a
very finely divided spray, often with a mass
median diameter below 35 micrometers and a
largest droplet well below 150 micrometers.
Each droplet, in effect, becomes a miniature reactor. Sub-micrometer particles of lime dissolve according to the reaction

thereby making OH-, or hydroxyl, ions available in the liquid phase for neutralization o f ,
hydrogen ions (H'). Hydrogen ions are produced as sulfur-dioxide molecules diffuse
across the droplet surface, dissolve in the liquid, and dissociate according to the reaction

SPRAY DRY-SCRUBBER DESIGN

The heart of the spray dry-scrubber process is
the spray-dryerlabsorber (SDIA). Vessels have
been built with single inlets and single rotary
atomizers, as well as with three inlets and atomizers; from a process standpoint, the threeinlet u n i t s perform identically to t h e
single-inlet designs.
The amount of flue gas to be processed dictates the choice of one or three inlets. Singleinlet designs are generally limited to no more
than 300,000 cubic feet per minute at the inlet
conditions, while a three-inlet vessel can handle three times as much flue gas. Another important factor is redundancy, even though the

The dissolution of sulfur dioxide tends to
lower the pH (or raise the hydrogen-ion activity) in the liquid phase, while the dissolution
of lime tends to raise the pH. Slaked lime has
an equilibrium pH of about 12.0, while sulfur
dioxide at 1,000 ppm by volume in the gas
phase in equilibrium with pure water will
lower the pH to about 2.5. Reactions 55 and 56
characterize the acid-base neutralization which
occurs in each droplet as it passes through the
spray-dryertabsorber.
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Although it is clear how the OH- ions in reaction 55 are removed through neutralization,
it is not immediately apparent what happens to
the Ca+ . The calcium ions must also be purged
from the solution in order to allow more lime to
dissolve. One of the most important reactions
is the precipitation of calcium and sulfite ions
to form calcium sulfite crystals.
+

Ca*

+

+ SO,-

CaSO,(s)
(57)

It has been observed, as expected, that some of
the SOs- is oxidized to SO;. In turn, SO,- precipitates with the calcium ions to form gypsum
(CaSO, 2H20) crystals. Both calcium sulfate
and sulfite are relatively insoluble, and in the
absence of significant chloride ions, calciumionic activity is sufficiently small over the lifetime of the droplet to assure an acceptable rate
of lime dissolution.
Several other reactions also significantly impact the perf~rmanceof the process. Among
these are reactions with SOz and calcium silicates formed by the chemical combination of
lime and flyash. Further, the presence of chloride ions in the droplet not only impacts dramatically the ionic activity of calcium, but also
impacts the vapor pressure of water and of the
dried reaction products.
MASS AND HEAT TRANSFER

where

--

dC/dt = the rate of SO, mass transfer
A = the droplet surface area
Bab
= the diffusivity of SO,
C,,,,, = the concentration of SO, in the bulk
gas phase, that is, in the well-mixed
gas surrounding the droplet
C* = the equilibrium concentration of SOz
that would exist in the gas at the
droplet surface
As the droplet first enters the gas phase, the
equilibrium SO, concentration (C*) is zero for
all practical purposes, because of the high pH
in the droplet liquid. In the liquid phase, the
droplets quickly become saturated with SO2
and further mass transfer is limited by the rate
of SO, removal from the liquid phase, according to Eq. 56.
The mass transfer of SO2requires a wet medium. Once the droplet is dry, a different and
less understood mechanism influences the rate
of mass transfer, and this new mechanism is inferior to the wet mechanism. consequently, it
is important that the droplet remain wet long
enough to allow the required mass transfer of
SO2to take place.
The gas-phase heat transfer to the surface of
the droplet and the mass transfer of water molecules away from the surface govern the rate of
water evaporation. The rate of heat transfer is
modeled, in the classical-sense, by

"

Many interrelated factors govern the rate of
SO, mass transfer from the gaseous phase to the
solid crystal (CaSO,.*hH,O) or the dihydrate of
gypsum (CaSO, 2H20). In the classical sense,
SO, must diffuse across a laminar gas-phase
boundary layer surrounding the droplet as it is
passed through the SDIA. This effect is modeled by an SO2diffusion equation

.

where
T = the gas-phase bulk temperature
T, = the adiabatic saturation temperature
of the gaslliquid system, generally
assumed to be the temperature at
the surface of the droplet
h = the heat-transfer coefficient
Q = heat content
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The rate of water mass transfer is modeled by
dM/dt = B,,

A (H, - H)
(60)

where

B,,,,,=

the diffusivity of water in the gas
phase
H = the absolute humidity of the gas
H,= the saturation humidity of the gas1
liquid system
For a pure waterlair system, the heat and
mass-transfer driving forces are related by
H,-H = Q,/X(T - T,)

where
Q, = the humid heat of moist air
X = the,latent heat of vaporization of water
This well-known relationship, upon which
psychrometric charts are based, has prompted
some practical designers to simplify or combine the heat- and mass-transfer Eqs. 59 and 60
to the form

where K is a pseudo or combined heat- and
mass-transfer coefficient. In general, K must be
experimentally determined from pilot and fullscale operating data, and depends somewhat
upon the numerical method used to integrate
Eq. 62. The integration is usually done through
a finite range of droplet sizes to compute a
value of T along the droplet trajectory. Integration from initial to final moisture content provides adequate time for wet-phase SO, mass
transfer to occur.
Such integrations provide the system designer with much useful information and afford
the serious student of the process a means to
grasp a deeper understanding of the observed
phenomena. For instance, it can be calculated
that, in most practical systems, more than 90

percent of the mass transfer is complete in the
first second of gastslurry contact. It should also
be obvious that larger droplets (with more
mass) take longer to dry than smaller droplets. It is the largest droplets which principally concern designers of SDIA vessels, because, if
these droplets are not dry before the spray
cloud intersects the vessel boundaries, then
wet deposits can occur.
PROCESS EFFECTS IN THE SDlA

Various process parameters affect the efficiency and economics of the spray dry-scrubbing process: the type and quality of the
additive used for the reactant, the degree of
"dryness" achieved by the spray dryer, the
amount of heat available for drying, the relative
amount of solids product recycled to the atomizer, and a host of lesser process variables. The
impact of these parameters is so important that
it is nearly impossible to estimate the process
performance and economics without a sophisticated model. Designers thus rely heavily on
performance models derived from pilot-plant
data. Fortunately, spray dryer pilot-plant droplets look and behave exactly like commercialscale droplets. For predicting SO, removal, it
has been determined that process performance
can be scaled up greater than 100 to 1 without
significant risk. On the other hand, physical
scale-up is not as straightforward. Such scaleup has been the source of most difficulties in
the commercial application of spray dry-scrubbing. The following section describes the major
factors impacting the-process performance..
Additive Type and Quality

Any dissoluble base can be used as an additive for the spray dry-scrubbing process; the
most important factors are the degree or rate of
dissolution and the pH of alkalinity of the dissolved additive. Soda ash and ammonia are
both very soluble in water and buffer at relatively high pH values., Correspondingly, these
additives have shown to be very efficient when
reacting with SO, in the spray-dry process. Of
course, lime is also an acceptable additive,
even though it is only slightly soluble. The rate

-

.
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of lime dissolution accelerates when the pH of
the liquid phase decreases; therefore, lime
works well in the SDIA, though not as well as
soda ash or ammonia. In field tests, lime, soda
ash, ammonia, and magnesium hydroxide
were evaluated in a 7-foot diameter, 3500-acfm
pilot-plant SD/A and pulse-jet fabric filter. As
shown i n Fig. 34, ammonium hydroxide
achieved the highest SO, removal at a stoichiometric ratio barely half that of the other additives tested. Soda ash is slightly better than
lime at equivalent stoichiometric ratios and approaches to saturation temperature. Magnesium hydroxide, by itself, is a very poor
performer.
In most parts of the world, the favorable cost
of lime compared to soda ash and/or ammonia
has dictated its almost exclusive use as the additive of choice for this process, despite the superior performance of soda ash or ammonia.
Soda ash, is competitive only where abundant
and easily accessible supplies make it commercially viable. Ammonia could be competitive,
perhaps, in isolated areas where a gasification
plant or other chemical plant is located to provide the ammonia feedstock. Ammonia, however, has the additional drawback of sometimes
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Fig. 34 Relative reactivity of dry-scrubbing
additives from test data, also showing the effect of
downstream fabric filtration

producing a white (NI-I,),SO:, fume which can
evade capture in the fabric filter.
Lime is available as either a hydrate powder
or an unslaked CaO product called "pebble
lime". In general, for moderately sized and
large industrial applications, hydrated-lime
costs make pebble lime more attractive, even
though a slaking facility is required to hydrolyze the CaO to Ca(OH),. A further advantage of
pebble lime is its higher reactivity. Pilot testing
indicates that freshly slaked lime exhibits a superior reactivity over powdered hydrate mixed
in water; this has been attributed to the much
higher surface area of the freshly slaked lime
slurry over the hydrate mix.
StoichiometricRatio

Additive stoichiometric ratio is the most important parameter affecting the removal of SO,.
Its importance is not because of the magnitude
of its effect on process performance, which is
substantial, but more to its effect on process
economics. In general, control systems of spray
dry-scrubbers automatically adjust the additive
feed rate (i.e., stoichiometric ratio) to achieve a
targeted level of SO, removal.
.
Approach to Saturation

The closer the SD/A operates to saturation
temperature at the outlet, the longer the average droplet exists in the SDIA. The behavior of
the gas is best understood by examining a conventional psychrometric -chart, Fig. 35. The
flue gas enters the SD/A at temperature Tin and
humidity H,. As the water from the evaporating droplets enters the gas phase, the gas temperature decreases and the humidity increases,
following the adiabatic operating line. The gas
leaves the SDIA at temperature T,, and humidity H,,, with practically all the water from the
droplets evaporated. The maximum humidity
that the gas could attain is H, and the minimum
temperature is T,, the saturation values. However, in practice, conventional SD/A's cannot
-operate at saturation because the droplets will
not all be sufficiently dry. In fact, the drying efficiency is directly related to how closely an
SD/A can approach saturation at the outlet.
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More -important, the SO, removal efficiency
and the additive utilization are inversely related to how close the SDIA is operated to saturation conditions.
The impact of approach to.saturation is dramatic. Fig. 36 shows that, at a lime stoichiometric ratio of 1.4 mols Ca(OH), per mol SO,
entering the SDIA, the SO, removal will improve from 62 to 77 percent in the SD/A simply
by adding sufficient additional water in the
slurry to reduce the outlet approach to saturation (AT,) from 50" to 25OF. Note that the stoichiometric ratio can be decreased from'l.4 to
1.0 at 65-percent SO, removal in the SDIA.
Spray-down Temperature

The spray-down temperature is the difference between the SD/A inlet and outlet temperatures. It is directly related to the amount of
water supplied to the atomizing system. It is
also a key indicator of how much evaporative
heat is available in the flue gas. Normally, the
spray-down temperature is not a controlled
variable unless air-heater flue-gas bypass is
available for this purpose. Most often spraydown temperature is set by the requirements
for maximizing boiler efficiency-the lower the
SDIA inlet temperature, the higher the effective
boiler efficiency, but also the lower the spraydown temperature.

Humidity,
Lb Hz0

Spray-down temperature has a significant
and direct effect on the SO, removal efficiency.
As shown in Fig. 37, there are conditions in
which-an increase of 50°F in spray-down temherat'ure can mean a decrease in stoichiometric
ratio from 1.4 to 1.2 at 75-percent SO, removal
in the SDIA, all other significant variables being held constant.
Recycle of Solids

The practice of mixing some of the fabricfilter or ESP solids product with the fresh lime
slurry has been shown to be beneficial for lime
utilization. There are several possible reasons:
Some of the, unreacted lime in the recycled
solids is available as it passes through the
SDIA again.
The flyash usually has some alkaline properties which are made more effective when the
flyash is dissolved in the slurry.
The silica in the flyash reacts with the calcium in the lime to form a very reactive calcium-silicate compound; andlor
The calcium sulfite in the reslurried solids
product serves effectively as seed crystals in
the droplets, which aid in the precipitation of
fresh calcium sulfite (Reaction 57).
All of these mechanisms probably play some
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part in the observed performance improvement
seen with the use of recycle. The performance
effect of using a ratio of up to 2 lbs of recycle
solids for each lb of fresh Ca(OH), solids in the
atomizer feed is shown in Fig. 38. For a 2.5percent sulfur coal, the stoichiometric ratio decreases from 1.2 to 1.0 at 74-percent SO2
removal in the SDIA.
Atomization Quality

The quality of atomization qffects absorber
performance in two ways: the first and most
significant is the impact on drying and dryer
efficiency, that is, the minimum AT, achievable; the second is the impact on gas-side mass
transfer of SO2and water. Depending upon the
shape of the entrained spray cloud and the geometry of the SDIA vessel, along with other operating parameters such as the trajectory time
for the largest droplets and droplet mass- and
heat-transfer coefficients, an SDIA will have a
range of deposit-free operation.
The minimum achievable operating T, depends on the largest droplet in the spray cloud.
For instance,'a droplet of 120 pmwill result in a
safe operating AT, of 20°F above saturation
temperature. By comparing Fig. 38 with Fig.
36, it can be seen that the operational penalty
associated with poor atomization can have a
significant impact on process economics.
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Inlet SO, concentration has a surprisingly
weak effect on overall system performance. Individual pilot test programs often produce conflicting data, usually because the range of
testing is necessarily narrow for any single program. Analyzing data from a range of test programs, however, does show some trends. Fig.
39 is a plot of additive utilization from several
independent test programs with other effects
factored out. There is a slight trend of increasing SO, removal efficiency in the SD/A and in
the combined SDIA and fabric filter as the inlet
concentration increases. This is not a large effect, however, considering that inlet SO2 concentration varies by a factor of 5.
Chlorides

The presence of chloride ions in the spray
slurry has a dramatic impact on SD/A performance. Chloride ions are not normally present
in significant quantities in coal- or oil-fired
applications, but they are a large factor in
municipal-solid-waste, some types of
hazardous-waste, and refuse-derived-fuel applications. Hydrogen-chloride concentrations
in the flue gas can range from 300 to 800 ppm
by volume for municipal-waste flue gases to
greater than 10,000 for chlorine-laden hazardous wastes. Often, both SO2 and HC1 are
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present together, with removal requirements
established forboth species. In other instances,
chlorides are introduced through the use of
high-chloride makeup water and are concenbated in the feed slurry when solids recycling
is employed.
Chlorides in the feed slurry impact operation
in two important ways: (1) by changing the apparent saturation temperature of the gas leaving the SDIA, and (2) by increasing the relative
solubility of Ca+ ions in the slurry liquid.
Spray-dryerlabsorbers operating with chlorides present in the slurry respond to a different
saturation line than systems with only relatively insoluble salts. This sime type of behavior is observed with sodium and ammonium
additives which form soluble salt products
with SO,; however, the deviation in saturation
temperature from the pure-water system is not
as severe as that when both calcium and chlorides are present.
An unfortunate corollary of this situation
with chlorides is that the apparent saturation
temperature, T,, depends on the concentration
of C1- ions in the slurry. Hence, the operating
SDIA outlet temperature needed to assure an
appropriate approach to saturation temperature
(and a corresponding SO, removal efficiency)
varies with the concentration of chlorides. This
concentration varies with the amount of HC1 in
the gas entering the SDIA relative to other acid+
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PROCESS EFFECTS IN THE
PARTICULATECOLLECTOR

The spray-dry process employs a particulate
collecting device after the SDIA to collect the
dried reaction products and flyash. Through a
mechanism not completely understood, the
particulate collector is also a reasonable absorber of SO, (and HC1, should any escape collection in the SDIA).
The two types of particulate collectors most
often applied to spray dry-scrubbing are the
fabric filter and the electrostatic precipitator.
Fabric Filter

,

The fabric filter can be expected to achieve,
on average, from 10- to 20-percent SO, removal
(based on system inlet concentration) during
normal operation, with wide variations depending on the operating history immediately
prior to a particular measurement.
Increasing the system stoichiomet~icratio
from 0.8 to 1.3 causes an increase in fabricfilter performance from an average of less than
11percent SO, removal to nearly 14 percent. Of "
course, the absorber SO, is also increasing with
increasing stoichiometric ratio, so that the total
system removal can easily exceed 90 percent.
The longer the time between cleaning of fabric-filter compartments, the greater will be the
SO, removal; this is because more reactive cake
is available for contact with the flue gas. A differential-pressure signal. initiates the cleaning
cycle for most fabric filter installations. The
value of this signal affects the average length of
time between compartment cleaning at a specific plant load.
A
Electrostatic Precipitator

I
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gas components, as well as with the use of recycle solids to improve efficiency.
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I
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Inlet SO2 Concentration, ppm (Vol.),Wet
Fig. 39 Effect of inlet SO, concentration on

spray-dryerlabsorberSO,-removal
efficiency

Precipitators also remove SO,, although not
as well as fabric filters. Test data from a number
of sources show an increasing SO, removal
with precipitator specific collecting area
(SCA); for example, system SO, removal will
increase from an average of 5-6 percent to an

I
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average of 7-8 percent as SCA is increased
from 190 to 260 ftz/lOOOacfm.
Since SDIA's were first intended to improve
the SO, removal of the dry injection process
(which historically employed a fabric filter),
precipitators have only recently been considered as a competitive substitute for fabric filters. This is because of the large number of
existing precipitators on utility and industrial
coal-fired boilers; the retrofitting of acid-gas
controls on existing boilers makes a significant
potential market for SDIA's.
In retrofit applications, it is important not
only to be able to predict the SO, removal performance of the ESP, but also to project accurately the new migration velocity in the ESP in
order to predict the retrofit-system particulate
penetration and to determine the need for ESP
modifications. Data from a number of SD/AESP test programs show that the SDIA tends to
have a centralizing effect on particulate size
distribution and average resistivity. As a result,
ESP's with poor migration velocities before retrofit are improved, while those with reasonably
good migration velocities are not improved
much, if at all. Consequently, ESP's with good
migration velocities but of marginal size will
probably require some additional collecting
area in order to accommodate the added particulate loading from a retrofit SDIA.

possible to find a market for all or a large portion of the spray dry-scrubbing products for
concrete aggregate or road bases. Usually,
though, the availability of suitable landfill is
often the deciding factor.
When disposal options are available for
either wet or dry scrubbing products, the economics are driven largely by the other items on
the list, the most significant being the sulfur
level in the fuel. Since spray dry-scrubbing requires more reactive additives such as lime or
soda ash, while the cheaper pulverized limestone can be used for wet scrubbing, the additive costs of wet over dry scrubbing decrease as
the sulfur level in the fuel increases. Often, depending on the other cost factors, the two processes can become economically equivalent at
a fuel sulfur content of 2 to 3 percent by
weight. Below this level, spray dry-scrubbing
usually has an economic advantage.49
REAGENT PREPARATION SYSTEMS

The reagent preparation systems for flue-gas
desulfurization include the handling, storage,
grinding, slurrying, and feeding of the additive
after it has been delivered to the plant site. Additives such as lime, limestone, magnesium oxide, and sodium carbonate are prepared with
such systems. Preparation of the 'most commonly used additives, lime and limestone, will
be described in detail.

ECONOMIC CONSIDERATIONS
LIMESTONE

The economics of wet versus dry scrubbing
involve a great many factors, with these being
the major ones:
waste-disposal options
sulfur level in the fuel
8 cost of additives
cost of labor
Waste disposal is becoming the most influential factor in deciding between wet-limestone
and dry scrubbing. In many instances, facility
planners cannot be assured of adequate land for
waste-product disposal for the life of a power
.-plant. When the flyash and scrubber products
must be sold as useful byproducts, spray dryscrubbing often is not feasible. Sometimes, it is

Limestone is received as crushed rock, typically sized to about l l / z " x 0 or smaller,
shipped, unloaded, and stored like coal. The
rock is ground to a fine powder (about 90 percent passing through 3 2 5 mesh) i n wet
pulverizers.
A closed-circuit wet-grinding system (Fig.
40) is customarily used to prepare limestone.
The system includes classification so that oversized particles are recycled to the mill. The
pulverized limestone is slurried and stored in
large tanks where the slurry is continuously agitated. Limestone grinding is generally a batch
process and the mill operates at maximum capability until the storage tanks are full.
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LIME

trations in the flue gas. This requires that the
additive feed rate be metered and matched to
the demand. For process control, a variable
slurry feed system is desirable.
The control of a slurry feed does, however,
have constraints to consider when designing
the feed system. A settling slurry, of lime or
limestone, is susceptible to pipe plugging during low flow, thus mitigating against large
turndown ratios. High slurry velocities cause
excessive component wear, which limits slurry
design velocities.

Lime is generally available as pebble lime
produced in 314" and '12" mesh sizes by the
calcining processes. Commercial lime is typically 85 to 95 percent calcium oxide with 0 to 5
percent magnesium oxide and 0 to 10 percent
inerts. The lime is generally fed from the silo to
a slaker by a variable-speed gravimetric belt
feeder. The slaker controls adjust the water
flow rate to provide a 5 to 15 percent solids
mixture of slaked lime which is pumped to
an additive storage tank for use in the desulfurization system.

SCRUBBER SYSTEM WASTE DISPOSAL

REAGENT FEED SYSTEMS

FGD operation requires reagent feeding to
the system at a rate proportional to the mass of
SO, removed. The feed rate should be varied to
maximize the additive utilization during partial load operation or changes in SO, concen-

Limestone

a

'

Depending on the pFocess used, a number of
reaction products can result when SO, is absorbed from boiler flue gases. Some of these byproducts may be marketable while others may
be waste products valuable only as landfill.
When selecting a sulfur-removal process, it is

Cyclone

Classified Product

Fig. 40 Closed-circuitwet-grinding flow diagram
-.
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important to consider local sales markets, applicable disposal regulations, and available
land for disposal. Markets for saleable products
such as sulfuric acid, sodium sulfate, sulfur,
and commercial grade gypsum are usually limited and may be distant from the power plant.
Processes that produce a throwaway waste
product are relatively simple; and, because the
plant must already dispose of ash, it can often
accommodate disposal of FGDS byproducts.
CHARACTER OF SOLID WASTE

Variations in waste-solid chemical composition
cause corresponding variations in dewatering
and handling which affect the design of disposal systems.
DISPOSAL PROCESS SELECTION

Fig. 41 diagrams several waste-disposal options for wet FGD systems. The different alternatives in ponding, landfilling, thickening,
and filtering, as well as the structural properties of untreated, physically stabilized, and
chemically fixed sludges were presented in detail in Chapter 17 of the Third Edition of this
book. Estimates of the relative costs of different
options and discussions of the impact of wastetreatment systems on FGS system design are
given in references 50 and 51.
When evaluating disposal alternatives, the
potential of using waste as raw material in
other processes should be considered. Although many uses have been proposed, most
are limited by technical or economic factors.
The most promising appear to be
gypsum as a wallboard material or a retarder
in cement
treated wet-process sludge in roads, dams,
embankments and the like.
Two determinators are involved in considering waste as a raw material: first, is it possible
to use the relatively large volume of waste material produced by a power plant; second, is the
product competitive with established sources
of the material? Use of wastes has not become
widespread, but a limited number of markets
may exist in selected areas.

The solid byproducts of a desulfurization
system consist primarily of calcium sulfite, calcium sulfate, and flyash, along with minor
quantities of unreacted additive. Calcium-sulfite particles are generally present as thin platelets which often form aggregates with a
rosette-like structure. Calcium-sulfate crystals
are thick and rod-shaped while flyash particles
are predominantly spherical.
The morphology of the waste solids strongly
influences activities such as dewatering of wetprocess sludge. For example, the thin platelike
sulfite crystals settle slowly and tend to retain
water in their clustered structure. The sulfite
crystalline structure causes a pseudo-thixotropic behavior; sulfite solids which appear dry
and stable may reliquefy and flow if vibrated.
The rod-shaped sulfate crystals, on the other
hand, settle more rapidly and retain less water
than sulfite solids. Also, sulfate solids do not
exhibit thixotropic properties. Fly ash particles
appear to respond to dewatering somewhere
between that which takes place with sulfite and
sulfate crvstals.
The exHct composition of the waste solids CONTROL OF OXIDES OF NITROGEN
from a particular desulfurization system deThe reduction of NO, emissions from stationpends on several operating parameters. The ratio of sulfite to sulfate in the waste solids ary combustion sources has .become a critical
depends on the degree of oxidation in the issue in most industrialized nations. As a
FGDS, while the quantity of unreacted additive result, the technology associated with the conis a function of additive utilization. Flyash con- trol of nitrogen oxides (NO,) from fossil-fuelfired steam generators has matured and
centrations in the solids may be very low-if
.
produced by a system with an efficient partic-= expanded significantly.52.53*54
The NO, reduction processes available
ulate collection device upstream of the FGDS-' or very high if produced by an FGDS which through both in-furnace NO, control, e.g.,
removes both particulate and sulfur dioxide. overfire air, gas recirculation, reduced-excess-
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air firing, gas mixing, low-NO, concentric tangential f i r i n g , staged combustion, and
fluidized-bed firing; and post-combustion NO,
control (primarily selective catalytic reduction,
or SCR) provide several alternatives for meeting strict nitrogen-oxide emission levels. Depending on the NO, emission level required, an
optimum NO, reduction system may result in
the integration of several of the above techniques in the overall plant design.
After in-furnace NO, control has been implemented, as described in Chapter 1 2 , postcombustion controls can result in further
NO,-emission reduction. With dry selective
catalytic reduction systems, NO, reductions of
80 to 90 percent are achievable.
The SCR process was originally developed in
Japan where strict NO, emission requirements
dictate the use of post-combustion NO, techniques. The SCR system was a developmental
process in which the catalytic systems were
first applied to natural-gas-fired units, then to
low- and high-sulfur oil-fired units, and finally

Fig. 41 Wet FGDS waste-disposal alternatives
.-

to coal-fired boilers. To complement existing
C-E NO, reduction technology, C-E has a license agreement with Mitsubishi Heavy Industries making their low-NO, technology and
products available to C-E for steam-generator
applications.
SCR POST-COMBUSTIONNO, REDUCTION PROCESS

The selective catalytic reduction system uses
a catalyst and a reductant (ammonia gas, NH,)
to dissociate NO, to nitrogen gas and water
vapor. The catalytic process reactions are as
follows:
4N0,

-

+ 4NH, + OqQ,catalyst 4N%)+ 6H2qQ,
(9)

(63)

2NOqQj
+ 4NH3(#,+ 0 catalyst 3NqQ,+ 6H20fQj

t
-

(64)

Since NO, is approximately 95-percent NO
in the flue-gas of steam generators, equation 63
dominates.

The SCR catalytic-reactor chamber is typically located between the economizer outlet
and air heater flue-gas inlet (see Fig. 42). This
location is typical for steam-generating units
with SCR operating temperatures of 575 to
750°F (300 to 400°C).
Upstream of the SCR chamber are the ammonia injection pipes, nozzles, and mixing grid.
Through orifice openings in the ammonia injection nozzles, a diluted mixture of ammonia
gas in air is dispersed into the flue-gas stream.
After the mixture diffuses, it is further distributed in the gas stream by a grid of carbon steel
piping in the flue-gas duct. The ammonialfluegas mixture then enters the reactor where the
catalytic reaction is completed.
CATALYST SELECTION

,

Selection of the proper catalyst for an SCR
system is essential not only for economic reasons but also for the reliability of the total system. To reduce operating and maintenance
costs, the catalyst should be durable and provide high activity over a long period of time.

Catalyst selection is based on the following
criteria:
resistance to toxic materials
resistance to abrasion
mechanical strength against sootblowing
resistance to thermal cycling
resistance to the oxidation of SO2to SO,
resistance to plugging
Each criterion is the subject of a subsequent
discussion and involves careful weighing of
both economic and reliability characteristics.
Resistance to Toxic Materials

Toxic materials such as alkali metals (specifically sodium and potassium), alkaline-earth
metals, and sulfur oxides carried by dust in the
flue gas can impair the performance of the catalyst. It is imperative to select.catalysts which
achieve high NO,-removal performance without significant deterioration from these harmful substances.
Abrasion Resistance

Erosion of catalyst surfaces from flyash in

1

Steam Generator

NH3 Injection

Point

To FGDS and
Particulate
Collector

Fig. 42 General arrangement of an SCR system for a pulverized-coal-fired steam generator
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coal-fired boilers decreases the service life of a
catalyst. By using a-catalyst with high erosion
resistance, as well as a dummy catalyst layer
upstieam of the active catalyst, erosion problems can be reduced. It is also appropriate to
design SCR systems for low flue-gas velocities
because erosion potential increases as an exponential function of the gas velocity.
Mechanical Strength Against Soot Blowing

Sootblowers for SCR systems are generally
required for coal and high-sulfur oil-fired applications. The catalyst must be designed to
withstand the pressures from superheatedsteam or compressed-air sootblowing.
Resistance to Thermal Cycling

The catalyst must be selected for thermal stability under all expected operating conditions.
The ideal SCR operating temperature range is
generally 575 to 750°F (300 to 400°C). When
operating temperatures fall below 575 F, the
potential for ammonium-bisulfate formation on
catalyst surfaces increases. Ammonium-bisulfate formation can cause permanent catalyst activity deterioration when low-temperature
operation is maintained over a period of time.
Typically, an economizer flue-gas bypass is
provided on utility boilers to maintain inlet
SCR gas temperatures above acceptable levels
during low-load operation. Above 750°F, ammonia gas may dissociate, thus reducing the effectiveness of the SCR process. If temperatures
exceed 900 to 1000° (480 to 540°C), the catalyst activity may be permanently impaired, due
to sintering of the active catalyst material.
Resistance to Oxidation of SO, to SO,

It is important to select catalysts that minimize the oxidation rate of SO, to SO,. The formation of SO, by the catalyst, combined with
unreacted ammonia ("ammonia slip") from the
SCR system, can cause serious plugging and
corrosion problems on such downstream
equipment as air heaters, electrostatic precipitators, fabric filters, and ductwork. These problems may occur from t h e formation of
.-

ammonium bisulfate during operation at low
flue -gas temperatures. The temperatures at
which ammonium bisulfate forms vary with
the amount of SO, in the flue gas. Typically, if
there is 1ppm of SO, present, a minimum operating temperature of 575OF (300°C) is recommended to avoid formation of ammonium
bisulfate. As SO, and unreacted ammonia concentrations increase, the allowable minimum
operating gas temperatures also rise.
Ammonium-bisulfate deposits on catalyst
surfaces will cause a reduction in NOx-removal
performance. Usually, this can be avoided by
either operating the SCR system above formation temperatures or by halting the injection of
ammonia when temperatures are below recommended levels. To minimize the detrimental effects of ammonium-bisulfate formation on
downstream equipment, adequate clear spacing for heating surfaces, sufficient sootblowers
and washing-devices, as well as corrosionresistant materials, are recommended.
Resistance to Plugging

It is essential to select catalysts with o p k ings that will not become plugged by the flyash
in coal-fired combustion gases.
Proper operation of the steam generator as
well as careful selection of catalyst material
play significant roles toward achieving high
NO, removal and low ammonia slip over a long
period of time.
Once the catalyst material is selected, such
criteria as the mol ratio of ammonia to NO,, the
volumetric flow of gas to be treated, the entering flue-gas temperature, the inlet NO, concentration. and the oxvnen concentration in the
flue gas will affect S-ckNO, concentration, and
the oxygen concentration in the flue gas will affect SCR N0;removal performance. Each of
these parameters must be considered for the
proper design of a catalyst system.
CATALYST MAINTENANCE

A routine maintenance program will help catalystic reduction systems to achieve high system availability. Visual inspection of the
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reactor chamber is recommended during normal boiler outages to ensure that misalignment
of catalyst elements, gas-seal cracks, element
clogging by soot or dust, and chipping of element material have not occurred. Another recommendation is the periodic testing of sample
sections of the catalyst elements to determine
the degree of activity deterioration. When
deterioration significantly alters NO,-removal
efficiency, partial catalyst replacement is
indicated. Sampling lines of NO, and ammonia
monitoring equipment must also be checked

eactor Chamber Shell

frequently for possible plugging and corrosion
to assure the reliability of the arnmonia-injection control system.
The catalyst modules may be moved in and
out of a vertical chamber by removing cover
plates on the side of the chamber. To facilitate
handling of the catalyst modules, platforms are
provided at each catalyst stage (see Fig. 43). A
slow-speed hoist attached to the overhead supporting structure lifts each module to the
proper catalyst floor. The module is then
placed on a trolley which moves on rails permanently installed in the reactor chamber. A
suitable number of soot blowers are provided
for each catalyst stage. Each blower is located
at a right angle to the direction of module
removal.
SELECTIVE NON-CATALYTIC REDUCTION (SNCR)

SNCR post-combustion methods require the
injection of a reagent into the flue gas stream of
a combustion source to reduce NO, to elemental nitrogen and water vapor. The predominant
SNCR technologies utilize ammonia gas and
aqueous urea, CO(NH& as the reagents.
The ammonia-based process involves the injection of a diluted ammonia gas with a carrier
medium such as compressed air or steam. The
process is highly dependent upon flue-gas temperature and residence time for achieving high
NO, removal efficiency. An effective temperature
window ranging from 1600-2000°F (870-1090°C]
is required for these systems. The primary chemical reaction for the process is as follows:

Flow Direction
of Flue Gas

I

Fig. 43 Typical SCR reactor chamber

The addition of hydrogen gas will allow the
reaction to proceed effectively down to 1300°F
(700°C).If ammonia is injected at too high a temperature (above 2000°F),it will oxidize forming
additional NO,. .Injection of ammonia below
optimum temperatures will result in increased
levels of unreacted ammonia (ammonia slip)
exiting the system. Consequently, the location
of ammonia injectors is critical in order to obtain

..
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high NO, removal efficiency across the expected
operating load range.
Similar to the ammonia process, a second
method requires the injection of an aqueous urea
solution over a defined flue gas temperature
range, typically 1600-2000°F.The governing process reaction is as follows:

Enhancers or chemical additives can be used
to extend this window down to 1300°F.The effectiveness of this process will be significantly
reduced if urea is injected outside this temperature range.
Additional process-design considerations include actual flue-gas velocity gradients, boiler
geometry, and flue-gas constituents. Careful evaluation of these parameters allows for the proper
location of urea injectors in order to optimize
reagent utilization for effective NO, reduction
capability.

FLOW-MODEL TESTS
OF EMISSION-CONTROL
SYSTEMS
Volumetric gas flow is a fundamental design
parameter for emission-control systems (electrostatic precipitators, scrubbers, and fabric
filters). It affects not only the system working
efficiency but also the engineering design. The
purpose of a model study is to investigate the
flow characteristics, pressure loss, gas mixing,
and temperature distribution. Usually, a threedimensional model to 1116th scale or larger is
used to obtain design information and to insure
that performance predictions are met (Fig. 44).
With a flow model, the potential gas-flow problems of a design can be identified and engineering modifications recommended. A
flow-model study also can analyze field problems, and is an economic way to decide on
modifications quickly and accurately.ss
MODELING THEORY

Whenever the flow of a fluid through a

Fig. 44 Precipitator flow model for test of flow-control devices
..
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model is studied, there must be some assurance
that the flow pattern in the model will closely
correspond to the actual flow pattern at full
scale. To attain the desired similarity, one
should attempt to keep the Reynolds number
for the flow in the model equal to the Reynolds
number for the full-scale flow. The Reynolds
number (Re) is a dimensionless ratio between
the inertial and viscous forces existing in the
flow pattern and is defined as ~e
where p is gas density, V is its velocity, its dynamic viscosity, and D is the hydraulic diameter of the model. The flow is usually considered
laminar if the Reynolds number is less than
2,000; it is twbulent if the Reynolds number is
above4,OOO.
The combustion gases flowing through a
commercial FGD system normally have a density and a viscosity on the same order of magnitude as density and viscosity for the air in the
model. Therefore, to have the same Reynolds
number in the scale model as the full-scale
unit, the velocity of the air in the model must
be 10 to 20 times greater than it is in the actual
unit. This causes difficulties and uncertainties
in the model study.
Because of the large size of most gas-cleaning systems, the Reynolds number is usually
well into the turbulent region. Experience indicates that flow pattern and pressure losses for
an FGD system can be reasonably predicted if
turbulent (essentially incompressible) flow is
maintained in the model.
To predict full-scale pressure losses from
model studies, it is important to consider all
correlating parameters. The physical flow
boundaries and any devices inside the duct
work must be modeled to very close tolerance.
The flow must be in the incompressible region
and, most important, the Reynolds number effect must be determined.
In studying the pressure losses in closed
channels, it is helpful to note that the losses
generally occur from two effects: loss due to
viscous forces and those due to a change in the
momentum of the gas. The viscous losses occur
in all segments of the duct, while losses due to
a momentum change are present only when gas

velocity changes magnitude or direction. The
boundary layer in the modeled system will, in
general, be proportionately larger than the
boundary layer in the full-scale system. This
tends to make frictional pressure losses in the
model higher than full-scale losses. Losses due
to momentum changes are similar for both
model and full-scale systems because velocity
patterns are similar. For these reasons, pressure losses predicted by the model tests are
usually conservative.
In model studies, a number of different
instruments are used to measure such vaiiables as velocity, static pressure, conductivity
and the like. Many of the devices are similar
or identical to the measurement equipment
described in Chapter 22, and include hotwire anemometers, pitot tubes and pressure
transducers, and thermal-conductivity gas
analyzers.

=qg

GAS-FLOW CONTROL DEVICES

In precipitator modeling, flow-controldevices such as vanes and perforated plates are
studied. Vanes are placed in the turns of the
ductwork ahead of the precipitator to smooth
the gas flow and lower the pressure-loss coefficient.%.s7Perforated plates are veryeffective devices used at the precipitator inlet to reduce
turbulence and improve uniformity of gas flow.
Basically, they provide the essential transition
from large-scale persistent turbulence to smallscale nonpersistent turbulence. Horizontal or
vertical vanes or gas-distribution panels may
also be installed to obtain a desi~ableuniformity in flow.
In the final stage of modeling, flow visualization tests that use smoke traces, ground cork,
and string tufts are conducted to locate gross
flow aberrations, to study dust deposition in
the ducts, and to study hopper sweepage. Various configurations of flow-control devices are
evaluated until one is found that yields acceptable system flow characteristics. Fig. 44 shows
a precipitator flow model with flow-control
devices being tested.
Flue-gas scrubbers and fabric filters are modeled using the same techniques as for precipi-
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tators except that pressure drops across
demisting elements and filter bags are simulated by perforated plates. The experienced
modeler will determine optimum turning-vane
and baffle arrangements, as well as the size and
configuration of gas inlet and outlet plenums.
A front view of a fully instrumented fabricfilter model is shown in Fig. 45.

DISPERSION OF EMISSIONS
Control of air pollution is not entirely a question of the quantity of emissions. It is also
related to the ability of the atmosphere to
assimilate them without adverse effects. Emission control by dispersion requires the optimum combination of such factors as stack
height, buoyancy, climate, and topography.
Such control requires a study of atmospheric
conditions surrounding a power plant to determine airflow patterns and ventilating capabilities of the region. Model studies provide
valuable assistance to predict the dispersion of
combustion products and thereby maintain
particulate or gaseous concentrations to prescribed levels.
Dispersion refers to the movement of parcels
of gases, either vertically or horizontally, and
their simultaneous dilution with fresh air.

air as the parcel moves with the existing wind.
Vertical dispersion results from a stack's discharging a warm parcel upward to mix with
fresh air at higher elevations.
Certain phenomena restrict dispersion and
must be considered when evaluating plant dispersion capability. One of the most severe natural impediments is thermal inversion of the
atmosphere. This atmospheric condition restricts vertical dispersion and, as there is generally little wind during an inversion, it tends
to trap and concentrate emissions. Further
complicating dispersion is topography such as
valleys, where emission concentrations can
reach dangerous levels.
To disperse emissions from boilers, very tall
stacks have been constructed; their height can
be augmented by a high efflux velocity of 75 to
100 feet per second. These factors, coupled
with the buoyancy of the hot flue gas, produce
an effective stack height substantially greater
than the physical stack height (Fig. 46). The effective stack height is the sum of the actual

WIND DIRECTION AND VELOCITY

Emissions are dispersed horizontally into the

Fig. 45 A front view of a fabric-filter flow model

Fig. 46 Effective stack height equals actual stack
height plus velocity and buoyancy factors.

stack height plus the height effects due to velocity and buoyancy. If the effective height is
g e a t enough, the effluent can "punctur~" an
inversion to disperse at higher elevations.
"Stack meteo~ology"has been used to study
the factors affecting dispersion of gases from
stacks or chimneys. For power plants, the dispersion of particulates and SO, must be estimated and compared to federal, state, and local
ambient air-quality criteria and regulations.
Three different calculations are generally required to estimate a time-averaged concentration of a gas at a location downwind from
stack. First, the plume rise above the stack
must be established; second, the dispersion of
the gas before it reaches the downwind location must be found; and third, it is necessary to
calculate the time average of the ground-level
concentration.
DISPERSION CALCULATIONS

The rise of plumes above the top of a stack
can be calculated with many formulas, but
results vary widely if these equations are applied to sources substantially different from
those used in the original testing. Effective
plume rise can be obtained from equations
such as those given in reference 58.
Small-volume sources having an appreciable
exit velocity-but little temperature excess
above ambient - are essentially momentum jets
in a crosswind and the plume rise Ah may be
calculated as:

where, in consistent units
D = diameter of stack
V, = vertical efflux velocity at release temperature (mlsec)
Us = mean wind speed at actual stack height
(mlsec)
As buoyant plumes have temperatures above
that of the ambient air and involve a large vol-

ume release, they require a different calculation
treatment. Under stable conditions Ah is

where

.

F = buoyancy flux =
g~.(:r

g

P -P
(
y
(mbec3]
)

= stability parameter (sec-2)
= acceleration of gravity (mlsec2)
= density of stack gas at stack top (mgl

Po =

m31
density of ambient air at stack top
(mglm3)

These equations include the plume-rise
forces attributable to the thermal buoyancy of
the plume and the velocity momentum. The
effective stack height (theoretical gas-release
height) is the sum of the actual stack height and
the calculated plume rise.
Theories based on the assumption that the
mean concentration of material dispersed in a
diffusion cloud follows a three-dimensional
Gaussian distribution have been developed. A
Gaussian formulation proposed by Cramer59 is
generally accepted by industry, although other
models are available.60,61,62,63,64
OPTICAL PROPERTIES OF FLYASH

Although the optical properties of suspended particles do not affect collector performance, they are important because of their
relationship to the visual appearance of stack
emissions. Fine particles suspended in gases
and exposed to a light beam scatter the light in
directions other than that of the original beam
and obscure or darken the light as viewed
toward the light source. The visibility of stack
emissions is due to both these effects.
It has been shown both theoretically and experimentally that the light-scattering and obscuring effects increase with the specific
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surface of the particles and the size or thickness
of the stack plume. The specific surface is defined as the total exposed surface area of the
particles per unit mass of dust or dispersoid. It
is a function of particle size and increases rapidly with decreasing size of particles. For flyash, the specific surface usually will be
between about 2,000 and 15,000 cm2/g. As the
fine ash emitted by most pulverized-coal boilers has relatively high specific surface, it is
very effective in its light-scattering and obscuring properties. The high-volume gas flows
associated with large' steam generators also
contribute to emissions that have high visibility above the stack.
Removing the coarser fractions of flyash usually will not appreciably reduce the visibility of
stack emissions. For example, an inertial collector which removes 75 percent of the ash
only slightly improves stack-discharge appearance. The finer particles below about 10 or 20
pm are not collected, and it is these particles
with their high specific surface which cause
most of the visibility.14

The light path for a flue-gas plume is the
plume depth (the stack effluent diameter). The
extinction coefficient includes the absorption
coefficient, and scattering and diffraction factors that are known for small solid particles, oil
mist, and gases.65
The required reduction of flue-gas loading
due to opacity restrictions becomes the governing requirement when the stack diameter is increased beyond a critical dimension. This is
because the light path x in the above equation
becomes larger and, with a constant dust concentration, the opacity increases as the stack
exit diameter increases. O q large units, then,
the required degree of dust loading reduction is
greater than on small units. Fig. 47 gives the
relationships between the Ringelmann number, opacity and transmittance in percent, and
optical density.
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Opacity is the percent reduction of light intensity and is defined as:
I, - I
Opacity = -x 100
10

(69)

where
I = intensity of light reaching the observer
I, = original intensity of the light
The reduction of light intensity when the
light is x feet in length is the following:

where
b = extinction coefficient
g = concentration of gases
a = extinction coefficient for particles (includes dust concentration)

I

Ringelmann

I

Fig. 47 Relationshipsbetween various optical
emission-measuringunits
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CHAPTER 16

Ash Handling Systems
hapter 3 presented both the physical and
chemical properties of coal-ash and the effects that ash in its various forms can have on
the operation of a boiler. This chapter describes
some of the equipment being used for the collection and transport of ash, particularly from
pulverized-coal-fired steam generators.
Heat
losses, power consumption, and water use in
operating this equipment also are considered.
Only through complete understanding of the
design and operation of ash-handling equipment, as well as the comparative features of the
many available types, can the large systems currently being installed be made both more reliable and more economical to operate.
There are essentially two types of ash produced in a suspension-fired furnace: bottom
ash and flyash. Bottom ash is slag which builds
up on the heat-absorbing surfaces of the furnace, superheater, and reheater that eventually
falls either by its own weight or as a result
of load changes or sootblowing. With low ashfusion temperatures, a large amount of molten
slag can adhere to the furnace walls and subsequently fall through the furnace bottom. {See
Fig. 1) Other ash becomes entrained with, and
carried away by, the flue gas stream and is
collected i n economizer or dust-collection
equipment hoppers. This is called flyash.
The amount of air-borne ash passing through

-

the furnace depends on the dust-bearing capacity of the combustion gases, on the size and
shape of the particles, and on the density of the
ash relative to that of the upward flowing gas.
Fig. 2 shows the effects of particle size on terminal velocity' which is the rate at which particles of various diameter settle in still air.

Fig. I A large pulverizedcoal-fired furnace viewed
from above. Ash and slag falling from the walls
pass through the bottom opening into a bottomash hopper or submerged scraper conveyor.
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Coarser particles fall more rapidly than fine.
Thus, for a given upward velocity, fine particles will leave the furnace and coarse particles
either will drop to the bottom or be thrown from
the center of the furnace toward the bounding
furnace walls. For example, according to the
curve, particles larger than 0.011 in. diameter
'(not passing through a 50-mesh screen) can be
expected to fall to the bottom when the vertical
velocity of the gases in a furnace is 10 ftlsec.
In this regard, a situation occurs in the design and operation of large pulverized-fuel
furnaces that is qf interest. As furnace plan
areas increase for a given quantity of heat input
(NHUPA), to accommodate a very poor fuel, for
example, the upward gas velocities correspondingly decrease. At the same time, the furnace wall area becomes greater, leading to the
possibility of larger accumulations of slag or
ash on the walls for a given heat input. The
greater ash deposits and lesser upward velocities that result mean that more ash will fall to
the furnace bottom.

FACTORS
IN SYSTEM SELECTION

factor) are used to size ash-handling and transport systems. On the other hand, average ash
production rate, which considers the projected
plant capacity factor over the operating life of
the plant, is used to size disposal sites.
FUEL SOURCE AND ASH CONTENT
A major factor affecting the choice of an
ash-handling system is the type of fuel to be
fired. Fig. 3'shows the wide variation in ash
"fired" into a furnace as a function of fuel ash
content and moisture. For example, a boiler firing a 15-percent ash subbituminous coal generates almost three times the total ash as the
same size unit burning a 10-percent ash, highcalorific-value, medium-volatile coal.
It is usually more meaningful to define ash
content as it relates to energy input rather than
on the basis of a weight percentage of the coal
alone. The pounds of ash per million Btu fired
is arrived at by the formula:
ash (asa %) x 10,000= lbs ash1106 Btu
HHV (Btullb)

Relating the ash to be handled directly to the
required heat input gives a realistic relation-

Many factors determine the method of handling and storing coal-fired power-plant ash.
They include
Diameter of Particle, Microns (rm)
0 50 100 150 200 250 300
fuel source and ash content
8 plant siting (land availability, presence of
10 aquifers, adjacent residential areas)
8 environmental regulations
8 steam-generator size
8 cost of auxiliary power
8 local market for ash
8 cementitious character of the ash
Ash quantities and properties, both physical
Diameter of Particle,Thousandthsof an Inch
and chemical, determine the type and size of an
ash-handling, storage, transport, and disposal
325 200 140 100
60 50
system. They also provide an indication of the
- Equivalent in U.S. Mesh
environmental impact associated with ash, dis-_ posal, establish overall system constraints, and
influence disposal site design, Peak ash pro~ i g2.. Velocity of air borne particles (specific
gravity 1.2) falling through still air at 70°F
duction rates (based on 100 percent capacity

-

COMBDSIlON
Ash Handling Systems

ship to the amount that must be handled as bottom ash as well as that handled as economizerand precipitator ash. It also gives an insight to
the potential rate of ash..thathas-to be handled
in the furnace and on convective surfaces.
PLANT SITING

The available water supply and locations of
an ash disposal site, relative to the power plant,
can greatly affect the design and cost of ash
disposal. An ample water supply and a great
deal of land are prerequisites of many ashhandlingsystems.
,
If land for a plant is limited, ash storage bins
or small dewatering ponds can be used for temporary holdup. Trucks or rail cars then are used
to carry the ash away. If there is insufficient water, the flyash must be collected by one of the
available dry systems while bottom-ash is collected in a recirculated water system.
ENVIRONMENTALREGULATIONS

Federal, state and local effluent regulations
probably have the greatest impact on installations today and in the future. For example,
Table I lists typical limitations for bottom-ash
and flyash transport water.
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After the combustion process in a suspension-fired solid-fuel furnace, the ash collects or
is collected in several areas (Fig. 4).
Hoppers or conveyors in troughs are used
under the furnace bottom to collect the material
hlling from the furnace heat-absorbing surfaces. This material can be in either a dry or
molten state. If dry, it can be collected in
water-impounded or dry receivers. If molten
(from wet-bottom furnaces) it must be directed
into a water impoundment.
Hoppers also are used under the pulverizerrejects discharge spout. These collect highdensity pyrites and tramp iron separated from
the coal during pulverization.
Hoppers under the rear convection pass and
air heater(s) of the boiler are commonly called
economizer and air-heater hoppers. ,It is here
that coarser particles drop from the gas stream
with directional changes in the gas flow.
Flyash hoppers included under the precipitators or baghouses collect the material extracted from the flue-gas stream by these
particulate-removal devices.

Bottom-Ash

Oil and
Grease

Transport

pH

Water

TSS

I

10
20
30
40
%Ashin Coal (AsReceived)

Fig. 3. Relative ash amounts with various types of
coals, compared to Eastern bituminous coal with
10% ash as a base (corrected for boiler efficiencv).
Figures in
are as-received moistdie
contents (by weight) in the coal
.

ASH COLLECTION POINTS

TABLE I.Typical Effluent Limitations

2 $ 9 - Low-Volatile
c5
B~tum~nous
;
.z 7 - (5%Moisture)
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The TSS (total suspended solids) limitations
usually are the most difficult to meet, resulting
in a trend toward dry flyash systems2. But this
consideration does not preclude storage ponds
to which flyash can be trucked or conveyed
pneumatically. Dust is controlled with water
sprays and no net effluent is created.

Flyash

1 mgl e x Flow (max)
0.75 mgle x Flow (avg)
6-9

5 mgl e x Flow (max)
1.5 mgle x Flow (avg)
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QUANTITIESOF ASH

Most pulverized-coal-fired steam generators
are dry-bottom units in which 20-40 percent of
the ash from the coal falls to the furnace bottom. Sixty to 80 percent of the ash leaves the
furnace as flyash. Most of the flyash is collected
in economizer hoppers and one of several
available dust collection systems.
However, with some fuels less than 20 percent bottom ash has been measured, while with
certain lignites more than 45 percent bottom
ash has been reported. As a guide to establishing the size of the equipment in the total ashhandling system, typical collection quantities
(mass basis) are used.
For example, the 20-40 percent figure can
vary according to experience with the type of
fuel burned. With low- and medium-volatile
bituminous coals, a 15-20 percent bottom ash
figure is appropriate. With a high-volatile
bituminous coal a 20-30 percent bottom ash
figure is used. Systems for subbituminous coal
and lignite are sized using a 30-50 percent bottomsashfigure.
The economizer and air heater ash hoppers
each are sized to collect about 5 percent of the
flyash while a precipitator, fabric filter or other
equipment would be sized to extract 80 to 100
percent of the flyash from the flue gas.

Note that the sum of all the assumed
collection-point values can exceed the total ash
in the coal by 50 percent or more because of the
lack of precision of the individual factors, and
to allow for variation in fuel quality.
ASH DENSITY

Flyash density depends primarily on particle
size, particle structure, and-carbon content. In
general, the relatively large, coarse particles
containing a high percentage of carbon have a
low density. These particles commonly have a
porous or lace-like structure and result from
the partial combustion of the pulverized coal. It
appears that the volatile portion burns out,
leaving black coke-like particles. These particles have densities of about 35 to 65 lblft3 (true
density). The finer ash particles, which tend to
be low in carbon content. have much higher
densities, usually ranging from 90 to 180 lblft3
(true density).
In the hot state, freshly collected ash is normally very fluid with a lower density than cold
ash-generally between 30 to 50 lblft3 bulk density. The freshash is aerated as the individual
particles are exposed to the gas. With standing
and cooling, de-aeration occurs and the ash
compacts. It becomes less fluid and can approach bulk densities as high as 90 lblft3.When

C

Precipitator
Fabric-Filter,

Fig. 4. Ash must be collected and transported from at least the five points shown. In each location,the physical and chemical characteristicsof the ash vary
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cold, subbituminous coal ash, which is very
fine, will usually have loosely packed bulk densities between 65 and 85 lblft3. Bituminous
coal ash, on the same basis, will have a density
between 60 and 70 lblft3.
The bulk density of dry bottom ash, as initially dropped into an ash receiver, can be as
low as 4 0 to 45 Iblft3, but it can compact to
above 75 lblft3. A value of 55 lblft3 bulk density
is used for establishing bottom-ash hopper
storage capacity. Pulverizer rejects, when principally iron pyrites (iron disulfide, FeS2),will
have a bulk density of at least 135 lblft3.

TYPES OF SYSTEMS
The three principal methods of moving ash
from the collection points to the on-site disposal or storage location are hydraulic, pneumatic, and mechanical. In a hydraulic system, a
stream of hater conveys the ash in a closed
pipeline or open sluiceway. Commonly, a jet or
centrifugal pump provides the motive force. A
pneumatic system transports the ash in a
stream of air or flue gas induced by either an
upstream pressure or a downstream vacuum.
The oldest technique for ash removal is the
mechanical method, the most rudimentary
form being a shovel or hoe, with the more
sophisticated type being mechanical scraper or
flight conveyors.
Two basic philosophies have evolved
throughout the world for removing ash from
pulverized-coal-fired boilers:
collection, storage and periodic removal,
usual'ly called intermittent removal systems
collection and continuous removal, commonly termed continuous removal systems
Ash-handling systems are further differentiated by their conveying frequency and the
conveying medium. The major systems are:
1. Bottom ash
a. Water-impounded hopper with wet pipeline or sluiceway, to a pond or closed recirculation system-intermittent, hydraulic
b. Dry hopper, dry pipeline-intermittent,
pneumatic

.

c. Submerged scraper conveyor-continuous, mechanical
2. Pyrites (Pulverizer Rejects)
a. Hoppers with wet sluicing (pipeline or
open trough)-intermittent, hydraulic
b. Hoppers with manual removal-intermittent, mechanical
c. Hoppers with dry vacuum removal (infrequently used)-intermittent, pneumatic
3. Economizer
a. Dry pipeline-intermittent, pneumatic
b. Dry flight or screw conveyor-continuous, qechanical
c. Wet pipeline using receiving tanks
below economizer hoppers-continuous,
hydraulic
d. Dry pipeline using receiving tanks
below economizer hopper-continuous,
pneumatic
4. Flyash
a. Dry pipeline, vacuum-intermittent,
pneumatic
b. Dry pipeline, pressure-intermittent,
pneumatic
c. Drylwet pipeline, vacuum-intermittent,
pneumaticlhydraulic (water exhausters)
d. Dry, screw or flight conveyor-continuous, mechanical
,

BOTTOM ASH SYSTEMS
A wet bottom-ash system collects and hydraulically or mechanically removes ash falling from the furnace heat-transfer surfaces.
One type-a water-impounded hopper (Figs. 5
and 6)-receives, quenches, and stores ash
from the furnace. In this system the ash is intermittently drained by discharging the waterash mixture through an outlet gate to clinker
grinders that reduce the size of the materials to
facilitate transport to disposal by jet or centrifugal pumps.
The principal reasons for water-impounding
include the following:
to break up large pieces of slag by thermal
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Fig. 6 Cross section of water-filled ash hopper under a large.pulverized-coal boiler
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shock as they fall into 'the pool of approximately 140°F water
to keep the ash and slag submerged so that
they do not fuse into large unmanageable masses that would result if they were exposed to
furnace heat
8 to provide a resilient medium to decelerate
the large pieces of slag
t o assist in the evacuation of ash (from the
intermittent-removal type of hopper) by reducing its effective angle of repose
INTERMITTENT-REMOVAL
BOTTOM-ASH HOPPER

On most pulverized-coal-fired units above
400,000 lbs of steamlhr, intermittent-removal
bottom-ash hoppers are of the V, W, or triple-V
design. This design has hopper floors sloping
at angles of 35 to 55 degrees allowing gravity
to help remove ash from the hopper. During
ash removal the high-pressure water to the
jet pump is turned on and the clinker grinder
is started. The control system opens the
hydraulic-cylinder-controlled sluice gate and
the ash flows from the hopper through a grinder into the jet pump, then to a transfer tank,
dewatering system, or settling pond. Alternatively, a centrifugal materials-handling pump
evacuates the hopper and transports the ash to
the disposal system.
Operating experience with water-filled hoppers has shown that most of the ash will flow
toward and through the sluice gates by gravity;
however, large slabs of fused ash do occur that
will not move by gravity alone. Their removal
requires the assistance of high-pressure (125
psig) water-jetting nozzles located on the slopping floors of the hopper. In addition, jetting
nozzles in the wall opposite each sluice gate
break up the arching and packing of the ash that
may occur at the gate.
Whenever practical the hopper should have
a volume corresponding to the ash produced
during 12 hours of operation at full boiler load
while firing the lowest-heating value and
highest-ash-content fuel for which the boiler is
designed. This guideline is based on the normal practice in the U.S.of emptying ash hop-

pers once each 8-hour shift. Depending upon
the fuel ash content and the boiler load, the
usual time required to evacuate a bottom-ashhopper is one to three hours. The hopper volumetric capacity is measured below a mean ash
level which is usually 1 2 to 24 inches below the
normal water level, depending on the bottomash hopper width (see Table I1 and Fig. 7).
It is important to realize that the ash falling
from the furnace walls does not pass through
the furnace bottom opening in equal increments along the length of that opening. Fig. 8
shows that, for a large "open" furnace (one
without a center wall), all of the ash from each
sidewall falls through the first 3 or 4 fg6t of the
bottom opening; the ash falling from the front
and rear walls can be assumed to distribute
fairly equally along the furnace width. Thus, as
shown by the figure, about 25 percent of the
total ash to the furnace bottom will go through
the 3 to 4 ft portion near the side wall, and less
than 2% of the bottom ash will go through each
remaining foot of the bottom "slot". It is of utmost importance to take this distribution into
account when designing bottom-ash receiving
equipment. The normal water level should be
at least 30" below the horizontal plane of the
furnace tubes forming the furnace throat opening (A in Figs. 7 and 9); this dimension is with
the boiler pressure parts in the hot (expanded)

TABLE 11. Determination
of Effective Ash Level*
HopperWidth Inside
Refractory
(See Fig. 7)

Effective Ash Level (EAL)
Below NWL,ft

71-13''
8'-0"
9'-0"

0.8
1.0
1.2

10'-0"

1.4

-

-

-

'An interpolation can be made for other hopper widths.
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should be designed so that the entire hopper
and its discharge equipment are located above
grade. Pits must be avoided, but if they are used
to put the sluice piping below basement floor
level, their depth should be limited to a
maximum of 3 feet.

Water-Cooled
Furnace Bottom

Effective Ash
Level (EAL)

Normal Water
Level (NWL)

OVERFLOW WEIRS

To maintain the normal water level (NMTL)in
hopper;an N\ITLoverflow should be prothe
Ash Hopper Width
vided. The bottom opening of the weir is at the
(Inside Refractory)
normal water level, Fig. 10. To protect from
overfilling the hopper and possibly wetting the
Fig. 7. Effective ash level below normal water level
I
boiler
tubes, there is a second, independent
varies as a function of ash hopper width (SeeTable II)
"high-water-level" overflow. The opening at
the bottom of this weir is a minimum of 6
condition. This distance minimizes the amount
inches above the NWL weir. A conductivity
of water that may splash on the furnace tubing.
device in the outlet box from the high-level
The hopper is designed with 5 to 10 feet endoverflow provides an alarm when high overwall submergence to provide a deep pool of
flow
occurs.
water at this critical portion of the hopper.
Depending upon the boiler width and headASH-HOPPER CONSTRUCTION
room available, the hopper configuration
Ash hoppers are constructed of carbon-steel
should adequately provide the needed storage
plate with structural framing similar to that of
capacity. Centerwall boilers must have an odd
the furnace walls. A high-temperature waternumber of sections. This places the center of a
resistant gunned or cast refractory, supported
hopper section underneath the centerwall so
by stainless-steel anchors, lines the sides and
that there is maximum submergence to collect
bottom
slopes. Alternatively, on the sloped botthe ash properly from both sides of the wall.
tom portions of the hopper, acid-resistant
For ease of maintenance, the ash hopper
bricks backed by concrete can be used.

Sidewall

at Each End
I

-

~opp&
Slope
(Outside)

-

-.

Fig. 8. Approximate distribution of pulverized-coal
bottom ash along the furnace hopper opening

I

I

Furnace

I

(2

Furnace & Ash Hopper
I

Fig. 9. Schematic arrangement of half of a triple-vee
water-impounded bottom-ash hopper. Dimension A
is defined with boiler in hotlexpanded condition.
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A water seal-trough around the upper
periphery of the ash hopper, together with the
seal plates hung from the boiler tubes, provides
a seal against furnace pressure fluctuations and
accommodates the downward expansion of the
furnace. Nozzles located throughout the seal
trough periodically flush accumulated sludge
and sediment from the trough bottom.

High Water Level
\

REFRACTORY COOLING

I

I

Fig. 10. Arrangement of bottom-ash hopper
overflow weirs and piping

At the top of the hopper is a waterdistribution assembly for cooling the hopper
refractory that extends above the normal water
level (Fig. 11).The curtain of water flowing
over the refractory face aJso retards refractory
.deterioration during extended periods when
the hopper is drained'of water during boiler
operation. The water distribution pipe must be
equipped with a deflection shield to prevent
water from being sprayed on the furnace tubes.
Periodic flushing of this pipe with a highvolume water flow through a drain connection
in each section insures that pieces of ash do not
clog the holes.
Fig. 12, a flow diagram for a single-V type
bottom-ash hopper, shows all of the waterflows entering and leaving this hopper. Op-

Hopper

Distribution P i ~ e

Deflection
Shield

Refractory ?not shown)
L

Fig. 11. Distribution-pipe system for refractory cooling water
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Fig. 12. Flow diagram of single-vee bottom-ash hopper

timum operation of a water-impounded hopper
can be achieved by maintaining the water level
at all times, even while discharging the ash. In
this way, the design makes use of all the advantages of water impounding and establishes the
maximum possible net-positive suction head
on the jet (or centrifugal) pumps at the optimum moment. The only time the water level

Frame

Renewable Gate Seat

Fig. 13 Bottom-ash-hoppersluice gate

has to be lowered with this arrangement is
when it's necessary to visually inspect the
hopper interior or to remove over-sized pieces
manually. Each end of the hopper should be
equipped with access doors for maintenance.
HOPPER SLUICE GATES

Bottom ash hopper sluice gates (Fig. 13)
(usually 24" x 24") allow for periodic removal
of bottom ash from the hopper. Around the discharge gates are water-tight steel enclosures
which flood when ash is being discharged.
These enclosures are equipped with access
doors, observation ports, and floodlights and
are designed to withstand negative and positive pressures. A vent pipe equipped with two
vacuum breakers provides vacuumlpressure
protection. Positive-pressure protection is
achieved by allowing the water in the enclosures to enter the vent pipe to discharge into
the bottom-ash hopper. A loop in the vent-pipe
above the hopper water level prevents water
backflow from the hopper to the enclosure.
Vacuum protection is provided by air check
valves located at the top of the vent-pipe loop. The gate is hydraulically lifted by a cylinder
designed for water service. Limit switches indicate a fully open or fully closed position.
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High-wear areas in the sluice gate enclosure are
often made of ceramics or stainless-steel.

Removable Access Panel

CLINKER GRINDERS

Single- or double-roll clinker grinders are
provided at the outlet of each sluice gate. The
grinding elements are made from heavy-duty
abrasion-resistant materials,such as work-hardened manganese steel or heat-treated highchrome steel. Ash is ground by a shearing,
splitting or crushing action to facilitate hydraulic or pneumatic transport (Figs. 14 and 15).
Because of the severe duty, relatively frequent replacement is required for the wearprone internals of these crushing machines. It
is important to provide easy access for their
removal while the steam generator is operating. The design shown in Fig. 14 and 15 provides an easily removed front panel for such
access allowing maintenance personnel to replace worn grinding elements without entering
the enclosure.
Shaft bearings are spherical roller type with
provisions for forced lubrication. Shaft seals
have continuous seal-water flow during
periods of both grinder operation and shutdown. A close-tolerance throttling bushing
impedes the flow of small ash particles into the
stuffing box.

Housing

Rake

Fig. 14. Single-roll clinker grinder for reducing size
of bottom-ash; hammers and anvils are replaceable
through removable access panel

trifugal pump can be used. The accompanying
box lists the advantages of each.
As more high-ash coal is used for steamgenerator fuel-producing greater ash loading
on bottom-ash systems-suppliers recommend
another sluice gate, grinder and pump for each
hopper section. The purpose of this redundant
equipment is two-fold: first, to increase the
overall system reliability and, second, to in-

JET PUMPS

A jet pump is a venturi-type solidslfluids
transport device with no moving parts (Figs. 16
and 17). The pump has an inherent low efficiency but this is offset by its non-overloading
characteristic, ease of maintenance, and lack of
rotating parts. For these reasons, the majority of
hydraulic bottom-ash and mill-rejects systems
use jet pumps instead of centrifugal pumps.
To minimize the effects of abrasion, the jet
pump is made of abrasion-resistant alloys. The
inlet section is heat-treated nodular iron
(minimum Brinell hardness of 400); the combining tube (diffuser), high-hardness cast
chrome-nickel alloy material, to a minimum
Brinell of 550.
A jet pump is supplied at the outlet of each
clinker grinder; alternately, a mechanical cen-

Fig. 15 Advanced design of single-roll clinker
grinder showing external tripod bearing supports
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Ash &Water from Hopper

High Pressure
Water Input

Nozzle Holder

Ash &Water
Discharge

Pump Body

Fig. 16. Schematic arrangement of jet pump for handling abrasive solids

crease the rate of ash-removal when quickerthan-design evacuation is desired.
PIPING, FITTING, AND VALVES

.
.

Ash slurry piping is supplied in several
forms. Included are
centrifugally cast chrome-iron alloy with
hardness ranging from 280 to 400 BHN (Brine11
hardness number)
surface-hardened carbon-steel piping
fiberglass-reinforced plastic pipe lined with
abrasion-resistant material
basalt-lined steel pipe
Ash in a water slurry usually travels along
the bottom portion of pipes in saltation flow;
that is, it alternately "rests" (settles out) and
"jumps" (becomes re-entrained in suspended
flow). Thus, most wear on slurry piping is on
the bottom third (the lower 120" arc) of the

2

Fig. 17 Jet pump for bottom-ashtransport

pipe. Directly downstream of elbows, piping
wear is higher than in straight runs because of
the turbulence and impact created at the elbow;
this calls for more frequent replacement of
downstream runs.
Whenever there is a change in direction in
the slurry piping, the fitting located at the
change of direction will undergo accelerated
wear as a result of turbulence and solidsimpact erosion. Thus, fittings, such as 45" and
90" elbows and laterals, are normally constructed from alloy castings that range from
450 to 550 BHN (Fig. 18).
Material hardness alone cannot.provide long
life at points of change in direction. To add ad-

Fig. 18. Chrome-nickel alloy 90" elbow with integral
wearback helps reduce wear from solids-impact
erosion and turbulence experienced with changes
in flow direction
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ditional life to the fitting, the impact area has a
thicker cross-section than the normal conveying pipeline. This thicker section is commonly
termed an integral wearback.
Fittings can have connections that are either
plain-end or bevelled-end. When plain-end
sections are used, piping harnesses prevent the
fitting from dislodging due to the reactive
COMPARISON OF JET PUMPS VS.
CENTRIFUGAL PUMPS
ADVANTAGES OF JET PUMPS
A jet pump is a simple device. There are nG
moving parts; it is made up of only three principal components: nozzle. body. and diffuser.
This makes maintenance and replacement
easier and less expensive than for a centrifugal
pump.
A jet pump can handle air without any deleterious effects; lack of suction head is never a
problem.
A jet pump is self-regulating. The amount of
suction material depends on the discharge
head. The higher the discharge head, the less
suction material will be taken-cvhen there is
no suction flow, the only flow through the
pump is the motive (clear water) flow. This
makes for a self-cleaning action. If the discharge line becomes clogged, the flow of more
material into the pump is limited so that the
motive flow can flush the line.
There are no rotating parts subject to erosive
ash.
ADVANTAGES OF A CENTRIFUGAL PUMP
A centrifugal pump can obtain much higher
volumetric capacities than a jet pump. A typical jet pump has a practical limit of about 3,500
gpm discharge flow. Centrifugal pumps can
produce flows of 35,000 gpm and higher.
A centrifugal pump has a higher.efficiency
than a jet pump. Stated in another way, the
power required for a centrifugal pump to convey a given flow at a given head is considerably less than the power required to give
the jet-pump motive fluid the required head
and flow to convey the given mixed water1
slurry head and flow.
No separate motive-water pump is required.

-.

loads of the conveying medium. Bevelled-end
fittings do not require friction-type couplings
to secure the fitting to the pipe.
In conveying water-ash slurries, it-may 6e
necessary to divert flow or isolate branch lines
when multiple sluice lines exist. Industry practice is to provide heavy-duty knife gate valves
for this service because of their profile characteristic. That is to say, when the knife-gate
valve is open, its orifice matches the diameter
of the sluice pipe in which it is installed.
Minimizing the turbulence through the valve
reduces erosion. In addition, the insertion of
the valve in the line requires no special adaptors or fittings. Also, knife-gate valves can have
bonnets to prevent -leakage from the packing,
and flushing ports for cleaning the seat and the
gate before closing. Manual handwheels or
pneumatic operators are commonly used to
open and close knife gates. Automatic knifegate systems can have limit switches to provide
feedback to the control system.
When the sluice conveying line is made of
alloy cast pipe, the couplings between fittings,
valves, and plain-end pipe are manufactured
by ash-system suppliers. Where two sections of
plain-end pipe meet, commercial pipe couplings can be used.
Any slurry piping system must be designed
with minimum and maximum velocities in
mind. The minimum velocity is that required to
convey the particle in the pipeline without
settling. This velocity is a function af the specific gravity of the material being conveyed, the
pipeline size, and 'the slurry concentration.
Typical ash-slurry pipeline velocities are
8 bottom ash-7 to 8 ftlsec
8 economizer ash-6 ftlsec
pyrites-9 to 10 fffsec
8 flyash-4
fffsec
DISPOSAL OF BOllOM ASH
FROM HYDRAULIC SYSTEMS

Hydraulic ash systems dispose of the ashand-water slurry in various ways, depending
on the overall plant layout, ecological considerations, and available disposal areas.3 As
previously mentioned, the ecological con-

.
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siderations are presently a major influence on
decisions made about the means of disposal of
ash and slurry.
Most steam-generating plants require either
a recirculating system or monitoring (and
treatment, if required) of pond blowdourn.
Recirculating systems frequently include dewatering equipment for the mechanical separation of bottom ash and water.
DEWATERING SYSTEMS

Ash from a conveying sluice line can be deposited into dewatering bins. As the ash settles,
it displaces water which overflows into a
trough extending around the circumference of
the bin top. The overflow water drains by gravity to the recirculation basin or waste drain.
A series of baffle plates, concentric with the
outer shell of the bin, prevent ash carryover and
undesirable turbulence in the overflow trough.
Submerged beneath the water level, the inner
baffle inhibits the finer material from reaching
the overflow. The second baffle, extending
above the overflow trough, creates a barrier to
retain the floating material before it reaches the
overflow trough. Eventually, floating material
settles and is discharged through the sluice
gate after the bin is dewatered.
Dewatering bins are installed in pairs. When
one bin is filled, the input flow is diverted to
the empty bin. After a short period of natural
settling, a level of surface water will exist. This
surface water is drained off through vertical
decanting pipes or floating decanters.
After the surface water is drained, the lower
drain valves in the decanting pipes are automatically opened, resulting in a slow, controlled draining of water from the ash in the
bin. Depending on the composition of the ash
and the desired moisture content, this process
generally takes less than eight hours. With
proper filtration, settling, and chemical treatment, the overflow water can be recycled to the
bottom-ash system in what is essentially a
.
closed loop.
It is important to protect dewatering bins
from freezing by providing heaters at the bottom. Also, the lower cone section of the bin
*

normally has vibrators to aid in removing the
dewatered ash.
CONTINUOUS-DEWATERINGEQUIPMENT

In lieu of the intermittent-dewatering bins
just described, continuously operating dewatering systems are available using equipment
similar to the submerged scraper conveyor,
discussed later in this chapter. With continuous-dewatering apparatus, ash is periodically
removed and sluiced from a batch-storage
(intermittent-removal) ash hopper to the remote dewatering scraper conveyor. The conveyor dewaters the ash to the same extent as
with a dewatering bin and places it on a belt
-conveyor for further handling. Water from the
dewatered ash overflows the conveyor vessel
and is treated further as with dewatering bins.
SETTLING AND STORAGE TANK

The discharge water from the dewatering device normally is routed into a settling basin or
tank. To separate the ash fines, low velocities
are maintained throughout the basin or tank,
which are designed for maximum retention
time. Any agitation is confined to a small area.
Water and ash fines are deposited into the
center of the settling tank after passing through
a cyclone-type separator and baffles. As the ash
fines settle into the tank, the displaced water
overflows into a trough which extends around
the circumference of the top of the tank. The
overflow water drains into the center of the
ash-water storage tank. As in the case of the
dewatering device, it is important to protect
the settling tanks from freezing.
STORAGE OR SURGE TANK

In a recirculating system, an ash-water storage tank provides sufficient volume to absorb
the volumetric fluctuations of the hydraulic
ash removal system. In addition, this tank provides further separation of fines by maintaining a low velocity. Again, freeze protection
must be provided. Centrifugal pumps recirculate the discharge water from the surge tank to
supply the jet pumps and other requirements
for water in the system.

COMBUSTION
Ash Handling System

PONDS OR FILL AREAS

With the submerged scraper conveyor (SSC),
Where geological and siting conditions perash is evacuated mechanically on a continuous
mit, ash can be pumped to ponds or fill areas. . basis so there is no long-time storage in the
Any ash-receiving pond needs a large capacity - water impoundment beneath the furnace. After
to permit the ash to settle by-gravity. The de- discharge from the SSC in a dewatered condisign of such ponds can include recovery and tion, ash is transported by belt conveyors. The
reuse of the water in the ash removal system.
major advantages of the SSC are
8 reduced water usage (no transport water)
DRY BOTTOM-ASH HOPPER SYSTEM
reduced power consumption (by eliminating
Dry bottom-ash hopper systems for intermitthe
high-pressure sluicing water required by
tent removal are used when there is no need to
the jet pumps)
provide for water impoundment-and less aulow boiler setting height
tomation is acceptable', A rule of thumb is that
dry bottom-ash hoppers are generally practical
The C-E Combusco submerged conveyor was
on units rated below 400,000 lbslhr of steam.
used in the 1920's for ash removal from stokerCustomarily constructed of carbon-steel
fired boilers. Presently, the C-EIEVT SSC offers
plate, these hoppers, like the hoppers used
similar continuous ash removal from pulverin a wet system, have a water-seal trough,
ized-coal units4 It serves the same functions
complete with flushing nozzles. Unlike wateras the intermittently emptied refractory-lined
impounded hoppers, dry hopper slopes must
ash hopper, that is, it seals the furnace bottom,
be steep to 'insure that the dry ash flows to the
quenches the falling ash and removes it from
discharge openings.
under the furnace.
The inside of the hopper steel plate is lined
The most widely accepted SSC configuration
with several inches of insulation. Anchors, has two separated compartments in which the
normally of stainless-steel and welded to the
flights and chains move (Fig. 19). The upper
hopper plate, are used to hold 4 to 6 inches of
(wet) chamber, containing three to six feet of
gunned refractory lining forming the inside of
water, receives the ash falling from the furnace
the ash hopper.
and conveys it up the dewatering slope. At the
Ash is periodically removed from the hopper
top of the dewatering slope, the flights reverse
through a series of water-cooled discharge
direction, dumping the conveyed ash. They
gates. Each gate has a sealed enclosure, a
then return through the dry chamber below;
this has open sides to facilitate inspection
pneumatic operator, an access door, observation port, and floodlight.
while the equipment is operating (Fig. 20).
Generally, the maximum speed of the scraper
At the discharge of the ash gates, grinders
conveyor is about 20 feet per minute, with a
may be provided to reduce any large clinkers to
a size that can be handled by a pneumatic or
4-to-1 or 6-to-1 turndown ratio. Operation at
hydraulic conveying system. The grinders are
low speed, as a function of low boiler load or
similar in construction but normally smaller
low ash content, reduces power consumption
than the grinders under the wet bottom-ash
and abrasive wear on both flights and supporthoppers. Instead of grinders, sizing grids for
ing surfaces.
Travel wheels, when furnished, support the
manual handling may be placed at the disentire conveyor; they ride in tracks or on rails
charge gate outlet.
located in the power-plant floor. The dewaterTHE SUBMERGED SCRAPER CONVEYOR
ing slope on the ash-removal conveyor leads to
FOR CONTINUOUS REMOVAL
a transfer chute or hopper, in which a conAnother method of bottom-ash removal uses
ventional clinker grinder reduces the size of
a flight conveyor of heavy construction subthe ash. From the transfer chute, the sizemerged
in
a
water
trough
below
the
furnace.
reduced ash is deposited on a belt conveyor.
--

_
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CONVEYOR CHAIN DESIGN

A common SSC chain is the double-stranded
round link or ship's-type chain made from
alloy steel, annealed and carburized to a 550600 BHN hardness. Chain couplings, of the
same material as the chain, are designed for
ash-handling service. The chain is supplied in
matched sets and undergoes stringent quality
control and testing to insure a long service life.
Useful life is a function of chain lengthening
caused by wear of the inner portion of the links.
The lengthening can result in a mismatch of the
chain to the driving sprocket.
OTHER DESIGN FEATURES

The flights are commercially available structural angles attached to the chains by fittings
provided by the chain manufacturer.
The upper trough of the conveyor has overflow boxes to regulate the height of the water
above the flights. Cooling water is added to
maintain a normal 140°F (maximum 160°F)
temperature. In this respect, the submerged
scraper conveyor uses exactly the same amount
of cooling water as a water-impounded hopper
because the heat presented to the equipment is
exactly the same.
Dewatering slopes are at an angle between 25

and 45 degrees. The actual physical configuration depends on the unobstructed space available, boiler-house structural-steel design considerations, and the method of handling the ash
after it leaves the conveyor.
SETTING HEIGHT OF STEAM GENERATORS
AS AFFECTED BY THE BOTTOM-ASH SYSTEM

The operation and maintenance of bottomash hoppers and associated auxiliary equipment are easier and better when no equipment
is located in sub-basement-floor pits. But, by
eliminating such pits it is sometimes necessary
to have boiler setting heights up to 35 feet to
accommodate the intermittent-removal, waterimpounded bottom hopper. (Setting height is
the vertical distance from the basement floor
level to the centerline of the horizontal
furnace-wall tubing directly above the ashremoval equipment; this dimension is measured with the steam generator in the "cold"
condition, before expansion has taken place.)
Such generous setting heights are not necessary with the submerged scraper conveyor.
When SSC's are specified before the boiler is
purchased, the setting height can be adjusted to
save substantial amounts in the cost of t d . . ~
structural steel, piping, and ductwork.

Transfer
Chute

Clinker
Grinder

Fig. 19. Submergea scraper conveyor tor bottom-ash removal (C-EIEVT SSC)
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COMPARISON
OF CONTINUOUS- AND
INTERMlllENT-REMOVAL
BOTTOM-ASH EQUIPMENT
Continuous mechanical removal permits
lighter equipment, reduced power consumption compared to hydraulic evacuation, and
eliminates the need for coliveying water. It's
also possible to observe the ash-removal process without drawing down the water-level.
Continuous removal provides "auto-dewatering" without the use of dewatering vessels.
In addition, operational control systems for
continuous removal are simpler than are those
on an intermittent-removal system. Moreover,
the reduced height of the boiler above the
basement floor has a savings potential in fuel
piping, duct~vork,structural steel, and building costs. There is also an advantage in being
able to move the conveyor to the side at times
when the boiler is out of operation. This feature

facilitates access to the interior of the furnace
through the furnace bottom opening; nor are
the high-pressure pumps or water piping of the
intermittent hopper (Fig. 12) required.
Because the SSC is designed for continuous
removal, provision must be made for continuous receiving of the ash dropping from the top
of the dewatering slope by belt conveyors or
other similar mechanical devices. The usual
intermittent-removal hopper system in the U.S.
is operated only 20 to 30 percent of the time;
there is thus a period during which the equipment is not in operation and is available for inspection and maintenance.
Redundancy of mechanical conveying equipment downstream of the scraper conveyor
should be considered to assure continuous ash
removal. However, despite the fact that ashstorage is not considered in designing an SSC,
it can be shut down for short periods to repair
downstream equipment.

Fig. 20. C-EIEVT submerged scraper conveyor for 520-MW sub-bitumincus-coal-firedsteam generator is
shown assembled for test operation.
--

demands that the pulverizer-reject system be
operable simultaneously with the main bottom-

PULVERIZER-REJECTS
SYSTEMS
The pulverizer-rejects system collects and
transports pulverizer rejects (principally pyrites and tramp iron) hydraulically from the
pulverizers (also called mills). A typical system
(Fig. 21) uses an enclosed pyrites-reject hopper
located next to each pulverizer to receive and
store the pulverizer rejects for intermittent removal. Removal and transport from the pyrites
hopper is by a jet pump similar to the jet pumps
used in bottom-ash sluicing, but smaller in size
and conveying capacity.
Although the mill rejects may be pumped
directly to a dewatering bin or pond, it is more
common to have all the pyrites-removal jet
pumps discharge to a local collection or transfer tank (Fig. 21). This arrangement permits
emptying more than one hopper at a time.
From this central collection tank, jet or centrifugal pumps remove the pyrites-rejects to
the dewatering equipment. ,Discharging
rejects into bottom-ash equipment is not acceptable unless a method can be provided to
prevent splashing of ash-hopper water onto the
boiler tubes above the pyrites injection point.
This splashing has caused stress-cracking failure of these tubes. With an SSC, it is practical to
introduce mill rejects outside the water-seal
plates, obviating the problem.
Plant maintenance and operating flexibility

ashWhen
system.
pressurized mills are used, it is a requirement of NFPA 85F-1988, Para. 2-6.1.4(e) to
design the rejects hoppers to withstand 50 psig
(Fig. 22). To seal out pulverizer pressure during
normal operation, a water-seal overflow box is
used. This seal box is sized for 120 percent of
the static pressure specified for the primary air
fan.
Eachrejects hopper must be equipped with a
level indicator
8 steel grate with approximately 1 ~ square
~ "
openings to capture large particles for manual
removal
floodlight (for pressurized hopper
inspection port
panel
8 discharge chute to connect the reject outlet
on each pulverizer to the hopper. A pneumatically-operated gate valve is located in the discharge chute for isolation of the hopper. The
pyrites slurry piping and fittings are similar to
that ~rovidedforthebottom-ash systems.
With suction-type mills, the pyites hopper
is an open tank to store and collect the rejects
(Fig. 23). On open hoppers, accessories such as
floodlights and inspection ports are eliminated. On small steam generators equipped
with suction mills from which there wcl not be
a large amount of pulverizer rejects, a simple

.
..
.

To Fill Area or
Dewatering
Equipment
Jet Pump

Jet Pump

Fig. 21. Mill-rejects (pyrites) hydraulic transport system for mill-rejects (pyrites) uses individual pipelines
from each pulverizer to the transfer tank
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wheelbarrow may substitute for hoppers.
The amount of rejects from a pulverizer varies greatly as a function of the type of coal, the
type of firing system, the mill, and the way the
mill is operated.

REMOVAL OF
ECONOMIZER-HOPPER ASH
Economizer ash is usually over 700°F, and
frequently coarse. It sometimes contains combustible material. This ash can have the physical characteristics of furnace-wall ash and the
chemical characterktics of hygroscopic flyash.
It is collected in a row of pyramidal hoppers
beneath the boiler economizer section, usually
at the point of the 90-degree turn in the combustion gas flow.
Formerly, economizer ash was most often
handled dry, as an extension of the dry precipitator flyash system; but, exposed to inleaking air, it could combust and form clinkers
making it impossible for the ash to flow
through the hopper outlets which usually were
only 8 inches in diameter.
Economizer ash should be removed continuously, in a method analogous to the continuous
removal of bottom ash from a hot furnace. Con-

Fig. 22 Mill-rejects hopper for pressurized pulverizers, in accordance with NFPA 85F-1988

tinuous removal gets the ash out of the hot environment of the hopper and prevents further
combustion of any carbon it may contain. For
low-calcium-content bituminous coals, water- . - filled tanks beneath each economizer-hopper
outlet, Fig. 24, should be used. The ash is
stored in these tanks for intermittent removal.
Unfortunately, wet holding is not feasible
with economizer-hopper ash produced by certain high-calcium lignite or subbituminous
coal. Some such ash shows pozzolanic and
cementitious properties when dropped into or
mixed with water, and may require very frequent evacuation from wet tanks to obviate the
possibility of plugging. Utilities burning such
"concrete-making" high-calcium coals have
used dry transfer tanks below the economizer
hoppers to achieve continuous removal
without tank or line plugging problems.
It is important, then, to recognize that such
flyash has the potential of producing synthetic
Inlet Chute from Pulverizer

Fig. 23.Open-top rejects hopper for
suction pulverizers
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silicate rocks that cannot be redissolved and
flushed out of tanks or transport lines. The ash
is in the category of a pozzolan-siliceous or
aluminouslsiliceous material which in itself
possesses little or no cementitious value but
which will, in finely divided form and in the
presence of moisture, chemically react with
calcium hydroxide to form compounds having
cementitious properties.
The best solution to the handling of economizer ash having concreting characteristics is
to remove it continuously from the hoppers
under the high-temperature gas zone into dry
holduplcollecting tanks located beneath the
economizer hoppers, so as to prevent burning
or sintering. The ash can be removed from these
tanks on a n intermittent basis as a branch of the
precipitator or baghouse pneumatic removal
system. Alternatively, the flyash can be removed continuously from the hoppers by
means of mechanical removal equipment, as
discussed later in this chapter.

FLYASH REMOVAL SYSTEMS
Flyash from the hoppers serving air heaters,
precipitators, and baghouses is removed intermittently by either vacuum (negative-pressure) or pressure (positive-pressure) pneumatic
type systems, or combinations of the two. In
addition, several types of continuous-removal
systems such as flight conveyors or screw conveyors can be used.

hopper to avoid plugging the discharge line.
Because the system operates on a vacuum, only
one flyash intake and one conveyor branch line
operate at any given time. As each hopper is
emptied of flyash, the system will step to the
next hopper in the same branch line. When all
hoppers i n a branch line have been emptied,
the system will step to the next branch line. The
system logic. insures the proper sequence of
events and positioning of valves.
The intake shown in Fig. 26 uses a microporous stainless-steel filter cloth which passes hot
fluidizing air into the body of the intake at a
controlled rate. The metallic fluidizing material
is used because it does not plug or crack easily,
as do some other media.
When a mechanical blower produces the necessary vacuum, flyash is taken to a silo where a
cyclone separator and bag filter, in series, separate the air-ash mixture. To protect the blower it
is important to collect most of the ash, which is
then emptied from the silos into enclosed
trucks or railcars.
The water exhauster (Fig. 279 is another
method of transporting flyash through the conveying line. High-pressure water supplied to
the water-exhauster inlet nozzles creates the

VACUUM SYSTEMS

A vacuum system (Fig. 25) uses a mechanical
blower, water exhauster, or a steam exhauster
to create a vacuum which removes the flyash
from the hoppers. A flyash-intake valve located
at each hopper regulates the flow of the flyash.
Flyash intakes have carbon-steel or cast-iron
bodies and a swing disc which seals against a
hardened seat. For maintenance, the outlet of
each hopper hSs a manual isolation gate.
Each
intake is actuated
by the system logic which controls both the
flow rate and quantity of flyash leaving the

mg. 24, Water-filled tank beneath economizer h o p
per receives low-calcium-content ash for cooling
and intermittent flushing
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Cyclone Separators

-

Fig. 25 Dry pneumatic vacuum flyash system

transport vacuum; flyash, air, and water are
mixed in the exhauster venturi. Water exhausters normally have hardened ductile iron
bodies, wear-resistant liners and stainless-steel
nozzles. Diffusers are hardened ductile iron.
\

Removable
Fluidizing-Air

Microporous
Stainless-Steel

Following the water exhausters, a n air
separator is provided to separate and vent the
air from the flyash-water-air mixture (Fig. 28).
Separators are made of cast iron or carbon steel
with an abrasion-resistant basalt or ceramic
liner. The separator discharge is elevated sufficiently to allow the ash-water slurry to flow by
gravity to a pond or disposal area. Flyash slurry
is never discharged to a dewatering bin because
it is very difficult to settle out the fine flyash
particles i n the dewatering bin; most fine particles would pass over the overflow weir.
PRESSURE SYSTEMS

In a pressure system (Fig. 29). an air-lock
feeder transfers flyash from a hopper at a low
pressure to a pipeline conveyor at a higher pressure. Compressors or blowers provide the airflow and pressure.to convey the flyash.

u

Flyash Out

Fig. 26 Fluidizing-type flyash intake for regulating
flyash flow from collection hoppers (fluidizing-air
plenum is removable for precipitator washdown)
--

Fig. 27 Water exhauster for vacuum removal of flyash (ash and water are combined in exhauster for
transport as a slurry to disposal; upper flange is
high-pressure water inlet; dry ash enters left end)

-
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These feeders are designed with a storage capacity based on the desired conveying rate, ash
density and number of hoppers to be conveyed
in a given unloading sequence. The volumetric
feeders are controlled to empty each selected
group of hoppers on a staggered cycle, thus
providing uniform loading into the conveyor
system. Fluidizing air at the inlet and outlet of
each feeder insures ash flow.
Vacuum transport systems usually move flyash in a quite "airy" mixture (dilute phase), but
the consistency of the mixture can vary with a
positive-pressure system. For example, the mixture might.be in a dilute phase, a dense phase
(in which there is much more ash than air), or
the mixture may begin as a dense phase and
gradually change to a dilute phase at the discharge end.
Many low-velocity, dilute-phase systems
operate at some time in a dense phase because
dense phase occurs whenever saltation takes
place in a pipeline.
AIR-LOCK FEEDER OPERATION

It is customary in dilute-phase flyash transport to use the collecting hoppers for storage;
the air-lock tank is used only during the actual
ash-moving process. Thus, the inlet valve to
the pressure tank is kept closed until the trans-

port cycle begins. This exposes the ash to the
unheated tank metal for the shortest possible
time, but keeps the ash in the collecting hoppers for the longest possible time.
In dense-phase transport, the inlet valves of
the pressure tanks are kept open whenever the
tanks are not full. The ash, then, leaves the area
that is heated by flue gas and drops into the
tanks, normally unheated, until the tank level
indicator causes the inlet valve to close; the
filled tank remains at essentially atmospheric
pressure until its turn in the transport "queue"
is signalled. The time that the ash remains in
the tank before fluidization and transport will
depend on the fillinglemptying status of any
other tanks on the same conveying line.
COMPARISON OF VACUUM
AND PRESSURE SYSTEMS

Selecting a vacuum or pressure flyash removal system for a given unit depends on an
evaluation of
conveying rate
altitude
a mmber of hoppers to be evacuated
distance to be conveyed
Avacuum conveying system is norn~allypreferred over a dilute-phase pressure system because less equipment is used under each hop-
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Fig. 28 Dry pneumatic flyash transport system using water exhausters as vacuum producers
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(AlternateBag Filter)--
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Fig. 29 Dry
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Air-Lock
Feeders

pneumatic-pressureflyash system

per: one flyash intake versus two flyash intakes
and an air-lock tank. Also, a vacuum system
uses the more positive means of suction to
evacuate the flyash from the hoppers whereas a
pressure system uses gravity alone to move the
ash from the hopper to the feeders. Of course
fluidization and rappers are available, but to be
effective they must be used properly.
A vacuum system also has the advantage of
being able to indicate, from the conveying-line
vacuum switches, whether' a given hopper is

.m
I

or ~ a b i i cFilter

(

full, empty, plugged or ratholed. This is not
possible with a pressure system as multiple
hoppers are being evacuated simultaneously.
However, the practicality of a vacuum system is limited by the amount of pressure differential that is available for conveying. The
actual pressure drop increases as the conveying rate increases; thus, if all else is constant,
higher conveying rates may require a pressure
system. (Theoretically, a vacuum system can
almost always be used by installing many
vacuum-producing devices and pipe-lines i n
parallel.) When plants are at high elevations,
the available pressure decreases (at 7000 feet,
approximately 5" Hg. are lost over that of sea
level), thus limiting the'application of vacuum
systems. In addition, the pressure will drop as
conveying
- - distance increases, making a pressure system the more feasible.
To understand a pneumatic transport system, it is important to realize that conveying
distance is the total developed length of the
pipeline. In pneumatics, the pressure drop
through an elbow can easily be the equivalent
of 50 feet of pipe; therefore, th( optimum system would have a minimum number of elbows.
VACUUM~PRESSuRESYSTEMS

When the number of precipitator or baghouse collection hoppers is relatively high
1
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(say, 20 to 40, or more) and the conveying distance dictates a pressure system, it is usually
economical to provide a vacuum-pressure system, Fig. 30. In this system, a transfer silo is located close to the precipitator or baghouse and
the flyash moves by vacuum from the hoppers
to the transfer silo. At the discharge of the silo,
a set of air-lock feeders forms the pressure system to convey the flyash by pressure to the
main ash storage silos. The capital and maintenance cost is reduced because of less equipment under the hoppers (one flyash intake per
hopper vs. two flyash intakes and the air-lock
tank). This reduction in equipment under the
hoppers can more than offset additonal costs
associated with the transfer silo and the positive pressure blowers. On the other hand, a
vacuum-pressure system uses more power than
a straight pressure system.
FLYASH HOPPER DESIGN

Problems have been experienced in the removal of powdery flyash from hoppers, particularly with large precipitators on utility steam
generators. Because of the very high ash content found in many coals, and increasingly
stringent particulate-collection regulations,
precipitators on a large pulverized-coal-fired
unit commonly have more than 40 hoppers
(sometimes as many as 128). Research has
shown that the incidence of hopper operational
and maintenance problems is directly related to
the number of hoppers on a precipitator.5
Pneumatic ash-removal systems are not designed to handle wet material. Thus, it is critical in the design and operation of hopper
systems to maintain collected material sufficiently above the water or acid dew point
to keep it absolutely dry, so that it will be
free-flowing .
Dry dust in hoppers ordinarily will flow
freely by gravity and be transported pneumatically without difficulty. But to do so, it
must be kept essentially at the temperature at
which it was collected
must not be exposed to any moisture
must not compact from its own weight to
cause bridging above the hopper outlet

must have no clinkers formed as the result of
oxidation of any combustibles in the ash
In power-plant operation, it is frequently difficult to keep the ash free-flowing. With the
boiler at full load, temperatures as low as 90°F
have been reported in hoppers of cold precipitators (those that follow the boiler air heaters). Similarly, temperatures 20" to 40°F above
ambient have been recorded in the hoppers of
"hot" precipitators (those located ahead of the
boiler air heater).
The problem in the industry is even more severe with the high-calcium ash associated with
certain subbituminous coals and various lignites. In addition to being highly hygroscopic,
such ash shows pozzolanic and cementitious
properties when exposed to moisture.
HOPPER SIZING

Hoppers under precipitators and baghouses
should be considered only as funnels. Because
of difficulties with removing flyash that has
been stored for a long time while exposed to
flue gas containing moisture and sulfur, recommendations state there be no specified storage time in collecting-equipment hoppers.5
Minimum hopper outlet size should be 12
inches (diameter or square). In any kase, 6-inch
or 8-inch outlets should be avoided wherever
possible, unless with identical fuels such sizes
proved successful.
The ideal hopper is square in horizontal
cross section. Minimum outlet-chute or hopper
valley angles should be 5 5 degrees from the
horizontal; 60 degrees if space allows. In any
case, hopper sides should have a minimum
slope of 60 degrees. In addition, for precipitators, rounded inside valleys are desirable
with approximately a 4-inch inside radius.
Such rounded corners are not as necessary with
fabric filters because the continuous air
changes promote ash movement.
Stainless-steel linings at hopper corners or
along the hopper's entire lower portion facilitate emptying. Because of size of fields, or
where a given row of hoppers serves more than
one field, it may be necessary to include baffles
in the precipitator. Such baffles should be prop-
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erly designed and positioned with respect to
hopper outlets to prevent bridging. Generally,
the baffle plates should terminate 18 inches or
more above the hopper outlets.6
HOPPER FLUIDIZING DEVICES

A flyash fluidizer, as it is used in a conical or
pyramidal hopper, is a porous membrane
which allows pressurized airflow through it to
be uniformly distributed to the material above,
filling the voids between the particles at a slight
pressure and changing'theeffective angle of repose of the material to promote gravity flow.
Properly located fluidizing devices can help
evacuate hoppers (particularly precipitators) ,
if these devices are ~vell-maintainedand reliably supplied with dry air preheated above
dew-point temperatures. If not, fluidizers will
only aggravate evacuation by caking the ash,
and provide unwanted surface areas for ash accumulation and bridging. Where significant
percentages of combustibles are present in the
collected flyash, the fluidizing-medium supply must be non-oxidizing to prevent destructive hopper fires.
The fluidizing devices referred to are those
located inside the hopper, away from the walls
-1~1
extending out into the dust stream; they are
i t > ! those in the hopper walls or those integral
with the flyash intake valve^.^
HOPPER VIBRATORS

When their operation is properly controlled,
hopper vibrators can help prevent bridging and
ratholing. In the automatic operation of vacuum pneumatic systems, vibrators should be
regulated by ash-evacuation controls to insure
operation only when an "empty hopper" signal
is generated and the evacuation cycle is completed. Routine use of the vibrators during evacuation of damp ash will further compact the
ash and make evacuation difficult.'
It should be possible to manually operate
the vibrators from each hopper to assist
maintenance personnel during emergency
evacuation.

WEATHERPROOF ENCLOSURES FOR HOPPERS

Many owners add skirts to precipitators or
baghouses to keep wind and weather from reducing the hopper metal temperatures. Such
enclosures are highly recommended, although
reducing the heat loss from the hoppers can be
accomplished equally well by judicious use of
insulation and lagging.
Skirts also are instrumental in preventing
hopper plugging. They
.keep ash-handling hardware from being
chilled to low ambient temperatures
provide warmed air from the "hopper room"
for pneumatic transport of the flyash, particularly with vacuum systems
allow inspection and maintenance under
protected conditions
provide a plenum for hot air ducted from the
top of the boiler house, which then makes
heated transport air available without additional energy con~umption.~
CONTINUOUS REMOVAL OF FLYASH

The ideal flyash-removal system is one that
takes ash from the receiving hoppers at the
same rate as it enters. The hoppers then effectively become chutes and there is no time for
cooling, deaeration, or compaction to occur.
There are virtually no such systems in U.S.
utility power plants, and only a few in certain
industrial boiler or process applications. The
majority of multiple-dust-outlet precipitators
and baghouses have their removal systems intentionally designed for intermittent removal
to miniirlize the power consumed by the ashtranspor i system. Such an approach ignores the
harmful impact on the reliability of collection
equi 1mt:nt when hoppers are used for storage.
Ut lit:/ plants in Europe report good experience with continuous removal as have some
industria1 installations in the U.S. In these systems fly ash is transported by either mechanical
or air-fluidized conveyors, instead of by
pneumatic-con eying equipment. It appears
that a princil; 11 feature of such continuousremoval devices is that, with proper valving,
they do ni)t allow any substantial amount of air
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to leak into the precipitator or baghouse hoppers. This feature maintains the gas temperatures in those hoppers above the dew point.5
Air-fluidized conveyors can be used only if
the flyash remains fluid under all conditions of
start-up, normal load, or shutdown. Although
these conveyors are a form of continuous removal, there have been numerous problems in
keeping the ash completely dry during startup. Also, if ash clinkers form, they are impossible to fluidize and transport.
Two types of mechanical conveyors have
been used for conveying flyash-screw conveyors and flight conveyors. Often prone to wear,
screw conveyors are usually used for ash transport only when conveying a relatively small
quantity of material. Flight conveyors move the
ash in a dust-tight casing using elements linked
by a single or double strand of chain..The units
are sized either on a volumetric basis or on an
en masse basis in which the material is conveyed in bulk, without agitation. Flight conveyors have been successfully operated for many
decades on coal-fired units, both in North
America and Europe. When properly designed,
they are relatively insensitive to problems such
as moisture in the flyash and flyash clinkers
(which may force outages in other types of
systems).8
With continuous conveying devices, the system can combine the mechanical conveyor
with a pneumatic pipeline. Mechanical devices
have the ability to move the ash "uphill" to the
top of a storage silo.
FLYASH RECEIVING AND STORING
EQUIPMENT

Flyash storage silos and their related accessories form an integral part of ash-handling
equipment. Silos are made of concrete or steel,
depending upon size, seismic condition, and
plant economics.
On vacuum systems, equipment is required
to separate the-flyash-from the conveying air
stream before it can be discharged into the silo.
This equipment, located on top of the silo,
normally has several stages of separation.

AlRlFLYASH SEPARATION EQUIPMENT

Dual-cyclone continuous-separation modules are the primary mechanism to separate the flyash from the conveying air. The
module contains a primary and secondary cyclone separator (Fig. 31). The centrifugal
action exerted by the cyclone forces the flyash
to drop as the lighter airflow is extracted from
the top. By using an airlock the storage silo
is never under vacuum and the module can
function continuously.
The bag filter receives the flow from the separation modules and acts to precipitate the remaining flyash from the conveying air stream.
This tertiary separation protects the vacuum
pump from unnecessary particulate carry-over.
The bag filter usually features reversed-air
cleaning with a good air-to-cloth ratio.
The vacuum-producing device (blower, vacuum pump, exhauster) which has pulled the
flyash air mixture down the pipeline and
through the discharge equipment, is located at
the side or underneath the silo.
On a pressure system, somewhat simpler filtration equipment is used. Vent fans and motor
drives are mounted on top of the storage silo.
The vent fan should be designed to handle not
only all the air displaced in the silo'by the conveying input stream and silo fluidizing air, but
also the static head required to transport it back
to the precipitator inlet duct. The vent fan
places the silo under a slight negative pressure,
eliminating the possibility of blowing dust out
of the silo. Vent-fan operation can b e synchronized with that of the conveying blowers. Alternately, the vent fan can discharge to a bag filter
atop the silo.
SILO FLUIDIZATION

Flyash, when not allowed to agglomerate
and when fluidized with heated air, takes on
the flow properties of a fluid. To expedite
flyash removal, troughs with fluidizing air are
provided at the bottom of the silos. Traditionally, the fluidizing element was constructed
of canvas or porous stone. But recently, the industry has been using porous laminates of sintered stainless-steel-wire cloth such as used in
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flyash can be removed dry into enclosed vehicles, or so that it can be moistened (to 12-15
percent moisture by weight) for transport in
open vehicles. It is increasingly common for
flyash to be sold for use in landfills, roads and
the cement industry.
Telescoping ash discharge chutes convey flyash dry from the storage silo to a removal vehicle stationed below. Normally, each chute is
capable of extending a full eighteen feet using a
motor-driven-winch retract system. A blower
and piping in each chute vent, back into the
silo, any fugitive dust released during the unloading process. An air-operated gate controls
the inlet flow to the chute and is placed just below a manual maintenance gate. A clean-out
compartment should be included between the
maintenance gate and control gate. This compartment should contain a grid to trap large
clinkers that may form in the silo, and a n access
door for their subsequent removal.

-
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FLYASH CONDITIONERS

Fig. 31 Dual-cyclone module for continuous separation of flyash and transport air (used on vacuumpneumatic systems)

some flyash intakes. This provides a micropofilter that allows controlled amounts of
lted air to pass and fluidize the flyash. The
;ibility of stress cracking that is common
mth fluidizing stones is eliminated with this
metallic material. Because of the microporous
construction, the metallic cloth is highly resistant to blinding; in addition, water will not
penetrate into the porous openings. This will
allow washing of equipment with water without having to remove the fluidizing element.
Fluidizing-air blowers and associated heaters provide the required air to the fluidizing air
troughs. Care must be taken to properly size the
blowers to account for a full head of flyash in
the silo.
Fluidizing hoods, normally one above each
silo discharge opening, minimize the possibility of avalanching, which would adversely affect the operation of the unloading equipment.
Silo discharge equipment is designed so the
17s

Rotary ash conditioners, Fig. 32, add moisture to the flyash discharged from the storage
silo into open-top vehicles. The conditioning
and moisture prevent any fugitive-dust nuisance. An orifice feeder controls the rate at
which the dry material moves from the silo into
the mixing drum of the conditioner. A series of
atomizing nozzles within the drum spray the
material with water as the drum rotates. A longitudinal scraper bar along the full length of
the drum plows damp material from the side of
the drum, causing it to be mixed thoroughly .
with 'he spray water. The continuous tumbling
actio , of he wetted material within the drum
resulc , in ninimal dust at the conditioner outlet. S: ~p plates prevent any tendency for dry
mater 11 to cascade through the drum before
being horoughly mixed with water. Mounted
on a c ntial support, the scraper bar and stop
plates sre readily removed.

OPER 4PIOF.IAL CONTROLS
Ash-hondlin,: controls range from completely manual to completely automatic systems of either the relay, s o l i d state, or
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Fig. 32 Sectional side elevation of rotary-type flyash conditioner
1

programmable-controller type.
When selecting the type of control system
and the degree of automation that should be
employed, many factors should be considered.
First; the more automated the plant, the less
attention paid by the plant operators. If little
attention is paid to ash systems, breakdowns
are inevitable and, when breakdowns occur,
the operators may lack enough knowledge of
the system to take corrective action. For
intermittent-removal bottom-ash and pyrites
systems many utilities select a push-button automatic system in which the operator, at a local
panel, performs the ash-removal sequence. The
operator can judge by the crushing sound of the
grinder, whether each hopper section has been
emptied. If a problem arises, the operator is on
hand to analyze itand take action.
In some cases density meters are installed in
the discharge line of each bottom-ash hopper

section to record the amount of time it takes to
empty each section. By comparing the time to
empty one section with that of other sections,
it's possible to spot signs of trouble.
Similarly, on a vacuum pneumatic system,
the operator can make a check b y examining
the strip chart that records the vacuum in the
pneumatic pipeline. As vacuum can be related
to the ash flow, the operator can easily determine the removal rate and time required to
empty each hopper. Inconsistencies in removal
time andlor removal rate per hopper are signs of
a problem.
On multifield precipitators, programmable
controllers can be used to advantage. As the
front fields will collect ash at a much faster rate
than the rear fields, the operator may choose to
alter the sequence in which hoppers are "visited" by the ash removal system. Such adjustments accommodate unequal distribution
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across the fields, or compensate for fields being
removed from service.
Continuous removal systems obviously require the least sophisticated controls, but onloff
switches, indicating lights, and alarms should
be provided. Programmable controllers are
rarely justified with such systems.4

MATERIAL- AND ENERGYBALANCE CONSIDERATIONS
Water-impounded ash-receiving equipment
beneath a furnace, as previously stated, helps to
quench the ash as it falls from the furnace and
to transpoG'it to a disposal point. The thermal
shock to the hot ash as it enters the lowtemperature water helps to break up the large
pieces, while submerging the ash prevents sintering during the time that it may be stored
(with intermittent-removal systems).
Part of the heat released in the furnace is
transmitted to the ash hopper by radiation from
the burning fuel, but most of the heat input is
from the sensible heat given up to the water by
the hot bottom ash falling from the furnace. The
ash-systems engineer must perform a heat balance to determine the flow of cooling water
rrT*ilired to absorb the incoming heat and
lntain the water temperature at a predeterled level.
Field experience indicates that the temperature of the impounded water should be optimally about 140°F, and should not be higher
than 160°F. Temperatures at this level are effective in rapidly cooling and fracturing the falling ash. Lower temperatures require more
cooling water; higher temperature may prove
uncomfortable or unsafe in the area around the
bottom-ash receiver.

overflow or leakage points
8 the heat removed with the accumulated bottom ash as it is discharged
8 the heat loss by radiation and conveciion
from the outside metal surfaces
The last loss is small and is usually neglected
in view of the unknown accuracy of some of the
other assumed factors.
Fig. 33 is a simplified heat-balance diagram
around a bottom-ash receiver, in this case, a
submerged scraper conveyor with continuous
ash removal. The heat balance forms the basis
for the calculation of the cooling-water flow
needed to maintain a temperature of about
140°F (60°C). In Fig. 33

Q i n = Q out
(2)

where
Q i n = Q ash entering + Q furnace radiation f
Q inlet water = Qae Qfr + Qiw

+

and

+

Q out = Q overflow water Q ash Icaving f Q evaporation
Q external radiation loss + Q water i n ash leaving
= Q o w +Qar +Qe +Qer +Qaw

+

Bottom-

Ash Flow

Furnace
Radiation

BOTTOM-ASH
COOLING SYSTEM DESIGN

Heat is removed from bottom-ash hoppers or
submerged conveyors by
evaporation of water from the surface of the
water pool
8 the heat removed in the water going out the
--

Radiat~onand
Convection
Loss

Overflow
Water Out

Fig. 33 ,te:idy-? ate heat-balance diagram for
furnace Sotiom-, 3h receiver
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MASS AND ENERGY TERMS

FURNACE RADIATION TO THE IMPOUNDED WATER

Before equating and simplifying the above
inputs and outputs so that they can be mathematically manipulated, it is necessary to define
and discuss them further.
HEAT IN THE BOlTOM ASH

The mass of bottom ash, Mba,is the collection
rate, lbhr or kglhr.
Qac

=Mbo

C ash,

(Thotash - Tr)
(3)

where:
Af, = furnace hopper-bottom aperture above

where
of the ash at the mean
temperature between T hot ash and T,
T hot ash = the temperature of the falling ash or
slag as it enters the water pool
= reference temperature for defining
T,
heat contents
The temperature of ash leaving the bottom of
a furnace depends on the thickness of the
pieces dislodged from the walls, the face-metal
temperature of the furnace walls, the temperature of the sootblowing medium, the distance
of fall, and the average gas temperature surrounding the material during its fall. For pulverized coal fired in suspension (without the
use of furnace-bottom grates), the temperature
is estimated to be between 1200°Fand 1800°F,
averaging 1500°F. Obviously, the validity of
the heat-balance cal~ulationdepends on this
temperature to a great extent.
The heat of the cooled bottom ash exiting the
collection device is
C ash,

Furnace radiation passing through an opening in the hopper bottom varies with firing rate,
furnace and firing-system configuration, and
the effective center of the fuel-admission nozzles or burners in operation (measured vertically above the furnace-bottom opening). The
heat transfer is

= specific heat

Qal

= Mba

X

C ashl

X

(t out

the ash receiver
Rf = radiation rate through furnace aperture, Btulhr-sq ft
F,, = fraction of radiation transmitted to
water surface through the space between the furnace bottom and the water, Fig. 34.
A typical value for R,, the heat radiated
through the bottom aperture to the space above
the impounded water, is 20,000 Btukr-sq ft.
Fig. 34 shows that the radiation reaching the
water surface decreases as that surface is located farther away from the aperture, as would
be expected.
HEAT IN COOLING WATER

The mass of incoming cooling water, from
all sources (including any refractory-cooling
water or SSC bearing-flush water), is designated Mi,.

- Tr)
(4)

where:

Ti,
Ci,

where
C ash, = specific heat of the ash at the mean

temperature between t

'

and T,

where
t out = temperature of the water and ash
leaving

= incoming water temperature

= incoming water specific heat

The mass of cooling water leaving, Mom includes any outward leakage, but not the water
entrained by the exiting bottom ash; the latter is
shown as Ma, the mass of heated water leaving
with the ash.

-
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where
A, = total area of ash-receiver water surface
Re = evaporation rate per unit of surface
area
h,, = latent heat of vaporization of water at
Tow

Qow = Mow X Cow X (tow- Tr) and
Qaw = Maw x Cow X (tow - Tr)

-

-

>

(71

where
Cow= specific heat of water leaving
tow = temperature of the impounded water

SIMPLIFICATION
OF THE HEAT-BALANCE EQUATION
If T, the reference temperature, is equal to

HEAT LEAVING IN EVAPORATEDWATER

The rate of evaporation from a water pool
below a large coal-fired furnace is a complex
function of the water temperature, the temperature of the radiating gas, and the other factors
involved in the determination of the radiation
rate. In general, rates between 4 and 10 U.S.
gallonslday-sq ft are to be expected. Large
pieces of slag falling into the water can result
in additional localized evaporation, which is
neither calculable or separable from the overall
effect. It is calculated by

to, the water temperature in the water pool,
Qal, Qow, and Q,, go to zero, then,
Qae + Qjr + Qir = Q11
or
Q~~ + Q ~ ~ Qe
' =+ LMiw X Ciw X (tow - tiw)]
(9)

Note that the mass of water leaving, Mow must
not be less than zero; that is,
Mow = (Miw- Mow - MA

20

(10)

where
Me = mass rate of evaporated water
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In a closed-loop cooling-water system, M,,is
the amount of water that must be cooled and recirculated. The extent of physical cleanup and
chemical treatment applied to this recirculated
water is principally a function of what the system heat-transfer and'pumping equipment can
.tolerate. Generally, the cleanup required for the
low-pressure cooling stream of an SSC is much
less than that for an intermittent-removal hopper with slope jetting nozzles, which use water
at high pressure.
Recirculation equipment size and cost are
sensitive to the ash temperature and quantity,
the furnace radiation absorbed, and the evaporation rate, as shown above. It is important
that economic comparisons of such loops be
based on equivalent boundary conditions,
which include, in addition, the inlet water and
impounded water temperatures.
It is fairly accurate, for these heat-balance
calculations, to use 0.25 Btullb-OF for the specific heat of ash, 1.0 as the specific heat of water, and 1014 Btullb as hhat 140°F.
COOLING-WATER FLOW VARIATION
Two inputs to the equation can vary widely,
greatly affecting the cooling-water flow. First,
the bottom-ash collection is a function of
quantity of fuel burned (boiler load and heating- value of the coal)
percentage of ash in the fuel
p e r c e n t a g e of the total ash that falls to the
furnace bottom
Second, the cooling water temperature can
vary substantially from summer to winter, and
with geographical area.
The designer is faced with the problem of deciding what should be used for ash-collecting
rates and the water temperature to the hopper.
The common design approach requires excess
water because the designer uses maximum
values for all calculations. Systems so designed
will pump and treat excessive quantities of
water when the unit is burning a good fuel
in winter when thecooling water is cold.
The potential difference in cooling water
usage is illustrated in Table 111. This data considers only the water necessary to cool the

incoming ash (not taking into account the radiation and evaporation heat exchange), to point
out how great is the difference between the two
postulated conditions.
If the ash-system was designed to provide the
maximum cooling water at all times, the pumping power consumption would be considerably
greater than needed. Because the purpose of the
cooling water is to maintain the ash-hopper
water at a temperature such as 140°F,it is logical to regulate the flow on a demand basis. This
is done by monitoring the overflow water
temperature and modulating a supply valve.
Tlie system design has to provide for the worst
case (maximum cooling water), but the actual
water use will only be as required, thereby saving pumping power and the cost of cleanup of
the ash-receiver overflow water under many
load conditions.

PROPER INSTALLATION
It is important to state that any ash-removal
system must be installed, set up, checked out,
and deemed ready for use by1a plant startup
crew. There have been many reports of damage
to boiler pressure parts and precipitator elements, with consequent unit shutdowcs caused
by well-designed ash-removal systerhs that were
not ready for use.9
Also, ash, by nature, is a very abrasive material and wear and replacement of worn components are inevitable. Plant personnel must
perform regular inspections of these wear components and make replacements as necessary.

TABLE 111. Cooling Water Usage*
Coal burned, lblhr
Ash content, percent
Cooling water temperature, O F
Ash down, percent
Bottom ash collection, lblhr
Cooling water flow, U.S.GPM

High Use

Low Use

750,000
25
90
50
93,750
1,275

200,000
10
50
30
6,000
45

*Approximate, based on absorbing heat from incoming ash at
only: no radiation or evaporation considered. Ash receiver
water temperature l40P.
1500'F
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CHAPTER 17

Metallurgy and Materials

u

he aim of the designer of a large steamgenerating unit is to use materials and
fabricating methods in the most economical
way to produce a unit that will perform
properly for its planned useful life. Achieving
these objectives requires a fundamental
knowledge of material properties and behavior
under a wide range of manufacturing and ser,'
vice conditions.
With only a few exceptions, steel is the material used in the construction of pressure parts
and support members for boilers. Selection of
the appropriate type of steel involves the following considerations:
the degree of difl-icultyor ease with which a
particular materi*.!canbefabricatedorwelded
mechanical properties of the material such
as strength (including tensile, yield, fatigue,
creep, and creep-rupture strengths), ductility,
and toughness
compatibility with the expected service environment
effect of fabrication practices on mechanical
and corrosion-resistance properties
possible degradation of properties caused by
long-time service exposure.
Because these material-related considerations are so fundamental to both basic de-

sign and details of construction, there needs
to be a close interaction between the designer
and such material-performance disciplines as
metallurgical, corrosion, welding, and materials engineering. All available materials data
evolved through experience and research must
be used in order to properly select materials
and to specify construction details, fabrication
procedures, destructive and nondestructive
tests, and operating limits and controls necessary for satisfactory service.
This chapter presents some of the many considerations relating to the selection of materials
and their operation in service, and describes
typical field-service difficulties. Chapter 26 descri5es the type of laboratory facilities that are
use to \)btainthe materials and metallurgical
dat -eq' ired for boiler design. .

--

SP :C FICA-UONSAND CODES
TI fi st boiler explosion took pl :around
1701 in a British mine in which a primitive
steai I-o.,erated pump had been installed. Over
the I 2x 100 years, there was increased use of
boilers t i s Latior:aryinstallations, but it was the
loss of :sfe resu Ltingfrom marine boiler explosions i~ the ear' y 1800's that led to a pioneering
Am~ricuninve ;tigation by the Franklin Institute of Perlnsylvania in 1830.
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Many state laws subsequently were enacted
to regulate boiler construction and operation,
but not until the period 1911-1914 did the
ASME Boiler Code develop.' Originating basically as a safety code to prevent boiler explosions, the ASME Code today promotes the
acceptance of properly designed equipment on
a national and international basis by assisting
in the standardization of safety rules.
As formally adopted in 1915 and since administered by the ASME, the Code included
many of the earlier regulations and resolved
many of the conflicts in the rules. Since that
time, a majority of the American states, as well
as the Canadian provinces, have adopted boiler
laws which make the ASME Boiler and Pressure Vessel Code the basis of their legal requirements. The rules of the ASME Code are
kept up to date by continuing review of the
Boiler and Pressure Vessel Committee, a group
representing a balance of material suppliers,
fabricators, users, insurers, and enforcement
jurisdictions. This group sponsors regular revisions of the Code to keep up with technical
advancements and responds to questions of interpretation of the rules.
In America, administration of code requirements is the responsibility of the individual
state in which the boiler is to be installed, and
the National Board of Boiler and Pressure Vessel Inspectors coordinates this effort.
Another technical group, the American Society for Testing and Materials (ASTM), incorporated in 1902, prepares and publishes
specifications for purchase, testing, and examination of a variety of materials. This activity,
which is directly related to the Society objective of promoting knowledge of engineering
materials, is carried on through committees
which include representatives-of producers,
fabricators and con~urners.~
Similarly, Committees of the American Welding Society write
specifications for welding consumables.
Such specifications are widely used to procure and acceptance-test materials to meet defined levels of quality, thereby promoting both
safety and economy. Groups such as the ASME
Boiler and Pressure Vessel Committee also use

these materials specifications, either as written
or with modifications, to establish recognized
grades of materials applying to their code rules
for design, allowable stresses, fabrication
methods, and inspection.
The American National Standards Institute
(ANSI) publishes a variety of standards, many
of which apply to boiler and pressure vessel
construction or related uses. Standards such as
ANSI B31.1 (Code for Pressure Piping), the
ANSI B16.5 (Steel Pipe Flanges and Flanged
Fittings) and ANSI B16.34 (Steel Valves) are
frequently used. Several agencies of the United
States government also publish codes and
specifications for certain equipment used in
their power plants and other facilities.
A basic limitation of all codes is that their
rules must be expressed in sufficiently general
terms to cover a wide range of applications.
Because they define only reasonable minimum standards, there are sure to arise cases in
which a power-plant designer must make
further investigation and exercise additional
effort. A great variety of supplementary information is available from publications of the
various engineering societies and from technical bulletins of equipment suppliers.
I

MATERIALS OF CONSTRUCTION

Fossil boiler equipment in electric-generating service operates at high pressures and
temperatures, generally between 2000 and
4000 psig, and 1005" and 1055"F, at the
primary-steam outlet. The material grades
listed in Table I are widely used in boilers designed in North America; there are extensive
data and both shop and field experience with
these ferritic and austenitic steels.
RAW MATERIAL FORMS

The product forms of steel available to the
designer include plates and sheets, forgings,
castings, seamless and welded tubing and piping, and rolled and extruded shapes. All are
limited in size by the facilities and capabilities
of the various material suppliers. Table I indicates several product forms with specifications
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covering the procurement from the ASME
Boiler and Pressure Vessel Code, Section 11, Materials, and from the ASTM specifications.
PLATES

-

-.
-

.

Plates are used in the fabrication of boiler
drums and plate-formed headers. The plates
used to fabricate the shell and heads of these
drums are as thick as 8 inches. Boiler drums are
made of carbon-steel plate, usually either SA515 Grade 7 0 or SA-299.
During the plate-rolling process in the producing steel mill, discontinuities and heterogeneities i n the ingot are elongated i n
the direction of rolling. Because of this, plates
may exhibit what is called directional or
anisotropic properties and may be weaker
when tensile tested across the thickness than
when tested parallel or transverse to the direction of rolling. These directional discontinuities bare generally not harmful except
when they are large enoughin size to affect heat
transfer or are excessive in quantity so as to affect weldability. The customary practice for
heavy plates used in boiler applications is to
apply selective magnetic-particle and ultrasonic examinations to determine that the
material is free of excessive discontinuities i n
ar u s where welding will be performed. See
C,iiapter 18, "Steam Generator Manufacture" for
d .tails on drum fabrication and testing.
TUBING

Steam is generated, superheated, and reheated in steel tubing, commonly between 11/2
and 3 in. outside diameter. Large units may require as much as 300 miles of such tubing. The
tubing is designed to last thelife of the unit (upto
30 or more years) even though, in the case of
superheated-steam tubing or po-vver-plantpiping, it is operated atavisibly "red-hot" temperature sometimes above 1100°F.
From the standpoint of geometrical shape
and physical construction, there is no essential
difference between pipe and tubing. Pipe sizes
are generally designated by their nominal inside diameter for a particular type of service.
Tubes, by contrast, are usually specified in
.-

terms of outside diameter and minimum wall
thickness.
Pipe sizes and wall thicknesses are standardized with consideration of threading ends
for joining together lengths with such fittings as
flanges, nipples, valves, tees and the like. Such
fittings are generally not installed with tubing.
Where pressure-tight connections must be
made, tubes are welded together, or their ends
are expanded into tube sheets.
Selection of the material used depends upon
the actual metal temperature to be sustained.
The steam-generation tubes are primarily of
carbon-steel material in recirculation-type
subcritical-pressure units. In low-temperature
regions the superheater and reheater tubing is
also of carbon-steel analysis. As steam temperature increases to the outlet value, selection
then progresses through carbon-molybdenum
steel, then low chromium-molybdenum steel,
intermediate chromium-molybdenum steel,
and finally austenitic stainless steel, depending upon the design metal temperatures in
the various areas. Austenitic stainless steel
contains sufficient amounts of such alloying
elements as nickel and chromium to retain
austenite, a solid solution of carbon in gamma
iron.
For many years, Grades TP 321 and TP 321H
austenitic stainless steel had been used for
high-temperature service. But changes in the
ASME Boiler Code allowable stresses have favored Grades TP 304H and TP 347H, with these
latter grades most widely used at present. Alt h igh
~ Grade TP 316H is seldom used in the
tu! 1g qrtions of the superheater, it has been
an ~ i continue
l
to be used when austenitic
sta es: piping and headers are required for
ster; I tc lperatures of 1100°F and higher.

FOF 311 GS
Bc le drums and similar vessels may use
forg ng for reinforcing rings around openings
and nt zzles; some moderately sized highpressur: vessels are made entirely by ! ging.
In mos Gases, .he largest opening requirc d for a
boiler rurnis ,in access opening of about 16 in.
inside di: ~neter,which is reinforced by a forg-

'*

COrnrnON
Metallurgy and Materials

ing welded to the drum head. Forgings are also
used for fittings, valves and flanges.

supported by developments in nondestructive
testing such as radiography and ultrasonic
examination. Some parts and attachments in
boiler service are exposed to high temperatures
approaching the local gas temperature. Heatresistant alloys such as 25% Cr -12% Ni (AISI
type 309) are required for such items. As is
common in many industry publications, steel
of this type will be referred to throughout this
chapter without the percentage qualifier as 25

CASTINGS
Castings have not been widely used as boiler
pressure parts except in special applications
such as valve or pump bodies, where the relative ease in forming thick-walled spherical and
other special shapes has been an advantage.
Techniques in casting steel have improved,

Table I.Materials Used in Boiler Construction
ALMY

Carbon Sled
Low-Strengfi

Intermediate
Strength

Hilh Strength

FERRITICALLOYS
CO.5Mo
1Cr-0.5 Mo

1

1.25Cr-0.5Mo

Pmdud
Form

ASME
or
ASTM
Spec.

Grade

ksi

Tubes
SA-192 . . .
Tubes (ERW) SA-178 A
Tubes(ERW) SA-226 . . .

Composition, % (a)

Minimum Minimum
Tensile Yield
Strength Strength

C

hIn

P

S

Si

(47)

(26)

...

...

(47)

(26)

0.06-0.18 0.27-0.63 0.048 0.058 0.25
0.06-0.18 0.27-0.63 0.050 0.060 ...
0.06-0.18 0.27-0.68 0.050 0.060 . . .

60
60
60
60

37
37
35
30

0.27
0.35
0.30
0.25

0.93
0.30
0.29-1.06
O.iO

0.048
0.050
0.048
0.040

.. .

58

36

0.26

. ..

0.040 0.05

C

70
75
70
70
70

40
40
38
36
36

0.35
0.30
0.35
0.35
0.30

0.29-1.06
0.86-1.55
0.90
0.60-1.05
1.00

0.048
0.035
0.035
0.040
0.04I1

Si

Cr

hlo

...

...

...
...

..,

. ~.

...
...
. ..

,..

. ..

0.058 O.1OMin . . .
0.060 . .
...
0.058 O.1OMin . . .
0.045 0.60
.. .

Tubes
Tubes (ERW]
Pipe
Castingslb)
Structural
Shapes

SA-210 A-1
SA-178 C
SA-106 B
SA-216 WCA

Pipe
Plate
Plate
Forging
Casting (b)

SA-106
SA-299
SA.515
SA-105
SA-216

Tubes

SA-209 T1

55

30

0.10-0.20 0.30-0.80 0.045 0.045 0.10-0.50 .,. .

Forging
Tubes
Pipe
Plate
Forging

SA-336
SA-213
SA.335
SA.387
SA.182

F12
T12
PI2
12C12

F12

70
60
60
65
70

40
30
30
40
40

0.10-0.20
0.15
0.15
0.17
0.10-0.20

0.30-0.80
0.30-0.61
0.30-0.61
0.36-0.69
0.30-0.80

0.040
0.045
0.045
0.035
0.040

0.040
0.045
0.045
0.040
0.040

0.10-0.60
0.50
0.50
0.13-0.32
0.10-0.60

Tubes
Pipe
Plate-- '
Forging
Castinglb)

SA.213
SAX5
SA-387
SA-182
SA.217

TI1
PI1
11C12
F11
WC6

60
60
75
70
70

30
30
45
40
40

0.15
0.15
0.17
0.10-0.20
0.20

0.30-0.60
0.30-0.60
0.36-0.69
0.30-0.80
0.50-0.80

0.030
0.030
0.035
0.040
0.040

0.030
0.030
0.040
0.040
0.045

A36

...
70

.. .
~VCB

-

.

0.058
0.040
0.04
0.050
0.045

...

...

...

...
...

...

.. .
O.1OMin
0.13-0.33
0.13-0.33
0.35
0.60

. ..
.. .
...
...

...
. ..

,

.,.

.. .
...

...

0.14-0.65

:,

...
. ..

...

,..

..,
..,

. ~.

...
...
...

0.80-1.10
0.80-1.25
0.80-1.25
0.71-1.21
0.80-1.25

0.45-0.65
0.44-0.65
0.44-0.65
o.-~O-o.tij
0.44-0.65

0.50-1.00 . . .
6.50-1.00 . . .
0.44-0.86 . . .
0.50-1.00 . . .
0.60
.. .

1.00-1.50
1.00-1.50
0.94-1.56
1.00-1.50
1.00-1.50

0.444.65
0.44-0.65
0.40-070
0.44-0.65
0.45-0.65
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Cr - 12 Ni. Many of these parts are cast, but forgings and plate have also been used.
Castings are also advantageous in such boiler
components as stokers and pulverizers where
parts can be made to desired shapes with little or
no machining. Composition of the iron or lowalloy steel may be varied to match the severity
of the specific temperature service. For exarnple, gray cast iron is often used in many items of
power-plant equipment because of its vibrationTable I. Materials Used in Boiler Construction
Product
Form

ALLOY

ASME
or

Grade

ASM
Spec.

damping characteristics. Ductile-iron and steel
castings are also frequently used. Where wear
resistance is a major requirement, special alloy
iron castings and forgings of hard, abrasionresistant materials are available for liners, grinding rings, rolls and other parts.
STRUCTURAL MATERIALS

A considerable amount of steel in structural
and sheet form is used for support and gas-

-Continued

Minimum Minimum
Tensile Yield
Strength Strength

ksi

Composition, %(a)
C

Mn

P

S

Si

Ni

Cr

Mo

60
60
60 (c)
75 (d)
75
70

30
30
30 (c)
45 (dl
45
40

0.15
0.15
0.17

0.30-0.60 0.030 0.030 0.50
0.30-0.60 0.030 0.030 0.50
0.27-0.63 0.035 0.035 0.50

...
...
...

1.90-2.60 0.87-1.13
1.90-2.60 0.87-1.13
1.88-2.62 0.85-1.15

Forging
Castinglb)

S.\-213 T??
Sh-335 P?2
SA.387 22Cll
SA-387 C12
SA-182F22
SA-217 WC9

0.15
0.18

0.30-0.600.0400.0400.50
0.40-0.70 0.040 0.045 0.60

...
...

2.00-2.50 0.87-1.13
2.00-2.75 0.90-1.20

Tubes

S.4-?I3 T5

60

30

0.15

0.30-0.60 0.030 0.030 0.50

. ..

4.00-6.00 0.45-0.65

Tubes

SA-213 TY

60

30

0.15

O:JQ0.60

0.030 0.030 0.25-1.00

.. .

8.110-10.00 0.90-1.10

Forging

SA-213
SA-376
S.\-240
S.4-210
SA-182

75
75
75
75
75

30
30
30
30
30

0.04-0.10
0.04-0 10
0.08
0.04-0.10
0.04-0.10

2.00
2 00
2.00
2.00
2.00

0.040
0 040
0.045
0.045
0.040

18Cr-lONi-Ti

Tubes jL

S.i.213 TP321H 75

30

0.04-0.10

10

18Cr-lONi-Cb

Tubes(fl

SA-213 TP347H 75

30

0.04-0.10

16G-12Ni-2Mo

Tubes
Pipe
Forging
Plate
Structural
Sheet

SA-213
SA-376
SA.182
S.4-240

TP316H
TP316H
F316H
316H

75
75
75
75

30
30
30
30

0.04-0.10 L
0.04-0.10 2.11
0.04-0.10 2.0'
0.04-0 10 2.01

A167

3161

70

25

0.0'3

2.01

Casting

S A X 1 CH20

70

30

0 20

1.5L

2.25 Cr-1 Mo
i

5b 4 . 5

MO

9 CC-1 MO
-

Tubes
Pipe
Plate

-

AUST3

iC
Tubes
ALLOYS P ~ p e
Plate

25 Cr-12 Ni

la1 Singlevaluesshocvnare maximums.
Ibl Rwidualelernentsnuttoexceed I.W'h.
[cl Annealed.

TP 304H
TP304H
304
304H
F304H

-

18.00-20.00
18.00-20.00
18.00-20.00
18.00-20.00
18.00-20.00

. ..
. ..
.. .
.. .
. ..

0.040 0.030 0.75

9.00-13.00 17.00-20.00

. ..

7.040 0.030 0.75

9.00-13.00 17.00-20.00

. ..

040
'040
MO
1.045

0.030
0.030
0.035
0.030
0.030

0.75
0.75
1.00
1.00
1.00

0.030
0.030
0.030
0.030

0.75
0.75
1.00
1.00

8.00-11.00
8.00-11.00
8.00-10.50
8.00-12.00
8.00-11.00

11.00-14.00
11.00-14.00
10.00-11.00
10.00-14.00
10.00-14.00

16.00-18.00
16.00-18.00
16.00-18.00
16.00-18.00
16.00-18.00

2.00-3.00
2.00-3.00
2.00-3.00
2.00-3.00

0 045 0.03 1.00

- --

0.060 0.04c.
--

2.00

Id1 Surmalizd.
Irl litaniam contrnt nut lessthan burlimescarbun ~untentand I: .num~i!anO!: .,>.
If1 (b t Tanut lessthanri~htlimesIhecarboncon!-ntand nut rn .<elha,: I.UU'%.

12.00.15.00 22.00-26.W
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enclosure purposes. The basis of selecting the
appropriate steel involves design considerations similar to those used for pressurecontaining service.
Generally, large utility boilers are suspended
from large girders at the top of the unit to allow the unit to expand downward with an increase in temperature. Supporting extremely
heavy loads, the girders operate at ambient
temperatures which may be quite low, say
-40°F. Therefore, they must be designed and
fabricated to exhibit adequate toughness for resistance to brittle fracture. The precautions described in the later sectionon heat treatment
are applicable to these structures as they are to
the pressure vessels.
In some instances, as with flue-gas scrubber
systems, compatibility with a corrosive service
environment is of critical importance to the
selection of the appropriate grade of steel.
WELD METALS

The metals used in welding drums, headers,
tubing, ducts and other platework must be designed to exhibit properties compatible with
the base metals. The composition of the weld
filler metals and fluxes, when these are required, must be tailored to each different welding process used in the shop and field.

METALLURGICAL
FUNDAMENTALS
For purpose of classification, the science of
metallurgy is ,generally divided into turofields:
process metallurgy, the science of obtaining
metals from their ores, and physical metallurgy, the science concerned with the physical
and mechanical characteristics of metal and alloys. These fields, in turn, are part of the basic
sciences of chemistry and physics involving
the study of the structures of atoms-their sizes
and forces of attraction and the arrangements of
these atoms in forming molecular structures,
grain structures, and grain boundaries of multicrystalline materialsa3
PHASE DIAGRAMS
Some metals used for engineering purpc

s

I

1

Fig. I Solid-solution random distributionof atoms

are commercially pure. This is true of copper
for electrical wiring. Deliberatelq combining
elements to form an alloy can enhance mechanical or physical properties. Some combinations
result in a single-phase, solid-solution alloy. It
is called single
because the atoms are
- phase
dissolved in the structure such that visual,
microscopic and X-ray observations reveal a
single crystal structure. Such a solid solution
most readily forms when the two components
are similar in atomic size and in electronic
structure. The distribution of the at0n.s may br
random (Fig. I),ordered (Fig. 2), or interstiti<I
(Fig. 3).
Element combinations may result, however,
in a mixture of two or more phases. Fig. 4 shows
a two-phase structure of sigma phase in type
321 austenitic material. Sigma phase is a hard
and brittle intermetallic compound of var-

Fig. 2

' !id-solution ordered distributionof atoms

LUMbUarLUAY
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Fig. 3 interstitial distributionof atoms in solid solution of carbon in iron (face-centered'cubic structure)

,

.

"

_

iable composition that adversely affects the
room-temperature ductility of stainless steel.
Fig. 5 shows a two-phase structure of pearlite
(alternatelamellae of cementite and ferrite) and
ferrite (carbon steel SA-192 of Table 1).€ementite is a compound of iron and carbon known as
iron carbide of the approximate formula Fe3C,
characterized by an orthorhombic crystal structure; ferrite is a solid solution i n which alpha
iron is a solvent, characterized by a bodycentered cubic crystal structure.
The phase relationships depend upon temperature. Fig. 6 shows a phase diagram for a
simple system of lead and tin at equilibrium
conditions. This diagram can be used as a map
to determine the phases present at any particular temperature and composition. For example,
at 50 percent tin and 21Z°F, the phase diagram
indicates two solid phases. Alpha is a solid solution of lead with some dissolved tin; beta is
almost pure tin with very little dissolved lead.

.

Fig. 4 Two-phase structure of sigma phase in austenitic type 321 material at 500X. Ten-percent
potassium hydroxide etch, one half second

Z
I
/
Fig. 5 i- ,vo->ha:-;: structure of pearlite an., rrite in
'ow carboxr steel at 500X. Two-percent nital dch

'\

1800r p+Y
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~ e e r " : j "n9eFerrite (a),andCarbide (C)
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1

Fig. 6 Equilibrium diagram for a simple system of
lead and tin

At about 400°F, an alloy of 10 percent tin and 90
percent lead lies in an area which is entirely in
the alpha phase. It is a solid solution of lead
with some tin dissolved in it. At the same
temperature, but for 30 percent tin and 70 percent lead, the phase diagram indicates a mixture of liquid and solid solution. If this latter
, composition were heated to a temperature of
5 7 5 T , it would become all liquid.
The phase fields in equilibrium diagrams, of
course', depend on the particular alloy systems.
When copper and nickel are mixed, the phase
diagram is as shown in Fig. 7. This phase diagram is comparatively simple, as only two
phases are present. In the lower part of the diagram, all compositions form only one solid so. lution and therefore only one crystal structure.
Fig. 8 shows a portion of the phase diagram
for the iron-carbon system. The phase relations

1

1455°C Atomic % C O D D ~ ~

Ni

20 40 60 80
Weight Oh Copper

Austenite Irl

I
Fig. 8 A portion of the iron-carbon phase diagram
showing temperature of importance to the heat
treatment of carbon steel

for a ternary alloy become more complex as
shown for an iron-carbon-chromium alloy in
Fig. 9. Such phase relationships are used in
regulating heat treatments in alloys.

(

3aar

a+Yg~id

Liquid
-

1

CU

1

I

Fig. 7 Simple two-phase equilibrium diagram of
nickel and copper

Fig. 9 Iron-chromium-carbon alloy phase diagram
(15% chromium)

% Carbon
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T-T-T CURVES

GRAIN STRUCTURE

The phase relations such as shown in Figs. 6,
7, 8, and 9 are representative of equilibrium
conditions obtained as a result of slow heating,
slow cooling and long time at temperature.
Time is required for change from one phase to
another. Energy change is involved. Reaction
rates are usually faster at higher temperatures
except near the temperature of transformation
from one phase to another where extra energy is
required to nucleate a new phase.
Temperature-time:transformation curves
(T-T-T) exemplify reaction rates for phase
changes. The Fig. 10 T-T-T curve is for a steel of
0.8 percent carbon content shown in the Fig. 8
equilibrium diagram. It can be seen that rapidly
cooling this steel to low temperature allows the
gamma phase (austenitic material) to be present down to low temperature for a considerable
time period before transformation occurs. The
transformation product at this low temperature
differs from what it would be if transformation occurred at a higher temperature, and
is of higher hardness and strength with sufficiently high. carbon content. This transformation product is a hard material called
martnnsite. Such a phenomenon is one of the
bac methods of varying properties of steel by
1
treatment. Each alloy subject to phase
ct 1.1yes with temperature change exhibits a
cfiaracteristic T-T-T curve.

A grain is a single crystal usually without a
regular external crystalline shape. In a solid,
the presence of surrounding grains usually
controls its shape. Within any particular grain,
all of the atoms are arranged in one pattern,
characterized by the unit cell. But at the grain
boundary between two adjacent grains, there is
a transition zone not directly aligned with
either grain. Fig. 11shows this transition zone.
When a metal is observed under a microscope, although the individual atoms cannot be seen, the grain boundaries can be readily
located if the metal has been smoothly polished
to a mirrorlike surface and etched with an acid.
The grain boundaries will 6e attacked differently from the body of the grain and become
visible. Different phases will also become visible. The grain boundaries of the single-phase
austenitic alloy (Fig. 12) shows fine and
coarse-grained material (ASTMA-213-TP 321).
Thermal treatment can regulate the grain
size. An increase in temperature causes increased thermal vibration of the atoms. This vibration facilitates transfer of atoms across the
grain boundary from small to large grains. A
subsequent decrease in temperature slows or
stops the process, but does not reverse it.
Grains may grow through mechanical working,
by the use of heat treatment, through phase
changes, or a combination of these methods.
The only way to refine the grain size is to dis-

' L .
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Fig. 10 Time-temperature-transformtion (T-T--0
curves for steel in Fig. 8 with 0.8 percent of carbon
(eutectoid)
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tort, break, or remove the grains which have
grown and start new grains. The process depends upon the characteristics of the particular
alloy involved. Grain growth will occur only
above certain temperatures and depends upon
time at temperature. This temperature may be
quite low with some materials which have been
critically cold-worked.
The ASTM has standardized a grain-size
index in which the grain-size number, n, i s obtained as follows.

N

=2"-I

(1)

where N is the number of grains observed per
square inch at a linear magnification of 100X.
For most metals, the grain size ranges from
number one to number eight, number one being
a large grain and number eight a small grain.
Because the properties of metals vary greatly
depending upon grain size, proper control
must be exercised.

Fig. 12 Grain-size boundaries of single-phase austenitic alloy showing fine and coarse grained material (ASTM A-213-TP321). Grain-size number eight
and smaller (top) and fourto seven (bottom) at 1OOX.
Sixty percent nitric acid etch

As discussed previously in the section on
T-T-T curves, plain carbon steel is hardened by
quenching in water to cool the piece rapidly,
thereby avoiding transformation at the fastest
reaction rate temperature of 1000°F ,("nose" of
Fig. 10 T-T-T curve). This is possible if the
thickness of material is small enough to cool
completel~~
at the required rate. But a large
thickness piece cannot be cooled fast enough at
the center of the thickness, and transformation
will take place more rapidly and at a higher
temperature at the center. This results in a
softer transformation product.
Alloy additions to this steel retard the transformation rate (shift the curve of Fig. 10 to the
right) and allow hardening to greater depths.
This also permits less severe quenching and results in lower thermal stress with reduced possibility of cracking. Highly alloyed steels may
be hardened by air cooling. Because steels
hardened to high values are also brittle as hardened, a reduction of hardness is generally ac-complished by reheating to an intermediate
temperature. This markedly improves toughness. This process is called tempering.
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HEAT TREATMENT
- Table 114 helps to understand some of the
processes whereby metallic structure can be
changed through heat treatment. Thermal
treatment can markedly affect ductility and
toughness of base metal, weld metal, and heataffected zones; the type of treatment is selected
with knowledge of the material property needs
during fabrication and in service.
Thermal treatment is often required to soften
zones which become cold-worked in local
areas during the forming operations. Whether
such treatment is necessary depends on the
degree of cold work, the likelihood of subsequent strain aging, and the potential for
controlling the degree of cold work developed during processing.
Though careful handling of large parts can
sometimes prevent the development of heavilycold-worked surface areas, this is not usual.
And heavily cold-worked zones can act as
crack starters, causing brittle failures below the
nil ductility temperature. On a finished part,
such zones can also senre as nuclei for starting
cracks at low temperatures under shock conditions. Heat treatment minimizes this effect.
During fabrication, welds may require thermal treatment to eliminate cracking. Heavy
plates of carbon steel (more than 5 in. thick)
and lighter plates of low-alloy steels have been
known to crack if allowed to cool to room
temperature after welding. Steels such as these
may require heat treatment before cooling from
preheat temperatures. This treatment, which
may be at a relatively low temperature (600' to
1000°F) for a short time, eliminates cracking.
Necessary for certain structures, it is generally
termed an interstage thermal treatment. This is
because it is applied to individual parts of
-an assembly or after partial welding of
subassemblies.
When processing steels for high-temperature
operation, it is important to tailor the thermal
treatment so that the material will remain stable during the service life. Such custom treatment will avoid the development of serious defects, such as "eyebrow" or "chain-type"
graphitization (of carbon and carbon-molyb--

denum steels), strain-induced precipitation
cracking (particularly possible with the
stabilized austenitic steels), aging embrittlement, large grain size (which may cause excessively low ductility) and low stress-rupture
strength or creep-rupture ductility.
Some steels are susceptible to very low
ductility in a narrow range of elevated temperature. Such a condition, combined with the
presence of stress, can produce sufficient strain
to exhaust the ductility and result in cracking.
This can occur with operation in the lowductility temperature range, or in passing
through the low-ductility temperature range
during application of a postweld heat treatment. The latter is known as stress-relief cracking or reheat cracking. The characteristics of
such susceptible materials must be established
for proper handling.
With steels to be used at low temperature,
thermal treatment may be advisable to ensure
resistance to brittle fracture. Carbon steels improperly deoxidized are subject to loss of
toughness and ductility by quench aging. If not
corrected, this deficiency can result in failure
during fabrication or operation. Small defects
(such as cracks at arc strikes) can exhibit residual stresses as high as the yield point at the
defect and may act as crack starters with additional loading. If thermally treated, such areas
are generally relatively harmless. For some
combinations of conditions, the use of careful
nondestructive tests to prove freedom from
macroscopic defects may allow the thermal
treatment to be eliminated.

MECHANICAL PROPERTIES
OF STEEL
Certain mechanical properties of steel affect
its fabrication and service. Among these are
tensile properties, hardness, toughness, fatigue
strength, and high temperature characteristics.
TENSILE PROPERTIES

The standard tension test provides data on
yield strength, tensile strength, and ductility.
When metals are pulled (stressed) with a uni-
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Table 11. Heat-Treating Processes
Process

Example

Purpose

Procedure

Annealing

Cold-worked
metals

To remove strain hardening" and increase ductility

Heat above recrystallizationb
temperature

Annealing

Steel

To soften

Heat into austeniticcrange and
slow cool

Normalizing

Steel

Homogenization and strain
reliefff

Process
annealing and
stress-relieving

Steel

To soften and toughen

Heat close to, but below, the
eutectoidd temperature

Spheroidizing

Steel

To soften and toughen

Heat for a sufficiently long time
close to, but below, the eutectoidd
temperature

Quenching

Steel

To harden

Quench from austenite to martensitee. (This is followed by
tempering.)

Tempering

Quenched
steel

To toughen

Heat briefly at low temperature

Austempering

Steel

To harden without developing brittle martensite

Quench from austenite to a low
temperature below the noser
of the transformation curve, but
above the martensite transformation
temperature. Hold until transformation is complete.

Marquenching

Steel

To harden without quench
cracking

Quench from austenite to a temperature below the nose of the
transformation curve, but above
the martensite transforming temperature. Hold until temperature
has equalized. Cool slowly to
martensite. (This is followed by
tempering).

Solution
treating

Stainless
steel

To produce a single phase
alloy

Heat above the solubility curve
into a single phase area and
quench to room temperature.

Age-hardening

Various ferrous
and nonferrous alloys

To harden

Solution treat. Cool to provide
supersaturation. Reheat to an intermediate temperature until the
initial precipitation starts. Cool
to surrounding temperatures.

-

L

A

-

. Heat into austentic range and air
cool

"When a sufficient stress is applied to a metal such that the piece does not return to its original dimensions, the yield strength has been exceeded. Because most metals are weaker in shear than in pure tension. they yield by plastic shear or slip of one plane of atoms over another.
This slip occurs most readily along planes containing the greatest number of atoms per unit of area. These parallel planes are more widely

,.
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separated than other planes. Plastic movement along these planes causes distortion of the planes because of restraint of surrounding metal
and allows added amount of slip to occur less readily. This resultant increase in strength is called strain hardening.
Because plastic deformation at low temperatures causes distorted crystal patterns, the tendency is for the atoms to return to a more perfect
unrestrained condition. Heating to a higher temperature increases thermal vibration of the atoms which allows readjustment to take place.
As such readjustment also results in decreased hardness. the temperature of marked softening is called the recrystallization temperature.
Recrystallization temperature depends upon degree of plastic deformation (cold work), time at temperature, material, and mserial purify.
Generally, it is between 1/3 and YZ of the melting temperature (degrees absolute). Plastic deformation at temperature below therecrystallization temperature is called cold working whereas above the recrystallization temperature is called hot working.
A solid solution in which gamma iron is the solvent: characterized by a face-centered cubic crystal structure.
See Fig. 8. Eutectoid temperature is 1330°F. Eutectoid carbon content is 0.8 percent.
A n unstable constituent isquenched steel, formed without diffusion and only during cooling below acertain temperature known as the M,
temperature (see Fig. 10). The structure is characterized by its acicular or needlelike appearance on the surface of a polished and etched
specimen. Martensite is the hardest of the transformation products of austenite. Tetragonality of the crystal structure is observed when the
carbon content is greater than about 0.5 percent.
'SeeFig. 10. "Nose" of curve is at approximately 1000°F. The start of martensite transformation on cooling for this steel is approximately
500°F.

axial increasing load, the material stretches
(strains). Diagrams such as Fig. 13 show the
relationship between stress and strain for
specific materials. With increasing load, the
material strains elastically until it reaches the
yield point. During this period of elastic behavior, there is no permanent deformation;
strain is directly proportional to the stress. This
relationship is described by Hooke's Law
which states that stress' equals strain multiplied by the modulus of elasticity (Young's
Modulus) of the material.
Continuing to increase the loading beyond
the yield point results in plastic strains and
eventual breakage of the test specimen.
Ductility is a measure of the amount of plastic

I Steel
Yield Point or Proportional Limit
...

A to YP Elastic Deformation
YP to X Plastic Deformation
X Breakage of Tensile
Specimen
A

Strain

-

Fig. 13 Stress-strain curve for two steels with different strength and ductility

-

deformation the steel will sustain before breaking. It is usually expressed as a percentage
elongation or reduction in cross-sectional area
of the test specimen. How much plastic strain a
steel will exhibit is quite variable and is generally inversely related to the tensile strength of
the material. High-strength steels typically will
exhibit much less ductility than softer, lowerstrength steels.
Because the true yield point is difficult to establish with any accuracy, most current tensile
testing of steels involves the determination of
yield strength rather than yield point. Yield
strength, which can be easily established, is defined as the stress necessary to produce a
specified value of plastic elongation, usually
0.1, 0.2, or 0.5 percent as measured over the
gage length of the tensile specimen.
Most of the specifications covering the steels
used in the construction of a boiler require
room-temperature tensile testing with minimum values of tensile strength, yield strength
and ductility specified. But for design purposes, the tensile and yield strength of each
grade of steel used needs to be determined at
temperatures up to the creep range of the grade.
Various organizations including the producers
and fabricators of steel perform such tests and
the data from these tests are used by the ASME
Boiler and Pressure Vessel Code to set maximum allowable stresses.
Some of the many product form specifications-most noticeably those for pipe and
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tube-require various deformation tests such
as flattening, flaring, or bending. These additional tests of ductility provide evidence of the
ability of the steel to withstand fabrication or
installation operations such as bending, swaging and tube expansion.
HARDNESS

The hardness of a material is a measure of resistance to plastic deformation and is related to
the tensile strength of the steel. It is also used as
an indicator of the machinability and abrasion
resistance of a steel. Usually, hardness is determined by Brinell, Rockwell, or Vickers tests
in which a small ball or pyramid-shaped point
is pressed into the surface of the metal with a
specified force for a specified time. The size of
the indentation is measured automatically or
by microscope and is expressed as a hardness number. The smaller the indentation, the
higher the hardness number.
The use of hardness testing is permitted in
some material specifications to approximate
tensile strength. ASTM Specification A-370
contains hardness-to-tensile-strength conversion charts for different groupings of steels. In
some material specifications, particularly
those in which the ductility of the steel is important to its workability, maximum hardness
values are specified.
TOUGHNESS

Under most circumstances, steel can tolerate
localized stresses above the yield point by plastically absorbing and redistributing these
stresses. But under certain conditions, even
steels having considerable ductility are subject
to a brittle (cleavage) mode of failure when subjected to concentrated stresses at low temperatures. The property of toughness is the ability
of a material to resist this failure.
Various impact tests evaluate the property of
toughness. One of the more commonly used
tests is the Charpy V-notch impact test. In this
test, a swinging pendulum strikes a single blow
to a notched horizontal specimen supported on
both ends. The energy absorbed by the speci-

men is related to the height of rebound-and is
expressed as ft-lbs.
The mode of failure in the impact test
changes from ductile (shear) to brittle (cleavage) as the temperature is lowered. The temperature range at which this occurs is called the
transition range. Material within or below its
transition temperature range may crack extensively if subjected to an impact load, or if
construction'details are such that localized
yielding is prevented.
The transition temperature range depends
upon the particular metal composition and
melting practice as well as the subsequent
working and heat treatment. For many types of
carbon or low-alloy steels, the transition temperature may be as high as 70°F or above. The
possibility of brittle fracture must be considered in the fabrication of materials (bending
and forming in various manners), in testing the
finished structure, and in any service involving
operation below the transition temperature.
Care in design, fabrication, inspection and,
when necessary, field repair, is required to
eliminate conditions which might promote
brittle fracture.
Fig. 14 shows the impact strength versus
temperature for a material having a,high transition temperature. Also shown are the broken
surfaces of the impact specimens in which there
is a ductility variation with the temperature
of testing. The material tested at the lower temperature has broken in a cleavage fracture
along crystallographic planes and shows a
shiny-grain appearance which at one time led
to the mistaken impression the material had
crystallized. Actually, what appears in the figure is the progression from a brittle-cleavage
fracture to a ductile-shear fracture as the temperature of testing is increased. Corrosionresisting pressure vessels of this material may
be successfully fabricated and used provided
sufficient consideration is given to this property. The importance of the degree of stressconcentrating mechanical notch in this type
material is shown in Fig. 15.
The examples given are for chromium-iron
materials having a particulady high transition
-

7
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peratures. Austenitic stainless steels and metals such as copper and aluminum, in general,
do not change abruptly in toughness as a function of temperature and may be used to temperatures as low as that of liquefied air.
FATIGUE STRENGTH
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Fig. 14 Relationship of impact strength to temperature for a material having a high transition temperature. (16% Cr weld metal)

temperature. Steels used in boilers have transition temperatures considerably below that
shown in the example. Metals to be stressed in
operation at low temperatures are selected
based upon these considerations and purchased to specified impact requirements.
Heat-treatable steels in the quenched and
tempered condition may have considerably
improved transition-temperature properties.
High-nickel steels exhibit low transition tema

The stress a material can withstand under repeated application and removal of load is less
than that it can withstand under static conditions. The yield strength, which is a measure of
static stress a material can sustain without appreciable permanent deformation, can be used
as a guide in design only for material subjected
to static loading. Dynamic, cyclic loading
causes slip and cold-working in minute areas
localized at grain boundaries and at stressconcentrating notches of various types.
As sufficient work-hardening develops, microscopic cracking develops and grows until
complete fracture results. Fatigue strength is
the magnitude of a cyclic stress which a material can resist for a specified number of cycles
before failure. But at sufficiently low stress
levels, many materials can tolerate an almost
infinite number of cycles. Fig. 16 shows the endurance limit for one material.
Areas of peak stress such as changes in section or stress-concentrating notches promote
the localized concentration of cyclic strains.
Fig. 17 shows the photoelastic distribution of
stress in a welded waterwall tube panel when
subjected to an in-plane tensile load. Fatigue
evaluations of welded walls have included
cyclic-loading testing of full-size panels under
bending and in-plane loads.'With such testing,
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Fig. 15 Effect of radius of notch (shown by stress
concentration) on impact values of 18 percent Cr
weld metal
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Fig. 16 Endurance limit for a hot-worked bar stock
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Peak Stress

a
Fig. 17 Photoelastic pattern showing peak stress in
welded waterwall tubes

endurance limits for the actual as-built component have been established.
Figs. 18 and 19 present an example of fatigue
cracking. The cause of the crack was an unanticipated gas-flow-induced vibration of the
superheater tube. Antivibration restraints have
been applied to correct this type of problem.

-

HIGH-TEMPERATURE
PROPERTIES
At temperatures exceeding about 650°F,
most steels suffer a gradual decrease in tensile

and yield strength. At still higher temperatures, the strain in a material is a function not
only of the applied stress but also of the time
under stress at temperature. In this hightemperature range, the metal will deform
(creep) continuously even at stresses much
lower than the short-time yield strength. If held
for sufficient time under these conditions, the
material will rupture.
Because no way has been found to predict
this behavior quantitatively from short-time
tests, it is necessary to perform tests of creep
and stress rupture at several stress levels,
temperatures, and over time periods as
long as possible. Such tests, and extrapolations as necessary, establish values of creep
strength and stress-rupture strength. The creep
strength of a metal at a certain temperature is
the steady stress that produces a specified low
rate of elongation. For long-time service, such
as ASME Boiler Code applications, a creep rate
,of 0.01 percent in 1000 hours is used. The
stress-rupture strength is the steady stress required at? particular temperature to cause rupture in a specified long period of time.
Fig. 20 illustrates how creep and rupture
strengths for a 2% Cr-1 MOsteel are established
from test data. Creep-rate data for 100O0,1100°
and 1200°F are plotted versus stress. The intersection of these data lines with that for 0.01
percent in 1,000hours sets the respective creep
strengths of 7,800 psi, 5,000 psi and 2,400 psi.
The other curves show rupture life versus
stress for the same three temperatures. Lines
through these data are extrapolated to 100,000
hours to establish rupture strengths of 13,000
psi, 7,000 psi and 3,300 psi respectively.
Paragraph A-150 of Section I of the ASME
Boiler and Pressure Code lists the following
criteria for consideration by the Code Committee in establishing allowable stresses:
1/4 of the specified minimum tensile strength
at room temperature
1/4 of the tensile strength at elevated temperatures
.2/3 of the specified minimum yield strength at
room temperature
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Fig. 18 Fatigue crack in horizontal superheatertubeat end of plate support members. Vibration in the length
of tube to the right side of the spacer eventually caused the fatigue crack to initiate at the attachment and
propagatecircumferentially.
2/3 of the yield strength at elevated temperatures.
100 percent of the stress to produce a creep
rate of 0.01 percent in 1,000 hr
67 percent of the average stress to produce
rupture at the end of 100,000 hours, or 80 percent of the minimum stress for rupture at the
end of 100,000 hours as determined from the
extrapolated data, whichever is lower.

Fig. 19 Through-the-wall nature of the Fig. 18
fatigue crack. Typical of fatigue, there is a single,
tight trans-granular crack

-

Fig. 2 1 applies these criteria to establish the,
allowable stress for a 2% Cr-1 Mo steel. For this
material, item 1controls up to 800°F. At 950°F
and above, the creep strength and rupture
strength, the fifth and sixth items, require a
rather sharp decrease in the allowable stress.
The relative influence of the different criteria
varies with materials as well as with tempera-

.

ture. Fig. 22 shows the effect of temperature on

ASME Boiler Code allowable stresses for a
number of alloys used for high-temperature
service. The carbon steels begin to lose strength
above 700°F, and by 850°F are down to about
one-half their room-temperature values. The
low-chromium ferritic alloys start to lose
strength above 800°F and are down to half
strength at about 1000°F..The austenitic stainless steels decline somewhat from room temperature to 1000°F because of reduction in
yield strength; above 100O0F,creep and rupture strength cause a rapid decrease to half
strength or less by 1200°F.
The high-temperature strength and ductility

of steel may be strongly affected by grain size,
cold working, heat treatment and other variables. Material suppliers and equipment manufacturers must give careful consideration to
these factors in their manufacturing and fabrication procedures.
CREEP AND FATIGUE INTERACTION

When melals are exposed to cyclic loadings
while operating at temperatures within their
creep range, creep effects can reduce fatigue
life. Fig. 23 indicates how the fatigue behavior
of a steel varies for different testing conditions
at elevated temperat~re.~
The introduction of
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Fig. 20 Creep rate (upper) and rupturestrength (lower) for a 2% Cr-1 Mo steel
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Specification: SA-213 Grade T 22
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Fig. 21 Use ofASME Boiler Codecriteria to establish
allowable stress for a 2% Cr-1 Mo steel

Fig. 22 Effect of temperature on ASME Boiler Code

allowable stresses fo'r grades of steel tubing
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Fig. 23 Effect of temperature and creep-relaxation hold time on number of cycles to failure.
Material 2XCr-1 Mo
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periods of hold time at temperature, while
under maximum strain, causes the slope of the
curves to change considerably. The periods of
hold time allow creep relaxation to occur to the
detriment of fatigue life.
The problem of creep and fatigue interaction
is complex both in the formulation of a realistic
design basis consistent with proven past practice of successful cyclic operation within the
creep range and in the obtaining of materialproperty data which can be used in design. Attention is being given to the subject worldwide.

-

In the USA, organizations involved in cooperative research include the Pressure Vessel
Research Committee, the Metal Properties
Council and the ASME B&PV Committee.
DISSIMILAR WELDS

Fig. 24 is an example of cracking damage because of interaction between creep and fatigue.
Welds using type 309 austenitic stainless
filler metal have been used to join ferritic tubes
to austenitic stainless tubes. The austenitic
steels have a coefficient of thermal expansion

Fig. 24. Typical interface cracking associatedwith Grade TP 309 dissimilar metal weld
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approximately 40 percent greater than the ferritic steels. This mismatch results in high shear
strains at the interface between the austenitic
filler metal and the ferritic tube. With cycling, these strains can cause intergranular
cracking within the weaker ferritic material.
Field repairs of type 309 dissimilar-metal
welds are made by rewelding with nickel-base
filler-metal welds. The nickel-base metals have
a coefficient of thermal expansion similar to
the ferritic steels, and the expansion-mismatch
strains imposed on the ferritic tube are significantly reduced. Ho'wever, the nickel-base
filler-metal welds, while giving better service
performand6 than the'type 309 welds, are not totally free of interface cracking problems.
There is some uncertainty as to whether the

interface cracking associated with nickel-base
filler metals is primarily a function of strain or
metallurgical changes. Further research is required to provide an unde;standing of the factors that promote cracking, such as testing of
full-size tubular specimens of various dissimilar metal welds under pressure and temperature cycling conditions (Fig. 25).
Fig. 26 shows another example of interaction
cracking from creep and fatigue. Differences in
thermal expansion of superheater terminal
tubes which are welded to the outlet headers
and seal welded at the furnace enclosure have
caused circumferential cracking in the tubes at
the toe of the tube-to-header weld. Strain cyd i n caused these cracks to initiate and prapagate in a fatigue manner.

Fig. 25 Thirty-two individual creep-rupture tubular specimens, each containing one or two dissimilarwelds,
before being inserted into furnace on the right. Specimens, which have been thermally aged, are exposed to
internal pressuresat temperatures somewhat higher than would be encounteredin service and cycled, with
a 3 4 a y hold time at temperature, to simulate long-time service exposure.

and low-cycle high-strain loading i n the
creep range will likely produce intergranular
rather than transgranular cracking.

SERVICE EXPOSURE
CONSIDERATIONS

Fig. 26 Intergranular creep and fatigue cracking at
toe of tube-to-superheater outlet-header weld
caused by repeated exposure to thermal expansion strains

Note the similarities in appearance between
this cracking and that described in the earlier
discussion of fatigue and shown in Figs. 18 and
19. But there is a significant difference in the
nature of these two cracks which occurred as
a result of fatigue cycling. The vibrationinduced crack is transgranular (across grains)
which is typical of fatigue, but the cracking
in the tube at the superheater outlet header is
intergranular (along grain boundaries). Intergranular cracking is typical of that which
occurs i n longer-time creep or stress rupture,

Proper selection and usage of materials require knowledge of the expected service conditions and an understanding of how the
material will behave under those conditions.
Dependent on its environment, material behavior can differ significantly. Austenitic
stainless-steel tubes, for example, are widely
used for steam service. In this service, essentially all of the common grades of austenitic
stainless can be considered equally compatible
with the service environment, and there is no
concern about resistance to pitting or intergranular corrosive attack (see the subsection
"Sensitization" later in this section). But in the
aqueous environment of boiler flue-gas wet
scrubbers, only grades of stainless steel containing niolybdenum (type 317LMN and other
high-nickel alloys) and so forth can tolerate the
corrosive environment without excessive pitting. (See Fig. 27.) Also, because of the potential for acidic aqueous conditions in the
scrubber, grades of extra-lowlcarbon stainless
type 3161, notably type 317LMN, are used to
avoid the possibility of intergranular corrosive
attack.
Although type 317LMN stainless is widely
used in flue-gas wet scrubbers, austenitic stainless steels are not suitable for the heat-exchange
surface which reheats the scrubbed gases to
temperatures 25" to 40°F above the adiabatic
saturation temperature. In this wet-to-dry service environment, austenitic stainless steels
can and reportedly have experienced stress-corrosion cracking. (See "Stress-Cdrrosion Cracking,'' this chapter.) Because of this, carbon-steel
tubes and fins have been used for the reheaters
in scrubber systems.
As the foregoing examples demonstrate,
knowledge of the environment and its effect on
the material is a key to the proper use of the ma-
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may take place preferentially along heataffected zones of welds, or along stress lines, to
form chain-type graphitization, an example of
which is shown in Fig. 27.
Carbon-steel pipe and carbon-molybdenum
pipe in long-time service, particularly when
operated at temperatures well above 800°F and
875"F, respectively, have experienced numerous instances of chain-type graphitization
resulting in failure or requiring repair or
repla~ement.~
Because of these problems, C-E has for many
years avoided the use of carbon molybdenum
for piping components and has limited the use
of carbon-steel pipe to 800°F. For higher
temperature service, the use of steels containing one-half percent or more chromium
eliminates the danger of graphitization.
Carbon-steel and carbon-molybdenum tubing has not shown a similar tendency to
graphitize as has piping. The graphitization
occasionally found in tubing is usually in the
form of well-dispersed nodules (Fig. 27) which
do not weaken the steel. Carbon-steel and
carbon-molybdenum tubing may, therefore,
be used in applications when the temperatures
reach 850°F and 900°F respectively.

*

Fig. 27 ~ x a k ~ l e
ofschain-type graphitization at
1 0 0 X (upper) and random graphite nodules at SOX
(lower). Unetched

terial. The next section presents some of the
service exposure conditions that affect the performance of boiler materials. GRAPHITIZATION

At temperatures above 800°F, carbon steel
is subject to graphitization; above 875OF,
carbon-molybdenum steel is similarly affected.
The carbon normally present in the steel in the
form of carbides may transform over a long
period
-- of time to graphite. This transformation

RESISTANCETO HIGH-TEMPERATURE
OXIDATION AND CORROSION

Chromium is the most useful alloying element for imparting oxidation and cp~rosionresistance to steel. Fig. 28 shows. the degree of
oxidation scaling versus temperature for a
number of steels with a range of chromium
from 0 to 18 percent. Similarly, chromium
additions improve resistance of a steel to
molten-ash corrosion (see Chapter 3). Low
levels of chromium, in the range of 1/2 to 2114
percent, provide a useful improvement in
high-temperature-corrosion resistance. Within
this chromium range, high-temperature
strength accompanies the trend of somewhat
improved corrosion resistance.
For these reasons, there is widespread use of
the family of low-chromium alloys, up to 2%%
Cr, for intermediate temperature-range appli-
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cations, where carbon steel and carbon
molybdenum are not used because of their low
high-temperature strength (see Fig. 22) and
their tendencies to graphitize. The temperatures at which these alloy grades are used
involve considerations of high-temperature
strength and corrosionloxidation resistance.
For superheater and reheater tubes in the gas
pass, alloy grades SA-213 T-11 (11/4% Cr) and
T-22 (2%% Cr) are limited by C-E to gas-side
surface temperatures of 1025°F and 1075"F,
respectively. These temperatures, well below
the point at which oxidation scaling is significant, were established based on reviews of
external-wastage-rate data from units in service experiencing coal-ash corrosion. With
these limits, excessive external corrosion metal
loss is not expected even when coals with a corrosive tendency are burned.
Generally, the 2% Cr-1 Mo steel is the highest
alloy used for pressure-part components outside of the gas pass because the metal has
good strength and oxidation resistance at outlet steam temperatures between 1005°F and
1055°F. But because some gas-touched portions of the superheater and reheater are exposed to metal temperatures in excess of

1075"F, alloys with high-temperature strength
and oxidationlcorrosion resistance are needed.
There has been some past use of tubing with 5
percent chromium, but these alloys did not
provide a significant improvement in corrosion resistance and have lower high-temperature strength than the T-22 grade.
SA-213 T-9 (9 Cr-1 Mo) has been, and continues to be, used in some reheaters. The material has good oxidationlcorrosion resistance
and may be used to outside surface temperatures as high as 1175"F, but at these temperatures the high-temperature strength (ASME
allowable mid-wall stresses) is quite low, less
than that for the T-22 (2% Cr-1 Mo) grade.
Austenitic stainless steels (grades TP 304H
and TP 347H) are used for most of the tubing
operating at surface metal temperatures above
1075OF. Not only do these materials have excellent high-strength properties which are
characteristic of austenite, but they also have
excellent oxidation resistance because of their
18-percent (nominal composition) chromium
content. But it is important to recognize that no
tube alloy operating above 1000°Fis immune to
oil- or coal-ash corrosion. By virtue of their
higher operating temperatures, the austenitic
stainless steels will experience metal loss if
there are molten ash deposits (see Chapter 3).
However, because molten coal-ash deposits
do not exist at temperatures exceeding about
1300°F (see bell-shaped curve Fig. 11,Chapter
3, "Properties of Coal Ash"), materials for tube
shields, spacer attachments, supports, baffles,
and other nonpressure parts normally operating at temperatures above 1300°F can be used
without excessive concern for corrosion. Experience has shown that oxidation behavior in
normal boiler flue gas is similar to that in air.
Table III shows the temperature levels at which
oxidation scaling becomes significant for a
number of alloy grades.
OXIDE SCALES AND EXFOLIATION

Fig. 28 Amount of oxidation (scaling) of carbon,
low-alloy, and stainless steels in 1000 hours in air
at temperatures from 1100" to 1700°F

Oxides form on the outside surfaces of boiler
components as a result of direct combination
with oxygen in the air or in the flue gases. Oxidation also occurs in the internal wetted sur-
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Table 111. Maximum Temperature
Without Excessive Scaling*
Alloy
AISI
Maximum Temp0FWithout
Nominal Analysis Grade Excessive Scaling
17 Cr
2 7 Cr

430
446

1550
2000

from the inside surfaces of ferritic tubes and
pipes is a cause of solid particle erosion (SPE)
damage in steam turbines. So the term exfoliation, as it is widely used in the steam-powergeneration industry, is in connection with the
concern for SPE caused by spalled steam-side
oxides.
OXIDE SCALE ADHERENCE

25 Cr-20 Ni

310

2000

'ASTM, Data on Corrosion and Heat-Resistant Steels and
Alloys--Wrought and Cast. ASTM. Slay. 1950.

faces of the furnace walls and steam-touched
surfaces of the superheater and reheater as a result of iron-water and iron-steam oxidation
reactions.
Those oxide scales that form on boiler tube
surfaces are thin and protective. In fact, the
oxide t h a i forms o h wetted surfacesmagnetite - is critical to the compatibility of
steel and boiler water. Because of the fundamental importance of magnetite, the halfjoking description of a boiler as a thin layer of
magnetite supported by steel has been quoted
by many. Chapter 20 or water technology describes the boiler-water chemistry control
necessary to maintain this protective layer.
Oxides forming on the steam sides of the
superheater and reheater tubes inhibit oxidation by reducing the diffusion process. Oxidation rates decrease with time in a manner
shown in Fig. 29. This formed-in-place oxide
scale should not be confused with depositso n tube surfaces such as salt, debris, or
t r a n s p o r t e d oxides. Oxide s c a l e that
forms in-situ does not measurably affect
heat transfer as deposits can. Under certain
conditions, oxide scale that forms on the outside and inside surfaces of superheater and reheater tubes and pipes may break loose and
exfoliate. Because of the conservative temperature limits on the usage of these steels
adopted by manufacturers such as C-E, exfoliation does not present a problem of excessive
metal loss which might lead to rupture of tubes
or piping. However, the exfoliated oxide scale

In many instances, tubes removed from
long-time service exhibit little or no exfoliation
or poorly adhering scale. This is typical of most
samples removed from superheaters, Figs. 3 0
and 32. Conversely, ferritic reheater tubes frequently demonstrate severe exfoliation, or large
areas of non-adhering scale, Figs. 31 and 33.
Examinations of main and hot-reheat steam
piping and final outlet headers indicate that
these large diameter components tend to exfoliate significantly.
EFFECT OF TEMPERATURE AND SCALE THICKNESS

Although engineering intuition may suggest
that exfoliation would tend to be more severe as
temperatures and scale thickness increase, examinations of numerous ferritic tubes from
service indicate th'at this is not the case. In fact,
the exfoliation tendency seems to be greatest
on the thinner scale. (Erosion damage to the
turbines, of course, would be more severe with
thicker scale. But precise knowledge as to the
variables of importance to SPE, including the
variable of steam temperature, is lacking.)
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Fig. 29 Oxidation metal loss versus time for 1%Cr-1
Mo steel in steam at 11OU'F
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Fig. 30 Superheater tube (2% Cr-1 Mo) after 158,000 hours in service. Maximum scale 20 mils

Fig. 31 Severely exfoliated reheater tube (2% Cr-1 Mo) after 39,000 hours service. Maximum scale 9 mils

Fig. 32 Tube cross section showing typical twolayer oxide structure adhering well to internal surface of superheater tube (tube base metal is the
white portion) at 15X

Fig. 33 Tube cross section showing exfoliated
oxides on reheater tube at 15X
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POSSIBLE CAUSES OF EXFOLIATION

Several explanations have been offered as
possible causes of exfoliation. C-E investigators have postulated a thermal-quench explanation which appears to best fit the presently
available facts. During start-up of reheat-type
steam generators, there is no cooling steam
flow through the reheater. Gas temperatures
are limited to 1000°F during start-up, and reheater tube temperatures will approach this
limit. When steam is first admitted to the turbine and reheater, its .temperature is significantly lower than that of the tubes, and the
steam thermally quenches the scale. It appears
that the quenching acts to separate the cylinder of internal scale from the tube and to promote separations along planes of weakness
within the scale.
This thermal-quench explanation is consistent with the different exfoliation behavior of
reheater and superheater tubes. It also fits well
with the observation that thin scale tends to
have a greater exfoliation tendency. Under
equal thermal-quench conditions, the temperature differentials and separation strains between scale and base tube will be greatest with
the thinner scale. During hot restarts, with
boiler parts still at elevated temperatures,
scale on non-gas-touched tubing and piping is
exposed to thermal-quench transients similar
to that described for gas-touched reheater
tubes. Reports from Europe attribute the absence of turbine SPE damage there to the use of
turbine bypasses, which allow the boiler to
be fired with steam flow passing from the
superheater outlet piping directly to and
through the reheater to the condenser. In such
units, cold- or hot-restart thermal transients
which can act to weaken scale-to-tube adherence are avoided. These turbine bypasses may
divert any exfoliated scale during start-up
directly to the condenser. However, bypass
valves and steam distributors in the condenser
reportedly do not suffer any noticeable erosion
damage, which further supports the vieiv that
these bypasses may prevent or minimize the exfoliation process.

SOLUTIONS TO EXFOLIATION

Industry has considered, and is exploring
further, a range of possible solutions for avoiding or minimizing exfoliation and SPE damage.
The following discussion is not intended to
provide an all-inclusive listing of these various
possibilities, but rather will review what can be
done to the steam-touched surfaces in operating units and in units yet to be designed.
EXISTING UNITS

At present, chemical cleaning is.the only option available for existing units. With proper
care the steam-touched materials can be safely
cleaned to remove all oxide scaling. But chemical cleaning, if not correctly performed, can be
damaging to the materials, and a decision to
chemically clean should only be made with a
full understanding of the inherent risks and the
precautions to be taken.
A decision of whether chemical cleaning
should be performed, and to what extent, involves cosffbenefit considerations specific to
the individual circumstances. In this connection, it should be noted that particles other
than exfoliation scale, such as maintenance repair debris, may cause some SPE damage. So
careful assessment of the damage and its likely
source is also needed.
The Electric Power Research Institute has
funded studies as to the efficacy and feasibility
of applying a chromium-rich oxide coating to
the inside of tubes following chemical cleaning. Such a chromate treatment process may
negate the need for repeat cleanings or may increase the operating time between cleanings.
NEW UNITS

For units not yet designed, steps can be taken
to avoid significant ferritic tube and pipe exfoliation. The exfoliation-prone ferritic portions of the superheater and reheater can be
upgraded to austenitic stainless steel. There is
no established temperature at which exfoliation is not considered a problem, but at 950°F
and lower steam temperatures the scale is quite
thin even after long-time service. The 1075°F
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outside-surface-temperature limit that C-E has
imposed on the usage of T-22 (2%% Cr) tubing
to minimize external corrosion, also minimizes
the quantity of exfoliated scale by reducing the
amount of ferritic material.
Austenitic stainless materials can be applied
to the inside surfaces of pipes and headers by
weld-deposit cladding. C-E and others have extensive experience using these weld cladding
techniques in the fabrication of nuclear and
chemical-process vessels.
The same internal surfaces of ferritic tubes,
pipes and headers which can be replaced or
clad with stajnless may alternatively be
"chromized." This high-temperature diffusion
process is described further in the final section
of this chapter.

--

Fig. 34 Stress-rupture failure of carbon steel tube
caused by overheating over a long time period (top)
and a stress rupture failure because of overheating
for only a few minutes (bottom)

OVERHEATING
The term overheating describes creep-rupgraph of Fig. 36 had occurred in the tube a short
ture failure. This term can be misleading in
distance away from this cross-sectional slice.)
the sense that it may convey the incorrect
thought that temperature alone was somehow On the half of the tube exposed to the furnace,
metallurgically damaging to the steel. Actually, overheating describes an exposure to
temperatures too high for the operating stress.
A T-22 tube, operating at a stress level of 5,000
psi, will give long life at a temperature of
1075OE but the same tube would fail by overheating at 1000°F if operated at a stress of
15,000 psi.
Overheating failures can be categorized as
either short-time or long-time. Fig. 34 sho~vs
examples of such failures.
SHORT-TIME OVERHEATING

-

:

.

Such failures result from exposure to temperatures significantly (hundreds of degrees F)
above design and indicate a severe abnormality
such as a loss of normal water or steam flolv.
Short-time tube failures exhibit considerable
creep elongation which shows itself i n large
increases in diameter, particularly the inside
diameter, and considerable reduction in wall
thickness at the fracture surface. Fig. 35 shol,ys
a cross section through a waterwall tube which
experienced short-time overheating. (A rupture typical of that shown in the lower photo-

Fig- 35 Cross section of tube exposed to short-time
overheating. Furnace side of tube at top has thinned
and ovalized as a result of exposure to excessively
high temperatures while the tube is under internal
pressure.
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MICROSTRUCTURE

Fig. 36 Macrostructure of a heavy wall carbonmolybdenum steel pipe which has failed because of
stress rupture over a long period of time. 2X

When exposed to temperatures above 9oa°F,
but less than the lower transformation temperature (the A, temperature of Fig. 8, which is
1330°F for carbon steel), carbon and low-alloy
steels are subject to spheroidization. See Fig.
37. The carbides present in the annealed condition are not in their lowest free-energy state,
and exposure to temperature results in the
coalescence of these carbides into spheroidal
form. This natural change is both time- and
temperature-dependent, with less time required to spheroidize as temperatures increase.
Because manufacturing heat treatments can
cause spheroidization, and in view of its timetemperature dependence, spheroidizarion is
not a good means by which to estimate the service exposure temperature of overheated tubes.

there is creep thinning caused by the combination of intwnal pressure and a temperature too
high to resist the pressure forces. The eggshaped inside of the tube is a typical condition associated with short-time overheating
failures. These physical conditions of thinning and diametral growth provide the best
and easiest moans of assessing the degree of
damage sustained. Under short-time conditions, tubes that have not experienced significant thinning or creep swelling have not
been measurably damaged as a result of the
overheating.
LONG-TIME OVERHEATING

Tubes which accumulate many hours of exposure to temperatures moderately above their
long-time strength capability are also vulnerable to creep rupture. Creep elongation effects
(swelling and wall thickness reduction) are
much less pronounced in long-time overheating failures. The upper photo in Fig. 36 shows a
long-time overheating failure and the thick
rupture edge typical of this failure mode.
Long-time creep-rupture failures usually show
evidence of considerable secondary cracking
(intergranular) in addition to the main crack
associated with rupture. Fig. 36 shows an
example of such cracking.

Fig. 37 Photomicrographs showing an annealed
structure at top and a spheroidized structure at bottom at 500X. Nital etch
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But by comparing microstructures within the
tube (for example, the sides exposed to and
away from the furnace) spheroidization can be
useful as a indicator of differences in, and
probable range of, exposure temperature.
When heated to higher temperatures, the
ferrite in carbon and low-alloy steels transforms into austenite (see subsection "Phase
Diagrams" in this chapter). The temperature at
which austenite begins to form is called the
lower critical temperature, and the upper critical temperature is that at which there is complete transformation to austenite (A, and A,
temperatures of Fig. 8).
If a tube is heated above the lower critical
temperature and then ruptures, the quenching
effect of the escaping steam will result in the
transformation of the austenite into martensite
and other product forms. See Fig. 38. Because
of this, exposure temperatures can be established with reasonable accuracy if the lower
critical temperature has been exceeded.
STRESS-CORROSION CRACKING
Steels, as well as other metals, are subject to a
form of cracking called stress-corrosion cracking. When under tensile strains, the austenitic
are
this
of cracking if exposed to aqueous solutions
containing caustic or halides, particularly
chlorides. See Fig. 39. Because the austenitic
stainless steels are used most frequently in
superheated-steam environments, there is little
likelihood of exposure to damaging environments in service. But during the initital start-up
of a plant, the increased potential for exposure
to water contaminated with caustic or chloride
requires that precautions be taken to avoid
such contamination (see Chapter 21).

-

%

to between the lower and upper critical temperatures (1330' to 160VF)for carbon steel tube material
(top) and to above the upper critical temperature
(bottom) both foliowed by rapid cooling because of
rupture. 500X nital etch

"'

CAUSTIC EMBRllTLEMENT

Under certain exposures to high levels of
sodium-hydroxide, ferritic boiler steels can
experience a form of stress-corrosion cracking
which has been given the specific name of
caustic embrittlement. Leakage of caustic--- treated boiler water through crevices such as
rolled joints-which have residqal stresses inFig. 39 Very rapid failure of TP 316 austenitic steel
troduced during rolling-can
concentrate
through stress-corrosion cracking
'\
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caustic and result in cracking of the type shown
in Fig. 40. When boilers were of riveted construction and crevices were the rule, it was
much more commonly found than in today's
welded construction. Proper water treatment
can prevent caustic embrittlement.
SENSITIZATION
Austenitic stainless steels, when exposed to
elevated temperatures, may lose some of their
corrosion-resistant properties at the boundaries between individual grains. (See subsection "Grain Structure," this chapter.) The
chromium in the steel has a tendency to combine with the carbon and migrate into the
grains, causing a depletion of chromium at the
grain boundary. This condition is called sensitization. If sensitized steels are exposed to
corrosive aqueous solutions such as acids, the
grain boundaries can corrode preferentially resulting in intergranular attack (IGA).
In superheater and reheater service, sensitization which occurs naturally as a result of service exposure presents no problem. But in
aqueous applications, such as wet flue-gas
scrubbers, IGA is a possibility at heat-affected
zones of welded joints, which can become sensitized by the heat of welding.
In these low-temperature applications, either
a n extra-low-carbon grade of stainless steel,
such as type 317LMN. or stabilized grades of

Fig. 40 Caustic embrittlement, a type of stresscorrosion cracking associated with crevices in
which caustic can concentrate. It is generally an intergranular attack, although it can also proceed
transgranularly.
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stainless can provide protection against sensitization and IGA. Those steels greatly reduce the
tendency for grain-boundary depletion of chromium. As indicated earlier, wet flue-gas scrubbers also need a type of stainless steel that is
resistant to pitting attack; 317LMN satisfies this
requirement.

CHROMlZlNG
Chromium is the most important alloying element in steel for resisting oxidation and the
various forms of corrosion encountered in
boiler applications; this characteristic of chromium was discussed on. page 17-23. Chromizing, o n e means of providing the levels of
chromium necessary to resist such corrosive attack, is a high-temperature diffusion process in
which the surfaces to be treated are alloyed
with chromium. Chromizing as used for the
avoidance of exfoliation of steam-touched surfaces [page 17-28) is also useful for reducing
maintenance costs and prolonging the life of
other boiler, components. C-E's shop-applied
chromizing process was specifically developed
for pressure parts installed in utility, industrial,
and chemical-recovery boilers.
In the diffusion process, an iron-chromium
alloy is formed with a composition of 35 to 45
percent Cr, approaching that of AISI 442 stainless steel. The depth and quantity of chromium
enrichment is a function of time at temperature.
The process is used for chromizing the outside
or inside, or both, of superheater or reheater
tubing, waterwall panels, piping, or headers, to
achieve high levels of Cr enrichment for depths
in the 10 to 15 mil range.
Coal-fired utility boilers, especially those of
the supercritical-pressure type, have suffered
from reducing-atmosphere attack of the fireside
of waterwall tubes. A number of owners have
installed chromized tubing panels with very favorable results. Chromized tubing, even when
located in areas having severe metal loss (up to
60 mils per year) has shown itself to be highly
resistant to sulfidation attack.
The firesides of tube with a high front-toback temperature differential sometimes suffer
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circumferential cracking. CZ'hile this cracking is
induced by thermal strain, the mechanism of
penetration appears to be the result of repeated
cracking or degradation of the semi-protective
oxidation product formed on the tube surface.
The supercritical boilers experiencing sulfidation problems also have corrosion-fatigue
cracking in portions of the furnace walls outside the regions of most severe metal loss. Radiantwall reheater tubes of coal-fired units have also
had this type of cracking.
Chromized tubing has proved to be quite resistant to this kind of thermally induced corrosionfatigue cracking. For example, bare T-11 water-

wall tubing in a supercritical coal-fired unit
suffered severe corrosion-fatigue cracking lvhile
an adjacent chromized panel was found free
of such cracks after four years of service.
High-temperature ash corrosion and oxidation in superheaters and reheaters can often be
addressed by upgrading the tubing material to
the stainless steels. But there are instances
where it may be necessary or desirable to continue to use a ferritic alloy such as T-22. In such
a circumstance, chromizing will be of benefit in
providing resistance to ash corrosion and will
significantly raise the effective oxidation limit
of the material.
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CHAPTER 18

Steam-Generator Manufacture
anufacturing boiler components requires
extensive equipment, machinery, and facilities. ~ o s of
t these fabrication operations
involve the use of steel tubing and plate. As the
tubing and plate are built into furnace-wall
panels, superheaters and reheaters, drums,
headers, pulverizers, ductwork, and structural
members, various forms of welding are used.
Heavy hydraulic presses are required to form
segments of boiler drums and other pressure
vessels, and machining likewise plays a vital
part in the manufacture of boilers. Heat treatment, materials handling, inspection, and
quality control are important adjuncts of the
manufacturing operations.

M

THE INTERRELATIONSHIP
BETWEEN PRODUCT DESIGN
AND MANUFACTURE
...

The steam-generator engineer must be continually aware of the interrelationship between
product design and manufacture. A design resulting in improved heat-transfer efficiency
may be useless if the component cannot be fabricated economically and within the tolerances
proposed. On the other hand, savings in manufacturing costs cannot be justified if they result in finished elements which do not meet

design objectives. The personal and computerdriven lines of communication between design
and manufacturing functions must be maintained if overall production economy and highquality products are to result.
New-product design needs have significant
effects upon manufacturing processes. Standardized production equipment may not be satisfactory, and new machines may have to be
developed. The design of such equipment requires knowledge from many specialized
fields, including production practices, component design, materials, metallurgy, and
controls.
Since it is obvious that a large utility or
industrial boiler must be transported to the
jobsite in relatively small assemblies and subassemblies, most shipments are made by rail
car. A large utility-type unit will have 10,000
tons of boiler parts and equipment and more
than4,OOO tons of structural steel supports, and
will require about 200 railroad cars and 100
trucks for shipment to the site.
ASME CODE

All U.S.-installed utility and industrial boilers are designed and manufactured in accordance with the rules of applicable sections of
the American Society of Mechanical Engineers
Boiler and Pressure Vessel Code, which is the

professional standard in the United States and
in many other parts of the world. The ASME
Code is a set of regulations and guidelines incorporating many details for design, manufacturing, and field construction to assure safe
construction of pressure parts of boilers. It is
not a thermodynamic performance code. There
is nothing in it that tells how big a furnace must
be to burn a fuel or how large a drum is needed
to get dry steam. The Code does concern itself
with the materials of construction, the design
aspects from a structural or pressure-parts
standpoint, the fabrication rules (primarily
welding), the rules for nondestructive examination. and certain rules for certification
(which include third-party inspection).
This third-party inspection has been a feature of the Code since its inception. It is this
which enables it to be a code rather than a standard. Construction of Code-stamped components must be by a manufacturer holding an
ASME certificate of authorization. One requirement for such a certificate is the manufacturer's arranging for the services of an
authorized inspector to verify that the components are constructed in accordance with Code
rules. The inspector performs such inspections
as he considers necessary in the shops of the
boiler manufacturer, and when he is satisfied
he so indicates by countersigning a certification sheet (the manufacturer's data report).
The materials in the pressure-retaining parts
of the entire boiler structure range from carbon
steel for drums, headers, and tubular products
to the high-chromium, high-nickel austenitic
stainless steels for "fire-exposed" parts of the
superheater and reheater assemblies. Each material used in the pressure-retaining partsdrums, headers, tubing, piping, forgings, or
castings-conforms to all the requirements of
an applicable ASME Boiler and Pressure Vessel
Code material specification. Furthermore, during fabrication of each material used, the rules
relating to welding, material forming, and inq-ection of materials and the welds in them are
dictated by the ASME Code. Within the
framework of the Code's establishing quality
standards there is considerable latitude for

selecting materials, welding process and procedures, types of inspection, and thermal
treatments of welded assemblies.
FABRICATION
OF STEAM-GENERATOR
PRESSURE PARTS

Welding is the basic tool for fabricating
boiler components. While elements of a skilled
art are retained in some aspects, welding is a
recognized technical specialty that requires
substantial background in the fields of metallurgy, electrical,.and mechanical engineering.'
In applying the welding process, metallurgical skills are necessary to determine the effects
of chemical composition and metal structure
on the weld properties. Electrical engineering
skills are required in designing the welding
power supply, welding controls, and related
equipment. Particularly in automatic fusion
welding, there must be precise control of the
welding arc as well as the welding machine,
and such control usually involves electronics.
Skills in mechanical engineering are essential
to design automatic welding equipment, where
the machine designer must have knowledge of
mechanics, hydraulics, pneumatics, and heat
transfer.
In the sections that follow, the principal fabrication and welding operations for drums,
headers, furnace walls, superheaters and reheaters will be described.
STEAM DRUM

The steam drum is a heavy-wall pressure
vessel having hemispherical ends, with nozzles and nipples attached for incoming and
outgoing water and steam. Fig. 1A illustrates a
typical drum for a large boiler. In this figure,
the drum is fabricated in three cylindrical sections, called courses, each welded to one
another and with a hemispherical head welded
to each end of the three-course cylinder. Fig. 1B
and 1C show that each cylindrical section is
made up of a thick plate (called the tube sheet)
and a thin plate (called the wrapper sheet). The
tube sheet is designed to withstand the
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(C
Hemispherical Head

(A) Boiler Drum Consisting of Three (3) Course Cylindrical Sections

(Thick Shell)

(B')

(Thin Shell)

Preparation of Drum for
Longitudinal Weld, Section A-A

(Thick Shell)

(Thin Shell)

(C) Drum Weld After Welding,
Section A-A

Fig. 1 . Details of a large boiler steam drum

Fig. 2. The internals separate water from steam, direct the steam to the outlets leading to the superheater,
and provide an exit forthe water to be recirculated through the furnace-wall system.

,
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Fig. 3. Ultrasonic tests are used to inspect plate material. Basically, this form of nondestructive testing uses
ultrasonic sound waves to detect flaws in materials and welds.

Fig. 4 Mammoth presses can bend and form steel plate 20 feet wide and 15 inches thick. Here a 6,000-ton
hydraulic-beam press is used for cold- and hot-working of plates.
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specified pressure and temperature as well as
the necessary additional reinforcement to compensate for the weakening effect of the multiple
holes drilled for the nipple attachments. The
wrapper sheet is designed to withstand the
same pressure and temperature parameters but,
where openings are required for nozzles, the
extra strength or reinforcement is provided by
extra thickness in the nozzle forging. This type
of steam-drum design provides the most economical use of materials. The internals are
welded and installed as shown in Fig. 2. These
internals separate water from steam, direct the
steam to the outlets leading to the superheater,.
and provide an exit for the [\rater to be recirculated through the furnace-\\.all system.
The Drum Plates

The drum plate, which is carbon steel conforming to ASlME Specification SA 299 or SA
515-70 (both carbon steels), is first ultrasonically tested to assure required quality through
the absence of large laminations or seams

(stee'l-making defects). The ultrasonic test is
conducted using a 2.25-megahertz longitudinal wave directed from one plate surface to the
other. In this manner, the entire volume of a
12-inch band completely around the plate and
a 24-inch-wide strip centered on the longitudinal axis is tested. Fig. 3 shows the ultrasonictesting equipment being used for examination
of a thick drum plate. The forming operation
begins only after the plate soundness has been
assured by such ultrasonic tests and following
a review of the test reports received from the
steel supplier.
The plates are heated in a furnace at 1650°F,
and each plate is then moved to the 6,000-ton
hydraulic-beam press where it is incrementally
hot-worked into the required shell-course segment based on the nominal inside diameter of
the drum. When the bent plate has cooled to below 30OoF, but not less than 7Z°F, it is then
cold pressed to a specified, more precise contour than is possible to attain during the hotpressing operation (Fig. 4).

Fig. 5. Each of the longitudinal edges of the bent plate is machine weid-beveled.
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The next step is to machine the weld bevel on
each of the longitudinal edges as shown in Fig.
5. To make up a cylinder or shell course, a
series of tack welds join one bent plate with its
slightly thinner (wrapper) counterpart. The
longitudinal seams are welded using the automatic tandem submerged-arc process to
deposit a succession of thin layers from the
outside, all with a preheat of 300°F. In the welding process, a blanket of granular fusible material completely covers and shields the welding
zone. Although referred to as flux, the material
performs functions in addition to those of flux.
Visibly, there is no evidence of current passing
between the welding electrode and the component being welded. The electrode is not in actual contact with the component. The welding
current is carried across the gap through the
molten flux which is supplied automatically
along the seam to be welded. The entire welding action takes place beneath the flux without
sparks, spatter, smoke or flash. When the outer
welding is completed, the inner side of the
weld is back-gouged to,sound metal using the
electric arc-air process. Next, the weld is finished on the inside using the automatic
submerged-arc process, Fig. 6. As the outside
portion of each weld is applied, about 20 percent of the weld is deposited in one seam. The
shell is then rotated so that a similar amount of
weld can be deposited, with the required preheat, in the other seam; such a procedure helps
to control distortion.
Each cylindrical course is fabricated in the
same way. After welding, both the inside and
outside of each longitudinal seam are ground
flush and magnetic-particle inspected. This
operation is followed by radiography using a
4-MeV (million electron volts) linear accelerator, Fig. 7. If necessary, repairs are made
using low-hydrogen covered electrodes at
300°F preheat. Repairs are re-radiographed
until the welding is completely satisfactory.
Drilling for Nipples and Nozzles

Next, each course is drilled for the nipples:
first, the holes for nozzles are oxy-gas cut; then,
both nozzles and nipples qre welded into place

using manual metal-arc welding with lowhydrogen covered electrodes.
Joining the Courses

A three-course drum, as we have described,
is assembled by first joining two of the courses
with a girth seam. Follo~ringthis, these two
joined courses and the remaining course each
have a hemispherical head welded to one end.
The circumferential welds are ground, magnetic-particle inspected, and radiographed.
When the welds have passed inspection, each
of the two assemblies is stress-relieved at
1150°F a 25°F. After the internals are put into
place, a final girth weld is made; this is locally
stress-relieved, followed by magnetic-particle
testing of all welds. Fig. 8 shows a typical
steam drum ready for shipment.
HEADERS

Headers may be considered small-diameter
versions of the steam drum just described, except that headers do not have steam-separation
equipment in them. They collect water or steam
from a group of tubes assembled either in panel
form or as a group of individual tubes. Headers
are made from plate-formed pipe, seamless
pipe, or centrifugally cast pipe. The materials
usually employed are low-carbon steel, carbonmolybdenum steel and three types of chromium-molybdenum steel.
Fabricating the cylinder or shell from plate
for headers differs somewhat from fabricating
the drum shell course. To make a "plateformed"
header, the plate, after the required inspection,
is cut to a predetermined size and the long
edges of the plate are bent in a 2,000-ton
hydraulic pull-down forming press. This bending operation may be done hot or cold, depending upon the plate thickness and subsequent
shell diameter.
After the plate edges have been bent and (depending upon the material) the plate has been
heated in a furnace to between 1600 and
1750°F, the plate is pressed into a U-shape and
then into a cylinder, slightly larger than the required size. The two longitudinal edges are
trimmed and the cylinder is again heated and

-

COMBUSTION
Steam-Generator Manufacture

Fig. 6. An automatic submerged-arc welder finishes the inside long-seam of the cylindricalcourse.

Fig. 7. Each cylindrical course is inspected by radiography. Any subsequent necessary repairs are reradiographed until the welding is satisfactory.
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Fig. 8 A typical steam drum is readied for shipment. High-pressure steam drums range in length to over 100
feet and weigh more than 500,000 Ibs. Shipment of these drums requires utilization of multiple rail cars.

1) Shielded Metal

Seal-Weld Pass

Seal-Weld Pass

Outside Passes

Fig. 9. Header longitudinal welding sequence.

set in dies in a 2,000-ton hydraulic four-post
press for final closing and sizing to specified
outside diameter. (The long seam has yet to be
welded.) The formed shell is then cleaned by
grit-blasting and the long seam is fitted-up by
depositing a continuous manual weld outside.
Next, the shell is moved to the internal longitudinal seam welder, where the inside is
finish-welded under the specified preheat
conditions, Fig. 9A.
Machiningthe Shell

The longitudinal seam of the shell is then
machined to produce a welding groove on the
outside. During this machining, the manually
deposited seal weld is removed and the inside
automatic weld is machined to clean, sound
metal, Fig. 9B. Later, with the specified preheat, the outside portion of the longitudinal
seam is completed using the automatic submerged-arc process, Fig. 9C.
Upon completion of the inspection and upon
acceptance of the weld quality, the cylinder is
machined inside and outside to final required
dimensions.
Depending upon the length of the finished
header, cylinders and fittings are welded together and the ends may be closed in any one of
three ways, by: 1. B ~ t t ~ w e l d i nang elliptical or hemispherical
cap on each end,
2. Welding a flat plate into each end of the cylinder assembly,

COMBUSTION
Steam-Generator Manufacture

Fig. 70 Drilling and checking of tube holes in a pressure vessel

3 . Forging each end of the cylinder closed (an

operation called "wobbling").
The holes for nozzles and nipples are drilled
in the headers (Fig. 10) and then the nipples of
the desired shape are welded into the sockets
previously machined during the drilling operation. After all welding has been completed,
the assembly is stress-relieved. Fig. 11 shows a
completed header with nipples, ready for
rail-shipment.
FURNACE WALLS

C-E furnace walls are constructed of p.anels
made of tubes joined by fusion welding. This
construction provides a gas-tight "box" which
contains the burning fuel and hot gases. Generally, panels are built up with four tubes, each
75-feet long, welded together simultaneously;
single tubes and four-tube subassemblies are
added successively to make up
about
5-feet wide. Details of this fabrication and of
the panel-processing welding machines (PPM)
are shown in Figs. 12 and 13.
Fusion-Panel Welding

In the PPM, three welding arcs simultaneously deposit molten metal which solidifies to
--

Fig. 77. Completed header for large boiler issecurely
loadedon a rail car for delivery to utility destination.

form the web between the tubes. Optimum
web widths are in the 3/8 up to % in. range, and
the welder can fabricate panels of 7/8 to 3-1/2 in.
diameter tubes. The machine is capable of
welding carbon and alloy tubing at raies up to
about two feet per minute.
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The fusion panel welder shown consists of a
frame, three welding heads, tube drive, pressure rollers, copper chill bars, flux recovery
and dispensing unit, filler-wire feed, tube
feed-in rack and conveyor, and feed-out and
storage racks.
The feed-in rack and conveyor position tubes
and panel segments against a gate which aligns
the tube ends. The alignment gate is then lowered and the tube drive activated. Held in
alignment by contoured pressure and drive
rollers, the tubes and panel segments pass
under the three welding electrodes where weld
wire and filler wire are fed into each arc. A
water-cooled .copper chill bar, under .each
welding arc and between the tubes, supports
the individual weld puddles until they solidify
to form the webs between the tube. At any time

Tu bes

during the welding cycle, the operator may
stop or start one, two, or all three welding
heads.
After the three webs are welded, the panel
moves under automatic scaling hammers
which remove the fused flux from the top of the
weld. The panel is then discharged from the
machine onto the feed-out racks where it is
mechanically transferred to storage racks.
Provision for Openings in Tube Walls

It is necessary to provide openings in the
tubular walls for sootblowers, insertion of instruments, and access. A special machine
called an integral offset-bender makes small
openings equal in width to one or two tube diameters. This machine actually cold-distorts
tubes after the fusion-weld web joint between

/--Contoured

Fig. 12. Schematic arrangementof fusion panel welder.

COMBUSTION

Steam-Generator Manufacture

Fig. 13. In panel welding, three welding arcs simultaneously deposit molten metal which solidifies to
form the web between the tubes. The machine can
weld carbon and alloy tubing at rates up to about
two feet per minute.

bent-tube assembly is welded back into the
opening to permit steam or water flow to continue through the panel but in a path that provides the required opening as shown in Fig. 15.
These 75-foot panels, containing attachments
for buckstays and other structurals and for attaching insulation, are welded together in
place in the field to the required height, width,
and depth of the furnace. Generally, the field
welds are made by manual shielded-arc welding or tungsten-inert-gas welding, individually or in combination. It should be noted that
the welds joining the tubes lengthwise in the
panel are intentionally slit in the shop for approximately 18 in. at one end to facilitate the
precise alignment of one tube in a panel with its
counterpart in the panel above or below, or for
joining the tubes to headers or other connecting tubes already in place.
Solid and Peg Fins

Fig. 14. An integral offset-bender makes small openings by cold-distorting tubes after the fusion-weld
web joint between two tubes is cut.

Although the fusion-welded panel c3nstruction makes a gas-tight furnace enclosure, the
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space between tubes in the area of the furnace
arch and in areas not exposed directly to furnace radiation are filled by either a solid fin or a
peg fin. The solid fin is a flat strip of steel
welded lengthwise to adjacent tubes where
spacing greater than 5/8-in~hcan be tolerated.
The fins are joined to two tubes at one time by a
. machine having four separate automatic submerged-arc welders. The fins are welded on
one side, then turned over; the back side of each
previously made weld is again welded to provide a complete penetration weld. Peg fins, carbon steel pieces approximately 1'12 in. wide
with varying height, are electric-flash-welded
to the outside of the tube. The "pegs" provide
heat transfer to the tubzand fill the space between adjacent tubes to retain refractory.
Rather than by bending individual tubes
which are then welded together, welded-wall
panels that make up the furnace arch, bottom,
and roof section of the boiler are bent after they
are formed into panels. Fig. 16 shows how
these panel sections are mounted and bent on
the shop floor during fabrication.
SUPERHEATERS, REHEATERS,
AND ECONOMIZERS

These assemblies are made up of carbon
steel, low-alloy steel, and nickel-chromium
stainless-steel tubing. Material choice depends
upon gas and steam temperatures to which the
tubing is exposed; it is selected in accordance
with ASME Code rules and the boiler manufacturer's design standards.
Shop Fabrication of Superheaters

To use materials effectively and economically, tubes up to40-feet in length are joined by
automatic metal inert-gas arc-welding to form a
single tube up to 150-feet long, Fig. 17. The butt
welds on this assembly are examined by
fluoroscopy and, when acceptable, the tube enters an automatic bending line. Controlled by a
previously prepared tape, this equipment
bends the long tube at the required location
(Fig. 18) and can be programmed to make either
cold or hot bends. A superheater or reheater

section is an assembly of such tubes, each bent
to a particular pattern. C-E uses an electric induction pressure-welding process to form butt
welds on the long prebent tubes to form element assemblies, Fig. 19. The induction pressure welds are inspected by ultrasonic testing.
In continuous-fin construction, two strips of
steel are welded longitudinally to the tube on
diametrically opposite sides. Fig. 20 shows the
fin detail and the fin welding operation.
Shop Optimization

To save time and labor at the jobsite, panels
such as superheaters and reheaters are joined to
their respective headers in the shop prior to
shipping in a process called "optimization"
that is intended to make the most economical
assembly for erection upon its arrival at the jobsite. To achieve this, the panels are welded to
the tube extensions or nipples on the header by
a miniature automatic welding machine that rotates about the two tube ends, the axis of which
is horizontal. This is called "orbital" welding;
a photo of the orbital welding machine is
shown in Fig. 21.
Unquestionably, optimizing shop work on
superheater and reheater sections has led to
lower forced-outage rates, which directly
translates into higher availability. Modules up
to 11-feet wide are available that require only
field girth welds on the headers themselves.
All field welding of tubes to header nipples has
been eliminated. Moreover, shipping and erection rigs designed for use with these optimized
sections have virtually eliminated any damage
during either the shipping or erection stages.
The Economizer Section

The boiler economizer section is another
type of tubular assembly, which may have its
heating surface extended by fins. The amount
of heat transfer and the type of fuel usually dictate the type of heating surface. C-Edesigns include spiral-finned tubes, continuous-finned
tubes, and bare tubes (those without-fins). The
latter type is fabricated very much like a baretube superheater or reheater.

'

-
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Fig 15 To make larger or wider openings than shown in Fig. 14, sections are cut from the panel. A prefabricated bent-tube assembly is welded back into the opening.

Fig. 16. Entire tube assembliesthat make up, say, the furnace bottom or nose section, are bent in panel form
rather than by bending individual tubes.
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NONDESTRUCTIVE
EXAMINATION
OF BOILER COMPONENTS

Fig. 17. Automatic metal inert-gas arc-welding
machines join 40-foot lengths of tubes to form a
single tube up to 150-feet long.

In describing the operations performed in the
C-E boiler shops, reference has been made to
the several types of nondestructive testing
(NDT) for determining the integrity of the fabricated components. By definition, NDT is a
means of inspecting an item without destroying its usefulness.
Several factors must be considered prior to
selecting an NDT method:
1. Type of imp~fectionexpected to be found:
deterioration, cracking, surface, volumetric;
2. Surface condition of areas to be inspected
(inside and outside surfaces);
3 . Orientation of defects: vertical to wall
thickness or horizontal to wall;
4. permitted severity of imperfections: e.g., 2
percent wall, 5 percent wall, serviceable
component;
5. Suspected cause of defect: improper chemical cleaning, water treatment, draft, stressassociated, improper welding.
Once the above conditions have been evaluated, the method of inspection can be determined. Table I lists the most universally
used methods. All methods have limits and depend on the ability of the performing inspector.
Yet regardless' of the inspector's qualifications,
destructive examination may sometimes be
required.
Of the four methods, radiography is the acceptance tool for conformance of pressure parts
to ASME Code requirements. Ultrasonic, liquid
penetrant, and magnetic-particle testing, on
the other hand, are used primarily to assure
quality in manufacture.
RADIOGRAPHY
-

Radiographic inspection is the most com-

man volumetric inspection method used in the
to determine the
Many factors can affect the value of a
radiograph as an inspection method; a few are:

Fig- 18. After examination by fluorosco~y,tubes
which have passed inspection enter an automatic
bending line. Pmgrammable for either hot or cold
operation, this equipment bends the long tube at
required locations.

COMBUSTION
Steam-GeneratorManufacture

Table I.NondestructiveTesting Methods
Method

Definition

Uses

Limitations

Radiographic

Uses electro-magnetic
rays @-rays and gamma
rays) to penetrate material,
recording on film
imperfections in the
material.

Used on any metal stock
or articles as well as a
variety of other materials
to detect (and record on
film) surface or subsurface
imperfections. Film
provides a permanent
record of the
discontinuities.

High initial cost. Requires
electrical power source.
Potential radiation hazard
to personnel.

Ultrasonic

Uses ultrasound to
penetrate material,
indicating imperfections
on an oscilloscope screen.

Used on metal, ceramics,
plastics to detect
surface and subsurface
imperfections: Wh'en '*
automated, permanent
records are available.
Also measures material
thickness.

Moderately high initial
cost. Interpretation of test
results requires highly
trained personnel.

Magnetic Particle

Uses electrical current to
create a magnetic field in
a specimen while
magnetic particles
indicate where the field
is broken by an
imperfection.

Used on metal that can be
magnetized (ferromagnetic) to detect
surface or subsurface
imperfections. Simple to
use. Equipment is portable
for field testing.

Cannot be used on metal
that cannot be
magnetized. Requires
electrical power.

Liquid Penetrant

Uses a penetrating liquid
to seep into a surface
imperfection, thus
providing a visible
indication.

Used on metal, glass,
and ceramics to locate
surface imperfections.
Simple to use and does
not require elaborate
eaui~ment.

Does not detect
imperfections beneath the
surface of a specimen.

1. Thickness of the part

2. Radiation emitter physical size
3. -llype radiation
4. Radiographic film selection
5. The distance the radiation source is placed
from the subject
6. Quality of photographic processing
7. The ability and experience of the Person
evaluating the radiograph
8. Nature of. flaw and degree of acceptance
criteria
A radiograph, by definition, is a shadow picture produced by the passage of X-ray or
gamma rays through an object onto a film (Fig.

22). Normally, the radiation is produced by one
of two methods:
1. Man-made radioactive isotopes, produced
by placing an element into a nuclear reactor
and bombarding it with radiation; for example,
the stable element iridium 191 becomes
radioactive iridium 192 after bombardment by
radiation in a reactor.
2. X-rays are produced by the sudden stopping
of high-speed electrons in a vacuum tube.
ULTRASONIC TESTING
Ultrasonic testing (UT) is based on comparisons of the times it takes ultrasonic waves to
travel through materials. After the test operator

Fig. 19. To form element assemblies, an induction pressure welder makes butt welds on the prebent tubes.
As part of standard quality assurance procedure, ultrasonic tests check welds for flaws.

Fig. 20. In continuous-fin construction, two strips of

Fig. 21. Miniature orbital welding machines join

steel are welded - longitudinally to the tube on
diametrically opposite sides.

superheater elements to header nipples to makeoptimized superheater modules.
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Fig. 22. Schematic diagram showing the fundamentals of a radiographic exposure. The dark region of
the film represents the more penetrable part of the
object; the light regions, the more opaque. (From
Radiography in Modern Industry, published by
Radiography Markets Division, Eastman Kodak
Company.)

Ultrasonic Transducer

'

establishes the time for an ultrasonic wave to
pass through a good specimen of test material,
flaws are detected by deviations from the standard time pattern. In Fig. 23, Time A corresponds to the wave entry into the material.
Time B corresponds to wave reflection at the
extremity of the test specimen. If a void within
the component interrupts the sound wave, a
portion of the sound is reflected back to the
transmitter (transducer) as a mechanical signal. A piezoelectric element in the transducer
changes the signal from mechanical to electrical. The electrical signal created by the element
is then processed through the instrument and
eventually will be produced as an electronic
spike on the CRT of the ultraso6ic instrument.
In Fig. 2 3 , an internal void would cause a wave
disturbance to propagate to the surface (and the
transducer) sooner than waves reflecting from
the extremity at Time B. The electronic spike
would show up on the CRT between Times A
andB.
Ultrasonic testing is used for volumetric examination of welds and base materials for
flaws. When inspecting materials, the sound
wave is introduced into the part either normal
to the surface or at predetermined angles,
providing what is known as angle-beam
inspection.
Many factors affect the results of the ultrasonic inspection:

Ultrasonic Machine

El\,
A-B

Time

Cathode

Ray Tube

Fig. 23. An ultrasonic transducer changes electrical energy to mechanical energy and mechanical energy to
electrical energy.
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1. Selection of calibration reflectors
2. Ultrasound transmitterlreceiver selection
3. Material composition
4. Surface condition (smooth vs. pitted)
5. Choice of equipment

6. Ability of the inspector

In addition to ultrasonic testing of superheater and reheater tubes and electric-resistance-welded boiler tubes, ultrasonic tests are
performed on plate material over four inches
thick, induction pressure welds, base material
in lifting-lug areas, and nozzle welds (which
are tested on a sample basis).
MAGNETIC-PARTICLE TESTING
Magnetic-particle testing is a dry-powder,
magnetic-field technique to detect surface defects in
welds of fusion-welded panels
butt joints on plates 1% inch or less in thickness
.back grooves of multipass submerged-arc
welding
machined longitudinal weld preparations of
plate-fabricated pipe
longitudinal and circumferential drum welds
after interstage and following final heat treatment
nozzle welds, and
internal and external attachments
LIQUID-PENETRANT TESTING

Liquid-penetrant testing is a widely used
non-destructive test applied to nonporous materials. Its success depends on the ability of a
penetrating liquid to enter a surface opening by
capillary action, and remain in the opening
after the surplus penetrant on the surface is removed. A developer is then used to draw the
penetrant out of the opening, back to the surface of the nonporous material.
The visibility of surface imperfections to the
operator is increased by the addition of a dye,
which may be either a visible dye which can be

viewed in normal white light or a fluorescent
dye that must be viewed under black light.
In contrast to the magnetic-particle testing
method, which normally is used on ferrous materials, the liquid-penetrant method is primarily applied to austenitic stainless-steel and
other non-magnetic materials. In providing assistance to manufacturing and quality-control
people in a boiler shop, its major field of use is
in giving indications of the length of imperfections that are open'to the tested surfaces of such
materials.
Among the present uses of liquid-penetrant
testing are (a) checking of austenitic weld deposits between composite austenitic-ferritic
tubes in furnace-wall panels; (b) checking of
induction pressure welds where stainless steel
is used on one side or both sides of the joint;
and (c) as a check method for classification of
ghost indications that have been detected by
magnetic-particle testing.
OTHER MANUFACTURINGPROCESSES

Many aspects of the fabricating process have
been omitted in this brief description of a typical steam-generator supplier's pressure-part
manufacturing facilities. Details of many types
of welding, of heat-treating methods of welded
assemblies, and of the inspection and qualitycontrol procedures must, for example, be
treated as separate subjects outside the scope of
this text. Particularly lacking is reference to the
proprietary systems of computer-aided design
and fully computer-integrated manufacturing
that ark being installed by major manufacturers.

REFERENCES AND FOOTNOTES
An authoritative work on this subject is the Welding
Handbook issued ih several volumes andsevised periodically by the American Welding Society, United Engineering Center, New York.
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Field Construction of Steam-Generating Equipment

u

his chapter describes the field-construction
activities associated with the erection of a
coal-burning steam generator and some of the
other associated power-plant equipment. The
information is of a general nature and does not
reflect the detailed design and construction of a
specific unit. Rather, it represents common features of many of the large utility units being installed throughout the world. Fig. 1 shows such
a large Controlled Circulation coal-fired unit as
will be referenced repeatedly in this chapter.

PLANNING AND ORGANIZING
FOR FIELD CONSTRUCTION
An electric utility or large industrial organization will prepare the design criteria and
scope documents, the detailed engineering
specifications, and other technica1 data needed
for a complete plant. This work is accomplished either by a consulting-engineering
firm retained to do the architectural and engineering design, or by in-house personnel performing all or part of it.
On most projects, many different vendors
supply equipment and services; some of them
do their own erection on the plant site. As a result, the owner or engineer issues many specifications to the various suppliers of the plant
--

components-the steam generator, turbinegenerator, condenser, emission-control equipment, ash-handling equipment, fans, pumps,
piping, and valves. After equipment selection
and purchase, the owner frequently will have
the engineer-consultant continue as the constructor, supervising the several contractors
and subcontractors.
Some of the crafts involved in the, erection
work are boilermakers, ironworkers, pipefitters, millwrights, electricians, insulators,
operating engineers, sheet metal workers,
carpenters, teamsters and laborers. These personnel are hired at the local jobsite at the
beginning of the project or as the work progresses i d are released once the portion of
work requiring their craft is completed.
The erection of a utility steam generator is a
major portion of the work in the total plant. In
many instances, the company that supplies the
boiler also constructs it. Early in the project,
the erecting company sets up a field organization headed by a construction manager who is
experienced and knowledgeable in boiler erection and who holds the,authority to make decisions necessary to the operation. The
construction manager's staff consists of construction and welding supervisors, field engineers, planninglscheduling and quality-control
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Fig. 1. Side elevation of large coal-fired steam generator for high-subcritical-pressure operation
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engineers, field accountants, and clerical personnel. Although all construction personnel
are charged with maintaining a safe operation,
a safety-engineer may also be employed as well
i s a labor-relations specialist, if deemed necessary by the contractor.
It is the responsibility of this organization to
plan and schedule the work in accordance with
the overall project requirements; to perform the
work as designed in a safe and timely fashion,
assuring an adequate flow of materials, manpower, and money to avoid any delay; to verify
the attainment of specification and code requirements; and to provide the documents and
reports necessary to monitor the work.

FIELD CONSTRUCTION OF A
BOILER
One of the first activities of the fieldconstruction phase is the verification of the accuracy of all concrete foundations for the boiler.
All column-to-column dimensions, anchor-bolt
locations, and concrete elevations are measured
and verified against the drawings.

Note:
Erection Sequence
Completes Entire
Steel Structure to
the Same Tier Level
Before Proceeding

Air Heater Loc

Fig. 2. Tier method of steel erection

STRUCTURAL STEEL ERECTION

Since a boiler structure is sometimes 250 feet
high, very large cranes are needed for erection.
Main cranes with boom heights of 280 ft and
lifting capacities of 250 tons or more are common. One crew of ironworkers can erect about
25 tons of steel a day with one such crane.
Because of the large quantity of boiler steel
(often greater than 4000 tons for a 600-MW
unit), boiler components, and other plant
equipment and materials, it is usually impossible or uneconomical to store all the boiler
items within reach of the main crane. A multiacre storage yard and adequate warehouse storage are necessary for the material; such
additional equipment as lighter capacity
cranes, cherry pickers (small, rubber-tired
mobile cranes), and flatbed trucks are required
for moving the material to and from the storage
areas.
There are basically two ways of erecting
boiler steel. One is the tier method, shown in
Fig. 2. The other is the cube method. In the tier
method, each elevation is completed to the
splice point before another elevation is started.
In the cube method; sections of the steel are
built up to different elevations starting from the
turbine deck and progressing back toward the
stack. The structure is built in a horseshoe
shape, leaving an open area for the crane to
back out as work is completed.
The large sizes of some of the boiler components, such as the ductwork, deaerator tank,
and sootblowers, require that these components be installed as the building structure is
erected. For this reason, close coordination between the material suppliers and the constructor is essential.
It is desirable in many instances for the boiler
erector also to erect the boiler support steel.
This facilitates the planning of erection sequences, and firm dates for finishing elevations
can be planned with a minimum of coordination problems or schedule disruptions. If the
steam-generator supplier does not erect the
structural steel, it is important that the supplier
be consulted so that steel erection and boiler-
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Fig. 3 Erection sequence of a main boiler girder: 3A, main girder being lifted off the ground; 38, main
girder at an angle to the steel; 3C, main girder being set on the support columns; 3D, main girder in place,
ready for tie-in steel
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components installation are coordinated, to
preclude structural-steel blocking of the component installation.
The steel erection begins with the main
boiler columns, usually starting on the turbine
and steam-drum sides of the unit. Then the
main girders are erected. They support the
main boiler sections and the steam drum from
the top of the unit. There are usually 5 or 6 main
girders spaced about 24 feet apart. Girder sizes
range from 6 to 20 feet high, 100 feet long, with
weights approaching 160 tons. For structural
members of these sizes,,shipping to the jobsite
becomes a problem, since railroads have height
and weight limitations.
MAIN-GIRDER ERECTION

Main-girder erection is one of many rigging
problems of the structural-steel erection process. The most accepted method of lifting the
heavier girders is to use two cranes in the furnace cavity.'Lifting lugs are bolted to the top
flange of the girder to attach it to the crane's
load blocks. Fig. 3A shows such a girder raised
off the ground with the two cranes. Because the
girder rests on top of the structure columns, its
total length is longer than the open area between the columns. This requires the girder to
go up at an angle to fit between the steel. This
can be seen in Fig. 3B. Once the girder is raised
above the column tops, one of the cranes moves
its boom forward while the other noes backward to bring the girder parallel to the front of
the boiler. The girder can then be set down on
the column tops as seen in Fig. 3C. At this time,
the top flange of the girder is very close to the
tubular framing on the boom. If the girders
begin to swing and touch the boom, the boom
could collapse. Once the girder is in place, (Fig.
3D),intermediate steel can be installed to tie a11
of the upper steel together. Coordinated radio
communication, highly experienced operating
engineers and rigging supervisors, and firstclass equipment are imperative for successful
girder erection.
STEAM-DRUM INSTALLATION
The steam drum can be raised into position at
the top of the boiler once the main girder steel

-

has been erected. The drum, shown in Fig. I, is
hung just below the main girder steel by means
of huge U-bolts that encircle the drum. Steam
drums currently being used may be 7 feet in
outside diameter, over 100 feet long, and weigh
as much as 300 tons.
RAISING A DRUM

As shown in Fig. 4, the drum is often raised at
an angle to the ground, because the bay may not
accommodate the full drum length. Based on
the lifting lugs welded on the drum in the shop,
the location of the support steel for the load
blocks can be determined before construction
is started. A set of "cat heads" (a temporary
support for the upper portion of the-block-andtackle arrangement which is used to raise the
load) rests on top of the support steel, through
which the upper load block is pinned. The
block can rotate according to the angle of the
drum. The rigging usually consists of 1-inch
cable with up to 1 7 parts of line on each set of
blocks.
The steam drum is usually brought inside the
furnace cavity on a railroad car and off-loaded
with the lifting blocks. In the absence of a railroad track, the cranes used for steel erection
can off-load the drum and "walk it" to the lift
area. The line-pull two-drum hoist that is used
for lifting is usually located on the ground with
the two load lines following a column line up to

~ i g4.. Lift of steam drum in boiler cavity.
(Note deaerator tank already in place)
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the top blocks hanging in the cat heads. Because of the inner dimensions of the structural
steel and the location of the cat heads, an outhaul such as that shown in Fig. 4 may be used to
keep the drum from drifting into the steel work.
Proper location of all rigging is important because of the height of the boiler and the lifting
distance, which can be well over 200 feet.
"DRIFTING" A DRUM

On some jobs, it is advantageous to erect the
platform steel that is under the steam drum
along with the boiler structural steel. This can
involve steel in excess of 200 tons that can be
put up more efficiently at that time.
When steel has been erected such that the
drum cannot be lifted vertically from the
ground, the steam drum must be raised up in
the boiler cavity to a height just below its final
elevation and then drifted into the drum-bay
area. This will require 2 sets of cat heads and
blocks, and an extra set of lugs on the drum.
Fig. 5A shows the drum located in the boiler
cavity with the first set of rigging attached to
the drum. To the left of the drum is the platform
steel that the drum will be drifted over. Fig. 5B
shows the drum up to the drift elevation with
the second set of rigging being attached to the
second set of lugs while the first set still supports the load. The temporary planks on the
platform steel provide a work area and also
support the hanger rods. Fig. 5C shows the load
being transferred from the boiler cavity to the
drum bay, with the load equally distributed in
all four blocks. In Fig. 5D, the drum is being
raised to its final elevation, with the second set
of rigging supporting the entire load and the
first set slacked off.
PRESSURE-PARTS
SUPPORT-STEEL ERECTION

While the steam drum is being erected, the
pressure-parts support steel (upper region of
Fig. 1)can be installed. This steel, located at the
top of the unit, supports all of the weight of the
boiler. Unlike conventional structures that are
built from the ground up, most modern boilers
are built from the top down, with the whole

boiler suspended by hanger rods from the main
girders. This permits the boiler to expand
downward as much as 15 inches as it heats up
during the start-up of the plant. The correct setting of the pressure-parts support steel is very
important because every part of the boiler is located with respect to this steel. It controls all
elevations and is continually used as a reference to align the different components as they
are erected. INSTALLATION
OF UPPER HEADERS AND LINKS

Next, the upper headers and links are hung
just b e l o ~ rthe pressure-parts support steel.
They may include the main steam lines to the
turbine, the crossover links from the different
stages of the superheat and reheat systems, the
economizer lines to the steam drum, and the
riser tubes from the waterwall outlet headers.
By the time these components are raised, the
crane used to erect the boiler steel has usually
been moved to the back of the unit and cannot
reach the areas where these components will be
located. Therefore, most are raised from the
ground inside the furnace cavity using block
and tackle (a set of pulleys in a frame). The
components are then hung on their respective
hanger rods, which support the different boiler
components, or are lashed temporarily to the
pressure-parts support steel. The sequencing of
component installation requires extra care on
units where there are multiple riser tubes to the
steam drum from the side-wall headers. These
pipe sections are usually 6 inches in diameter
and as long as 40 feet. They are very flexible
and may contain several compound bends.
Other pipes between the various superheater
and reheater headers are often 30 inches in diameter, with sections weighing as much as 10
tons. They require proper sequencing because
of the difficulty of moving them once they have
been positioned between the existing hanger
rods. Fig. 6 shows some completed main steam
and reheat piping to the turbine. At this point
in the installation of the boiler, no-pressurepart final welding has been started. All work
has involved the placement of equipment.

-
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The downcomers from the steam drum to the
suction manifold, as shown in Fig. 1and Fig. 7,
are raised into place after the above-mentioned
work is completed. Usually arriving on the jobsite in 60-foot sections, downcomers are about
16 inches in diameter and weigh as much as 7
tons per section. Each downcomer requires
about 3 sections. Rigging must be located underneath the steam drum itself, because the
downcomers are welded directly to the drum
nozzles. Clips are welded on the ends so that
threaded rods can be inserted to raise or lower
the downcomer a few inches for proper positioning for welding.
As soon as the downcomers are in place,
boilermaker welders can begin the fit-up and
welding procedures that will ultimately join
the downcomers to the drum. A joint can be
finished in about 1 M days if a two-person crew
works on each weld.
SUPERHEATER AND REHEATER
MODULES INSTALLATION

The next boiler components to be installed
are the superheater and the reheater pendant
modules. Fig. 1 shows their locations within
the boiler. These modules, which require some

Fig. 6. Main steam and reheat piping to the turbine

of the most difficult rigging on the boiler,
contain sections of tubes bent in complex configurations and welded together on a common
section of header. Each module can measure as
much as 10 feet square and 55 feet long and
weigh up to 70 tons. They arrive on the jobsite
partially encased in shipping rigs that are also
used to upend the module to a vertical position.
A large crane and a cherry picker are needed
to off-load the modules from the railroad car to
a flatbed truck, which brings them into the furnace area. A set of 75-ton capacity blocks are
rigged above the final position of the module.
The lower block is attached to a special
spreader beam, shown in Figs. 8A and 8B. The
lower end of the module is picked up with a
cherry picker, while the main load blocks raise
the header end. The flatbed trailer is removed
and the main blocks continue to raise the upper
end of the module, while the cherry picker
lowers the other end, thus orienting the module
in a vertical position for final raising. Rotation
to the vertical position is accomplished quite
easily with specially designed rods between
the high-crown end bar of the module and the
spreader beam. The cherry picker and shipping
frame are then removed and the module is

Fig. 7. Downcomer piping from steam drum
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lifted with the 75-ton blocks (Fig. 9).
Because of the thick-wall tubes required to
retain high-pressure steam, the superheater
modules are much heavier than reheater modules. When a complete section of superheater
modules is in place, the header sections are fitted together and prepared for welding. Girth
welds made on the header sections connect
the different superheater modules. (Fig. 10).
Depending on the location of the modules in
the furnace and the structural steel underneath them, it is sometimes necessary to drift a
module into place. To transfer the load to its
final position, this lift requires two sets of
blocks attached to a steel plate pinned to the
module. Generally. this procedure is required
when the load is raised or "picked" inside the
boiler cavity with the final location of the
component in the back pass of the boiler.

COMPONENT LIFTING
CONSIDERATIONS
During the erection of the boiler components, hundreds of lifts are made inside the
Main Lifting
Dev~ce
(Blocks)

Front End

furnace cavity. This necessitates changing the
location of rigging almost every time a pick is
made. It is often helpful to locate a crawler
crane inside the furnace area that has the capacity to boom in and out and swing around to
change its location. A crawler is very useful
and can be used throughout much of the steamgenerator construction.
The elevation of the previously erected pendant sections limits the height of the crane.
Upfront planning is necessary so sufficient
structural steel is left out to allow access for the
crane into and out of the furnace. As the crane
is being brought in, the boom is laid all the way
down, parallel to the groand. A line is dropped
down inside the-furnace and attached to the
end of the'boom. The two lower pins on the
front boom section are removed and the section
is lifted with the line and rotated around the
upper two pins. This puts the top section at a
90-degree angle to the rest of the boom. The rig
is driven further into the furnace area for the
length of another section and two more pins are
removed. The second section is raised to the
vertical position and the first two pins are replaced. This is repeated until all of the crane is
in the furnace cavity with the boom reassem-

Second Lifting

Spreader
Beam

Header End Lugs
Tail End Lugs
Fig. 8A. Rigging for superheater and
reheater modules

Fig. 88. Raisingof superheater and
reheater modules
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Fig. 9. Superheater module lilt within boiler

Fig. 10. Last module being fit into place. Girth
welds will be made between the header sections.

bled in the vertical position. It is removed in the
same way. Fig. 11 shows a completed crane
within the furnace.
When most of the boiler is completed and
there is no more head room available for the
crane (about the time that the two lower headers are attached), it is removed.
Another method of lifting inside the furnace
is with a guyed derrick located on top of the
unit above the main girders. Guyed derricks
can rotate 360 degrees on a bull wheel (the
lower support for the derrick) and can boom
out in any position. A system of guy wires
is tied off to boiler steel at different points
to support the mast from'which the boom is
rigged. When the boom is needed on the orher
side of a guy wire, the boom must be brought
up to the vertical position parallel to the mast.
Then, by rotating the bull ring, the complete
crane is moved to a new position and the boom
again lowered.
Other rigs used for lifting in the boiler.area
are stiff-leg derricks, Sky-horse cranes, ringer
and crawler cranes, and travel lifts. All these
are used in different ways and in varying
capacities.
Some units presently being erected have
very tall furnace heights, with top ,of structural
steel in excess of 350 ft, which no conven-

Fig. 11. A completed crane boom within the furnace.
Note the waterwall panels enclosing the furnace.
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tional crawler crane can reach. These heights
sometimes require a "kangaroo" tower crane
that sits in the center of the furnace opening
and can be used to erect the structural steel
and some of the boiler components. The tower
rests on a poured concrete base, held down
with anchor bolts and tied off to the structural
steel in several different places. The tower is a
square structural member and, with the crane,
can free-stand 160 ft above any tie-offs. The
crane is then capable of jacking itself in the air
14 ft and inserting another section of tower for
the crane to sit on. Fig; 12A, looking up inside
the furnace cavity, shows the tower with its 2
tie-offs to the steel and the crane on top.
Fig. 12B shows the crane after it has erecfed
the main girders and some of the fill-in steel.
While the structural steel has been going up,
the coal bunkers, ductwork, air heaters and
other components have also been erected. The
crane has 160 ft of boom and can reach almost
all sections of the boiler area. With the crane located on top of the boiler, most of the steel can
be erected in the tier method.

Fig. 12A. Tower section and tie-offs
for the "kangaroo" crane

BUCKSTAY ERECTION

Once the primary crane has been installed
inside the furnace, one of its first jobs is setting
buckstays at different elevations. The buckstays are structural shapes or trusses that
restrain movement of the waterwalls caused by
fluctuation in furnace pressure (see Fig. 1).
Buckstays may be all horizontal or may form a
system of large vertical steel members combined with small horizontal members.
On boilers with both types, the main vertical
buckstays, which are sometimes 3 feet wide
and come to the jobsite in 60-foot sections, are
hung from the pressure-parts support steel. Between these are smaller horizontal buckstays
that are supported by the vertical buckstays.
SOOTBLOWER ERECTION

A crawler crane raises the long-retractable
and furnace-wall sootblowers and sets them on
the grating at their correct elevations. The type
of fuel to be burned determines the number,
type, and location of the blowers. Mounted hor-

fig. 126.Crane on top of the unit with

the main girders in place
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izontally, they have a round tube or lance that is
rotated by a driving motor. The sootblowers
clean the walls and elements of the steam generator during operation.
One type of sootblower is the wall blower,
which extends into the boiler only a few inches
to clean the fireside of the waterwalls. A second
type is the long retractable blower, which can
be inserted up to a distance of either full boiler
width, or one half the width of the boiler,
depending upon available space and owner
preference. These blowers extend between
the sections of the superheater, reheater and
economizer to' clean the convection heatabsorbing surfaces.
WATERWALL ERECTION

Once the sootblowers have been laid on the
grating temporarily, the waterwalls which
form the sides of the furnace can be erected.
The waterwalls are sections of tubes that are fusion welded together into a gas-tight panel.
They conduct a mixture of steam and water
upward as heat is applied from the furnace
' side. The walls extend from the base of the
boiler (just above the ash hopper) up to the
steam-drum level.
Waterwall panels may come from the shop
with the upper headers already attached. When
two panels are joined in the field, only one
girth weld is then needed on the header. This
eliminates the need for numerous field welds

Fig. 13. Installation of waterwall panels.
Vertical and horizontal buckstays are visible.

between header nipples and the panel tubes.
Such shop prefabrication can reduce the construction schedule and costs by eliminating
field welds, which are often performed under
adverse weather or logistic conditions. Other
examples of shop prefabrication of waterwall
panels include welding of buckstay stirrups, installing insulation pins, and fitting seal boxes
on the observation openings.
Another helpful shop procedure is the application of white paint to each panel to brighten
the interior of the boiler during erection. This
technique, as shown in Fig. 13, improves working conditions.
Typically about 12 feet wide and 80 feet long,
waterwall panels are brought into the furnace
on a flatbed truck. Because they are so long and
flexible, the biggest problem with these panels
is upending them. Two lines are needed. The
crane in the hole lifts the top line; a cherry
picker, the other, in much the same way the
superheater modules are upended.
Sometimes, a special lifting device distributes the weight so the panel will not buckle.
This requires that several slots be cut in the
welded web between the tubes. A bar welded
to a small T-beam is inserted and pinned on the
back. This device assists in keeping the panel
straight along its width during upending process. When the panel is vertical, it is lifted up to
its final position.
The desuperheater (or desuperheaters) is

Fig. 14. Installationof roof tubes within
furnace cavity
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raised and put in place at this time. Before the
superheated steam goes through the finishing
superheater assemblies, it passes through the
desuperheater. Through a system of spray nozzles that inject water into the steam, the desuperheater controls the temperature of the
steam delivered to the turbine.
ROOF-TUBE ERECTION

After the waterwalls are in place, the roof
tubes, see Figs. 1 and 14, can be erected usually
in either of two ways. One approach uses single
tubes that fit betweenthe vertical elements. In
other areas with larger openings, full roof-tube
panels can be raised from the ground with a set
of blocks and a tugger, rather than with a crane.
While the roof tubes are being fitted into
place, the intermediate waterwall panels are
lifted and fitted below the upper panels. Generally, they are attached to the upper panels by
a system of threaded rods and clips that are
welded to the welded webs between the panel
tubes. When this temporary hanging system is
used, final panel spacing for weld-out can be
done with the threaded rods.

Fig. 15. The structural framing betweenthe furnace
"nose" and the vertical front wall of the convection
pass of a large high-pressure steam generator

SUPPLEMENTARY FRAMING

Fig. 15 shows the structural framing between
the furnace "nose" and the vertical front wall of
-the convection pass of a large high-pressure
steam generator. All of the steelwork shown is
supported by the pressure parts; both the pressure parts and these structural members have to
be designed to withstand the loads imposed, as
well as both positive and negative gas pressures as dictated by codes and owner specifications. The horizontal tubing in the top of
the picture forms the floor of the gas pass
directly behind the furnace nose.
'AIR PREHEATER ERECTION

While the rest of the work is being done on
the boiler, the air preheaters, usually two per
steam generator, can be erected at the rear of the
unit. (See Fig. 1 for their locations.) The air
preheaters are heat exchangers made of heatabsorbing metal baskets assembled on a rotor
that is turned by a drive. Hot flue gases leaving
the boiler pass through one side of the heater.
Incoming cold air from the forced-draft fans
passes in counterflow through the other side.
The baskets are heated by thehot flue gases and
rotate into the cold air stream to raise the temperature of the incoming air. Various seals prevent the gas and air flows from mixing.
The air preheater is most often oriented with
a vertical shaft. Its main parts are the bearing,
bearing supports, baskets, oil circulating system, drive motor, seals, casing and insulation.
On some projects, it is economical to fabricate
the main sections of the preheater on the
ground and raise them into place in the structural framework with a crane from behind the
unit. This method is very satisfactory if a large
capacity crane, such as the one shown in Fig.
16, is available. The extremely accurate measurements required are performed by millwright$. These include setting the clearances
between the rotor and seals, aligning the bearing and support structure and setting the rotor
motor and roller pins. Boilermakers erect the
main housing and raise the air preheater into
place. They also level and set the preheater in
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its final position in the boiler, as shown in Fig.
17. Once the preheater rotor and other parts
are assembled, the heat-absorbing baskets are
raised and moved into place.
ECONOMIZER ERECTION

While the air preheater is being erected, the
economizer, located just above the air preheater
(see Fig. I ) , can be erected. This is a heat recovery device designed to transfer heat from
the exiting flue gases to the incoming boiler
feedwater. The economizer consists of an interconnected horizontal tube array. The upper
ends of each economizer assembly connect to
the outlet header, which is already in place
above the roof tubes.
Two types of economizer heating surface are
in common use on coal-fired units: one consists
of a pair of longitudinal fins located 180 degrees apart along the top and bottom of the horizontal tube; the second is bare tubing, similar
to horizontal low-temperature-superheater surface. Spiral-finned economizers are used on oiland gas-fired units.
Finned economizer tubes require careful
handling because of the heat-absorbing fins.
They are grouped together in modules of 3 to 8
elements, each with saddle supports installed

Fig. 16. Assembly of air preheaterson the ground

welded to the bottom of the intermediate headers. Because the economizer tubes are often
fabricated in a staggered pitch to increase heat
transfer and minimize space requirements, fitting the last few elements sometimes presents a
rigging problem. It is difficult to pass hoisting
falls through the staggered tubes. This often
means that the already installed elements must
be spread apart and the side walls must be
moved out.
WINDBOX-ASSEMBLY ERECTION

After the intermediate waterwall panels are
in place, the windbox assemblies, shown in
Fig. 18, can be brought into the furnace and positioned for lifting.
The rigging of a furnace windbox assembly is
one of the most difficult tasks on the project because of the weight, shape and balance points
of the assembly. When the windbox comes
from the shop, sections of waterwall tubing are
attached to it, with the bends in the tubing prefit around the windbox. These are welded into
the already erected wall panels and help support the windbox. Additional hanger rods support the back side of the assembly. The average
weight of the assembly is 25 to 30 tons. It is
raised in place using the crane in the furnace.

Fig. 17. Air preheatersin place inside the building
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Because the back side of the windbox contains
control arms, ductwork and insulated panels, it
must be cribbed up on the low-boy truck when
,.it is brought into the furnace cavity.
Special lifting lugs are also installed in the
shop to make the windbox assembly hang as
close to plumb as possible while it is being
raised. To ensure that the tip of the crane boom
does not hit the waterwall panel above, special
care must be used when attaching the assembly
to the hanger rods.
PULVERIZER ERECTION

Coal feeders, coal pulverizers, and the coal
piping to the windbox are usually erected as
part of the steam-generator contract.
If shipping schedules permit, coal pulverizers such as those shown in Fig. 1 can be set in
place in sections as the structural steel is set.
On a large unit, there are usually 6 to 10 coal
pulverizers which are located on both sides or
in front of the boiler at ground level. Generally,

Fig. 18. Windbox assemblies erected in place
--

one pulverizer on each side is left out u'ntil
most of the required components have been
moved into the furnace cavity.
A typical bowl mill (Fig. 19) contains about 6
sections, the first of which is the poured concrete foundation with four large anchor bolts.
The mill base, which contains the gear case on
many mills, is set on top of the foundation. The
mill side assembly, where the grinding bowl is
located, is installed on top of this. The separator body, which contains the 3 roller journals and covers, goes on top of this. The
separator, where the coal is classified cyclonically to the desired fineness, is next. The very
top of the mill is the multiple-port discharge
assembly. Here, coal is fed into the mill from
a central feeder
and pulverized coal is
discharged to the coal piping through the
peripheral ports.
Mills weigh up to 150 tons and are up to 30
feet high. The crane that erects the structural
steel can easily set the heavy sections of each

Fig. 19. Erection of bowl mills

i
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mill. The lighter internals can be installed
later. If the use of a crane is impractical, the different mill parts can be rolled into place on a
track and jacked into position. Ironworkers and
millwrights do most of the construction work
on the mills, with the latter doing all of the
alignment and settings because of the close tolerances that are required.
Simultaneously with the work on the bowl
mills, hanging and setting of the coal piping to
the furnace can also be progressing. Welded
joints and Victaulic couplings join sections of
the pipe. Fig. 20 shows the final tightening of a
Victaulic coupling on an elbow that connects to
a windbox assembly.
SUCTION-MANIFOLD ERECTION

The suction manifold, also shown in Fig. 1,is
raised into place next. It is the collecting
header that distributes the water from the
downcomers to the boiler circulating pumps.

Fig. 20. Fuel pipe connections being made
to furnace windbox
-

The suction manifold is hung from the downcomers, which are welded to the steam drum.
The downcomer leads join the top of the manifold. Lugs are provided on the downcorners,
(and also on the nipples of the manifold), so
that threaded rods can be inserted to hold the
manifold after it is lifted. These can also be
used to adjust the weld gap for proper fit.
The manifold is usually lifted into place
using the crane in the furnace cavity. If the
crane is not used, blocks must be rigged under
the steam drum with the rigging reaching
down the full height of the boiler to hoist the
manifold into place.
The boiler circulating pump assemblies are
usually raised and temporarily rigged before
the manifold is raised. As the lift is only about
8 tons for each pump assembly, the crane in
the furnace can be used for this operation.
It is often advantageous to fit a number of
pump components together on the ground
first. The discharge valves can be welded onto
the pump casings (Fig. 21) before erection.
The pump casing is a volute-shaped chamber
into which the pump impeller fits. The pumps
force the water from the manifold through discharge links into the lower waterwall headers.
Check valves at the pump outlets prevent
water flow from backing up into an idle pump.

Fig. 21. Volute and pump assembly with a
discharge valve on each side
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A rigging beam can be used to install the
electric motors and pump rotors. Millwrights
perform.the critical alignment of motors and
pumps.
DUCTWORK ERECTION

Ductwork erection must be completely integrated with boiler erection to avoid problems
in fitting ductwork sections into the structural
steel framework.
The boiler ductwork, as indicated in Fig. 1,
consists of two main .systems, the air-supply
system, which includes the primary and secondary air and the furnace-windbox ducts,
and the flue-gas system, which includes the
backpass ash hopper and ductwork to the air
preheater, precipitators, absorbers (if included), induced-draft fans, and stack.
The hot-air ductwork from the air preheater
to the windboxes, along with the burner connection duct, contains some of the biggest
pieces of equipment on the boiler. Because of
the sizes involved, ductwork is generally assembled on the ground (Fig. 22) with septions
installed simultaneously with the structural
steel. Hanger rods and expansion joints in the
ductwork allow for thermal expansion. Some
ductwork sections are 20 feet by 30 feet in cross
section. At this size, temporary internal stiffeners are often needed to provide strength during
shipping and erection.
The gas-system ductwork extends from the
bottom of the economizer to the exit side of

Fig. 22.
-- Ductwork fabricated on the ground
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the air preheater. It also includes the ductwork
from the air preheater to the induced-draft fans,
to the gas cleaning equipment, and to the stack.
Most of this ductwork is installed after the air
preheater is in place, usually with the same
crawler crane that set the air preheater.
Dampers to isolate equipment or regulate
airflow or gas flow to and from the boiler are installed with the ductwork.
LOWER WATERWALL HEADER ERECTION

Typically, the lower waterwall headers are the
last major lifts made inside the boiler and are
installed after most of the pressure-part welding has been completed. The headers are up to
3 ft in diameter, extend the full width and
depth of the furnace, and weigh as much as 60
tons each. During boiler operation, once the
water reaches the suction manifold from the
downcomers, it is pumped into these headers
and up the waterwalls. Because these headers
are so heavy, a large cherry picker is brought to
the furnace to help the crane make this final
lift. Once headers are in position, they are hung
with hanger rods from the waterwall structure.
,

WELDING
OF ERECTED COMPONENTS
Thus far, as the boiler erection has proceeded, the different components have been
raised and hung by hanger rods or temporary
rigging. After a group of components is installed, the fit-up and welding must be performed. Except for the structural steel, which is
most commonly bolted together, almost everything else on the boiler is welded.
Several different welding processes are used
in the field. One such process is gas tungsten
arc welding (GTAW), in which a bare filler rod
is fed into the molten weld. The tungsten electrode, which is not consumed, provides heat to
the workpiece. An externally supplied shielding gas excludes the atmosphere from the weld
puddle. Argon is usually the shielding gas. although other gases or combinations of gases
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may be used. Historically, this relatively slow
process is used to put in the root (first) pass in
pressure-part butt welds.
The most extensively used process i s
shielded metal arc welding (SMAW), more
commonly referred to as the "stick electrode"
process. In this process, the flux-covered electrode is consumed in the weld. The flux coating
produces the shielding gas which is externally
supplied in the GTAW process; it also promotes
electrical conductivity across the arc column,
adds slag forming materials that help prevent
rapid oxidation of the weld metal and, in many
cases, adds alloying materials to the weld. This
process follows the GTAW root pass and completes the pressure-part butt weld. It is also
used to weld ductwork, waterwall seams, and
other plate and pipe components.
The third process frequently used during the
field construction of boiler components is the
gas metal arc ~velding(GMAW) process. In this
process, a machine feeds bare of flux-cored
(flux-filled tubular) wire from a spool into the
weld. The wire is the consumed electrode as in
SMAW. The shielding gas may be externally
supplied (as with GTAW) or may be supplied by
the flux (as with SMAW) if flux-cored wire is
used. This process is also used for ductwork,
waterwall seams, and other plate welding.
With increasing frequency, machine welding
is being performed in the field. In field machine welding, the equipment performs the
welding operation under the constant observation and control of'a welding operator. Machines which make pressure-part welds are
called orbital-welding machines. They usually
employ the GTAW process, although the GMAW
process is in the early stage of development for
use in the field. The main advantage of orbital
welding is the higher quality of the deposited
weld. The improved quality results from the
repeatability of the machine and the decreased
fatigue of the operators over manual welders.
Field welds are radiographically examined as
required by code, contract, and self-imposed
quality control standard requirements. (See
Chapter 18 which describes radiography requirements in a steam-generator manufacturing

facility.) For this .analysis, radiographic film is
placed on one side of a weld and a radioactive
source is temporarily placed on the other side.
(Sometimes the source is placed inside a pipe
weld for a panoramic shot and other times the
source is placed on the outside of a tube or pipe
weld for a double-wall shot.) When the film is
developed, discontinuities may be disclosed requiring interpretation by a qualified radiographer. Any discontinuity which is interpreted as
a defect must be ground out and rewelded.
Depending on the material specification of
the component and the diameter and thickness
of the weld, postweld heat treating may be required to reduce the residual stresses induced
by the welding. This stress-relieving process
involves the placement of electric elements or
coils, or gas burners, around the weld area of
the component. A band around the weld joint is
brought up to a predetermined temperature,
typically 1100 to 1300°F, at a controlled rate,
and is held there for a time period that is a function of the weld thickness. Thermocouples attached at the outside of the heat band, or
temperature-indicating crayons, are used to
monitor the temperature. The component is
then lowered to ambient temperature at a controlled rate.

ADDITIONAL
CONSTRUCTION WORK
When the lower headers have been set in
place, the cherry picker and the crane are removed from the furnace,. Then the lower waterwall panels are brought i n and raised into
place, and the downtake system from the suction manifold discharge valves is installed.
Additional work that can proceed simultaneously in other sections of the boiler is
attaching the buckstays to the waterwalls,
bolting the sootblowers to the waterwalls, connecting the piping for the sootblowers, and
welding safety valves to the steam drum and
outlet leads to the turbine. At this stage, a
"punch list" of work that must be completed
before the hydrostatic test should be compiled,
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so that all responsible contractors can be aware
of unfinished items.
ERECTION OF STEAM GENERATOR
AUXILIARY EQUIPMENT

Other equipment that is worked on during
boiler erection are precipitators, absorbers,
fans and the stack. The precipitator is located
downstream of the steam generator proper and
removes the solid particulate from the flue
gases. It rests on a structural-steel frame which
is also tied into the main support members for
the precipitator. The hoppers are erected first
and lowered into the steel from above with a
crawler crane. The hoppers are usually subassembled on the ground and erected as one
piece. The main supports, sides and internal
bracing are put up next along with the inlet and
outlet ductwork. The collecting and discharge
electrodes, or other types of internals, are then
erected. The inner roof, weather roof, and electrical components finish the main sections.
Work on alignment, wiring and checkout is required before the unit is complete. Fig. 23
shows a nearly finished precipitator.
Absorbers, such as the one shown in Fig. 24,
are installed as.required by environmental regu-

1

Fig. 23. Precipitator during final construction

lations necessitating removal of 'sulfur oxides
from the stack gases. Because of the large
amount of ductwork and tanks, it is usually easier-to erect the absorber at the same time as its
structural-steel support framing. Fig. 25 shows
the tanks with much of the ductwork in place.
Once the main sections are up, the internal piping and spray sections can be installed. Because of the potentially corrosive atmosphere
inside the absorber, a noncorroding material,
such as austenitic stainless steel, is usually
used. Such stainless steel requires special handling and welding requirements not needed on
carbon-steel equipment.
On large utility units, there are usually two or
more forced-draft fans that move combustion
air through the air preheater and into the boiler
through the windboxes and two or more induced-draft fans that pull the hot gases from the
boiler and direct them to the stack.
Fig. 26 shows two centrifugal induced-draft
fans partially completed. Once the support

Fig. 24. The erection of a stainless-steel absorber

I
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foundations are poured, the lower rotor housing, bearing supports, and rotor are installed.
Then the remaining inlet chambers and outlet
boxes are put together and connected to the
supply and discharge ductwork. Millwrights
set and align the rotor, a critical job because of
the close tolerances required.

HYDROSTATICTESTING AND INSULATION

During hydrostatic testing, water is pumped
into the complete water and steam circuits of
the boiler and raised to the pressure of 1112
times the maximum allo~iableworking pressure (MAWP). The pressure is held for a specified period of time and then lowered to the
MAWP and held there for another period. The
entire boiler, including piping, valves, wall
panels, and drums; is then inspected for leaks.
If any are found, the pressure is dropped, the
water is drained out, and the leak is repaired.
The entire process is then repeated until no
more leaks are apparent. A steam-generating
unit is "built-in accordance with the ASME
Boiler Code" only when it has successfully
passed such a hydrostatic test of the entire unit,
either in the shop or in the field.
The erector engages the services of a steamboiler inspection agent who is responsible for
verifying the inspection and assuring the integrity of the boiler to the owner. The owner usually has its own insurance representative on the
job at the same time to look over the records and
ensure that proper inspection and tests are performed.

Fig. 25. Section of absorber steel and ductwork

Fig. 26. Induced-draft fans under construction

Fig. 27. Turbine pedestal with most componerits
set in place
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Once the hydrostatic test is complete, the insulation and lagging installation can proceed.
Insulation blankets or blocks are installed on
a[ piping, waterwalls, drums and ductwork.
~ i t a lagging
l
is installed over the insulation
for protection of equipment and personnel. A
coating of refractory is troweled on the top side
of the roof tubes and a steel "skin" casing is
welded over the top.
If the unit is an outdoor unit, the lagging
serves to protect the boiler from the weather as
well as to provide a satisfactory appearance. If
the unit is an indooranit, the boiler is completely enclosed by an outer building. This is
desirable in cold climates, making initial erection and subsequent maintenance easier in the
winter months.
ERECTION OF MECHANICAL EQUIPMENT

The installation of mechanical equipment

proceeds while the boiler is being erected and
includes the turbine generator, miscellaneous
pumps and valves, the water-treatment systems,
the boiler feed pumps, and the condenser to
name but a few. The turbine generator is a large
section of the mechanical work and requires almost the same time span for erection as the
boiler. Fig. 27 shows a turbine under construction with most of the components already in
place. The overhead gantry crane (upper left
corner of Fig. 27), one of the first pieces of
equipment erected, is used to raise and set most
of the turbine except the stator.
Because the stator is so heavy (200 to 400
tons), a special lifting rig is usually brought to
the site just for this one lift. Fig. 2 8 shows a
stator entering through an access opening from
the ground. This rig uses a system of grip-type
jacks with steel cables to lift the stator from the
railroad car and up to the turbine-pedestal
floor. Once the stator is up to elevation, special
rolling beams are put under the stator. The
stator can be lowered a few inches onto special
heavy-duty rollers and rolled from the lift frame
onto the concrete turbine floor. The stator is
transferred to the generator hole and lowered
again using the upper section of the same
lift rig.
ERECTION-COMMISSIONING INTERFACE

Fig. 28 Stator lift rig with grip-type jacks used to
raise stator from ground level to turbine floor
--

With most of the major work done on the
boiler, boilout and acid cleaning of the inside
of the tubes can be done. Chemicals are circulated through the boiler for prescribed lengths
of time and then drained from the boiler. These
procedures remove internal scale from waterbearing systems and assure free water passage
in all tubes, headers and drums. (See Chapter
21 for a description of boilout and acidcleaning of high-pressure steam-generators.)
Installation of boiler-drum internals may
now be completed and access openings closed.
The contractual responsibility for the erection phase is usually complete at this point;
however, support crafts for assisting test and
start-up engineers may be necessary to take
care of items that require modification andlor
replacement during commissioning.

,

CHAPTER 20

Water Technology

w

ater is a basic engineering material used
in the production of steam for power generation and process use. Effective treatment
or conditioning of water has made possible
the use of more efficient steam cycles in the
subcritical and supercritical pressure ranges.
Many industrial processes have special requirements for high quality water, free from objectionable contaminants.
These statements are indicative of the significant role of water technology as an interdisciplinary professional field which comprises
elements of basic chemistry as well as chemical
and mechanical engineering. This chapter will
discuss specific boiler applications of water
technology, but many of the same considerations hold for various types of process operations. In practically every instance, a careful
review of sources of water and its conditioning is required to avoid economic losses
because of slowdown in production, damage to
equipment, and increased costs of operation.
The sources of water supply to an industrial
site differ and can originate from a polluted
river or stream, mountain runoff, wells or a
lake. The composition of impurities in water
varies over a wide range. Water may be polluted with sewage, chemical or organic wastes,
bacteria, dissolved gases, suspended mineral
matter and dissolved solids of both scaling and
-

.

nonscaling composition. If water were pure
''H20"
and nothing else, or were of a constant
solids composition, the conditioning of water
for industrial use would be uniform and simple.
Because this is not the case, the conditioning of
water contains elements of both a specialized
science and an engineering art.
In using water for generation of steam for
process or electric power, consideration must
be given to water treatment for the prevention
of corrosion, scaling, and contamination of
steam. Such attention must involve the treatment of the raw water introduced into the cycle
and, in many cases, the conditioning of the
water present in the preboiler cycle and in the
boiler itself. How much consideration is given
to the contaminants present in water depends
largely upon the end use of the water. The pressure of a boiler is used to classify particular
boiler designs. Therefore, the water quality necessary for a particular application is by convention related to boiler pressure, even though it is
realized that the corresponding fluid temperature
is the real factor influencing the reactivity of
chemical and corrosion processes. The quality
of the water in a plant becomes more critical as
the cycle advances from low-pressure industrial
type boilers to high-pressure utility boilers.
As major causes of forced outages, internal
corrosion and deposition cost electric utili-

Table I.Common Impurities Found in Water
Constituent

Chemical Formula

Difficulties Caused

Means of Treatment

Turbidity

None-expressed in
analysis as units.

Imparts unsightly appearance
to water. Deposits in waterlines, process equipment, etc.
Interferes with most process
uses.

Coagulation, settling and
filtration.

Color

None-expressed in
analysis as units.

May cause foaming in boilers.
Hinders precipitation methods
such as iron removal and softening. Can stain product in
process use.

Coagulation and filtration.
Chlorination. Adsorption by
activated carbon.

Hardness

Calcium and magnesium salts expressed
as CaC03.

Chief source of scale in heat
exchange equipment, boilers,
pipelines, etc. Forms curds
with soap, interferes with
dyeing, etc.

Softening. Demineralization.
Internal boiler water treatment.
Surface-active agents.

Alkalinity

Bicarbonate (HCO3),
carbonate (Cod, and
hydrate (OH),expressed as CaCO,.

Foaming and carryover of solids with steam. Embrittlement
of boiler steel. Bicarbonate and
carbonate produce CO, in
steam, a source of corrosion in
condensate lines.

Lime and lime-soda softening.
Acid treatment. Hydrogen
zeolite softening. Demineralization. Dealkalization by
anion exchange.

Free Mineral
Acid

H,SO,, H a , etc. expressed as CaC03.

Corrosion.

Neutralization with alkalies.

Corrosion in waterlines and
particularly steam and condensate lines.

Aeration. Deaeration. Neutralization with alkalies.

pH varies according to acidic
or alkaline solids in water.
Most natural waters have a ph
of 6.0-8.0.

pH can be increased by alkalies
and decreased by acids.

Adds to solids content of water,
but in itself, is not usually significant. Combines with calcium
to form calcium sulfate scale. .

Demineralization.

Adds to solids content and
increases corrosive character
of water.

Demineralization.

Demineralization.

Carbon
Dioxide
PH

Sulfate

Chloride

co2
Hydrogen ion concentration defined as:
1
pH = log /H +I
(so,) - -

C1-

Nitrate

(NO,) -

Adds to solids content, but is
not usually significant industrially. Useful for control of boiler
metal embrittlement.

Silica

SiOI

Scale in boilers and cooling
water systems. Insoluble tur- bine blade deposits because of
silica vaporization.
-

.

Hot process removal with magnesium salts. Adsorption by
highly basic anion exchange
resins, in conjunction with
demineralization.
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Table I. Common Impurities Found in Water
Constituent

Iron

Manganese
Oxygen

Chemical Formula

Fe
Fe

++

(ferrous) (ferric)

+++

1Mn-+
0 2

-Continued

Difficulties Caused

Means of Treatment

~iscoiorswat& on precipitation.
Source of deposits in waterlines,
boilers, etc. Interferes with dyeing, tanning, papermaking, etc.

Aeration. Coagulation and
filtration. Lime softening.
Cation exchange. Contact filtration. Surface-activeagents
for iron retention.

Same as iron.

Same as iron.

Corrosion of waterlines, heat
exchange equipment, boilers,
return lines, etc.

Deaeration. Sodium sulfite.
Corrosion inhibitors.

Hydrogen
Sulfide

HIS

Caus; of "rotten egg" odor.
Corrosion.

Aeration. Chlorination. Highly
basic anion exchange.

Ammonia

NH3

Corrosion of copper and zinc
alloys by formation of complex
soluble ion.

Cation exchange with hydrogen
ze6lite. Chlorination. Deaeration.

Dissolved
Solids

None

"Dissolved Solids" is measure
of total amount of dissolved
matter, determined by evaporation. High concentrations of
dissolved solids are objectionable because of process interference and as a cause of
foaming in boilers.

Various softening process, such
as lime softening and cation
exchange by hydrogen zeolite,
will reduce dissolved solids.
Demineralization.

Suspended
Solids

None

"Suspended Solids" is the measure of undissolved matter,
determined gravimetrically.
Suspended solids cause deposits
in heat-exchange equipment,
boilers, waterlines, etc.

Total Solids

None

"Total Solids" is the sum of
See "Dissolved Solids" and
dissolved and suspended solids, "Suspended Solids."
determined gravimetrically.

- -

Subsidence. Filtration, usually
preceded by coagulation and
settling.

'Adapted from Betz Handbook of Industrial \Voter Conditioning 8th Edition. 1980 Betz Laboratories. Inc.. Philadelphia. Pa.

ties millions of dollars in repairs and lost
availability. This is both unfortunate and unnecessary; the causes of corrosion are generally
known and there are effective means of Preventing or reducing damage from corrosion:
rn Maintain recommended water treatment for
both the boiler-water and feedwater systems.

C o n t r o l oxygen concentrations in the feedwa--

ter to minimize corrosion and formation of preboiler corrosion products, which end up as deposits on heat-transfer surfaces in the boiler.
.Comply with operating procedures during
start-ups, shutdown, and outages to minimize
corrosion and to avoid the entry of corrosion
products into the boiler.
Maintain boiler free from significant amounts
of deposits by periodic chemical cleaning.
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TECHNIQUES
OF WATER TREATMENT

_

The extent of water conditioning or treatment depends both on the original supply
source and the ultimate end use of the product.
Table I lists common impurities found in water,
sets forth some of the resulting problems, and
indicates common treatment methods.
The techniques of water treatment cover a
wide variety of raw-water preparation schemes.
This is covered in detail in established references.' Some of the basic chemical reactions
involved in the treatment of raw water to produce suitable makeup for boilers will be discussed in a general manner.
Any evaluation of water conditioning must
consider the impurities present in powerstation raw-water makeup in relation to tendencies toward scaling, corrosion, and deposits.
Raw water contains many contaminating elements including (a) mud, clay and silt; (b) oxygen, carbon dioxide and hydrogen sulfide; (c)
sewage, bacteria and 'algae; (d) scale-forming
compounds of calcium, magnesium and silica;
(e) oil; (f) iron compounds; (g) organic wastes;
(h) sulfuric, hydrochloric and other acids; (i)
normally soluble compounds, such as sodium
bicarbonate, sodium carbonate, sodium hydroxide and sodium chloride.
Table I1 gives typical analyses of water
supplies of the U.S. The river water analyses
are of filtered water, and for the most part represent yearly averages. River waters change
considerably with the seasons, and the maximum and minimum concentrations may be 50
percent above and 50 percent below the average. Spring and well waters and waters from
large lakes have a fairly constant c~mposition.~
The usual unit for reporting dissolved and
also suspended solids in feedwater and boiler
water is parts per million (ppm). This is a rational unit which is easily understood and
which avoids misunderstanding. In other
words, one million pounds of water will contain so many pounds of solids. With high
subcritical-pressure and supercritical-pressure

boilers requiring very pure water, the term
parts per billion (ppb) is now in use. One ppb
equals 0.001 ppm.
RAW-WATER PROCESSES
Raw water contains various gaseous and
solid impurities which must be reduced before
the water can be supplied as makeup to a boiler.
This is particularly true if the water is taken
from a river .which may be contaminated with
mine washings, gases, organic and chemical
wastes as well as silt and other minor impurities. To reduce these substances, the processes
of aeration, settling, coagulation, and filtering
are commonly used. A brief description of each
method follo~\.s.
AERATION

This process (Fig. 1) removes such undesirable gases as carbon dioxide and hydrogen sulfide from water by admixing water and air to
reduce the solubility of the objectionable gas in
water. The removal of gas follows Henry's Law
which indicates that the solubility of a gas in
water is directly proportional to its partial
pressure in the surrounding atmosphere. The
partial pressure of a gas such as carbon dioxide
is low in a normal atmosphere. Establishing an
equilibrium between water and air by aeration
results in saturation of the water with oxygen
and nitrogen and results in the practical elimination of such gases as carbon dioxide and hydrogen sulfide. Increasing the temperature, the
aeration time and the surface area of water improves the removal of gases.
COAGULATION

Adding chemical coagulating materials reduces surface-water contamination in the form
of coarse suspended solids, silt, turbidity, color
and colloids. The chemicals form a floc which
assists in agglomerating impurities. Settlement
of the particles permits a clear effluent from the
coagulating chamber. Fig. 2 illustrates a typical
clarifier. Removal of colloids requires a careful
analysis of the - impurities to establish the
nature of their electrical charge, one of the
principal factors contributing to their remaining in the suspended state. Some chemicals.
used for coagulation are filter alum, sodium
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Copperas (formation of ferrous hydroxide)
FeSO, Ca(HC03),
CaS04 + Fe(HC03),

aluminate, copperas, ferrisul, activated silica,
and various proprietary organic compounds.
Temperature, pH, and mixing affect the efficiency of coagulation. Some of the reactions
involved are

+

Fe(HC03),

+ 2Ca(OH), +
Fe(OH),

+ 2CaC0, + 2H@

Ferrisul
Fe2(SOd3+ 3Ca(HC03),%
2Fe(OH), + 3CaS04 + 6CO2

Filter alum (formation of aluminum hydroxide)
A12(S04)3+ 3Ca(HC03), -*
3CaS0, + 2Al(OH), + 6C02

FILTRATION

Sodium aluminate
6NaA10, + A12(S04)3.1 8 H a +
E A ~ ( O H+) ~3Na,S04 + 6H20

Filters separate coarse suspended matter
from raw water, or remove floc or sludge com-

Table 11. Analyses of Typical Surface and Ground Waters in the. United States
AnalysisNumbeP

.........

1

Silica (SiOd . . . . . . . . . . . . 2.5
Iron (Fe) ............... 0.03
Calcium (Ca) ...........
Magnesiuml(Mg) .......
Sodium (Na) ...........
Potassium (K) ..........

4

6

5

2

3

0.4
0.05

2.3 8.2 1 3
.09 .12 0.04

5.3
1.7
1.4
0.6

27
7

Carbonate (CO,) ........ 0
Bicarbonate (HCO,) . . . . .10
Sulfate(S0,) ...........11
Chloride(C1) ........... 2.6
Fluoride (F) ............ 0.1
Nitrate (NO,) ........... 0.3

1
99
13
7

3b

32
10
3.5
1.0
0
138
17
6.5
0.1

0.2

1.7
0.4
1.9
0.7

72
6.4
41
4.7

0
0
3
174
4.4138
2.6
9.5
0.6
0.4
0.2
4.0

-

8.0

7

8

8.4 9.6
0.15 0.04

79
28

40
16

99
4

94

9

10

16
23
0.0

11

12

34

12 39
2.1 .09

3.4
1.5

7.2 70 26
72
2.5 24 10
33
12b 138
147
3 5
5.6
0.4
1.6

13

7.2
4.2
~7.5 ~

4
0
0
0
0
328 179 170
293 50
137 46
21
2.6135 70
560 .0.8
290 298
3.3
79
14
3.6
51
8 139
,195 6.8
0.8
2.5 0.0
0.4 0.1 0.2
0.0
0.0
1.1 0.0
0.2 3.6 0.7

........34

130

171

23

386

661 554

42

392

392 503

1380

90'

TotalhardnessasCaCO, .20
Noncarbonate hardness.. 6

98
16

121
8

6
3

206
64

315. 166
197 128

15
0

28
0

276 106
126
0

316
76

35
0

29.5 575

1040 822

55.5 651

867

Dissolved solids

Specific conductance .. .53.4
(micromhos at 25 C)
Color .................. 1
pH ....- ................ 6.9

263

8.1

3
15
8.2 5.8

" Analyses numbers are identified as follows:
1 = New YorkCity, NY,Catskillsupply (reservoir-finished).
2 = Detroit. MI. Detroit River (raw).
3 = Chicago. IL. Lake Michigan (raw).
4 = Fitchburg. MA. Pond (finished).
5 = Omaha. NE,Missouri River (raw).
6 = Los Anaeles, CA. ColoradoRiver (raw).
7 = Pittsburgh. PA, Monongahela River (finished).
8 = Macon, GA. Ocmulgee River (raw).

5
7.7

8.4

6
7.6

4
7.0

10
8.0

0
7.6

7.9

9 = Houston,TX. !\'ell 1932 ft deep.
10 = Jacksonville, FL, \Yell 1064 ft deep.
11 = El Paso. TX. Well 703 ft deep.
12 = Galesburg.IL, Well 2350 ft deep.
13 = Bremerton, WA. Anderson Creek.
'Computed by differencein epm and reported as sodium.
Sum of determined constituents.
Values are in parts per million where this unit is appropriate.

2.5
7.5
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Fig. 1 Forced-draft aerator

Distributors

ponents from coagulation or process softening
systems. Generally, gravity and pressure-type
filters as shown in Figs. 3 and 4 are used for this
purpose. Beds of graded gravel or coarse anthracite are the common materials used in the
filter bed. Diatomaceous earth and special precoat filters are generally used to remove oil and
reduce color in feedwater makeup.
CHEMICAL SOFTENING PROCESSES

Nonscaling feedwater can be obtained with
proper pretreatment of raw water. Various
chemical combinations can remove hardness,
silica and silt from makeup water. Economics
and boiler operating conditions dictate the technique selected for the application.
LYE-SODA SOFTENING

Air Seal
Water Outlet

To soften water by this process, lime (calcium hydroxide) is added to precipitate the
calcium bicarbonate as calcium carbonate and
magnesium salts as magnesium hydroxide.
Soda ash (sodium carbonate) is added to react
with calcium chloride and calcium sulfate to
form calcium carbonate. The general reactions
are as follows:

and Reaction Zone

--

Fig. 2 Solids-contact clarifier

Fig. 3 Gravity filter

Rate of Flow

Loss of Head

Rate of Flow Unit
Loss of Head Unit

Backwash Line
and Rate Set Valv
Rinse Line
and Rate Set Valve

Fig. 4 Vertical-type pressure sand filter
--

Because of the increase in reaction rate and the
decrease in solubility of calcium carbonate,
this process is more efficient at hot temperatures. The hardness in the effluent of a cold
lime-soda process depends upon the excess of
soda ash and is generally above 33 ppm. Alkalinity reduction depends on the removal of
magnesium and calcium bicarbonates. In the
hot lime-soda process, the hardness residual in
the effluent ranges from 17-25 ppm.

",

.
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HOT-PROCESS PHOSPHATE SOFTENING

In this process, phosphate chemically precipitates calcium and magnesium salts. The
calcium hardness is precipitated in the form of
tricalcium phosphate and the magnesium as
magnesium hydroxide. Chemical reactions are
completed at a temperature of 212OF or above.
The reactions can be controlled to reduce the
hardness to nearly zero.
Normal low hardness, below 60 ppm, can be
eliminated in a single stage. Generally, high-

hardness water is handled in a two-stage softener arrangement. The hot-process phosphate
softener is particularly suited for turbid waters,
which are low in hardness and alkalinity. Softening, turbidity control, deaeration and silica
reduction can be combined in a single unit.
Fig. 5 shows a typical hot-process settling
tank. Usually, surface-acting organic agents are
added to stabilize the precipitates formed in
the softener. Anthracite-coal filters are best for
removal of turbidity from the effluent. Some of

Direct-Contact Gas Concentrat
Multiport Relief Valve
Raw-Water Inlet
Steam Inlet

-

Overflow to Waste

Treated-Water Outlet
Wash-Water Retur

Wash-Water Outlet

Sampling Connection

Sludge Recirculating Pump

Sludge BlowoffValve

Fig. 5 Hot-process phosphate softening

-
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the chemical reactions in the softener to reduce
calcium and magnesium hardness are
3CA(HC03), + GNaOH-.
3CaC0,l + 3~a,&, + 6 ~ , 0
3CaC0, + 2Na3P0,Ca,(PO,),I + 3Na,CO,
Mg(HCO,), + 4NaOHMg(OH),L + 2Na,C03 + 2H,O

Addition of magnesium sulfate, magnesiun~

hydroxide, dolomitic lime and magnesium
oxide aids in the reduction of silica. Removal of
silica from solution is accomplished by adsorption by the presence of magnesium hydroxide
formed in the softener.
ZEOLITE SOFTENING

The name zeolite refers to a group of watersoftening chemicals capable of exchanging
ions with which they come in contact. These
materials may be natural compounds (green
Raw-Water Inlet

Underdrain System

Fig. 6 Sodium zeolite softener
..

COMBrnON
Wafer Tec/~nology

sand) or synthetic compounds such as sulfonated coal, phenolic and polystyrene resins.
Hard water is passed downward through a bed
of sodium-regenerated zeolite contained in a
steel pressure vessel. See Fig. 6. As the water
passes through the ion-exchange material, the
calcium and magnesium ions are exchanged
for sodium in the zeolite (Z).
The reactions are

Regeneration of the zeolite bed is accomplished by passing a salt solution through the
softener.
CaZ

+ 2NaCl

+ Na2Z

+ CaClZ

The calcium chloride is passed to waste and the
zeolite bed is ready for further softening.
Salt (sodium chloride) or acid can regenerate
synthetic zeolites. Acid- and salt-regenerated
zeolites can be used in combination to reduce
alkalinity in waters having a high bicarbonate
hardness. The reaction in the hydrogen zeolite
may be written as follows:

The mixed effluent from the hydrogen and
sodium zeolites is deaerated to remove the carbon dioxide. Generally, the exhausted acid
zeolite is regenerated with sulfuric acid.
Zeolite softening of makeup is the most
common way to prepare water for use in industrial boilers. It is simple to operate and control.
While sodium zeolite softening is very attractive, it must be applied with understanding of
its limitations. Turbid waters are unsuited;
total solids are not reduced and, with high
bicarbonate water, high quantities of carbon
dioxide can be expected in the steam. Silica is
not reduced by zeolite softening.
Although using hydrogen zeolite reduces
solids, the equipment operator must recognize
a number of disadvantages: As in the sodium

zeolite, turbidity must be low. The cost of the
chemicals, acid and salt, may be considerable.
Handling of acids introduces a hazard to
operators, and corrosion resistant pipe must be
used to transport the water to the degasifier.
Synthetic zeolites are used with other
water-softening equipment in preparation of
makeup water. The hot-lime zeolite softener is
a widely used technique in preparing water for
intermediate-pressure industrial boilers.
Using chemicals at temperatures about 250°F
facilitates reduction of hardness, alkalinity,
and silica. The hot-lime softening reduces the
carbonate and magnesium hardness as well as
the total solids in the raw water. If the magnesium content in the raw water is below the
level to reduce silica, activated magnesium
oxide or dolomitic lime is added for reaction.
Use of the hot-lime zeolite produces a water
of 0-2 ppm hardness, 20-30 ppm alkalinity and
0.5-1.0 ppm of silica.
In demineralization, ion exchange removes
ionized mineral salts. Cations as calcium,
magnesium, and sodium are removed in the
hydrogen cation exchanger and anions as
bicarbonates, sulfates, chloride, a'nd soluble
silica are removed in the anion exchanger.
Synthetic cation and anion exchange resins
are used in demineralization of water. Sulfonic, carboxylic, and phenolic hydroxyl compounds are used for cation exchange; amino or
quartenary nitrogen, for anion exchange. The
cation exchanger is regenerated with acid
while the anion exchange material is regenerated with caustic. If the cation resin is designated as Z and the anion material as R, the
simple reactions in a two-stage demineralizer
may be expressed as:
Cation: H2Z+ CaSO,+CaZ + H2S0,
Anion: H2S04+ R (OH),+R (SO,) + 2Hz0

Demineralization can yield a pure water, equal
or superior to the best evaporated vapor. The
anion and cation resins can be arranged in various combinations to produce the best water
most economically. Two-, three- or four-bed

-
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units or a single mixed-bed demineralizer can
-be used to accomplish the required result. Fig.
7 illustrates possible combinations of these systems to produce a specific water quality. As
strong base exchangers are temperature sensitive, they should not be used above 120°F. Cation exchange resins can tolerate temperatures
of 250°F.

Use of finely sized'resins in demineralizers
requires a water source low in turbidity and
organic matter. Clarification, filtration and
chlorination are generally required to reduce
organic matter to a low level. Failure to reduce
the organic level in the water results in a
marked reduction in capacity of the exchangers
because of fouling of the resins.
The advance of demineralization to provide
a high-purity makeup water may be partly
attributed to the development of highly basic
anion exchange resins which allow the removal of soluble silica from raw water. Mixedbed demineralizers, in which the cation and
anion r a i n s are intimately interspersed (see
Figs. 8 and 91, have successfully provided a
high-quality makeup water as well as for
polishing purposes in cleaning up impurities
in condensates of utility units. Fig. 10 is a
schematic of a complete makeup water system
for a utility power plant.

WATER TECHNOLOGY
FOR BOILERS
+

Water technology for steam power plants encompasses the production of make-up water
--

Fig. 7 Ten major demineralizer systems: black,
strong-acid cation exchanger; white, strong-base
anion exchanger; shaded, weak-base anion exchanger; half black and half white, mixed-bed; broken rectangle, decarbonator or vacuum deaerator.
(1) Two-bed with weak-base; (2)' two-bed with
strong-base; (3) three-bed; (4) four-bed, primary
with weak-base; (5) four-bed, primary with strongbase; (6) parallel two-beds, as in system 2, or fourbed as in system 5 (except for size of secondary
unit); (7) mixed-bed; (8) cation bed, decarbonator,
and mixed-bed; (9) two-bed, as in system 1, and
mixed-bed; (10) two-bed, as in system 2, and
mixed-bed. The secondary units in systems 4 and 5,
which are used only for polishing, may be smaller
than the primary, as indicated.

Fig. 8 Mixed-bed demineralizer. It houses mixture
of cation and anion exchange resins. Air for mixing
enters through bottom distributor.
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and the treatment of the water (boilerwater and
feedwater) after it enters the cycle. Requirements
for make-up water quality and internal treatment may vary depending on many factors such
as system design, operating conditions, and
type of materials of construction. Modern high
pressure power cycles require water of high
,purity, essentially free of soluble and insoluble
Fig. 9 Regeneration of mixed-bed, from initial
backwash to end of rinse and return to service,
takes from 2 to 3 hours.

1. In Service 2. Backwash

3.Cation

solids. As described in previous sections, makeup water of excellent quality can be produced
by ion exchange systems at reasonable costs.
The internal treatment is then designed to maintain a chemical environment which provides
corrosion protection, surfaces free of deposits,
and high purity steam.
Plants with boilers operating below 600 psig
have less stringent requirements. Therefore, it is
often more economical to provide make-up water
only partially demineralized (softened) and depend on internal chemical treatment to avoid
potential problems due to the increased soluble
solids concentration in the cycle.
The greatest incidence of problems in steam
generating equipment is related to (a) scale or
deposits, (b) corrosion, and (c) carryover of solids with the steam. In the next several sections,
various chemical treatment schemes and the
corresponding chemical agents will be reviewed.
SCALE AND DEP,OSlTS

7.Air Mix

9. Rinse

Chlorinator

-.

Fig. 10 Demineralizer and pretreatment flow diagram

Major contributors to the formation of a heat
deterrent scale or deposit are (1)contaminating
elements present in the makeup water, (2) metal
oxides transported to the boiler with feedwater,
(3) contaminants from process equipment introduced into the condensate returned to the boiler,
and (4) solids present in condenser leakage.
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Low-presshre boilers with high makeup and a
small heat-recovering preboiler system are more
prone to deposits from the precipitation of
chemical compounds. Substances such as calcium bicarbonate if not properly removed from
the makeup water will decompose in the boiler
water to form calcium carbonate as follows:
Ca(HCO,),

- CaCO, + CO, + H,O

Calcium carbonate has a very limited solubility and thus, the precipitated particles will
agglomerate at the heated surfaces to form a
scale. Other substances such as calcium sulphate are also scale producing. In this case, the
scaling mechanism is, however, a function of a
retrograde solubility or a decrease in solubility
in water with an increase in temperature.
These substances have a low thermal conductivity, and if left untreated, even a thin scale
will overheat the boiler tube.
USE OF PHOSPHATES
FOR INTERNAL TREATMENT

The work of R. E. Hall and associates led to
the use of phosphates as an internal boilerwater
treatment for converting residual concentrations
of calcium and other hardness salts to their
respective phosphate compounds. These compounds can be more readily dispersed and removed by blowdown, although if present in large
concentrations, these will also form scales on
boiler tubes. Several phosphate compounds such
as trisodium phosphate, disodium phosphate
and monosodium phosphate in conjunction with
sodium hydroxide (caustic) can be used for this
purpose. Some of the reactions are

The phosphate-caustic treatment is limited to
low pressure boilers utilizing softened makeup.
It's recognized that for boilers using demineralized makeup, the need for high phosphate con-

centrations is greatly diminished. Also, the use
of caustic is inappropriate because of its corro- sivity at high concentrations. With demineralized quality boilerwater, caustic. (pjesent either
as a treatment chemical or contaminant) can
reach high concentrations due to the absence of
large quantities of other competing ions.
Whirl and Purcell recognized the ability of
sodium phosphate to suitably alkalize and control pH in boilerwater without the negative
reaction associated with the use of caustic.
They developed the pH-control method termed
"the coordinated phosphate pH control". This
method is illustrated by the relationship of pH
and the phosphate concentration in boiler water
shown in Fig. 11. Values noted on the curve represent pH values obtained by dissolving stoichiometrically pure trisodium phosphate (Na3P04).
Conditions below the curve represent solutions
of trisodium phosphate and disodium hydrogen
phosphate (Na,HPO,). The area above the curve,
which represents solutions of trisodium phosphate and caustic, is to be avoided.
In the coordinated phosphate pH control,
specifications can be maintained by adding
trisodium phosphate (Na3P04),disodium phosphate (Na,HPO,), or monosodium phosphate
(NaH,PO,). Combinations of trisodium phosphate and disodium phosphate are preferred.
Alkalinity control is attained by the addition
of phosphate ions to water to produce a captive
quantity of hydroxide (OH) by the reversed
hydrolysis reaction as follows:
PO4

f H 2 0 *OH-

+ HP04 =

To Avoid Excess Caustic,
the pH Value Must Be Maintained
Below This Line

0

40

80

120

160

PO4 Concentration, ppm
Fig. 11 Coordinated phosphate pH Control
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This reaction is complete at pH levels below
11.0. The hydrolysis reaction of dibasic phosphate also proceeds in water as follows:
HPO,

-

- + H20

OH-

+ H,PO,-

step in the overall reaction. Schikorr established a mechanism which accounted for the
production of magnetic oxide of iron. In simplest form, the reactions would be

The latter reaction is complete at low pH
levels (5 to 7) but is less than 0.1 percent at a pH
level of 10. Thus, dibasic phosphate neither
hydrolyzes nor dissociates in the normal
boiler-water pH range. Additions of disodium
phosphate have little effect on pH in the range
10 to 11.0.
Monobasic phosphate dissociates to the dibasic form, and the addition of one mol of
monosodium phosphate (NaH,POJ is capable
of neutralizing one mol of sodium hydroxide.
As one mol will increase boiler-water pH
equivalent to the addition of one mol of sodium
hydroxide, trisodium phosphate assures pH
control. Adding monosodium phosphate can
reduce excess caustic.

From a consideration of physical chemical
relationships, it can be shown that the formation of iron hydroxide is the rate-controlling
step in the Schikorr hypothesis. Therefore, the
rate of the overall reaction is based on the solubility and stability of this product.
The initial reaction above is pH- or
alkalinity-controlled since, by the laws of
chemical equilibrium, addition of alkalinity
would reverse the reaction to the left. Corey
and Finnegan found that iron placed in contact
with deaerated and chemically pure water will
produce an equilibrium pH of approximately
8.3. Increasing the alkalinity reduces the solubility of the iron corrosion product and inhibits
SIGNIFICANCE OF IRON-WATER REACTION
reactivity. The control of this reaction has been
well
established in the protection of metal surA number of influences characterize the reacfaces
existing ahead of the b ~ i l e r . ~
tion of boiler steel and water: the chemical conThe
reaction of water and steel is spontanestituents present in solution, the quantity of
dissolved gases, the structural characteristics ous and rapid at high boiler temperatures. The
of the steel, and the rate of heat input to the only reason that boiler steel can survive normal
boiler metal. Although the reaction is under- operating conditions is that the corrosion end
stood, in general there is insufficient informa- product, magnetite (Fe304),forms a protective
tion to explain the mechanism in exact detail. barrier on the metal surface to stifle further corMany theories have been forwarded to clarify rosion. In the simplest analysis, the function of
this problem. But despite lack of fundamental alkalinity control is to maintain an environdata, experience and experimental evidence ment in which the oxide film is stable and prohave permitted the development of controls tective. The objective of water treatment in
which satisfactorily contain the corrosive ac- boilers is to protect this film against the aggrestivity. This section will deal with existing sive action of impurities introduced into the
techniques developed to understand and con- boiler with the feedwater.
The work of Berl and Van Taack (Fig. 1 2 )5has
trol reactions in boilers.
been
used to relate corrosion of steel over a
The fundamental reaction of iron and water
range
of pH values. In interpreting the results
is to produce iron hydroxide and hydrogen as
of
Fig.
12, it may be concluded that the protecfollows:
tive oxide is solubilized at pH values below 5.0
Fe + 2H,O -+ Fe(OH), + H?
and above 13.0; Minimum corrosion is indiIt is an established fact that the end product
cated at pH-values of 9.0 to 11.0, although corof reaction in boilers is magnetic oxide of iron. rosion is low over a wide band of pH values.
(Fe304).The control of corrosion, therefore, is .. These data are valid, but they were obtained in
based on the knowledge of the rate-controlling autoclave tests where boiling, and thus concen-

a
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tration of the alkalinity, did not occur. Unfortunately, corrosion occurs by concentration at
the local tube wall and not by concentrations
existing in the bulk boilerwater. The attack of
the protective oxide film and base metal occurs
beneath deposits if the chemical constituents in
the boilerwater become corrosive when concentrated.
ROLE O F OXYGEN

The presence of oxygen accelerates the combining of iron and water. Oxygen can react with
iron hydroxide to form either a hydrated ferric
oxide or magnetite. Generally localized, this reaction forms a pit in the metal. Severe attack
can occur if the pit becomes progressively anodic in operation. Oxygen reacts with hydrogen.
at the cathodic surface and depolarizes the surface locally. This permits more iron to dissolve,
gradually creating a pit.
The most severe corrosion action occurs
when a deposit covers a small area. The creation of a differential aeration cell about the deposit can lead to a severe local action. The
metal beneath the deposit is lower in oxygen
than areas surrounding it, becomes anodic and
is attacked. Pitting is most prevalent in stressed
sections of boiler tubing, such as at welds and

cold-worked sections, and at surface discontinuities in the metal.
Power plants employing tight cycles to prevent oxygen infiltration and condenser leakage
are generally free from corrosion problems. On
the other hand, many cycles are vulnerable to
oxygen leakage into the feedwater as a result of
design or operation.
Efficient operation of boilers requires the exclusion of oxygen from the feedwater. The
normal guaranteed value of oxygen leaving the
deaerating heater or a deaerating condenser is
less than 0.005 ppm. To achieve low residual, it
is necessary to exclude air leakage into the
condenser, to judiciously control the addition
of undeaerated water to the condensate or
feedwater, to prevent the addition of aerated
heater drips into the condensate, and to assure
the exclusion of air into the feedwater cycle
during short outages of the boiler.'
One major problem in curtailing corrosion
from oxygen is the exclusion of air upon boiler
start-up. Normally, pressure in a deaerator is
not attained until steam is admitted to the turbine and bleed steam is available for heating. It
is possible to introduce more oxygen into the
boiler at this time than in several months of
normal operation. Admitting auxiliary steam
to a deaerator to pressurize the unit to 3-5 psig
can prevent much of this problem. In this condition, air is excluded and the feedwater delivered to the boiler is low in oxygen during
start-up operation.
REMOVAL O F RESIDUAL OXYGEN

Chemical agents added to the feedwater or
boilerwater are generally used to remove small
residual quantities of oxygen. Hydrazine (N,H,)
and sodium sulfite (Na,SO,) are the most commonly used "oxygen scavengers".
Sodium sulfite, when added to the boilerwater reacts with oxygen to form sodium sulfate
as follows:
2Na,SO,

Fig. 12 Relative general corrosion rate of
carbon steel versus pH
--

+

0,

--

2Na, SO,

Temperature affects the reactivity and stability of sodium sulfite (as well as hydrazine). Generally, a cobalt catalyst is added with the sodium
sulfite solution to speed up the reaction at lower

temperatures. Sulfite decomposition increases
with temperature and local concentration in
boiler water. Sodium sulfite decomposes in
boiler water as follows:

Sulfur dioxide (Sod is an acidic anhydride
which increases corrosion of metals when it is
dissolved in condensate films formed on wetted surfaces of a turbine or condenser.
Concentration of sulfite must be controlled
to minimize decomposition at elevated pressures. Recowended limits are shown in Table
111. For this reason, sulfite should not be used
for reducing oxygen in boilers at pressures
above 1200 psig.
Sodium sulfite is an effective reducing agent
on boiler water. Besides its reaction with oxygen, the chemical reduces oxides of iron and
copper as follows:

Its consumption in boiler water is a measure
of oxygen and oxidized substances added with
the feedwater into a boiler. The reduction of
cupric oxide begins at about 280°F and is complete at about 400°F.Reduction of ferric oxide
begins at about 440°F and is complete at 540°F.
Hydrazine reacts with oxygen to form nitrogen
and water as follows:
Nz + 2H20
N,H, + O2
Hydrazine reacts with oxygen very slowly'at
temperatures below 350OF. Above 450OF, hydrazine is decomposed rapidly to nitrogen, hydrogen and ammonia. The principal benefit of
hydrazine is its ability to reduce the oxidized
forms of copper and iron. In this state the general corrosion of the metal surfaces is reduced

Table 111. Sodium Sulfite Limits
Boiler Pressure, psig

Below 600
600-900

Concentration, ppm

in the preboiler cycle. Copper oxide is reduced
with hydrazine at temperatures as low as 150°F.
Iron oxide (Fe203)can be reduced at a temperature of 250°F.
Normally, hydrazine is added to the cycle at
the outlet of the condensate pump at a rate to
assure a residual of 10-20 ppb (parts per billion) at the inlet of the economizer.
Some of the reactions of hydrazine in the
feedwater cycle and boiler are
Decomposition
3N2H4-f N2 + 4NH3
2N2H4+ N2 + H2 + 2NH3
Reduction
6F&03+ N2H4+4Fe,0, + N2+ 2H20
4Cu0+ N2H,+2Cu20+ N2+ 2H20

Reducing agents aid in curbing corrosion but
will not prevent metal attack when oxygen is
present in the boiler feedwater. At higher temperatures, the reaction rate of oxygen with steel
exceeds that of the reducing agents.
FEEDWATER pH CONTROL
Besides the control of oxygen, it's important
that the pH of the water be maintained in the
proper range. In high pressure units, feedwater
is sprayed into superheated and reheated steam
to help in controlling final temperatdres. Therefore, to assure protection to preboiler equipment, volatile alkaline chemicals have been developed to control the pH of the water without
forming solid residue in parts of the boiler
where evaporation takes place. Classed as neutralizing amines, the most common'of these are
ammonia (NH,), morpholine (C,H,NO) and cyclohexylamine (C,H,,NHJ. These compounds
volatilize with the steam and can react with
gases like carbon dioxide to neutralize any acidity in the condensate system. The selection of
any of these chemicals are based on obtaining
an optimum fit between their chemical and
physical characteristics (volatility, solubility,
stability, etc.) and the particular application.
Table IV lists the stability characteristics of
volatile amines. -Both morpholine and cyclohexylamine have temperature stability limits.
Ammonia, hydrogen and carbon decomposition
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products are formed in the dissociation of these
amines at high temperatures. Ammonia is stable
and has been used at steam temperatures as
high as 1200°F. As a result, ammonia is the
recommended compound for use in controlling
pH of condensate in high-pressure, high temperature boiler systems. However, it's important
to maintain ammonia levels generally below
1 ppm to avoid copper alloy attack. A copper
ammonium complex is formed in the presence
of high ammonia concentrations and the reaction can be further accelerated by the presence
of abnormal concentrations of oxygen. Typical
reactions are as follows:

It has been established that an ammonia concentration of less than 0.5 ppm will assure a
protective pH in the cycle without attacking
copper surfaces.
Morpholine and cyclohexylamine are preferred to ammonia for pH control in situations
where excessive decomposition of these chemicals does not occur and an extensive condensing system or process piping network exist.
USE OF CHELANTS
FOR INTERNAL CONTROL

Chelants are weak organic acids with the
capability of complexing or binding many cations (calcium and magnesium hardness as well
as heavy metals) into a soluble organic ring
structure as illustrated in Fig. 13. Chelants are
in the neutralized sodium-salt form. They hydrolyze inboiler water to an organic anion. Full

hydrolysis depends on a relatively high pH
level. The anionic chelant has reactive sites
that attract coordination sites on cations. These
coordination sites are areas on the ion that are
receptive to chemical bonding. In this manner,
cations (hardness salts) entering the boiler as
contamination from the condensate system,
combine with the chelant to form a stable chelate. Deposition of hardness on boiler internal
surfaces may therefore be prevented.
Although many substances have chelating
properties, EDTA (Ethylene Diamine Tetracetic Acid) is the most suitawe for boiler feedwater treatment. As with any internal chemical
treatment, however, the application and
limitations must be clearly understood. Currently, chelants are limited to boiler pressures
of less than 1000 psig because of their thermal
decomposition at saturation temperatures corresponding to higher pressures. In addition,
overfeeding of chelants can lead to corrosion of
boiler tubes as chelation of the protective
magnetite (Fe303 film can occur. For a more
detailed discussion, see reference 1.

CORROSION DAMAGE
IN POWER PLANTS
The major purpose of feedwater and boilerwater treatment is to avoid corrosion and associated tube failures. Most materials that form
boiler deposits originate in the preboiler system. Adherence to recommended operating
procedures during start-up, normal operation,

Table IV. Stability of Volatile
Water-Treating Materials
Chemical

Formula

Percent
Pressure Temp Decompsig
OF
posed

Ammonia
Cyclohexylamine
Morpholine
Hydrazine

NH,

4270

--

CcHIINH2 4270
O(C1H4)ZNI-i4270
N2H,
4270

1202

0

1202 88
1202 100
1202 100

Fig. 13 Calcium bonded with EDTA

"
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shutdown, and outages of a power plant is vital
to minimize corrosion and to avoid the entry of
corrosion products into the steam generator.
Corrosion damage may be in the form of a general attack of the metal surface, pitting, or
localized attack of the metal surface beneath
internal deposits.
GENERAL SURFACE ATTACK
One type of corrosion is oxygen attack of
ferritic materials of construction. Such corrosion may take place throughout the preboilerl
boiler cycle. Corrosion from oxygen can occur
during any period of the power-plant lifetime,
from erection to operation, as well as standby
conditions.
Another type of general overall corrosion is
caused by lack of boiler water pH control during system operation. Improper condensate and
feedwater pH levels also cause this type of general attack within the preboiler system.
PITTING AND LOCALIZED ATTACK

Pitting of various types can affect the internal
surfaces of all tubes and components. Pitting is
electrochemical in nature, with the pitted area
anodic to the surrounding nonpitted metal surface. If conditions favorable to pitting exist
-such as excessive dissolved oxygen in the
boiler waterlfeedwater or an acidic chemical
environment-one
of several normally innocuous factors can cause severe local attack.
Crevices, such as those formed by deposits or
minor variations in metallurgical structure,
may act to promote localized corrosion. Normal, but higher-than-average, peak stress also
can contribute to preferential pitting.
There has been the increased trend in fossil
systems toward peaking, variable-pressure,
low-load, and two-shifting operations, with
frequent shutdowns-all which have contributed to increased numbers of failures associated with peculiar corrosion patterns related
to frequent introduction of oxygen during outage and start-up periods: A look at several instances of pitting attack will provide a better
appreciation for the need in developing protection when the corrosion potential is high.

EXAMPLES OF PITTING CORROSION

Figs. 14 through 23 show a variety of corrosive attack attributable to pitting. Generally,
the term pitting denotes localized crater-like attack of a type shown in Figs. 1 4 and 15. But
there are failures in which individual pits join,
producing crack-like penetrations of the type
indicated in Fig. 16. In the absence of a corrosion or metallurgical term describing this type
of corrosion penetration, the condition has
been included under the broad category of pitting attack.
The orientation and location of the crack-like
indications shown in Fig. 1 7 can best be explained by pitting preferential to an area of
somewhat higher strain than the surrounding
metal. Differences in strain promote the formation of anode-cathode cells and the resulting
corrosion at the anode is oriented perpendicular to the direction of maximum residual or
applied strain.
The pitting attack shown in Figs. 18 and 19
affected the entire tube circumference, but was
deepest under the welded fin. In this instance,
differences in metallurgical structure may also
have been a factor in promoting the electrochemical cell.
This type of pitting attack has also been
found in some lower waterwall drums. Fig. 20
shows an example of that attack.
The overall character of these cracklike indications are not typical of fatigue cracking. The
bottom of the penetrations show no evidence
of cracking and the shape of the void indicates
they were formed as a result of corrosion. When
tubes exhibiting internal surface cracklike indications (Fig. 21) have been reverse flattened and
bent to force fracture along these linear indications, the penetrations show themselves to be
a series of aligned corrosion pits (Fig. 22). The
evidence strongly suggests that a pitting mechanism can initiate and propagate cracklike penetrations. In some instances the penetrations
appear to be a series of pits atop one another,
giving the impression of separate time periods
when pitting attack has resumed at the bottom
of the penetrations as shown in Fig. 23..
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Fig. 14 Pitting on internal surface of
waterwall tube (mag 314X)

'

Fig. 17 Sectional view across cracklike
penetrationshown in Fig. 1 6

Fig. 15 Sectional view of one pit shown in
Fig. 14 (mag 3-112X)

Fig. 18 General pitting attack from inside surface
Fig. 16 Cracklike corrosion penetrations on
internal surface of waterwall tube

of waterwall tube. Pitting affected entire tube circumference but was more severe under external
fin (mag 8X).
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CORROSION DAMAGE
IN BOILERS
Deviations from recommended chemistry
limits which result in depressed or elevated pH
values promote failures of boiler tubing. Although there are many variations, the majority
of failures can be classified into one of the following two categories:
Ductile gouging-Normally, irregular wastage
" of the tube metal beneath a porous deposit
characterizes this type damage. The damage
progresses to failure when the tube wall thins
to a point where stress rupture occurs locally.
In this process, the microstructure of the metal

Fig. 19 Pitting attack similar to Fig. 18 with deep,
clearly corrosion-related, localized, cracklike penetration under external fin (mag 8X)

.

does not change and the tubing retains its
ductility. Fig. 24 illustrates ductile gouging.
Hydrogen damage-This
type corrosion
damage usually occurs beneath a relatively
dense deposit. Although some wastage occurs,
the tube normally fails by thick-edge fracture
before the wall thickness is reduced to the
point where stress rupture would occur. Hydrogen, produced in the corrosion reaction,
-.

Fig. 20 Cracklike corrosion penetration at inside
surface of lower waterwall drum at toe of nozzle weld

Fig. 21 _Internalsurface of tube with longitudinally
oriented, cracklike indications (mag 3X)

-20
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diffuses through the underlying metal, causing
decarburization and intergranular microFig. 22 Sectional through-the-wall view of Fig. 21
tube after flattening and bending to promote fracture along a penetration. Inside diameter (ID) surface is at bottom, and darker craters from the ID surface are pits. (The remaining wall portion is sound
metal which fractured as a result of the flattening
and reverse bending.) The cracklike penetrations
result from aligned pits.

fissuring of the structure. Brittle fracture occurs along the partially separated boundaries,
and in many cases, an entire section is blown
out of an affected tube. Examples of these failures are shown in Figs. 25 and 26.

-

Fig. 24 Ductile gouging

Fig. 25 Thick-edge waterwall tube failure
caused by hydrogen damage

-

Fig. 23 Crack-like corrosion penetrations halfway
through tube wall, strongly suggesting that propagation results from separate time periods of pitting
at the root of the penetration.

Fig. 26 Another typical waterwall failure
from hydrogen damage
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Internal metal-oxide deposits which permit
boiler-water solids to concentrate during the
process of steam generation accelerate both
types of attack. When the boiler water contains
highly soluble alkaline treatment chemicals
such as sodium hydroxide or potassium salts,
ductile attack is more probable. Hydrogen
damage, on the other hand, is more likely to
occur when a low pH boiler-water environment
results from condenser leakage or some other
type of system c~ntamination.~
According to an ASMEIEEI-sponsored laboratory research programlo, clean tubes are not
susceptible to corrosion even under high heattransfer conditions 'unless unusually high
concentrations of acid or alkali are present. In
addition, fouled tubes do not appear to be susceptible to corrosion when contaminants are
present if proper boiler-water treatment is
maintained. These observations can be explained by the "concentrating film" theory.
The Berl and Van Taack curve (Fig. 1 2 ) illustrates the relative corrosion of carbon steel
under various acid and alkaline conditions.
Bulk boiler-water concentrations ' are always
well within the range of low corrosion rates.
But, as heat is transferred through the boiler
tube wall to a water-steam mixture, a temperature gradient is established, and the internal
tube metal temperature must reach a value
slightly higher than the bulk fluid temperature.
As boiler water is converted to steam, the dissolved solids concentrate in a residual film as
shown in Fig. 27. The solids concentration in
this film increases until the boiling point of the
solution is elevated to the temperature at the
tube wall.
It is improbable that such high concentrations can be reached in a clean tube under
normal boiling conditions. Theoretically, the
bulk of the film-temperature drop is experienced within a laminar film of about 0.001-in.
thickness. Free diffusion of ions into the turbulent fluid would prevent the establishment of a
concentration gradient. Only when porous
internal deposits are formed in areas of heat absorption is it possible to produce very high
concentrations. The deposit itself acts as a dif-

fusion barrier and in so doing increases the
probability of high local concentrations being
reached.
Because porous deposits may exist, boilerwater chemicals should be of a type that will
not become highly corrosive when concentrated. Experience indicates that caustic soda
and potassium salts are particularly objectionable. Alkalinity can be produced with sodium
phosphate (coordinated phosphate treatment)
without the risk of extremely high pH values
being present upon concentration. Alkalinity
control of boiler water may also be achieved by
adding avolatile amine such as ammonia and is
required for once-through units.
Condenser cooling waters represent a potential source of contamination of the boiler water.
Depending on the chemical constituents dissolved in the cooling water, highly acid or alkaline materials may be formed in the boiler
environment as a result of condenser leakage.
Because of its poor buffering capability, volatile treatment provides little protection against

Fig. 27 Illustration of "concentrating film" theory.
Film temperature gradient of 15" is developed because of heat transfer. Soluble solids in boiler water
are concentrated in the surface film during steam
generation to produce"nonboilingequilibrium." Although the caustic concentration in the boiler water
is only 100 ppm, the concentration in the surface
film must equal 220,000 ppm to elevate the boiling
point 1 6 .
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acid attack of boiler tubing. With a stronger alkaline additive, coordinated phosphate treatment results in a more highly buffered boiler
water, one in which acid-producing reactions
from salt inleakage are better suppressed. Optimum treatment programs based on this
method are discussed in the following section.
TUBE FAILURES
CAUSED BY OVERHEATING

While the preceding discussion focused on
the role played by internal deposits in the corFig. 28 Furnace wall tube-nucleate

boiling

rosion of boiler tubes, it should be emphasized
that deposits also promote the majority of tube
failures caused by overheating.
Fig. 28 illustrates the temperature conditions
existing in a typical furnace-wall tube. The
heat flux of 100,000Btulft2. hr is established by
the furnace flame-temperature spectrum and
the bulk fluid temperature of 640°F is fixed by
boiler pressure. The temperature profile is then
established by the AT required to drive the
100,000 flux through each segment of resistance. With nucleate boiling on a clean tube,
the AT across the fluid film is quite small (lO°F)
and the overall temperature differential (90°F)
Fig. 30 Furnace wall tube-film

boiling

Radiant Heat
4

TF > 2800°F

Nucleate Boiling
Film Boiling

Radiant Heat

140,000

Q=100,000
Btu/Hr Ft2

Killed Carbon Steel
(0.12 - 0.17C)

-

840"F
looo°F

n
-!
V)

2 1,400

~ z l e a tB
e G~
with Internal Deposit
Fig. 29 Furnace wall tube-nucleate
boiling with deposit

120O0F
1400°F
140+100 1 , m l O . 0 ~100,000
Rupture Time, Hours
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results from the resistance of the tube metal.
Fig. 29 shows what happens to the tubetemperature profile if an internal deposit
exists. Approximately 60°F is required to drive
the 100,000 heat flux through the deposit, so
both the inside and outside metal temperatures
must rise correspondingly.
Fig. 30 illustrates the temperature profile
under a film-boiling condition. The reducedfilm coefficient increases the AT across the film
to 310°F and the metal temperatures rise correspondingly. It should be noted that the flux is
constant at 100,000 Btulft2. hr for all cases.

STRESS RUPTURE
The strength of carbon steel tubing is nearly
constant to about 840°F, at which point it begins to lose strength rapidly. If tube metal
temperature is gradually increased beyond this
temperature, it will plastically deform (creep)
and then rupture. The approximate time-torupture is a function of the hoop-stress and the
temperature (Fig. 31). The hoop stress (S)
equals the product of the internal pressure (P)
times the tube radius (r) divided by the wall
thickness [x).

Simple visual examination of a failed section
reveals a great deal about the tube-temperature
history. In deposit-caused overheating, local
tube temperatures rise gradually so that specific points begin to creep before others (blistering). Deposits tend to form nonuniformly,
and even a 20°F difference in temperature can
have a pronounced effect on localized creep.
Blistering is almost always caused by internal
deposition, and conversely, overheating because of deposits will almost always be evidenced by blisters.
When an upset of-boilingxonditions, such as
departure from nucleate boiling (DNB) elevates
tube temperature, a temperature excursion will
occur. Metal temperature will jump quickly

from the normal condition to a higher value
consistent with the upset.
If the temperature excursion is great, the tube
may fail very quickly. For instance, if a tube
is completely blocked during operation, the
tube temperature will rise immediately to the
failure-point temperature. The rapid plastic deformation of these very short-term ruptures
produces very thin-edged fractures. In the case
of major flow interruptions, the tube bulges
over an extended length and fails like a balloon
bursting.
If a DNB excursion places the tube-metal
temperature in the range of 840 to 1020°F, the
tube will take a longer time to fail. During
this period, intergranular oxidation of the
metal will occur and will weaken the structure.
Long-term failures, therefore, tend to be thickedged. The higher the temperature and stress
conditions are above the creep limit, the
shorter the time to failure and the thinner the
metal edge at the fracture. Fig. 32 presents
examples of a short, an intermediate, and a
long-term failure.
Metallographic analysis is an important tool
for analyzing tube-temperature history. The
normal pearlitic microstructure of carbon steel
boiler tubing can be seen in Fig. 33. The light
areas are iron, and the dark areas are pearlite
consisting of alternate layers of iron and iron
carbide. The normal operating temperature of a
boiler tube will not alter this structure. If the
temperature of steel is maintained in the range
of 930 to 1340°Ffor an extended period of time,
carbon migrates from the pearlite to form
spheres of carbon. This process, known as
spheroidization, progresses slowly at 930°F
and rapidly at temperatures near the lower critical range (1340°F).Fig. 34 shows carbon steel
with various degrees of spheroidization.
If the tube is heated to a temperature greater
than 1340°Fand is then allowed to cool slowly
to below 930°F, the normal pearlitic structure
will be re-established. But, if the tube is heated
above 1340°Fand is cooled very rapidly, a martensitic structure (Fig. 35) will be produced.
This type of microstructure is likely to be found
in very short-term overheating failures in
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which the water escaping through the rupture
suddenly quenches the overheated tube metal.
RESEARCH STUDY
ON INTERNAL CORROSION

The previously referencedASMEIEE1- sponsored laboratory research Program On

w"-

corrosion was instrumental in bringing an understanding to the various corrosion mechanisms discussed in the previous sections. The
following recap of the more important conclusions includes our interpretation of their practical significance:
1, When heat-transfer surfaces are free of de-

3. Corrosion will not occur when coordinated

hideout of sodium phosphate will occur if
heat-transfer surfaces are fouled andlor DNB
conditions exist.
5 . There appears, however, to be no relationship between hideout and corrosion of tube
metal.

Fig. 33 Photomicrographnormal pearlitic structure of carbon steel
.
-

Fig. 34 Spheroidization: left, mild; right, extensive

-

COYBUSTION
Water TKhndogy

corrosion was the fault of either the operator or
the designer. It demonstrated that both chemical and mechanical factors are involved and
that they are largely interdependent. A change
in one variable will affect the manner in which
other variables influence corrosion. Normally,
several factors must be simultaneously out-ofline to produce corrosion. As a result, corrosion
is a fairly low probability event despite the
fairly large- number of potentially adverse
physical and chemical conditions which temporarily exist.

Fig. 35 Martensitic structure

6. Caustic soda concentrations ranging from

10-20 ppm in the boiler water (with a pH of
from 10.5 to 10.8) can cause serious corrosion if internal surfaces are fouled with
deposits. Corrosion is rapid even under nucleate boiling conditions, and complete penetration of a 5-mm tube wall can occur in several
days.
7. With certain types of condenser cooling
water, a condenser leak will cause a pH reduction in the boiling water. With fouled surface conditions, hydrogen embrittlement may
then occur. The rate of attack is rapid and of the
same order of magnitude described in item 6.
8. The analysis of cooled samples can be very
deceptive in interpreting behavior in hightemperature boiler-water environment; a sample which is alkaline at room temperature may
be acidic at high temperatures, and vice-versa.
Understanding the behavior of each specific
contaminant which can be introduced by way
of condenser leakage is essential.
9. The rate of deposition of preboiler corrosion
products increases with increasing heat-flux.
Deposition is substantially greater on the hot
side of the tube where boiling occurs.
The research program did not conclude that

UTILITY BOILER-WATER
AND FEEDWATER TREATMENT
IN THE PREVENTION
OF CYCLE CORROSION
If extensive corrosion during outage conditions is to be avoided, proper wet lay-up methods are essential. Because large utility boilers
cannot be successfully dried to produce an
internal atmosphere free of moisture, wet layup procedures are recommended even for long
outage periods.ll
PROTECTION
DURING OUTAGE CONDITIONS

For any outage longer than four days, the
preboilerlboiler cycle should be filled, to the
greatest extent possible, with a solution inhibited to prevent corrosion, and pressurized with
nitrogen to prevent air inleakage. Excellent results have been obtained with condensate containing appropriate amounts of hydrazine and
ammonia for lay-up periods of several years.
As both materials are volatile, there is no objection to their use even in nondrainable superheater and reheater sections of the boiler.
Where freezing is a problem, it is sometimes
necessary to drain portions of the steam
generator. This should be accomplished under
a positive nitrogen pressure. Nitrogen blanketing is recommended even when the boiler can
be maintained full of inhibited condensate.
The success or failure of standby protection
also depends upon the proper design and selec-
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Table V. Recommended Lay-Up Procedures C-E Drum-Type Utility Units
Type of
Shutdown

Procedure

Notes

Preoperational
Period
Post Hydro
(See Note 1)

tvith the economizer, waterwalls, superheater, and reheater filled to overflowing
pressurize the unit with nitrogen to 5
psig pressure (See Notes 4 & 6).

I. All nondrainable sections to be hydro-

Preoperational
Period
Post Chemical
Cleaning

Introduce
Or condensate quality water containing 10 ppm of
ammoniaand 200 ppmof hydrazine
the
reheater*feedwater
heaters, (tube side) and associated pipin& economizer and waterwalls (Referto
Notes 3 & 4).
2. Nitrogen cap the superheater, feedwater heaters (shell side) and drum.
Maintain 5 psig nitrogen pressure (See
Notes 5 & 6).

Short Outage4 Days or Less

1. blaintain the same hydrazine and
ammonia concentrations as those present during normal operation.
2. Establish and maintain a 5 psig nitrogen cap on the superheater and the steam
drum (See Notes 5 & 6).
3. Nitrogen cap the shell side of the
feedwater heaters.

Short Outage4 Days or Less,
Unit Partially
Drained for Repair

1. Drain and open only

Long OutageLonger than
4 Days

requiring repairs.
2. Isolate remainder of unit under 5 psig
nitrogen pressure where possible (See
Notes 5 & 6).
3. Maintain the same hydrazine and
ammonia concentrations for water remaining in the cycle as those present
during normal operation.
4. Nitrogen cap the shell side of the
feedwater heaters.
I. Fill the superheater and reheater with
demineralized or condensate quality
water containing 1 0 pprn of ammonia
and 200 pprn of hydrazine. The pH of the
solution should be approximately 10.0.
Add the fill water to the outlet of the
nondrainable sections (See Note 4).
2. Increase the hydrazine and ammonia
concentration in the waterwalls,
economizer and feedwater heaters (tube
side) and associated piping to 200 pprn
and 10 pprn respectively (See Notes 2,3,
and 4).

statically tested should be filled with demineralized or condensate quality water
containing 10 ppm of ammonia and 200 ppm
of hydrazine. This should produce a solution
pH of approximately 10.0. The superheater
should be filled first, to overflow into the
boiler drum. Then the economizer and waterwalls can be filled through normal fill
connections (See Note 2) with demineralized or condensate quality water, or if
not available, any source of clean, filtered
water may be used. This water should also
contain 10 ppm of ammonia and 20.0 ppm of
hydrazine.
2. Hydrazine and ammonia should be added
in a manner that results in a uniform COnCentration throughout. They may be added to
the system in several ways, as for example:
a. BYpumping concentratedsolutions
through the chemical feed equipmentand
blend filling to achieve the desired concentrations.
b. If condenser leakage is not a cause for
shutdown, concentrated solutions can be introduced directly into the hotwell where
they can be mixed to achieve the desired
concentrations. If condensate demineralizers are used, they must be bypassed during
this operation.
It is important to have the fluid temperature
in the cycle below 400°F before addition of
hydrazine. If this temperature is exceeded,
the hydrazine will decompose.
3. The tube side of copper alloy feedwater
heaters should be filled with demineralized
water containing 0.5 pprn of ammonia and
50 pprn of hydrazine.
4. If freezing is a problem, the water in
drainable circuits can be displaced with nitrogen and the unit laid up under 5 psig nitrogen pressure. Auxiliary heat may be
applied to keep the nondrainable sections
from freezing.
5. If the reheater can be isolated, it should
also be capped with 5 psig nitrogen. When
the outage is expected to extend beyond 2
months, provisions should be made to isolate and nitrogen cap the reheater, if this was
not done previously.

I

conmnoN
Waier Technology

Table c~ecommendedLay-Up Procedures- C-E Drum-Type Utility Units
Type of
Shutdown

Procedure

Notes

3. Establish and maintain a 5 psig nitrogen
cap on superheater and drum (Notes 5 & 6).

6. Nitrogen cap should be applied through
the drum vent and superheater outlet header
hainlvent*as the unit is cooled*when Pressure drops to 5 psig. Admission of air
through atmospheric vents should be
avoided.

4, Nitrogen cap the shell side of the feedwater heaters.

Long OutageLonger than
4 Days,
Unit Partially
Drained
for Repairs

1. Drain and open only those sections re-

quiring repairs.
2. Fill the superheater and reheater (if not

requiring draining for repairs) with demineralized or condensate quality water
containing 10 ppm of ammonia and 200 ppm
of hydrazine. The pH of the solution should
be approximately 10.0. Add the fill water to
the outlet of nondrainable sections (Note 4).
3. Increase the hydrazine and ammonia
concentrations in the tube side of the feedwater heaters and the undrained circuits of
the economizer and waterwalls to 200 pprn
and 10 pprn respectively (See Notes 2 , 3 & 4).
4. Establish and maintain a 5 psig nitrogen
cap on the undrained sections of the unit,
where possible (See Notes 5 & 6).
5. Nitrogen cap the shell side of the feedwater heaters.
6. After completion of the repairs fill the
drained sections with demineralized or condensate quality water containing 10 pprn of
ammonia and 200 pprn of hydrazine. Cap
with nitrogen (See Notes 2,3,4, & 5).

Table VI. Recommended Lay-Up Procedures C-E Combined Circulation Units
1. Introduce demineralized or condensate

Post Chemical
Cleaning
Preoperational
Period

quality water containing 10 pprn of ammonia and 200 pprn of hydrazine into the
feedwater heaters (tube side), economizer,
furnace walls, superheater and reheater (Refer to Notes 2 & 3).
2. Nitrogen blanket the shell side of the
feedwater heaters, superheat, and furnace
wall sections. Maintain 5 psig nitrogen pressure (Refer to Note 4).

Short Outage
4 Days or Less

1

AWL
---I

I. Maintain the same hydrazine and ammonia concentrations as those present during normal operation.
2. Establish and maintain a 5 psig nitrogen
cap on the superheater and furnace wall sections (Refer to Note 4).
3. Nitrogen blanket the shell side of the
feedwater heaters.

1. Hydrazine and ammonia should be
addedin a manner that results in a uniform
concentration throughout. They may be
added to the system in several ways as for
example:
a. By pumping cbncentrated solutions
through the chemical feed equipment
and blend filling to achieve the desired
concentrations.
b. If condenser leakage is not a cause for
shutdown, concentrated solutions can be introduced directly into the hotwell where
they can be mixed to achieve the desired
concentrations. The condensate polishing
system must be bypassed.
During hydrazine and ammonia introduction, circulation should be maintained
through BE and WD valves to insure
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Table VI. Recommended Lay-Up Procedures- C-E Combined Circulation Units
I

Type of
Shutdown

Short Outage
4 Days or Less,

Unit Partially
Drained for
Repairs

Long Outage
Greater than
4 Days

Long Outage
Greater than
4 Days,
Unit Partially
Drained for
Repairs

-

Procedure

Notes

adequate mixing in the system. If the
superheat section is to be laid up wet, circulation should be maintained through the BE,
SA and SD valves. Furnace wall outlet Pressure should not exceed 1000 psig while
maintaining circulation during introduction
of hydrazine and ammonia.
It is important to have the fluid temperature
in the cycle below 400°F before the addition
of the hydrazine. If this temperature is exceeded, the hydrazine will decompose.
1. ~ I ithe
i superheater and reheater with
demineralized or condensate quality water
2. All sections to be hydrostatically tested
containing 10 ppm of ammonia and 200 Ppm should be filled with demineralized or conof hydrazine. The pH of the solution should densate quality water containing 10 ppm of
be approximately 10.0. Add the fill water to jmmonia and 200.ppm of hydrazine. This
the outlet of nondrainable sections (Note 3). should produce a solution p~ of approximately 10.0.
2. Increase the hydrazine and ammonia
concentrations in the economizer, f ~ r n a c e 3, If freezing is a problem, the water in the
walls, and feedwater heaters (tube side) and drainable circuits can be displaced with niassociated piping to 200 PPm and 10 PPm
trogen and the unit laid up under 5 psig nirespectively (Refer to Notes 1& 3).
trogen. Auxiliary heat may be applied to
3. Establish and maintain a 5 psig nitrogen
keep the nondrainable sections from
cap on the furnace wall and superheat secfreezing.
tions (Refer to Note 4).
4. If the reheat section can be isolated, it
4. Nitrogen cap the shell side of the feedwashould also be capped with 5 psig nitrogen.
When the outage is extended to 2 months or
ter heaters.
longer, provisions should be made to isolate
1. Drain and open only those sections reand nitrogen cap the reheat sections, if this
quiring repairs.
was not done previously.
2. Fill the superheater and reheater (if draining for repairs is not required) with demineralized or condensate quality water containing to 10 ppm of ammoniaand 200 ppm
of hydrazine. The pH of the solution should
be approximately 10.0. Add the fill water to
the outlet of nondrainable sections (Note 3).
3. Increase the hydrazine and ammonia
concentrations in the tube side of the feedwater heaters and the undrained circuits of
the economizer and furnace walls to 200
pprn and 10 pprn respectively. (Notes 1& 3).
4. Establish and maintain a 5 psig nitrogen
cap on the undrained section of the unit,
where possible (Refer to Note 4).
5. Nitrogen cap the shell side of the feedwater heaters.
6. After repairs, fill drained sections with
demineralized or condensate quality water
containing 10 pprn of ammonia and 200
pprn of hydrazine. Cap with nitrogen (Notes
1& 3).

1. Drain and open only sections requiring
repairs.
2. Isolate remainder of unit under 5 psig nitrogen pressure where possible (Note 4).
3. blaintain the same hydrazine and ammania concentration for water remaining in
the cycle as during normal operation.
4. Nitrogen blanket the shell side of the
feedwater heaters.

--

tion of chemical-feed equipment and the ability to provide an inert gas blanket.'2 Utilities
with operating units that are predominantly
base-loaded may get along with simple, inexpensive manual systems for introduction of
lay-up additives and nitrogen. Systems having
load characteristics that result in frequent
boiler shutdowns require more elaborate, foolproof, wet lay-up protection systems if problems are to be avoided. Tables V and VI detail
recommended procedures to be utilized on all
high-pressure utility units.
MINIMIZING CORROSION
DURING START-UP OPERATION
During the Start-up of a high-pressure boiler,
deaeration and pH adjustment must be provided to assure that low feedwater-corrosionproduct levels are achieved. Plant start-ups
without deaeration will promote continued
corrosion of feedwater-system materials of
construction. 13.14,15 This will result in significant quantities of corrosion products being carried into, and depositing within, the steam generator. The supply of undeaerated feedwater
will also increase corrosion of steel components within the steam generator. Deaeration of
condensate during start-up operations can be
obtained by use of deaerating condensers or by
external deaerating heaters. Since deaeration
should be accomplished early in the start-up
sequence, auxiliary steam must be available for
turbine-seal and deaeration requirements.
CYCLING UNITS
An adequate source of auxiliary steam
should be available to the deaerating heater
while the unit is starting up. If this is unavailable, pegging-steam directly from the drum
should be provided until turbine extraction
steam is available. As an alternative, a blowdown flash tank designed for 5 percent of the
maximum steaming rate of the boiler can also
be used. In units without a deaerating heater,
deaeration is achieved solely by the condenser.
For the condenser to effectively deaerate cold
feedwater, a significant vacuum must be maintained. A reasonable approach is to recycle and
deaerate the condensate in the system prior to

start-up, with the necessary degree of condenser vacuum and fluid temperature.14. l6- l7
(See Fig. 36.) This requires connection of a recycle line from the discharge of the feedwater
heaters back to the deaerating section of the
condenser to prevent the air-rich condensate in
the condenser from being introduced into the
boiler. The turbine must be sealed and a condenser vacuum established prior to recycle.
Including a preboiler recycle line has an additional benefit when part-flow condensate
demineralization is employed in the cycle.
Demineralization permits filtration of corrosion products from the recycling feedwater,
and will further permit cleanup of the drains
from the shell sides of the feedwater heaters
during start-up. Characteristically,these heater
drains contain the highest levels of crud in the
system. A condensate demineralizer system
designed for about 25 percent of full-load condensate flow provides all of the benefits described.l3
Tables VII and VIII list the recommended
feedwater control limits for start-up operation
of drum-type cycling units.
HIGH-PRESSURE DRUM-TYPE UNITS
Although base-loaded utility drum-type
units suffer from corrosion more during operation than during start-up, attention must still
be directed toward procedures to prevent excessive corrosion during start-up periods. It
\
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has not been found necessary to install special
preboiler recirculation lines or condensate
demineralization equipment on base-loaded
high-pressure drum-type units. Normal startup sequence which includes the initiation of
light steaming rates early in the start-up operation, coupled with boiler drum blowdown,
have been found effective in reducing the impact of standby corrosion-product deposition.
As already noted, conversion of the baseloaded drum-type unit to peaking or cycling

operation can bring with it a multitude of new
problems.
SUPERCRITICAL CYCLES: FEEDWATER
A

.

Start-up specifications &e important in supercritical cycles, and neglect in this area may
result in considerable deposit-caused difficulties. Combustion Engineering has placed
primary emphasis on the development of
start-uplcleanup procedures which assure
steam-generator cleanliness over long periods

Table VII. Initial Start-Up and Restart After Long Outages*,
Cycling Drum-Type Boiler-see Fig. 37
Phase

Flow
Path

Expected
Cleanup Time

O~erations

Control Limits

1

Flush to waste at approx. 25%
MCR

3 ppm (rnax.) suspended solids,
measured at HP heater outlet

2

Pressurize deaerator to 10-15
psig with auxiliary steam, establish condenser vacuum, and
place demineralizer in service.

Preboiler
Cleanup
'

Total suspended solids
Oxygen
Using condensate or feed pump Hydrazine
Copper-alloy system
and preboiler recirculating valve,
clean up cycle maintaining 25% pH Copper-free system
MCR deaerated flow.
Blowdown deaerator storage
tank as necessary to prevent
recontamination of system.

250 (max.)
10
20
8.8-9.2
9.2-9.4

Hours

Time dependent on run-in
of equipment

(All concentrations in ppb, measured at HP heater outlet; oxygen
measured at deaerator outlet.)
Normal
Feedwater
Limits

System
in
Service

Close preboiler recirculating
valve, place boiler feed pump in
service and fire unit for turbine
warrnup roll, and synchronization. Proceed to normal feedwater control limits.
Cascade heater drains to condenser for polishing until unit
load exceeds 25%.

Total solids
Total iron
.
Total silica
Copper
Oxygen
Hydrazine
Copper-alloy system
pH Copper-free system

50 (max.)
10
20
10
5

10-20
8.8-9.2
9.2-9.4

(All concentrations in ppb, measured at HP heater outlet; oxygen
measured at deaerator outlet.)
Note: Suspended solids concentration measured by Millipores filters with appropriate color comparator charts.
'Duration of outage longer than 4 days

Normal limits
should be obtained before
exceeding
one-third unit
load.
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of time. A sub-loop cleanup philosophy is
utilized in which the crud level in the preboiler
system is reduced to a low value before passing
feedwater to the steam generator. This procedure assures the delivery to the boiler of feedwater which is low in iron, silica, copper, and
oxygen.
Keeping oxygen values below 10 ppb enhances effective and rapid contaminant reduction within the preboiler cycle. Hydrated iron
oxide, exposed to high-oxygen values, precipitates readily and delays cleanup time. Conversion of this material by deaeration to black
magnetite is essential for fast cleanup because

condensate purification equipment readily
removes magnetite. Additionally, the lowoxygen environment prevents further oxide
generation.
When performed at a sufficiently high velocity, preboiler recirculation completely removes
contaminants prior to furnace-wall cleanup.
Based on experience, a velocity of 2 feet per
second is recommended for this purpose and is
obtained at approximately 25 percent maximum continuous rating (MCR) with currently
designed feedwater heaters. When employing
the recommended cleanup program, contaminant reduction to specified feedwater quality

Table VIII. Cold Restarts After Short Outages*, Cycling Drum-Type Boiler (Fig. 37)
Phase

Flow
Path
2

Preboiler
Cleanup

Onerations

Pressurize deaerator to 10-1 5
psig with auxiliary steam, establish condenser vacuum, and
place demineralizer in service.

Place boiler feed pump
in service.

System
in
Service

Fire unit for turbine warmup,
roll, and synchronization.
Proceed to normal feedwater
control limits.
Cascade heater drains to condenser for polishing until
load exceeds 25%.

250 (max.j
10
20
8.8-9.2
9.2-9.4

(All concentrations in ppb, measured at HP heater outlet; oxygen
measured at deaerator outlet.)

Does not
represent a
delay; this
cleanup may
b'e completed
before boiler
is available.

Normal
Feedwater
Limits
Total solids
Total iron
Total silica
Copper
Oxygen
Hydrazine
Copper-alloy system
Copper-free system

50 (max.)
lo
20

10
5

10-20
8.8-9.2
9.2-9.4

(All concentrations in ppb, measured at HP heater outlet; oxygen
measured at deaerator outlet.)

Notes: 1. No cleanup is required if feedwater quality meets recommended limits.
2. Suspended solids concentration measured by Millipore" filters with appropriate color comparator charts.
'Duration of outage maximum 4 days,

hours if C-E
recommended
lay-up procedure has been
employed.

4

Total suspended solids
Oxygen
Using condensate or feed pump Hydrazine
Copper-alloy system
and preboiler recirculating valve,
clean up cycle maintaining 25% pH copper-free system
MCR deaerated flow.
Blow down deaerator storage
tank as necessary to prevent
recontamination of system.

Expected
Cleanup Time

Control Limits

Normal limits
should be obtained before
exceeding
one-third unit
load.

,
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Fig. 37 Procedure for sub-critical unit start-up
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Fig. 38 Procedure for supercritical unit start-up after a short outage
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limits takes less than eight hours on start-up
following long outages. Preboiler cleanup following short outages (up to four days) can be
accomplished in three to-four hours. No preboiler cleanup is required for a hot restart if the
quality of the condensate meets the established
standards of purity.
SUPERCRITICAL STEAM GENERATOR

Cleanup of the furnace-wall system in a
Combined Circulation supercritical unit is performed reliably and quickly because the boiler
recirculation pumps provide effective scrubbing velocity. Particulate contamination is
maintained in suspension and is easily removed through the start-uplseparator system.
This blowdown flow through the start-up system rapidly reduces furnace-wall contamination. Experience shows that the boiler furnace
walls can be cleaned effectively if supplied
with a deaerated feedwater at about 250°F.
Furnace-wall cleanup after long outages will
normally take less than three hours. Cleanup
operations after outages up to four days will not
require a furnace-wall cleanup step if appropriate wet lay-up procedures have been employed. The unit should be capable of being
fired as soon as any necessary preboiler recirI
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Two basic types of boiler-water treatment
can be successfully utilized in high-pressure
drum-type boilers: coordinated phosphate and
volatile-based treatment. Volatile treatment
does not requike the direct addition of any
treatment chemicals to the boiler. The ammonia used for feedwater pH adjustment
controls boiler-water pH. Fig. 39 illustrates a
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culation is completed. A delay in start-up will
occur only when the condensate is badly contaminated; under these conditions, such a
delay can always be justified.
A discussion of the complete procedures and
feedwater control limits recommended for startup and normal operation of Combined Circulation units is beyond the scope of this chapter.
For illustrative purposes, however, Table IX
and Fig. 38 detail the procedure employed for
start-ups after short outages. Start-up cleanup
operations after long-duration outages require
more time and additional flow paths and steps.
The effectiveness of this cleanup philosophy
has assured that operational chemical cleani n g ~have not been required more often than
every three to four years. '8.19
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Fig. 39 Recommended coordinated phosphate treatment curve for operation between 2601 and
2900 psig
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Table IX. Recommended Start-UpICleanup Procedure, C-E Combined
Circulation@Units (with Deaerating Heater) see Fig. 38

-

Cold Restarts After Short Outages
Phase

Flow
Path
1

Feedwater
System
Cleanup

I

Expected
Cleanup Time

'

Control Limits

Operations

Pressurize deaerator to 10-15
psig with auxiliary steam, establish condenser vacuum, and
place demineralizer in service.

250 (ma.)
50
30
20
- 10
20
9.2-9.4

Utilizing condensate or
booster pump and preboiler
recirculating valve, clean up
cycle maintaining 25% MCR
deaerated flow.

Total Solids
Total Iron
Total Silica
Copper
Oxygen
Hydrazine
PH

Blow down deaerator storage
tank as necessary to prevent
recontamination of system.

(All concentrations
in ppb.)

4 hours if C-E recommended lay-up
procedure has been
employed.
Does not represent
a delay; this cleanu p may be completed before boiler
is available.

Transition Period: When control limits are met at HP heater outlet, close preboiler recirculating valve and establish BE and WD through-flow, using condensate or booster pump. To prevent excessive pressure drop across
BE valve, furnace wall outlet pressure should not exceed 1000 psig during cold water operation.
--

2

Steam
Generator
Cleanup

Continue BE and WD throughflow until cleanup is complete.
Furnace-wall circulating pump
on during this phase.
Blow down deaerator storage
tank as necessary to prevent
contamination of system.
When control limits are met,
proceed to next step.

Place boiler feed pump
in service
Fire unit for turbine warmup,
roll, and synchronization.
System
in
Service

Proceed to normal feedwater
exceeding limits.
Cascade heater drains to condenser for polishing until
load exceeds 25%.

Total Solids
Total Iron
Total Silica
Copper

750 ( m a . )
500
30
20

Less than 1hour
if C-E recommended lay-up
procedure has
been employed.

(All concentrations
in ppb, measured at
furnace-wall outlet.)
Normal
Feedwater
Limits
Total Solids
Total Iron
Total Silica
Copper
Oxygen
Hydrazine
PH

50 (max.)
10
20
2
5
10
9.2-9.4

Normal limits
should be obtained before
exceeding onethird unit load.

(All concentrations in ppb, measured at HP heater outlet; oxygen
measured at deaerator outlet.)
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Table X. Typical Criteria for Operation of Drum-Type Boilers (2601-2900 psig)
Control Limits
Hotwell Conditions

Operational Limitations

Phosphate-pH*

Volatile

~ i i l e r - ~ i tContml
di

'

Total Solids < 0.05 ppm None
(Recommended)

TS < 15 ppm TS <2 ppm Normal
pH 9.1-9.6
pH 8.5-9.0
PO, 2-6ppm

Total Solids < 0.1 ppm
(Acceptable)

Volatile treatment
of boiler water not
suitable.

TS <15 ppm
pH 9.1-9.6
PO, 2-6ppm

If on volatile treatment,
change to coordinated
phosphate-pH control.

Total Solids
0.1-1.0 ppm
(Abnormal)

Limited operation.
Schedule inspection
and repair of condenser
as soon as system load
requirements permit.

TS <50ppm
pH 9.1-10.1
PO4 5-20 ppm

Immediately start chemical injection pumps to
maintain excess phosphate and pH conditions.
Do not continue to operate unit if pH cannot be
maintained above 8.0 or
the total solids below 50
ppm. Increase blowdown
to limit total dissolved
solids concentration.
Avoid use of desuperheating spray water
by (1)permitting reheat
temperature to fall, or (2)
reducing load.

Emergency operation. TS < 50 pprn
Total Solids > 1.0 pprn
1. Immediately reduce pH 9.1-10.1
(Excessive)
load as necessary to PO4 5-20 pprn
permit isolation of
damaged condenser.
2. Prepare for orderly
shutdown of the unit
if hotwell concentration cannot be quickly
reduced below 1.0
PPm.

See above. Prepare to establish chemical conditions for wet lay-up of
boiler unit and auxiliary
equipment during condenser repair.

- .

typical low-level coordinated phosphate curve
for use i n high-pressure boilers above 2600psig drum operating pressure. Operation with
pH and phosphate values which are below the
curve establishes that no free hydroxide exists
within the boiler water. The recommended operating chemistry shown in Table X is reflective
of this fact. Because free hydroxide does not exist under these specified conditions, ductile
tube failures from caustic attack, as discussed
previously, will not occur.20

'Maintain sodiudphosphate ratio 52.6

Table X illustrates a philosophy of boiler operation with respect to level of contamination
entering the cycle. The recommendations and
guidelines presented i n this table, coupled
with recommended feedwater quality, represent t h e chemistry specifications which will
result in long-term steam-generator integrity
and cleanliness. It should be noted that coordinated phosphate boiler-water treatment must
be employed during periods of condenser leakage. Volatile treatment does not have enough
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buffering ability to maintain pH control under
these conditions.
Certain deviations from normal chemistry
specifications may occur on occasion during
plant life, with little or no effect on component
integrity. These deviations are designated as
abnormal conditions in Table X. Other possible
deviations may result in extensive corrosion
problems. The serious nature of such deviations requires immediate action, and this is
noted where applicable.
FEEDWATER CONTROL

The steam generator acts as a concentrating
device during operation. Soluble feedwater
impurities which enter the boiler become concentrated in the boiler water because the steam
leaving the drum carries off negligible quantities of solids. The recommended feedwater
impurity limits given in Table XI cover a
number of constituents. The total solids limit is
specified to minimize boiler fouling. The silica
concentration limit in normal operation is sufficiently low to assure that silica carryover to
the turbine by the vapor or steam solubility
phenomena does not occur. The oxygen and pH
specifications should limit the pickup of iron
and copper from the preboiler equipment to
those feedwater levels necessary for long-term
steam-generator cleanliness.
As long as feedwater total solids (TS)concentration is less than 0.5 ppm, boilerlturbine cycle
operation is considered normal. Coupled with
this is the requirement that pH value, oxygen
level, and copperliron levels are within the
values shown on Table XI. There are no operational limitations, and the boiler-water control
is normal.
Operation with feedwater TS concentration
between 0.5 and 2.0 ppm should be limited,
and condenser repairs should be scheduled as
soon as practical. Values of feedwater solids
concentration above 2.0 ppm TS are considered
emergency levels. Unit load should be immediately reduced, the damaged condenser set=
tion isolated, and necessary repair work
scheduled. The boiler-turbine cycle should be
shut down if feedwater concentration cannot

be reduced within eight hours to values below
2.0 ppm.
PREVENTIVE CHEMISTRY
IN OPERATION OF SUPERCRITICAL UNiTS

Because a supercritical unit requires the ultimate in feedwater quality, a condensate demineralizer must be included in the preboiler
cycle to prevent condenser leakage salts from
entering thi feedwater. The normal feedwater
limits for supercritical units are presented in
Table XI.
Utility operators who have followed recommended start-up cleanup procedures, as well as
recommended lay-up procedures, have maintained a high degree of cycle cleanliness. Virtually all Combined Circulation units are experiencing operational chemical-cleaning frequencies of from three to four years.
The successful operation of a supercritical
unit with respect to water technology is
coupled to the proper operation of the in-line
condensate demineralizer system. Table XI1
summarizes information on the operation of a
supercritical unit during condenser leakage.
The methods of limiting operation and controlling the condensate demineralizer presented in
this table, if properly implemented, will assure
steam generator and turbine cleanliness.

Table XI. Recommended Feedwater
Limits, High-Pressure
Drum-Type Units
---

Total solids
Total iron
Total copper
Total silica
Oxygen
Hydrazine
pH

50 ppb m a ~ .
10 ppb max.
10 ppb max.
20 ppb max.
5 ppb max.
10-20 ppb residual
8.8-9.2 (copper-alloy system)
9.2-9.4 (copper-free system)
, '

All measurements made at high-pressure heater outletor economizer inlet.
Oxygen can be measured at deaerater outlet if cycle is
equipped with deaerating heater.
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ANALYTICAL METHODS

The implementation of control methods to
minimize corrosion-product release, as well as
the detection of contaminant inleakage, requires a continuous analytical program. All automatic analytical instrumentation should be
maintained operational and calibrated.
If chemical auto-analyzers are not operational, greater emphasis must be placed on laboratory analyses. Membrane-filter testing may
provide an adequate indication of water quality
with respect to corrosion products. But primary reliance must be placed on laboratory
analytical methods for contaminant and
corrosion-product-level determinations. The
findings of chemical analyses should determine whether, for example, cleanup circulation should continue on a supercritical unit, or
whether silica values are low enough in a
drum-type unit to allow a pressure increase.
On any high-pressure utility boilerlturbine
cycle, the condenser leak detection system is
particularly important. Leakage instrumentation should be installed such that, if the condenser has segmented compartments, each
compartment can be analyzed for leakage individually. Cation conductivity offers good sensitivity for detecting condenser leaks. Many
plants are also being equipped with sodium an-

alyzers for maximum sensitivity. Now, with the
availability of computers for powerplant waterchemistry control, monitoring and diagnosing,
as well as automatic control, arepractical.21
Table XI11 gives a recommended frequency of
analysis for high-pressure utility steam generators if continuous analyzers are not available.

INDUSTRIAL BOILER-WATER
TREATMENT
Internal chemical treatment systems are primarily designed to prevent scale formations resulting from residual amounts of calcium and
magnesium hardness in the feedwater. External treatment and control must provide a feedwater low in hardness, alkalinity, silica, metal
oxides, and oxygen. Because of their extreme
solubility, sodium salts are of concern only
to the extent of their contribution to the total
dissolved solids concentration. However,
boiler-tube scale consisting of calcium and
magnesium components is not uncommon in
units operating below 900 psig. These scales
often are the direct result of loss of chemical
control, permitting dense calcium precipitates
such as calcium sulfate or calcium silicate to
form. They may also be a more subtle result of
porous-hardness sludge or metal oxides which

Table XII. Criteria for Operation of Supercritical Unit During Condenser Leakage
Hotwell Salt
Description

Leakage
Operational Limitations

Demineralizer Control

Normal

None.

Normal -.

0.5-2.0 ppm

Abnormal

Limited operation. Schedule in
spection and repair of condenser
as soon as system load requirements permit.

Control demineralizer sequence to
assure that tanks will not exhaust
simultaneously. If ammonia cycle is
employed, override ammonia step.

>2.0 ppm

Excessive

Emergency operation. Prepare for
orderly shutdown of the unit. Immediately reduce load as necessary to permit isolation of damaged condenser section. Initiate
shutdown if hotwell concentration cannot be quickly reduced
below 2.0 ppm.

Place all available tanks in service
.
immediately. If reduced load operation
is assumed, transfer resin which is
most exhausted and bring in spare
charge. Override ammonia regeneration step.

Concentration
<0.5 ppm

Table XIII. Recommended Frequency of Analysis for High-Pressure Utility Units
-

Should condenser leak-detection equipment be out of service, manual conductivity readings should be taken at
the condensate pump discharge three times dailv.
-

Supercritical-Type
Feedwater at Economizer Inlet

Drum-Type
Feedwater at Economizer Inlet

pH, per shift
02,per shift
Silica, twice weekly
Copper, twice weekly
Total iron, twice weekly

Same as supercritical units
Boiler water
pH, per shift
PO4,per shift
Total solids, per shift
Silica, twice weekly

Table XIV. Typical Phosphate Control Limits for Industrial Units
Pressure (psig)

'

450-600

600-900

Hydroxide Alkalinity as OH (ppm)

50-100

25-50

Phosphate as PO, (ppm)

2040

5-10

Sodium Sulfite as Na,SO, [ppm)

20--40

5-1 0

Silica as SiO, (ppb)

50 (max.)

1 0 (maximum)

permit boiler water to penetrate to the tube surface precipitating complex silicate scales.
Formation of scale, below 900 psig, is generally more of a concern with respect to causing
overheating failures than promoting corrosion
attack. Two basic systems are now available for
prevention of internal hardness scales: the
conventional phosphate-hydroxide methods
and the more recently adopted substitute systems ,involving chelating agents. Both are
proven systems, but the success of either depends on the diligence with which they are
applied.

tion of calcium as a calcium hydroxyapatite,
Ca,,,(PO,),(OH), and magnesium as serpentine,
3Mg0 ~ 2 S i 0 , 2H,O.
In contrast to low-pressure operation, boiler
tube failures in units above 900 psig can be
caused by corrosion. Accordingly, the coordinated phosphate pH system is used to control
boiler-water chemistry as with utility highpressure boilers.

PHOSPHATE-HYDROXIDE METHOD

*

The phosphate-hydroxide methods can be
segregated into one that maintains an excess of
hydroxide alkalinity and one that involves no
excess or "free" hydroxide content. The former
has a long history of use and is still the most
prevalent system for low-pressure operation.
Table XIV presents typical control limits.
The intent of phosphate control systems is to
provide conditions conducive to the precipita-

Chelating agents have received wide acceptance as a substitute system for the conventional phosphate-hydroxide treatment
methods. The most common is the sodium salt
of ethylenediaminetetraacetic acid (EDTA). As
briefly explained in a previous section, these
organic agents act with the residual calcium
and magnesium in the feedwater to form soluble complexes. Ideally, this should result in
boiler surface conditions which are completeiy
free of any hardness deposits. The soluble
hardness complexes will be removed through
the continuous blowdown line. With con-
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ventional phosphate treatment, it is difficult to
maintain all of the hardness end products in
suspension. As a result, some accumulations
normally are found in drums and headers.
Most experience with this treatment method
has been limited to operating pressures of 900
psig and below, but some use on 1250- and
1350-psig units has been reported. Economically, justification for its use is limited to feedwaters of low hardness concentrations (1 to 2
ppm). Such evaluation usually considers the
savings realized by the elimination or reduced
frequency of chemical'cleaning.
Chemical additions are made in a continuous
mode, withthe amount based on the concentration of hardness salts in the feedwater. The
chelants must be injected after the boiler feedwater pump to prevent corrosion of the pump
components. Earlier attempts to utilize the
chemical-feed line to the boiler drum also
resulted i n severe corrosion of this line. Highoxygen concentrations in the feedwater drastically increase the corrosivity of the chelants.
Thus, it is imperative that good deaeration of
the feedwater be maintained.
A chelant program can be effective in preventing deposits or damaging boiler tubes
depending primarily on the knowledge and
experience of the user. Of course, before initiating such a program on any boiler, guidelines, control limits, and analytical procedures
must be established with the cooperation of the
chelant supplier or water-treatment consultant.

CARRYOVER
AND STEAM SAMPLING
The mechanical aspects of steam and water
separation are covered in Chapter 5, in which
drum-internal design for utility and industrial
boilers is described. This section deals with the
phenomenon of carryover, methods of steam
sampling, and techniques of steam-purity determination. Once again, these subjects cannot
be understood solely by rigorous theoretical
analysis. Knowledge of laboratory testing procedures and ability to interpret field operating
experience are required. Despite intensive

research efforts, there is incomplete understanding and much empiricism remains in the
techniques for correcting problems resulting
from incomplete separation of steam and water
in boiler equipment.
CLASSIFICATION OF CARRYOVER

Carryover of boiler water in steam leaving
the drum provides a path for introducing solid
materials into the steam. Modern separator
designs can mechanically reduce the moisture content of the steam to 0.2 percent or less.
But in addition to mechanical carryover of
boiler water, another mechanism exists that results in the contamination of steam with solid
materials.
As operating pressures increase, the steam
phase exhibits greater solvent capabilities for
the salts that may be present in the water phase.
These salts will be partitioned in an equilib
rium between the steam and water, a phenomenon known as vaporous carryover. Vaporous
carryover will contribute an additional quantity of boiler water solids directly to the steam,
independent of'the efficiency of steam-water
separation components.
Silica was the first material found to exhibit
significant vaporous carryover. Silica fouling
of turbines was common until it was recognized that successful control of the amount of
silica in the steam could only be accomplished
by controlling the amount of silica in the boiler
water. A similar solution will be required for
other solids when operating at high pressures.
vaporous carryover contributes a significant
proportion of total solids in the steam as drum
operating pressures increase above 2600 psig.
Table XV shows findings of a laboratory study
on vaporous carryover.22 For various salts, the
table lists percent vaporous carryover, which is
the ratio of the salt concentration in the steam
and boiler water. In each case, sodium was
measured and then converted to the appropriate
salt concentration.
When calculating total solids in the steam,
vaporous carryover is assigned a value of 0.1
percent at drum operating pressures above
2600 psig.

Table XK Summary of Laboratory Results

-

.

Pressure (psig)
C.oncentration (ppm)

15

500

15

500

15

500

Sodium Sulfate
Disodium Phosphate
Trisodium Phosphate
Sodium Chloride
Sodium Hydroxide

0.02%
0.01%
0.02%
0.0401'
0.02%

0.03%
0.07%
0.11%
0.18%
0.31%

0.04%
0.03%
0.04%
0.09%
0.08%

0.07%
0.18%
0.30%
0.36%
0.69%

0.28%
0.41%
0.35%
0.39%
0.55%

0.4890
0.74%
1.3 ?O
1.2 k
2.2 90

2600

2800

Mechanical carryover may be classified under four headings: priming, spray, leakage, and
foam carryover. Each results. in troublesome
deposits in the superheater or on the steamturbine blades.
Priming is the development of excessive
moisture in the steam because of spouting or
surging of boiler water into the steam outlet.
This is a rare, easily identified type of carryover. It is usually promoted by the maintenance of too high a water level in the drum,
spouting of a submerged riser or sudden swelling of the water in the boiler on a drop in pressure, or sudden increase in rating. Priming is
rarely, if ever, associated with boiler-water
concentration.
Spray carryover, mist or fog are degrees of
atomization of the boiler water. Mist is carried
from the drum by the steam as dust is carried by
air currents. This carryover is present to a degree in all boilers, and it is the function of drum
internals to separate and filter out such spray
before the steam leaves the drum. Development
of spray carryover indicates failure of the drum
internals because of exceeding the velocity
limitations of the purification equipment. It is
characterized by initial development below the
full rating of the boiler and it continues to increase with boiler load. Spray carryover is not
sensitive to boiler-water concentration below
the foaming range. Improved drum internals
are capable of reducing the steam-borne mist to
avalue as low as a few parts per billion of solids.
Leakage is a general term applied to bypassing of impure steam or boiler water through the
drum internals. Normally localized, this form
of carryover is directly related to poor design or

-

3000

installation of drum internals. At times, the
local contamination may not be sufficient to be
reflected in steam-purity measurements of total
steam flow. A careful inspection of drum intern a l ~will usually reveal this source of carryover. Where the leakage is sufficient to register impurity tests of steam, it will be found that
the impurity increases slowly with rating and
is relatively insensitive to changes in water
level and boiler-water concentration.
Foam carryover is the development of excessive moisture in the steam from carryover of
foam from the drum. It is the most common
form of carryover in low-pressure units, in
which the boiler water may contain high concentrations of dissolved solids, and is the most
troublesome and most erratic type.
Foam forms in the steam-generating sections
of the boiler when the water-films around the
generated steam bubbles are stabilized by the
impurities in boiler water. Boiler circulation
carries this foam up to the boiler drum where it
tends to accumulate at the water level. The
foam produced may entirely fill the steam
space of the boiler drum or it may be of a relatively minor depth. Although foaming in boilers has been recognized for many years, its
causes are not clearly defined and are worthy of
further investigation.
The bulk water in the circulating mixture entering the drum is readily separated, but the
wet emulsion of very small foam bubbles collects at the water level to a depth largely dependent on the rate of drainage of excess water
out of the foamy mass. A considerable amount
of moisture is trapped in the foam. When foam
carryover occurs, it is frequently sudden and
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interpreted to determine the specific source of
a carryover condition.
Steam flow establishes the velocity distribution in the boiler drum. -~xces&vesteam flow
can increase steam velocity to a point that entrained mositure can overload the dryer.
High water can create spouting and excessive
carryover. This can occur at low steaming rates
and boiler-water concentrations.
Foaming is a characteristic of boiler-water
concentration. With water level and steaming
rate at recommended values, any carryover
which can be precipitated or eliminated by a
change in boiler-water concentration can be attributed to foaming.
Fig. 40 illustrates the development of foaming in a drum. The plot indicates purity values
of steam samples taken ahead of the steam
dryer and at the outlet of the boiler drum for a

excessive, akd the steam sample registers a solids content characteristic of boiler water.
IDENTIFICATION OF CARRYOVER

A systematic field investigation can identify
carryover. A variety of factors which may be
classified as mechanical, water or operating
conditions affects the sources of carryover and
the carryover itself to different degrees. As
noted previously, foaming in the boiler is the
most common type of carryover and is most
troublesome and erratic. Special test methods
have been devised to demonstrate the presence
of foam blankets and for obtaining boiler performance without danger of serious carryover to
the superheater and turbine.23
Steam flow, water level and boiler-water
concentration are the three major factors that
can create carryover. By varying these three
factors, one at a time, test results can usually be
TEST 1

TEST 3
I

0

I

I

I

I

I

I

I

I

I

I

I

I

I

I

l

l

!

I

500
0
50
4030 20 -

-

0

It

i
I

I

I

I

T--01 -

5
$5

I

I

-430-500
TJ

C
d
e
s
a
O
-

9h 9 1 idlo i i r iilm ii&,,~io i b Z ~ Y;z
A. M

I
Fig. 40 Development of foaming in a boiler drum

P.M.
TIME

w
- Boiler Outlet L.

3:ii &I,,& i b

do 2k

3:;

1

3 3

P.M.
1

constant level of water in the drum and a typical steam load. The principal change is in the
boiler-water concentration.
At a boiler-water concentration of about 550
ppm, the sample ahead of the dryer was about 5
mmhos (1 mmho is approximately 0.5 pprn of
solids) and the sample at the boiler outlet was
about 7 mmhos. Increasing the boiler-water
concentration to about 1800 to 2000 pprn did
not alter the purity of the steam leaving the
boiler drum. But the sample ahead of the steam
dryer increased gradually to a value of about 40
mmhos. Thus, with an established steam flow,
and a similar water level, there was a marked
increase i n solids content of the steam entering
the dryer. This is indicative of the presence of a
mildly foamy condition in the boiler drum as
the only change was in the concentration of
boiler-water solids.
Increase of boiler-water solids to about 2800
to 3000 pprn in the boiler water, at the same
steam load and water level as in the prior two
tests, produced severe foaming in the boiler.
The space between the water level and the
dryer was practically filled with a foam blanket
on the water. This is evident in the high solids
content of the sample entering the dryer. Severe foam carryover occurred when the water
level in the drum was at or above drum center.
This was not a factor in the prior tests. Thus, a
small change in water level was sufficient to
push the foam blanket into the drum internals
creating a severe case of foam carryover.
CAUSES OF FOAMING.

Foaming is basically a result of chemical
conditions, and boiler-water concentration and
composition are important factors involved.
High total solids and high suspended solids
aggravate the formation of foam. High caustic
alkalinity, oil, organic contamination and excess phosphate also increase the foaming tendency in boiler water. While the general effect
of a component upon foaming may be anticipated, it is impossible to predict whether faam
formation will occur by a cursory examination
of boiler water. Extreme cases are on record
where excessive foamover occurred with less

than 650 pprn in one boiler and, in another
case, no carryover troubles developed with
concentrations as high as 15,000 ppm. Although these inconsistencies exist, it is necessary to maintain a lower value of foamproducing chemicals in boiler water or add
foam dispersing chemicals to the water.
Organic antifoam agents have been developed to dispel certain foams at higher steam
pressures. Ordinary tannin and starch compounds are only effective at low pressures.
Lignin sulfonates, alkaline polyamides, polymerized esters and alcohols have been effective
foam dispersing agents. The function of an efficient antifoam agent is to reduce the number of
small. bubbles and to confine steam-bubble
formation to a small number of large bubbles
which will exhibit the tendency to coalesce and
grow larger. Under these conditions, the bubbles are unstable and tend to break easily. Antifoam agents are not equally effective with all
boiler waters. It is necessary to select an antifoam compatible with the chemical characteristics of the boiler water, and trial of several
compounds may be necessary before the foam
can be neutralized satisfactorily.
Foam will fill the free surface area of a
separating device increasing local velocities
and promoting a serious carryover of boiler water. Foam carryover may be stopped by a quick
reduction in boiler-water concentration or
lowering the drum level. Centrifugal devices
have shown a greater ability to handle foamy
waters than simple internals. The basic function of a centrifugal device is to dehvdrate the
foamy emulsion. The dehydrated-foam bubbles
can be easily broken up by screens or other
simple devices. Foam in this type of separator
will decrease the water-separating efficiency of
the device.
In general, foam carryover from a boiler can
be avoided by keeping boiler-water concentrations within the range suggested by the
American Boiler Manufacturers Association
- (ABMA). These specifications, of course, cannot be a guarantee against foaming which, as
indicated previously, is primarily a chemical
problem.

,
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Table XVI. Recommended Boiler Water Limits and Associated Steam Purity
(at Steady-State, FulCLoad Operation)
Dm-Type Boilers

.

Drum
Pressure
psi8
(Actual)

Range of
Total Dissolved Solids'
in Boiler Water,
ppm (Maximum)

Range of
Suspended Solids
Total ~ l k a l i n i t ~ z in Boiler Water,
in Boiler Water
ppm (Maximum)
ppm

Range of
Total Dissolved Solids "'
in Steam,
P P (Maximum
~
Expected Value)

0-300
301-450
451-600
601-750
751-900
901-1000

700-3500
600-3000
500-2500
200-1000
150-750
125-625

140-700
120-600
100-500
40-200
30-150
25-125

0.2-1.0
0.2-1.0
0.2-1.0
0.1-0.5
0.1-0.5
0.1-0.3

1001-1800
1801-2350
2351-2600
2601-2900

100
50
25

Note (3)
Note (3)
Note (3)

15

Note (3)

15
10
8
3
2
1
1

NIA
NIA
NIA

0.10
0.10
0.05
0.05

Once-Through Boilers
1400 and above

0.05

NIA

N/A

0.05

Notes: 1. Actual values within the range reflect the TDS in the feedwater. Higher values are for high solids; lower values are for low solids in
the feedwater.
2. Actual values within the range are directly proportional to the actual value of TDS cf boiler water. Higher values are for the high
solids; lower values are for low solids in the boiler water.
3. Dictated by boiler water treatment.
Source: American Boiler Manufacturers Association
4. These values are exclusive of silica.

Concentration limits as a function of pressure
are shown in Table XVI.
In both utility and industrial plants, adherence to the ABMA specifications has produced
satisfactory operation because of marked improvements in water technology and boiler design. Normally, the steam-purity-specification
limit for low-pressure boilers is less than 0.5
percent moisture in the steam. With the use of
superheaters and higher pressures, the boilers
must deliver a steam product containing less
than 1.0 ppm of solids entrained in the steam.
Steam purity of high-pressure boilers has been
markedly improved and values of less than 0.01
ppm of impurity are achieved.
STEAM SAMPLING METHODS

Steam samples for measuring purity are usually taken ahead of the superheater. These are
condensed and cooled. Collecting a true sam.-

ple that is representative of a large mass of material always presents a difficult problem. The
sample size, particle-size distribution and density relationship are some factors which must
be considered where there is a question of lack
of homogeneity. In a homogeneous sample of
fine particle size, sampling is a relatively easy
operation.23
In sampling steam, the impurities may be
solid, liquid, and gaseous. The solid may be in
the form of a finely divided sludge particle.
Liquid impurity may be in the form of fog or
mist in minute droplets, possibly having a
solid particle as a nucleus. More adversely, it
may be in a form of a surface film on a pipe wall.
Moisture itself is not involved in the concept of
steam purity except that it may carry solids in
solution or suspension.
Sampling impurities in steam is analogous to
the difficulty of locating a needle in a haystack.

,

At a sampling rate of 100 pounds per hour, the
impurity content of 1ppmis represented by the
withdrawal of 0.7 grains of solid per hour.
Steam lines contain bends, elbows, valves and
other fittings which can disturb the flow and
segregate the impurities.
B. J. Cross has outlined the assumptions
reached in the design of the steam sampling
nozzle described in ASTM Standards D 1066,
Sampling Steam. The velocity front must be
reasonably flat, and the density difference of
steam and mist or fog carried along with it must
be in the same order of magnitude as that of
water and steam at the pressure .and temperature of the steam in the line. Basic prerequisites
for use of the ASTM nozzle design are that the
velocity of the steam entering the ports is the
same as the line velocity of the steam and that
each port of the sampling nozzle shall represent
an equal area of the sampling section.Z4
Turns and other irregularities of the steam
line influence distribution of solid and liquid
impurities. The sample point should be as
remote as possible from a source of disturbance. It should also be located where there is a
run of at least ten diameters of straight piping.
The preferred location with respect to position,
in order of decreasing preference, is
(a) vertical pipe, downward flow
(b)vertical pipe, upward flow
(c)horizontal pipe, vertical insertion
(d) horizontal pipe, horizontal insertion
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CHAPTER 21

Operation of Steam denerators

u

he operation of a multi-million-dollar
steam generator and its associated powerplant equipment requires the constant exercise of intuitive reasoning and sound engineering judgment. It is inoperation that all of
the factors that went into the design and construction of the facility are put to the test.
A principal objective of proper operation is
sustained service between outages while, at the
same time, obtaining the highest possible efficiency from all the plant components.
Operation of a steam generator is a balance of
inputs to outputs: the better the balance, the
smoother the operation. Producing steam from
a boiler requires that the weight of water entering the boiler equal the steam leaving, and firing the furnace requires a balance of fuel and
air. To equalize these inputs and outputs, one
must understand the system, not just the network of hardware that comprises the system.
This understanding is the principal ingredient
of successful operation.
Too often in recent years, operators have
confused operation with control-system management. The operator must realize that a control system is hardware assembled to make
operation easier, faster, and safer. All large
steam generators require operators, and the
control of all major functions can be switched
from-.automatic to operator control. To be effec-
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tive an operator must know not only what he or
she is doing but why it is done and what results
from the operator's action.

SAFETY,
A PRIME OPERATING
CONSIDERATION
The prime consideration for all operation is
the safety of people and equipment. Whenever
there is any doubt about an unsafe condition,
the operator must take immediate action to return the unit to a known safe condition even if it
means tripping the unit.
As the loss of a unit even during peak-load
requirements is not as important as a human
life or the downtime for a major repair, the two
most dangerous conditions remain the same today as throughout the history of steam generation: the loss of water or the explosive mixture
of fuel and air. Both result from an imbalance:
the fist from less water than steam produced,
even if some of that steam is escaping through a
tube leak; the second, from too little air for the
fuel present.
Safe operation, then, is a result of comprehensive training programs for operators, welldesigned furnace safeguard systems, and an
effective preventative-maintenance program.
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BASICOPERATINGPRINCIPLES
In this section, certain basic operating
guidelines for overall effective operation of a
large coal-fired unit are discussed.
STEAM TEMPERATURES

Maintaining desired primary and reheat
steam temperatures requires considerable
operator attention. Even the best control systems do not anticipate all of the factors affecting steam temperature. Despite the equipment
installed for contro.lling superheater and reheater steam temperatures, certain conditions
may produce abnormal steam temperatures.
For instance, with a new coal-fired unit, it
may be necessary to operate for a considerable
time before normal furnace seasoning allows
the unit to make predicted steam temperatures.
"Norma1,furnace seasoning" is often defined as
the condition of furnace-wall slag or ash deposits which remains after sootblower operation.
Low steam temperatures may also result from:
insufficient excess air
higher-than-design feedwater temperature
reheater inlet temperature lower than
specified
an externally fouled superheater or reheater
leaking desuperheater spray water
poorly adjusted controls.
On the other hand, high steam temperature
may result from:
an "over-seasoned" furnace
too high an excess-air percentage
feedwater temperature lower than specified
reheater inlet temperature higher than
specified
irregular ignition or delayed combustion
poorly adjusted control equipment.
An operating variable with a very great effect
on steam temperature is the cleanliness of
the radiant and convective heating surfaces.
Although all modern coal-fired steam generators are equipped with automatic sootblower
systems, the judicious supplemental manual

..
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operation of certain blowers can improve
overaUunitoperation.~tcansavevaIuableblaYina
medium and reduce required maintenance by
minimizing the number of blowing cycles.
To be most effective, a sootblower program
requires periodic furnace observations. Based
on such observations and performance results,
selective sootblowing can lead to better steamtemperature control and reduce the possibility
of troublesome accumulations in the furnace
and convection passes.

-

BOILER EFFICIENCY

An effective operator is constantly striving to
obtain maximum efficiency from a unit. To do
this, he or she must be aware of the effect of all
operating variables, and the adjustments required to maximize efficiency.
Two items within operator control that affect boiler efficiency are dry-gas loss and
unburned-fuel loss.
DRY-GAS LOSS

Usually the largest factor affecting boiler efficiency, dry-gas loss increases with higher
exit-gas temperatures or excess air values.
Every 35" to 40°F increment in exitdgastemperature will lower boiler efficiency by 1 percent.
A 1-percent increase in excess air by itself only
decreases boiler efficiency by 0.05 percent. On
most boilers, however, increased excess air
leads to higher exit-gas temperature. Consequently, increases in excess air can have a
twofold effect on unit efficiency.
Usually, coal-fired units are designed to operate with 20 to 30 percent excess air. To operate a boiler most efficiently, therefore, an
operator must have a reliable means of assessing the quantity of excess air leaving the
boiler. In-situ oxygen recorders that measure
the oxygen at the boiler or economizer outlet
are the best information source. They must,
however, be checked daily for proper calibrat i o n and maintained as necessary. The operator
should maintain the required excess air by making sure the controls are in the correct mode or
by manual bias of the fuel-to-air ratio.
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UNBURNED-FUEL LOSS

On gas- or oil-fired units unburned-fuel loss
should be negligible, whereas unburned loss
on coal-fired units can be-appreciable. The
boiler manufacturer will predict unburnedfuel loss and these values can usually be maintained with correct operation. There is no easy
way to continuously monitor unburned carbon
in the ash. Obtaining such values involves the
time and manual effort of laboratory analysis of
a flyash sample. The significant point is that
the laboratory feed back the information to the
operators. If values are consistently high, the
. . plant operations department sbould develop a
program to pinpoint what is causing the high
unburns and how to improve the condition.
Usually, high unburns can be traced to the
mixing process of the fuel and air in the furnace. Once the source is found, attention must
be focused on what corrects it. For example,
one cause of poor mixing of fuel and air could
be inadequate windbox to furnace pressure. If
this is so, monitoring pressure to keep it inline is
easier than waiting for the periodic feedback of
laboratory results.
There are two other items having an effect on
boiler efficiency that an operator can do little
about. These are the moisture-in-fuel and
hydrogen-in-fuel losses, and the steamgenerator radiation loss.
MOISTURE LOSS

Although the moisture loss of the stack gases
is considerable, the loss comes from fuel moisture and hydrogen, and the moisture in the air,
which are realities not within operator control.
The moisture in coal consists of inherent
moisture and surface moisture. Although attention to the care of coal from the mine to the
coal bunker can minimize the surface-moisture
pickup with resultant increase in boiler efficiency, this is seldom within the boiler
operator's control. A reduction in exit-gas
temperature will decrease the moisture loss as
well as the dry-gas loss.
RADIATION LOSS

On large, well-insulated steam generators,
the efficiency loss due to radiation is about 0.2

percent at full load. As essentially the same total heat is lost throughout the load range, radiation loss increases with decreasing loads.
Considering only radiation losses, operating
several units at low load may be less economical than taking one off. But other things must
be considered such as sudden additional load
demands and the amount of fuel required to return the unit to service.
See Chapters 4 and 6 for further discussion of
the above heat-loss items.
AIR HEATERS

As already noted, lower exit-gas temperature
is the most positive means for increasing boiler
efficiency. The limiting factor is usually the air
heater; for purposes of this discussion, observations will be focused on the LjungstromO type
of regenerative air heater.
For maximum effectiveness the air heater
must be kept clean, the baskets must be replaced when acid corrosion has deteriorated
enough material to affect performance, and the
seals must be adjusted to minimize air and gas
leakage. Proper operation of air heaters requires certain instrumentation. Pressure-drop
indicators across both the air and gas sides
must be available to the operator as well as
temperature indicators for gas and air, both entering and leaving. Pressure drops are the best
guide on the need to operate the air-heater
sootblowers. Once pluggage progresses too far,
sootblowers will not remove the deposits and
the air heater will have to be removed from service for cleaning. (see Chapter 14.)
Faulty operation causes most air-heater corrosion. The air-heater manufacturer supplies a
chart with recommended average cold-end
temperatures to keep the metal above the dew
point corresponding to the sulfur in the fuel.
The "average cold-end temperature" is defined
as the arithmetical sum of the temperature of
the air entering the air heater plus the gas temperature leaving the air heater, divided by two.
Consistent operation below the dew point rapidly corrodes air heater baskets. Steam or water
air heaters or bypass ducts control the cold-end
temperature. (See Chapter 6.)
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High exit-gas temperatures leaving the air
heater are often an indication of air bypassing
the air heater. This can be from poorly adjusted
seals or excess pulverizer tempering air. Pulverizer systems for example, are designed to
dry coal of a specified moisture. If the coal has
less than designed-for moisture or the mills are
at partial capacity, mill tempering air will
bypass the air heater and result in higher exitgas temperatures leaving the air heater.
THE ECONOMIC IMPACT OF OPERATION
The most effective way to achieve maximum
boiler efficiency in day,to-day operation is to
embqk upon an education campaign for plant
management, supervisory staff, operators and
maintenance personnel. If everyone knows the
economic impact of operational variables on
fuel costs, this knowledge can lead to significant fuel savings.
Too often campaigns to improve efficiency
are carried out by only one group. Tests are performed to collect data rather than to establish
"bogies" for day-to-day operation. The people
p,erforming the tests do not communicate the
results to the rest of the plant, but rather to the
company files. It is important, then, to review
test results with the unit operators and to establish operating procedures that will take advantage of what is learned from the tests.
Re-starts are expensive. It requires considerable fuel to get a unit up to pressure and bring it
on line. Extra maintenance and on-line attention that keeps downtime to a minimum can
pay off in fuel savings. Retaining heat in the
boiler during a weekend shutdown when there
is no demand for steam can save fuel. A boiler
can retain a good deal of heat if its isolation
dampers are in good condition and are closed
tightly. One word of caution-purging requirements both before bottling and prior to
light off must be adhered to. The loss of the unit
because of an explosion will be infinitely more
costly than any heat saving from failing to
perform a proper purge.
START-UP
FROM COLD CONDITION: GENERAL
Prior to light off of any boiler, a supervisor of

operations should inspect the unit exterior. All
doors should be checked, cleared of tags, and
then shut. Valves should be correctly positioned for start-up in accordance with the
steam-generator manufacturer's valve operating diagram. All areas must be free of debris
that will hinder expansion. If repair work was
done during the outage, special care must be
taken to assure that no permanent ties were
made to the furnace structure which will impair expansion. Account for all personnel.
At this point, safety tags can be removed from
breakers. As the boiler is filling with treated
water, all vents should be open, as noted on the
manufacturer's valve operating diagram. On a
thermal-circulation unit, the water level
should be brought to where it just shows near
the bottom of the water glass. On a Controlled
Circulationa unit, the water level should be
brought near the top of the gage glass; this will
prevent the water from dropping from sight
when the first boiler-water circulating pump is
started. The drainable portions of all steamcircuit headers, connecting links and piping
should be drained through lines free from back
pressure. Reheater drains and vents are opened
so that residual moisture will be boiled off.
These reheater drains and vents will have to be
closed prior to raising a vacuum in the condenser.
During warm-up and until the unit is carrying load, there will be little or no steam flow
through the superheater and reheater. To protect the superheater and reheater metals, the
temperature of the gas leaving the furnace
should be limited to the manufacturer's recommendation, usually 1000°F.The firing rate
must be limited to satisfy this requirement.
Thermal-circulation boilers can be warmed up
at a rate that does not exceed a saturated-steam
temperature rise of 200°F per hour. Controlled
Circulation boilers have no saturation steam
temperature rise limitation, only the furnace
exit-gas limitation previously stated: Most
modern boilers have traversing thermocouples to monitor furnace exit-gas temperature during
warm-up; older units may use temporary thermocouple probes for each start-up or have con-
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servatively established firing limitations based
on prior testing.
Before light off, the operator should check all
instrumentation and furnace safety systems.
Steam-generating units differ too much to be
able to give detailed start-up procedures. The
operator must be familiar with all manufacturer's instructions and the plant operating
procedures.
Usually the equipment will start in this sequence. Air heaters and boiler-water circulating pumps (on positive-circulation units) will
be started first. Next the induced-draft fans, followed immediately by the forced-draft fans. On
most units, furnace draft will be established
and then transferred'to automatic draft control.
Airflow is raised to at least 30 percent of full
load airflow, and the unit purged for at least
five minutes to remove any unburned fuel or
combustible gases.
During start-up, airflow should be maintained at 30 percent of full load airflow to assure an air-rich furnace mixture and to prevent
any settling out of explosive mixtures. Once
the unit is purged, oil pumps may be started
and gas or oil trip valves opened. At set intervals, the operator should check the proper
functioning of any furnace safeguard system.
Regardless of how much urgency there is for
getting the unit returned to service, no interlock should be jumpered or bypassed.
Never attempt to light off any fuel nozzle
without the required ignition-energy source for
that nozzle. Any time an operator has doubt
about safe combustion in the furnace, he or she
should trip the fuel and purge the furnace before relighting.
As pressure is raised, periodic inspections
are necessary to assure that the unit is expanding as it should. If oil is the warm-up fuel, airheater sootblowers should be operated frequently to keep the heating surface clear of
flammable deposits.
Once the unit is on line, load may be picked
up as swiftly as pulverizers can be brought into
service. The usual restriction in most power
plants is the warm-up and load-rise limitations
of the turbine. (See Chapter 7.)

START-UP .
FROM COLD CONDITION:
DRUM-TYPE UNITS

On drum-type units, maintaining drum
water level is of prime importance. Normally,
the operator carries out this function in the
manual mode until pressure is raised. Before
light off, drum water level should be brought in
sight. It is best to start firing with a low water
level because, as the water starts heating, it will
expand. Drum vent valves should be wide open
so that the air will vent from the drum.
Superheater and reheater should be drained of
any condensate wherever possible and then the
valves opened or close8 according to the valve
operating instructions.
For a Controlled Circulation boiler, two of
the circulating pumps are started to initiate circulation. To minimize flashing of steam in the
downcomers, additional pumps are not started
until the boiler water reaches 250°F.
The unit is now fired in accordance with the
established furnace safeguards. During the
warming period, the economizer recirculating
line valves are open. The water will swell as it
is heated and the operator will manually blow
down the boiler as required to maintain sight of
the water in the gage glass.
The firing rate will be controlled to keep the
furnace exit-gas temperature below the recommended value, usually between 900°F and
1000°F.
When drum pressure reaches 25 psig, it can
be assumed that all air has been purged from
the drum and water circuits. The operator can
close the drum vent valves. As pressure increases, it is necessary to progressively throttle
the superheater drains and vents and to
increase the firing rate as required.
If there is evidence of steaming in the
economizer by erratic drum control during
feeding of water, the operator must be certain
that the recirculation line is open. On thermal
circulation units it may be necessary to feed
more water than required to maintain level in
sight and to blow down to control water level.
Start rolling the turbine as soon as the
minimum permissible start-up pressure and

.

temperature, specified by the turbine manufacturer, are reached. When bringing the turbine
to speed, the firing rate must continue to be
controlled to prevent the furnace exit gas from
exceeding its temperature limit. Once the turbine is synchronized and minimum load established, this limit can be removed. The gas
temperature probe is withdrawn and the firing
rate increased as required. Usually by this time
all superheater and reheater vents and drains
are closed. If drum water level is still under
manual control, it should now be placed on automatic control.

down) and whether the unit is to be entered.
For a scheduled shutdown, steam pressure
can be reduced to the limit of the turbine before
the unit is taken off line. Thermal circulation
units should not exceed a cool-down rate of
150°F per hour of saturated steam temperature
decrease. Controlled Circulation units can be
rapidly cooled if the circulating pumps are left
in service. Normally, the drum vents are
opened at 2 5 psig and the boiler is not drained
until water temperature is below 200°F.

LOAD AND PRESSURE CONTROL:
DRUM-TYPE UNITS

SUPERCRITICAL-PRESSURE
BOILERS

Opening or closing the turbine control valves
increases or decreases the load on a drum-type
unit. Changing the firing rate regulates the
pressure. In theory, for increasing load the
operator will open the turbine control valve. If
no other action were taken, the flow to the turbine would increase and the superheater outlet
pressure would decrease. Upon seeing the outlet pressure drop, the operator would increase
the fuel and air inputs.
Because of the increased steam flow, the
water level in the drum would change. Initially, the level would rise due to surging. but
shortly it would fall rapidly because more
steam is removed than water enters.
A trained operator will anticipate these interactions. As the turbine control valve is opened,
the operator will simultaneously increase fuel,
air and feedwater flow. A well-designed and
executed operational control system will perform the same as will such a trained operator.
The more experienced and better trained the
operator, and the more sophisticated the control
system, the higher the expectation that smooth
operation will result.

Although much of the discussion of drumtype operation pertains also to supercriticalpressure boilers, there are some differences.
The supercritical boiler needs an even more
precise balance of inputs to outputs, because it
does not have the flywheel effect that the boiler
drum affords the subcritical-pressure unit.

SHUTTING DOWN DRUM-TYPE UNITS
-

Time requirements and procedures for shutting dowm a boiler depend on the nature of the
shutdown (normal shutdown to cold, normal
shutdown to hot standby, emergency shut-

START-UP

Although the firing system start-up and operation are the same as for a drum-type unit, the
fluid system start-up is completely different.
The supercritical boiler is furnished with an
integral start-up system. The unit is initially
fired, warmed up, and brought to partial load
on the bypass system.
The Combined CirculationBunit, one type of
supercritical-pressure steam generator, isolates the waterwalls fram the superheater with
boiler throttling (BT) valves (Fig. 1).To gain
good control at low flow, there are boiler
throttling bypass (BTB) valves around the BT
valves. For initial warm-up and supply of
steam to the turbine, the BT and BTB valves are
closed. To vent fluid, a separator is installed,
external to the boiler, witha line from the waterwall to the separator valved off by a boiler
extraction valve (BE). Since it is advantageous
to start the turbine with low-pressure steam,
steam pressure is reduced through the BE valve
to the separator. There is a line from the top of
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the separator to bring the steam to the superheater, with a check valve to prevent backflow
during high-load operation. The check valve is
referred to as a steam-admission valve (SA).
A line to the condenser called a water drain
valve (WD) removes water and controls water
level in the separator tank.
As the boiler is warming up, steam is produced in the separator tank, but very little
steam goes to the turbine. A line from the top of
the separator tank to the condenser carries the
excess steam from the separator. A control
valve called the spillover (SP) regulates separator pressure during start-up. For detailed
guidelines on the start-up of supercritical units
see the adjoining box, "Recommended Supercritical Unit Start-Up Procedure."
LOAD CONTROL

The method of controlling the operation of
Combined circulation supercritical boiler differs from that of a d m - t y p e boiler. The turbine
control valves do not regulate the load; rather
the load is regulated by flow. To raise or reduce
load, the operator varies flow with the boiler
feed pump.
PRESSURE CONTROL

The pressure on a supercritical boiler is controlled by the turbine valves, which operate
initially as back-pressure valves. The only

Fig. 1. Schematic diagram of a supercritical boiler
--

RECOMMENDED SUPERCRITICAL-UNIT
START-UP PROCEDURE
1. The feed pump establishes a flsw (5 percent of maximum continuous rating)
through the economizer and the waterwall.
The BT and BTB valves are closed. The flow
is brought through the BE down to the
separator. The flow continues through the
WD valve to the condenser. The WD maintains level in the separator.
2. The boiler circulating pumps are running
to provide protection for the waterwall.
3. The boiler is lit off and gradually the waterwall temperature is raised to the point
that the turbine can be rolled.
4. As the temperature of the fluid from the
waterwall rises, steam will be generated in
the separator. Steam will flow through the
SA valve and through the superheater. This
excess steam is bled off through the SP
valve to the condenser. The SP controls the
steam pressure in the separator.
5. When the waterwall reaches the proper
temperature, the turbine can be rolled and
put on the line using steam from the separator. The flow is now through the economizer, the BE valve, the separator, the SA
valve, and out through the superheater.
6. The next step is to raise the waterwall
temperature high enough to prevent a dip
in steam temperature when the boiler is
transferred to once-through operation.
7. When the waterwall temperature reaches
this point, the flow is transferred from the
BE to the BTB valves. The boiler is now
operating as a once-through boiler and the
separator is no longer in use. The pressure
in the waterwalls is controlled by the BTB
valves.
8. The turbine valves are set for approximately 30-percent flow. As the load increases, the superheater pressure will
gradually rise until it reaches full throttle
pressure.
9. When the throttle pressure reaches the
design value, the turbine valves are placed
on automatic to control boiler pressure.

-

variable that the turbine valves monitor is
throttle pressure, approximately 3500 psig for
most operating supercritical units. In normal
operation (above 30 percent), these valves are
the only boiler pressure control. To raise pressure, the valves close and to decrease pressure
the valves open.
STEAM-TEMPERATURE CONTROL

The superheater outlet temperature on a
supercritical-pressure boiler is controlled with
firing rate, which is increased to raise outlet
temperature and decreased to lower it. Although this is an effective means of temperature control, the response time to correct a
temperature deviation is too long for smooth
operation.
To improve the response, desuperheater
water is injected between superheater stages.
The injection water is taken from the economizer inlet at full boiler feedwater temperature
so there is no cycle efficiency loss. Although
the injected water gives fast response, the ultimate temperature control is balancing firing
rate to feedwater rate.
The injection water essentially bypasses the
waterwalls and economizer. When the superheater temperature is high, the operator or control system will reduce the firing rate and open
the spray valves simultaneously until the
temperature returns to the desired level.
Usually, for a Combined Circulation unit,
adjusting the reheater outlet temperature follows the same procedure as for a drum-type
unit. With a C-E tangentially fired unit, the
process involves tilting the fuel and air nozzles and maintaining furnace cleanliness by
sootblowing.

~!

the condenser. The water is monitored for iron
concentrations with the flushing continuing
until the manufacturer's limits are obtained.

PULVERIZER OPERATION
Although several types of pulverizers are
used to grind coal for power-plant service, the
majority are of the rotating bowl-type for use in
direct-fired systems. Refer to Chapter 11 for a
description of this pulverizer.
In op.eration, four areas must be understood
and monitored: lubrication of the gearing and
bearings, airflow, mixture temperature leaving,
and product fineness.
LUBRICATION

With the exception of the roller journals and
exhauster (if so equipped), the mill is completely lubricated from one system in the worm
gear housing. The worm-shaft bearings are
flood oiled from a bath of oil in the gear case.
The circulation is either by an external pumping system or by an internal pump that is a part
of the gearing system. The lubricant must meet
the manufacturer's specifications and be nonfoaming and noncorrosive (see Fig, 2).
Periodic inspection of the gear-housing oil

CLEANUP

Because a supercritical unit has no steam
drum to separate the impurities in the waterwalls from the essentially pure steam in the
superheater, a waterwall cleanup procedure
must precede each start-up. The procedure involves circulating condensate through the
polisher, feedwater heater train, economizer,
waterwalls, separator, and drain system back to

A -Gear Case Level Gage
B Optical Oil Flow Indicator

-

C - Oil Supply Header Pressure Gage
D - Oil Supply Header Pressure Switch
E - Sump Oil Temperature Thermometer
I

Fig. 2. Simplified pulverizer diagram
showing lube-oil system
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temperature is required. For most of the
recommended lubricants, oil temperature is
maintained at about 150°F. If it is above this
temperature, the oil level may be too low; if so,
it should be promptly refilled with oil of the
same manufacture and type as already in the
housing. High oil temperature could also result
from a breakdown of the lubricant or sludging.
If so, change the oil. It could also be because of
scale formation i n the cooling coil, insufficient
quantity of cooling water, or temperature of the
inlet cooling water being too high.
The operator should check the oil in the return glass after each mill start-up, and daily for
mills in continuous service..
MILL OPERATION

To place a mill in service, start the mill, allow
it to come up to speed, and bring mill outlet
temperature up to recommendations before
starting tlie feed of coal. Make sure there is
proper ignition energy adjacent to the fuel nozzles supplied by the mill being put in service.
Start the feeder with a fairly high feed rate setting. After the mill begins to grind, reduce the
feed rate to the desired amount. The feeder
drive must be interlocked with the mill motor
so that, if the mill power is interrupted, the
feeder will shut down.
Mill-outlet temperature should be maintained as high as possible without exceeding
the safe limits of the type of coal ground. This
temperature may be as low as 130°F with lignites and as high as 180°F for low-volatile
bituminous coals. Low mill-outlet temperatures often indicate mill overload which is
usually accompanied by other indications such
as high motor amperage or high mill differential pressure.
PULVERIZER FIRES

Pulverizer fires can range from nondestructive to highly destructive, dependent mainly
on how soon the fire is detected and what action the operator takes. Basic causes of pulverizer fires are excessive mill temperatures;
foreign combustible material such as rags,
paper or wood; settling out of coal in the pul-

verizers; or excessive accumulations of pyritic
material or coal in the mill base area.
Early detection of fires enhances the safety of
plant personnel. An automatic system is recommended. Using visual or other sensory means
to detect such fires is arbitrary, slow, and worst
of all, requires the presence of a person in the
immediate hazard area. Temperature-detection
devices should be used as the primary indicator
of a fire in progress.
There are five types of pulverizer fires which
are categorized by where in the fuel-preparation
system they occur: feeder fires, above-bowl fires,
under-bowl fires, exhauster fires, and fuelpiping fires. Upon detection of a pulverizedfuel sj~stemfire, the fire-extinguishing system
is operator-activated. A spray of water is
introduced into the system at multiple locations; the timing is at the discretion of the operator. However, the pulverizer must be kept inert
until the water-injection sequence is over.
When the pulverizer is empty of its contents, it
can be shut off and isolated. Water injection
should continue until all evidence of fire has
disappeared. Entry for clean-up is allowable
only after the mill and its contents have cooled
to ambient temperature. Caution should still be
exercised because smoldering pockets of fuel
may be present.
Before restart, the entire milling system
should be inspected and cleaned of any accumulations. Check the lubricants in the mill
base and rolls for any evidence of carbonization. Recheck compression of journal springs
by means of a hydraulic jack. If everything is
satisfactory,the mill may be returned to service.
EXPLOSIONS IN PULVERIZERS

Pulverizer fires occur more often than pulverizer explosions; if properly handled, they are
not overly dangerous. If, however, a fire is not
brought under control effectively and expeditiously, an explosive condition can occur. Explosions also can occur without the presence of
an obvious fire, if the necessary conditions to
support an explosion are present.
All explosions are initiated by fires, but fires
do not always initiate explosions. Because of
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this difference, there are available independently designed and operated systems to
h a n d l e e a c h condition safely. The C-E
explosion-prevention system uses an automatic
steam-inerting sequence to reduce the potential
for pulverizer explosions when hazardous operating conditions exist. The system can also
,safely transport the pulverized coal remaining
in the mill to the furnace, while maintaining an
inert atmosphere inside the pulverizer. The
fire-control system detects fires in operating
pulverizers and alerts control-room operators.
The operators can then initiate fire-extinguishing
procedures which include water-spray injection and steam-inerting and transporting. A
combination mill inerting and fire-fighting systern integrates the
into One
complete package.'

SLAGGING AND FOULING
Chapter 3 describes ash characteristics and
their effect on slagging and fouling. This section
will cover what the operator can do to control
slagging and fouling. Successfulboiler operation
depends to a significant extent on the ability of
the operating staff to understand how certain
operating variables relate to fuel properties and
furnace-sizing criteria. Those operating variables that influence slagging and fouling are unit
load, excess air, fuel fineness, and secondary-air
distribution.
LOAD
The higher the load, the higher the heat input
to the furnace, and the greater the potential for
slagging and fouling; therefore, the most direct
way to reduce slagging is to curtail load. But
this is not always possible, because the rated
output may be necessary to meet electricgeneration or process requirements. Changes
in excess air, fuel fineness, and secondary-air
distribution are less-drastic methods for
minimizing slagging and fouling.
EXCESS AIR
. .
At high oxidation states, iron compounds in
the ash melt at a higher temperature than at
lower oxidation states, Therefore, for bitumi-

-nous coals, which are frequently high in iron
content, there is a significant difference i n fusion temperatures measured in reducing
(oxygen-starved) and oxidizing (oxygen-rich)
atmospheres. Subbituminous coals normally
contain less iron and exhibit a smaller difference in melting temperatures produced in
oxidizing and reducing environments. This
means that, if slagging is a problem with highiron coals, furnace deposits can be reduced
dramatically by increasing the amount of
excess air. As a rule of thumb, the higher the
fusion temperature, the drier the slag in the
furnace, and the easier it is to remove.
FUEL FINENESS
Slagging conditions often can be improved
by proper control of pulverizer fineness and
classification. Since coarse coal particles take
longer to burn, they are more prone to producing slag. High retention on the +50 mesh often
increases slagging tendencies. See Chapter 11
for a detailed discussion of the fineness recommended for optimum pulverized firing of
various ranks of coal.
SECONDARY-AIR DISTRIBUTION
Because several different types of firing systems are in use, it is difficult to generalize on
the subject of air distribution in the combustion
zone. Basically,the objective is to provide good
mixing of fuel and air so that combustion is efficient and local zones with reducing atmospheres are avoided. In units with tangential
firing, for example, slagging sometimes can be
reduced by increasing secondary airflow to fuel '
compartments.
OTHER OPERATIONAL MEASURES
If the coal contains a substantial amount of
ash with a tendency to slag andlor foul heattransfer surfaces, particular attention must be
given to equipment capable of cleaning the
furnace walls and convection-tube banks. Failure to remove deposits at the proper time may
result in a chain reaction of deteriorating
events. For example, excessive furnace slagging results from not using the wall blowers
at proper intervals. This condition imposes
higher gas temperatures in the convection sec-
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tions because of the reduced rate of heat absorption in the furnace.
In turn, the higher gas temperature causes
the flyash to become sticky, increasing deposition in the convection sections. Depending on
gas temperature and ash properties, the retractable sootblowers may not be able to remove
these deposits. Ultimately, sections of the convection pass may become plugged. Unless load
is reduced at this point, it may not be possible
for the induced-draft fans to maintain the
proper amount of excess air. This causes additional slagging, and the cycle repeats.
Modern sootblower systems have programming techniques so proper sequential operation
of the blowers-on an automatic basis-can be
established after ash-deposition patterns are
verified during preoperational tests. Through
programming, ash deposits on the furnace
walls generally can be held to a minimum, and
combustion gases cooled sufficiently before
they enter the convection pass.
SOOTBLOWER OPERATION

A major guideline to reliable sootblower operation is that plant personnel should not wait
until large deposits develop before operating
blowers. Waiting too long between operations
can seriously hamper the effectiveness of

sootblowers. Observation of furnace conditions at least twice per shift helps eliminate unexpected problems (Fig. 3).
For maximum effectiveness, the blowing sequence must be established to favor those sections of the furnace that foul most easily. Only
by careful observation can these areas be identified. If some areas of the furnace are particularly prone to fouling, supplemental
remote-manual operation of selected blowers
can save valuable blowing medium and reduce
system maintenance by minimizing the number
of blowing cycles.
Because the sootblower system is so important for reliable, full-power operation of a coalfired unit, this equipment must be maintained
in good operating condition. Realize that blowing pressure can change, especially if valve
travel is used for pressure regulation. Thus, air
or steam pressure should be checked frequently
with blowers of this type, especially when furnace observation shows a buildup in deposits.
Sootblowers with adjustable orifices are not so
sensitive and will usually retain their settings
indefinitely.

FEEDWATERIBOILER WATER
Because internal tube corrosion and deposition are major causes of costly forced outages,
operators must be continually alert to the
hazard of water neglect. All plants must establish and adhere to a feedwater and boiler-water
treatment and control for the!: system. Chapter
20 describes the chemistry of water treatment in
detail. Rather, the following section describes
the cautions that must be taken to minimize
corrosion and deposition.
OXYGEN CONTROL

Fig. 3. Operators must observe fires,
evaluate slagging, and listen for tube leaks.

Oxygen control is the most important element in feedwater control. Oxygen concentration in the feedwater must be regulated to
minimize the formation of preboiler corrosion
products which inevitably end up as deposits
on heat-transfer surfaces in the boiler.
Oxygen levels are more likely to exceed recommended limits during start-up, shutdown,

and low-load operation. At these times lowpressure feedwater heaters and related extraction piping are often under negative pressure,
and any leaking valves, pumps or flanges will
provide a path into the system.
Excess oxygen is removed from the system by
the deaerator, not through chemical additives.
Such deaerators have manufacturer's guarantees for levels of oxygen leaving the deaerator.
Oxygen leaving the deaerator should meet
these guarantees at all times or the manufacturer should be contacted for his recommendations to bring it back in line. Adequate steam
should be available to the deaerator during unit
start-up so oxygen is purged from the feedwater. If adequate auxiliary steam is not available
because there are no other sources of steam in
the station, peg the deaerator with steam from
the boiler drum until turbine extraction steam
is available.
To minimize the formation of preboiler corrosion products, the oxygen concentration in
feedwater should be maintained at less than
about 5 parts per billion (ppb) during unit operation. But acceptable feedwater oxygen
levels during steady-state operation do not
necessarily mean that oxygen concentration is
within safe limits. During various phases of
operation, conditions can exist that may result
in excessive amounts of oxygen. Thus, use of
dissolved-oxygen monitors is important, particularly during load swings and start-up operations. And do not be lulled into a false sense of
security if oxygen levels are excessive only for
a short time. Considerable damage can still
occur, a fact that those responsible for plant
operation must be aware of. Periodically, plant
procedures and controls should be evaluated to
ascertain that all sources of oxygen contarnination have been eliminated.
pH CONTROL

Of equal importance with oxygen is the control of boiler-water pH. Small deviations from
the recommended boiler-water limits will result in tube corrosion. Large deviations can
lead to the destruction of all furnace wall tubes
in a matter of minutes.

CAUSES OF HIGH AND LOW PH

The primary cause of acidic and caustic
boiler-water conditions is condenser leakage.
Raw cooling water that leaks into the condenser eventually ends up in the boiler water.
The water source determines whether the inleakage is either acid-producing or causticproducing. Fresh water from lakes and rivers,
for example, usually provides dissolved solids
that hydrolize in the boiler-water environment
to form a caustic, such as sodium hydroxide. By
contrast, seawater and water from recirculating
cooling-water systems with cooling towers
contain dissolved solids that hydrolize to form
acidic compounds.
Strict tolerance levels on condenser leakage
should be established for all high-pressure
boilers. Set a limit of 0.5-ppm (parts per million) dissolved solids in the feedwater for normal operation; allow from 0.5 to 2 ppm for short
periods only. Shut down the steam generator
immediately if the surface-condenser leakage
produces more than 2 ppm of dissolved solids
in the feedwater.
Another potential source of acidic and caustic contaminants is the makeup demineralizer,
where regenerant chemicals such as sulfuric
acid and caustic may inadvertently enter the
feedwater system. Chemicals incorrectly applied during boiler-water treatment also can be
corrosive, as for example sodium hydroxide
used in conjunction with sodium-phosphate
compounds to treat boiler water. Corrosion can
occur if the sodium hydroxide and sodium
phosphate are not added to the water in the
proper proportion.
IMPORTANCEOF WATER ANALYSIS
A comprehensive water-analysis program
should be maintained to assure that feedwater
and boiler-water chemistry is held within prescribed limits. Continuous, automatic analytical instrumentation is preferred. If automatic
analyzers are unavailable or are not operational, conduct water tests daily for pH and oxygen in the feedwater and for pH, PO4 and
total solids in the boiler-water. A condenser
leak-detection system is of particular impor-

tame in any high-pressure steam cycle. When
installing this type of system on multishell
condensers, individual analyzers must be provided for each shell.
must remember that many PoThe
tential tube failures can be avoided by continuual attention to the control of the water and
steam environment throughout the station.

COMMISSIONING FUNCTIONS
Before a new unit can bs put in service, the
entire system must be cleaned to remove oil,
grease, siliceous material, mill scale, rust, and
any other debris. The.condensate and feedwater systems are cleaned before the boiler so that
none of the debris or dirt is carried into the
boiler. These two systems are mechanically
cleaned, then given an alkaline flush and sometimes, an acid wash.
The economizer and boiler will be given an
alkaline boilout followed by an acid cleaning.
Finally, the superheater, steam piping and
reheater will be qleaned by a three-phase scavenging with steam. It is important that each of
these processes be conscientiously undertaken
and result in as clean a system as is possible. If
not, operating problems are sure to develop
when the unit goes into service.
PREBOlLER CYCLE
All preboiler systems of high-pressure boilers must be thoroughly flushed with a hot
alkaline solution to remove oils, siliceous
materials and particulate matter which are
present following fabrication, storage and erection. It is important that these materials be removed prior to initial operation; otherwise,
they will be carried into the boiler. Optimum
plant operating conditions will be realized
rapidly after start-up if the preboiler equipment
is satisfactorily cleaned.
The condensate system, feedwater system
and the shell side of all heaters should be included in the alkaline cleaning. This cleaning
involves the following basic operations:
1.Manual cleaning of the condenser, all feedwater heaters and the deaerator storage tanks.
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2. Gross flushing to waste to remove the bulk of
loose material.
3. Preheating of circulation water to increase
temperature to 200°F.
4. Circulation of alkaline solution at 200°F (0.5
percent tri-sodium phosphate, N ~ , P o ~ ) .
5 . Rinse to remove alkaline material.
6. Wet lav-up
. - solution addition and circulation
to protect metal surfaces until initial operation.
Cleaning the preboiler cycle normally requires the installation of temporary piping to
establish circulation through the system. It is
also desirable to install temporary piping to
bypass portions of the system, such as the
boiler feed pump and deaerator storage tank,
which may be damaged by or trap large quantities of loose particulate material. Circulation is
normally established with a condensate pump
which takes suction from the condenser hotwell, or a special pump of equivalent capacity.
Flow is through the condensate and feedwater
systems and is returned to the hot-well through
temporary piping or through the shell side of
heaters. Strainers are placed at the suction of all
pumps used during cleaning to protect them
from suspended particles. The strainers are
checked periodically during the circulation
period and cleaned if necessary.
The condenser, condenser hot-well and deaerator storage tank have to be mechanically
cleaned to remove loose debris before any
chemical cleaning -is started. Mechanical
cleaning will consist of sweeping and hosing
down all surfaces, and removing all loose material by vacuuming, shoveling, or any other
convenient means.
A solution containing 5,000 ppm tri-sodium
phosphate (5 lbs Na3P04per1,000 lbs H20)and
a detergent are recommended for the hot alkaline cleaning of the preboiler cycle. The
cleaning is carried out at about 200°F. Samples
are obtained periodically and tested for silica
and oil concentrations. The cleaning is continued until the chemical checks indicate no
further increase in the silica and oil concentrations. This process is normally accomplished in 6 to 8 hours.
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Following the alkaline cleaning, the system
is thoroughly rinsed to remove the alkaline
material, and refilled with condensate of demineralized water containing 100 pprn hydrazine for wet lay-up of those systems containing
copper alloys.
In completely copper-free systems (supercritical boilers), 200 pprn hydrazine and 10
pprn ammonia should be added to the water for
wet lay-up. The system should be isolated and
stored wet under nitrogen until ready for the
next phase of start-up, usually chemical cleaning of the boiler.
CHEMICAL CLEANING OF BOILERS
The internal surfaces of a boiler in contact
with water or steam must be kept clean to assure an efficient transfer of heat in the generation of steam. Several cleaning procedures are
available to assure a removal of foreign matter
introduced into the boiler during the manufacturing process, erection of the equipment and
in operation. The general cleaning processes
are alkaline boilout and acid washing.
Alkaline boilout removes contaminants
commonly found in a boiler following its shop
assembly or field erection: lubricants, oil, rust,
sand, metal fragments and assorted debris.
Acid cleaning removes scales and deposits
formed on internal heat-transfer surfaces in
contact with water. This procedure dissolves
compounds resulting from contaminants in the
feedwater delivered to the boiler. Acid cleaning is also used to remave mill scale and corrosion products.
ALKALINE BOILOUT

The basic reason for an alkaline boilout of a
boiler is to remove water- and alkali-soluble
and saponifiable compounds from the waterside surfaces of the unit. These compounds
may include lubricants used in the erection of
the boiler and, in some instances, protective
coatings applied to prevent atmospheric rusting
following shop fabrication.
Most lubricants used in boiler construction
are water soluble and do not offer any difficulty
in removal during boilout. Non-water-soluble
oils and greases are introduced in small quanti-

ties into the boiler from oil-lubricated equipment and workers' clothing. Every effort should
be made to minimize the introduction of oil and
grease into the boiler because the quantity of
these materials determines the length of cleaning and the degree of difficulty in obtaining
clean surfaces.
Sand, loose mill scale and corrosion products formed.on the tube surfaces during erection and following the hydrostatic test are
removed by blowdown during boilout.
Chemicals Used for Boilout

The chemicals used for boiling out a steam
generator vary in composition. Generally,
some combination of the following chemical
compounds is used during an alkaline boilout:
caustic soda, soda ash, sodium phosphate,
sodium sulfite and sodium nitrate. Sodium
sulfite reduces oxygen corrosion and sodium
nitrate is added to prevent the possibility of
caustic embrittlement. Soda ash and sodium
phosphate are most commonly used because of
the ease of handling. Potassium salts can be
su'bstituted for the sodium form.
Organic detergents are added to improve the
effectiveness of the alkaline boilout. These materials must be used with care and according to
the supplier's recommendation. Their indiscriminate use may lead to foaming and carryover of chemical to the superheater. The
temperature stability of the organic detergent
should be ascertained before use in a boiler.
The amount of detergent normally used
ranges from 0.05 to 0.1 percent by volume.
The use of sulfite and,nitrate is a refinement
in the boilout procedures. Using them has not
been shown to be a prime necessity. The principal chemical action is the reaction of the alkaline chemicals with non-water-soluble oils
and greases. Experience has shown that an effective boilout for drum-type boilers can be attained by any of the following combinations:
1. Sodaash
.
4000 pprn
Sodium phosphate
4000 ppm
2. Sodium hydroxide
2000 ppm
Sodium carbonate or
Sodium phosphate
2000 ppm
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3. Sodium phosphate
5000 ppm
_
Caustic soda
500 ppm
4. Sodium carbonate
2000 ppm
Sodium phosphate 4000 PPm
- 2060 ppm
Caustic soda
The first combination is most commonly recommended for boilout of high-pressure boilers.
In some instances, a chemical such as sodium
silicate is included in the boilout formula. Although this is an effective additive, it is not
recommended for use in high-pressure boilers.
High silica concentrations have been observed
during initial operation when metasilicate was
used in the boilout formula.
For once-through boilers, the boilout solution is composed of 5,000 to 10,000 ppm of
sodium phosphate. Other formulations and
combinations of chemicals can be satisfactorily
employed for boilout, as dictated by local
water-pollution control requirements. Such
revised formulations should be reviewed by the
boiler manufacturer prior to use.
Bollout Procedure

Preparatory to boiling out, the chemicals to
be added to the boiler should be dissolved
completely before introduction into the unit.
In thermal (natural) circulation units, these
chemicals are most suitably introduced into
the boiler by blending them with water as the
unit is being filled. This insures a homogeneous concentration throughout the boiler. In
positive (pumped) circulation boilers, the boilout chemicals may be pumped into the boiler
without concern about proper mixing with the
fill water. The boiler-water circulation pumps
will insure proper mixing.
Gradual heating of the boilout solution in the
boiler is accomplished by the use of ignitors
and warm-up burners. This assures a more even
heating of the boiler surfaces. Steam pressure is
raised to increase the saturation temperature
and, thereby, the thermal circulation of the
boiler water; this promotes good mixing of
chemicals i n the boiler circuits. The boiler
pressure is raised to about one fifth of the normal operating pressure, or 300 psig, which ever
is lower. A pressure of not less than 100 psig is

recommended for lower-pressure industrial
boilers. Excellent results have been obtained in
boiling out at a pressure range of a few pounds
to 100 psig with positive-circulation boilers, in
which the ability to circulate is not related to
pressure.
The quantity of oil and grease found in a
boiler determines the duration of the boilout,
with boilout periods of 8 to 24 hours being
common. During the pressure-holding period,
boiler-water solids are purged by blowdown at
about 4-hour intervals. A chemical balance is
re-established at the end of each purging of
boiler water if the chemical concentration decreases to below one-half of the initial value. At
the completion of boilout, the boiler is cooled
slowly, drained, flushed free of residues, and
inspected for cleanliness. If the boilout was unsuccessful and oil and grease are still present,
subsequent acid cleaning of the boiler will be
ineffective. If an internal inspection still shows
oil or grease in the drum, the boilout procedures should be repeated.
ACID CLEANING

As an important part of the commissioning of
a new unit, initial acid cleaning is included in
this section. But as there will be future needs
for acid cleaning to remove operational deposits, the discussion incorporates both initial
acid cleaning and future acid cleanings.
Removal of preoperational and operational
deposits from the internal surfaces of steamgenerator tubing and other components has become an increasingly important maintenance
problem in modern equipment. Because mechanical cleaning is virtually impossible in
modern boilers, the effective application of
chemical-cleaning solvents has become a necessary tool of the power-plant operator.
The primary reasons for boiler chemical
cleaning are to prevent tube failures and to improve unit availability. Tube failures in lowpressure boilers are normally the result of creep
which occurs when internal deposits produce
excessive metal temperatures. A much smaller
quantity of deposit will create difficulties in
high-pressure boilers. Caustic corrosion and

hydrogen damage, which only occur in the
presence of deposits, can cause tube failures at
temperatures well below the creep limit. Deposits originating both from fabrication and
during operation must be considered potential
problems.
Boiler manufacturers recommend that boil.ers operating above 900 psig be acid cleaned
prior to initial operation. Also, because of the
nature of chemical-recovery-boiler operations,
the recommendation dictates that the lower
450 and 600 psig units be acid cleaned initially.
Mill and Operational Scale

All ofthe pressure parts of a steam generator
may be subjected to heat treatment of some sort
during fabrication or erection-during forming
operations, stress relief, welding, or bending.
Whenever carbon or low-alloy steels are subjected to high temperatures in the presence of
air, oxidation occurs; the oxide produced is
known as mill scale Fig. 4. Mill scale on boiler
tubing is normally very thin with the exception
of areas near welds and bends. Even where mill
scale is initially uniform, its brittleness upon
cooling can produce flaking. The resulting
non-uniform surface is undesirable from the
standpoint of corrosion susceptibility. During
operation, mill scale can be readily eroded
from the steam-generating surfaces and sub-

. .
Fig. 4. Typical mill-scale thickness on tubes installed in modern high-pressure boilers. Scale
thickness illustrated 0.3 mils, at 75X

sequently redeposited in critical areas. Preoperational acid cleaning removes the mill scale
and serves to remove atmospheric rust which
inevitably accumulates during erection.
The type of operational scale found in steam
generators is related to the quality of feedwater
supplied to the boiler. In industrial boilers, the
principal deposits are calcium and magnesium
phosphates, calcium and magnesium silicate,
complex silicates as acmite or analcite, quartz,
oxides of iron and copper, and organic matter.
In utility boilers, the principal deposits are corrosion products, and iron and copper oxides.
Chemical Cleaning Procedures

.

.

Only experienced personnel with up-to-date
equipment and a detailed procedure to follow
should perform chemical cleaning operations.
The procedure should include:
1. The system layout with proper identification
of all equipment to be used.
2. A step-by-step description of the functions
to be performed. These should be specific for
the solvent used for the cleaning.
3. Precautions to be taken against possible inadvertent contamination of equipment not included in the cleaning system.
The boiler operators, cleaning vendor, and
boiler manufacturer must coouerate closelv for
a successful operation. Mutual prior approval
of cleaning procedures and assignment of responsibility are desirable. Although respective
responsibiIities may vary from job to job, they
can be generally classified as follows:
1. Normally, the cleaning vendor will supply
all of the chemicals and equipment necessary
to deliver the solvent to the boiler at a controlled concentration and temperature. Vendor
personnel will generally operate the equipment and supervise the overall cleaning. They
will perform the necessary chemical analyses
during solvent introduction and monitor the
spent solvent to determine when the cleaning
has been completed.
2 . Plant p ~ ~ s ~ n must
n e l operate all permanent plant equipment. They are responsible for
determining metal temperatures and maintain-
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ing proper temperatures throughout the cleaning period. The owner normally supplies the
necessary water and steam and sets up the
solvent-delivery and waste-disposal systems.
An important operator responsibility is to assure that the solvent is not inadvertently introduced to any other part of the steam plant.
3. The boiler manufacturer has the responsibility to provide a boiler that can be cleaned
safely and effectively. The boiler must be designed with an adequate filling, draining, and
venting capacity. The boiler manufacturer
should establish a standard cleaning procedure
for the specific boiler that should emphasize
the hazards involved and the limitations on the
use of specific components. They should be informed of any unusual use of boiler components
and be ready to review any cleaning procedures
that involve unusual steps or solvents.
The precautions relative to acid cleaning are
common to all solvents currently used in practice. The metal temperature of the boiler is
raised either by heating water using auxiliary
burners or by circulating water which has been
increased in temperature by the addition of live
steam. The addition of heat by the use of burners is prohibited when the boiler is filled with
inhibited hydrochloric acid. This is to prevent

a destruction of any inhibitor due to localized
application of heat. A similar precaution is required when organic acids are used for cleaning purposes. The only exception is when an
organic alkaline solvent (e.g.; such as ammonium EDTA) is used for cleaning the boiler.
The boiler is fired to raise the solvent temperature to approximately 275OF.
Selection of Cleaning Solvents

Solvents are selected for their ability to remove boiler deposits. Hydrochloric acid remains the principal solvent used in chemical
cleaning. Its wide use is largely related to its
lower cost, its availability, and its versatility. It
has the ability to remoye most of the various
deposits normally encou$ered in boiler tubes
even in a stagnant condition.
Although hydrochloric acid is commonly
employed for dissolving iron oxide, some organic acids and organic alkaline solvents can
also effectively perform the same function.
These latter solvents are particularly useful in
situations where specific circumstances prohibit the use of hydrochloric acid. Some of the
solvents which have been developed, extensively evaluated, and employed in boiler cleanings are (I)ammoniated citric acid (ammonium
citrate), (2) formic-hydroxyacetic (glycolic)

Table I.Effect of Velocity on Scale Removal of Various Solvents
Solvents and
Cleaning Conditions

Static

Hydrochloric acid (5%)
6 hrs, 160-170°F
Phosphoric acid (3%)
6 hrs, 212°F
Ammonium citrate (3%)
6 hrs, 200-220°F
Formic hydroxyacetic acid (3%)
6 hrs, 275-280°F
Ammonium EDTA (3%)
6 hrs, 275-300°F
NOTE:U

= Scale not removed (estimated 20-100% of scale remaining)
C = Scale completely removed [estimated 95-100% of scale removed)
All samples 5-10 mils scale

0.03 fps

0.1 fps

Velocity
1 fps

2 fps

3 fps
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acid, (3) ammonium EDTA, and (4) sodium
EDTA.
In general, the criteria used to select solvents
include:
1. Materials of Construction-The
inhibited
solvent selected must be compatible with the
tube material. For example, hydrochloric acid
cannot be used to clean superheaters andlor reheaters because of the possibility of stresscorrosion cracking of stainless-steel materials.
2. Deposit Compositions-Deposit
compositions could include iron oxide, copper, zinc,
nickel, aluminium, silica, as well as solids from
condenser cooling water. Large amount's of
silica in the deposit present problems. Ammonium bifluoride i s one additional chemical
(in conjunction with the solvent) used to remove silica-based materials. Copper complexors must be used with hydrochloric acid to
avoid copper plating during the cleaning if
small amounts of copper are present. If there is
a large amount of copper in the deposit (greater
than 10 percent by weight) a multi-step procedure will be necessary. Ammonium bromate
has been shown to be an effective solvent to remove deposits with significant amounts of
copper.
3. Geometries-Organic solvents are effective
under dynamic conditions, usually when velocities are greater than 1 ftlsec. The effect of
velocity and circulation on various solvents is
illustrated in Table I. Complex circuits such as
found in some superheaters and reheaters re-

quire special attention to assure removal-bf all
air pockets and positive flow in all circuits.
4. Methods of Disposal-Environmental regulations can greatly affect disposal. The costs
and methods of disposing cleaning wastes have
a strong influence in the selection of a solvent.
Tube samples should be taken and given to a
chemical cleaning vendor to allow determination of the best solvent and cleaning procedure.
The thickness, porosity, texture, and composition of the deposit all may affect individual
solvent effectiveness and normal cleaning procedures may have to be modified. It is also a
good practice to remove additional tube samples after the cleaning to verify that the cleaning was successful.
Determining the Need for Chemical Cleaning

Utility boilers should be cleaned at least once
every 3 to 5 years. The empirical relationship
given in Table I1 correlates the amount of deposit on a tube with the cleanliness of the boiler.
Tube samples should be taken at yearly intervals from the high-heat-flux areas of the boiler
(for example, several feet above the windbox)
or other areas that have in the past been prone
to deposition.
The information obtained from inspecting
the tube samples, in conjuction with operational factors, is used to aid in deciding the
need for cleaning. These factors include the
number of start-ups, the number of periods
with condenser leakage, chemistry deviations,
and length of outages.

Table 11. Relationship of Analyzed Deposit Quantity to Uhit Cleanliness
Internal Deposit QuantityLimits*
Boiler Type

Clean
Surfaces,
mglcm2

Moderately Dirty
Surfaces,
mglcm2

Very Dirty
Surfaces,
mglcm2

Supercritical units

Less than 15

15-25

More than 25

Subcritical units
(1800 psig and higher)

Less than 15

15-40

More than 40
.=

*All values are as measured on the furnace side of tube samples and include soft and hard deposits.
Note: For all practical purposes, 1 mglcm2 = 1 glft2.

-

-_

-
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Chemical cleaning of industrial boilers
should also be performed on a periodic basis.
The primary purpose for cleaning these units is
to prevent buildup of deposits to the point
where overheating may occur.
In cases where deposits consist of hardness
salts, it is imperative to periodically examine
tube samples from the unit to establish the need
to clean.
In those units where iron oxide and copper
are the main impurities in the feedwater, the information in Fig. 5 can be used as a guide in determining the need to clean. However, good
practice would still dictate periodic examination of tube samples to confirm the analytical
evaluation.
Acid Cleaning Procedure

In thermal (natural)circulation boilers, no effective circulation can be obtained at the low
solvent temperature of 150°F to 170°F. Therefore, the distribution of acid strength and
temperature is obtained by blending concentrated inhibited acid and hot water as the solution is injected into the boiler. Superheaters are
flooded with condensate prior to the addition

Unless lnltlal
Condensate Is
Discarded. Assume
Each Outage
Equ~valentto 3
Months of Operation

3-

I

I

I

I

I

I

100 200 300 400 500 600 700
Rated Steam Capacity,1000Lb/Hr
1. Determine Feedwater lron and Copper Concentration Weekly
2. Assume All lron and Copper Deposit in Boiler
3. Multiply No. Million Pounds of Feedwater by lron
Concentration (ppm)
4. Determine Cleaning Interval from Maximum Permissible
lron (See Note)
5. Total Copper Level Dictates Chem~calSolvent System
6. Maximum Cleaning Interval Not t o Exceed6 Years

Fig. 5. Operational chemical cleaning guide for
industrial-type boilers (based on demineralized or
evaporated makeup water)

of acid to prevent the spillage of the solvent to
this section. Thermal circulation boilers are
generally cleaned by the soaking process.
Samples are taken periodically t o check the degree of reaction in the boiler. Boilers are soaked for a period of 4 to 6 hours.
The acid is drained by pressurizing with nitrogen. This step is taken to prevent the oxidation
of cleaned surfaces during this time. Water is
used to displace nitrogen in rinsing the metal
surfaces of acid. The rinse water is subsequently displaced with nitrogen. Two rinses
are usually sufficient to attain a pH that is between 5 and 6.
The boiler is then filled with water containing soda ash, 1.0 percent solution. The water is
adjusted to the operating level and the temperature is raised to correspond to a pressure of
about 100 psig. About 2 hours are required to
effect neutralization of the acid and passivation
of the metal. The boiler is drained and inspected at the conclusion of the wash period.
Controlled Circulation and Combined Circulation boilers can be cleaned efficiently because the circulation pumps can be used to
equalize acid temperatures and concentrations
throughout the boiler. The acid is circulated intermittently with one pump during the cleaning, which normally requires 4 to 6 hours.
Organic-type acids are frequently used to
clean once-through boilers. At the conclusion
of such a cleaning, the boiler is rinsed with water. When the system has then been purged of
acid, condensate containing ammonia and hydrogen is circulated to effect neutralization.
Because of the close proximity of the
superheater to the drum and the potential of '
corrosion from the cleaning solvents, particularly on the austenitic alloys, avoiding contamination of the superheater is important. If
the superheater is known or suspected to be
contaminated, the cleaning should be temporarily halted and the superheater flushed to
remove the contaminants. The boiler should
never be fired with suspected contaminants in
the superheater. For precautions necessary to
avoid superheater contamination see the box on
the following page.
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AVOIDING SUPERHEATER
CONTAMINATION
1. The entire cleaning piping layout should
be examined to identify all possible areas
where any solutions from the boiler could
enter the superheater or reheater. Such connections should be eliminated so contamination of the superheater does not occur.
Possible leaking valves and Pressure 'eve's
that might result in backflow must be
avoided.
2. Control and monitoring of drum level is of
paramount importance.
3. Water used to fill or "backflush" the
superheater should be demineralized or of
condensate quality.
4. Possibility of re boiler (feedwater train)
cleaning solutions "hiding-out" in lines,
manifolds or tanks to be used, in, or interconnected to, water fill-lines should be
considered before starting
preboiler
cleaning operation.
5. Suspicion of
warrants a
careful assessment of water (or condensate)
quality at appropriate locations in the
superheater (e.g., locations nearest point of
suspected entry). If evidence of contamination exists, firing should be discontinued
until a judgment can be made as to the seriousness of the contamination. If doubt
exists, the prudent course of action is to
water-flush (condensate quality) the SUPerheater and/or reheater.

1
,
I

SUPERHEATERIREHEATER
CLEANING AND FLUSHING
Although pre-operational cleaning of the
steam-generating section in a high-pressure
boiler is strongly recommended, superheater
and reheater cleaning is not. The need to eliminate deposit-forming materials is related primarily to their effect on the corrosion problems
that are common in waterwalls. We know of no
case where the presence of initial mill scale has
contributed to failures in superheaters and reheaters or difficulties in turbines. Normal mill

scale on tubing is thin, adherent, and notreadily eroded by dry steam. Particulate matter and
construction debris constitute the major portion of the foreign material present in any
superheater or reheater at this point in its life.
Because solvents do not efficiently dissolve
most particulates, this method of cleaning is
not considered completely satisfactory for
placing a superheater and reheater in condition
for operatiofi. As steam blowing has proven effective in removing particulate matter, debris,
loose oxide, and atmospheric rust, it is recommended for any pre-operational cleaning of
superheaters and reheaters regardless of other
proceduresemployed.
The need to clean a superheater or reheater at
some point in its operating life by using wellengineered programs containing solvent techniques or water flushing cannot be overlooked.
Because of the geometry, superheater and reheater cleaning requires special attention. Frequently, these sections contain nondrainable,
nonventable sections that are difficult to clean
unless the operator has a clear understanding
of flow mechanics.
The problem in cleaning superheater or reheater surfaces is to assure that there is positive
flow through all the parallel circuits. This is
necessary for (1) effective cleaning, and (2)
assurance that the solvent can be completely
displaced at completion. This requirement
applies even when simple water washing is
employed for removal of soluble salts. Positive
flow can be assured with a relatively low flow
of water if the entire section can be initially
filled. When a portion of the loop is nonventable, the difficulty exists because of trapped air.
Air blockage which develops in nonventable
areas will prevent effective cleaning and make
it impossible to completely flush unless special
procedures are employed to assure complete
filling. Fig. 6 illustrates the filling problem. A
well-engineered fill-flush program for the individual unit undergoing the cleaning, and the
confirming of effective filling prior to cleaning
solvent injection, are required if desired cleaning results are to be obtained and damage
prevented.
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POST-ACID-CLEANING ACTIVITIES
Before the main steam-lines are blown, the
steam and lower drums should be inspected.
The drums should be flushed of any loose sediment. The internals to the gage glass should be
flushed and then blown out. Accessible headers should be inspected and flushed with clear
water.
If the primary and secondary separators were
not placed in the drum, they are installed. On
Controlled Circulation units, each orifice and
screen is installed in the lower drum. Each
orifice is then checked with a golno-go gage.
Any header handhole caps which were removed or not previously welded are welded in
place.
Acid cleaning connections are removed or
valved off, and temporary piping removed. The
chemical feed and continuous blowdown piping should be flushed and blown out. When all
work is completed in the upper and lower
drums, they must be inspected to ensure that
there is no foreign material remaining. New
gaskets should be installed on all drum manholes before closing.
Next, the boiler circulating pumps are prepared for operation as called for by the manufacturer's instructions.
STEAM-LINE BLOWING
The purpose of blowing the main-steam lines
and the reheat-steam lines before starting up
a new unit is to remove any foreign material
remaining in -tie superheater, reheater and
steam piping after erection is completed. Considerable damage can result if such material enters the turbine during initial operation.
On older units, the need for steam-line blowing should be considered following major
pressure-parts repairs which introduce the
possibility of foreign material into the system.
RESPONSIBILITY

Because prevention of damage to the turbine
is the prime concern, the responsibility for determining the effectiveness of the steam-line
blowing operation rests with the turbine manufacturer's representative. During this process
the unit should be operated in accordance with

recommended procedures, with all control systems and protective interlocks functioning.
The design,fabricationand installation of any
temporary piping system used for the purpose
of steam-line blowing, as well as protection
against overpressure or overtemperature, require careful attention by qualified engineers.
GENERAL

Ideally, to obtain optimum cleaning, the flow
conditions in the system during steam-line
blowing should equal those during normal operation at maximum load. Because it is impossible to exactly duplicate these conditions
when blowing through the piping to atmosphere, it is desirable to produce equivalat
conditions by using lower pressure steam with
a flow rate such that the product of steam flow
times velocity will equal that under normal
full-load conditions. The determination of the
total obtainable flow quantity must be based on
flow resistances in the entire system, including
the temporary piping. Customarily the designer of the blowing system makes this determination. Most high-pressure units obtain
satisfactory results with blowing pressure in
the 600- to 800-psig range. The actual steam

Circuit 1
(A)

Circuit 2
(B)

Fig. 6. Typical schematic of a nondrainable, nonventable superheater section where air blockage
will occur. (A) The air-blocked circuit@) will remain
stagnant because the unsupported water column H
produces a pressure equal to and opposite to the
pressure drop between headers PI and P2. (B) Air
blockage will be eliminated only when the flush rate
is such that the pressure drop between the inlet and
outlet headers because of flow exceeds the height
of the unsupported water column H.

blow is executed in three phases: main steam,
cold reheat and hot reheat.
To prevent foreign material from being
transported from one section and deposited in
the next, it is important that the system be
blown in sections, each section being blown
separately. Particular care must be taken when
blowing the reheater. If the reheater were to be
blown immediately in series with the superheater, material too large to pass through the
reheater tubes would remain lodged in the reheater inlet header and cause blockage of reheater tubes, with resulting overheating and
failure of reheater tubing when the unit goes
into operation. For this reason it is recommended that the temporary piping be arranged
such that the main steam lines can be blown to
atmosphere first. Similarly, the cold-reheat
lines should be blown to atmosphere before
they are connected to the reheater inlet header.
Only after these precautionary measures
should steam be admitted to the reheater for
blowing through the hot reheat lines.
The temporary piping is often equipped with
shutoff valves which are used as blowing
valves. With this arrangement, the superheater
and the upstream portion of the temporary piping are maintained at drum pressure at all times
when not actually blowing. If the unit is
equipped with main-steam stop valves, these
may be used as blowoff valves, if the valve design permits this type of service. When more
than one steam line is provided in any section,
consideration should be given to arranging the
temporary piping so that each line may be
blown separately. In such situations, the piping system should be investigated to ensure
that flow unbalances and expansion stresses at
connections do not become a problem.
Impact specimens, installed in the blowoff
piping during the final blows, give an indication of the cleanliness of the section. Polished
square bar stock suitably mounted and supported has been used effectively for this purpose. The degree of pitting of the specimen
surface following a blow determines the end
point of the blowing cycle for the particular
section.

--

PRECAUTIONS DURING STEAM-LINE
BLOWING OPERATION
1.The process of steam-line blowing im-

poses abnormal and severe conditions upon
the steam generator and steam piping. Large,
rapid temperature changes occur during
each blowing cycle. This cycling of temperature is far more severe than is incurred in
normal operation. Thermal stresses may be
excessive in the heavy-wall portions of the
system, such as drums, headers and piping.
It is prudent to consider this fact when performing the blowing procedure and to limit
the number of blowing cycles ("blows") to
the minimum consistent with cleaning the
system.
2. Firing of all main fuel must be discontinued during all blows. It is permissible to
keep ignitors andlor warm up guns in service
during the blows in order to speed up reestablishment of the desired blowing pressure
after a blow is completed. On Controlled Circulation boilers, circulating pump(s) must
be kept in service during the entire blowing
process. If a boiler circulating pump loses
suction because of low drum water level, it
must be shut down. If all pumps are stopped
because of loss of suction, the blow must be
terminated immediately.
3. Since the temporary steam-line blowing
piping may be designed for lower pressure
than the steam generator, care must be used
to prevent overpressuring this piping during
the entire steam-line blowing operation. The
pressure in the temporary piping should be
monitored continuously and the operators
should be alert to prevent overpressure.
It is recommended that a means of overpressure protection be provided in the temporary
piping, such as safety valves set at the design
pressure of the temporary piping.
4. It is difficult to avoid carryover from the
steam drum to the superheater during the
steam-line blowing operation. Therefore, to
avoid deposits of solid materials into the
superheater, boiler w a t e ~should not be
treated with non-volatile chemicals during
this process.
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OPERATING PROCEDURES
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The unit is started in the normal manner, following the cold start-up procedures. All normal recommendations and limitations with
respect to pumps, fuel-firing equipment, ashhandling equipment, drains, and vents should
be followed, as if the unit were being started for
synchronizing the turbine. Before starting the
first blow in each section, the economizer recirculating line valves should be closed. Because the steam-blowing operation is the first
occasion that the unit is fired at any significant
rate, the start-up as well as the steam-line blowing must be conducted with great care.
The unit must be brought up much slower
than during subsequent normal start-ups, while
all equipment is checked and expansion movements monitored closely. When the unit is
fired, the furnace exit-gas temperature limitation must not be exceeded.
During the blows, the drum water level will
be subject to extreme fluctuations. As the temporary blowoff valve is opened, the drum water
level will rise rapidly and may disappear from
sight in the gage glass. As the blow progresses,
the drum water level will reappear and may
drop out of sight so it is important that the drum
water level is established at or slightly above
normal operating level before the start of each
blow. Feedwater flow must be established as
soon as the water level drops back in sight, to
prevent excessive low water level with resulting suction loss of the boiler circulating
pumps. After the procedure is completed the
temporary piping is removed, and final piping
connections are made. The unit is now ready
for the next commissioning function-setting
safety valves.
SAFETY-VALVESETTING

.

All safety valves installed on boilers or other
pressure vessels should be test-operated before
the boiler or vessel is placed in service. This
test should involve a check of the proper functioning of the valves as to correct opening pressure, correct blowdown, proper mechanical
operation without chatter, and clean closure
without leakage.
.-

BLOWINGTHE MAIN-STEAM LINEPHASE l

The actual blow is started when the unit
reaches the specified blowing pressure, usually 600 to 800 psig. However, the first blow
is always at reduced pressure to check out
the temporary piping system and its supports and anchors. All main-fuel firing
is discontinued. The temporary valve or
main-steam valve is opened fully to blow
through the superheater, main-steam piping
and the temporary blowoff piping to waste.
When the drum pressure drops to about
200 psig, the blowoff valve is closed. The firing rate is increased, and the cycle repeated
as often as necessary until cleaning is satisfactory as indicated by inspection of the impact specimen.
BLOWING THE COLD-REHEAT LINEPHASE ll

The blowoff piping is now modified with a
temporary connection from the main-steam
piping around the high-pressure turbine to
the inlet of the cold-reheat piping. Temporary blowoff piping is installed at the reheater inlet. Blowing is executed in the same
manner as the main-steam line, but now the
blow is through the superheater, main-steam
line, cold-reheat line and the temporary
blowoff piping to waste. Again, the first
blow is at reduced pressure, with subsequent
ones from 600 to 800 psig down to 200 psig
drum pressure. This cycle is also repeated
until the impact specimens are satisfactory.
BLOWING THE HOT-REHEAT L I N E S
PHASE Ill

The temporary blowoff line at the outlet of
the cold-reheat piping is removed, and the
cold-reheat piping is permanently connected to the reheater. A temporary blowoff
connection is installed at the hot-reheat piping as close to the turbine as possible and
piped to waste. The same blowing procedure
is used as in phases I and 11. When the specimen results are satisfactory, the steam blows
can be considered successful.

In checking opening pressure and blowdown, a calibrated pressure gage must be used
and the location of its connection on the vessel,
header, or other component must be such that
the pressure it indicates is a true indication of
the pressure existing at the safety-valve inlet,
both when it opens and when it closes. When
valves are located on headers or steam lines
through which steam is flowing, the test pressure gage should be connected near the valve to
eliminate any effect of pressure drop resulting
from the flow. In some cases the flow of steam
being relieved through the valve itself could
produce a significant pressure drop.
For high-pressure boilers (above approximately 1200psigoperatingpressure) amanufacturer's representative should initially test and
adjust safety valves. Certain local codes require
that only licensed people may make adjustments on safety valves. Check with the insurance carrier before making any adjustments
on safety valves. The setting or adjustment of
safety valves should be done only by a competent person familiar with their construction,
operation, and maintenance. A written report
should be made of all testing and adjustment of
safety valves. This should record the opening
pressure, closing pressure and/or blowdown
and give an indication of correct functioning of
the valves as they are left. In addition. it should
include the name and title of the responsible
plant observer and the name and title of any insurance inspector, or state or local boiler inspector who witnesses the test and adjustment.
The name of the valve vendor's representative
making adjustments, if any, should also be included as well as the nameplate data (serial
number, set pressure, blowdown, and valve location) of each valve on the unit. The operating
company should retain the report as a permanent part of their records.
Before testing safety valves for the first time
on new units, the steam lines will have been
blown to eliminate as much of the foreign
material as possible from the superheater and
reheater and from the connecting piping to
prevent damage to the safety valves. Damage to
the valve seating surfaces from grit blasting by

m i l scale, weld beads, and other such dirt is
common during initial testing. Adequate steam
blowing prior to popping values will minimize possible damage. Valves mounted on the
dead end of headers are particularly prone to
this damage. Inspection and manual cleanPROCEDURES PRIOR TO SAFETY-VALVE
SETTING

Before firing the unit for setting the valves,
check the following:
1. That hydrostatic test plugs have been removed from the safety valves. If a problem of
scheduling a valve vendor's representative
for removal of hydrostatic test plugs is involved, the plug from one valve must be removed prior to the first fire. All plugs must
be removed before the unit is brought up to
full pressure for the first time.
2. That there is no physical interference
which would prevent functioning of the
safety valves. Expansion of the unit should
be considered in this check.
3. That the exhaust stacks from the valves are
firmly supported and restrained and that no
physical interference which will put external stresses on the valves exists between
exhaust stacks and the valves in the cold position, hot position or in between.
4. That the exhaust elbow attached to the
valve body is not of excessive length in the
horizontal run (maximum recommended24") which may result in abnormal stresses
being put on the valve body due to the reaction force when the valve is blowing.
5. That the drain piping from the valve body
and drip pans, elbow, etc. is installed and
discharges into a location which will prevent injury to personnel when the valve is
blowing.
6. That, if flexible hoses are used between
the exhaust elbow and exhaust stack, they be
of sufficient length and installed so that they
do not become "solid" in any position of the
valve.
7. That all components of the safety valves
are in place and secure, such as manual lifting gear and adjusting ring pins.
l
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ing of the header by vacuum hose andlor magnets through the valve nozzle, with top works
removed, is sometimes necessary. With maximum attention given to removing debris before
initial popping of the valve, better success will
be obtained with initial valve setting.
Leakage of safety valves in operation usually
results from one or more of the following:
I. Seating-surface damage
2. Externally imposed stresses on the valve
body which distort the seating surfaces
3. Operation at pressure too close to the set
pressure of the valve. The valve manufacturers
recommend a minimum difference between
popping pressure and operating-pressure of 5
percent of the popping pressure. With less than
5 percent difference on a continuous basis,
problems with leakage and resulting high valve
maintenance may be expected.
Safety of personnel and prevention of
equipment damage should be the prime concern when testing and adjusting safety valves.
Tremendous forces are involved when these
valves operate. All precautions necessary to
contain these forces and prevent accidents
must be taken. For the initial popping of each
valve all personnel should be kept at a safe distance from the valve. A rope should be attached
to the manual lifting gear so that an uncontrollable valve chatter can be prevented from doing
serious damage if it should occur.
Before starting the actual setting, refer to the
latest section of the ASME Boiler and Pressure
Vessel Code applicable to safety valves.
HYDRAULIC.-JACK METHOD
FOR SAFETY-VALVE SElTING

The use of a hydraulic jack has made setting
safety valves easier. These jacks can be bought
or rented from the valve manufacturers. This
method was developed originally for setting
supercritical pressure valves so that the lift
could be limited to reduce damage to the seating surfaces.
The hydraulic-jack system contains a pump,
hydraulic piston, yoke, turnbuckle and pressure gage. The hydraulic piston overcomes

some of the safety-valve spring force so that the
valve may be set at lower steam pressures.
This method has also been used widely on
reheater safety valves as well as with highpressure valves (drum and superheater) on
drum-type boilers. But it must be remembered
that this method only tests the popping pressure, not blowdown or the valve action itself.
The disadvantages of not testing actual blowdown and the valve operation are outlined in
the adjoining box, "Problems Avoided by
Blowdown Testing."
Safety-valve manufacturers indicate that
they check each valve with steam for blowdown, and that a cold setting of the blowdown
rings can be made extremely close if the instruction manual is followed closely. However,
C-E recommends the hydraulic jack method for
supercritical or reheater applications.
PROBLEMS AVOIDED
BY BLOWDOWNTESTING
1.Insufficient blowdown can result i n chatter, which can produce extensive damage to
the seating surfaces and other valve parts.
2. Excessive blowdown can result in
operating problems in getting a valve to
close above the normal operating pressure
once it pops. The ASME Boiler Code requires that the low-set drum valve shall
have no more than 4 percent blowdown and
that other drum valves may have longer
blowdowns but none shall close lower than
96 percent of the set pressure of the lowestset drum valve.
3. The valve could fail to reach full lift because of some mechanical problem. This
would not be known and hence its capacity
might be restricted when it was really
needed.
4. The valve could hang open because of a
mechanical problem and bleed the pressure
completely off the boiler during operation.
5 . The exhaust-stack, arrangement would
not be subjected to a full-flow test before the
unit goes on the line. Serious problems and
possible damage can result if sizing is insufficient or the supports are not adequate.

-
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START-UP

Fig. 7. Check each sootblower during
weekly walk down.

After the unit has been chemically cleaned,
steam lines blown and safety valves set, the
boiler is ready for supplying steam to the
turbine.
One of t h e necessities of effective operation
is the periodic "walk down" of a steam generator during operation. This requires that the
operator keep his or her eyes and ears open for
unusual conditions and report any findings
(Fig. 7). Potential damage to equipment can be
avoided if abnormal conditions are detected in
time. T h e operations department should develop a checkoff list specific to the station.

OPERATION OF
FLUIDIZED-BED BOILERS
Many operational aspects of fluidized-bed
steam generators are identical to those of other
solid-fuel-fired units. This- description, therefore, will be limited to the major differences in
operation between fluid-bed and other solidfuel boilers.

Cold start-up times are generally 8-12 hours
to full load. In a circulating fluid-bed (CFB)
boiler, this is because of the refractory lining
that is integral to several components, such as
the high-temperature cyclones. The rate of refractory temperature change must be limited to
approximately 100 to 200°F/hr to avoid cracking and spalling from thermal shock. In a bubbling fluid-bed (BFB) unit, start-up times are
determined either by the refractory-lining considerations or by the time needed to heat the
bed material, which, in a multi-zone bed, requires the transfer of heat frpm a start-up zone
to adjacent zones. Note that the boiler will not
usually delay plant start-up on a cold start, because steam flow is available for turbine warming relatively quickly, a n d most turbines
require many hours of thermal soaking.
Before start-up, if the bed had been drained
for maintenance or inspection, a new charge of
bed material is needed. This is usually sand,
spent bed material (from the ash-disposal silo
or a separate bed-material silo), limestone, or a '
mixture of these. Fluidizing airflow is started
and the bed is preheated, using overbed and/or
underbed burners, to the temperature required
for fuel admission. Bed temperature is the principal permissive for main-fuel firing; with sufficient bed temperature. burners or ignitors are
not required to light-off incoming solid, liquid,
or gaseous fuels, as the heat of the bed will ensure fuel ignition.
NORMAL OPERATION

In normal operation, a fluidized-bed boiler
behaves similarly to other solid-fuel-fired boilers. Firing rate is a function of outlet steam
pressure; load swings will result in changes in
pressure and, hence, in rates of fuel and air
flolvs. In a CFB, combustor temperature is regulated by variation in excess air, the primary-air
to secondary-air-ratio, total bed inventory, and
(with a fluid-bed heat exchanger) solids flow to
the FBHE. Combustor inventory is set by the
rate of bottom-ash flow. Superheat and reheat
outlet steam temperatures are controlled by de-

.
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superheater spray and reheat FBHE solids flow,
respectively. In a BFB, bed temperature control
is by change in excess air, bed level, and recycle
rate. As in a CFB, bottom-ash flow determines
bed inventory. Superheat and reheat steam temperatures are controlled by spray desuperheating and by biasing of gas dampers that direct
gas flow to the reheat side of a split backpass,
respectively.
In general, heat distribution is facilitated in a
fluidized-bed steam generator because the combustor temperature (equivalent to the furnace
temperatures of stoker-,or PC-fired units) can be
more easily regulated. Operation is usually
very stable-because of the large thermal-flywheel effect of the bed mass; thus, wide variations in fuel quality can be tolerated. The bed
prevents gas-side transients occasioned by loss
or interruption of fuel flow, thereby improving
boiler safety. In most instances, there is no concern about'furnace-wall slagging, because bed
temperatures are held below ash-softening temperatures to ensure fluidization and to optimize
sorbent utilization.
The importance of maintaining proper fuel
sizing cannot be overemphasized. Fuel size
strongly influences bed particle size which, in
turn, affects most aspects of boiler performance. The required fuel sizing and its influence
on both design and performance of a FBB are
discussed in Chapter 9.
SHUTDOWNIRESTART

The shutdown procedure will depend on
whether a hot restart is anticipated. If a hot restart is planned, the fuel and air are stopped:
bed temperature can remain above the firing
permissive level for several hours, such that no
purge is required on restarting. On a hot restart,
the unit can be brought back to fill load within
a few hours, depending on the bed temperature
level. If no hot restart is planned, the fuel and
air flows are gradually reduced, so that the rate
of refractory temperature change is kept within
the limits of 100 to 200°F/hr.
PLANT MAIN-FUEL TRIP (MFT)

Stored heat in the bed material will continue

-

to generate steam even after fuel flow stops. In a
stored heat in the cyclone refractory contributes to steam generation; precautions must
be taken to prevent damage to backpass steamcooled surfaces from this heat source. Drum
level should be maintained by slow feed of
water to the drum following an MFT. If cyclone
cooling is not possible in any other way, a small
steam flow can be induced through the backpass by opening a steam vent to cool the backpass tubing. Steam-cooled surfaces i n the
combustor and/or FBHE are protected on loss of
steam flow in accordance with the manufacturer's instructions, which may call for depressurization or a small cooling-steam flow by
means of a steam vent or turbine bypass.

- CFB,

LOSS OF POWER

During a power loss, feedwater flow to the
boiler stops. As a result, stored heat can evaporate significant amounts of the water inventory.
Whether this will damage the boiler depends
on the specific design. The conservative approach is to provide an emergency feedwater
pump, which allo~vswater to be fed to the boiler
during a power interruption.
TUBE RUPTURE

When limestone is used as the sulfur sorbent,
the heated bed material will contain significant
amounts of calcined, dehydrated calcium oxide. If this lime comes in contact with sufficient
water, such as from a tube leak, it will harden
when allowed to dry, and will make cleanup
and repair difficult. The leaking water or steam
may also. damage relatively sensitive refractory
linings. Quick action by the operators can minimize outage duration and reduce the extent of
cleanup. When a tube leak is detected, it is important to maintain fluidization and to drain
the bed material as soon as possible. Acoustic
steam-leak detectors are an asset for timely detection of tube leaks.

PROBLEMS IN OPERATION
In spite of adherence to the general procedures and observance of the cautions presented
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in this chapter, operational problems still occur. Tube ruptures can happen from a variety of
reasons. The size and location of the break will
determine what action is necessary. On a
drum-type unit, the best method for shutting
down will be dictated by the ability to maintain
normal water level in the boiler and the need
for the boiler in service.
If water level can be maintained, the unit can
be kept in service until after a peak, or service
may be stretched to a weekend outage. There is,
however, the ever-present danger of highpressure water from a break cutting other tubes.
If the rupture can be visually observed, to ascertain that it is blowing out into the furnace and
not damaging other tubes, the unit may be able
to operate for a long time providing sufficient
treated make-up water is available.
Unlike a waterwall tubing leak, a leak in a
superheater, reheater, or economizer element
requires greater attention. Because of the physical arrangement of such surfaces, steam cutting of adjacent tubes can result in making a
major repair job out of what might have been a
simple and short one. Economizer ruptures, if
left unattended, can lead to plugging of the
economizer and air heater, as the water mixing
with the flyash can set similar to concrete.
A leak in a waterwall of a supercritical unit
can result in rapid and extensive damage, not
only to the leaking tube, but also to nearby
tubes. Thermocouples are installed on individual outlet tubes and representative inlet
tubes to alert the operator to such leaks. Any
decision to operate a once-through unit with a
known waterwall tube leak must be made with
the full knowledge of the serious damage that
may be incurred.
FURNACE EXPLOSIONS

Furnace explosions usually occur during
start-up, shutdown, or low-load operation.
Generally, they result from the accumulation of
unburned fuel in the furnace because of incomplete combustion, loss of ignition, or fuelvalve leakage. An explosion occurs when the
proportion of unburned fuel and air is in explosive range, and some heat source increases the

temperature of the mixture to the ignition
point. Unburned fuel which causes such fires
can accumulate in the furnace in several ways:
at leaky fuel inlet valves on idle windbox compartments; when the fire is extinguished and
the fuel is not shut off promptly; when the fuel
doesn't burn as rapidly as it enters the furnace;
or if difficulty occurs in establishing ignition.
EXPLOSION PREVENTION

Because most explosions occur during periods of low fuel input, maintaining a minimum of 30 percent of full-load airflow is
important to insure an air-rich mixture and to
sweep out any accumulation of unburned fuel.
Other preventive measures include
Be sure that all liquid or gaseous fuel valves
are tightly shut on idle fuel compartments
Watch the fires closely at low loads and shut
off all fuel immediately if proper combustion is
not maintained. Most modern units have flame
scanners to trip the unit automatically when
poor ignition occurs. The scanners must be
properly maintained. They should never be
removed from the safety system or their outputs
defeated
.Always use the required ignition energy
source when placing any pulverizer in service
8 During low-load operation keep adjacent
pulverizers in service
Regularly check the proper functioning of
any furnace safeguard system
N e v e r defeat any portion of a safeguard or
interlock system
On a unit trip, purge the furnace before shutting off the fans
Empty the pulverizers of all coal before bottling up the unit.
8

UNINTENTIONAL FIRES EXTERNAL
TO THE FURNACE

One of the most destructive events in steamgenerator operation is uncontroned ignition of
fuel in an area external to the furnace. Such
fires have taken place in air heaters, ductwork,
windboxes, precipitators, hoppers, and fans. In
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the immediate vicinity of the boiler, such fires
have occurred when oil is being burned.
Generally, fires in air heaters, back-end ductwork, precipitator and induced-draft fans take
place when a unit is being brought up to load
after a start-up from cold. With inadequate
fuel-oil atomization andlor poor mixing of the
oil with combustion air, unburned oil distillates will carry to the back of the unit and deposit on the relatively cold back-end surfaces.
Later, when load is raised, these deposits will
'

TYPICAL OPERATOR WALK-DOWN CHECKLIST

Look for unusual traces of either coal dust,
oil, flyash or water.
Look for valve and valve packing leaks.
8 Look for any unusual conditions such as
discoloration, hot spots on casing and
ductwork, or vapor leaking out.
Open all inspection doors and note any
slag accumulations.
Listen for tube leaks in the furnace. (This
is only possible to do on balanced-draft
units.)
Check for unusual noises, overheating,
and adequate lubrication of all motors and
driven equipment.
8 Look for leaks in gage glasses and water
columns.
Check that no sootblowers are stuck in the
unit and that there are no leaks in the
sootblower lines.
On tilting tangential units, make sure that
the tilt setting is the same on all corners.
Check the secondary-air damper settings
to make sure that all dampers are the same
on a given elevation.
At the firing levels, check for coal, fuel oil
or gas leaks. See that warm-up guns are retracted. Note any flyash leaks. Report any
oil spills so that they can be cleaned up before a fire occurs.
Check with a hand touch all vertical coal
piping for possible plugging or overheating. A cold pipe on a mill in service is a
good indication of plugging.

.
.

volatilize as temperature increases, and can ignite. Once such a fire starts, extinguishing it is
difficult. The metal baskets in an air heater, for
example, will continue to burn even after the
oil is consumed. The only method of putting
out such a metal fire is to flood it with as much
water as possible.
Combustion Engineering has always recommended air-atomized light oil or steamatomized heavy oil for light offs of a cold unit.
If mechanical atomization of oil is the only

Inspect furnace just above ash pit to make
sure there is no bridging across bottom.
Check level of water in ash hopper and
bottom seal trough.
At the pulverizersa. Check gear-case oil temperature, flow
and level.
b. Check for excessive spillage or malfunction of pyrite system.
c. Look for any indication of mill fires.
d. Listen for unusual noise.
e. Check for coal leaks.
At the airheatera. Check the air-heater sootblower to make
sure that it is not leaking when the control
valve has closed.
b. Check drive motor, support and guidebearing lubrication and cooling water.
c. Inspect cleanliness of air side through
observation door.
.At least once a week, a more extensive
checking should be done such as:
a. Listen for badly leaking safety valves.
b. Check the sootblower cycle by walking
down the unit as each blower operates to
make sure it is functioning correctly and
the packing is tight. Make sure all blowers
are blown during a cycle.
c. Put all ignitors and retractable oil guns in
service and check to make sure they are
operating correctly.
d. Start and stop any idle equipment to
make sure it is ready if needed.

.
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means available, special observation of the furnace outlet is necessary when firing with a cold
furnace. One method of detecting the carryover
of distillates involves air-cooled probes at the
furnace outlet which can be periodically extracted and examined.
Anytime there is doubt as to the quality of an
oil fire during a cold light off, the air heater and
other back-end surfaces should be examined. If
oily deposits are found, all firing should cease
until the surfaces can be thoroughly cleaned
with a hot detergent solution.
Uncontrolled ignition occurring around the
windbox area, external to the unit, usually results from oil spills when guns are removed or
when valves or gaskets are permitted to leak.
Therefore, oil spills should be cleaned and
leaky oil valves or gaskets should be corrected
immediately. Any plant which tolerates accumulation of spilled oil around the burner
area is in danger of a serious destructive fire.

COAL HANDLING
IN POWER PLANTS
Improved coal storage and methods of loading bunkers can often result in substantial savings in power-plant operations. Continuous
production of steam requires steady flow of coal
from the bunkers. Interruption of coal feed to
the furnace not only causes loss of production,
but can also lead to furnace explosions.
Perhaps the greatest factor impeding continu:
ous coal flow is excessive moisture. Coals containing clays pack easily when moisture
content increases; the packing can occur in
bunkers, feeders, or pulverizers. In addition,
foreign materials such as rocks, metal, slate,
wood, and other debris in the coal can block or
stall mill or stoker feeders.
Some plant operators learn to live with the
problems associated with wet coal and foreign
material by fighting stoppages inside the powerhouse with vibrators, manual sledge hammers, poke rods, sluice systems, air cannons,
heaters, or coolers. These methods do not stop
plugging; they only free plugs. Other operators

keep the problem out of the boiler room by limiting moisture pickup in the coal yard and removing all large debris before the coal arrives at
the bunkers.
Coal usually arrives from the supplier reasonably dry and, if properly stored, will remain
that way. If a small portion gets wet, it can be
moved aside for drying and later use. On the
other hand, to minimize fugitive dust, coal is
sometimes wetted before shipment from the
mine. Additional moisture pickup during transport can result from leaky barges or rain. Stations receiving coal with a substantial moisture
increase from mine to plant should consult
with the producer and the shipper to see if improvements are possible.

GUIDELINES ON COAL PILING
AND RECLAIMING
rn

Compact the coal; loose coal picks up
moisture and encourages fires in the coal
pile.
Pile the coal for maximum run-off of rain;
piles should be rounded or pyramidshaped, with the steepest slopes possible.
Keep the coal pile free of valleys and
pockets; water will collect in them and
sink down into the coal.
Reclaim deep into the pile, not along wide
areas of the top. When properly piled and
compacted, only the top layers will be high
in moisture. This top layer can be reclaimed during drier spells.
As coal is removed, rework the pile to fill in
the reclaimed area and to eliminate gulleys, pockets, and rivulets.
During reclaiming, do not push coal onto
any water deposits or muddy coal in the
area of the coal conveyor belt.
Minimize fine coal, as it absorbs water
more readily than coarse coal. Wet, fine
coal does not flow easily; it will stick to
bunkers and feed pipes. Coarse particles
will help to eliminate bunker plugging
and keep the coal moving.
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COAL-YARD DESIGN AND MANAGEMENT

,

Good coal yards should be carefully planned.
Proper drainage is a must. The yard should be
properly graded, and all mcks, wood, and
metal removed. A base layer of coal, to a minimum depth of 2 feet, should be spread; this
base should never be reclaimed, and should not
be included in the stockpile records, even for
emergency use. The coal yard should be fenced
or otherwise isolated from material storage,
scrap, or trash; only coal and equipment
needed to handle it should be allowed in the
area. Workers should be encouraged to look for
foreign material in the yard and to hand-remove
it; the screens should not be depended on to remove all debris.
Avoid crushing coal until it is ready to enter
the bunkers. Wait until immediately before the
boiler is ready to burn coal before filling bunkers. There is a tendency in new plants to fill
the bunkers as soon as the coal-handling system
is ready; this is understandable, since start-up
personnel want as much of the equipment to be
operational and ready as possible. However,
coal will gradually pack in bunkers and will
not flow easily when needed. Also, coal stored
in bunkers or silos for long periods can ignite
and smolder. Finally, during initial operation,
fill only those bunkers that feed the pulverizers
required first.
In preparation for a scheduled long-term outage, all bunkers should be emptied, and should
not be refilled until the unit is ready for restarting. If a unit has an unscheduled shutdown and
it becomes apparent that it will be off line for
some time, serious consideration should be
given to emptying the bunkers, especially if the
coal moisture content is high. Temporary
chutes to trucks can be provided in some
plants, and the coal can be returned to the stock
pile. If major maintenance is to be done on a
single pulverizer, its bunker should be run
empty before removal for service.
It is important that the coal-yard supervisor
become familiar with the needs of the boiler
operators, so that his or her responsibility is
more than just filling the bunkers; it should in-
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clude responsibility for the continuous feed of
fuel to the mills. In any case, the supervisor
should be informed of all coal hang-ups.2- -

OPERATOR TRAINING
A well-trained operations crew means maximum plant availability and optimum unit efficiency. Such a crew is developed by a carefully
designed training program which should be a
step-by-step learning process. First, there must
be an understanding of the fundamentals and
principles involved. The individual equipment components and subsystems that comprise the unit must be taught in detail. And, finally, overall generating-unit operation must
be discussed fully.
To be effective, a program should be versatile; new operators as well as more experienced personnel should be able to benefit from
it. Flexibility is important too; a program that
can be used individually or in classroom situations has a distinct advantage. Programs geared
to specific equipment should be accurate and to
the point. See Figs. 8 and 9.
THE SYSTEMS APPROACH

A well-planned operator-training program
looks at the energy supply system as a "system," not just as a network of hardware. Part of
that system is the people who manage, operate,
and repair the network of hardware and
equipment for the owner. Many operating cost variables can be controlled by plant operating personnel throughout the useful life of the facility. Good
operating techniques, for example, extend
wearing-part cycles. Fuel usage also depends
upon operating technique, as does effective
preventive maintenance.
The question of operating-personnel quality
is of great concern today, because of the increase in unit size, complexity, and automation. The trend is for fewer personnel to be involved in responsible operation of fossil power
plants.
The elements necessary to establish a suc-

--
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Fig. 8. Part of operator training includes classroom
presentations covering fundamentals of system
equipment and unit operation. A well-planned
operator training program looks at the energy supply system as a "system," not just as a network of
hardware and equipment joined together.

designed to meet these requirements. Systematic verification of training program effectiveness is vital. Experience has taught that, if the
above elements have been successfully
applied, it is reasonable to expect demonstration of student operating competence and a
high level of student retention of new knowledge and skills.
A prerequisite to a successful program is a
cooperative understanding of the objectives
and program goals. This is generally accomplished by giving presentations outlining the
program goals and methods to station management personnel and officials of the production and maintenance unions. C-E's experience
is that these presentations have resulted in excellent dissemination of program information,
a high degree of interest, and active participation and cooperation at all levels of plant people. The inclusion of union management has
achieved the same resultant support and cooperation and helps to assure cooperation and
support for subsequent training activities.
THE NEEDS ANALYSIS

Fig. 9. Experiencedtraining specialists provide onthe-job training, an essential part of any comprehensivetraining program. -

cessful systems training program include prerequisite conditions such as knowledge of the
system, what it is, how it works, who uses it,
and what it is for. This is followed by a needs
analysis that tailors the program to the specific
requirements of the system and the student
population. Then tlie training program must be

The training requirements analysis is generally based upon data gathered from questionnaires provided to all operating personnel and
from a survey of the power station. The survey
includes a review of plant configuration, technical documentation, operating procedures
and directives, operator job requirements, and,
where applicable, review of licensing requirements. These data are analyzed by educational
psychologists and training specialists who
then prepare a population description of the
average student, identify job-knowledge requirements and performance objectives, and
identify motivational factors to be considered
in training systems design.
The availability of operators for training,
with the exception of a new station starting up,
represents a significant factor to be considered
in a training system design. The complexities of current manning levels, rotating shift
schedules, and overtime opportunities complicate the arrangement of an effective training
schedule.
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Performance measurement criteria applied
to training design are:
8 Evaluate the effectiveness of instruction and
course material
.- .
Evaluate the level of each student's achievement and provide necessary additional assistance if required
8 Review and reemphasize important areas of
course material
Establish procedures for scoring individual
students to avoid possible union conflicts

Fig. 10 Simulators provide a highly effective demonstration of plant operational concepts and the
application of problem solving logic to determine
corrective
action
to be taken when
equipment malfunctions.

THE ROLE
OF THE POWER-PLANT SIMULATOR

Training material, equipment, and facility
requirements necessary to support the training
program should be specified in the design of
the program. Of great value to any operator
training program is a power-plant simulator designed to demonstrate the concept of a total operating plant.
Simulators allow dynamic demonstrations of
overall power-plant systems operation; automatic combustion control system operation;
turbinelgenerator control system operation; and
operation of feedwater and fuel control systems.
Practice exercises can be provided through the
insertion of selected malfunctions and load variations to improve operator ability to diagnose
abnormal conditions and initiate corrective
action. The application of simulators to the
training program is always in the context of specific power-plant operating procedures and as a
reinforcement of the training material being
taught at the time, Fig. 10.
OTHER SUPPORT MATERIALS

An audiovisual training program is also very
effective. Fig. 11. It combines sight and sound
which greatly increases retention. Such a program can be used throughout the life of the unit
for retraining operators and initial training of
replacement operators.
COMPLETENESS

The training Program design is complete
when the following components have been ac-

Fig. 11 The equipment used with an audiovisual
training program is portable and easy to operate;
at any time operators can use it individually for
plant system reviews.
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counted for: curriculum, lesson plans, training
aids, note-taking guides, simulator, study
texts, quizzes, tests, practical exercises (plant
walk down and simulator operation), and the
teaching team has . demonstrated practiceteaching exercises.
PROGRAM VALIDATION

The next step in the process is to provide for
program validation. In general, an initial
course instruction is provided to a "pilot"
class. This is to validate training course con-

tent, length of lessons, emphasis, and overall
time schedules and objectives. Validation is
accomplished by administration of pretests at
course start to establish operator entry knowledge, and post-tests at course completion to
measure gain in knowledge. Evaluation of
training effectiveness through course audit by
technical specialists, analysis of test results,
and review of student course critiques are additional validation measures. Course material
should be revised as necessary based on the results of validation measures.
-

REFERENCES
I

S.E. ~ ~ i ~ R.E
t ~~ i k ~ "coal
k ~pulverizer
~ ,
ti^^
and Fire Fighting System;" Windsor. CT:Combustion Engineering. Inc.. publication TIS-8256.
"Explosion Prevention Systems:' NFPA 69, National Fire
Protection Association, Inc.; Quincy, MA, latest edition.

-

-

-

--

-

-

-

--

"Installation and Operation of Pulverized Fuel Systems,"
NFPA 85F. National Fire Protection Association. Inc.;
Q u i n c ~MA*latest
'George Thimot, "Want Better Coal Firing? Improve Coal
Handling:' Electrical World, August 1, 1972. New York,
NY:McGraw-Hill, Inc., 1972.

CHAPTER 22

Performance Testing of Steam Generators
n the modern power plant, measurements are
made for several reasons:
to monitor such phases of power-plant operation as input and outlet flows, inlet and outlet
water and steam temperatures, and power consumption of auxiliaries
to test individual equipment or systems for
initial acceptance
to verify compliance with federal, state, and
local requirements regulating plant emissions
following a period of
to check
operation.
This chapter concerns the latter types of measurement, many of which are governed by the
ASME Performance Test Codes' and the U.S.
Environmental Protection Agency Code of Federal Regulations2. Supplemented by additional
tests of special character, the ASME Performance Test Codes are of considerable interest to
manufacturers and users of power equipment,
and the results of such tests aid i n the evaluation and improvement of designs.
Engineers participating in power-plant testing must become aware of the nature of experimental error, learn how a single error may
influence the results calculated from multiple
measurements, and -gain some knowledge
- of
the effect of instrument selection in minimizing
measurement uncertainty. For best results, they
must be willing to question why certain proce--

dures and instruments are used and to try to
change them if they can find better methods or
equipment. Most importantly, engineers must
become skillful in interpreting test results and
in drawing appropriate conclusions.

POWER-PLANTTESTING
AND MEASUREMENT
CHARACTERISTICS
Power-plant testing differs in one important
respect from product quality control, to which
it is sometimes compared: most tests fall into
the single-sample category. Unlike the repetitive tests made of product dimensions, most
power-plant tests consist, for example, of individual readings taken over a period of time during which some unwanted variations may be
introduced. Some well-equipped laboratories
may have boilers that can be rigorously tested.
But, in general, most large-scale power-plant
tests cannot be repeated a sufficient number of
times to gain the statistical reliability expected
for quality control. Furthermore, the cost of
conducting certain full-scale tests can be in the
hundreds of thousands of dollars.
ANALYSES

When tests are costly in terms of staffing,
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time, and equipment, the uncertainty analyses
made in advance help establish procedures and
manpower assignments. They can also help determine how uncertainties propagate into the
results. In their pioneering article on this subject, "Describing Uncertainties in SingleSample Experiments,"3 S. J. Kline and F.A.
McClintock show that a given reduction in a
large uncertainty is far more important that the
same numerical reduction in a small uncertainty. This technique also guides selection of
appropriate measuring instruments prior to the
start of experimental work. But consideration
must also be given to adequate cross checks
while the experiment is being conducted.4 ' .
ADVANCE PLANNING OF FIELD TESTS

Advance planning of field tests is becoming increasingly important. Under some circumstances, it is possible to set forth a fixed
objective for overall accuracy and plan instrumentation accordingly.
More often, however, field tests are performed under less than ideal conditions, so the
engineer must be capable of making a judicious
selection of existing and special measuring
instruments. If the objectives and desired end
results are well defined, some of the plant
control-panel instrumentation may be used,
perhaps jointly with special calibration or by
checking against standard sources.
Large sums of money may be spent in devising special measuring equipment for a particular part of a test, but these expenditures may
be largely wast6d if supporting measurements
are substantially less precise. Minimally therefore, the engineer should be familiar with the
main sources of error and their effect upon the
results of the test performed.3
By making an error analysis in advance of
conducting tests, engineers can determine the
crucial points of measurement and select the
instruments accordingly.5 They can also predict
effects of propagation of errors on calculated
results and obtain a much greater overall consistency in testing activities. In test reports, the
combination of an error analysis with interpretation of results adds to the usefulness of tests

as a design tool.
Tests and measurements, as indicated earlier,
require a great deal of engineering thought.
Their value is greater if engineers are willing to
ask searching questions and make all possible
analyses before testing is begun. Finally, skill
in reporting test results is crucial, particularly
in the interpretation of what was observed. Important advances in engineering and science
have resulted from skepticism of "obvious"
results and perception of new factors that previously went unnoticed.

STEAM-GENERATOR TESTING
When applied to boiler study, testing activities range from daily performance observations using station supervisory instruments to
unusual conditions with specialized measuring apparatus. In this latitude, the scope of any
single test and the measurement techniques
used depend upon the kind of testing information being sought.
Since individual phases of a design problem may range from a completely scientific
solution with exact relationships between variables to empirical approaches with variables
only generally related, test work for design information is intended either to determine
magnitudes and limits of these variables or to
establish their cause-and-effect relationships.
Although a research laboratory can supply experimental information for basic investigations
and observe behavior in many types of models,
testing on full-scale units is vitally necessary to
verify data thus obtained. Although tests of
small industrial boilers may actually be carried
out in a laboratory, for large utility-type boilers
the power plant itself becomes the testing laboratory. In some cases where unusual fuels are
being studied, large quantities of that fuel may
be shipped long distances so that tests conducted in a boiler will have the desired firingequipment and design characteristics.
Although emphasis is on the testing of large
central-station boilers, many of the measuring
techniques are equally applicable to smaller
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units installed in marine, industrial, and institutional power plants.
OPERATIONALTESTING

After a design has been completed and a
boiler erected, the initial operating period provides the first opportunity to determine
whether it meets performance guarantees.
Handled as a normal function of a technicalservice organization, this acceptance workmay
include such items as determination of unit capacity, steam-temperature control range, draft
losses and pressure drops, and overall efficiency. If deficiencies exist, some additional
testing may be necessary to guide corrective action to meet contractual performance.
When a unit in a central station goes into
commercial operation, it becomes an integrated part of a system. It is normal utility
practice to determine the unit heat-rate characteristics at this time and periodically later. In
these days of high costs, optimum system efficiency is important, and information from
these incremental-10,ad cost studies on each
unit provides the basis for determining daily
load distribution among system plants.
In some central stations, a control-room
data-logging computer calculates heat-rate information almost instantaneously. Not only
does such rapid information availability permit more detailed analysis of performance, it
also supports decision-making for optimal unit
operation under such conditions as extreme
low loads or loss of a feedwater heater.
In addition to evaluating performance and
results, operational testing covers the more detailed aspects of routine operation such as
start-up procedures, adjustment and maintenance of unit control systems, and safedimit
monitoring of operating variables.
DETERMINING TEST CONDITIONS

The test objective governs the test condition
which can be at either constant or transient
load. Historically, the role of the newer, larger
units in utility-system steam plants has been
one of base loading at design rating, with system load fluctuations being taken care of by the

older and smaller equipment. consequently, in
the past, new unit design emphasized steadystate operating characteristics. In recent years,
however, the relationship between .required
short-term peak capability and off-peak capacity has changed. Because peak load has
out-distanced off-peak load growth, there is increasing interest in transient characteristics of
the largest and most modern units. Many will,
at times, operate at reduced load, and may even
be shut down for weekends and other periods
of low electrical demands.
Constant-load testing is needed for evaluation of unit heat absorption, heat-transfer
parameters, unit efficiency, and heat rates.
Transient testing is required for controlsresponse study and adjustment, and in connection with quick start-up and shutdown
procedures.
TESTING MEASUREMENTS

Steam-generator design and operation revolve about three basic premises, any one or all
of which may be involved in a test program:
heat liberation
heat absorption
mechanical means to accomplish heat liberation and absorption.
HEAT LIBERATION

Heat liberation results from combustion of a
fuel with oxygen in the air. This implies testing
to obtain knotvledge of fuel properties and combustion characteristics; it leads to establishing
the theoretical fuel-air-products relationships
from fuel analysis and combining equations
and from the actual combustion requirements
in an operating furnace. Together with the combustion efficiency, such things as pulverizer (or
other fuel-burning equipment) power and capacity requirements, ignition stability, and ash
deposits must be evaluated. Testing for heat liberation requires considerable attention to fuel
and flue-gas sampling to obtain representative
data.
HEAT ABSORPTION

Heat absorbed by unit components reduces

-
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the flue-gas heat level. The reduction can be determined from gas-temperature measurements
and specific-heat data. Similarly, the unrecovered heat quantity entering the stack is a loss
and must be determined. Solid and gaseous
stack emissions are other factors receiving considerable attention because of flyash disposal
'problems and air-quality considerations. To
size fans and exhausters adequately, system resistance appearing as pressure and draft losses
must be known. In summary, these are the most
common areas of test work in the fuel-air cycle.
For a successful design, heating surface must
be properly allocated among furnace, superheater, reheater, economizer, and air heater in
order to achieve the desired heat absorption and
yield the expected relationships of capacity and
steam temperature. Since in modern boilers the
furnace represents the most important part of
the evaporative surface, its performance is a key
factor. The furnace must be sized to be capable
of maximum design evaporation yet provide
flue gas at the temperature level necessary to
superheat and reheat the steam to a desired
level over the operating range. Because of the
series-type processes involved, miscalculation
at any point will upset performance in all the
other sections.
TESTING OF MECHANICAL EQUIPMENT

High availability and low maintenance costs
are prime requirements for steam-generating
equipment. Therefore, materials have to be
selected for long-life operation at elevated
temI;kratures and pressures. Since in-service pressure parts and structural-mechanical equipment are subjected to erosion,
abrasion, expansion, and vibration, their design requires knowledge of the magnitudes and
character of these factors. Only field and laboratory experience will yield this information.
MEASUREMENTS RELATED
TO HEAT LIBERATION

Fuel-flow measurement depends upon the
fuel state and the desired accuracy. Solid fuels,
such as coke and coal, can be measured by
scales. Many plants have gravimetric feeders,

suitable for test purposes, between the coalstorage silos and the pulverizers. These scales
or feeders must be calibrated before and after
tests, in accordance with PTC 19.5, Measurement of Quantity of Materials, Chapter 1.
METHODSOF MEASURING FUEL FLOW

For general test purposes, fuel oils are metered with volumetric instruments of the displacement rotating-disc type. Heavy grades of
oil must be heated for proper atomization in
burners, and where moderate accuracy is satisfactory, the resultant viscosities permit use of
such meters even with these oils. On the other
hand, if flow error of less than 4 percent is
required; meter calibration is necessary using
the intended oil at operating temperature and
with a similar piping arrangement. The foaming tendency and volatilization of some oils
may prevent their accurate metering by this
method.
Using level change in large uncalibrated
storage tanks as a flow index is at best an approximate method. For efficiency tests, weigh
tanks are the most accurate means of direct
measurement, but their use is generally regarded as impractical with large flow rates.
Their cost also prohibits widespread use.
For gaseous fuels, orifice-flow measurement
is most common. It gives highly accurate results if the actual installation has sufficient approach straight lengths and if it conforms to
design of pressure taps and orifice-pipe size
relationships .6
TECHNIQUES FOR FUEL SAMPLING

In arriving at a representative sample, the inhomogeneity of most fuels requires careful attention to sampling techniques. Accepted
standard practices may be found in the latest
revisions of ASTM Standards D 2013, Preparing Coal Samples for Analysis and D 2234, Collection of a Gross Sample of Coal.
In general, solid-fuel sampling procedures
involve collecting small increments at regular
intervals over the test period, and reducing
their aggregate to obtain laboratory-size samples by successive quartering or riffling. For

COMBVSTION
Performance Testing 01 Steam Generators

some coals, intermediate steps include crushing to definite screen sizes and mixing.
Since surface moisture of coal may vary considerably, separate samples are tagen and
sealed immediately for moisture-only determinations when high test accuracy is required.
This practice is mandatory for efficiency tests
and desirable for any high-moisture fuel tests
because the normal handling in aggregate reduction can produce significant moisture loss
of the sample. Aggregate analysis is then adjusted for the average special moisture value to
arrive at the as-fired an'alysis. The need for such
care is readily apparent in weighed-coal tests
when the heat input is directly affected by such
moisture loss.
Sampling of other solid fuels such as wood
and bark should be made with similar care to
avoid moisture loss.
With most pumped-liquid and gaseous fuels,
the problem is one of possible overall change
during the test period rather than inhomogeneity at any instant. Thus, sampling at
a single point with fixed extraction rate for the
entire test period should be adequate except
where known stratification exists as in waste
fuel ducts or in residual fuel lines.
ANALYZING FUEL CHARACTERISTICS

In its broadest sense, fuel analysis refers to
determination of all physical and chemical
properties of a fuel.
Solid Fuels

The basic type of chemical analysis for coal is
the proximate, which describes the fuel in
weight percent of fixed carbon, volatile material, ash, and moisture contents. In the ultimate
analysis, the fixed carbon and volatile material
contents are reported in terms of total carbon,
hydrogen, oxygen, nitrogen, and sulfur, this
form being required for calculation of fuel-air
quantities.
Fuel analysis and high-heat-value determination are made in accordance with the Test
Code for Solid Fuels PTC 3.2 and ASTM Standards.' This is a constant-volume determination. Because the fuel is burned at constant

pressure in the steam generator, the high heat
value at constant volume as determined in the
bomb-calorimeter must, therefore, be converted to a constant-pressure high heat value.
Throughout the Codes, this high heat value for
constant pressure combustion is referred to as
the high heat value. (When testing by the inputoutput method, only the high heat value and
the moisture content of the fuel are required.)
Generally, fuel sizing refers to crusherprepared coal sizing measured with screens of
%-inch opening and larger, and is of importance mainly for fuel-bed distribution problems in stoker firing. Coal fineness usually
means suspension-burning sizes and, for pulverized coal, involves sieving of 50- to 200mesh (openings per inch) particle sizes. In both
cases, a series of screen sizes is used, with the
fractions retained or passed by each size being
reported. Knowledge of the size consist or
overall fraction relationship rather than just
one size is required. For example, in pulverized-coal firing, combustion efficiency (carbon
loss) can be more affected by larger size consist,
whereas grinding power is more closely related
to the finer size percentages.
Another physical property related to pulverizer performance is ease of grinding,or grindability index. This is determined from the
amount of power required to pulverize a prepared sample of the test coal in the laboratory.
The results are then compared with a standard
sample. In the Hardgrove method, the standard
is 100, with decreasing numbers indicating
progressively harder grinding coals.
Liquid Fuels

Oil fuels are reported in an ultimate analysis
together with higher heating value and sample
density, viscosity, and flash point. Density can
be stated as either standard specific gravity, referred to water, or degrees API, the two terms
being readily convertible. Additional properties are pour point, sediment, and the presence
of solid impurities such as metallic salts.
These properties may influence pumping,
storage, slagging, and corrosion problems.
In general, the ultimate analysis is sufficient
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to determine fuel-air relationships for byproduct liquid fuels such as pulp-mill black
liquor, refinery wastes, pitch and others. But
operating problems may require special tests
in addition to the standard physical property
determinations.
Gaseous Fuels

Gaseous fuels are usually combinations of
saturated and unsaturated hydrocarbons, and
their analysis is reported as a mol or volume
percent of these constituents. Common analyses include low-temperature distillation,
mas's-spectrometer, and adsorption methods.
From this constituent analysis, high heating
value at standard volumetric conditions and
saturated or dry can be calculated by using
standard heating values of constituents.
Where gas samples of large volume can be
provided easily, the classical method of heating-value determination, by calorimeter, is
feasible. For instance, recording calorimeters are often found at transmission-line entry
points to users' plants for billing purposes.
Fuel-Air Proportioning

Combustion airflow measurement and regulation are requisite to good operation because
of the desire to burn a fuel with optimum air
quantity. Some air in excess of the theoretical
quantity for complete combustion is always required, the amount depending upon the fuel
and firing method. Although ideally the lowest
excess air is desirable, there are many conditions under which high excess air results in
more economical plant operation. If, for example, constant steam temperature is to be maintained at 10iv ratings, increased gas mass flow
may be required over heat-transfer surfaces. Increasing excess-air is one way of accomplishing this.
Airflow Measurement

Knowing the quantities of air required and
fuel products formed in terms of weight or volume rates is not necessary from an operating
point of view. The operator wants to know
these quantities relative to the theoretical

amounts for the fuel rate being burned.
Operating indexes, therefore, are designed to
show the percent excess-air or relative percent
total-air quantities. On the other hand, for engineering design purposes, these air and gas
rates are necessary to properly size fans, ducts,
and heat-transfer equipment.
In routine operation, airflow measurement is
accomplished through pressure or draft differential sensing of a gas or air-side component, or
by means of flue-gas analysis. In either case,
field calibration of the metering equipment is
ultimately based upon test flue-gas analysis.
Flow measurement by pitot-tube techniques is
somewhat restricted in boiler air and gas flow
problems because duct configuration and low
static-impact pressure difference generally
limit the resulting accuracy. More importantly,
the flue-gas analysis method is superior because of its simple interpretation for overall
airflow. However, pitot measurements become
necessary for study of air of flue-gas distribution within a system.
Excess-Air Determinationby Flue-Gas Anaiysls

A simple method of volumetric flue-gas analysis is by Orsat apparatus, Fig. 1, in which a
known volume of gas is sequentially exposed to
absorbent solutions for carbon dioxide and oxygen. Measuring sample volume between stages
indicates the constituent volume percentages
and the remaining nitrogen. Trace gases such
as argon are included with nitrogen, while sulfur compounds such as sulfur dioxide and trioxide are absorbed together with carbon
dioxide. For most fuels, their effect on the
gas-analysis results is negligible in excess-air
determination.
The resultant gaseous products for complete
combustion of a fuel using several excess-air
values are calculated from the ultimate fuel
analysis and chemical combining equations.
Plotting the volume percentages of carbon dioxide and oxygen thus formed permits excessair deterinination by volumetric gas analysis.
As a matter of fact, within certain restrictions,
excess-air can be determined without the fuel
analysis, because the available oxygen in
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products is a direct measure of excess-air and,
when compared to the nitrogen, will indicate
percent excess-air. For fuel oil or many
bituminous coals, oxygen measurement using
graphical means such as Fig.. 2 is sufficient to
indicate excess-air with acceptable accuracy.
The practical uniformity of this oxygenexcess-air relationship over a wide range of
fuels makes it extremely useful in both single
and combination fuel firing. Moreover, it is responsible for the widespread use of flue-gas
oxygen analyzers for operating and test purposes. These devices ,employ either catalytic
combustion of a known gas and the uncombined oxygen in a flue-gas sample within a
temperature-sensitive electrical circuit, or
magnetic-field distortion due to paramagnetic
qualities of the oxygen in the flue-gas sample.
In both cases, the effect is proportional to sample oxygen content, and permits calibration of
the instruqent-output signal in terms of oxygen percent.

Detecting UnburnedCombustibles

In modern fuel-burning practice, unburned
gaseous combustibles in flue gas are generally
nonexistent; however, they can occur with certain operating conditions. Even in these cases,
the extremely low quantities to be found [less
than 0.10 percent) are usually beyond the accuracy of Orsat work and require detection by
chemical reaction-calorimetric methods or
laboratory analysis of small samples by massspectrometer and adsorption techniques. In
either case, to avoid misleading results, the
samples must be collected with extreme care to
circumvent sample contamination; For example, the sampling probe should be a quenching
type since hot-probe materials may act as combustion catalysts in the flue gas, thus indicating no combustibles when they are present.

Percent COa (+CO)

Fig. 1 A basic means of volumetric flue-gas analysis is by Orsat apparatus. In this method, a known
volume of gas is exposed to absorbent solutions
for carbon dioxide and oxygen.

Fig. 2 Percentage relationship of oxygen (Oz), carbon dioxide (COZ) and excess air. (Orsat analyses
for a given fuel should plot on a straight line parallel
to the guidelines.)
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Conversely, probes and sample containers
should be free of oil films, high-vapor-pressure
stopcock grease and the like, since these materials may indicate traces of combustibles when
there are none in the flue gas.

TEMPERATURE MEASUREMENTS
Temperature-measurement techniques differ
depending upon temperature level, fluid
stratification, physical accessibility, and accuracy d e ~ i r e d . ~
Generally, two methods are common in
steam-generator testing:
1. filled-system thermometers and
2. thermoelectric and electrical resistance
effects.
These two methods are direct in that they involve fluid-temperature level attainment by the
sensing element. On the other hand, calibration difficulties arising from variations with
different fuels and furnace equipment prevent
frequent use' of indirect techniques, such as
utilization of optical or radiation effects accompanying temperature level of the fluid.
The most common of the filled-system thermometers, mercury and other liquid-in-glass
thermometers use volume expansion. Their
use in gas and air work is restricted to ambientlevel temperatures and, when stratification
does not exist, in ducts. As a variation of the
volume-expansion class, gaseous-bulb type instruments, commonly found in operating instrumentation, also measure accompanying
pressure change. Although this type instrument permits remote indication, it is a fixedposition device, usually requiring field
calibration by another means. See Fig. 3.
The most versatile temperature-measurement devices are those in the second group.
Both thermoelectric and electric-resistance
type techniques are readily adaptable to remote
measurement, thus enabling monitoring of
many points from a single location. Of the txvo,
the thermocouple is more widely used because
of its simplicity and low cost.
THE THERMOCOUPLE

Thermocouple measurement employs the

thermoelectric effect, a phenomenon whose alternate effects were first observed respectively
by Seebeck and Peltier in 1821 and 1834. An
electromotive force (emf) is developed if a circuit comprising two different wires has the two
junctions at different temperatures. The magnitude of the emf depends on the wire materials
and is proportional to the temperature difference between the junctions. Thus, knowing the
temperature at one junction and considering
the wire materials, the temperature at the other
junction can be determined. Special laws govern the effects of intermediate metals and
temperatures.9 See Fig. 4.
Numerous metals are available for thermocouple materials with selection being based
on emf developed, expected mechanical life in
the atmosphere and temperature involved, calibration constancy, and cost. The most common
types are copper-constantan, iron-constantan,
chromel-alumel,10 and platinum-platinumrhodium; their upper limit temperature ratings
for general service are 400, 1100, 1800 and
2700°F respectively.
Several engineering societiesll have de-

Fig. 3 Mercury and other liquid-in-glass thermometers are used in gas and air work for sensing lowand moderate-temperature levels.
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veloped detailed specifications covering
temperature-emf relationships and standard
accuracy limits. Experience with chromelconstantan thermocouples also indicates suitability of this combination for measurements
up to 1600°F with high emf developed.
Thermocouple emf can be measured with
either a millivolt galvanometer or a nullbalance potentiometer. However, in the galvanometer system, the thermocouple circuit
resistance is an additional factor and complicates t h e measurement, whereas in the
null-balance system no current flows in the
thermocouple circuit, the measurement being of the opposing emf. Being simpler, the latter system is more widely used.
THE RESISTANCE-BULB METHOD

The resistance-bulb method involves known
temperature-electrical resistance change characteristic of a material, usually nickel or
platinum, using a Wheatstone bridge type
measuring circuit. This method can be made

Fig. 4. Resistance thermometers have as their sensing element a resistor usually made of pure-metal

wire.
a diagram of a typical simple balancedbridge type of instrument using a Wheatstone
bridge is shown.

extremely accurate and is used in temperature
standards work. However, the high cost of sensing elements and measuring circuit restricts its
use to laboratory calibration w o ~ kor field test
work where high precision is required, such as
measurement of fractional parts of degrees.
USING THERMOCOUPLE PROBES

Generally, flue-gas temperature measurement
is made with thermocouple probes. Such measurement requires that the hot junction of the
thermocouple reaches the fluid temperature
level. Thus, the fluid contacting the thermocouple must be flowing at a sufficient rate to
supply heat lost by conduction from fhe hot
junction along lead wires and by radiation to
colder surfaces. The magnitude of these heat
losses will depend upon probe design, including probe temperature and relative orientation
of the hot junction, and temperature differential between the hot junction and the heat receiving surfaces.
Thermocouple measurement of gas-air
temperature in most ducts is simplified for the
following reasons.
1. Temperature level is below 700°F and does
not require water-cooling of probes for mechanical strength.
2. Ducts are insulated to prevent heat loss and
the interiors of ducts are essentially at fluid
temperature.
At a temperature level .of 700°F,an error of
15°F is commonly found with bare thermocouples 'in proximity to economizer heating
surface at 500°F.
At gas temperatures higher than 700°F,
watercooling of probes is necessary for mechanical strength reasons, and the leadwire
conduction heat-loss increases. More significantly, higher temperature levels correspond
to areas with heat-transfer surfaces such as
economizer, waterwalls, superheater, and reheater, the surface temperatures of which vary
between 500 and 1100°F.As a result, the radiation error of a bare thermocouple junction increases severely until at the furnace outlet

1
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(with gas temperature of 2000°F)the bare thermocouple error is about 200°F.
To compensate for radiation and conduction
heat loss in furnace gas-temperature work, the
thermocouple junction is shielded with a thin
ceramic cylinder through which a high gas
flow is induced. In turn, the shield is subject to
the same heat-loss effects and, by increasing
the number of annular shield layers, the thermocouple junction can be brought to within
+ 5°F of true gas temperature. Usually the fuel
determines the limit to the size and number of
shield openings. With high-ash coals serious
plugging can occur in a short period when
shields with small openings are used.
THE ORIFICE PROBE

Another type of furnace gas-temperature
measuring device is the orifice probe, in which
the hot gas is drawn through two metering
orificesin series, with deliberate cooling of the
gas occurring between them. By measuring the
two orifice-flow rates and cold-gas temperature, the initial gas temperature can be calculated since weight flow is constant and the
orifice-flow differentials indicate volume flow,
which is a function of temperature. The advantage of this type measurement is that it eliminates thermocouple radiation error.
MEASUREMENTS RELATED
TO HEAT ABSORPTION

Heat absorption values are used in developing the surface heat-transfer relationships and
are determined from test steam-temperature
and flow measurements, together with gas
temperatures and flows. Additional performance items in the water-steam cycle are pressures, pressure drops, and qualitylpurity
determinations. Circulation studies in furnace
waterwalls and flow distribution between circuits are other examples of water-steam cycle
testing.
WATER AND'STEAM FLOW
-.

Both steam output and feedwater flow are obtained by pressure-differentia1 measurement

across flow nozzle or thin-plate orifice sections. The two flows are equal except for losses
such as blowdown and injection leakoff. Of the
two, however, feedwater measurement is generally more reliable than steam flow because
orifice coefficients are more positively established for the former.
The recording flow meters found in most
plants employ commercial orifices or flow nozzles. Overall accuracy is usually plus or minus
2 percent of full scale, unless the installation
has been calibrated against a special test
orifice. These test orifices are plant primary
standards, usually installed in low-pressure,
low-temperature condensate points in the
feedwater cycle to avoid undue extrapolation
of original calibration data. Their calibration is
performed with laboratory weigh tanks, and
extrapolation of flow coefficients to the condensate conditions of flow, temperature and
pressure is usually accomplished on the basis
of Reynolds number and other dimensionless
criteria.
While a few central stqtions have reheat
steam flow meters, it is more common to determine this quantity from primary steamwater flow, high-pressure heater heat balance
and the appropriate turbine gland corrections.
For test of heat-absorption surface characteristics, it is usually sufficient to use the
operating feedwater recorder as these characteristics are essentially constant for rating
changes within meter accuracy, and the fuelair-gas flow data are related to this base value
by heat balance.12
Another method of flow measurement sometimes used is pitot-tube technique. Variations
of the standard air-gas type are usually preferred for manufacturing reasons, and these are
commonly used in some circulation studies
where a low-resistance measuring element is
required. These devices are usually not suitable for total unit flow measurement because
of structural and flow-pattern uncertainty
reasons.
Weigh tanks are rarely found in large utility
installations because of unit size and consequent cost. Flow nozzles and orifices are taking
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over their functions. However, the weighing facilities are necessary as primary references in standard laboratories where the nozzle
- calibration work is performed. T EMPERATURE MEASUREMENT

The common devices for temperature measurement are thermocouples, resistance-bulb
elements and thermometers. The general
statements on this subject made previously
under gas and air measurements also apply to
steam and water measurements.
Some aspects, however, present more serious
problems than in the gas-air work. Since in this
case the fluid pressures are also high, the
measuring elements are rarely exposed directly
to the fluid stream. Measurement is commonly
made by bottoming contact with a metal well
which projects into the stream and provides the
necessary mechanical strength. Several well
designs are'shown in the ASME Performance
Test Code, Supplements on Instruments and
Apparatus, PTC 19.3 and in a paper by J. W.
Murdock.lJ
Another method of fluid-temperature determination is surface-temperature measurement
of the containing steam or water tubing. This
method is only possible where there is no heat
transfer because of temperature gradient effects
from hot gas and steam-film. In these zero
heat-flux areas, the tube-wall gradient usually
presents no problem in measurement, although
even here precautions should be taken against
boundary effects. See Fig. 5 .
Thermocouples are commonly peened directly into the tube metal or attached by
welding the hot junction to the metal. In a
well application, spring loading of the element
is more practical. In both these cases, the thermocouple is grounded and measurement of a
number of points must be by separate circuits
since series connections can form unknown
loops using boiler metal as a third wire.

column heights which are practical, the foolproof-simplicity of the method is the reason for
its retention as a reference. Glass-faced .mercury manometers are used for pressure-differential workup to line pressures of 2000 psig,
especially for orifice-flow nozzle differential
measurements. Some range flexibility exists
through use of liquids whose densities are between those of water and mercury. A variation
of the visible column, used for pressures over
2000 psig, is a column inside a tube or jacket
with a float indicating liquid level through
mechanical linkage or magnetic pointer.
Deadweight instruments employ incremental weights acting on a given-sized piston
which floats when the liquid and weight pressures are equal. In deadweight gages, the liquid
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PRESSURE AND PRESSURE DIFFERENTIALS

The fundamental Pressure and pressuredifferential measuring device is the visible
liquid column. Although its use is limited to

Fig. 5. Thermocouples are used for surfacetemperature measurement of tubing containing
fluids at high pressure.
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pressure is line pressure, its value determined
from the weight total. In deadweight testers,
the liquid is in a closed system with the pressure acting on the instrument to be calibrated
and on the weight piston from which the pressure value is determined.
A common steam-water pressure measuring
device is the Bourdon gage, Fig. 6 , the simplest
form of which is a bent flattened tube that tends
to straighten itself when internal pressure is applied. Motion of the tube end is transmitted
through linkage to a pointer which sweeps a
graduated scale. The concept of mechanical
motion or distortion due to fluid pressure is
common to all pressure elements; the differences occur in the way this force is translated
into a signal. Development of this idea is found
in diaphragms, bellows and cylinders whose
motions are linked to and described by
pointers, strain gage wires, varying resistance
bridges, differential transformers, and other
mechanical or electrical signal generators.
Such combinations of devices are known as
pressure transducers. Their sensitivity, linearity, repeatability, and hysteresisare characteristics to be evaluated in selecting a combination
for any specific application.

ADDITIONAL
PERFORMANCE MEASUREMENTS

The steam-generator pressure parts are the
means by which heat liberated in combustion
of the fuel is absorbed by the steam-water fluid.
Since the process is one of heat flow, it must be
apparent that temperatures of the various
equipment items are the basic criteria for design once the desired pressure is stated.
The thermocouple is by far the most-used
piece of test apparatus in steam-generator
study. Its adaptability for remote measurement
of many widely separated points permits investigations and control otherwise impossible.
Usage is not limited to pressure parts but includes structural parts as well.
Aside from temperature considerations,
steam-generator equipment is subjected to
abrasion and erosion and to vibration forces.
The first two are generally long-term processes
requiring correlation of metallurgical laboratory studies with prolonged operating experience. The main function of field-test activity
in this area is to establish the magnitudes of
existing factors such as temperature, gas-flow
velocity patterns, ash-fuel character and
concentrations.
With the increase in unit size an'd desire for
balance between strength and weight, vibration forces have received considerable attention because of their destructive effects.
Standing waves in flue-gas passages induce
structural and pressure-parts vibrations. Test
activity in this area is required for corrective
work and to provide design criteria to avoid
susceptible arrangemerits. Gas vibrations are
measured with traversing pressure transducers
and oscillographic measuring circuits or mechanical vibration graphing devices, depending upon conditions. The latter are also used
for structural and casing members.

i&

Fig. 6. In its simplest form, the Bourdon gage, a
common steam-water pressure measuring device,
is a bent flattened tube that tends to straighten itself
when internal pressure is applied.

..

Another problem related to temperature factors is equipment expansion between hot and
cold positiorls: These movements are generally
measured with trams or dial gages depending
upon the application. For instance, since lower
waterwall headers on certain units will move
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downward as much as 15 to 20 inches, and
other parts lesser amounts, unrestrained movement is essential.

GAS-FLOW ME~SUREMENT
AND SAMPLING TECHNIQUES
Measurement and sampling of the gaseous
and particulate products of combustion are essential for verification of compliance with
emission regulations; assessment of the performance of emission-control systems; and in
evaluating the potential for corrosion, erosion,
and deposit formation on internal surfaces such
as ducts and stack liners. The principal method
of determining the concentrations of particulate material and of the oxides of nitrogen and
sulfur in a gas stream is gas sampling. Other
gaseous products of combustion that are measured, particularly in municipal-waste-fired
plants, include: hydrogen chloride, hydrogen
fluoride, heavy metals, and certain organic species. Measurement of the gas volumetric and
mass flow-rate is required to assess equipment
performance and to determine the total mass
emission rates.

1
TABLE I.Principal EPA Methods
for Measuring Flow Rate and
Sample ~ r o d i c t s
of Fossil-Fuel
Combustion
EPA METHOD

1
2

3

4

5

6

7

TECHNIQUES OF MEASUREMENT

The Environmental Protection Agency (EPA)
Methods publications describe those techniques most widely used in the United States
for measuring the products of fossil-fuel combustion, These test procedures appear in the
Code of Federal Regulations, Title 40, Part 60,
Appendix A, and are printed by the Office of
the Federal Register, National Archives and Records Administration. Table I lists the principal
EPA methods applicable to the products of fossil-fuel combustion. The following sections
will cover commonly used EPA procedures for
measuring gas flow, particulate matter, sulfur dioxide, sulfuric-acid mist, and nitrogen oxides.
GAS FLOW RATE QUANTlFlCATlON

Test Methods 1 through 4 detail an approach
for measuring the gas mass or volumetric flowrate using a pitot-static probe, described later in

8

9
10

17

19

Application

Layout of sampling/measurement
points in a duct or stack.
Determination of duct or stack gas
velocity and volumetric flow rate
using a Stauscheibe pitot tube.
Determination of the carbon-dioxide,
oxygen, and carbon-monoxide
content of a gas sample using an
Orsat or Fyrite analyzer.
Determination of the percentage
moisture in an extracted gas sample.
Determination of the particulate
concentration of a gas stream. This
test method employs a filter enclosed
in a heated housing, external to the
gas stream.
Determination of the moisture-free
sulfur-dioxide concentration of an
extracted gas sample.
Determination of the moisture-free
nitrogen-oxide concentration of an
extracted gas sample.
Determination of the moisture-free
sulfur-dioxide and sulfuric-acid
concentration of an isokinetically
extracted gas sample. A multipoint
traverse is employed with this
method.
Determination of stack-emission
opacity through visual observation.
Determination of the
carbon-monoxide concentration of an
extracted sample using a
nondispersive infrared analyzer.
Determination of the particulate
concentration of a gas stream using an
in-situ filter.
Calculation methods for determining
system sulfur-dioxide removal
efficiency, and particulate,
sulfur-dioxide and nitrogen-oxide
emission rates from electric utility
steam generators.
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the chapter. These methods employ a technique
of subdividing the duct cross section into
equal-area zones. The number of zones required is a function of the distance of upstream
and downstream disturbances relative to the
measurement plane. From point gas velocity
measurements i n each of these equal-area
zones, the mean duct velocity can be used
to determine the gas volumetric flow-rate as
follows:

Q=AXV
where

Q - gas volumetric flow-rate
A-measurement plane cross- sectional area
V -mean duct velocity

Mass flow can be determined from the volumetric flow-rate if the gas composition, absolute pressure, and gas temperature at the
measure'ment plane are known. Methods 3 and
4 detail test procedures for determining the
principal products of fossil fuel combustion,
including carbon dioxide, carbon monoxide,
oxygen, and water.
The equal-area zone technique is also specified by ASME PTC 19.5, Fluid Velocity Measurement. This Code discusses errors produced
in non-uniform velocity distribution. Also, several analytical methods of velocity averaging
are presented and evaluated.
MEASUREMENT OF-PARTICULATELOADING

Procedures for the determination of the particulate concentration in a gas stream are detailed in EPA Methods 5 and 17. As specified by
these test procedures, a sample of gas and particulate is isokinetically extracted, with a sharp
edged nozzle, from equal-area zones. Isokinetic
sampling simply means that the gas/p&iculate
sample is extracted at a rate equal to the flow
rate of gas i n that zone. The extraction rate of
the gaslparticulate sample is measured by a pitotstatic tube and must be adjusted, or verified,
for each sample point. These methods require
that the rate of sample extraction should be
within 90 to 110 percent of isokinetic.

Once the gas sample has been extracted, it
passes through a glass fiber filter which captures a majority of particulate larger than 0.3
micrometers. The remaining particulate travels
through a heated sample line to a series of
chilled-water impingers and a desiccant, which
remove all remaining particulate and water vapor from the gas sample before it reaches a drygas meter and sample pump. The particulate
loading in the gas stream is typically reported
as grains of particulate per actual or dry standard foot of gas, (gr/acf or gr/dscf). Stack emissions are reported to regulatory authorities as
the pounds of constituent per million Btu heat
input to the boiler. This may be calculated as
follows:

where

E

= amount of pollutant in an

extracted gas sample
C, = pollutant concentration
O2 = volume percent oxygen on a
water-free basis
CO, = volume percent carbon dioxside on a water-free basis
F, = oxygen fuel factor
F, = carbon-dioxide fuel factor
Fuel factors can be determined from an ultimate analysis of a fuel sample or an estimated
value is provided in EPA Method 19. These
equations are applicable in reporting the emission rate of most gaseous or particulate pollutants.
The principal difference between Methods 5
and 17 is the location of the glass fiber filter.
Method 17 uses a thimble-type filter located at
the end of the probe just upstream of the nozzle, Fig. 7. Method 5, Fig. 8, employs a flat
filter enclosed in a heated housing on the end
of the probe, external to the gas stream. Method
17 is preferred for high particulate loadings,
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such as upstream of a particulate collection device, because a thimble filter can accept much
more ash before blinding.
Both Methods require the extraction of at
least 30 dry standard cubic feet (dscf) of gas
over a period of not less than 60 minutes. The
amount of gas sampled, however, is often dependent upon the anticipated particulate loading. For instance, it is not uncommon to extract
as much as 60 dscf over 120 minutes at the outlet of a high efficiency particulate-collection
device. This provides a larger particulate catch
and, therefore, a more accurate result.
An accurate result is also dependent upon

maintaining proper temperature in the sample
probe and filter. Insufficient heating of the
probe and filter can allow sulfuric acid condensation. Acid which is deposited on the filter
will be reported as particulate. Heating the
probe too hot can also affect the accuracy of test
results. If the probelfilter temperature is too
high, the particulate sampled may be volatilized. For this reason, EPA limits the probetfilter
temperature to less than 320°E
MEASUREMENT OF SULFUR-DIOXIDE AND
SULFURIC-ACID CONCENTRATION

Procedures for measuring the concentration

Temperature Sensor
Type-S Pitot Tube

In-Stack Filter Holder

Thermometer

Pitot Manometer
Thermometers

Orifice Manomete
/

Dry-Gas Meter

Fig. 7 Typical particulate-samplingtrain, equipped with in-stack filter.
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of sulfur dioxide in a gas stream are outlined in
EPA Method 6, Fig. 9. As described in this
method, a sample of gas is extracted through a
heated probe and sample line and then passed
through a series of ice-water-chilled impingers.
The first of these impingers contains an 80 percent isopropanol (IPA) solution. The successive
two impingers contain a 3 percent hydrogen
peroxide solution. Sulfuric-acid mist is preferentially absorbed in the first IPA impinger
while the sulfur dioxide is absorbed in the following two peroxide impingers. Following the
impingers, the gas sample is further dried using a desiccant and the dry gas volume is me-

tered. Preceding sampling, or i n between
sample runs, the gas train is purged with air for
at least 15 minutes. Gas sample times are at
least 20 minutes although longer sample times
are desirable when measuring low sulfurdioxide concentrations.
The sulfuric acid in the gas stream can also
be measured with this type of gas train if isokinetic sampling from equal-area zones is used
(EPA Method 8). Isokinetic, multipoint sampling is also necessary if sulfurdioxide stratification is present. Stratification is most likely in
ductwork runs downstream of the absorber
module. Gas entering a flue-gas desulfurization

S<
E Zy
? '
Temperature Sensor

'probe

,Thermometer

Thermometer,

Pitot Manometer
Thermometers
Orifice

Main Valve

2-1
-

.

.

-

-

Dry-Gas ~ e t e i

*

Fig. 8 Particulate-sampling train

'~ir-Tight Pump
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system is usually well mixed so that a singlepoint sample, Method 6, is acceptable.
Following extraction of a gas sample, the sulfur dioxide or sulfuric acid absorbed in the impingers is titrated. From the -titrant volume
required, and the dry gas volume sampled, the
concentration of sulfur dioxide and sulfuric
acid in the gas stream can be calculated. As
with the particulate loading, sulfur-dioxide
and sulfuric-acid concentrations are usually reported on a pounds of pollutant per million Btu
heat-input basis.
An instrumental procedure for measuring the
sulfur dioxide concentration can also be used,

Method 6C. An extracted sample of gas is dried
to remove all water, and is then introduced into
an analyzer. The analyzer must undergo calibration checks to verify its .ac_curacypreceding
and following each sample run. Instrumental
methods of measuring gas sulfur-dioxide concentration can provide results in a shorter
length of time and can readily identify ductwork sulfur-dioxide stratification.
MEASUREMENT OF NITROGEN-OXIDE
CONCENTRATION

Both absorbent and instrumental techniques
have been developed by the EPA for measuring

Temperature Sensor

Pitot Manomete
Thermometers

Dry-Gas ~ e t e i

Fig. 9 Sulfuric-acid mist-sampling train
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the concentration of nitrogen oxide in a gas
stream. Instrumental Method 7E has gained the
widest use because results can be obtained immediately following gas sampling. Method 7
requires six?een (16) hours between collection
of the gas sample and analysis of the absorbent
to determine the nitrogen-oxide concentration.
In both Methods, a sample of gas is extracted
through a heated probe. Isokinetic sampling is
usually not necessary unless there is reason to
suspect NO, stratification. As specified in
Method 7, a sample of gas is collected in a twoliter boiling flask with 25 milliliters of absorbing solution. After contacting the absorbing
solution with the gas sample for at least 16
hours, an aliquot of the absorbing solution is
analyzed using spectrophotometry. The absorption of NO, by the spectrophotometer can then
be related to the NO, concentration of the gas
sample.
In Method 7E, the NO, in the extracted sample is first converted to NO. A chemiluminescence analyzer is then used to determine the
N0,concentration. As with the SO2instrumental method, calibration checks are necessary to
verify the accuracy of the indicated results.

W. Hawksley defines the approach of the
British Institute of Fuel14.This publication discusses the effects of nonsymmetrical gas-flow
distribution and boundary-layer profiles. It
should be noted that the equal-area zone
method, as typically used, can easily miss the
boundary-layer flow profile. Very small incremental areas would be required for the velocity
probing device to "see" all of the boundary
layer. However, traversing time can be reduced
if the boundary layer is evaluated in detail for
one test only and then used to correct coarser
subsequent traverses. This approach is justifiable since each flue or stack will have its own
characteristic boundary layer which is a function of the specific system geometry and flow
turbulence. There have been occasions where
boundary layers representing 5 percent of the
flue diameter have produced flow errors of
some 10 to 20 percent.
VARIATION IN RESULTS
USING PITOT-STATIC MEASUREMENT

Pitot-static tube velocity measurements have
been coupled with the equal-area technique for
many years. The results of total gas flow can be
quite varied and misleading, if care is not given
to the selection of the measureqent plane, or
consideration given to the selection of the
proper type of flow-measurement device for the
flow directionality that is present. Table 11'5
presents the results of several total gas-flow
measurements using the pitot-static tube and
equal-area techniques as called for in the above
standards. The results listed are derived from a
typical utility steam-generator installation operating at constant load. As noted, the flow as
measured can vary from 104 to 150 percent of
rated value.

THE NEED FOR ACCURATE MEASUREMENT
OF GAS FLOW

The information in the final portion of this
chapter is included because of the profound effect that the quantity of gas being handled has
on the sizing and cost of the gas-treatment
equipment.
The determination of total quantities of
gaseous and solid constituents in the gases
leaving a steam generator depends upon an accurate quantitation of the gas flow itself. For instance, in the sampling of dust, the amount of
material caught in a sampler is reduced to a
dust concentration of, say, pounds of dust per
1000 pounds of gas. The total quantity of dust
being emitted by the source, then, is the product of dust concentration and total gas flow by
weight.

POWER-PLANT FLOW PATTERNS

BOUNDARY-LAYER EFFECTS

Measurement of Solids in Flue Gases by P. G.

-

Industrial ductwork and flues are designed
to connect pieces of equipment at the minimum
cost and minimum space requirements. The resultant flow patterns quite often deviate from
the desired uniform and unidirectional condition required for accurate quantitation of,flow.
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Table 11. Gas-Flow Measurement:
Gas flow measured at different locations in accordance with methods given in ASME
27 and by
using a pitot-static tube. Observe the gross
divergence of measured values and the necessity for
careful choice of measurement point.
Measurement Point

Rated Value
Mechanical-Collector Inlet
Mechanical-Collector
Outlet
Induced-Draft Fan Inlet
(Precipitator Outlet)
Induced-Draft Fan Outlet

Gas Flow
CFM

Percent
Rating

300,000

100

383,000

128

449,000

150

313,000
424,000

104
141

Flow separation and reverse flows, often found
in the major runs of flues, are corrected only by
major pressure drops such as an air heater or
excessively long runs of duct work.
Flow patterns in stacks and fans frequently
are highly productive of vortex energy. A basic
problem associated with vortex formation is
that vortices will persist for many diameters
downstream from the source. Vorticity has a
very strong effect on dynamic-flow measurement devices.
Occasionally, reverse or negative flow may
be encountered. A question then arises as to
how to calculate the total volume flow rate from
this type of data. Fluid-flow continuity requires that all velocity points, both normal
direction and reverse flow, be arithmetically
averaged and applied to the total crosssectional area of the plane of measurement. If
this is not done, the recirculated gas flow (the
negative values), which can represent 5 to 15
percent of volume throughput, will increase
the positive flow values by the same amount
and produce a measured flow that is high.
VELOCITY MEASUREMENT

The classical and long-term approach to the

measurement of fluid velocity has been by pitot
tube. Several referencesl"l9 are available which
describe the developing history of this device.
Appendix E of the 1981 edition of this text, Velocity Calculations by Graphical Methods,
presents graphs that can be used for quick determination of gas velocities from pitot-tube
readings.
THE

TUBE

The typical flow-measurement device is the
pitot tube shown in Fig. 10. The impact or totalpressure hole is the most useful part of the
probe. Hydraulically, the impact pressure is
the true sum of the local static and dynamic
(velocity) heads. Also, the impact hole can
have a cone of response of some 60 to 70 degrees. Therefore, accurate angular positioning
of the probe for total (impact) pressure measurements is not critical. However, positioning
of the probe parallel to the flow direction is
very critical for static-pressure measurement.
The static-pressure-tap reference surface
should be parallel to the flow stream-lines.
Also, ideally, the flow stream-lines should be
straight and parallel. Any flow stream-line

Total Pressure Hole
Total Pressure

Fig. 10 A pitot tube for fluid-velocity measurement
with pressure connections and readout shown
schematically

COMBDSnON
Performance Testing of Steam Generators

which is not parallel to the static surface will
induce an impact or reverse-impact, dynamic
pressure at the static hole and create an associated error.
One practical problem associated with the
pitot tube is the right-angle bend and probe tip
length. This configuration requires large holes
in the flue, or duct wall, or some awkward
probe handling by the user. The bend also
makes it difficult to probe the flow at the near
side, or access wall, of the flue. Large holes in
the flue wall are, in turn, difficult to seal to prevent leakage errors. Another problem associated with the standard pitot .tube is the
tendency for the small holes to plug in flues
with heavy dust loadings.
THE STAUSCHEIBE PITOTTUBE

To eliminate such problems, stack samplers
have used the "Stauscheibe" or Type S pitot
tube shown in Fig. 11. Because the reverseimpact method is used to read the static pressure, this probe will produce a new velocity
head reading h = KV2/2g where K will be
greater than 1.0. A velocity correction factor C,,
is 0.855. However C, is not
where V = c,constant, but it is a function of velocity. Cole18
recommends C, = 0.870 at 10 Wsec and 0.885
at 3 ftlsec. C-E has found that C, is 0.855 only

for velocities of 20 fttsec and higher. Cole shows
that there are many variations of C, with probe
manufacture; thus, each Type S probe should
be calibrated in a known flow stream and a
curve of C,vs velocity prepared.
THE FECHHEIMER PROBE

A directional pitot tube, see Fig. 12, has been
developed using the work of Fechheimer.19
This probe is basically a reverse impact probe,
but makes use of properties of the flow field
around a cylinder. Two additional static, or
Fechheimer, taps are located on the "forward"
face of the cylinder. Two sets of differential
readings are required. The probe is rotated in
the gas stream until the velocity taps read positive and the two additional static taps are
nulled. The probe is then "looking" directly at
the flow-velocity vector and the angle can be
recorded.
The Fechheimer probe is very sensitive to the
problem of flow moving along the length of the
stem when the stem is not exactly perpendicular to the flow field. Folsom evaluates this condition, called "stem effects," in reference 19.
The probe used in C-E's laboratory places the
sensing cylinder at the end of the airfoil stem
which will tend to bleed off stem flow before it
reaches the pressure sensing holes. This mod-

5/16"OD x 0.035" Wall

Gas or Air Flow

Stainless Steel Tubes

Weld
Surfaces
Must Be Parallel
to Each Other

L

Fig. 11 The Stauscheibe or Type S pitot tube

I
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ification minimizes, but does not eliminate, the
induced stem errors. The veIocity correction
factor, C,, for this probe is not as dependent on
small differences in manufacture as is the Type
S probe. In this case, the value of C,is typically
0.78 for probe Reynolds numbers in excess of
100.
THE FIVE-HOLE PROBE

Another type of directional pitot tube is the
five-hole or three dimensional probe; see Fig.
13. This probe is similar to the Fechheimer
probe; however, it has an additional two pressure-sensingtaps which allow measurement of
the pitch angle of the velocity vector. As with
the Fechheimer probe, the static pressure taps
are nulled so that the probe is "looking" directly at the flow velocity vector. The pitch angle is determined from a calibration curve
which relates pitch angle to a pitch pressure
coefficient, C,. This coefficient is the ratio of
the pitch tap differential pressure over the
flow-velocity pressure.

Each probe head has its own calibration curve
which is a function of Reynolds number.
The use of a five-hole probe is most important where there is significant directionality of
the gas flow. That is, the flow-velocity vector is
not parallel to the duct axis. Most pitot probes
are insensitive to flow directionality less than
15 percent. The Fechheimer probe measures directionality only in the plane normal to the
probe; a five-hole probe measures directionality
in planes normal and parallel to the probe.
If the flow vector at a point is known, then the
component of flow normal to the plane of tra-

Gas or Air Flow

Potentiometer

Static
Pressure

Fig. 72 A Fechheimer directional pitot tube

Fig. 73 Five-hole probe
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verse can be calculated. The duct gas flow can
then be expressed as:
n

Q, = A $

C Vi (cos 4)(cosJ/)

1.1

where
Q, = gas flow rate normal to the

plane of travers
A = duct cross-sectional area
V = gas velocity at one point
4 = yaw angle of flow-velocity
vector
II.= pitch angle of flow-velocity
vector
n = total number of traverse
points i = any one point
As shown by this equation, pitot probes which
do not account for flow directionality.can indicate gas flow rates which are higher than are actually present. Selection of a probe should be
based upon the directionality of the flow stream
at the measurement plane. Typically, in most
large boiler installations, the stack is the only
location where the directionality of the gas flow
in both planes is less than 15 percent. However,
if a duct has less than this amount of flow directionality along the pitch plane, the Fechheimer
probe can be used.
THE HOT-WIRE ANEMOMETER

A device now often used for measurement of
industrial fluid velocities is the hot-wire or
hot-film anemometer. A single hot-wire system
is described in PTC 19.5. The hot-wire anemometer has the advantage of high sensitivity
at very low velocities, producing an electric
readout and a measurement of turbulence. A
disadvantage is its incapability of measuring
directional flow in complex flow fields. It is
also fragile and can easily be broken in flues
with heavy dust loading. This last problem can
be overcome by the use of a hot-film anemometer. The hot-film anemometer operates with the
characteristics- of the hot-wire, but sacrifices
the ability to measure very high turbulent fre-quencies. Since high-frequency response is

typically desirable only in aerodynamic windtunnel studies, it is rarely needed for industrial
flow evaluation.
INSTRUMENT CALlBRATlON

All devices should be calibrated to insure a
reasonable level of accuracy. The standard
pitot tube will deviate from the theoretical Bernoulli response of C, = 1.0 as a function of
wear. The Stauscheibe and Fechheimer probes
produce values of C, which will also vary as a
function of velocity and wear. The hot-wire and
hot-film response is typically some function of
V" where n is less than 1.0 and will vary with
dirtiness. Also, each device is dependent on
gas composition. Using these dynamic devices
requires that the gas density be known and the
hot-wire requires the further evaluation of gas
thermal properties. Fortunately, the probes can
be calibrated in air and analytically corrected
for gas proper tie^.^^

To simplify energy calculations, flow turbulence is usually considered to be a random, but
isotropic process. Typically, flow in industrial
flues produces two distinct turbulence characteristics described as rolling and' vortex flow.
ROLLING FLOW

Many installations include sharp corners
and other abrupt discontinuities which will
produce the turbulent roll. This roll is characterized by fluctuating velocity components p
and v usually coplanar with the major flow vector. A third component w is perpendicular to
the main-flow vector and is usually of smaller
magnitude. Isotropic turbulence, which is defined as p = v = w, is difficult to find in industrial work.
VORTEX FLOW

Although vortex flow can be produced by
stack entrances and fan discharges, it can also
be produced by two rolling turbulence patterns
intersecting at an angle. It is difficult to characterize vortex flow in linear-velocity vector

,

.
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notations. Typically, all turbulence is characterized when possible by the combined values
of intensity (AU), frequency, and scale or size
of the major eddies.
EFFECTS ON VELOCITY MEASUREMENTS

Turbulence, when applied to a dynamic device such as the standard pitot tube, will introduce a series of basic errors in the interpreted
reading. The first is mathematical in that the
reading produced by the pitot tube is a "head"
of V2/2g,while the result required is the velocity or V.l.O Fig. 14 shows that, when measuring
a turbulent or fluctuating velocity, the head
measured will be the root mean square (RMS)
value of the wave form and will always be
higher than the head produced by the "average" velocity. Second, this problem is complicated by the flow dynamics of the resistance of
the small-size pressure taps and tubing, the
compressi6ility of air or gas in the tubes (where
applicable), and the inertia of the indicating
fluid. These effects are additive such that, in
turbulent flow fields, when using fluid dynamic devices, the velocity as read will always
be higher than the actual velocity being
measured.
'
VELOCITY READOUTS

The problem of flow resistance can be partially corrected by using large sensing holes in

Vel.
or
Vel.
Head

UMean

Vel. Head

Time
Vel. Head =u2/2g= ( U ~ t A u ) ~ / 2 g
.:~ . H . ~ / 2 g > U ~ ~ / 2 g
Fig. 14 Pulsing-flow wave forms obtained in measurements of fluctuating velocities

the probe, close coupling of the readout device
to the probe, and a readout device of Tow displacement volume and inertia. The readout device should also be caipable of producing an
electrical output signal. The signal can be recorded, for later analysis of the mathematical
RMS effect on the velocity reading.
An approach to the mathematical evaluation
of turbulent effects on velocity readings is
given in theASME Performance Test Code 19.5
Paragraph 57, which specifies isotropic turbulence and the RMS approach. It is relatively
easy to apply this guide if the signal is sinusoidal. However, if the signal is not sinusoidal,
turbulence effect is difficult to evaluate. This
problem can be resolved by using a true RMS
voltmeter to produce a true RMS reading independent of the applied wave form.
The effect of flotv-streamvorticity has just the
reverse effect on the velocity readout. Vorticity
represents a well-ordered flow field of significant curvature. Flow curvature, in turn, produces a very definite radial pressure gradient. If
the radius of curvature of the flow is of the same
order of size as the measuring device, the device will not be measuring either the correct
dynamic or static pressures. Vorticity of small
size and high intensity can, therefore, contain a
significant amount of dynamic or pressure energy which will not be read if the measuring device is physically larger than the size of the
turbulent vortices being produced.
Unfortunately, there is no easy way to evaluate the effect of vorticity on measurements of
dynamic flow. Therefore, vorticity.shou1d be
minimized or eliminated by egg crates or
screens if no other flow-traversing station
without vorticity is available.
Recommendations on reducing the major
sources of error in obtaining total gas-flow
rates, based on the above, are given in "Quantitation of Stack Gas Flow" by C. L. Burton.21
DRAFTS AND PRESSURE LOSSES
(AIR AND GAS)
Draft and pressure losses in steam generators
and gas-treament equipment are recorded in
routine and special test operations because
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they indicate the system resistance which fans
must overcome.
Test measurement is usually of draft differential rather than draft alone. Aside from convenience in direct reading, a restriction must
be observed i n that draft measurement is with
reference to some atmospheric pressure. Since
atmospheric pressure changes with elevation
(approximately one-inchwater gage per 100 ft),
all draft gages must be at the same elevation or
readings corrected for elevation; otherwise,
an error of as much as 10 percent can be
introduced.
Measurement is with inclined and U-tube
liquid manometers. Duct walls and casing connections are usually suitable; the maximum
error due to impact would not exceed one velocity head which is less than 0.1-inch water
gage in most cases. Since condensation and ash
plugging in connecting lines are the most corn-

Heat Input

Heat Output
(Heat Absorbed)
Losses

From the Heat-Balance Diagram
Input = Output + Losses
By Definition.
Output
Percent Efficiency = lnput x 100

-

Input - Losses
x 100
lnput

Losses
=k--)x100
= 100 -(-x

100)

= 100 - Percent Losses

Fig. 15 Basic heat-balance diagram
and efficiency relationships

mon source of error in draft measurement, the
importance of adequate line pitch, drain connections and blowout fittings cannot be overemphasized.

STEAM-GENERATOR
EFFICIENCY
The desire to achieve Process completion
with ~ ~ x i economy
~ u m is basic in any technical effort. One measure of performance in
steam generators is overall or gross efficiency
defined as the ratio of heat output (heat absorbed) to heatinputa2*A heat-balance diagram
as shown in Fig. 15 indicates the corollary is efficiency = 100 - percent losses.
The ASME Performance Test Code for Steam
Generating Units allows efficiency tests that
use only the chemical heat in the fuel as input.
It does not, however, give an explicit definition
of boiler efficiency on such a chemical-heat
basis where heat credits are to be taken into account. In such practice, the heat diagram and
efficiency become as in Fig. 16.
Present day units are large, and the water, steam and fuel quantities associated with
them are so great that their measutement with
high accuracy is extremely difficult. Weighed
water and fuel tests are seldom feasible on
these units, and the results with operating instrumentation are subject to commercial meter
accuracies. Hence, the input-output method is
often unsuitable for an accurate -test of very
large stationary boilers, because it requires accurate measurement of.the quantity and heating value of the fuel, and of the heat absorbed
by the steam generator.
Besides costing less, efficiency measurement
by the heat-loss method has several advantages
over the input-output method. It is more informative since it establishes the individual losses
for comparison with expected performance.
Regarding accu~acy,the_total losses are only
10 to 20 percent and fuel sampling and analysis
errors affect the end results slightly, whereas
in the input-output method these errors are
at least four or five times as significant. Also,
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the basic losses measurements are simple: fuel
analysis, exit gas temperature, entering air
temperature, and refuse combustible content.
Minor items in the-heat losses can be obtained
from sources suc5 as ASME Performance
Test Code PTC 4 which contains detailed instructions on test procedures and results
calculations.
In order to achieve the objectives of a boiler
test i n accordance with PTC 4 , agreement must
be reached, before the test, on the definition of
efficiency, the general method (heat loss or
input-output), the heatmedits and losses to be

F' '

Chemical-Heat
Input (CHI)
+ Heat,Credits

Output
(Heat

Losses

CHI + Heat Cred~ts
= Output Losses

By Definition, CH Efficiency

-- Output
- CHI

100

- Chem~cal-HeatEfficiency, Percent
- CHI + Heat Credits - Losses x 100
CHI

= (l

+

)

H e a i y i t s - Losses
x loo
CHI

= 100 - (Percent Losses - Percent

Heat Credits)

Fig. 16 Chemical-heat input (CHI) is the higher
heating value of the fuel fired in the boiler above a
stated reference temperature.

measured, and the heat credits and losses to be
assigned where not measured. In addition, allocation of responsibility for all performance
and operating conditions affecting the test
must be established, as well as acceptable
operating conditions, number of load points,
the direction of test runs, and any basis for rejection of runs.
Before a test is started, it must be determined
whether the fuel to be fired is substantially as
intended. A reliable, accurate efficiency test for
purposes of equipment acceptance depends
upon the fuel being in close agreement with
that for which the steam-generating unit tvas
designed. Significant deviations-in fuel constituents and heating value can result in appreciable inaccuracies in heat-loss calculations
and resulting efficiencies. Although the magnitude of deviation that is tolerable is difficult
to establish, it should be recognized that fuelanalysis variation producing changes in heating value on the order of 10 percent can alter
final calculated efficiency about 1 percent.
The Test Code does not include consideration of overall tolerances or margins on performance guarantees; test results are to be
reported as computed from test observations,
with proper corrections for calibrations. Allowances for errors of measurement and sampling are permissible provided they are agreed
upon in advance and are clearly stated in the
test report. The limits of probable error on calculated steam generator efficiency are to be
taken as the square root of the sum of the
squares of the individual effects on efficiency.
Whenever allowances for probable errors of
measurement and sampfing are to be taken into
consideration, the reported test results shall be
qualified by the statement that the error in the
results may be considered not to exceed a given
plus or minus percentage. Table I11 taken from
PTC 4 is included as a guide to show the effect
on efficiency of measurement errors (exclusive
of sampling errors). The measurement-error
range in the table is not intended to be authoritative but conforms approximately with
experience. The values in the table are not intended for calculation of test results.
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Table 111. Probable Measurement Errors and Resulting Errors
in Efficiency Calculations*

Measurement

Input-Output Method
(1) Weigh tanks (calibrated scales)
(2) Volumetric tanks (calibrated)
(3) Calibrated flow nozzle or orifice including
manometer
(4) Calibrated flow nozzle or orifice including
recorder
(5) Coal scales-batch or dump (calibrated) (6) Uncalibrated flow nozzle or orifice including
manometer
(7) Uncalibrated flow nozzle or orifice including
recorder
(8) Fuel heating value (coal)
(gas and oil)
(9) Reheat flow (based on heat balance calculations)
(10) Superheater outlet temperature (calibrated
measuring device)
(11) Superheater outlet pressure (calibrated
measuring device)
(12) Reheater inlet and outlet temperature
(calibrated measuring device)
(13) Reheater inlet and outlet pressure
(calibrated measuring device)
(14) Feedwater temperature (calibrated measuring
device)
Heat-Loss Method
(1) Heating value (coal)

(gas and oil)
(2) Orsat analysis

(3) Exit gas temperature
(calibrated measuring device)
(4) Inlet air temperature (calibrated measuring
device)
(5) Ultimate analysis of coal (carbon)
(hydrogen)
(6) Fuel moisture

Measurement
emr,
percent

Error in calculated
Steam Generator
Efficiency, percent

20.25
+1.25

20.25
21.25

21.60

21.60

20.50
20.35
20.60
20.25

20.50
20.35
20.10
20.15

21.00

20.00

20.25

20.10

k0.50

20.00

20.25

20.10
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FIG 1 STEAM GENERATING UNIT DIAGRAM

I
This diagram for boiler tests serves as a key to the numerical subscripts used throughout
Performance Test Code 4.1, Steam Generating Units
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CHAPTER 23

Maintenance and Repair of Steam-Generating Equipment

AA

good maintenance program is one of the
keys to reliability of any steam generator.
To be successful, such a program requires managerial ability, expertise, imagination, planning, training, and the commitment of top
management. In addition, maintenance must
be closely integrated with both the operation
and power-station engineering functions.

MAINTENANCE FORESIGHT
Because plant layout can either facilitate or
impede a maintenance program, maintenance
personnel should be a part of the initial design
team to insure the plant layout facilitates maintenance. Ideally, the person who will be ultimately responsible for plant maintenance
should be a member of the design team.
Only during the design stage can truly adequate space be allocated for maintenance. As
equipment is located, maintenance personnel
must have space to remove the largest replaceable part easily. The steam generator should
have enough access doors so that all areas may
be entered easily for inspection. Access doors
and aisles also must be large enough to accommodate components that must be moved to a
maintenance area. Sufficient headroom is a
must.
- Overhead trolleys and cranes for mainte-

nance should be designed into the plant rather
than retrofitted. All high-maintenance items
should have adequate laydown and work areas
adjacent to the equipment. Models can help the
designer plan for accessibility (Fig. 1).
Designers responsible for piping and electrical work must be aware of areas requiring
accessibility for maintenance. Often piping
and wiring are field-run from drawings having
notes advising construction personnel of special maintenance requirements.
EQUIPMENT MANUALS: AN ASSET
TO EFFECTIVE MAINTENANCE

It is important at the time equipment is purchased to specify operation and maintenance
manuals which are complete, detailed, and
specific to the piece of equipment supplied.
Material that does not contribute to an understanding of the design, care, operation, and
maintenance of the equipment should be excluded. Manuals should include
a step-by-step disassembly procedures
step-by-step reassembly procedures
preventive maintenance and lubrication instructions
lists of all special tools required and instructions on their use
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.tabulated dimensional data on settings,
clearances, and adjustments
DETERMINING THE NEED FOR SPARE PARTS

Often, a complement of spare parts is ordered
with the initial purchase. If not, spares should
be purchased before the equipment is placed
in service. Items critical to plant production
should receive special consideration and, for
these items, it may be prudent to maintain
spare subassemblies. At time of purchase, the
owner should ask for complete instructions
from the manufacturer for error-proof ordering
of replacement parts. Catalogs specific to the
equipment and with exploded view drawings
help in selecting appropriate spare parts.
In addition, there should be a system for
tracking spare parts. Many large plants maintain a replacement-parts inventory on a computer. If establishing an in-plant program is
not feasible, equipment manufacturers are prepared to rent computer services for tracking
spare parts supplied by them.
Manufacturers can provide guidelines for
ordering spare parts based on field experience.
Even so, one must realize that all equipment of
a given type does not wear at the same rate, be-

-- .-

Fig. 1 Models help lay out a pulverizer
lane for optimum maintenance access

cause different local conditions can alter wearing life drastically.
As orders arrive, responsible personnel
should inspect maintenance material carefully.
A defective part may sit in a storeroom for years
before the defect is discovered-just at the time
of need. Also, to assure correctness and completeness, all the incoming parts should be
checked against purchase orders before the
parts are stored.

IN-SERVICE MAINTENANCE
To insure that a unit is available on demand
requires a constant effort by the maintenance
staff. They must implement a day-to-day preventive program while the unit is in operation, establish a well-planned and properly
executed inspection program for scheduled
outages, and be prepared to handle all forced
outages or equipment breakdowns as soon as
they occur.
On-line maintenance functions are just as
important as those performed during an outage. If properly undertaken, not only do they
add to unit reliability, but they also save valuable downtime. On-line maintenance includes
lubrication, seal and packing replacgment, and
repair of any component that has been removed
and replaced with a spare.
Proper lubrication is critical for rotating auxiliaries. Usually, the most complete part of any
correlated -maintenance manual is its lubrication instructions. The manufactuyer's recom,mendationsfor lubrication should be followed,
with substitute oils or greases used only if they
meet all specified properties. Each plant must
develop and adhere to routine lubrication
schedules. Major lubricant suppliers will work
with a plant staff to develop a program which
allows the most flexibility. Such a program
would minimize the types of necessary lubricants, the amount of each kept in the plant, and
the best reordering schedules. This lubrication
is such an important part of any maintenance
program that records of work that has been
done should be kept by using checkoff sheets.
Good communications between the opera-
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tions and maintenance groups is essential. The
day-to-day in-service maintenance program
must be closely coordinated with plant operators, who are to inform the maintenance
crew of problems and potential problems. For
example, maintenance should be informed of
slight drops in pressure or temperature which
could indicate inefficient operation or deterioration of machinery. In addition to such visual
signals, operators inspecting equipment often
detect problems by unusual sounds, smells, or
tactile sensations.
Similarly, the maintenance crew must inform operators of any equipment being repaired. Often in the case of several sootblowers
needing repair; the operator decides which
blower is crucial to operation and requests
maintenance to give that blower priority.

Fig. 2 A plant should have three complete journal
assemblies stored on transport dollies

PULVERIZER MAINTENANCE
Although it is beyond the scope of one chapter to describe the maintenance of the various
equipment that can be overhauled while a
generating unit continues in service, a major
component usually overhauled on-line is a
pulverizer. The life of mill parts depends on
many factors which vary considerably from one
plant to another. The main factors are the abrasive characteristics of the coal, operating hours
of individual mills, and mill loading as a percent of maximum capacity. Although plants
usually install spare pulverizers, two or more
of which may be idle at reduced boiler loads,
pulverizer outage time for maintenance should
be kept to a minimum so that all pulverizers are
always ready for service.
Because an effective pulverizer maintenance
program must be adjusted on the basis of actual
plant operating experience, it is essential to
maintain an accurate log of each pulverizer's
running time, stoppages for removal of foreign
material, maintenance work and inspections.
Maintenance must be staggered so that all pulverizers do not require work at the same time.
Rolls and grinding rings are the major replaceable items. [Later in this chapter, there is a
further discussion of roll and ring wear.) With
good planning and preparation, it is possible to
overhaul a pulverizer, renewing the ring and
rolls as well as repairing or replacing other
wearing parts, in a few days.
As part of its spare-parts complement, a plant
should have three complete journal assemblies
(Fig. 2). Frequently, such assemblies are interchangeable on all mills in the station and can
be stored on transport dollies in the mill overhaul area. Following a mill overhaul, worn journal assemblies that have been removed are
rebuilt. The worn grinding rolls may be replaced, or may be resurfaced with weld material to recreate the original shape. A weId
material such as COMBUSTALLOY" can give
four to five times the life of the original
NI-HARD roll material.
To accommodate transport of worn journals
and overhauled assemblies simultaneously, six
transport and storage dollies should be on

hand. Storing segmented bowl-ring assemblies
on pallets (one complete ring per pallet) permits hoisting to the mill platform in one lift.
Frequently used bolts, nuts, and washers are
kept in bins in the mill overhaul area.
Once a mill has cooled and been tagged
out-of-service, access doors are removed. To
further cool mill parts, an air mover often
is used to ventilate the mill. When all three
journal assemblies have been removed,
there is free access to the inside of the mill,
and a worn bull ring or worn liners can be
removed rapidly. When all obviously worn
parts have been stripped from the mill, the remaining parts are carefully inspected for repair
or replacement.
When the repair work inside the mill has
been completed, the overhauled journal assemblies are installed. All access doors are
closed, the mill is cleared of all "hold" tags,
and it is started without coal to facilitate adjustment of the grinding-roll-to-ring clearance.
When this adjustment has been completed, the
mill is released for normal service.

THE ANNUAL OUTAGE
For any power plant, the major part of its unified maintenance program is the scheduled
annual maintenance outage. The objectives of
the first-annual planned outage are to inspect
equipment, recommend repairs, and establish a
data base from which to develop a preventative

maintenance program. Although subsequent
annual outages will concentrate on repair
work, a review of these three procedural items
must be part of every outage.
Whether accomplished by plant personnel or
a maintenance contractor, a well-planned outage program begins as much as a year before the
scheduled downtime. The planning and the
jobsite organization must include well-defined
communication channels (Fig. 3). With an outside contractor, advance communication with
the plant staff is crucial to the success of
the operation. The plant staff must follow the
contractor's work closely so that spare parts,
engineering changes, and new material selections are expeditiously handled.
THE PRE-OUTAGE STAGE

Several months before a scheduled outage,
the group responsible for the inspection and
the work must jointly plan the inspection
schedule with plant personnel. In preparation
for the outage, personnel assemble tools, scaffolding, spare parts and other required materials. Also during this period, the engineers in
charge of work during the outage examine
existing unit operating and maintenance records, and discuss with all plant, personnel
those areas requiring particular attention.
PRE-OUTAGE INSPECTION ITEMS

Usually, while the unit and its auxiliaries are
still operatingia complete visual inspection is

Outage Coordinator
I

Construction Services
Construction Manager
Construction
Superintendents
Days- - Nights
-

I
Vendor
Representatives

Field Accountant

-

I
Engineering
Writer

Field Cost
Engineer

Technical Services
Lead Service
Engineer
Service Engineers
Days
- Nights

Fig. 3- - A successful outage must include a good organizationwith well-defined communication channels
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performed to detect any obvious items requirwall panel outlets, are checked to isolate any
ing maintenance or more detailed investigadefects requiring repair during the outage.
Readings from expansion trams in important
tion during shutdown. All items are noted and
areas should be recorded for comparison with
a list compiled.
Operational checks of certain equipment and
readings taken during the outage when the unit
systems also are conducted to ensure each is
is cold, and after its return to service. These
functioning properly--or requires adjustment,
readings are used to confirm free and proper
repair or replacement. Included are
expansion of the unit.
8 fuel-burning equipment such as tilting mechSCAFFOLDING
anisms, windbox dampers, coal gates, and oil
For outages in which extensive inspection
or gas valves
and repairs to the furnace are planned, fixed
scaffolding temporarily installed both outside
8 furnace-safety-control and ignition systems
and inside the furnace can save time and
8 combustion and feedwater-control systems
money. In the past, craft personnel have ex8 sootblowing equipment
* perienced considerable difficulty using skyIn addition, the settings on safety valves are
climbers and have questioned their efficiency
checked. Control and isolation valve perform- and safety. When extensive repairs are planned
for furnace and penthouse areas, scaffolding
ance is verified and any packing leaks recorded. The condition of activators is checked
rental fees are more than offset by savings in
working-hours. Adapted for quick installation,
to be sure oil seals are secure and lubricating oil
is not contaminated with water or flyash.
such scaffolding is modular and made of tubular carbon steel with steel loops at the end of
All permanent thermocouples, such as those
on superheater and reheater tubing and watereach section (Fig. 4). Fixed-length sections are

Fig. 4 Interior view of unit with modular scaffolding system. Note easy entrance and access to all areas.

-

,
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safety-locked to one another by inserting steel
wedges into the loops.
Basically, the scaffolding for interior access
provides a solid platform near the top of the
furnace. Typically, ten or more scaffold towers,
each with three working platforms, are positioned at the front of the furnace adjacent to
each side of the superheater division panels.
Scaffolding is also provided across the unit at
the front and rear of the superheater or reheater
pendent assemblies.
Furnace waterwalls are scaffolded from the
lower slopes to a point approximately 6 feet
below the lowest element tubing of the
superheater division panels. Walkway levels
are provided at approximately 7-foot intervals,
beginning at the bottom wall-blower elevation
and continuing to the top elevation of wall
blowers. An extension of the waterwall platform at convenient working elevations provides interior access to the windbox. Exterior
scaffolding also can be used at the penthouse
front wall near the roof header and superheater

Fig. 5 View of vertical modular scaffotding system

links, at the sootblowers for lance removal, and
at the economizer outlet ductwork.
As typical views of scaffolding show (Fig. 4
and 5),maintenance and repair personnel have
easy access to the unit during a n outage. This
provides two significant improvements over
previous methods. Repair personnel can enter
the interior more safely than by using cablehung equipment. Equally important, continuous access to'all areas is possible and various
crafts do not have to compete for access. This
significantly reduces the time required to
transport personnel and materials to areas to be
repaired. Finally, scaffolding allows a more
complete and thorough inspection.
THE OUTAGE STAGE

During the outage, every portion of the unit
requires inspection. Scheduled repairs are then
accomplished by a critical-path analysis to assure all repairs are completed. Key areas to be
inspected are the pressure parts, the fuel-firing
and transport equipment, boiler casing and
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structural supports, and such sub-systems as
ash-handling and sootblowing equipment.
PRESSURE PARTS: EXAMINATION
OF EXTERNAL SURFACE-S

Within the furnace, external surfaces of tubing are examined for erosion, metal wastage,
swelling or developing problems in critical
areas such as the firing zone and near sootblowers. Suspicious areas are investigated further by cleaning with sandblasting and then
checking wall thicknesses by micrometer, or
measuring thicknesses ultrasonically. See Fig.
6. This type inspection also covers
w critical superheater and reheater sections
8 economizer tubing
w steam-cooled-wall surfaces and waterwall
hanger tubing in the gas passes.
PRESSURE PARTS: EXAMINATION
OF INTERNAL SURFACES

The steam drum must be entered and
thoroughly inspected for deposits, loose parts,
erosion, and areas that may allow internal bypassing of water or steam. Conditions
found in the boiler drums may dictate inspection of waterwall headers and other internal
surfaces for evidence of corrosion or deposits.

Fig. 6 Tubing is measured ultrasonically
for wall thickness

Any lower waterwall headers large enough
to have access ways should be inspected.
Waterwall distribution orifices and screens are
examined closely for deposits. Orifices are
checked for proper size with golno-go gages.
Samples of furnace-wall tubing may be removed from various locations a short distance
above the uppermost fuel nozzles. Such samples are examined internally to determine surface condition and to detect any deposits.
FIRING EQUIPMENT

During the internal inspection of the furnace,
the condition of the fuel and air nozzles is determined and any serious deterioration (Fig. 7)
noted for replacement or repair.
Tilting fuel and air nozzles should be operated through their range while being observed
from inside the furnace. Binding, nonparallelism or other malfunctions should be corrected. The tilt mechanism is also inspected
from inside the windbox to determine the condition of the linkage.
Windbox dampers are inspected from within
to determine that they operate through their
normal stroke and that damper-blade movements correspond correctly to external linkage
movement. No binding should be evident.
If there are retractable oil guns, the retracting
cylinders must be operated to verify proper
movement. The clearance of oil guns and condition of the ignitor-horn also should be
checked from inside the furnace.
Extensive pulverizer maintenance is not always scheduled during an outage. In any case,
a general inspection of the mills must be made.
Particularly, inspect all shutoff dampers related to the pulverizers for proper operation.
Coal-pipe elbows in critical locations are examined internally for wear. In particular, the
final elbow at the fuel nozzle must be inspected
and the wear pattern noted. Defective kicker
blocks should be replaced or relocated. Riffle
distributors throughout the system are inspected for wear and replaced or rotated as
necessary. Coal-pipe orifices are checked for
signs of wear.
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The feeders must be inspected as recommended by the manufacturer to implement any
necessary adjustments and maintenance.
CASING AND ROOF ENCLOSURE

The roof enclosure also is inspected and the
condition of pressure parts, hangers, and other
pressure-part supports is recorded. Any damage or leakage of the furnace roof casing and
seals should be corrected. Condition of insulation and pipe seals should be recorded.
The roof support steel and hanger rods within the air space between the roof deck plates
and insulation are checked for corrosion.
Any leaks or damage of the external casing of
the entire unit noted during the pre-outage
stage are repaired as necessary.
The skin casing and seals within the dead air
space behind the deflection arch are inspected
as are the casing, seals, and support steel within the dead air space beneath the sloping furnace bottom. All are inspected to determine
general conditions and to note any maintenance that should be performed.

Fig. 7 Fuel and air nozzles are inspected
from inside the furnace

OTHER AREAS OF CONCERN

Drip shields and seal plates at the furnace
bottom must be inspected and repaired. The
bottom-ash hopper and the balance of the
ash-handling system are inspected as recommended by the manufacturer.
To the extent possible, all gas and air ducts
are examined internally and externally for corrosion, erosion and leakage (Fig. 8).
The entire sootblon~ingsystem is checkedany malfunctioning equipment noted during
the pre-outage operational check is further investigated. During the internal furnace inspection, sootblower effectiveness and any tube
erosion from sootblower operation are noted so
that sootblowers can be adjusted as necessary.
Boiler-water circulating pumps are inspected to manufacturer's recommendations.
Air-heater elements, seals, bearings, drives,
and lubrication systems are checked.
Malfunctioning or leaking safetyvalves noted
during the pre-outage operational check must
be investigated and corrected.
The control system inspection includes

Fig. 8 Look for corrosion, erosion or
leakage on fan casings
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calibration checks, stroking of drive units, and
a general inspection of system components.
Any malfunctioning components of the furnace safety system found during the pre-outage
operational check are further investigated.
Flame-scanner tubes are removed, inspected,
and cleaned thoroughly.
All fans must be inspected (Fig. 9) for the
condition of the bearings and their lubrication
as well as the rotor and the associated dampers
andlor inlet vanes. In addition, the induceddraft fans are examined for erosion, corrosion
andlor deposits. Finally, all observation ports
and access doors are checked for tightness. -

All valves repaired or repacked during the
outage should be observed for proper operation
and performance. Re-tighten all packing nuts
with extreme care after each valve has reached
normal operating pressure and temperature. Do
not touch a valve if there is any indication that
the valve was not packed properly.
Take an inventory of all recommended spare
parts and forward a list of shortages to plant
purchasing for ordering.

THE POST-OUTAGE STAGE

After the unit is returned to service, the repair work is checked under operating conditions. For example, all permanent thermocouples on superheater, reheater, and waterwall individual tubes are observed to
confirm proper operation.
As the unit is brought on the line, all control
systems should be observed functionally to
make any necessary adjustments (Fig. 10).

Fig. 9 Fan rotor is removed for inspection

Fia. 10 Control svstems are adiusted
asthe unit is retumed to service
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DOCUMENTATION

Documentation is an important phase of any
maintenance program. All findings, both good
and bad, should be noted in a comprehensive
report which covers all pre-outage, outage, and
post-outage inspection and repair.
'THE PRE-OUTAGE REPORT

The pre-outage-inspection documents contain a review of unit history, visual inspections,
a walkdown of the unit while in operation,
a checkout of all thermocouples, ignitors,
fuel-burning equipment, safety valves, and
sootblowers. Any items requiring further inspection or repair are noted.
THE OUTAGE REPORT

The outage report is tangible evidence of all
that transpired. It is the basis for any necessary changes in operation, design or repair

methods. It is the basis for all subsequent outages. It is the source of spare-part requirements.
Outage documentation includes detailed
reports, both quantitative and qualitative, describing conditions of both pressure and nonpressure parts of the unit. Fig. 11 shows a
typical section of an outage report.
The engineer in charge of the outage should
compile the report. An effective report might
include sketches, marked prints, or photographs which can be useful where ideas or concepts rather than physical objects are being
described for the record.
THE POST-OUTAGE REPORT

The post-outage documents describe conditions immediately after restart, such as
thermocouple temperature measurements and
expansion data. The final and most important
documentation lists the recommendations of
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1" Erosion
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Fig. 7 1 Typical section of outage report
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the inspection team, as well as an engineering
department review of those findings. Such recommendations include spare parts to order in
preparation for the next outage.
After all the planning, inspection and documentation have been completed, a critique
provides all those involved in the outage
an opportunity to review their findings and determine improvements for future outages. A
frank, open exchange sets the stage for the next
outage and also the plan for continuing work
throughout the coming operating period.

THE FORCED OUTAGE

-

A forced outage requires as much or more
planning than a scheduled outage, but by its
nature, it allows the least time for planning.
Consequently, a plant maintenance group must
be prepared with an emergency plan formulated before a failure occurs. This plan should
be in writing and periodically updated.
The plan-shou-ld list alternatives such as
qnother division or utility, use of alternate
production methods, or purchase of power. Because dow,ntime is critical, plan details and
schedule must be worked out immediately.
Plant personnel should have lists of other critical work that can be done during an outage.
Pressure-part failure is a major cause of
forced outages. Since the unit must be cooled
before it can be entered, the cooling time can be
used for planning. As the repair of the failure
will be the critical path in returning the unit to
service, other maintenance must be done only
if it does not interfere with the repair.
To save time during cool-down, crews can
move parts, tools and scaffolds close to access
doors. Usually, it is possible to determine the
area of the failure and its general magnitude
from the outside and, if a leak is small, skyclimbers, bosun chairs, or two-man scaffolding
are generally adequate. If the steam generator
has cable holes extending through the roof enclosure, considerable time can be saved because the roof enclosure does not have to be
cooled for entry. For safety reasons, it is impor-

tant that the cables be cooled if they are to pass
through the hot enclosure; compressed air is
the usual cooling medium. If the damage is extensive and requires-major repair work, more
elaborate scaffoldtng-may be necessary.
The importance of failure records cannot be
over-emphasized. The cause of a single failure
may not always be determined and an isolated
random failure may be of little significance. But
several similar failures may indicate serious
problems affecting future availability. Good
maintenance, then, requires not only that a
failure be repaired but also that every effort be
made to determine the root cause of the failure.
To retrieve information easiIjr, an effective
record-keeping procedure separates the logs.
for the superheater, reheater, economizer and
waterwall. Patterns and trends are easily spotted when presented graphically such as on
sketches showing elevation and plan views
(Fig. 12). Numerals or dates of the chronological occurrence of a failure can be added.

REPAIR WELDING
FOR PRESSURE PARTS
Plant management and maintenance supervisors must bear in mind the legal formalities
involved in the repair of boiler pressure parts.
In the United States, the National Board Inspection Code (NBIC) provides guidelines and
rules for repairs and alterations to boilers and
pressure vessels after they have been placed in
service. NBIC rules, including the involvement
of the Authorized Inspector (AI), are only mandatory in those states, cities, and provinces
which have adopted the NBIC, or where required by the owner or the insurance carrier.
Jurisdictional requirements involving the A1
vary widely. Most jurisdictions require the
owner to obtain the AI's acceptance before repair or alteration. However, the NBI Co.de
places the responsibility of coordinating the
acceptance inspection on the contractor.
Anyone that is required to do pressure-part
welding-owner,
contractor or manufacturer-must use approved welding procedures
done by qualified welders.

,

-
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GUIDELINES FOR WELDING REPAIR
OF LOW-CARBON STEELTUBES

A damaged tube should be cut out at least
2 in. on each side of the defective area. The

minimum replacement tube length should be
no less than 6 in.
Backing rings must not be used to weld any
heat-absorbing tubes carrying water or a mixture of steam and water. Without a backing
ring, the first pass of the weld must be made by
gas tungsten arc or oxy-acetylene. The weld
passes may be completed by either process, or
by shielded metal arc.
Window welds may be used.for repair work if
access is difficult (Fig. 13). The first pass of a
window weld must be made by gas tungsten arc
or oxy-acetylene,
Fit-up of the weld joints is important. Although it is difficult to obtain accurate cuts on
furnace tubes, it is important to get the existing
tube ends squared and correctly chamfered,
and to cut the replacement tube to the correct
length. A tube-end scarfing tool should be used
when possible.
Allow for shrink in welding. Remember that
the weld metal and parent metal are melted in
the welding process and the molten metal
shrinks as it solidifies. (A butt weld in a tube
will shorten the total tube length about 1116 in.)
Front

Left

Use a clamp or guide lug to hold one end of
the replacement tube in alignment while the
first weld is made. Do not tack weld both ends
of the replacement tube, particularly if the
existing tubes are rigidly supported. As a general rule, first complete the weld at the lower
end of the replacement tube. Do not start welding the upper end of the replacement tube until
both the replacement and existing tubes have
cooled to ambient temperature.
GENERAL GUIDELINES
FOR ALLOY TUBE REPAIRS

If a damaged alloy tube must be replaced, it is
always preferable to weld the replacement tube
to an existing tube end of the same alloy and the
same wall thickness.
Before removing the damaged tube, check
the manufacturer's material diagram and locate
shop welds used to join the damaged length to
tubes of different material or different wall
thickness. If at all possible, make the cuts to
remove the damaged tube at least 6 in. from the
shop weld, thus leaving a "safe end."
CUTTING OUT A SHOP WELD

If necessary to cut out a shop weld joining
tubes of different material andlor wall thickness, special attention must be paid, since all
Rear

Sootblower El 740'-0"
Assy. No. 219 from Front
Assy. No. 219 from Front
Right Sidewall

Fig. 12 Waterwall failure locations (viewed from inside boiler)
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made for expansion from preheating which
will close the root gap slightly.
For shielded metal-arc welding with a backing ring, it is essential that the root-gap opening be sufficient to assure full penetration and
fusion with the backing ring during the first
pass. For gas tungsten arc welding, a zero
root-gap opening is permitted. However, there
must be no pressure exerted between the two
tubes. It is advisable to allow enough clearance
to avoid actual contact at the root-gap opening
after the two tubes are preheated.

qualified butt-welding procedures require the
two tube ends to have the same internal diameter (ID) at the weld root. In some cases, the
thicker wall tube may be bored to match the ID
of the thinner w.alLtube as shown in Fig. 14. But
the thicker wall tube may be bored only if the
strength of the tube, after reducing the wall
thickness, is at least equal to the strength of
the thinner wall tube at the same operating
temperature.
A ferritic-alloy tube must not be bored to
match a thinner-wall austenitic alloy tube. The
only satisfactory method is to use a connector
of austenitic alloy tube having the same wall
thickness as the ferritic-alloy tube. One end of
the connector is bored to match the wall thickness of the existing austenitic-alloy tube.

REPAIR OF TUBES
ROLLED INTO HEADERS OR DRUMS

If a replacement length of tubing requires a
weld within 2 or 3 feet of the rolled end, removing the rolled joint and cutting the replacement
tube to fit into the tube hole will avoid the
stresses from weld shrinkage. This procedure
is particularly effective in straight tubes or

FIT-UP AND SHRINK ALLOWANCE

Shrinkage in welding alloy tubes is similar to
that for carbon-steel tubes. Allowance must be

I

1

Defective

Flame Cuts to
Remove Defect~veTube

I

Section A-A

I

kwindow w i d t h b
Must Allow for Weld~ng
Access at Sides
Fig. 13 Window welds may be used to repair

Fig. 14 Fitup detail to install replacementtube

damaged tubes when access is difficult

section with wall thicker than existing tube
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tubes welded to adjacent tubes. In cutting the
replacement tube, allow for the normal projection through the tube hole plus 1116 in. for
shrinkage of the weld. Complete the weld in the
replacement tube, allow the tube temperature
to cool to ambient, and then roll the replacement tube end into the header.
REPLACING A TUBE LENGTH
IN A FIN-WELDED FURNACE WALL

First, the bar or fin along the damaged tube
length must be removed by flame cutting. Because it is difficult to make a clean flame-cut in
the weld attaching a bar or fin to a tube, it is
preferable to make the cut just at the edge of
the weld, approxiniately 118 to 114 in. from the
damaged tube.
Overheating of the tube may have caused a
longitudinal crack. In this case, the tube has
swollen and the wall thickness reduced. If visual inspection indicates swelling and reduction of the tube-wall thickness at the crack, a
complete replacement of the damaged tube
length is the best solution. On the other hand, a
circumferential crack suggests a failure due to
excessive stress applied by expansion restriction, bending, or fatigue. Although such cracks
can be repaired by welding, unless the cause of
failure is diagnosed and corrected it is possible
for a similar failure to occur at or near the original crack.

blisters can be worked d o ~ v nto the original
tube radius. Follow these general guidelines:
Remove the damaged tube, then carefully cut
away enough of the bar or fin to allow chamfering the tube end for welding around the sides of
the replacement tube joint (Fig. 15).
After the tube welds are completed, weld the
bar or fin to the replacement tube. If the gap between bar or fin is too great for easy bridging,
insert a 1ow:carbon-steel welding rod for a
filler. The spaces in the bars or fins, at the tube
joints, are built up with deposited weld metal.
Be sure no cracks exist in these deposits before
making the final weld to the tubes.
REMOVAL OF TUBE SAMPLE
FOR METALLURGICAL
OR CHEMICAL EXAMINATION

When a metallurgical or chemical examination is necessary to determine the cause of tube
failure, special precautions are required to remove a defective tube from any type of
welded-wall furnace. The defective portion of
the tube should not be heated by flame cutting.
To avoid such heating, the tube should be
Good Replace Good

one,,,$;
weld to adjacent
tubes. Do not weld
to replacement
tube. Similar pair of
bars may be used at
lower end of replacement. Wedges be. tween tube and fin
will maintain
alignment.

REPAIR OF TUBE BLISTERS

Internal deposits cause blisters on the furnace wall or boiler tubes. Generally, they occur
in boilers operated with a high percentage of
make up in the feedwater. A blister forms because an internal deposit increases tube metal
temperature until metal creep occurs. As the
heated area swells, the internal deposit cracks
off and the tube metal temperature returns to
normal. The process may be repeated several
times before the blister ruptures.
Commonly, a large number of tubes are
blistered and not noticed until one of the
blisters cracks open. To avoid a massive
tube-re~lacementjob* particularly where replacement tubes are not immediately available,

l
I

Flame cut just outside \veld bead
defective tube.
Reweld fins after
completing tube
welds.
..

Fig. 15 Welding detail forreplacing a tube length in
a fin-welded furnace wall
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flame-cut at a point at least 6 in. away from the
damaged area. In a furnace wall with bars or
fins welded between tubes, it is preferable to
cut the bars or fins with a saber saw or thin disc
metal-cutting wheel. If these tools are not
available, the bars or fins may be flame cut approximately 112 in. from the tube length required for the sample.
After removing the damaged tube from the
furnace, the ends may be cut off to reduce shipping weight of the sample. Use a dry hacksaw.
Cutting oil will contaminate any deposits and
render a useful chemical analysis impossible.
Be sure the sample is clearly marked to show
which end was at the top and which side was
toward the fire (Fig. 16).

COMPONENT MAINTENANCE
Although it is beyond the scope of this treatment to describe the overhaul of all steamgenerator components and auxiliaries, a brief
discussion of pump, fan, and control-system
maintenance is offered for general information.

Fig. 16 Make sure tube samples
are clearly marked

PUMP MAINTENANCE

Various types of pumps are used with a steam
generator. For high-pressure recirculationtype boilers, single-shaft centrifugal pumps
driven by a wet-stator induction motor move
boiler water at pressures and temperatures exceeding 4000 psig and 650°F. Because the
motor is enclosed within the pump casing and
is filled with boiler water at full system pressure, no seals are used between the pump and
motor. A baffle, plus close clearances between
the shaft and motor casing, prevents solids in
the boiler water and hot water from passing
into the motor. Through an-external heat exchanger, recirculating water in the motor cavity cools the submerged motor.
Although manufacturers generally recommend an annual inspection for such pumps,
local conditions help determine the proper
interval for a given unit and installation.
Periodic inspection of the pump in service usually reveals when an overhaul is needed. Some
indications are an above-normal noise level,
high motor temperature, vibration, unusual
starting or fluctuating current, reduced head
across the pump, leaks from the pressure casing, or a drop in the winding resistance.
At most stations, one of the pumps is dismantled every few years. During disassembly, the
motor and pump impeller are lowered as one
assembly. The impeller can then be removed
from the shaft and the rotor assembly taken
from the housing. The assembly is placed
horizontally on V blocks at floor level. An
inspection is made with as much disassembly
of subsections as observation dictates.
Although other pumps on steam generators
might handle a cooler liquid at essentially
ambient conditions, they may require much
higher maintenance if the fluid being handled
is more corrosive or erosive than pure boiler
water. For example, heavy-duty centrifugal
pumps are used to move a slurry solution of
limestone and flyash in flue-gas desulfurization systems. The wear rate of these pumps can
be substantial and is a function of the severity
of the pumping duty and of the abrasive
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properties of the materials handled. The life of
wear parts such as impellers and liners varies
greatly. For instance, steel impellers and
bodies have had very short life with highly
acidic and abrasive solutions. If a new make or
different type of pump is used, it should be
opened regularly and the parts inspected to establish the life of wear parts.
When handling abrasive fluids, parts other
than the impeller and housing are also subject
to excessive wear. Shafts and gland seals and
even the bearing must be inspected much more
frequently. Bearing housings should be opened
and inspected at least once a year.
FAN MAINTENANCE

Steam generators require many types and
sizes of fans. The largest are used for forcedand induced-draft ser;ice, and for moving primary air to pulverizers for drying the coal.
These fans can be of either centrifugal or axialflow design, as described in Chapter 14. Bearing failure, one of the biggest problems with
fans, usually is caused by either poor lubrication or excessive vibration. As stated previously, it is important to follow the lubrication
requirements specified by the manufacturer.
If it occurs when a fan is initially started, vibration may be the result of inadequate foundations or unsuitable ductwork configuration
or design. On the other hand, after operation,
rotor imbalance often causes vibration. The
imbalance can be a result of flyash accumulation in eroded blades, water, blade erosion, or
uneven thermal growth of the wheel. But the
possibility of changes in alignment or shifting
foundations cannot be discounted.
An outage inspection program permits
correction before a dangerous condition exists.
The blades and associated ductwork systems
should be examined for erosion, corrosion, or
cracks (Fig. 17). If cracks are found in any
blade, it is wise to magnetic-flux all of the
blades for cracks. Fan dampers are as important
as the fan itself, for deteriorated dampers can
cause poor fan control.
Damper bearings are exposed to the same
hostile environment as the fan wheel. Because

flyash can penetrate the bearing lubricant,
damper bearings must be inspected frequently
and cleaned when the lubricant is contaminated. Dampers not in constant use, such as
isolation dampers, may freeze in place and
become useless. Exercising idle dampers can
avoid this condition.
Some erosion of induced-draft fans on coalfired boilers is to be expected. For centrifugal
fans, erosion is generally most severe at the
leading edge of the blades and at the joint between the blades and center plate. Axial-flow
fans have the heaviest erosion on the front
outer tip of the blade. Erosion primarily affects
the structural integrity of the fan, but it can also
cause imbalance of centrifugal fans.
For severe duty, replaceable wear plates are
bolted or welded to centrifugal fan blades. At
each outage the wear plates are checked and are
replaced when worn halfway through. If wear
plates are allowed to erode to a point that damage occurs to the blade material, repair cost and

Fig. 17 Fan rotor blades with heavy erosion
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outage time can be greatly increased.
Although wear plates can reduce the effects
of erosion, it is controlled best by flyash removal upstream of the fans. Again, an effective
maintenance program determines and corrects
the cause of maintenance sometimes initiated
by equipment other than that actually experiencing the problems.
A most important part of any fan repair is the
rebalancing and final cleanup. Besides the
normal dangers of rotating equipment, fans
present an additional hazard in their ability to
draw in, not only air or gas, but loose material.
Solid objects can pass through the fan and
either damage the rotor or discharge the debris
as projectiles. Therefore. upon job completion,
all ductwork must be inspected to.16cate any
foreign material so it can be removed.
CONTROL-SYSTEM MAINTENANCE

Historically, because of limited manpower
and funds, power-plant control-system maintenance has been limited to repair of known
deficiencies. With greater emphasis on plant
reliability and availability, preventive maintenance programs have grown.

Such a program should begin with a continuous process of recalibration, repair or
replacementwhile the unit is on the line. By relying on a redundant component, transferring
a confrol loop to manual, or by temporarily
defeating the component's function, most control system components can be recalibrated,
repaired or replaced on line (Fig. 18). Periodic
maintenance can prevent unit high or low
furnace-pressure trips caused by drifting calibration of transmitters and switches, or by
plugged sensing lines between the furnace tap
and the transmitters.
A power-plant annual outage offers the opportunity to perform a more complete overhaul
of the control system. Usually scheduled well
in advance, this work includes the recalibration of field devices such as transmitters;
pressure, temperature, and position switches;
control valves; speed controllers; damper
drives; and thermocouple inputs. If there are
known problems in the control system, additional work is done. For example, a dry-run of
the furnace supervisory safety system should
be conducted if some digital logic is not performing correctly, or a calibration and retuning

Fig. 18 Periodic maintenance of control hardware can prevent costly trips
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of an analog loop may be in order if poor control
is observed during previous operation.
Because the control system is the powerplant component that, as its proper function,
trips a unit off line, its role is critical to plant
operation. Often, unit trips are attributed incorrectly to control-system malfunctions when, in
fact, the control system has sensed an abnormal
condition and responded correctly.

EROSION AND ABRASION
On coal-fired units, one of the biggest
maintenance requirements is the repair or replacement of parts worn by the erosion or
abrasion of coal and ash. Abrasion is the
"sandpaper" effect of solid particles moving
parallel to, and in contact with, a boundary surface. Abrasion tends to occur at the high spots
on the boundary surface and has little effect on
the surface matrix. Therefore, a boundary surface containing a small hard-particle matrix
will give the best life.
Erosion, on the other hand, occurs from the
impact of energy particles. The solid particles
strike the wall freely, and cut portions of the
boundary or wall material. Hard or erosionresistant particles in the wall matrix will not
protect the less-resistant balance of the matrix.
Consequently, many abrasion-resistant materials are not erosion resistant (Fig. 19).
PULVERIZER WEAR

In coal-fired steam generators and auxiliaries, the major wear is from erosion, which occurs in the fuel preparation and delivery system and in the backpass convection section. Although the grinding parts of the pulverizer
wear from abrasion, wear in the other parts of
the coal milling and transport system is principally due to erosion. The wear in the steam
generator itself is almost all by erosion.
As discussed in Chapter 11, the C-E bowl
mill pulverizes coal by subjecting it to a grinding force between a rotating bowl and springloaded stationary rollers. The bowl has a segmented wear-ring for easy replacement and the

rolls are fairly easily removed from their journal assembly for replacement.
The rate of abrasive wear of the grinding
parts depends on the type and quantity of impurities in the coal. Considerable laboratory research and field development of materials have
reduced the wear and increased the availability
of these components. An abrasion-resistant
nickel-chromium white cast iron is used for the
pulverizer grinding parts. Depending on the
abrasiveness of the particular coal being
ground, rolls and rings may both have to be replaced at the same time or it may be possible to
obtain twice the life from a ring as from a set of
rolls (Fig. 20).
For highly abrasive coals, a hard-surface weld
overlay which is applied to either new or worn
parts has proven effective in increasing roll and
ring life. The overlay must be at least I12 in.
thick. For used rolls, overlays up to 2'14 in.
thick are possible to return the roll to its original diameter.
Other pulverizer parts subject to wear include the various liners fabricated of abrasionresistant steel plate, high-nickel castings, or
ceramic material. These must be checked for
material loss at the same time as the rolls and
rings.
COAL TRANSPORT PIPING
With more frequent use of highly abrasive
coals, pulverized-coal pipeline wear can become a significant problem. The rate of wear
generally is a functi0.n of

-

Elbow Without
-DeflectorBlocks

Fig. 19 Erosion and abrasion in coal piping
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particle characteristics: hardness, sharpness,
and size
8 particle velocity
angle of attack of particle-s
-properties of the piping material

8

Fig. 21 shows the standard material selection
for the coal-transport piping which provides
cast-iron elbows at the pulverizer or exhauster
outlet and at the windbox inlet. All straight
piping and bends between these points are of
commercial carbon-steel pipe. All bends and
elbows are designed. to a two-pipe-diameter
radius, except the windbox inlet elbow, which
has a one-pipe-diameter radius.
Rockwell couplings are used on the toggle
sections provided to accommodate the vertical
expansion of the boiler, and Victaulic couplings
for connecting to the cast-iron elbows and orifices. The balance of the piping is welded.

Fig. 20 Checking roll wear
--

Because erosion potential is greater at and
after bends, wear-resistant nodular-iron deflector blocks are positioned in selected elbows to
both absorb coal particle impingement and redistribute solids flow concentrations (Fig. 21).
Experience dictates initial location of deflector
blocks but they can be repositioned in the field
to match the elbow wear pattern. System
pressure-drop considerations limit the number
of deflector blocks that may be installed.
Sometimes, pipeline flow characteristics are
so complex that deflector blocks cannot be
completely effective. In these installations, the
more serious pipeline erosion usually occurs in
specific bends and in the first 2 to 3 ft of straight
pipe directly following the bends. In such
areas, special wear-resistant components are
used for highly abrasive coals.
Such wear-resistant materials have been installed in, or in place of, elbows and bends on
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Elbow With
Deflector Blocks
-

( Basalt

Fig. 21 Coal-piping elbow with deflector blocks

Fig. 22 Typical lined 90-degree steel elbow

operating units and have been evaluated for
erosion losses. Some are
w steel elbows lined with alumina
w steel elbows with silicon carbide
w steel elbows lined with basalt
w double wall steel elbows with "lobster-back"
wear surface
w heat-treated (carburized) steel elbows

bricks, usually one-inch thick. The bricks are
installed in a fabricated mitered elbow row by
row. The taper of the bricks is such that the
brick in any given row support each other, as in
a brick arch. Mortar is used to fill the void between the flat-faced brick and the curved steel
shell. The inside diameter of the lined bend is
identical to the pipeline I.D., with the O.D. being substantially greater.
Other ceramic materials such as silicon
carbide (Sic) have also been successfully used
as fuel-pipe bend liners, but alumina brick
has been found to be the most economical
selection.
A volcanic rock, basalt, is fused and.annealed
into liners of various shapes and thickness. It
has excellent abrasion resistance and is good
for straight coal pipes. But as basalt has poor
erosive-impact wear resistance, ' i t is not
recommended as a lining for elbow or bend
installation.
Fig. 23 shows a double-backed elbow with a
wear-resistant concrete filling the void between the two surfaces. The steel elbow and the
outer containment cover are made from elbow
torus fabricating dies. Such elbows have been
in service for years with no sign of wear.
Disadvantages of the "lobster-back" elbow
are cost and space requirements. It takes two
complete elbows and considerable shop labor
to construct one wear-back elbow, and results
in a component 2 in. greater in outside radius.

EXPERIENCEWITH WEAR-RESISTANT
PIPING MATERIALS

Brittle nickel-chromium nodular cast-iron,
previously used to prolong the life of piping elbows and bends, is no longer offered; this is in
accordance with the 1988 NFPA 85F standard
prohibiting the use of brittle materials in pulverized-fuel piping.
Fig. 22 shows a typical ceramic lined elbow
which may be a fabricated mitered elbow or a
modified standard steel bend. A steel casing
encloses the wear-resistant lining and satisfies
code pressure requirements. The lining is secured in place with a high-temperature cement.
An advantage of the steel-casing design is that
the ends can be prepared for any attachment design including welding, flanging, or machinedend preparation.
The most widely used ceramic for fuel-pipe
applications is alumina (Al,O,). This material
is capable of improving wear-life 5 to 7 times
that of carbon steel or nodular cast iron. The
alumina is manufactured in wedge-shaped
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can occur. Although some erosion is experienced on superheaters and reheaters, most erosion has been on economizers, which usually
are horizontal tubes with closer spacing than
the superheaters and reheaters.

to Be Altered as Shown
After Filling
Carbon Stl. Die
Formed Elbow
Section at Ends
of Elbow

ECONOMIZER EROSION

May Bea Weld
End or Flanged
e T y p . Both Ends

After Filling
Fill from Both Ends
With Ava~lableHard Wear Concrete
-

Fig. 23 Double-walled wear-back outlet elbow

assembly in steel coal-piping
Two steel elbows carburized to 700 Brine11
hardness, installed for test evaluation, showed
excellent abrasion and erosive-wear resistance.
However, welding the elbows or attachments to
the elbows is difficult and flange weld failures
have been experienced. Also, the costs of carburizing large elbows appear prohibitive.
EROSION AND ABRASION FROM FLYASH

Approximately 60 to 80 percent of the ash
resulting from the burning of coal leaves the
furnace with the combustion gases. Gas
velocities must not exceed specified limits in
order to control erosion from the ash particles.
Depending on both the quantity of ash and its
composition, the velocity is generally limited
to 50 to 60 ftlsecond.
Two components in flyash that appear to
contribute most to flyash erosion are silica
(SiOz) and iron oxide (Fe203),both relatively
hard abrasive oxides. While silica is ordinarily
present at higher percentages than iron oxide,
iron oxide is more dense and, consequently,
produces a greater impact influence.
Flyash erosion is a term that, in general use,
includes flyash abrasion. All tubing erodes
when subject to a flyash-laden gas stream. As
long as the wastage rate (the loss of metal in a
given time) is low, the polishing effect is not
considered significant. When the wastage rate
becomes excessive, premature tubing failures
-

-

In general, predicting where excessive flyash
erosion might occur for any given unit is difficult, because such erosion is related to
nonuniform flow of flue gas and uneven distribution of flyash in the backpass area associated
with centrifugal forces acting on the ash particles during gas-turning.
Many factors affect flyash erosion, which is a
very complex process. It is directly proportional to ash loading and is influenced by the
relative amounts of abrasive constituents-the
silica, alumina, and iron oxide compounds-in
the flyash. Most investigators have found that
the erosion rate is an exponential function of
particle velocity to between the 3rd and 4th
power. Gas-side pressure drop (which is a
combined function of gas velocity, turbulence,
and heating-surface configuration) also influences erosion.
Gas velocity through a tube bank is a function
of unit operating load, excess-air level, and the
amount of free (net) gas-flow area within the
bank. Therefore, unit operation much above
maximum continuous rating and design excess
air aggravates the potential for flyash erosion.
Also, any action that results in the reduction of
flow area, such as localized flyash plugging,
will increase gas velokity and the erosion potential by concentrating flyash in an area adjacent to the plugged area.
When a unit develops an economizer erosion
problem, it is necessary to establish the cause.
To add more localized baffling, tube shields,
or other devices without regard to the causes,
may produce only short-term improvements.
If examination of the unit and its operation
indicates that such factors as operating load,
excess-air level and presence of plugging
are not abnormal, then the addition or
modification of baffles or tube shields or other
devices is justified.

'
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major overhauls. Some utilities have roving
crews to supplement plant labor when required. Whether to use outside labor or be selfsufficient can only be determined by plant
management. But no matter how much outside
contract labor is employed, the final responsibility must rest with the station staff. Unless the
station staff oversees the work done, there is little chance for a cohesive maintenance program.
Horizontal & Vertical
Baffling for Tubing
Economizer

Fig. 24 Erosion reduction methods in economizer

On some economizers where excessive erosion has occurred across the rear of the backpass, a combination of erosion-control methods
has been used (see Fig. 24). Collectively, they
have abated excessive erosion. Some methods
used include
8 adding filter baffles to obtain a more uniform
flyash distribution across the economizer
a d d i n g slag fences to prevent economizer
plugging
installing plates or screen to block open areas
and stop channeling of the flyash
8 adding

additional sootblo~~er
equipment to
maintain cleanliness of the econbmizer section
8 sequencing

the sootblower in the upstream
convection sections to blow from top to bottom
and rear to front

MAINTENANCE STAFFING
The size of a plant maintenance staff varies
with the number and size of units, fuel used,
quality of the labor, and extent of outside
supplemental help. Large coal-fired stations
may have several hundred people employed in
maintenance and still hire contractors for

TRAINING FOR MAINTENANCE

Training maintenance personnel is vitally
important to the successful operation of any
plant. Many months before a plant goes into
service, maintenance crews should be selected
and trained.
Although there are fewer available programs
for maintenance people than for operators, the
plant should explore all training aids and
methods. Many manufacturers have courses
and workshops in equipment inaintenance and
the use of special tools and procedures.
The plant maintenance staff should be used
for initial setup of equipment because working
with the manufacturers' representatives provides invaluable training. Money spent on
vendor servicing can be wasted if no one in the
plant knows what is being done. Thus, a plant
maintenance supervisor, as well ,as maintenance mechanics, should be assigned to each
vendor representative.
LONG-RANGE PLANNING AND SCHEDULING

Nothing is more important in maintaining a
plant than scheduling maintenance intervals.
The more crowded and busy the maintenance
chief's schedule is, the more the need to take
time for long-range planning and scheduling.
Such forward thinking includes asking questions which define future needs:
What jobs are next in line?
On what dates do they have to be started or
completed?
Which person is going to do what?
What equipment and material are needed to
get the work done?
What problems or roadblocks will they run
into?
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Equally important, an optimum maintenance
program calls for replacing some parts before
they are completely worn out so as to take advantage of scheduled outage time. A cost1
benefit analysis is one way to decide when to
change critical parts; that is, the cost of the
life remaining in the component is weighed
against the cost of subsequent loss of production if that equipment is out of service again.
For fast-wearing or particularly vulnerable
parts, consider substituting new materials or
redesigned parts. Improved materials can pro. long life and lead to.much less maintenance
labor. With higher labor costs, materials once
considered too expensive are now cost savers.
Even plants that seldom rely on manufacturers'
representatives for aid in maintenance should
periodically ask the manufacturer about new
developments in materials and techniques. For
instance, high-nickel material or tungstencarbide ovgrlays on steel have been most effective in prolonging life of steel parts. Ceramics
are used in many applications. Initially these
were used only on stationary parts but, with
improved epoxies, some can now be used on
rotating equipment as well.
Wise maintenance supervisors, then, will investigate new materials or other ways to cut
maintenance costs. And they will allot some
time for discussions with vendors' salespeople
to find out what new products may be a solution to difficult maintenance problems.

BEYOND MAINTENANCE
AND REPAIR
Maintenance activities, as they have been addressed in this chapter, fall into three overlapping, not-too-well-defined categories. The first,

under the general designation of "maintenance
and repair", has to do with the day-to-day, month- to-month, and year-to-year actions of inspection,
monitoring, and testing (such as of oil or water)
to ensure that a ~team-~enerating
unit and its
auxiliaries will keep running between scheduled
annual or bi-annual outages. Strange sounds,
visible leaks, higher pressures or temperatures
than normal, all tell the alert operator or maintenance person that something has to be done
quickly or unit availability will suffer. Unfortunately, this type of maintenance is reactive, but
is vital to keeping equipment in service for extended periods of time.
The second type that has been described is anticipatory, or preventive, maintenance-the kind
that prevents the strange, noises and other unde
sirable indications. Based on manufacturers'
recommendations, in-plant experience, and seatof-the-pants judgment, preventive maintenance
is done at planned intervals while equipment is
operating satisfactorily; its purpose is to eliminate unscheduled outages due to component distress. With this type, the timing is arbitrary and
consensual; it is not based on rigorous testing,
but on an accumulation of favorable experience.
The third type is now called predictive rnaintenance. This has the same aim as preventive
maintenance, but employs more sophisticated
computer-assisted methods of timing the actions;
it is intended to achieve the same or better results at lower cost.
Maintenance and repair activities beyond these
three categories lead us into the realm of life
continuation, which is discussed in the next
chapter. Major efforts to obtain higher availability and indefinite continuation of equipment
life are in the area of upper-management decision-making, beyond the proper activity of the
maintenance-engineering staff.

Maintaining Availability:
Condition Assessment and Remaining Life Analysis
n many respects, the electric utility or independent power producer is unique. Its product, the day-to-day output of electric energy, is
supplied on demand with no opportunity to be
inventoried or stored. Thus, the network of generation, transmission and distribution equipment
through which the electricity is delivered must
have high operating integrity to assure optimum
reliability of supply, which is the power industry's highest priority.
In addition, because of the long lead time required to add or contract for new capacity, it is
necessary for the industry to plan to build generating equipment years in advance of service dates
to supply future electric loads. Further, the power
industry ranks among the most capital-intensive
in terms of dollars of investment per dollar of
revenue. This chapter explores the implications
of reliability of supply in the generation of steamelectric power by fossil-fired plants.

ating capacity and the cost of replacement power.
As one measure of reliability, published availability statistics are of considerable interest as
the power industry emphasizes producing the
most energy for the least cost.
The importance of high plant availability has
spurred the U.S. Department of Energy (DOE),
the Edison Electric Institute (EEI),and the Electric Power Research Institute (EPR1)-the latter
acting as the research arm for participating utilities-to pursue programs that identify means of
improving plant performance.' Some state and
federal laws concerning electrical-plant reliability already have been enacted.
In very dramatic terms, the world energy crisis
reinforces the tremendous importance of powergenerating plant availability. Fluctuations in fuel
costs are felt in virtually all energy sources with
a significant impact on the political, social, and
economic status of the U.S. and most other
countries.

AVAl LAB1L l N

PRODUCTIVITY INDICES
The utility industry uses several indices to evaluate power-plant productivity which, in essence,
is a measure of the ability of a plant to produce
electricity on demand. As defined by the North

The availability of an electric power plant is
important to both system reliability and generating-company profit. Improving availability only
slightly can save considerably on reserve gener-
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American Reliability Council (NERC),five major
power-plant performance indices are:
Net Capacity Factor (NCF),percent =
Total Net (Actual)Generation in MWh
Period Hours x Net Maximum Capacity

Service Factor (SF),percent =
Service Hours
Period Hours

Availability Factor (AF), percent
Available Hours -x
Period Hours

(2)

-

Equivalent Availability Factor (EAF), percent =
[Available Hours - (Equivalent Forced
+ Planned Derated Hrs)]
x 100
Period Hours
(4)

Forced Outage Rate (FOR),percent =
Forced Outage Hours
x 100
Service Hours + Forced Outage Hours
where:
Net Maximum Capacity (NMC) = the net sustainable unit capacity when not restricted by
ambient conditions.
Available Hours = the period of time during
which a unit or major piece of equipment is
capable of service whether it is actually in
service or not.
Period Hours = the number of clock hours that
the unit is in the "active state" (usually taken
as one year). The active state includes both the
available condition (with the unit operating
from zero to full load) and the no-load condition during forced or scheduled outages. It
does not include any period in which a unit is
on inactive reserve, moth-balled, or retired.

Service Hours = the total number of hours the
unit is electrically connected to the transmission system.
Forced Outage Hours = the sum of all hours
during which a boiler or other major equipment is unavailable because of a forced
outage, which is the occurrence of a component failure or other condition requiring that
the unit be removed from service immediately,
or up to and including the next weekend.
MEASURING AVAILABILITY

Each equation identifies only a portion of performance measurement for a generating unit. No
single index teIIs the overall performance story
for a unit, a fact that is apparent from Fig. 1.
Capacity factor, for instance, is not a true indicator of a unit's reliability,because actual generation may be limited by economic or environmental dispatch as well as forced and scheduled
outages and deratings. This is particularly true
with older units, which typically have higher
heat rates (lower thermal efficiencies)than more
modern units. The annual availability factor establishes only the percentage of time during
the year that the unit was capable of producing
power. This factor includes time when the unit
was capable of generating power, biit was not in
service because more efficient units were being
used. Thus, the availability factor does not measure the ability of a unit to operate at a specific
power level when called upon by the dispatcher.
Rather, it measures only the capability of the unit
to produce at a power level ranging from 0 to 100
percent of its rated capacity.
The equivalent availability index provides for
an adjustment of the availability factor by accounting for the effect of partial deratings (losses
in electrical-power output capability) from partial
forced and scheduled outages. Essentially, the
index is equivalent to the percentage of the year
during which the unit was available for operation
at full capacity.
What equivalent availability does not indicate
is whether an outage is either forced or planned.
A forced outage is generally more costly in terms
of both replacement power and the ability-of the

-

producer to supply system loads. The forced outage rate measures this performance. Net capacity
factor is, in effect, the "bottom line" result and
also includes discretionary cutbacks in output by
a generating company.
Each index, therefore, is limited to defining a
specific aspect of power-plant performance. To
evaluate the overall performance of a power plant
requires subjective and collective review of these
and other indices.

generation in the US.
Note that coal-, oil-, and gas-fired steam generators have lower availability factors than jet
engines [aircraft-derivativegas turbines), gas turbines (stationary industrial type), and diesel engines. This is because of the extended planned
outages taken on such boilers for repair, maintenance, and upgrading, usually in anticipation
of major power-generation campaigns. The internal-combustion equipment-which is smaller
on average than the boilers-is closer to the
ground, often has many replaceable modules,
AVAl LAB1LlTY STATISTICS
and inherently has shorter preventative-mainteTable I is a small sample of the Generating Unit
nance time; and the less time down for mainteStatistics given by the Generating Availability .
nance, the higher the AF.
Data System (GADS) of NERC for the five-year
period 1985-1989.The GADS-IEEE Standard 762
THE POWER-PRODUCER'S VIEW
and equations and definitions are taken from the
GADS short-form summary of its Generating
OF AVAILABILITY
Availability ReporL2 This tabulation illustrates
the differences in five performance factors for
A major reason for improving availability in
equipment currently chosen for electrical power
electricity production is a matter of economics,

Rated
Capacity

t

z

a

Period Hours
Service Hours
Available Hours/ForcedJ

Outage Hours
Outage Hours

PFO - Partial Forced Outage (Operating Problems Force Unlt Derating
PSO - Partial Scheduled Outage (Unrt Derating to Permit Maintenance)
ESD - Economy Shutdown (Not Economical to Generate)
FO - Forced Outages (Equipment Failures, Accidents, Environmental Factors)
SO - Scheduled Outages (Routine or Planned Maintenance, Inspection, and so on)
Fig. 1 Factors affecting productivity of power plants2
-.
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Table 1. 1985.1989 Generating Unit Statistics
from the North American Electric Reliability Council (NERC)
Generating Availability Data System (GADS)
Unit '&pe

MW Rating

No. of Units

NCF

SF

AF

EAF

FOR

Coal Primary
Oil Primary
Gas Primary
Nuclear (All)
Jet Engine
Gas lbrbine
Diesel
Combined Cycle

1-1,000+
1-999
1-999
400-1,000+
1-20+
1-50+

887
244
472
125
347
575
180
26

58.2
30.9
30.9
62.1
1.9
1.8
1.9
32.5

70.5
47.1
42.3
69.2
2.6
2.7
2.3
49.1

83.1
84.4
84.8
69.2
91.8
91.1
95.7
85.1

80.2
81.5
82.4
65.7
85.5
85.1
95.6
76.8

6.6
7.7
7.0
13.8
55.3
60.6
50.5
6.8

All Sizes
All Sizes

which essentially relates to the high cost of constructing power-generating facilities. (The basics
of power-plant economics are discussed in
Chapter 1.)
Better plant availability could have a significant effect on plans for the construction or
deferment of new plants. On the other hand,
long-term outages from repeated boiler tube
leaks, turbine-blade losses, or other plant equipment problems, could force a utility either to
install additional capacity or to purchase replacement power-if it is available-at high cost.
RESERVE MARGINS

One measure of adequate generating capacity
is the reserve margin in excess of the peak load
demand. This margin offers protection against
unanticipated demand growth, forced outages,
derating, and other contingencies. In the United
States, a reserve margin of about 20 percent is
generally considered acceptable. Because of regulatory andlor political factors, certain geographical regions have much less reserve than others,
accentuating the requirement for highly reliable
generating facilities and adequate transmission
interconnections. In all cases, outages of large,
highly efficient, base-load equipment increase
generating costs.

-

AN -APPROACH
TO AVAILABILITY IMPROVEMENT

To help electric utilities improve on unit avail-

ability and obtain maximum reliability from
steam generators, C-E at one time formed an
Availability Task Force to investigate how best
to use EEI, NERC, and other data-gathering systems. A study showed that these data were capable only of providing the component cause for
outages and load reduction and were not able
to provide information)as to why a component
failed. Without information on the cause of the
component problem, it was not possible to determine whether there existed a deficiency in design, manufacturing, maintenance, or operation.
Therefore, C-E established its own program to
provide the necessary information.3
This program gathered information on the
cause of outages and load reductions in nine
major equipment categories related to steam
generators. Included were
waterwalls
superheaters and reheaters
economizers
m furnace sootblowinglbottom-ash removal
equipment
convection-section sootblowing and
flyash-removal equipment
m boiler controls
m fans
pulverizers
m boiler circulating pumps
This information helped to identify trends in

*&
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problems that occur from deficiencies in design,
fabrication, operation, or maintenance. Derived
from these data is the knowledge that waterwall,
superheater, reheater, and economizer tubing
leaks account for 80 to 90 percent of all forced
outages, whereas coal-pulverizing systems account for approximately 50 percent of equivalent
downtime hours in load reductions.
The program was limited to coal-fired units of
390-MW capacity and larger in consideration
of the amount of effort required in data recording
by the utilities. It helped to improve the performance of the large capacity coal-fired units then
operating, and thereby set the pattern for optimal performance of generating capacity in the
future.4
PROBLEMS AND THEIR ROOT CAUSES

The underlying causes of equipment problems producing forced outages may be difficult
to identify,'but their correction requires such
an identification. Peatment of symptoms will

%

neither cure a power-plant "disease" nor correct
a disorder which may, in some instances, be a
design or construction deficiency. Chapter 23
emphasized the importance of determining the
root cause of incidents causing forced outages.
In the case of waterwall tube ruptures, poor
feedwater quality is often the major contributing
factor. With high operating pressures, feedwater
quality becomes even more critical. The recommendation is a maximum of, for instance, 50
ppm of total dissolved solids in high-pressure
drum-type units. Most operators follow this practice, as well as all others given in Chapter 20,
Power-Plant Water Technology.
Degradation of coal properties adversely affects the capkbility of boiler auxiliaries, but its
direct effect on availability is difficult to quantify.
A valuable study on this subject was done by the
Tennessee Valley Authority and is presented in
Fig. 2. The capability of components such as
pulverizers, fans, economizer, and air heaters
frequently limits unit capacity and reduces gen-
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erating reserves. If auxiliaries are operated continuously at or near their peak capability without
proper maintenance, problems will generally
develop.
Furnace-framing structural design to withstand negative pressures can be increased significantly to provide greater protection against
implo~ion.~
Damage to fan housings, duct work, and stack
liners, resulting from fan-induced duct vibrations caused by pressure pulsations in centrifugal fans, also can be a significant problem. To
avert this, C-E has specified equipment that does
. not emit damaging pulsations. An example is its
calling for vane-controlled fans instead of louvered-damper-controlledfans whenever possible.
Damper-controlled fans are more susceptible to
stalling and consequent large emitted pressure
pulsations. A second example is the specification of dorsal fins or an equivalent in all vanecontrolled fans. Without this corrective device,
some installations experience destructive levels
of vibration. Stipulating equipment with these
features limits the selection, but markedly reduces fanlduct vibration incidents.'

AVAlLAB1LINIRELlABlLITY
AND LIFE CONTINUATION
In consideration of many factors, electric
utilities and owners of large industrial boilers
havepften redirected their resources to the improvement and the continuation of life of existing e q ~ i p m e n t . ~
For many years, the practical life of power
plants was taken to be 30 to 40 years. The rationale for this was based, in part, on the very arbitrary material lives indicated in the ASME Boiler
Code. It was felt that major components would
be nearing the end of their design lives after such
a time, and that the plants would become less
economical as their efficiency (relativeto newer
units), availability, and reliability decreased.
Now, plants over 30 years of age that would
have been scheduled for retirement are studied
as to the advisability of regeneration to maintain
or enhance their availability and to continue their

effective lives for at least 15 years more-than
originally anticipated. This is because of the very
high capital costs and licensing complications of
building new plants, and the difficulty of obtaining land-use options. Thus, there is often a
genuine interest in keeping older plants in operation, compared to the other available or developable possibilities.
Many large fossil plants were originally designed as base-load units, intended to run steadily with as few starts and stops as possible. But
many of these large units have been relegated to
cycling duty, which requires an increase in the
number of start-ups, shutdowns, and load swings
above those contemplated in the origfnal design.
Thick metal parts, for example, experience substantially increased thermal stress due to cycling.
These stresses, in turn, affect the material properties of the components and make them more
susceptible to failure through fatigue, creep, and
other conditions. Water-chemistry effects on internal corrosion, external gas-side corrosion,
erosion, and other mechanisms can also significantly affect boiler life.
Owners, therefore, need to have qualified engineers examine for the presence of these anomalies on an existing boiler and determine how they
might influence the performance of both individual components and the boiler in general.
Once this is done, a judgment can be made as
to the remaining life of the critical components
and whether or not it would be economically
feasible to keep the unit operational for some
additional period of time.
While there are uncertainties with any lifeprediction method, an objective assessment is a
prerequisite in any plant life-continuation program. The combination of sound pre-planning,
inspection, examination, and the use of the best
available life-predictionmethodology will permit
meaningful conclusions to be drawn as to the
current condition of a steam generator and its
ancillaries, and of its capability to operate beyond its originally planned retirement date. Combustion Engineering believes that often the most
effective approach is a combination of operational and maintenance changes, and material
or component modifications. Details of its life-
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continuation methodology and a differentiation
of the several assessment techniques are given
by Gelbar and de Mello, reference 9.

the cost of environmental compliance equipment-versus the investment for replacement
equipment. The engineering analysis that precedes a life continuation program has to be very
thorough and positive in its prediction of remaining life of the components that are not to
be modified or replaced. The engineers responsible for the replacement or upgrading of pressure parts and other components subject to
thermal or pressure stress, or to corrosion or
erosion, must assure the owner that the life of
the unit will in fact be continued as intended.
It behooves owners to continue in-service, preventive, and planned maintenance on a timely
basis, in order to prevent any loss in capacity of
power-plant equipment that would result from
the deferral of such work. In other words, any
reductions in capacity must be avoided lest they
are made effectively "permanent" through legal
interpretations of environmental regulations. In
this context, many owners are understandably
reluctant to undertake any actions that could be
construed as being "beyond" standard maintenance, to the point that removal of safety hazards
and efforts to improve plant reliability may be
frustrated.*O

MAINTAINING NAILABILITY
In this book we have already discussed many
approaches in design and operation that can
contribute to sustaining the performance and
availability of large steam-generating units: in
Chapters 6 and 7, we went into detail on the design of boiler pressure parts and how the design
is affected by cycling operation; in Chapter 13,
we emphasized the importance of diagnostic
evaluation of boiler on-line performance using
modern computer techniques; Chapters 2 1 and
23 covered the influence that operation and plant
maintenance can have on the ability of boilers
and their auxiliaries to respond when they are
called upon to generate power on demand and
to do so efficiently,
In this section, we will go beyond what we
have presented in the last chapter, so as to introduce techniques of continuing the intended life
of power-plant equipment. As we have intimated,
a decrease in the availability of any mechanical
or electrical equipment is most often the result
of a conscious owner decision to let that happen.
The process of life continuation-keeping a
steam-electric plant in good condition so that it
can continue to operate in active and efficient
base-load or peaking service for some undefined
length of time-is similarly a management decision to repair, replace, rebuild, or upgrade only
as necessary to accomplish that end. Any activities exceeding that represent a judgment to
extend life to, say, 55 or 60 years, which is greater
than the executives originally purchasing the
equipment contemplated.
WHY A NEED FOR LIFE CONTINUATION?
For a variety of reasons, the construction of
base-load type electrical generating capacity in
the U.S. has not kept pace with the projected
need for it; this is indicated both by projections
of load growth and expected plant retirements.
Currently, power producers have to evaluate
the cost of life continuation-which may include

ASSESSMENT OF
REMAINING LIFE
OF STEAM-GENERATOR
COMPONENTS
Condition assessment, the evaluative process
that precedes any actual life-continuation activity, is essentially a review of plant operational
and maintenance records plus an inspection that
leads to a prediction of expected safe operating
life left after the date of the inspection. The
process might pin-point the most sensitive component-the one that will probably run out of
life first-but the estimate of remanent life is
strictly an engineering judgment and is not a
calculated value. Any repairs that are indicated,
or any upgrading of components or subsystems
to the state-of-the-artthat are recommended, are
only to allow the unit to continue in operation
in what is felt to be a safe manner.
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A condition-assessment study will identify

components having time-independent or timedependent characteristics that will affect their
service life. Life predictions in the time-independent regime involve knowledge of when effective tube-wall thickness will be reduced to the
point of failure. There is essentially no deterioration of material strength properties over time;
that is, creep does not occur. The rate of corrosion, erosion, or crack propagation must be
established to predict life, taking into account
safety factors in the ASME Boiler Code as well
as realistic long-term future operating conditions. In instances where observable distress is
incident-related (rather than time-related), such
as with caustic attack, hydrogen damage, or pitting, life predictions are not practical.
The situation in the time-dependent regime is
much different. Because of creep damage along
grain boundaries, components in the timedependent temperature range can rupture with
essentially no wall loss. Such components have
a finite life because their strength-retaining
capability is diminishing with time. Uncertainties in life-continuation studies often relate to
predicting metal behavior in the time-dependent
regime, especially for thick-walled pressure-containing elements.
DESIGN-CODE ASPECTS

Before discussing what is involved in the remaining-life analysis of thick-wailed components, it is important to understand what is not
involved. Life analyses are not a simple review
of the design vis-a-vis the ASMEIANSI Codes
and a rubber stamp to say that the design meets
the Code and is therefore satisfactory. The fact
is that, if the unit met the Codes when it was
designed, then, unless there are such effects as
thinning present, it will meet the Codes now.
The reason for this is that the Codes which thick
components are built to, do not explicitly consider the effects of time, nature of service, and
fluctuations in load. To understand the reasons
for this, it is necessary to consider what these
Codes are and some of the philosophy behind
their development. .

First, the Codes are design tools. They are also,
in a very real sense, some of the earliest expert
systems. Their purpose is the enforcement of
design rules that ensure a low probability of
failure by specifying the minimum allowable
thicknesses of components made of approved
materials fabricated in a stated manner.
Secondly, the philosophy of the Codes is based
on such concepts as:
Allowed materials are ductile and, therefore,
in many cases, forgiving.
Life, operational effects, material variability,
local stresses and other similar effects are not
directly considered but are expected to be accounted for by the conservatism applied in
setting the allowable material properties.
Design rules are developed by consensus
within groups of acknowledged experts and
are subject to multiple levels of review. Being
developed in this way, there may be no precise
physical justification for some of the rules.
The result of this type of approach is that the
actual stress in a local region of a properly designed component may exceed the allowable
stress given in the Code being used. This does
not mean that the component is unsafe, but only
that the published values of allowable stresses
for the material are sufficiently conservative to
ensure that the resulting component will be safe,
even without considering local effects that may
occur in design, manufacture, field construction, or operation.
Unfortunately, the simplifications that make
for an excellent design tool destroy the usefulness of the Codes as devices for predicting the
life of a component with any precision. The fact
is that the life of a component is intimately related to the actual local stresses, temperatures,
and material properties. Ignorance of any one of
these has a significant effect on the precision
with which life can be predicted. The Codes
ignore all of these and, as a result, while it is
possible to manipulate such a Code to obtain a
value for the life of a component, any life obtained from such an approach may be in errar
by orders of magnitude."
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FAILURE MECHANISMS

In a well-designed and well-manufactured
high-pressure component, failure can be caused
by unexpected loading andlor environmental
situations. A simple design review and an evaluation of inspection results will generally confirm
the quality of the design and manufacturing.
The loading and environmental situations
that can adversely affect components are:
1. Water chemistry effects
2. External corrosion
3. External wastage dqe to erosion
4. Change in thermal conductivity due to scale
buildup
5. Service at temperatures andlor pressures
above design conditions
6. Changes in the behavior of support structures
7. Abnormal conditions such as temperature
and flow maldistributions or defective support
systems
'
8. In-service origination of corrosion sites
9. Non-linear temperature and pressure start-up
ramps
10. Faster-than-design start-ups and shutdowns
11. Excessive cycling
Items 1 and 2 are not in general amenable to
analytical approaches as discussed in previous
chapters, and are beyond the scope of the present
treatment. Items 3 and 4, although they can be
analyzed, are usually associated with tubular
components in the gas pass and, as such, are
not generically considered as relevant to thickwalled components. The principal situations to
be considered are therefore Items 5 through 11.
Some of these, such as thermal transients resulting in cracking of internal scale and exposure
of corrosion sites, are not presently capable of
being analyzed, and will therefore not be considered here.
The parameters that affect the life of a component are the local values of stress and temperature, and its material properties. Life does not
only depend on these parameters, it is extremely
sensitive to variations in them.
The effects of stress can be appreciated if one

considers a component designed such that its
thickness is just equal to that required by the
Code for operation at 1000°F (540°C).If, in any
part of such a component, the local stress is a
mere 12% greater than the Code allowable value,
then the life of the component will be halved.
As an example, consider both unpenetrated and
penetrated cylinders designed such that their
thicknesses are precisely that required by ASME
Section I. As far as the Code is concerned these
two components are equivalent. However, a
detailed stress analysis shows that the local
stresses are significantly different. High local
. stresses will be somewhat relaxed over time by
creep effects and, in fact, the location of the high
stress areas will move from the inner surface to
the outer surface. However, it is a fact that the
lives of the two components are not the same and
are probably significantly different.
Assuming the same parameters as in the above
example, then a 17°F (9.5OC) increase in local
temperature above the design assumptions will
also reduce the life of the component by half.
This is due to the change in material properties
with temperature. As an example, temperature
variations along a header can be significant and
some allowance is made for this in the design
process. However this temperature distribution
is not precisely predictable nor is it reproducibIe
between similar units. Aside from the safety
aspect, from the user's point of view it is just as
bad to underestimate the remaining life as it
is to overestimate it. The percentage of deviations from design stress and design temperature
required to halve the life of a typical component are shown in Fig. 3 as functions of design
temperature.
The third variable involved is the material of
the component itself. The properties of any
single material specification are extremely variable, particularly those which affect the life of
a component.
For instance: at 1000°F,there is a factor of five
between the predicted life of a component obtained using minimum properties and that
obtained using mean properties. The difference
between mean properties and maximum properties would involve an additional factor of five.

Design Temperature, O F

I

Fig. 3 Effect of deviations from design for 21/4% Cr, 1% Mo steel, to reduce component life by half
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If one has no information about the material
other than its specification, then the minimum
material properties have to be used to predict
life. Using this approach the predicted life may
be underestimated by as much as a factor of 25,
purely as a result of the variability of material
properties. Fig. 4 shows the minimum and mean
lives of a component as a function of operating
temperature assuming the actual stress is the
allowable ASME Code value.
The above effects apply even if the component
is operated purely in steady state; that is, with
no variation in thermal, mechanical andlor pressure loadings. In fact, the component undergoes fluctuations in these loadings both in a
gross fashion during start-up and shutdown of
the system and, in a minor way, during operation. Although the Code does not require it, the
manufacturer of a boiler specifies a start-up rate
to limit potential damage to the system. However, ihis start-up is assumed to be smooth and,
for stress-analysis purposes, linear. In fact, the
change in loadings during start-up can be ex-

tremely non-linear as various subsystems are
modulated. In addition, although the shutdown
is assumed to be a mirror image of the start-up,
the transients in this situation are often even
more severe than in the start-up. The effect of
transient loadings, particularly in temperature,
can be very severe and result in local cyclic
plastic deformation which can lead to fatigue
failure in a relatively low number of cycles."
As described earlier, there are two principal
types of situations that can be considered in the
determination of the lif6 of thick-walled components. The first, in the time-dependent regime, is
the high-temperature pseudo-steady-state loading where the creep of the material is the phenomenon that leads to failure. The second, in the
time-independent regime, is the cyclic plasticity
that occurs during start-up and shutdown which
can lead to low-cycle-fatigue failures.
CREEP

Creep is the degradation of material properties
that occurs with time at temperature. It hap-
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Fig. 4 Life versus temperature at ASME code allowable stress (material: 29'4% Cr, 1% Mo steel)

pens even at low temperatures and somewhat
differently in the heat-affected zone of a weld
than in the base metal. An analysis that does
not correctly include the effects of creep may
well predict failure in an incorrect location. This
is because the damage resulting from creep
occurs throughout the life of a component and
is exhibited as permanent deformation. This
permanent deformation allows a highly stressed
area to shed load to a less highly stressed area.
Such a redistribution of load can be significant.
In the case of a cylinder under internal pressure,
if creep is not present the highest stress will be
on the inside surface. If the cylinder is operating at creep temperatures, however, the highest
stress area will, after time, be on the outside surface and that is where failure will originate.
Chapters 6, 7, 17, 20, and 21 cover other design
and operational aspects of creep in more depth.
FATIGUE

Fatigue is the process in which materials fail
under cyclic loading. For thick-walled compo-

nents of high-pressure boilers, the principal
loading that can cause damage is produced by
the transient thermal effects that occur during
start-up and shutdown. These events are severe
but, fortunately, relatively infrequent. When the
transient events within a start-up or shutdown
are considered, the total number of cycles during
the life of a unit tends to be below 10,000. If
fai!ure occurs in fewer than 10,000 cycles, it is
termed "low-cycle fatigue". It is characterized by
local strains in the region of failure that are in
excess of the yield point of the material, with the
result that the material undergoes plastic flow.
(Chapter 6 has a section on fatigue analysis.)
Whenever fatigue failure occurs, it is initiated
at a free surface even though this free surface
may be at a subsurface flaw. In low-cycle fatigue
this initiation is followed by crack growth through
a region of previously plastically strained material. Finally, the crack propagates through the
rest of the component, through regions that originally saw only elastic strains, and the component fails.

Crack initiation occurs at a very early time
in life (<~ O / O of the number of cycles to failure).
The surface defect is usually located at a persistent slip band where material extrusions or
intrusions occur as a result of cyclic plastic flow.
These slip bands occur on planes of maximum
principal shear stress although the direction of
opening will be that of the maximum principal
normal stress.
Although slip bands occur adjacent to the
crack, as soon as the crack starts to open the
stress on these adjacent defects is relieved and
crack growth is generally limited to a single
crack. This is different from the creep situation where gross material degradation occurs
throughout the region adjacent to the main crack.
METAL-TEMPERATURE DETERMINATION

Without reasonably accurate estimates of metal
temperature, stress-rupture life predictions,
whetherbased on minimum or average strength
properties, cannot be accurate. There is research
data on the growth of steam-side oxide scales
on the low-alloy ferritic steels used in steam
generators.12
At elevated temperatures, the internal surfaces
of pressure parts will slowly oxidize and form
an indigenous oxide scale. The rate of oxidation
is a function of the internal surface temperature,
the type of material, and the time at temperature. It is possible to infer a "historical" tubing
metal temperature of a tube sample by measurement of the oxide scale thickness, when there
is knowledge of the rate of heat transfer, scale
conductivity, scale growth rate, and the length
of service. Using such data, the past temperature
exposure of a tube can be approximated if the
age and thickness of the oxide scale are known.
Estimates of this kind of necessity assume unchanging heat input to the tube, and constant
steam-side conditions.12
DETERMINATION OF
CRITICAL COMPONENTS
It is not feasible, for economic reasons, to evaluate in detail the life of every component in a
boiler; neither is this necessary. The first step
in any life-continuation study, whatever the level

of complexity involved, is therefore the determination of what are the critical components.
The initial step in the determination of criticality is an assessment of the consequences of
a failure. If the consequences of the loss of a
component are significant, then that component meets the first test of criticality.
If the component is one of many similar components with-similar loadings and the failure of
any one of these components does not result in
significant consequences, then it may be that
this class of component need not be considered
critical. The reasoning behind this is that there
will be a distribution in the actual lives of these
components and the actual failure rate can be
used as the input to the decision as to whether
or not it is necessary to replace a system made
up of these components. This is usually the case
in systems that consist primarily of tubing. The
failure of most other components containing
high-pressure water or steam would be considered significant.
Design Parameters

The basic parameter to be considered in evaluating the criticality of a component is its design
temperature. The fact that a part is designed to
operate in the time-dependent regime identifies
it as having a finite life and tentatively places it
within the class of critical components. Gener. ally, this includes the final superheater outlet
header and the hot reheater-outlet header.
~eometricParameters

Components that are excessively thick may
well be sensitive to even relatively slow transients. This is generally not a problem with components fabricated by boiler manufacturers, but
there may be a problem with purchased fittings
(tees and elbows) and components such as valves
and pump casings.13
A second geometric consideration is that of
configurationalcomplexity. Geometrically simple
components can often be eliminated from the
list of critical components because of an adjacent one that is more geometrically complex.
The reason for this is that, because of the way
that design codes handle these, a more complex
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geometry will generally have higher local stresses
than a simple one.
Experience
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The principal guide to determining which of
the components that passed the first tests of
criticality are in fact critical is experience, either
generic or plant-specific.
Generic experience is that knowledge that has
been gained from other studies and from observations both within the operating company, the
manufacturer's organization, and in the technical community as a' whole.
Plankspecific experience involves contractors'
personnel and records, as well as those of ,the
owner, and includes such items as knowledge
of previous failures and over-temperature operation. It also involves any inspection results;
this suggests that the criticality of a component
can change following the inspection portion of
a life-continuation program. Evidence of distorted or discolored components, cracks in unusual areas, and missing or defective support
structures would all cause reassessment of
associated components.
Principal Critical Components
in Steam Generators

Experience indicates that there are a number
of components that should be considered as
candidate critical items. The first three of these
have experienced difficulties very frequently and
should always be considered; an examination of
plant records may remove some of the others
from the list.
The final superheater outlet header and the
main-steam piping system
The economizer inlet header
The high-temperature reheater outlet header
and the hot reheat piping system
Other reheater outlet headers and piping
Other superheater outlet headers and desuperheater systems, particularly where there
are indications of higher-than design levels of
desuperheating
Superheater and reheater inlet headers

Maintaining AvaNabillty

APPROACHES TO ANALYTICAL EVALUATION

There are many different ways to evaluate
what has happened to a component and what its
expected remanent life will be, with the strategy
different for pressure vessels and piping. There
are five general levels of complexity:
The design-basis approach
The operating-records approach
The pressure and temperature test-data
approach
The material-sampling approach
On-line monitoring and analysis
As the level of analysis increases, confidence in
the results increases, as does cost.
Design-Basis Approach

Manufacturers design boilers to the customer's
specificationsof pressure and temperature. Each
manufacturer has its own design procedure. As
with the Boiler Code, this process is an expert
system in that it uses constants and coefficients
based on experience. Using this procedure, a
design is made with the Code used as a design
tool to ensure that its requirements are met. In
other words, the stresses for the design conditions, calculated in the way that the Code requires, are confirmed to be no greater than the
Code-allowable stresses for the specified material
at the design temperature. What this means is
that the sections will always be at least as thick
as the Code requires and often much thicker. In
particular, it is frequently standard practice to
make the thickness of a cylindrical component
equal to the next commonly~availablesize above
the precise thickness required by the Code.
Having arrived at knowing what the design
criteria were for any given component, and what
should be its minimum allowable thickness, we
can, with some confirmation from plant records
of operational conditions, arrive at a first-order
assessment of plant life. In most cases this will
say that the majority of high-temperature components are close to, or have passed, their useful
life and that the low-temperature components
are satisfactory-this despite the fact that there
may be physical evidence of damage. In most
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instances, this approach is just a screening tool
at best.
Operating-Records Approach

This level uses the design-basisapproach with
augmentation by plant records. Because of nowreasonable costs of analytical modelling, we include this type of evaluation although it uses
assumed linear ramp rates as input loading data.
Minimum material properties and nominal
sizes are used.
The analytical tool used is a sophisticated heattransfer and stress-analysis computer program
which includes the effects of creep and plasticity.
'AS such it can overcome the problems of the
design-based approach by evaluating the effects
of start-ups and shutdowns. However, since these
transients are assumed to be linear, this level still
ignores their non-linear nature and is therefore
non-conservative. This problem can be overcome
to some extent by using generic data taken from
similar units but, because of the idiosyncrasies
of individual units, a high level of uncertainty
remains. In general this approach is not recommended because it is frequently assumed, by
people not intimately concerned with the process, that, since a sophisticated analysis is performed, a reliable answer is obtained. This is not
the case and care should be taken to understand
this concern.14
The Pressure and Temperature
Test-Data Approach

This uses transient pressure, temperature, and
flow data, taken during operation, as input for
the computer program mentioned above. The
data is obtained by installing thermocouples and
pressure transmitters on the components under
consideration and operating the unit specifically
to obtain this data. A more cost-effective approach is to temporarily install a data-acquisition
and analysis system so that the evaluation can be
done on-line during normal operation. Such an
approach avoids the costs of a special test and
the associated data handling, and provides the
owner with immediate information about what
aspects of unit operation are most damaging.
This analysis also uses the measured thickness

of components and incorporates the other results
of an inspection program.15 Apart from the uncertaintfthat thetest data may not be representative of past operations, the only other question
in this type of approach is the lack of actual
material data. As a result, minimum material
properties have to be used to provide a lower
bound for remaining life.
The use of actual test data allows the prediction of the effects of changes in future operation
and also identifies possibly unknown sources of
problems such as condensate-flow events.
The Material-SamplingApproach

The next level of sophistication is to take
samples of the material present in the components and, after performing accelerated creep
tests on these samples, to incorporate these data
into the evaluation. This testing is fairly expensive and care needs to be taken to ensure that
these results are used correctly.
First, it is part of the requirement for applying accelerated creep test results to actual components, that creep testing be performed at the
stress level that the component sees during operation. It therefore introduces errors to perform
these tests at stresses that derive from a design
approach. The difficulty is that, during operation
at elevated temperature, the stress in the component is redistributed by creep relaxation and
as a result the operating stress will be significantly different from the design stress. Another
aspect of this approach is that, in general, to
avoid creating problems with the component, the
material sample has to .be taken from an area
removed from geometrical discontinuities. Unfortunately, in most cases, the critical areas are
precisely those areas that have to be avoided
during sampling. As a result, unless miniature
samples can be taken from the highly stressed
areas, it is necessary to translate the results of
the accelerated creep testing into the remaining
life at the critical areas. This means that, by the
use of plant history and analytical techniques,
the original creep properties of the material have
to be obtained. These can then be applied to the
analysis of the critical areas.
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Finally, it is unfortunately a fact that highpressure components are fabricated from substructures made u p of different heats of material. Unless the material sample is taken from
the critical substructure, the use of accelerated
creep test results is inappropriate. In the worst
case, if the accelerated creep test results indicate
that the material properties are at the top end of
the scatter-band, and the critical area is in another substructure where the material properties happen to be at the bottom end of the
scatterband, then the life estimate will be nonconservative by a factor of about 25. Here, although an analysis might indicate that the
component has mony years of remaining life, in
fact the critical area may have totally exhausted
its useful life.
Despite these cautions, when applied properly
this approach does provide the highest level of
confidence currently possible, for a singleoutage evaluation.
On-Line Monitoring and Analysis

The ultimate level of assessment is similar to
that described previously except that on-line
monitoring, analysis, and evaluation are accomplished by a device such as the C-E Boiler Stress
and Condition Analyzer described in Chapter 13.
Such a device monitors temperature, pressure,
and flow, and uses this data together with material and geometry information to assess damage
on a real-time basis. It makes no assumptions
about repeatability of operations. An option to
the use of this device is to incorporate "what-if"
capabilities such that the effects of changing
operational modes can be evaluated.

SUMMARY
Life continuation of a steam-generating system
implies an objective of operating the equipment

beyond ,the originally intended life, with these
considerations in mind:
Through rehabilitation or upgrading techniques, the steam generator can be restored to
an operational level of availability, reliability,
and capacity factor as practically close to "as
new" status as possible.
Currently available "state of the art" component designs can be incorporated in full or in
part, to improve the performance level and
safety of a steam generator.
Sophisticated analytical techniques can be
applied to estimate the remanent life of boiler
components.
Future eperational requirements may change
from past or current practice-design changes
may therefore be indicated for some of the
components subject to rehabilitation.
Because of aging, or service-related destructive mechanisms, replacement of some parts
may be required. Such replacement can be
programmed over a period of time based on
the calculated remaining life of specific components. ,
A life-continuation study is not solely a boiler
inspection program, or just non-destructive testing of unit components, or only a prediction of
remaining life of critical items. Although elements of these are present, timing is also an
important issue in the plant life-continuation
concept. A proper program is an on-going
process in which the owner and the equipment
manufacturers work togetherclosely over a long
period of time to solve technical and operational
problems. Any modifications that are decided
on should be phased over as long a time period
as possible, for maximum economy. Recommendations for any boiler unit will be owner- and
site-specific, and will require a significant degree
of owner participation to result in a productive
outcome.
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CHAPTER 25

Combustion Engineering
Research and Development Facilities

T

is chapter will describe the laboratory facilities that Combustion Engineering has assembled for conducting research and development in the power generation field. The facilities
range from small, sophisticated devices for examining the microstr,ucture of various fuels and
materials, to large furnaces which permit testing
of full-scale commercial components such as
firing systems. The focus of C-E research and
development is quite broad, covering such areas
as troubleshooting for customers who are experiencing problems, improvement or optimization
of present designs, and the investigation and de- .
velopment of new concepts.
A common goal in most of the work conducted
in these laboratories is the generation of lessexpensive electrical power in an environmentally
acceptable fashion. More efficient fuel utilization, greater component availability, and longer
component life represent some of the specific R
and D objectives which support the overall goal.
Combustion Engineering strongly believes
that a well-equipped laboratory which is staffed
with highly skilled personnel is mandatory to
stay at the forefront of power-generation technology. The C-E laboratory facilities are used
for conducting company-sponsored projects and

..

programs sponsored by private organizations,
including its customers, as well as those funded
by the federal Department of Energy, the Electric Power Research Institute, the Environmental
Protection Agency, the Gas Research Institute,
and other similar governmental and institutional organizations.
The implementation of most research and development programs requires the integration of
efforts from many disciplines within the laboratory complex. For example, if the owner of a
large steam generator is contemplating a switch
to a new fuel, know-how is required in the areas
of fuel combustion and fireside effects, heat
transfer, and environmental consequences. The
C-E facilities are structured so that the appropriate expertise exists in the following functional groups:
Fuels Technology
Fuel Systems Development
Mechanical Systems Development
Chemical Systems, including Water Technology
Chemical Analytical Services
4 Materials Technology
Electrical Systems

..
.
.
.
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The equipment and facilities described in this
chapter are located in the C-E Kreisinger Development Laboratory (KDL) in Windsor, Connecticut. The laboratory is named after Henry
Kreisinger, Combustion Engineering's first Director of Research. Past accomplishments of
KDL have directly led to the development and
improvements of the steam-generation, fuelburning, fluidized-bed, ash-handling, and emission-control technologies that are presented in
this book. For example, KDL's work on water-side
technology associated with high-pressure steam
generators forms the basis for our entire Chapter 20 on power-plant water technology.

FUELS TECHNOLOGY
The Fuels Technology group performs basic
and applied research which focuses on the characterization of fuel properties and the impacts
of these properties on the design and performance of steam-generating equipment. Work in
fuels technology centers on the broad areas of
combustion, and the handling and processing of
fossil fuels. Typical projects range from benchscale determination of combustion kinetics to
pilot-scale evaluation of boiler fireside effects
and flue-gas emissions. Such bench- and pilotscale evaluations provide detailed quantitative
fuel performance data that can be applied to the
setting of key boiler design parameters, or that
can be used to predict significant operating and
performance changes when switching fuels on
existing units.

and gaseous reaction products. The combustion
kinetics of a broad range of coals, petroleum
coke, coal-derived synthetic fuels, and refusederived fuel (RDF) have been studied in the
DTFS, as described in Chapter 2 under Char Reactivity. Knowledge gained from this facility has
been used in conjunction with C-E's computational boiler models to successfully predict
carbon loss in large coal-fired boilers (see Chapter 6).The DTFS has also provided basic data on
the formation and control of emissions such as
nitrogen oxides, dioxins (from RDF firing), and
organic hydrocarbons.
FIRESIDE PERFORMANCE TEST FACILITY

Fuel properties that affect suspension-fired
boiler performance are evaluated in the Fireside
Performance Test Facility (FPTF), a 4-million
Btulhr (1.2 MW) pilot-scale combustion facility
(Figs. 2, 3, and 4). Performance areas addressed
include solid-fuel handling and pulverization,
combustion, ash slagging and fouling, fireside
corrosion, flyash erosion, and gaseous and par-

DROP-TUBE FURNACE SYSTEM

Fundamental studies of the reaction kinetics
of solid fuels during combustion and gasification
processes are conducted in KDL's Drop-Tube
Furnace Systems (DTFS),Fig. 1.Two DTFS's are
available to provide controlled high-temperature
environments representative of suspension-fired
commercial systems. A schematic diagram of a
DTFS is given in Fig. 3 of Chapter 2. The devolatilization, combustion, and gasification reactions that take place in the furnace can be
by analysis of the solid
detected and

Fig. 1. Drop-Tube Furnace System (WFS)

.... .-

ticulate emissions. The facility operates throughout the range of conditions actually found in
large central-station boilers, regarding flame and
gas temperatures, furnace residence times, and
gas velocities. Testing typically focuses on establishing fuel-related operational limits in the various performance areas.
In the radiant section of the test furnace (Fig.
3), a series of simulated waterwall panels collect
slag deposits which are studied for their physical and chemical properties, their ease of removal, and their heat-transfer characteristics. A
series of probe banks in the convection-passsection (Fig. 4) is used to determine fireside corro-

Erosion Probe
Flyash Erosion Duct
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sion activity, ash-deposit buildup rates, the
influence of deposits on heat transfer, and the
ease of deposit removal. Flyash erosion rates are
measured in a high-velocity test section downstream of the convection test section. An electrostatic precipitator (ESP) follows the erosion
section to evaluate flyash collectibility and
resistivity; a more detailed description of the
ESP is given later in this chapter. A by-pass loop
is also available for conducting tests on selective
reduction of various regulated gaseous emissions. Continuous-sampling and analysis equipment allows measurement of particulate and
gaseous emissions.
The quantitative performance data obtained
from the FPTF is used with C-E's computational
boiler models to optimize new designs and to
predict performance of existing boilers under
other-than-design conditions. The FPTF has
been used to predict the burning and ashdeposition characteristics of many U.S. and foreign coals, coal blends, synfuels, beneficiated
coals, and coal-water mixtures.
FLUIDIZED-BED TEST FACILITIES

I

Fuel and sorbent performance during fluidized-bed combustion are characterized in a

Superheder Probe Banks
4 Banks

Burner
Secondary Air
Bottom Ash Discharge ---/

PriAav Air
and Fuel

Fig. 2. Fireside Performance Test Facility (FPTF)

Fig. 3. Waterwall test panel in lower furnace of FPTF
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Fig. 4. Upper furnace section and convection-pass sections of FPTF

4-inch (100 mm) diameter: fluidized-bed reactor.
This apparatus provides highly controlled conditions for assessment of devolatilization rates,
char reactivity, and fragmentation and attrition
properties of various solid fuels and additives.
The reactivity and attrition attributes of different sorbents for sulfur capture can also be
established under actual fluid-bed operating
conditions.

FUEL SYSTEMS DEVELOPMENT
Fuel systems development work focuses on
large-scale handling, processing, and combustion characterization (including gaseous emissions control] for a wide range of fossil fuels.
%pica1 projects range from designing and assessing oil-atomizer performance to full-scale firing
systems development.
FIRING SYSTEMS DEVELOPMENT COMPLEX

This installation, Fig. 5, integrates three commercial-scale test furnaces into a research com-

plex designed to develop advanced firing-system
concepts and to evaluate the combustion performance of a wide range of fossil fuels. The support equipment provides maximum, investigative
flexibility in preparing and handling conventional fuels such as pulverized coal, fuel oil, and
natural gas, as well as alternative fuels such as
coal-water and coke-oil mixtures; water-in-oil
emulsions; coal-derived solids, liquids, and
gases; and muni'cipal solid wastes, A pulverization facility which is part of the research complex produces commercial-size pulverized coal
for the test furnaces. Located adjacent to the pulverization facility is a pilot plant for producing
coal-water fuel (CWF) and for the storage and
pumping of CWF.
FULL-SCALE BURNER FACILITY

Commercial scale suspension-firing systems
are developed and optimized in this facility. It
has a maximum firing rate of 100 million Btulhr
(29 MWJ heat input on coal and 300 million
Btulhr (88 MWJ heat input on liquid fuels. Furnace configuration and heat absorption can be

_.
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FSBF Particulate

Full-Scale Burner

Stack Sampling Shed
Pulverized Coal Storage

Rod Scrubber System

uxiliary Pneumatic Storage
and Feed System

Fig. 5. Arrangement of firing systems development complex

adapted to simulate various commercial furnace
applications.
The primary use of this installation is to develop and test central-station scale single-register
burners and fuel-admission assemblies. Typical
test programs carried out in the full-scaleburner
facility center on characterizing burner combustion performance in terms of gaseous and particulate emissions, combustion efficiency, flame
stability and shape, and other commercially important parameters such as turndown capability.
Associated instrumentation provides the means
for monitoring both in-flame and downstream
flue-gas combustion-related phenomena. New
firing systems are optimized through iterative
testing and modification, with support often
given by other segments of the complex such as
the Atomizer Test and the Burner Aerodynamics
Facilities discussed below.

(20 MJ on liquid fuels and 25 million Btulhr
(7 MJ on coal. It is used to develop smaller scale

central-station o t large-scale industrial ignition
and firing systems, and to allow measurement of
pertinent combustion-related phenomena.

SUB-SCALE BURNER FACILITY

This facility (Fig. 6) has essentially the same
capabilities as the full-scale burner facility, except for the firing rate, which is 70 million Btulhr
-.

Fig. 6. Sub-scale bumer facility
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ATOMIZER TEST FACILITY

This equipment is used to characterize the perfornance of full scale liquid-fuel atomizers (up
to 10 U.S. gallons per minute or 0.6 litersls capacity) in a non-combustion environment. The
facility is uniquely designed to provide optical
access to the fuel spray. This facilitates the determination of droplet size distribution, droplet
velocity, and droplet trajectory using nonintrusive instrumentation such as double-spark
photography and laser-diffraction techniques.
This installation has proven to be a valuable tool
in designing high-performance atomizers for
many liquid and slurry fuels. Atomizer design is
further enhanced by the use of proprietary performance-prediction software.
BURNER AERODYNAMICS TEST FACILITY

A key function of wall-fired steam-generator
burners, as described in Chapter 12, is to manipu-

late the inflowing combustion air stream-so as
to promote ignition and flame stability, and to
produce the correct flame shape. One prime
method of obtaining burner ignition stability is
to employ swirled airflow, which generates internal recirculation of hot combustion gas. The
magnitude of swirled combustion air in the
burner also has an important bearing on NO,
emissions. A swirler test apparatus is used to
measure the angular momentum of the swirled
air and to thereby quantify the performance of
various designs of swirlers.
The overall aerodynamic characteristics of
burners and fuel-admission assemblies are also
studied in the burner aerodynamics facility,
Fig. 7. Full-scale and partial-scale transparent
~lasticmodels facilitate flow measurement and
visualization in cold flow experiments. Burner
aerodynamics are evaluated first with flowvisualization techniques that are recorded on
videotape and film, and second, quantitatively

Fig. 7. Flow visualization evaluation of a single-elevation fuel-admission assembly
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by three-dimensional velocity- and pressuremapping.
Aerodynamic data is used in the development
of new burners through the interpretation of
velocity-vector maps, to calculate the total areas
and velocities of near-field recirculated flows,
and to compute pressure-loss coefficients.
BOILER SIMULATION FACILITY

This large facility is designed to accurately
model the furnace and convective-pass sections
of a large suspension-fired steam generator (see
Figs. 8 and 9). It can be configured alternately
with 3 to 6 elevations of tangential fuel-injection
assemblies, for a total of between 12 and 24 assemblies. The unit has a nominal rating of 50
million Btulhr (15 MW,) when burning pulverized coal and 100 million Btulhr (30 MWJ when
burning oil or gas. The firing system can also be
arranged to demonstrate a multiple burner array
for wall-fired systems, or with a stoker for industrial and refuse-fired applications. The facility
also has additive-injection, flue gas recirculation,
and reburn-fuel injection capabilities.
The boiler simulation facility is specifically designed for the study of total boiler phenomena.
This includes SO, capture by sorbent injection,
and advanced in-furnace combustion and postcombustion techniques for NO, emissions control, such as reburning, air staging, or flue-gas
treatment using urea or ammonia injection, as
described in Chapter 15. The facility will accurately model the timeltemperature history, heat
release, and heat absorption of a large centralstation boilea It incorporates all the major aspects of such a large unit, including the lower furnace, ash hopper, firing zone, nose section, and
upper-furnace. The unit also includes waterwall
panels and convective heat-transfer surfaces that
duplicate the thermal and aerodynamic conditions of commercial boilers.
COAL-WATER FUEL PILOT PLANT

This facility is used to study the formulation
of coal-water fuels (CWF) and to produce CWF
test samples for research applications. It has a
processing capacity of approximately 1,000 lblhr
(0.13 kgls) of fuel. The facility can use feedstocks

Fig. 8. Boiler Simulation Facility (BSF) arrangement

of either dry pulverized coal or wet filter cake.
Capabilities exist to produce CWF prepared from
coal ground to usual boiler standards (approximately 70 percent through 200 mesh) or to further grind the coal feedstock to produce CWF
using micronized coal (with particle size below
10 micrometers).
The pilot-plant CWF production equipment
allows evaluation and scale-up of specific fuel
formulations developed in the laboratory, as well
as assessment of various processing-component
design. Process parameters can be optimized
with respect to fuel handling and combustion
performance. Complete analytical capabilities
support the CWF research activities and provide CWF-product quality control. CWF's made
in this pilot plant have been used in numerous
research and development programs, including those addressing boiler, gas-turbine and
diesel-engine applications.

.&.
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FLOW MODELING

Fig. 9. Boiler Simulation Facility in operation

Flow modeling at KDL uses both physical and
computer methods (see Fig. 10). Physical modeling requires the design, construction, and testing of prototypical models using an appropriate
fluid. Working fluids can be air, water, or some
other medium-including multi-phase fluids or
components such as solid particles or liquid
droplets-depending on the problem under
study. Flow modeling is used for analyzing pulverized-coal and fluidized-bed boilers, heatrecovery steam generators, gasifiers, flue-gas
desulfurization spray towers, fabric filters, electrostatic precipitators, and dry scrubbers. Depending on the specifics of the problem, two
dimensional water-table models or three-dimensional airflow models are employed.
Qualitative flow visualization plays a dominant
role in analyzing many process-equipment situations. This technique is used in conjunction
with two- and three-dimensional physical modeling. The two-dimensional technique is a valuable
tool in reducing the design effort necessary to
achieve optimum equipment performance. Based
on qualitative results and the complexity of the

MECHANICAL SYSTEMS
The mechanical systems group performs basic
and applied research in areas of heat and mass
transfer, fluid dynamics, thermal hydraulics
and two-phase (steamlwater) flow, erosive wear,
pulverization, bulk-material handling, two-com-'
ponent flow, and particle separation. Customized
engineering studies provide cost-effective solutions to design, operational, or maintenance
problems at existing boiler plants.
Mechanical-systems research revolves around
process modeling, using a combination of experimental and analytical methods. Extensive use is
made of physical modeling and statistical techniques, in conjunction with computational
modeling. Mechanical design and testing of various power-plant components support programs
for steam-generator upgrading and improve- Fig. 70. Large-scale furnace aerodynamic
test facility
ment of plant performance.
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process configuration, field implementation may
follow; alternatively, three-dimensional flow testing is conducted for the most promising solutions. Flow-visualization methods include the use
of smoke injection, 'yarn streamers, or particle
seed material. Design changes are first screened
visually before quantitative data is collected.
Quantitative component optimization is
achieved through evaluation of changes in flow
fields due to geometric alterations within process
equipment. Flow-field changes are arrived at
using pressure and temperature measurements
combined with gas sampling. Sampling devices
are controlled by one of many host computers
located throughout the laboratory. A central dataacquisition system configures the information
into permanent files and loads it into the KDL
mainframe computer. The principal measurement system is called the Automatic Probe
lkaversing Device ( Fig. 11)and is used for securing quantitative data from &dimensional models.

-

ASH-EROSION TEST FACILITY

In this test stand, furnace-tube material specimens are eroded in crossflow conditions that are
both controlled and measured using state-of-theart instrumentation and controls. From the infor-

Fig. 11. Automatic Probe Traversing Device
--

mation generated, the erosivity of a coal flyash,
process solid, or other material can be determined and recommendations made to lessen
wastage of pressure-part tubing or other boiler
components.
FURNACE AERODYNAMICS TEST FACILITY
This large-scale test facility (Fig. 10) is a focal
point in the ongoing study of suspension-fired
furnace aerodynamics at C-E. It has been used
for many applied research and development programs, including the design of retrofitable lowexcess-air firing systems for NO, reduction and
the evaluation of upper-furnace sorbent injection
systems for SO, removal.
HEAT-TRANSFERAND ..
CORROSION TEST LOOP
This major laboratory installation (Fig. 12) is
used to investigate heat-transfer or corrosion on
the water or steam side of steam-generator tubing. The pumps, piping, and instrumentation can
operate at up to 800°F and 4,000 psig (430°C and
28 MPa gage) in order to test at supercritical pressure and temperature conditions. Heat input is
electrically controlled by four separate circuits,
with a total capacity of 1.5 megawatts. The loop
controls are fully automatic, which permits continuous operation with minimal operator attention. This loop has been used to test commercial
boiler tubing for applications to fossil-fuel
boilers, nuclear steam generators, and solarreceiver boilers.
ELECTROSTATIC PRECIPITATOR PILOT PLANT
A pilot-scale ESP at the flue-gas discharge of
the Fireside Performance Test Facility (FPTF) is
used to compare the characteristics of two or
more different coal flyashes under similar ESP
operating conditions; see Fig. 13. The length,
plate spacing, electrode design, rappers, power
supply, and specific collecting area (SCA) simulate a commercial ESP, as described in Chapter
15. Since the aspect ratio is significantly different from a full-size ESP, the results from this pilot
facility cannot be directly applied to the design
or performance of a commercial unit, but must
be used in a design program with appropriate
scale-up factors.

COMnusnoli
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Fig. 72. Heat-transfer and corrosion test loop

The exhaust flue-gas stream from the FPTF
passes through a gas cooler to provide a desired
inlet-gas temperature to the ESP. Isokinetic samples of the flue gas and flyash are taken at the
inlet and outlet to determine dust loading, and
gas flow rate, temperature, and moisture content.
In-situ ash resistivity and gaseous SO, measurements can be made during testing, as well as the
electric power consumption of the ESP. After
testing, the isokinetic dust sample and dust samples collected in the hopper beneath each ESP
field are analyzed for resistivity and particle size
distribution. This data is analyzed to determine
dust-collection efficiency as a function of the
above variables. The efficiencies obtained in the
facility are then used to verify or adjust efficiency
calculations by utilizing ESP design programs.

HIGH-PRESSURE TEST FACILITIES
C-E has several high-pressure steam-water test
facilities for steam-generator component test
and evaluation, incorporating a 30-MW, highpressure boiler capable.of operating at pressures
to 3,000 psig (21 MPa gage). Steam-water mixtures from the boiler are used to provide operating environments to evaluate components of
fossil and nuclear steam supply systems.
Components tested have included:
steam-water separators
pilot-scale nuclear steam generators
safety and isolation valves
one-fifth scale nuclear circulating pumps
W Combined Circulation@ boiler circulating
pumps

h
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Flue-Gas Inlet

The chemical systems group is responsible for
developing water-treatment procedures essential
to maximizing fossil-fired steam-generator availability. Their experimental work includes the
investigation of ion-exchange technology, operational and out-of-service corrosion protecticn,
chemical cleaning, and water treatment methods.
Boiler owners can take advantage of Kreisinger
Development Laboratory consulting services to
have tube failures analyzed, to resolve operating
problems, or to be brought up-to-date on current technology in the above areas.
As described in Chapter 20, steam-generator
tubes collect internal deposits during operation.
Because these deposits may promote corrosion
or cause t u b ~ sto overheat, it is necessary to
remove the deposits periodically by chemical
cleaning. A Chemical Cleaning and CoatingsEvaluation Test Loop is used to evaluate new
chemical solvents and to test the effectiveness of
standard solvents on unusual deposits. Testing
is done under dynamic conditions to simulate
actual boiler operation and to find out if a certain chemical-cleaning operation will be effective
in the field:

Fig. 13. Electrostatic precipitator test facility: plan and
elevation views .

The facility shown in Fig. 14 was used to test a
family of nuclear primary-system safety valves.

CHEMI'CAL SYSTEMS
Work in this area focuses on water and steam
chemistry, internal and external boiler-tube corrosion, and both basic and applied research in
the area of environmental control systems. Typical projects may deal with boiler cleaning and
pressure-part materials testing, the determination of thermal conductivities of water-side tube
scale, and the development of new technologies
for flue-gas cleaning. Controlled-temperature
probes and integral tubing samples are used to
provide design information on external corrosion
for alternative pressure-part material selections.
These efforts are coordinated with the activities
of the metallurgical and materials specialists in
the laboratory.

Fig. 14. High-pressure steam-water test facilities
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FLUE-GAS CLEANING
PROCESS DEVELOPMENT

Much of the process development work for the
wet-scrubbing flue-gas desulfurization system
described in Chapter 15 was done by the chemical systems group in both pilot and bench-scale
facilities. Test programs provided information
needed to quantify gas-to-liquid absorption, product crystallization, absorbent reactions, and
product properties affecting sludge disposal.
Interpretation and correlation of the generated
data was facilitated by the developmeht of mathematical models which describe unit operations.
These models later became part of the design
procedure now used for commercial FGD
systems.
The process of removal of SO, and other acid
gases such as HC1 and HF in a spray-dry absorber
has been described in detail in Chapter 15. A
pilot-scale facility (Fig. 15)in KDL has been used
to advance the development of dry scrubbing for
application to central-station, industrial, and
municipal-refuse burning boilers.
Chemical systems development work is also
dedicated to advanced concepts for gas cleaning
such as the use of permeable membranes to sep-

arate SO, or H,S from flue gas, coal-gasification
product gas, or natural gas, using electrical potential as the driving force. The electrochemical
process operates at high temperature and is similar in many ways to molten-carbonate fuel-cell
technology. A bench-scale facility (Fig. 16) has
been assembled to investigate this process.
Many of the development tasks or process
questions addressed by chemical systems personnel may use such bench-scale apparatus, or information may be obtained from more conventional
chemical laboratory equipment. As an example:
data on calcination and sulfation of limestone in
fluidized-bed combustors were obtained on a
standard thermogravimetric analyzer. The information on reaction rates, temperature effects,
and particle-size effects was then used to develop
equations for overall modeling of sulfur capture
in the coal-fired fluidized beds.

CHEMICAL ANALmlCAL
SERVICES
This group utilizes a modern chemical laboratory to provide comprehensive chemical and

Fig. 15. Dry-scrubbing pilot-scale facility for flue-gas desulfurization development
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support field start-up, performance testing,
and maintenance activities
provide analytical and consultative services to
C-E equipment owners
The highly qualified staff of chemists and technicians actively participates in TAPPI and A S M E
committees, and in ASTM committees on coal
and water analysis.
The analytical laboratory has a full complement of state-of-the-art instruments to provide
accurate data on a whole range of sample analysis, including:
graphite furnace atomic absorption
thermogravimetric anaIysis (Fig. 17)
differential thermal analysis
ion chromatography
x-ray diffraction and fluorescence (Fig. 18)
inductive-coupled plasma spectrometry
(Fig. 19)
mercury porosimetry
BET surface area measurement
particle size analysis
';

.

Fig. 16. Bench-scale facility for investigating electrochemical gas cleaning process

physical testing of fuels and boiler-related structural materials. The prime functions of this group
are to:
support the fossil-fuel research and development activities

Fig. 17. Therrnogravimetric analyzer
-
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Fig. 78. X-ray diffractometer for compound identification of crystalline materials

The analytical laboratory is a fully equipped
fuels laboratory that can provide a full-spectrum
analysis on any type of solid or liquid fuel. It has
capabilities in water analysis, boiler tube examinationlfailure analysis, and metal analysis.
The chemical analytical services group is frequently called upon to support activities in the
following areas:
life-assessment programs on boiler pressure
parts
fuel-blending studies
pulverizer abrasion
environmental and industrial-hygiene aspects
of steam-generating-unit operation
analyses of refuse fuels, black iiquor;boilertube deposits, fuel additives, and chemical recovery unit byproducts, besides the analysis of conventional fuels.

Fig. 79. Inductive-coupledplasma spectrometer for determining inorganic elements in solution
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MATERIALS TECHNOLOGY.
The close interaction of materials technology
with all phases of materials usage is essential for
the successful design, fabrication, and service
behavior of a boiler and its associated equipment. To attain this end, a laboratory works
closely with engineering, manufacturing, quality
control, and field services. A continuous process
of feedback and information exchange between
laboratory and functional departments assures
that material-related needs and problems are
properly addressed. This process has resulted in
the materials technologists at C-E contributing
to achievements that include:
Production of the first welded boiler drum in
America fabricated to ASME Code specifications
Development of the low-hydrogen welding
electrode, which has since become a universally
used electrode in industry
Successful welding of the first stabilized
stainless-steel pressure vessel
Design and fabrication of the first commercial
reactor for nuclear power generation
Development of the large welded-wall waterwall panel, a design innovation later adopted in
boiler manufacture throughout the world
8 Development of the modified 9Cr-1Mo ferritic
alloy for high-temperature service, which has
been widely adopted for pressure-containment
components
Formulation and development of a superior
hardfacing alloy for use in coal pulverizers
8 Development of surface-modification procedures, chromizing in particular, for protecting
metallic boiler components against hostile
environments
The laboratory facilities available to C-E materials personnel make the continuation of such
achievements possible. Modern equipment and
highly skilled specialists in the areas of analytical chemistry, metallography, and mechanical
properties determination- all fundamental tools
in the study of materials-are continually employed in alloy development, surface protection,

failure analyses, and life-continuation predictions.

ELECTRICAL SYSTEMS
The electrical systems group develops instrumentation and software for the power industry,
as well as for internal C-E research and development programs. In addition, it provides engineering and technical service support for KDL's
instrumentation, data-acquisition, control, and
electrical-power requirements.
LASER LABORATORY

The laser laboratory develops specialized optically based measurement sy9tems. These are
intended principally for commercial use, such as
the OPSIZETMin-situ system for measuring the
particle size of solids flowing in pneumatic transport pipes (shown in Fig. 20 and described in
Chapter 13). Examples of research tools used
in other KDL projects include such instruments
as a Laser Doppler Anemometer (LDA),a Laser
Methane Pacer system (LMT), and a VoidFraction Measurement system (VFM). The LDA
non-intrusively measures velocity in flowmodeling, erosion, and component-development
programs. The LMT measures mixing and residence time in flow models, and the VFM determines the void fraction in liquidlair systems.

Fig. 20 C.E OPSIZE" in-situ particle size analyzer
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acquisition and reduction network. This n&ork
is Ethernet-based, with the central computer actThis is a multi-functional laboratory used to
ing as a file server for all KDL test-facility datasatisfy several needs within KDL. It is used for the
acquisition computers and the many engineerinitial bench testing of specialized measurement
ing work stations. The central computer simulsystems which are not optically based. Instru- taneously provides printing services to the
ments developed by Electrical Systems for com- various output peripherals such as plotters and
mercial offering, such as the Mach ThermTM printers.
acoustic temperature-mapping system, an enThe central computer is also a development
hanced acoustic leak-detection system, and re- machine for -several Combustion Engineering
cently, a new digital flame-scanner system, were
Total On-Line Performance System (CETOPS)
all initially tested in the instrument laboratory. modules. The Interactive Chemistry ManageThis laboralory is also used to test, calibrate, ment System (ICMS) used to monitor and conand repair instruments and electronic compo- trol boiler water chemistry was developed in KDL
nents used in KDL facilities. Electronic test
using this facility, as were various parts of the
equipment and calibration standards which are
On-Line Thermal Information System diagnostraceable to the National Institute of Standards
tic module (OTIS)and the Boiler Stress and Conand Technology (NIST) are maintained by a quali- dition Analyzer module (BSCA), all of which
fied technical staff for this service. Such stan- were described in Chapter 13.
dards are maintained in temperature, pressure,
ELECTRICAL ENGINEERING SERVICES
force, and displacement. Pressure calibrations
from 0.01 in.WG to 12,000 psig (2.5 Pa to 83 MPa
Electrical Systems also provides electrical engigage), including differential pressure at 4,500 neering services to KDL; these center around the
psig (31MPa gage) static pressure, are performed.
design, construction, and maintenance of inTemperature'calibrations are done for the entire
strumentation, data-acquisition, control, and
International Practical Temperature Scale (except power systems for the various test facilities. Staff
for the cryogenic range), force to 200,000 pounds
members design these systems, which cover a
(445 kN), and displacement to 20 inches (500 range from high-speed data-acquisition systems
mm).
for transient fluid dynamics studies to megawattsized electrical heating systems. By having this
CENTRAL COMPUTER FACILITY
capability in-house, the Kreisinger Laboratory
can respond quickly to facility design changes
Electrical Systems designed and installed, and
now operates and maintains, KDCs central com- necessary to satisfy research-program and customer needs.
puter facility, the hub of the laboratory's data
INSTRUMENTATION LABORATORY

Appendix A. Coals of the .World
This appendix is comprised of two sections.
The first has reference data on all the coals of all
producing countries of the world; approximate
reserves are given, along with some historical
and geographical information. Analyses of the
coals and their ashes, along with fusibility
data, are included to be used in preliminary design of boilers to burn coals from these countries. The data are not intended and are not
adequate for the actual design of a steam
generator to burn a specific local fuel. Mine or
core samples, or detailed fuel analyses, are
needed for that purpose.
The International Systems of coal classification are described in the second section. These
systems result from a significant effort to
categorize in a consistent, rational manner all
the different coals (excluding peat) found
worldwide. This is vitally important where engineers from one country are involved in the
design of fuel-preparation-and-burning equipment, steam-generating equipment, or ashhandling systems for another country where
coals may be designated by local custom rather
than on a useful engineering basis.
Sources of information for the statistical and
analytical data in this chapter have been fuel
investigations by the C-E Kreisinger Development Laboratory; publications of the U.S.
Bureau of Mines and the Canadian Department
of Energy, Mines and Resources; the National
Coal Association, Washington, DC; the World
Energy Conference Surveys of Energy Resources; the Report of the commission of Inquiry into the Coal Resources of the Republic of
South Africa (1975);and COAL-Bridge to the
Future, summary report of World Coal Study.
*
*
*
*
In this Appendix, high heat values are given in both Btu
per pound and megajoules per kilogram. Tonnages of coal
resources or production are in metric tonnes (2,204.6
pounds). Where a tonne of coal equivalent is shown, it is a
metric tonne of coal with a heating value of 12,600BtuAb,
7,000kcalkg, or 29.31 MJkg. Because coals vary significantly in calorific value, much more than 1 tonne of subbituminous, lignitic, or brown coal is required to produce the
energy of 1tonne of coal equivalent (1tce).

The estimates of economically recoverable
coal are at best approximate, and depend just
as much on economic and political considerations as they do on exploratory techniques. There are no universally agreed upon
definitions of reserves and resources, many of
them being a function of quantity of overburden or depth of mining. And, depending upon
the source of data and the purpose for which it
was gathered, the values may represent undue
optimism or conservativeness.. In any case,
they should be read in the context of this statement by Carroll Wilson (Future Coal Prospects:
Country and Regional ' Assessments-the
World Coal Study, 1980):". . . the use of different fuels is heavily constrained by decisions
made in the past and by the fact that new energy
facilities being planned now cannot be brought
to completion in less than 5 to 10 years. The
substantial shift to coal will therefore begin in
the mid to late 1980's based on decisions made
in the early,1980's. Major effects of this expansion will be felt in the 1985-2000 period.. .
The full effects of the switch to coal will, however, not be seen until the early decades of the
next century."

ANALYSES BY CONTINENT
AND COUNTRY
Coal is found on all continents and in most
countries throughout the world. Hgwever,
some countries, such as Italy and Sweden, have
resources so meager in proportion to their
energy demands as to be inconsequential. By
far, the largest world coal deposits are located
in the Northern hemisphere.
Economically recoverable reserves are those
that can be successfully exploited and used
within the foreseeable future; they represent
about 1115th of the total world geological resources of solid fuel. The estimated total of such
resources for the entire world is in excess of
600,000 million tce; over 95 percent is found
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in just 1 3 countries, approximately as follows:
United States
28%
U.S.S.R.
17%
People's Republic of China
16%
United Kingdom
7%
Western Germany
5%
India
5%
Australia
4%
Republic of South Africa
4%
Poland
3%
Canada
2%
Brazil
1%
Yugoslavia
1%
Eastern Germany
1%
The preceding tabulation may very well overstate the resources of such countries as the
United States and Western Germany in comparison to the others, because exploration has
reached a higher level. The eventual resources,
which disregard climate and other factors making recovery difficult, of both Russia and China
may be greater than shown. Also, there can be
considerable loss in recovering coal, particularly in deep mining-and there can be great
differences between run-of-mine coal and a
marketable, ash-reduced product.
Further general information on the reserves
of all coal-producing countries of the world is
found under the individual country headings.

BASIS FOR ANALYTICAL DATA

A most important consideration in the use of
coal analyses is the determination of coal type
or rank from the data presented. The selection
of pulverizing equipment, for instance, depends upon characteristics related to coal rank,
as does establishing the heat transfer requirement and size of an air heater.
For the best use of world coal data, the tabulations in this Appendix make it easy to ascertain
coal rank. Volatile contents and high heating
values are normalized to a moisture- and ashfree basis; ash and moisture contents are given
on an as-analyzed basis.
Ash analyses, some of them available from
U.S. Bureau of Mines and Canadian Department of Energy, Mines and Resources publications, but mostly done in C-E's laboratory, are
given for use in furnace sizing, determining
convection-pass fouling potential, and designing ash-transport and storage equipment. All
ash fusibility figures are for ASTM reducing
atmosphere, as described in Chapter 3 .
Regarding the moisture contents shown,
realize that there can be no assurance that samples received for analysis have their moisturesealing intact, so there can be some air-drying
before tests occur. In using the moisture contents for pulverizing-system, boiler, and air

Table I.Correlation of Coal Properties (Based on Typical Analyses)

.'

Bituminous
Low VM.
Med.141.

A

High-Volatile Bit.
B
C

Volatile
Matter (VM)
MAF

A

Subbituminuus
B
C

Lignite and
Brown Coal
45 and

higher

C
+H
-

2.7 and

lo~ver

0 2

(Typical)

Btullb,
MAF

:MJlkg, MAF

MAE = moisture- and ash-free
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heater design, values must be corrected to
probable "as-received at the power-plant"
moisture. This is particularly important with
coals that are transported long distances before
analyses, as is frequently the case.
CORRELATION OF COAL PROPERTIES

In addition to the ASTM Standards D388,
Classification of Coals by Rank (Table 11, Chapter 2), a review of the actual coal analyses
presented in this Appendix will produce a correlation that is useful in preliminary ranking
of coals based on pr,oximate and ultimate
analyses. Table I is such a correlation, based on
a study of analyses of many typical coals. For
such preliminary ranking, refer ako to Fig. 1,
Chapter 2, which is a graphical presentation of
ranking parameters.
COAL DEPOSITS OF NORTH AMERICA

This section describes the coalfields of
Canada, the United States, and Mexico, with
Alaska being given separate treatment.

Subbituminous

aLignite and Brown Coal
Bituminous and Semianthracite
Fig. 1 Coal Map of Canada
.-

CANADA

Canada (Fig. 1)has over 9,000 million tonnes
of economically recoverable coal reserves,
ranging from anthracite to- lignite. Table I1
shows measured resources (for which tonnages
have been computed) of immediate interest for
exploration or exploitation activities; generally, for most regions, coal seams have to be at
least 5-ft thick to be included in this category.
The resources in the table exclude coal that
may be present north of 60" North latitude and
small occurrences known in Newfoundland
and Manitoba.
Ninety-five percent of the recoverable reserves are in western Canada (British Columbia, Alberta, and Saskatchewan), of which
about 80 percent can be open-pit mined. As in
the United States, coals in western Canada are
low in sulfur content, rarely exceeding 0.6 percent on a mass basis, but are high in ash. Eastern Canadian coals generally have high
sulfur, particularly those from Nova Scotia.
Approximately 14 percent of the Canadian
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coal produced is bituminous coal from underground mines; the balance is bituminous,
subbituminous and lignitic coals taken by
strip-mining. Over 70 percent of the domestic
consumption is for power generation; most of
the balance, for metallurgical uses.
Production of coal in the year 2000 is estiinated to be between 75 and 115 million tonnes
coal equivalent per year. A steadily growing
portion of the production will be used at
mine-mouth plants in the West. In Alberta, for
instance, coal is planned to supply about 95
percent of the province's electrical needs at
the turn of the century. Canada's coal deposits

Table 11. Measured Canadian Coal
Resources of Immediate Interest
(1978)
Province and Area

Nova Scotia
Sydney
Other
Subtotal
New Brunswick
Minto
Other
Subtotal
Ontario
Saskatchewan
Estevan
Willow Bunch
Wood Mountain.
Cypress
Subtotal
Alberta
Plains
Foothills
Mountains
British Columbia
Southeastern
Northeastern
Other
Canada total

Coal Rank

Millions
of tonnes

hvb
hvb
hvb
hvb
hvb
lig
lig
lig
lig
lig
sub
hvb
lvb-mvb
lvb-mvb
Ivb-mvb
mainly lig
some sub-hvb
lig
sub
hvb
lvb-mvb

lig = lignitic; sub = subbituminous; hvb = high-volatile bituminous:
mvb = medium-volatile bituminous: lvb = low-volatile~bituminous.

are located in four definable regions.
1. The Mountain Region:
Most of the bituminous coal resources are in the
provinces of Alberta and British Columbia
(BC),extending in a belt up to 50 km wide from
the U.S. border, northwest into the East
Kootenay region of southeastern BC, north into
Alberta (in the Crowsnest Pass area) and into
northeastern BC (Fig. 1). The main center of
deposition is located in southeastern BC. Large
resources are also being found in the Peace
River area to the north.
2. The Foothills Region of Alberta:
Coals from this area are mainly of high-volatile
bituminous B and C rank. Mining conditions
are not as severe as in the mountain region, but
eventually most of the resources will have to be
extracted by underground methods.
3. The Plains Regions of Saskatchewan and
Alberta:
The four lignite deposits of Saskatchewan are
located along the U.S. border and form the
northern fringes of the main lignite zone centered in North Dakota. The subbituminous
seams of Alberta underlie the southern part of
that province from the Rocky Mountains in the
west to their outcrops about 250 km farther
east, and form an immense arc from the U.S.
border up to about 56"N latitude, passing east
of the cities of Calgary and Edmonton.
4. The Atlantic Region:
The Cape Breton Island coalfield in Nova
Scotia is the most important of the region,
although a small quantity of - high-sulfur
bituminous coal is produced by surface mining
in the province of New Brunswick. The Cape
Breton field is located on the north shore of the
island, facing the Cabot Strait and the Atlantic
Ocean. The coal is mostly of high-volatile
bituminous A rank, varying from medium to
high in sulfur content.
Canadian reserves of peat, which have not
been surveyed, are thought to be approximately
equal to those of the United States.
Table I11 gives the analyses of typical Canadian coals. For the ultimate analyses and ash
constituents, see Analysis Directories of Cana-

.
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Table 111. Analyses of Typical Canadian Coals
Province and Area
or seam

Nova Scotia
Thorburn
Broughton
River Hebert
Phalen
Harbour
Westville
Sydney
Joggins
Inverness
New Brunswick
Wnto
Chipman
Coal Creek
Saskatchewan
Bienfait
Roche Percee
Alberta
Cascade
Crowsnest
Coalspur
Lethbridge
Pembina
Drumheller
Castor
Edmonton
Taber
Camrose
British Columbia
East Kootenay
Vancouver Island

Rank

-

- As received %Ash

%H20

-Moisture- and ash-free -H H V
% VM

Btullb

MJlkg

Ash ST,
Red., "F

Hardgrove
Grind.

Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvcb
Hvab
Hvab
Hvab
Lig A
Lig A
Sa
Mvb

Hvcb
Hvcb
Subc
Subb
Subb
Subc
Suba
Subc
Mvb
Hvab

dian Coals published by the Canadian Department of Mines and Technical Surveys, Mines
Branch, Fuels Division.
UNITED STATES

Coal is found in 36 of the states and is currently mined in about 26. Six states contain
more than 75 percent of the estimated 245,000
million tonnes of economically recoverable reserves: Montana (28%), Illinois (16%), Wyoming (13%), West Virginia (9%), Pennsylvania
(7%) and Kentucky (6%), Fig. 2.
The reserves of peat, not detailed in this text,
are estimated to be equal in heating value to
--

96 S

..

about 30 percent of the currently recoverable
coal reserves. Peat is located in low-lying
coastal areas, in the flatlands of the Great Lakes,
and in Alaska.
The electric utilities of the U.S. consume 78
percent of all the coal produced in the states.
The U.S. Geological Survey has divided the,
coal-bearing areas of the contiguous U.S. into
six main provinces designated as (1)Eastern, (2)
Interior, (3) Gulf, (4) ~ o i t h e r nGreat Plains, (5)
Rocky Mountain, and (6) Pacific Coast. The
provinces are subdivided into coal regions,
coal fields, and coal districts. (Alaska is treated
as a separate province.)
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The Eastern Province

This includes the anthracite regions of
Pennsylvania and Rhode Island; the Atlantic
Coast region, including the Triassic fields of
Virginia and North Carolina; and the Appalachian region extending from Pennsylvania
through eastern Ohio, Kentucky, West Virginia, western Virginia, and Tennessee into
Alabama. The Appalachian basin contains the
largest deposit of the high-grade bituminous
and semibituminous coals. The Triassic deposits of central Virginia and North Carolina occur
in irregular pockets rather than in seams and
are at present of little commercial value, because of expensive mining and rather low-grade quality of coal.
The Interior Province

This province includes all the bituminous
coal area of the Mississippi Valley region and
the coal fields of Texas and Michigan. This
province is subdivided into the Northern re-

Bituminous
Subbituminous
Lignite
Anthracite and Semianthracite
Fig. 2 Coal Map of United States

gion consisting of the coal field of Michigan;
the Eastern region, or Illinois basin, comprising the fields of Illinois, Indiana and western
Kentucky; and also the Western region embracing the coal fields of Iowa, Missouri, Nebraska,
Kansas, Arkansas, Oklahoma, and the southwestern region of Texas. With some exceptions, the bituminous coals of this province are
of lower rank and higher sulfur content than
those of the Eastern province. Much of the
surface-minable coal in the Illinois basin having low chlorine and sodium content has been
mined or committed to be mined. Much of the
remaining coal, with high chlorine content
(above 0.15 percent as fired), will have to be
deep-mined and will comprise a large proportion of the future production.
The Gulf Province

This consists of the Mississippi region in the
east and the Texas region in the west. The
Mississippi region includes the lignite fields of
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Table IV. Source, Analysis and Classification of U.S. Bituminous Coals -Continued
State, County,

and Bed

Moisture- and ash-free
- As received H H V - Classification %Ash %HrO %VM % C % H %O % N % S Btdlb MJlkg FSIA A-ADB ASTMC ICNo.D

Maryland
(Continued)
Allegany,
Tyson
Ohio
Belmont,
Pittsburgh
No. 8
Morgan,
Middle Kittaning No. 6

9.1

2.8

21.4

89.0 4.9

2.8 1.9

1.4 15,650 36.4

8% 110

Lvb

434

9.1

3.6

45.8

80.9 5.7

7.4 1.4

4.6

6

200

Hvab

635

8.5

-8.7

45.8

79.4 5.7

10.9 1.5

2.5- 14,340 33.3

4%

2

Hvbb

733

2.6

39.5

84.3 5.6

6.7 1.7

1.7 14,870 34.6

8% 180

Hvab

635

3.7

42.0

82.2 5.6

7.3 1.6

3.3 14,970 34.8

5%

75

Hvab

634

1.1

20.0

89.5 4.8

2.9 1.5

1.3 15,660 36.4

9

75

Lvb

334

2.1

35.4

85.3 5.4

3.8 1.6

3.9 15,360 35.7

7

, 300

Hvab

635

1.7

29.4

87.8 5.2

3.2 1.5

2.3 15,500 36.0

9

310

Mvb

535

1.8

40.6

84.1 5.6

6.4 1.7

2.2 15,160 35.3

9

250

Hvab

635

2.3

24.6

88.5 5.1

3.7 1.5

1.2 15,680 36.5

9

150

Mvb

435

5.2

42.9

81.5 5.7

7.3 1.7

3.8 14,830 34.5

4%

75

Hvab

634

1.6

40.5

84.2 5.6

7.2 1.6

1.4 15,070 35.0

7% 180

Hvab

635

3.8

4.7

38.1

83.2 5.4

8.6 2.0

0.8 14,820 34.5

3

-21

Hvab

622

7.3

3.3

47.2

80.7 5.8

11.7 1.4

0.4 14,330 33.3

2

-45

Hvbb

711

5.6

4.1

42.9

82.1 5.6

9.3 1.8

1.2 14,770 34.3

5

Hvab

633

6.4

5.2

43.2

79.8 5.6

11.8 1.7

1.1 14,260 33.2

3

Hvbb

721

8.8

3.7

42.4

81.8 6.0

9.7 1.9

0.6 14,710 34.2

4

5

Hvab

623

9.9

2.9

45.1

82.7 6.2

8.6 2.0

0.5 14,920 34.7

4

35

Hvab

623

Pennsylvania
Allegheny,
Pittsburgh
7.6
Butler,
LowerFreeport 8.0
Cambria,
UpperFreeport 7.5
Clearfield,
LowerFreeport 7.9
Fayette,
Lower Kittanning
8.8
Greene,
Pittsburgh
8.2
Indiana,
LowerFreeport 9.7
Lawrence,
Brookville
10.1
Washington,
Pittsburgh
5.1
Tennessee
Campbell,
Jordon
Utah
Carbon, D
Carbon, Lower
Sumyside
Emery, Lower
Sunnyside
Washington
Kittita3,No. 1
(Big)
Kittitas, No. 5
(Rosl~n)

14,730 34.3

5
-35
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Table IV. Source, Analysis and Classificationof U.S. Bituminous Coals -Continued
State, County,
and Bed

- As received % ~ s h90H,O YO.VM

Moisture- and ash-free

-HHV Classification % c % H 400 9/o N 40s ~ t d l b ~ j k gFSIA-A-AD> ASTMC
IC NO.^

West Virginia
Boone,Alma
Boone,
Chilton
Boone,
Hernshaw
Fayette,
Fire Creek
Fayette,
Lower Eagle
Greenbrier,
Fire Creek
Greenbrier,
Sewell
Kanawha,
Winifrede
Logan,
'
Cedar Grove
McDowell,
Beckley
McDowell,
Bradshaw
McDowell,
Pocahontas
No. 3
McDowell,
Pocahontas
No. 4
McDowell,
Douglas
Marshall,
Pittsburgh
Mercer,
Pocahontas
No. 3
Mercer,
Pocahontas
No. 6
Mingo, Lower
CedarGrove
Mingo, Upper
Cedar Grove
Monongalia,
Pittsburgh
~Monongalia,
Redstone

9.8

2.3

42.5

83.5 5.7

6.3

1.5

3.0 15,110 35.1

6

120

Hvab

634

7.8

4.2

40.2

83.8 5.5

7.5

1.7

1.5 14,930 34.7

6

10

Hvab

633

7.2

2.0

38.0

86.0 5.5

6.0

1.6

0.9

6% 140

Hvab

634

6.2

3.0

20.2

90.0 4.7

2.9

1.3

1.1 15,540 36.1

7

Lvb

433

4.8

1.8

33.4

87.7 5.5

4.4

1.7

0.7

15,610 36.3

8*/2 310

Hvab

635

10.2

3.6

24.2

88.5 5.0

3.6

1.6

1.3 15,540 36.1

8% 150

Mvb

435

3.2

3.2

29.1

88.0 5.3

4.3

1.8

0.6

15,540 36.1

9

220

Mvb

535

9.5

4.8

41.5

83.35.6

8.6

1.7

0.8 14,88034.6

4

-5

Hvab

622

9.3

2.4

39.2

84.2 5.5

7.1

1.6

1.6 15,180 35.3

7

150

Hvab

635

10.3

2.7

18.4

89.8 4.7

3.2

1.6

0.7

15,630 36.3

7l/2

25

Lvb

333

6.7

1.9

26.5

88.9 5.1

3.4

1.7

0.9

15,690 36.5

8% 240

Mvb

435

6.2

3.3

18.7

89.4 4.6

4.1

1.3

0.6

15,690 36.5

8%

10

Lvb

333

7.3

2.8

26.1

89.4 5.0

3.7

1.3

0.6 15,610 36.3

9

170

Mvb

435

4.0

2.5

25.6- 89.3 5.0

3.1

1.7

0.9

15,680 36.5

9

230

Mvb

435

10.5

4.1

45.6

81.2 5.6

6.8

1.4

5.0 14,790 34.4

7

230

Hvab

635

7.1

4.4

17.4

90.7 4.6

2.7

1.2

0.8

15,730 36.6

6

5

Lvb

333

7.9

5.1

20.8

90.3 4.8

3.0

1.3

0.6

15,710 36.5

7

65

Lvb

434

5.0

1.7

37.5

85.6 5.5

6.4

1.6

0.9

15,390 35.8

8

160

Hvab

635

9.1

5.1

36.3

85.5 5.5

6.6

1.6

0.8 15,090 35.1

6%

30

Hvab

633

6.6

2.3

37.5

85.5 5.5

5.8

1.8

1.4 15,310 35.6

9

250

Hvab

635

12.4

2.6

36.6

84.5 5.5

6.3

1.7

2.0

71/2

180

Hvab

635

15,320 35.6

15,090 35.1

10
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Table IV. Source, Analysis and Classificationof U.S. BituminousCoals -Continued
State, County,
and Bed

..A s received

Moisture- and ash-free

-

- ClassificationMJlkg FSIA A-ADB ASTMC ICNO.~

-HHV -

%Ash %Hz0 %VM % C % H %O % N % S Btullb

West Virginia
(Continued)

Nicholas,
Eagle
Raleigh,
Beckley
Randolph,
Sewell
Wyoming,
Campbell Creek

6.8

4.0

36.2

85.6 5.5

6.4 1.7 0.8 15,270 35.5

7%

140

Hvab

634

5.3

1.5

20.0

89.4 4.8

3.5 1.5

0.8 15,660 36.4

8112

60

Lvb

334

5.4

1.5

31.2

87.4 5.3

5.2 1.4

0.7 15,420 35.9

8

180

Mvb

535

2.0

2.2

31.7

86.8 5.4

5.5 1.5

0.8 15,570 36.2

8%

280

Hvab

535

3.6

1.9

29.9

88.5 5.3

4.0 1.5 0.7 15,530 36.1

8%

230

Mvb

535

2.4

1.5

23.8

89.8 5.0

3.1 1.6 0.5 15,700 36.5

9

170

Mvb

435

47.0 79.3 5.6

12.2 1.8 1.1 13,900 32.3

1%

-22

H V C ~ 811

Wyoming,

Eagle
Wyoming,
Sewell
Wyoming

Sweetwater,
NOS. 7,71/2,9,15 4.1

10.3

A-FSI IFree Swelling Index
B-A-AD = Audibert-Amu dilatation index
C-ASTM Classifications: Lvb = low-volatile bituminous;Mvb = medium-volatilebituminous;
Hvab = high-volatile A bituminous:Hvbb = high-volatileB bituminous: Hvcb = high-volatileC bituminous
D-IC = International Classifications

Alabama, Mississippi, and Louisiana. The
Texas region comprises the lignite fields of Arkansas and Texas. The lowest rank coals in the
U.S.are found in this province, with equilibrium moisture contents as high as 55 percent.
Lignites from Texas can have moisture contents to 40 percent, low grindabilities, and
heating values, as received, below 4000 Btullb.
Some of the Louisiana lignites are very similar
to those of North Dakota, having moisture to 36
percent and sodium levels of 5 to 8 percent.
The Northern Great Plains Province

This includes all the coal fields of the great
plains east of the eastern front range of the
Rocky Mountains. In this province are immense lignite areas of the two Dakotas, and the
bituminous and subbituminous fields of northern Wyoming and northern and eastern
Montana. Lignites from this province can be of
very low rank, having moisture content to 45
percent and sodium oxide as high as 15 percent
of the ash.

T h e Rocky Mountain Province

This comprises the coal fields of the mountainous districts of Montana, Wyoming, Utah,
Colorado, and New Mexico. It possesses a great
variety of coals, ranging from lignite through
subbituminous and high grade bituminous
coals to anthracite. The subbituminous coals
range in moisture from 10 to 30 percent, with
calorific-values (HHY) from 6500 to 10,000
Btullb. Several sources in this province have
high sodium-oxide in ash, ranging to 15 percent.
T h e Pacific C o a s t Province

This area is largely confined to the State of
Washington, which contains the largest coal
fields on the Pacific Coast. It also embraces the
small fields of Oregon and California. The coals
in this province range from subbituminous
through bituminous to anthracite.
The coals of Oregon and California rank
somewhat lower than those of Washington.

2

Those of California consist mainly of noncoking bituminous coals in the southern part of the
State, lignite in the northern, and subbituminous in the center. The fieldsare scattered and
limited in area.
Estimates of U.S. coal production in the year
2000 vary from 1200 to 2000 million tonnes per
year, depending upon the amount of nuclearpower generation and the extent of coal exports. Appalachia, which now produces about
half of the nation's coal, will decrease to 30
percent; the Midwest will produce 11 percent
and the West, 50 percent; the balance will be
s u r f a c e - ~ n e dGulf lignite. Surface mining
will predominate at that time and is expected to
be over 60 percent of the total output.
Table V of Chapter 2 gives analyses of some
U.S. coals. Ash analyses of representative U.S.
coals are included in Tables IV, V, and VI of
Chapter 3.
Table IV CPage A-10) gives detailed analyses
of U.S. bituminous coals, with free-swelling in-

Fig. 3 Coal Map of Alaska
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dices, the Audibert-Arnu dilatation, and the
ASTM and International classifications.
ALASKA

Coal is distributed widely throughout Alaska
in fields differing greatly i n size and in
geologic environment; much of it is lignitic or
subbituminous in rank. Its total reserves are estimated to be 15 percent bituminous coal and
85 percent subbituminous coal and lignite.
Only fields close to main lines of transportation
have been developed; major reserves occur in
more remote parts of the State. The most important fields, in terms of production and known
reserves, are the lower Matanuska Valley,
nbrtheast of Anchorage, and t h e Nenana,
southwest of Fairbanks. In addition to coal,
Alaska has a greater area of peat than all the
contiguous states combined.
Alaskan coal deposits are in several regions
(Fig. 3). The Northern Alaska and Seward
Peninsula regions contain mostly subbituminous and bituminous coal. The biggest Alaskan
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Table V. Analyses of Typical Alaskan Coals
Region,
District
And Mine

-

-As received % Ash

% Hz0

% VM

Moisture- and ash-free
-HHV %s
Btullb
MJfl<g

Ash ST,
Red., "F

Northern Region
Wainwright
Yukon Region
Broad Pass Field
Costello Creek
Eagle
Nenana Field
Suntrana
Kuskokwin Region
Nelson Island
Southwestern Region
Chignik Bay
Cook Inlet Region
Matanuska Field
Chickaloon
Coal Creek
Eska
Jonesville
Moose Creek
Gulf Region
Bering River Field
Katalla
Southeastern Region
Admiralty Island
Harkrader

deposits are in the Arctic slope region, in an
area 300 miles long (east and west), and 75
miles wide; the coal is low-volatile bituminous
to lignite. The Yukon basin coal, lignite and
bituminous, occurs in small, scattered areas
that have been inadequately explored.
The Nenana deposits are subbituminous
high-rank lignite, primarily strip-mined. The
Cook Inlet-Susitna region contains some of the
most important fields of lignitic and subbituminous rank, in thicknesses up to 40 ft. The
Matanuska Valley is divided into the lower
field, containing the Moose Creek and Eska
fields, and the upper field, comprising the
Chickaloon and Anthracite Ridge. The Matanuska fields produce high-volatile B bituminous coal from beds 18 to 20 ft. in thickness.
Technical Paper 682 of .the U.S. Bureau of

Mines (1946), Analyses of Alaska Coals, presents proximate and ultimate analyses, and
fusibility data, for coals from all the major
Alaskan coal deposits. Table V gives analyses
of some typical Alaskan coals.
MEXICO

Mexico has coal deposits in 16 of the 38 Federal States (Fig. 4). Estimated production by the
year 2000 is 55 million tonnes. Only three deposits presently have economically recoverable coal reserves: Barrancas basin (Central
Sonora), Oaxaca basin and Coahuila basin. In
the Coahuila basin, the most significant coal
deposits are located within the two largest districts of Sabinas and Rio Escondido.
Brown coals and hard coals are deposited in
the Sabinas basin, which is about 35 miles long
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and 15 miles wide. The hard coals are of
medium rank and have ash contents from 14 to
35 percent. These coals are cokable. Highvolatile brown coals are deposited in the Rio
Escondido basin. Most of the-coals in the Barrancas basin are of high rank, some of these
coals are anthracitic.
Table VI gives coal and ash analyses of Mexican bituminous and subbituminous coals.
CENTRAL AMERICA

The coal resources of Costa Rica, Guatemala,
Honduras. Panama and Puerto Rice (Fig. 4,
comprise subbituminous and lignitic coals.
'OunThe extent is generallyunknown in
tries, and the deposits are not currently of
economic importance.
COAL DEPOSITS OF SOUTH AMERICA

Compared to those of North America, South
America's coal deposits are very small (Fig. 5).
The only Southern countries where deposits of

Fig. 4 Coal Map of Mexico and Central America
--

any economic importance are known to occur
are Brazil, Chile, Colombia, Peru, and Venezuela. Argentina has small resources of lowrank coal. Owing to inaccessibility of most of
the deposits and lack of transportation, coal
mining has not been developed. Lack of capital
and skilled labor also limits development.
ARGENTINA

Argentina's only coal deposit is located in
the Southwest of the country, in the Rio Turbio
~
~near the
~ chilean
i
border.
~
, ~h~ seams are
1 m to 2 m thick. The coal is gsnerally high in
but, after heatment or blending with imported coal, it is suitable for steam generation.
Mixed with high-grade
coal, Argentinian coal is made available for steelmaking.
The Port of Rio Gallegos is used for shippi&
coal to other parts of the country. Today, the
main consumer is the Hydro and Electric
Energy Agency. Annual coal production of
about 9 million tonnes is anticipated by the
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Table VI. Analyses of Mexican Coals

-

Nava
District

Rio Escondide
--

--

As received:
% Ash
% Moisture

Moisture & Ash-Free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen (0)
% Nitrogen (N)
O/O Sulfur (S)
HHV, Btullb
HHV, MJlkg
Fusibility Temperature,
reducing atmosphere,OF:
Initial deformation
Ash Composition:
% Si02
% A1203
O/O Fe20s
% CaO ,
O/O

MgO

% Na20
% K,O
% TiOz
% P205

So3
Baselacid Ratio
Hardgrove Grindability
Oh

year 2000. Analyses of typical Argentinian
coals are given in Table VII.
BRAZIL

The principal explored and developed coal
deposit of Brazil extends south from southern
Sio Paulo, through the states of Parana, Santa
Catarina, and Rio Grande do Sul, to the
Uruguay frontier. The seams are thin and lie in
flat formations. The coal is classified as
bituminous, but is of low-grade because of its
high ash content. It is not easily separated from
the shale partings and must be crushed to small
size to make washing effective. Table VIII gives

some proximate analyses of bituminous coals
from Brazilian mines.
Large brown coal deposits have been discovered near the border of Peru; also, there are
large deposits of lignite in Amazonas, as yet
unquantified. Annual production in the year
2000 is expected to be about 19 million tonnes.
CHILE

Chile is the largest producer of coal in South
America. The deposits occur in the low-lying
land along the ocean, and hence are easily accessible. The average thickness of the main
coal seam is 150 cm. The Province of Concep-

I
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Table VII. Coals of Argentina
Rio Turbio Area
Hvcb

I

As Received:
% Ash
% Moisture
Moist. & Ash-free:
OO
/ Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen (0)
% Nitrogen (N)
% Sulfur (S)
HHV, Btullb
HHV, MJlkg
Fusibility Temps.,
reducing at., O F :
Initial deformation
Softening (H =W)
Fluid
Ash Composition:
% Si02
% A1203
% Fe203
OO
/ CaO
% MgO
% Na20
% K2O
OO
/ Ti02
% P205
Oo
/ SO,
Baselacid Ratio
Hardgrove Grind.

production in 2000 is planned to approach 6
million tonnes.

-

COLOMBIA

Suba

Colombia has the largest coal resources in
Latin America, but as yet no comprehensive
survey has been made of their extent and quality. Estimates of the total geological resources
range from 40 to 80 billion tonnes. The coalfields are situated mainly in the Eastern Cordillera; some coal deposits are located in the
Western and Central Cordillera region. All coal
ranks are available, from brown coal to anthracite. A considerable portion of the coal has
good coking properties. Most of the coking
coals have ash contents of less than 10 percent
and low sulfur contents of 0.3 to 1 percent,
making them suitable for export.
In the deposits of El Cerrejon, open-cast mining produces coal low in ash and sulfur content, and high in calorific value. This coal is
well suited for power stations, but can also be
used for coking. The deposits producing the
largest coal output are situated i n the district of
Paz del Rio. Further deposits occur in Cundinamarca, Boyaca, the Cauca River basin, and
Samaca. Colombia plans to increase its present
coal production, ensuring the domestic energy
supply, and anticipating future exports up to 30
million tonnes. Table X gives analyses of typical Colombian coals.
ECUADOR

0.23
49

0.20
44

Considerable coal deposits occur in various
sections of Ecuador; estimated coal deposits
are 13 million tonnes. The bulk of the deposits
contain subbituminous coal and low-grade lignite, high in ash. In some localities, coals of better quality, approaching anthracite, have been
found. However, the general low quality, high
cost of mining, and lack of transportation deter
exploitation of Ecuadorian resources.

cion and the deposits near the Bay of Arauco
have thus far yielded the best coal in Chile.
Table IX gives the proximate analyses of the
representative coals of these regions. In addition, considerable low-sulfur brown coal deposits exist in the south of the country, in the
PERU
province of Magallanes.
Coal deposits have been detected in a numIn 1971 the private Lota-Sweiger'Coal Comber ofplaces along the Andean ranges, mainly
pany was nationalized. The Empresa National
in the Oyon area. The coals are both anthracite
del Carbon S.A. (ENACAR) was founded to operate the state-owned coal mines. ~ n n u a l and bituminous. Two coal deposits in Peru
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Table VIII. Analysis of Typical Brazilian Coals
-

District or Mine

Butia
Jacuhy
TubarHo

Santa Catarina
Lauro Miiller
Rio Deserto
Rio Negro
Cambiu
Rio De Peixe
SBo Jeronimo

,

Moisture- and ash-free

As received %Ash % Hz0

%vM

7'0' S

Btullb

Wk3

13.6
21.2
28.2
27.0
18.0
13.8
39.5
18.4
15.5
29.0

42.7
28.0
41.6
43.1
38.8
35.6
36.1
40.6
35.7
36.3

1.7
1.3
1.6
5.3
2.5
1.2
2.6

...

...

...
...

...

...

15,060
14,500
15,320
12,600
14,600
14,710
13,500

35.0
33.7
35.6
29.3
34.0
34.2
31.4

11.5
9.6
1.9
1.3
2.0
2.0
7.0
2.5
6.3
7.3

HHV -

...
...
...

Table IX. Analyses of Typical Chilean Coals
Moisture-and ash-free
A
s received% Ash
% Hz0

City or Mine

HHV% VM

BNlb

%S

MJlkg

Lota*
Schwager
Lebu

Rios
Arauco
Buen Retiro
Mafil
Quila Coya
* Chemical Composition of Ash From Lota Mine
Si02
42.9%
AlzOI
26.3%

Fe203
CaO

14.6%

MgO
P20s

So3

1.490
0.2%
4.8%

7.2%

Ash Softening Temperature-2260°F

have been developed. Those of Rio Santa
mainly consist of anthracite; production
ceased in 1962. At present, cokable coals are
worked in the district of Cerro de Pasco. Peru
plans to bring annual production to about 6
million tonnes by 2000, to meet its future demand for both coking and non-coking coals
with no importing required.
The mines at Goyllarisquisga and Quishuarcancha account for the bulk of the Peruvian
production. The seams are generally thick, but

the quality of coal is low. The analyses of Table
XI are of typical Peruvian coals.
VENUUELA

The main Venezuelan coalfields are in the
Eastern Cordillera and in the region of
Naricual, in the State of Anzoategui. The coal
industry is government-owned. The deposits
are in detached basins, some of which cover
hundreds of miles. Although most of the coal is
of bituminous and lignite rank, some deposits
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Table X. Analyses of Typical
Colombian Coals
Hvbb

As Received:
% Ash
'% Moisture
Moist. & Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen ( 0 )
O/O Nitrogen (N)
% Sulfur (S)
HHV, Btullb
HHV, MJlkg
Fusibility Temps.,
reducing at., OF:
Initial deformation
Softening (H =W)
Fluid
Ash Composition:
O/O SiOt
O/o A1203
% Fe,O,
O h CaO
O/o MgO
% NazO
% K,O
% TiO2
O h p203
%so,
Baselacid Ratio
Hardgrove Grind.

Subb

of semianthracite occur in the Coro district of
the State of Falcon.
Of the six coal districts of economic importance, Zulia has the largest coal resources;
1,500 million tonnes. The districts of Labotera,
with 100 million tonnes, and of Naricual, with
about 50 million tonnes, as well as Unare,
Taguay and Tachira, are also of economic importance. By 2000, Venezuela's total coal
production will be about 16 million tonnes,
which may satisfy domestic needs. Table XI1
gives analyses of some Venezuelen coals.
COAL DEPOSITS OF EUROPE

Most of the European countries, excluding
Scandanavia, possess coal resources. Scandanavia (including Iceland) has substantial
quantities of peat, which increases in value as
oil prices rise and as there is more uncertainty
with regard to other fossil fuels.
In continental Europe, the bulk of coal is
found in Germany,Czechoslovakia, Poland, and
Yugoslavia (Fig. 6). Many other countries with
reasonable reserves have allowed their mines
to become idle. French, Belgian, and Spanish
coal is expensive to mine. Austria, Denmark,
Italy, Luxembourg, the Netherlands, and Swit'
zerland produce little or no coal.
The resources of European Russia are included in the section on the U.S.S.R. and Asia.

...

0.2
1.6
0.17
48

9.5
0,32
40

AUSTRIA

Coal production from small bituminous coal
deposits has been abandoned. Some brown
coal deposits, however, have economic impor-

Table XI. Proximate Analyses of Peruvian Coals
-As received Kind of Coal

%Ash

% H20

% VM

Goyllarisquisga, Raw
Goyllarisquisga Steam, Washed
Goyllarisquisga Coking
Quishuarcancha, Raw
Santa River Valley
Paracas Peninsula

31.5
17.3
17.9
26.9
7.1
9.0

3.1
4.0
4.0
2.5
3.9
3.1

54.5
54.8
4919
50.7
7.9
39.9

-

Moisture- and ash-free -..-.
HHV
BTUllb
wkg

-

14,710
15,150
15,110
13,780
15,560
15,530

34.2
35.2
35.1
32.1
36.2
36.1

-

*,
).it
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Table XI/. Analyses of Typical Venezuelan Coals
Region

Rank

-As received % Ash
% Hz0

Naricual
Santa Rosa
Barcelona

Hvbb
Hvab
Hvab
Mvb

2.3
2.4
3.4
4.3

Simplicia

2.5
1.5
3.0
3.8

% Vol.

46.5
40.1
38.6
27.9

YUGOSLAVIA

Fig. 6- - Coal Map of Europe

Moisture- and ash-free HHV Btullb
MJlkg

14,460
14,520
14,620

...

A~BANIA

33.6
33.8
34.0

...
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tance. There are deposits of glance brown coal
as well as of lignite. The most important lignite
district is situated near Koflach-Voitsberg,
where two 10 to 15 m thick seams are being extracted, partly by open-cast mining, partly by
deep mining. There are further brown coal deposits near Wolfsegg-Traunthal and in the Salzach district near Trimmelkam. Apart from
local needs, lignite produced in the country is
nearly exclusively used in power plants.
BELGIUM

In Belgium, two main bituminous-coal deposits occur, forming part of the northwest
European coal belt. The southern coal deposits
comprise the districts of Liege and Namur (Bassin de Liege) and Charleroi (Bassin du Hainant). The northern coal deposits include the
district of the Campine. There are no brown
coal deposits i n Belgium.
The South basin extends through the valley
of the Sambre and Meuse rivers, running east to
the German frontier and west to the French
border. The Campine basin, with large reserves, stretches in a westerly direction from
the German border, through the Provinces of
Limburg and Antwerp. The Belgian coals range
from high-volatile bituminous to anthracite.
Belgium produces about half of the coal
necessary for domestic consumption; the balance is imported. Only one-fourth of the coal
consumed is used for thermal power plants.
BULGARIA

_

The country has only small bituminous coal
deposits. There is a deposit of anthracite coal
north of Sofia. Cokable types of coal (cretaceous coal) exist in the small district of Ojabrovo
and in the Dobrudsha. The brown coal deposits
of Bulgaria are economically more important
than the hard coal deposits, being estimated at
greater than 2,000 million t.c.e. Deposits of
glance coal and of dull brown coal (cannel
coal), most of which are extracted by deep mining, occur near Pernik, in the Pirin Mountains,
and in Tscherno. Larger lignite deposits in the
district of Maritsa can be extracted by open-cast
mining. The brown coal mines mainly serve the

domestic market, while the lignite mines supply coal mostly to power plants.
CZECHOSLOVAKIA

There are economically important bituminous and brown coal deposits in Czechoslovakia. Technically and economically recoverable
reserves exceed 4,000 million t.c.e. The wide
Upper Silesian hard-coal deposits in the district OstravalKarvina and the Lower Silesian
deposit of Walbrzych, near Zaclkr, are being
mined. In addition to these two large hard-coal
deposits, there are the two districts of Plzefi
and KladnolRakovnik and a small hard-coal
deposit near Rosice. In North Bohemia, there
are large and econo~~ically
very important
brown coal deposits. The largest district is
situated near Teplice and Chomutov on the
border of the Krusnehory, with a further deposit of economic importance in the district of
Sokolov. Smaller brown-coal deposits exist in
West Bohemia near Cheb, in the south of
Moravia, and in Slovakia near Handlova.
The coals from the districp of Plze6 and
Kladno are mostly low-rank types. All types of
brown coal, from glance brown coal to lignite,
are produced in the country; most of them are
used for electricity generation.
,
FINLAND

Finland has no coal reserves and thus no indigenous coal production. But there are large
reserves of peat with about one-third of the
country considered peatland. Peat, used
mainly for industrial steam production and
cogenerating district heat and electricity, currently supplies about 3 percent of the fuel for
energy consumption in Finland. Production is
expected to exceed 2 million tonnes coal equivalent by 2000, corresponding to about 20 percent of the total energy consumption.
FRANCE

French coal deposits consist of a large
number of small-fields distributed over the
northern, central, and southern parts of France.
The deposits are generally deep, jagged, and
difficult to mine. Usable deposits are between
700 and 1250 meters deep. The most important
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Table XIII. Analyses of Typical French Coals
Area

Mining
District
or Seam

.

Nord and Pas-De-Calais
Basin
Auchel
Marles
Bethune
Bethune
Noeuds-Les-Mines
Bruay
Bruay
Douai
Douai
Somain
Henin-Lietard
Henin-Lietard
Lens
Lens IV
Lens VII
Oignies
Oignies
Valenciennes
Anzin
Agache
Lorraine Basin
Simon
Petite Rosse'lle
St. Charles
Wendel
Saare & Moselle
Merlebach
La Houve
Faulquemont
Faulquemont

.-

- As received YOAsh
% H20

-

% VM

-HHV
Btullb

MJlkg

_

Ash ST,
Red., O F

- Moisture- and ash-free--.

Hardgrove
Grind.

26.5
47.3
32.7
27.9

1.2
1.0
1.5
1.8

35.0
33.1
38.1
39.0

15,570
14,300
14,930
14,700

36.2
33.3
34.7
34.2

2100
1920
2120
1940

86
75
87
83

5.9
34.8
29.5
6.1
35.0
8.6

3.3
1.8
3.2
2.8

44.2
40.5
40.0
43.0
40.6
41.9

32.3
31.3
31.9
32.8
31.0
34.3

1970
1970
2060
1920
2060
2010

...

3.2
4.0

13,880
13,450
13,710
14,110
13,330
14,750

are the district of Lorraine adjoining the Saar in
Western Germany, the district of Nord and Pasde-Calais and some scattered deposits in the
district Centre-Midi. In the long term, only coal
production in the Lorraine district will be
maintained. The smaller brown coal deposits,
most of which are in the southwest of the country in Provence and near Arjuzanx, have only
local importance for electricity generation.
Most of the French hard coals represented are
not cokable. While the mines in the Pas-deCalais still produce mostly high-rank types of
coal and coking coal, the coals from the Lorraine and the Centre-Midi are usually low-rank
and only part of them can be used for coking.
The low brown coal production is exclusively
used in power plants. Table XI11 gives analyses
of typical French coals.
Economically recoverable reserves of deep-

76

57

. ..
. ..
. ..

mined hard coal are expected to go from 320
million tonnes in 1985 to 120 million tonnes in
2000; brown coal, from 50 million in 1985 to 20
million in 2000.
GERMANY (EASTERN)

The coal output from the hard coal districts
of Zwickau and Lugan--0lsnitz in Saxony has
been stopped because of the properties of the
coal deposits. Eastern Germany, however has
large lignite deposits in the two principal districts in Lasatia near Cottbus-Senftenberg and
near Halle-Merseburg. A third smaller lignite
district is situated between Magdeburg and
Helmstedt. Germany is the largest lignite producing country in Europe. (See Table XIV.)
Most of the hard coal from the Saxonian districts have unfavorable coking properties and
can be used only as a blending coal to the im-
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Table XIV. Analyses of Typical Eastern German Coals
Moisture- and ash-free

District

-As received %Ash
%H20

%VM

%C

%H

%O

%N

%S

H H V Btullb
Wlkg

Sachsen
Ostelbe
M'estelbe
Halle-Bitterfeld

5-12
2-5
5-8
5-7

38.0
56.5
61.0
57.5

81.4
68.2
70.8
72.0

5.5
5.5
6.1
5.5

10.4
24.9
21.3
18.3

1.8
1.1
0.9
0.8

1.0
0.3
0.9
3.4

14,690
11,390
12,110
12,820

2-6
58-60
52-56
52-56

ported coking coal, or as industrial and
power-plant coal. German lignites are suitable as power-plant coal, for briquetting and,
by employing special methods of coking, they
can be used as input coal for coke ovens.

Western Germany has large deposits of bituminous (stein) coal and brown (braun) coal, the
latter being unconsolidated lignite. About 60
percent of the currently economical recoverable deposits have sulfur below 1 percent, as
received at the power plant.
The principal districts where bituminous
coal occurs in greatest abundance are: the
Lower Rhine and Westphalia, Silesia, the
Rhenish district and the Saar district. In central
north Germany, brown coal occurs in the Rhine
Province between Cologne and Aachen (Aixla-Chapelle). Further economically important
brown-coal deposits are in Lower Saxony
(Helmstedt) and Lower Bavaria (Schwandorf).
The Westphalian and Rhine district fields
include the Ruhr Basin, the most important
coal field in Germany. These coal districts are
connected with those of southern Holland,
Belgium, and northern France. The coal ranges
from medium to high volatile, and the ash varies considerably from mine to mine. The bulk
of the entire German output comes from the
Lower Rhenish Westphalian fields.
The Silesian district extends through the
province of Silesia, which, geographically,
is divided between Germany, Poland and
Czechoslovakia. The bulk of the coal in this district is of first-class coking quality, and is
widely used in steel industries. The Saar dis-

34.2
26.5
28.2
29.8

trict stretches through parts of Alsace-Lorraine.
The coals contain considerable ash, particularly in small sizes, whi-ch are usually washed.
The recoverable hard-coal resources of Western Germany amount to about 24,000 million
tonnes, with about 85 percent of that concentrated in the Ruhr. The balance comes from the
Saar, Aachen, and Ibbenbiiren districts. All
hard coal is deep mined. Production in excess
of 100 million tonnes annually is expected by
2000.
Economically recoverable brown coal totals
about 35,000 million tonnes, all from open-pit
mining. An annual production of 150 million
tonnes is anticipated by the end of the century,
practically all of which will be consumed in the
country, mainly for power generation. Table XV
lists typical analyses of Western German coals.
GREECE

Greece does not have any bituminous coal
deposits of economic importance. Holvever,
there are important lignite deposits in the
districts of Ptolemais and Megalopolis. The
production of brown coal was about 18 million
tonnes in 1975, and increases steadily to form
an important basis for the production of electric energy. The Greek brown-coal mining industry provides 50 percent of the country's
energy demand. Analyses of Greek lignites are
given in Table XVI.
HUNGARY

Hungary has.soke bituminous-coal deposits
in the districts of Pecs and of Komlo, and several brown-coal deposits of national importance, both totalling about 1,000 million t.c.e.
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Most of the coal produced is used for electricity
generation. The use of Hungarian hard coal for
coke production is very limited. Table XVII
gives analyses of Hungarian brown coal.

A large brown-coal deposit is situated in the
Budapest district. Glance brown coal is exploited by deep mining in the districts of
Tatabanja and Oroszliny. Large lignite deposits, extracted by open:cast mining, exist in the
district of Gyongyos; in the Combinate Borsod,
brown coal is extracted by deep mining. A new
brown coal district near Biikkabrlny projects
an annual output of about 20 million tonnes.

IRELAND

There are 8 coalfield areas in Ireland (the Republic of Ireland and Northern Ireland), all of
limited size. Only two are currently being

Table XV. Analyses of Typical Western German Coals
Moisture- and ash-free
District

-As received %Ash %H,O

Ruhr (Anthracite)
Ruhr (Low-Vol. Bit.)
Aachen (Low-Vol. Bit.)
Ruhr (Med-Vol. Bit.)
Saar (Med-Vol. Bit.)
Ruhr (High V\ol. Bit.)
Saar (High Vol. Bit.)
Peissenberg (Lignite)
Helmstedt (Brown Coal)
Rheinland (Brown Coal)
Schwandorf (Browncoal)

4-7
6-9
6-9
6-9
7-9
6-7
5-8
12-20
12-22
5-20
6-20

3-5
7-10
8-10
7-10
8-10
8-10
3-5
8-12
42-46
50-62
50-58

%W

%C

%H

%O

7.7
10.5
13.8
24.4
32.5
33.7
38.2
52.0
59.4
55.0
55.0

91.8
90.8
89.8
88.7
86.9
85.9
82.7
74.0
72.6
68.3
63.6

3.6
3.8
4.8
5.0
5.2
5.5
5.2
5.5
5.8
5.0
5.0

2.6 1.4
2.7 '1.7
2.8 1.5
4.1 1.6
5.4 1.3
6.2 1.6
9.4 1.2
14.5 1.4
16.7 0.4
27.5 0.5
26.1 1.3

%N

%S

-HHVBtdlb
MJlkg

'0.7 .15,440
0.8
15,500
0.5
15,410
6.7
15,550
1.1
15,320
0.8
15,160
1.5
14,220
4.6
12,780
12,790
4.4
0.5
11,340
4.0
10,890

35.9
36.0
35.8
36.2
35.6
35.2
33.0
29.7
29.7
26.4
25.3

Table XVI. Analyses of Greek Lignites
Moisture- and ash-free

H H V -

Region

-As received%Ash
%Hz0

%VM

%C

%H

%O

%N

%S

Btdlb

MJlkf3

Kimi
Aliveri
Aegean
Attica
Ptolemais
Megalopolis

5.9
8.6
18.6
15.0
6-22
13-17

55.6
57.7
57.6
59.1
57.0
62.0

...
...
...

...

...
...

...
...

2.3
1.4
6.4
6.7
0.5
1.4

11,560
11,330
10,650
11,740
10,850
10,510

26.9
26.3
24.8
27.3
25.2
24.4

23.0
33.5
34.9
42.0
52-60
6&64

...

...
...
...

65.3
60.5

5.3
6.2

...
...

...
...

26.5
30.6

1.6
1.3

Table XVII. Analyses of Typical Hungarian Coals
Moisture-and ash-free
Region

-As received %Ash
%H20

GyongyoslVisonta
Tatabanya

15-30
6-12

46-54
12-14

%VM

%C

%H

%O

%N

%S

H H V~tdlb
MJk

63.0
52.0

63.8
73.0

4.8
5.8

26.8
17.7

1.1
0.9

3.5
2.6

10,670
13,500

24.8
31.4
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worked; the Connaught (Arigna) field, which
contains semi-bituminous coal with high ash
content, provides fuel to an adjacent generating station; the Leinster (Castlecomer) field
produces high-grade anthracite for domestic
heating purposes. Brown coal occurs in two
localities in northeast Ireland, with large reserves in the Thistleborough area.
Peat bogs cover 15 percent of the country;
over 3 million tonnes of peat are used yearly for
generating electricity and domestic heating.
Milled peat powers 8 stations that generate 23
percent of the national electrical demand.
Irish peat in its natural state contains about
95 percent moisture; by long-term air drying,
this can be reduced to 20 to 40 percent to produce a commercial fuel. Dried peat has a volatile content between 55 and 70 percent, and
ash from 2 to 10 percent. Lower heating value at
30-percent moisture is 6000 Btullb (14 KJlkg);
ash softening temperature is about 2100°F.
Current State-owned reserves of peat are
equivalent to 40 million tonnes of coal.
ITALY

--

The most important of the Netherlands coal
areas lies in the province of Limburg, where it
links up with the Campine basin of Belgium,
and extends in a northwest direction into the
province of North Brabant. The Netherlands
have ample geological resources that are not
economically recoverable because of the large
Dutch resources of natural gas.
There is an estimated resource base of 100
billion tonnes of hard coal, related to coal
seams more than 0.8 m thick and 1500 m deep.
Until 1950 indigenous coal provided more
than 70 percent of national coal consumption
and about 50 percent of total energy demand, at
a production level of some 12 million tonnes
per year. Production reached a maximum of 13
million tonnes in 1961 but declined sharply
after 1965 as a consequence of the development
of world energy prices and low-cost domestic
natural gas supply. Coal mining was stopped in
1974, while coal consumption dropped to less
than 5 percent of total energy demand.
NORWAY

Italy has no economically important hard
coal deposits. The once-mined deposits in Sardinia are to be used again in future. Larger deposits of brown coal and partly also of glance
brown coal exist in Toscana, in Calabria, and in
the south-west of Sardinia. Outputs are low,
about 2 million tonnes annually. The largest
open-cast mine is situated in the Valdarno
Basin of the district Arezzo. Table XVIII shows
analyses of Sardinian coals.

Table XVIII. Range of Analyses
of Italian (Sardinian) Coal
(As received basis)
Ash, %
Moisture (H20)
Oh
Volatile matter (VM) %
Sulfur (S) %
HHV, Btullb
HHV, MJlkg
Ash softening temp.,
approx., O F

NETHERLANDS

15 to 20
1 2 to 15
32 to 45
2to7
9960 to 11,500
23.2 to 26.7
2000

Economically important hard-coal deposits
occur on the arctic island of Spitsbergen; these
deposits are currently being worked. The coal
produced is used mostly in the north of Norway, for district heating.
POLAND, PEOPLE'S REPUBLICOF

In Poland, there are several rich and easily
accessed hard-coal and brown-coal regions.
Hard coals, which are all deep-mined, occur in
three basins: the Upper Silesian basin has
about 93 percent of the economically recoverable reserves; the Lower Silesian has about 1
percent, found in thin seams (0.4 to 1 m thick)
near the towns of Walbrzych and Nowa Ruda.
The Lublin basin, with about 6 percent of the
reserves, is under development; there, the
thickness of the seams ranges from 0.7 to 3.6 m.
Most of these coals are high-volatile bituminous in rank, high in calorific value and with
sulfur contents about 1percent.
Brown coal deposits, mined by open-pit
methods, occur in the Konin and Adam6w dis-

-

3

tricts, and near Tur6w, Legnica, and Belchat6w. Brown coal production is solely for
consumption inside Poland, primarily for the
generation of electricity. (See Table XIX.)
Economically mineable reserves of hard coal
are said to be 74,000 million tonnes, to a depth
of 1,000 m; of brown coal, 9,000 million tonnes,
all to be won by open-cast mining. Production
of hard coal is expected to be between 250 and
300 million tonnes by 2000, with an additional
200 to 250 million tonnes of brown coal.

Table XIX. ~nalyses
of Typical Polish Coals
High-Volatile
B Bituminous

As Received:
% Ash
% Moisture
Moist. & Ash-free:
O/O Volatile (VM)
O h Carbon (C)
%Hydrogen (H)
% Oxygen (0)
% Nitrogen (N)
O/O Sulfur (S)
HHV, Btullb
HHV, MJlkg
Fusibility Temps.,
reducing at., O F :
Initial deformation
Softening (H =W)
Fluid
Ash Composition:
% SiO,
% A1203
% Fe203
% CaO
O/o hfgO
% Na20
% K?O
O/O TiO,
O/o P 2 0 5
% so3
Baselacid Ratio
Hardgrove Grind.

Subbituminous
A
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ROMANIA

Romania has numerous small coal deposits,
especially along the outskirts of the Carpathian
Mountains. Hard coal deposits are mined near
Schela, Anina and Cozla. The most important
district is situated near Petrosani in the Southern Carpathian Mountains. Here, the subbituminous coal seams reach thicknesses of 6 m
to more than 10 m deposited in depths from 150
m to 1000 m. Further deposits of brown coal
and lignite are situated near Bacau and in the
basins of Oltenio, Rovinari Motru and Iilt, most
of which are extractable by open-cast mining.
Most of the brown coal mined in the country is
used in power plants.
SPAIN

Spain has considerable bituminous coal and
lignite deposits although, in several deposits,
geological conditions render exploitation difficult. The economically important hard coal
deposits are concentrated in the province of
Asturia in the northwest-the districts of
Oviedo and Lecin account for nearly 90 percent
of the total Spanish production of hard coal. A
secon'd large hard coal deposit is in the district
of Mariannica, with individual mines in the
provinces of Cordoba and Sevilla. The lignite
deposits are in the northeast of the country between Teruel and the Pyrenees. With its present
production, Spain can supply more than 75
percent of its demand. (See Table XX.)
SWEDEN

Swedish coal deposits are small and of low
quality; technically recoverable reserves have
been estimated to be 30 million tonnes. At
present, there is no coal being produced except
small amounts obtained from clay produced for
the ceramics industry. This coal is consumed
locally, and production is expected to increase
slightly. Sweden has large resources of peatestimated at about 15 percent of the country's
total area-which are yet to be developed.
UNITED KINGDOM

The coal fields of the UK may be grouped into
three principal areas designated as the southern, the central, and the northern coal fields.
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Table XX. Analyses of Typical Spanish Coals
Anthracite

Low-Vol.
Bitum.

High-Vol.
Bitum.

Sub
bituminous

Sub
bituminous

Bmwn
Coal

As Received:
% Ash
% Moisture
Moist. 81Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen ( 0 )
% Nitrogen (N)
% Sulfur (S)
HHI', Btu'lb
HHV, MJIkg
Fusibility Temps.,
reducing at., OF:
Initial deformation
Softening (H =W)
Fluid
'
Ash Composition:
% SiO,
% A1203
% Fe203
% CaO
% MgO
% NapO
Oh K,O
%Ti02
% P203
Oh so3
Baselacid Ratio:
Hardgrove Grind.:

The southern area embraces the fields known
as South Wales, Forest of Dean, Bristol and
Kent. The central area includes the fields of
Lancashire, North Wales, Yorkshire, Derbyshire, Nottinghamshire, Staffordshire and
Warwickshire. The northern area comprises
the fields of Northumberland, Durham, Cumberland, and the fields of Scotland.
Intensiv~exploration in recent years has revealed l e g e new areas for development, particularly in the Selby district (a major eastward
extension of the Yorkshire field) and North-

East Leicestershire, with coal of geological disturbance and at relatively shallow depths.
Also, over 200 million tonnes of workable coal
have been discovered in an area of Coventry
and north of Kenilworth, at depths between
1000 and 2500 ft.
The coal of the southern area varies, from
bituminous coal through the well-known
Welsh steam coal to anthracite of notable purity. The bulk of the central-area coal fields lies
in the south of Lancashire. Coals in this field
contain 30 to 35 percent volatile matter. Some
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Table XXl. Analyses of Typical British Coals
Moisture- and ash-free
District

- As received 4oAsh
%Hz0

Durham (Mvb)
Yorkshire (Hvab)
West Midlands (Hvbb]
Scotland (Hvbb)

6.9
6.8
4.9
4.6

2.6
2.0
9.8
13.8

H H V MJIkg

%VM

%C

%H

460

% N

% S a . Btullb

29.4
34.4
39.6
41.5

87.8
84.3
80.5
81.4

5.3
5.2
5.5
5.4

4.6
8.0
11.9
10.3

1.4
1.7
1.4
2.1

0.9
0.8
0.7
0.8

15,660
14,980
14,180
14,580

36.4
34.8
33.0
33.9

Table XXII. Proximate Analyses of Welsh Coals
District

A
s received% Ash
% H,O

Moisture- and ash-free
-HHV%S
Btullb

% VM
- -

Aberpergwm
Ynisarwed
Bwllfa
Cyfarthfa
Blaenclydach
Meiros

4.0
4.2
4.8
4.9
4.2
4.4

-

1.3
1.5
1.1
0.8
0.9
1.8

of them yield good coke. In the northern area,
the Durham and Northumberland fields are
among the most important in Great Britain. The
character of the coal varies considerably. It is of
exceptionally fine quality for steam, coking,
household, manufacturing, and gas-producing
purposes. Tables XXI and XXII provide
analyses of typical British and Welsh coals.
Coal production in the UK is nearly equal to
its domestic consumption, with nearly twothirds being burned in power-generating stations. Total recoverable reserves are on the
. order of 45,000 million tonnes; production may
be as high as 200 million tonnes annually by
the turn of the century, 95 percent deep mined.
YUGOSLAVIA

There is only one hard coal deposit in Yugoslavia, with limited economical importanceon the Istria peninsula in the district of Rasa. Of
higher economical importance to Yugoslavia
are the brown coal deposits in the districts of
Zagorje, Trbovlje, Hrastnik, Kakanj, Jenica, and
Nis, with glance brown coals as well as several
lignite deposits in Slovenia, such as near Vel-

7.4
11.3
12.0
14.0
21.3
36.9

MJlkg
--

0.9
2.5
0.7
0.9
0.6
1.2

15,820
15,370
15,560
15,430
15,230
15,600

36.8
35.7
36.2
35.9
35.4
36.3

enje, as well as in Bosnia and Serbia. The
economically recoverable deposits, with more
than 6.8 x lo9tonnes coal equivalent, are most
important to Yugoslavia. Only part of the hard
coals of the country are suitable for coking. The
vast majority of the coal output is used for electricity. generation. Table XXIII gives complete
analyses of several Yugoslavian brown coals.
COAL DEPOSITS OFTHE U.S.S.R. AND ASIA

The largest countries of this continent in
terms of territory, size and population-the
U.S.S.R. (Union of Soviet Socialist Republics,
also called the Soviet Union or Russia), including the European part, the People's Republic of
China, and the Republic of India-are also the
countries with the biggest coal deposits. The
total technically and economically recoverable
reserves are estimated at greater than 200,000
million tonnes coal equivalent; over 10 percent
of this is lignite or subbituminous coal, nearly
all of which is found in the U.S.S.R. The balance, as described under the individual countries, is mostly bituminous coal.

Table XXIII. Analyses of a Range of Yugoslavian Brown Coals
As Received:
% Ash
% Moisture

17.8
49.7

9.0
49.5

19.0
47.8

18.7
48.5

Moist.& Ash-free:
Oh Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen ( 0 )
% Nitrogen (N)
% Sulfur (S)
HHV, Btullb
HHV,MJlkg
Fusibility Temps.,
reducing at., OF:
Initial deformation
Softening (H =W)
Fluid
,

Ash Composition:
% SiO,
% A1203
% Fe203
% CaO
Oh MgO
% Na10
'10K20
% TiOt
% PtOs
% so3
Baselacid Ratio:
Hardgrove Grindability

A

B

A: 84 at 35% H 2 0 ; 75 at 30% HaO; 68 at 22% H 2 0 ; 55 at 16% HIO: 90 at 7.5% H 2 0
B: 58 at 36% H20;47 at 31% HaO: 48 at 27% HzO;
45 at 15% H20; 53 at 10% H 2 0

Fig. 7 is a map of European Russia (that portion of the U.S.S.R. west of the Ural mountains)
and Asia, showing the coal-bearing areas.
U.S.S.R.

The Union of Soviet Socialist Republics is
divided by the Ural Mountains into European
Russia and Asiatic Russia, the latter comprised
principally of Siberia. The accessible coal reserves of western and central U.S.S.R. have
been largely depleted, while the Siberian and

eastern fields are difficult and expensive to develop, and have high transportation costs to the
using areas.
Total economically recoverable reserves are
estimated at 110,000million tonnes coal equivalent, of which 75 percent is bituminous coal
and the balance lignite and brown coal.
Eighty-percent of the presently recoverable resources are located east of the Urals, mostly in
northern Siberia. (See Table XXIV.)

1
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Fig. 7 Coal Map of U.S.S.R. and Asia
European U.S.S.R.

There are three main coal fields in European
Russia: the Donetz basin, the Pechora basin,
and the Moscow coal fields. All are of limited
life. The Donetz basin, which lies directly
north of the Sea of Azov, in the Ukraine, has
both anthracite and high-grade bituminous
coal. The anthracite deposit is extensive, with
estimated reserves of about two and a half times

those of the bituminous. The quantity of good
coking coal is comparatively small, hence the
utilization, on a considerable scale, of anthracite for blast furnaces and boilers. The fact that
reserves of coal, iron, manganese, and limestone are all within a short distance creates
an unusual economic situation in the Donetz
territory.
The Vorkuta field, in the basin of the Pechora

COWUSTION
Coals of tho World

- 1

Table XXIV. Analyses of Typical U.S.S.R. Coals
Province
or
District

Location
or
Name of Coal

Ukraine

Aleksandrisk
Kirovsk
Tkribulsk
Tkvarchelsk
Cheliabinsk
Bogoslovsk
Egroshinsk
Poltavsk
Karagandinsk
Berchogursk
Kizil-Kia
Syliutka
Minusinsky
Kansky
Chernovsky
Bukachachisky
Kirdinsky
Artemovsky
Suchansky
AnzheroSudzhesky
Leninsky
Kamerovsky
Prokopiersky
Kiselevsky
Osinovsky
Anthracite
Semi-Anthracite
Low-Vol. Bitum.
High-Vol. A Bit.
High-Vol. B Bit.
High Vol. C Bit.

Grusine
Ural

Kazachsky
Kirgiz
Siberia
Trans-Baikal
Far East

Kuznetsk

Donetz

Moisture-and ash-free

-As received%Ash %Hz0

River, contains one of the biggest fields in the
U.S.S.R. It is located beyond the Arctic circle,
as far north as the 68th parallel, with the almost
unaccessible North Ural mountains to the east.
The Vorkuta coal is of high calorific value and
is easy to coke.
The Moscow field has a large reserve, but the
coal is of low-rank and low-grade. It is lignitic
in character, and has high moisture, ash and

%VM

%C

%H

%O

%N

I S

H H V Btdb
MJlkg

sulfur content. Coal also occurs in the Konban
territory and in the Province of Kontais in the
Caucasian region.
In the U.S.S.R. there has been considerable
development in the use of local lour-grade
fuels, such as peat and oilshale, for generation
of power. The U.S.S.R. has developed technologies for peat dewatering and harvesting,
including the milled-peat harvesting tech-

,..j
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Table XXV. Proximate Analyses of Chinese Coals
Province

DistrictIMine

Liaoning

Fushun
Sian
Muling
Chaoyang
Fusing
Tang yuan
Lubing
~intsin~
Wanping
Anyang
Liho
Shen Xien
Yih Xien
Poshan
Dahdong
Yong Don
Tzehsin
Siangtan
Ningshian
Tayei
Tzequai
Po-Loo
Gao Jeng
Jian
Dahdong
Wheizhou
Xiaohsien
Shangshin
Weiyuan
Pahsien
Tungtze
Guiyang
Shuanwei

Jilin
Jehol
Heilongjiang
Hebei
Henan

Shandong
Shanxi
Gansu
Hunan

Hubei
Jiangxi

Anhui
Jiangsu
Zhejiang
Sichuan
Guizhou
Yunnan

-As received YOAsh
9b Hz0

nique that accounts for 90 percent of the peat
won in that country.
Russia consumes 80 million tonnes of peat
annually-about 4 percent of the total electrical output is from stations fueled by peat. In the
Leningrad district and in White Russia, oil
shale and peat are used for generation of power.
Oil shale is also used in the Volga Region. The

-Moisture- and ash-free HHV 40

BNlb

MJlkg

shale contains 50 to 55 percent of ash, which is
used as cement for construction purposes. The
heating value of the shale is 3200 to 3600 Btullb
(7.4 to 8.4 MJlkg)as fired.
Asiatic Russia

The largest coal deposit in Siberia is the
Kuznetsk Basin in south central Siberia, which

Table XXVI. Chinese Coals With Ash Analyses
An-Shan
Mine
Liaoning Province
Hvbb

As Received:
% Ash
% Moisture
Moisture & Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
. % Oxygen ( 0 )
% Nitrogen (N)
%Sulfur(S)
HHV, Btullb
HHV, MJIkg
Fusibility Temps.,
reducing atmosphere, OF:
Initial deformation
Softening (H=W)
Fluid
Ash Composition:
%sio,
% A1203
% Fez03
% CaO
% MgO
% NaZO
%K20
% TiO,
% pzo5
% so,
Baselacid Ratio
Hardgrove Grindability

Guangdong
Province
Lvb

Shang Shan
District
South China
Lvb

1.5
2.3

22.5
0.5

16.7
1.9

50.3

13.0

20.1

...
...
...

...
...

87.0
4.4

...

2.9
0.8
4.9
15,100
35.1

...

...

0.5
14,290
33.2

1.6
14,870
34.6

...
...

...

2700
2700
2700

39.7

52.2

51.2

42.7
6.2
2.7
1.6
1.3
1.6
1.8
0.3
1.4

34.3
6.6
0.8
1.1
0.4
2.5
1.2
0.3
0.5

29.2
4.6
4.3
0.7
0.7
0.8
1.8

0.16

...

produces 20 percent of the U.S.S.R. total. Next
in importance are the Tungus, Kansk-Achinsk,
Irkutsk and Minusinsk basins, and the
Karagandinsk and the Saghalin deposits. To
transport coal to European Russia from many of
these fields requires journeys averaging over
900 miles, with some up to 1860 miles.
CHINA, PEOPLE'S REPUBLIC OF

Coal deposits of China are extensive, coal
being found i n almost every province. One very

+
+
+

0.13
95

2470
2550
2700

+

...
6.4
0.14
120

large area is in northern China, extending over
most of the southern part of Shanxi, and one in
the south extending over southern Hunan,
Guiahou, Yunnan and Sichuan. In variety,
Chinese coals range from hard anthracite to
lignites of pronounced woody structure. The
bituminous coals are of medium and high volatile rank, the medium volatile being rather
high in ash. Table XXV gives the proximate
analyses of many Chinese coals; XXVI includes
ash analyses; and XXVII shows coals presently

2
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Table XXVIJ. Coals in Use in Chinese Power Stations
Subc

Mvb=

Hvb

Lvb
-

As Received:
% Ash
% Moisture
Moisture & Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
Oh Oxygen (0)
% Nitrogen (N)
% Sulfur (S)
HHV, Btullb
HHV, MJlkg
Fusibility Temps.,
reducing atmosphere. OF:
Initial deformation
Softening (H =W)
Fluid
Hardgrove Grindability

32.8
22.6

37.0
3.3

29.7
10.3

27.7
9.6

46.8
74.7
4.8
18.6
1.3
0.6
10,890
25.3

39.3
79.6
5.4
12.4
1.7
0.9
13,090
30.4

22.7
80.8
6.0
10.7
1.4
1.1
13,810
32.1

17.0
83.9
4.5
5.1
1.4
5.1
14,030
32.6

2070
2120
2280
45

2700
2700+
2700+
44

in use, categorized by rank.
Most of the coal in China is produced by the
longwall retreat method. Hydraulic mining is
used in Kailan, with over 3 million tonnes annually being produced by this method, and in
Fujian in Shandong province. Most of the coal
is found in plains areas rather than in mountain
ranges, but have thick overburden. The geological condition of the western part of China is
similar to that of the western U.S. Surface production is about 4 percent of the total.
Coal provides two-thirds of China's total
energy requirements. Its reserves, estimated to
be about 99,000 million tonnes coal equivalent,
are exceeded only by those of the U.S. and the
U.S.S.R. It ships substantial amounts of steam
and coking coal to Japan.
New projects in the design and construction
are the 1540-20 million tonneslyear surface
mines in Shanxi province (the An T'ai Pao
mine) and in Heilongjiang province (the Yi Min
mine).
By the year 2000, Chinese coal production is
projected to be on the order of 2,000 million
tonnes--annually.

+

2280
2660
2700
70

+

'

2280
2510
2550f
86

INDIA

India's coalfields are extensive and they contain economically recoverable reserves estimated to be between 10,600 and 33,000 million
tonnes of hard coal, and from 500 to 900 million
tonnes of lower grades. The coals vary greatly
in quality, but are generally low in sulfur-less
than 1 percent sulfur, as fired, for most of the
production. Ash contents are high, ranging
from 15 to-45percent from most mines.
The main coal deposits are located in a
triangle, of which the western edge is in the
center of India and the eastern corner is about
150 kilometers west of Calcutta. Most of the active mining areas are in Andhra Pradesh,
Maharashtra, Madhya Pradesh, Orissa, Bihar,
and West Bengal. The oldest coalfields, those
of Raniganj and Jharia in the east, produce both
high-quality metallurgical and nonmetallurgical coals. The trend now is toward more development in the western part of the Indian
coal-belt triangle.
Brown coals are found mainly in the district
of Neyveli and in Tamil Nadu. Sixty percent of
the brown coal reserves have sulfur contents

-4
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Table XXVIII. Analyses of Typical Indian Coals
Area and
Rank -,

Jharia
Mvb

Hvbb

Uttar P.
Hvbb

Renusagar
Subb

Singrauli
Subc

Neyveli
Lig A

As Received:
% Ash
% Moisture
Moist. & Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen (0)
% Nitrogen (N)
% Sulfur (S)
HHV, Btullb
HHV, MJlkg
Fusibility Temps.,
reducing at., OF:
Initial deformation
Softening (H =W)
Fluid
Ash Composition:
% SiO,
% A103
% FeQ3
% CaO
% MgO
% Na,O
Oh KO
% Tion
%Pa5
% SO3
Baselacid Ratio
Hardgrove Grind.
Hardgrove Grindability:

98 at 10% HD:134 at 18% H?O:
135 at 29% Ha;148 at 38% H P

below 1 percent; the rest can be as high as
3-percent sulfur.
Coal mines in India are generally shallow,
with depths to within 300 meters of the surface;
the deepest mine is about 800 meters. Between
35 and 40 percent of the future production of
bituminous and- subbituminous coal will be
mined by open-cast methods, the balance being
by-deep mining. Much of the coal is in thick
seams-75 percent appears in seams above 4.8

m in thickness. Production is expected to be between 300 and 400 tonnes annually by the year
2000. Analyses of typical coals from several
areas are included in Table XXVIII.
JAPAN

Coal is widely distributed throughout all the
islands and territories of the Japanese Empire.
The islands of Kyusku and Hokkaido are by far
the most important for quantity and .quality.

L
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Table XXIX. Analyses of Typical Japanese Coals

-

Area

Kyushu

Shikoku
Yamaguchi
Hokkaido

,

in& District
or Seam

-As received %Ash
%H20

Tagawa
Iizuka
Hiyoshi
Kokura
Onoura
Yamano
Meiji-Saga
Shinhokusho
Takamatsu
Sanyo
Sunagawa
Bihai
Yubetsu
Akama
Hahoro
Horonai

35.4
22.1
24.5
39.1
23.8
51.3
15.4
23.3
29.7
31.7
38.0
15.1
21.6
30.8
16.8
8.2

3.9
2.2
3.0
6.1
2.4
2.2
2.2
3.6
4.4
2.2
1.6
3.6
2.4
2.6
12.9
3.4

There are two minor deposits on the main island of Honshu. ~ c o n o m i c a l recoverable
l~
reserves of coal are about 1,000 million tonnes
equivalent, all extractable by deep mining;
nearly half of this will come from the Ishikari
coalfield on Hokkaido. Production in the year
2000 will be on the order of 20 million t.c.e.,
which will be less than 10 percent of the
national consumption at that time.
The Japanese coals range from anthracite to
lignite, but the bituminous outweighs all other
in quantity and value. The greater portion of
bituminous is of the high-volatile rank containing 6 to 9 percent ash with a high-heat-value
range of 12,000 to 13,000 Btullb (28 to 30
MJlkg). Table XXIX gives the proximate
analyses of many of the more typical Japanese
coals.
KOREA

Although imported bituminous coal is
burned in Korea, all of the coal mined in Korea
is high-ash-content anthracite. Table XXX
gives analyses of several anthracites; asreceived sulfur contents range from 0.1 to 0.5
percent.
--

-Moisture- and ash-free -HHV %VM

Btuilb

51.2
48.3
40.0
53.6
46.2
45.8
51.7
46.9
47.6
9.5
49.7
45.9
44.9
46.4
55.8
48.4

13.660
14,410
14.700
13,160
14,440
13,400
14,800
14,690
14.040
14.900
13,710
14.330
14.740
14,390
14,510
14,490

MJk3
31.8
33.5
34.2
30.6
33.6
31.2
34.4
34.2
. 32.6
34.7
31.9
33.3
34.3
33.9
33.7
33.7

Hardgrove
Grind.
45
44
49
37
46
43
47
51
38
72
49
47
53
54
36
38

TURKEY

Considerable deposits of coal and lignite
occur in Turkey, the most important so far
being those in the northwestern regions of
Anatolia. Commercial development, however,
has been practically confined to the Erigli Basin. The Erigli coal, when properly cleaned, is
suitable for most purposes, and compares
favorably wih the bulk of European bituminous. It contains 40 to 45 percent volatile matter, and is utilized by steamships, railways and
factories. Table XXXI gives analyses of two
coals from Turkey.
VIE1 NAM

The only known coal deposits i n Viet Nam
are anthracitic, chiefly from the Nong-Son area.
As-received ash content ranges from 15 to 27
percent, with sulfur from 2 to 3.5 percent. Volatile matter (VM) is between 8 and 11 percent,
with high heating value (HHV) from 13,800 to
14,600 Btullb (32 to 34 MJlkg), both on a
moisture- and ash-free basis. Hardgrove grindability is usually between 32 and 53, with some
samples as high as 73.
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Table XXX. Analyses of Typical Korean Anthracites
Area or Mine

-As received -

-Moisture- and ash-free -HHV -

%Ash

%VM

%Hz0

BMb

Mllkn

AshSt,
Red., "F

Hardgrove
Grind.

Kum-Chun
Dan-Gok (Hamback Field)
Hung-Jun
Bang-Je (Hamback Field)
Chengsun
Cholarn
Dogye
Yonawol
A representative ash composition is
%Si02 -65.0
% AltOa-20.1
%Fe203- 5.3

% MgO -1.0
% NarO-0.5

%CaO

% Ti02

-

%K20

1.0

-5.0
-0.9

Table XXXI. Analyses of Typical Turkish Coals
Moisture- and ash-free

'.

-HHV -

Area or Mine

-As received %Ash %Hz0

%VM

%C

%H

%O

%N

%S

Btuflb

MTlkn

Tuncbilek Subbituminous
Elbistan Brown Coal

14-22
8-24

44.5
67.0

76.4
61.4

5.8
5.1

13.8
29.6

2.5
0.8

1.5
5.1

13,840
10,190

32.2
23.7

14-24
48-62

AFRICA

Both the geological coal resources and the
recoverable coal reserves are
concentrated in the southern part of the continent. They are preponderantly bituminous
coal. Technically and economically recoverable reserves are estimated to be in excess of
30,000million tonnes coal equivalent; the Republic of South Africa has nearly 75 percent of
these; Botswana, 10 percent; Swaziland, about
5 percent; and Rhodesia, 2 percent.

economic all^^

BOTSWANA, REPUBLIC OF

Most of the coal reserves are in the eastern
part of the country. Coal qualities are poor and
there are no existing coking-coal deposits. The
present coal output is low, but increases in
production have recently taken place at the
Morupule Colliery near Palapye. Consumers of
coal production are the Botswana Power Cor-

poration and a local nickel-copper mine. The
annual production is projected to reach up to 1
million tonnes in the future.
MOROCCO

The coal, mainly anthracite, is mined by the
state-owned SocietB des Charbonnages NordAfricains (CNA) at Dje,rada in the east. There
are plans to increase the production to over 2
million tonnes by 2000. Nearly 80 percent of
the annual production is burned in the power
station at Djerada. In future, limited quantities
of anthracite could be for export.
MOZAMBIQUE

Since early 1978 thepnly existing mining
company, ~ o r n ~ a n hCarbonifera
ia
de Mozambique (CCM),has been state owned. The annual
output is about 700,000tonnes and consideration is being given to its expansion. A great part
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ZIMBABWE--RHODESIA

DEMOCRATIC
REPUBLIC OF
MADAGASCAR

Fig. 8 Coal Map of Africa

of the annual production consists of coking
coal. It is possible to increase production up to
7 million tonnes, with a coal export potential of
about 5 million tonnes before the end of the
century. Today Romania, Japan, Malawi and
the German Democratic Republic are importing
coal from Mozambique.

per year. The coal is produced by the stateowned Nigerian Coal Corporation, with recoverable reserves being on the order of 90
million tonnes. A peak production of 1.5 million tonnes is anticipated by the end of the century. Exports to Ghana are mainly for railways.

NIGERIA

The Republic of South Africa (RSA) has
about 75 percent of all the coal resources of the

Coal production is now some 300,000 tonnes
--

SOUTH AFRICA, REPUBLIC OF
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African continent. Most of the coal deposits are
situated at shallow depth; more than 10 percent
of the RSA coal output is obtained by open-cast
mining. In the future, many abandoned "deep"
mines will be reworked from the surface with
modern heavy equipment.
South African coal production consistently
exceeds the country's domestic requirements; it
exports both bituminous and anthracite coals.
At this time, the Republic of South Africa is one
of the 10 largest coal producers and exporters in
the world.
The proportion of total coal consumption for
the generation of electricity has grown steadily, with approximately 60 percent presently
for that purpose. All new thermal stations are
located at minemouth, with boilers and pulverizers designed to use run-of-mine coal.
South African coal is deposited in relatively
small, isolated basins. The coal seams are thickest and of best quality in the middle of each
basin, but pinch out and increase in ash content
toward the periphery. The biggest single drawback of the coals of the RSA,, particularly for
export, is that much of the inert mineral matter
present is so intimately associated with the organic matter that its reduction to reasonable
levels is generally difficult and costly.
The lowest rank coals in South Africa are
found in the Orange Free State; the fields there
may be regarded as the southern extension of
the Transvaal fields. They have a dry ash-free
carbon content of 77 percent; the highest rank
coals are the anthracites southeast of Vryheid,
with a dry ash-free carbon content of 91.6 percent. The ranks of all the other coals fall between these two limits. Aside from a few minor
peat and lignite occurrences, all coals vary in
rank from about the lower limit of high-volatile
bituminous (or upper limit of subbituminous)
coal to anthracite. The higher rank coals are
largely confined to Natal, where the fields are
essentially an extension of the Transvaal fields.
The coal-bearing areas of the Repubjic are
first subdivided into coal provinces, which in
turn are split into coal fields, based either on
physical separation of the areas or on conspicuous or slight stratigraphical differences in

the coal successions.
The main Witbank field is the center of the
coal-mining industry in the RSA: it produces
more than half of the coal consumed in the
country. Highveld is the biggest of the coal
fields in area, but exploitation on a large scale
has just begun. Waterberg adjoins the Botswana coal field where the Morupule open-cast
is in operation; although it has been intensively
prospected and contains 7 seams of workable
quality, there are formidable obstacles to
economic extraction at this time. Vereeniging-Sasolburg is an important field, with
three thick seams. In many of the smaller fields,
coal is still being prospected or its mining is yet
to be fully developed.
Economically recoverable reserves in the
RSA are variously stated to be between onethird and 80 percent of the proven reserves
shown in Table XXXII. Estimates of South Africa's coal production in 2000 range from 155 to
over 230 million tonnes annually. The quantity
of coal to be mined for export is a major variable; an unfavorable political climate toward
the RSA will tend to restrict exports below a
physically attainable level.
Two bituminous coals from South Africa, together with their ash analyses, are given in
Table XXXIII.
SWAZILAND

The Swaziland Collieries Ltd.. a subsidiary
of Anglo-American Corporation, produces coal
for railway, industrial and domestic markets.
Only a small quantity is exported. Future prospects are considered to be good as recoverable
reserves are in excess of 1500 million tonnes of
bituminous coal; production of about 6 million
tonnes, nearly 4 million for export, is possible
by 2000. Coking coal is exported to Kenya.
Japan and Mozambique.
ZAIRE

The coal is produced by Charbonnages de la
Luena S.A., Briissel, a subsidiar~rof Union
MiniBre. The consumers of the coal are the
power stations and the copper industry. A part
of the coal is blended with Rhodesian coking

COMBUSTION
Coals of Un World

'coal for producing a coke suitable for copper
smelting. Production of over one million
tonnes by 2000 is expected.
ZAMBIA

The coal is produced by Maamba Collieries
Ltd., Lusaka, in the south of the country. With
capital aid from the African Development Bank
and the Federal Republic of Germany, the
mines at the Maamba region are to be modernized. The main uses of Maamba coal are in copper smelting, cement and fertilizer production,
and for steam generation. By the year 2000
production is anticipated at about 3 million
tonnes.
ZIMBABWE (RHODESIA)

Coal is mined by Wankie Colliery Company
Ltd., Salisbury, a subsidiary of Anglo-American Corporation. Economically recoverable
bituminous-coal reserves approximate 800
million tonnes. The export potential depends
on political considerations. Production at present is largely geared to satisfy home consumptibn, but coal is exported also to Zaire and
Zambia. The coal has excellent steaming and
coking qualities. The average analysis is:
VM
21.0

Hz0
0.7

FC

Ash

66.8

11.5

S
2.8

Btunb

MJlkg

12,750

29.7

Table XXXII. Proven Resources of
Mineable Bituminous Coal (In Situ)
Millions of tonnes

Witbank, including Springs-Vischkuil 14,186
Highveld
7,231
.-.
6,386
Waterberg
Vereeniging-Sasolburg
1,232
Carolina-Wakkerstroom
(Eastern Transvaal)
805
Newcastle-Dundee (Klip River)
748
South Rand
600
Other fields, below 600 x 106tonnes
each
1,034
Total
32,222
"

--

OCEANIA

-

.

Oceania is usually considered to include the
lands of the central.and south Pacific, including ~ u s t r a l i a ,~ e Zealand,
w
Tasmania, and
sometimes, the Malay archipelago. For convenience, we have included coal data from Indonesia and the Phillipine Islands in this section. Fig. 9 shows the coal fields of Australia,
New Zealand, and Tasmania.

Table XXXIII. Analyses of Typical South
African (RSA) Coals
Bieminous Coal
and Ash Analyses

As Received:
% Ash
% Moisture
Moist. & Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen (0)
% Nitrogen (N)
% Sulfur (S)
HHV, Btullb
HHV, MJIkg
Fusibility Temps.,
reducing at., OF:
Initial deformation
Softening (H =W)
Fluid
Ash Composition:
% SiOp
% AlQ,
% FeQS
% CaO
% MgO
% NaQ
%K20
%Ti02
% P205
% SO3
Baselacid Ratio
Hardgrove Grind.

0.22
46

0.24
50

"'
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AUSTRALIA

I

Fig. 9 Coal Map of Oceania
AUSTRALIA

Australia's large coal resources are concentrated in the Eastern States. The largest and
economically most significant deposits of
bituminous coal are found in the Bowen Basin
of Eastern Queensland and the Sydney Basin in
New South Wales. Nearly half of the country's
production is from underground mines in New
South Wales; another 30 percent is from opencut mines i n Queensland. The Galilee Basin in
Queensland also contains a large resource and
the Surat and Clarence-Moreton Basins are of
significance. In Australia, a depth of 1,000 meters is generally taken as the current limit for
bituminous coal to be regarded as economically extractable,
Major browncoal deposits are located in Victoria where the Latrobe Valley contains proved
recoverable reserves of some 35,000 million
tons within the limits of a maximum mining

depth of 200 meters and a minimum seam
thickness of 15 meters. The coal is used predominantly for power generation. The average
moisture content is 62 percent and the lower
heating value, as received, ranges from 6.0 to
12.5 MJlkg (2,580to 5,370 Btullb).
The coal resources in other States are relatively small, in most cases comprising isolated
deposits of subbituminous coal or lignite. The
major use for these coals in South Australia and
Western Australia, such as from the Collie basin, is in power stations.
Australia's economically recoverable reserves are in excess of 25,000 million tonnes,
about 60 percent of which is bituminous coal
and the balance,-lowerranked types. About 20
percent of the bituminous coal is capable of being surface-mined. Production of all types of
coal is anticipated to be as high as 300 million
tonnes coal equivalent in the year 2000.
'

,
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Table XXXIV. Analyses of-TypicalAustralian Coals
-

Fanells
C.K.

Bayswater

Liddell
Seam

Foxbrook

Puxtrees

Yallourn

As Received:
% Ash
% Moisture
Moist. & Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen (0)
% Nitrogen (N)
% Sulfur (S)
HHV, Btullb
HHV, MJIkg
Fusibility Temps.,
reducing at., O F :
Initial deformation
Softening (H =W)
Fluid
Ash Composition:
% Si02
% AlD3
% Fe203
% CaO
% MgO
% Na20
%K D
% TiO?
OO
/ P
% SO,

ase el acid Ratio
Hardgrove Grind.
Table XXXIV gives analyses of Australian
coals from several mining areas.
NEW ZEALAND

Coal ranging from anthracite to lignite occurs in many sections of New Zealand. The
Buller-Mokihinui is the best known bituminous field. The coal is of good quality and makes
an excellent steam fuel. It is coking, but the
coke produced is not rated high. Table XXXV
gives complete coal and ash analyses of two
New Zealand coals.
.-

INDONESIA

Since 1972, only two state-owned coal mines
are in active production: Ombilin in West
Sumatra and Bukit Asam in South Sumatra.
Coal deposits of economic significance are
confined to the western part of Indonesia, on
the islands of Sumatra and Kalimantan. Estimates of measured reserves of bituminous coal
and lignite on these islands are 200 million and
100 million tonnes respectively.
Ombilin coal is a hard bituminous to subbituminous coal. It is excellent steam coal with

I
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mild coking properties. Detailed explorations
carried out in some parts of the Ombilin basin
have indicated about 35 million tonnes of
mineable coal reserves.
The proximate analysis of a typical Ombilin
coal sample is as follows:
Moisture
Ash
Sulfur
Volatile Matter
Calorific Value
.

.

: 6.0%
: 1.5%

: less than 0.5%
: 46% m.a.f. basis
: 14,590
Btunb

(33.9

MJlkg)

The coal in the region of Bukit Asam ranges
from lignite through bituminous, subbituminous to anthracitic coal and anthracite. The Air
Laya opencast mine of Bukit Asam remains the
field with the most potential. Recent studies
indicate that there is a reserve of close to 100
million tonnes of coal in this field.
The average proximate analyses of the various coals presently produced in Bukit Asam are
Air Laga subbituminous coal
Moisture
: 18.0% to 23.2%
: 4.4% to 8.9%
Ash
Sulfur
: 0.16Oh to 0.41%
Volatile Matter
: 29.4% to 32.1% as
received
Calorific Value
: 10,800 to 11,700 Btullb
(25.1 to 27.2 MJlkg), as
received
Suban low-volatile bituminous coal
: 0.5% to 1.2%
Moisture
Ash
: 3.6% to 4.4%
: negligible
Sulfur
Volatile Matter
: 15% to 19%
Calorific Value
: 14,400 to 14,760 Btullb
(33.5 to 34.3 MJlkg), as
received
PHILIPPINE ISLANDS

Coal is mined in eight localities in the
Philippine Islands, namely: Bataan, Cebu,
Zamboanga, Politti, Masbati, Mindoro, Luzon
and Mindanao. The basins are small and discontinuous. The deposits contain lignite, subbituminous and bituminous coals. The bulk of

Table XXXV. Analyses of Typical New
Zealand Subbituminous Coals
Maori Farm

Ohinewai
Area

As Received:
% Ash
% Moisture
.
Moist. & Ash-free:
% Volatile (VM)
% Carbon (C)
% Hydrogen (H)
% Oxygen (0)
% Nitrogen (N)
O/O Sulfur (S)
HHV, Btullb
HHV, MJlkg
Fusibility Temps.,
reducing at., OF:
Initial deformation
Softening (H =W)
Fluid
Ash Composition:
% SiO,
% AID,
% FeD3
Oh CaO
% MgO
% NaD
Oh K,O
% Ti0,
% so,
Baselacid Ratio
Hardgrove Grind.

the lignite is black, and seldom displays a
woody structure or brown color. The bituminous coals are black, hard and lustrous. They
are generally noncoking.
A typical Philippine coal, from Liguan, has
an as-received ash content of 11.5%, and moisture of 9.4%. On a moisture- and ash-free basis,
volatile matter-is.45.3%, sulfur is 0.8%, and
HHV is 13,480 Btullb (31.3 MJkg).
Ash softening temperature of such a coal,
i n a reducing atmosphere, is approximately
2190°F.

..
INTERNATIONAL COAL
CLASSIFICATION
As the international trade in coal increased
following World War 11, the Coal Committee of
the Economic Commission for Europe established a Classification Working Party in 1949 to
develop an international system for classifying
coal. The system for classifying hard coals was
published in 1956 as a document of the United
Nations.* In 1958, the U.S. Bureau of Mines
published the results of its study of how this
classification system would apply to American
coals. Two years later the classification system
was applied to brown coals and lignite^.^,^
Based on European terminology, the expressionhard coal as used in the international classification system is defined as coal with a gross
calorific value of more than 10,260 Btu per lb
(5,700 kg-cal per kg or 23.86 MJlkg) on the
moist, ash-free basis. Coals classified by the
American Society for Testing Materials as
anthracitic, bituminous, and higher rank subbituminous are included in the hard-coal category. Brown coals and lignites are those coals
having gross calorific values below 10,260 Btu
per lb, moist but ash-free.
Excerpts from the two referenced classification sysiems are included in the following text.
These excerpts will assist users of various types
of coals world-wide, in relating such coals to
the American types referred to frequently in
this and other engineering references.
CLASSIFICATION OF
HARD COALS BY TYPE

Table XXXVI shows the international system
of classifying hard coals according to their volatile-matter content, calculated on a dry, ashfree basis, resulting in nine classes of coals.
The nine classes of hard coal, based on volatilematter content and calorific value, are then divided into groups according to their caking
properties, as measured by tests when the coal
is heated rapidly. The coal groups are further
subdivided according to coking properties de-.
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termined by tests in which the coal is heated
slowly.
DIVISIONOF HARD COALS INTO CLASSES

Hard coals are first classified in the international system according to their volatilematter content, calculated on a dry, ash-free
basis. These classifications are:
Class No.
1A
1B

VM dry, ash-free %

2
3
4
5
6-9

- '

3 - 6.5
6.5-10
>10 -14
>14 -20
>20 -28
>28 -33

>

>33

As volatile matter is not an entirely suitable
parameter for classifying coals contailling
more than about 33 percent volatile matter,
calorific value on a moist, ash-free basis is used
for such coals, as follows:

Clasp No.
6

7
8
9

Gross calorific value,
moist., ash-free basis,
Btullb

Approximate
limits of
VM, dry,
ash-free %

>13,950
>12,960-13,950
><0,980-12,960
>10,260-10,980

33-41
33-44
35-50
42-50

The gross calorific Value of coal on the moist,
ash-free basis means the calorific value of the
coal in equilibrium with air at 30°C aria 96 percent relative humidity, calculated to an ashfree basis. For practical purposes, the moisture
in the equilibrated sample is considered equiv-alent to the natural bed moisture of the coal,
that is, the coal moisture at freshly exposed bed
faces free of visible water.
DIVISION OF HARD-COAL CLASSES INTO GROUPS

The nine classes of hard coal, based on
volatile-matter content and calorific value, are
divided into groups according to their caking
properties. Caking properties, as used in the
classification system, are a measure of the behavior of coal when heated rapidly. Either of
two methods-the free-swelling test (crucibleswellingstest) or Roga test-may be used to

.

-

Table XXXVl. International classification of hard coals by type (Ref.2)
Groups
(determined by coking properties)

Code Numben

Alternative
Group
Free-swelling indm i
.
swelling number)

The first figure of the code number indicates the class of coal, determined by volatile matter content up to 3396 VM and by calorific
parameter above 33% VM.The second figure indicates the group of
by coking properties. The tbird figure indicates the
coal, determi~~ed
subgroup, determined by coking properties.

Ekr

Q

Subgroups
(determined by coking properties]
Alternative
Subgroup Parameters
Sub.
Group
Number .latometer
Gny-King

435 535 635

5

>I40

>G,

734

4

>50-140

GrG,

633 733

3

>0-50

G,-G,

832

2

20

E-G

623 723 823

3

>0-50

GI-G,

322 422

522 622 722 822

2

50

E-G

321 421

521 621 721

821

1

Contraction
only

B-D

212

312 412

512 612 712 812

2

1 0

E-G

211

311 411

511 611 711 811

Contraction
onl!l

B-D

200

300 400

500 600 i O O 800

334
>4

3

>45

434

534 634

333 433 533

3F3i2432

532

323 423 523
2

2%-4

1-2

1

>20-45

632 732

>5-20

100
0

0-5

O-I/2

Class Number

Class
Param-

0

"'latile matter'
.(dry, ash-free)
Calor~fic
parameter

''

2

1

3

4

5

6

7

8

900

0

Non-

A

9

As an indication, the t o l l ~ \ ~ i n g
- classes have an approximate VM

content of
Class 6 33~41%ilM
7 33-44Yo \'M
'
8 35-50% \'M
9 42-50°/o VM

> 3 10

0.3

.
85

3 3

~ 3 3 >3]

>31

'139YI

>IZPBO- >12910
13954 12 gBO

>lozm
l 0 W

In

- - - - - -

CLASSES
(Determined by volatile matter up to 33% VM and by calor~f~c
parameter above 33% VM)
A

Note: [i) \+'here the ash content of coal is too high to allow classification according to the present qstems. it must be reduced by laborntoq float-and-sink method lor any other
appropriate means). The specific gravity selected for flotation should allotv a maximum yield of coal with 5 to l v p e n e n t of ash.
(ii) 332a.. . >14-36% VM
.
332b.. . >16-20% \'M
[iii) Gross calorific value on moist, ash-free basis [30°C., 96% relative humidity). Btuflb
-
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measure caking properties. The division of
classes into groups, according to free-swelling
index or Roga index, are:
Freeswelling
index
0-%
1-2
2%-4
>4

Group No.
0

1
2
3

Roga
index
0-5
>5-20
>20-45
>45

Division of Groups into Subgroups

The hard-coal groups are further subdivided
according to coking properties, as measured by
tests in which the coal is heated slowly. Coking
.
properties are measured either by maximum
dilatation, using the Audibert-Arnu method, or
by Gray-King coke type. The division into subgroups follows:
Subgroup No.
0
1
2
3
4
5

Maximum dilatation

B-D
E-G
G1 4 4
G&R

DIVISION OF LOWER-RANK COALS
INTO CLASSES

Gray-King
coke type

A

>I40

>Gs

CODE NUMBERS

A three-figure code number is used to express the classification of a hard coal. The first
figure indicates its class, the second figure the
group, and the third figure the subgroup. An
example of the use of the system follows, based
on a coal with the following characteristics:
37
14,510
6
85
60

GG

As the volatile-matter content on a dry, ashfree basis is greater than 33 percent, the class
number is determined by the gross calorific
value on a moist, ash-free basis. As the gross
calorific value is more than 13,950 Btu the coal
--

CLASSIFICATON
OF LOWER-RANK COALS

Table XXXVII shows the international system of classifying brown coals and lignites,
those fuels having gross calorific values below
10,260 Btu/lb (5,700 kcalkg or 23.86 MJkg).
The parameters for classifying these coals are
their total moisture and yield of low-temperature tar. As a correlation exists between the
total moisture and calorific values of the lower
rank coals, the moisture parameter indicates
the value of the coal as a fuel; the tar indicates
the value of the coal for chemical processing.

Nonsoftening
Contraction only
0 and less
>O to 50
>50 to 140

Volatile matter, dry, ash-free, %
Calorific value, moist ash-free Btullb
Caking properties:
Free swelling index
Roga index
Coking properties:
Maximum dilatation
Gray-King coke type

belongs in class 6, which becomes the first figure of the code number. The free-swelling
index is 6; alternatively, the Roga index is 85,
so the coal belongs in group 3, which becomes
the second figure of the code number. As the
maximum dilatation is 60, or the Gray-King
coke type is G,, the coal belongs in subgroup 4,
which is the third figure of the code number.
Therefore the code number of the coal is 634.

The coals are first classified according to
their total moisture content as ash-free coals.
Total moisture is that contained in freshly
mined coal. The class numbers and corresponding range of moisture values are:
Class No.
10
11
12

13
14
15

Total moisture,
ash free, 96
20 and less
>20 to 30
>30 to 40
>40 to 50
>50to 60
>60 to 70

The numbering system starts with 10 to follow consecutively after the classes numbered 0
to 9 in the international classification of hard
coals by type.
Division of Classes in Groups

The lower-rank coals divided into classes according to total moisture are subdivided into
groups by yield of low-temperature tar, calcu-
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lated dry and ash-free. Group numbers with
corresponding range of tar yields are:
Group No.

Tar, dry,
ash free, %
10 and less
>10 to 15
>15 to 20
>20 to 25
>25

CODE NUMBERS

A four-figure code number indicates the
classification of lower-rank coals. The first two
figures identify the class; the last two, the
group. For example, if total moisture, ash free,
-is 35 percent, the coal is placed in class 12; if
the yield of tar is 11 percent, the coal is assigned to group 10 and the code number of the
coal is 1210.

METHODS OF COAL ANALYSIS AND TEST

The international classification system provides that standard methods of the International Organization for Standardization >
(ISO)shall be used when such methods become
available. Much progress has been made in the
work of standardization, although the methods
have not been approved in final form. Until
standard methods are adopted, it is provided
that national standards may be used. The following provisional tolerances are to be used for
the parameters pending adoption of international methods of analysis and test:
Volatile matter, VM
20% or less
More than 20%
Free-swelling index
Roga index
Maximum dilatation:
Subgroups 0, 1, 2 , 3
Subgroup 4
Subgroup 5
Gray-King coke type
Gross calorific value

2

1.0 unit

+ 5.0% of value
2

%unit

+ 5 units
-C

5 units

+ 10 units
2

15 units

2 1 type

+ 110 Btullb

The appendix to reference 2 includes methods for determining equilibrium moisture content (moisture-holding capacity) and several of

the above indices. The methods are summarized in the following text.
EQUILIBRIUMMOISTURE CONTENT

In the international system, coals with more
than 33 percent volatile matter on the dry, ashfree basis are classified according to calorific
value on the moist, ash-free basis. The term
moist refers to coal containing its natural bed
moisture but no visible water on the surface. It
is assumed that the natural bed moisture of coal
in the ground represents the moisture-holding
capacity of the coal when in equilibrium with
air at approximately 100 percent relative
humidity. Because of the difficulty of equilibrating samples in such an atmosphere, the
equilibrium moisture content or moistureholding capacity is determined at 96 to 97 percent relative humidity, which for practical
purposes is considered to represent the moisture in the coal bed.
The test is essential for classifying wet Samples of coal in order to bring the coals to their
natural-bed-moisture condition. The proposed
IS0 method for moisture-holding capacity is
equivalent to the ASTM method for equilibrium moisture of coal. The method also can
restore partially air-dried samples of all coals
except lignites to virtually bed-moisture state.
To conduct the test, a sample of coal crushed
to pass a number 16 sieve is wetted, drained of
excess water, and equilibrated in a reducedpressure vessel charged with a pulp of potassium sulfate crystals arid water. The saturated
solution of potassium sulfate at 30°C maintains
a relative humidity of 96 to 97 percent in the
vessel. After moisture equilibrium is reached,
which usually is within 48 hours, the coal Sample is covered, removed from the vessel, and
weighed. The moisture content of the conditioned sample is then determined.
FREE-SWELLINGINDEX TEST (CAKING)

The test for free-swelling index of coal,
which is a measure of the coal's caking
properties, was originally developed in Great
Britain and is called there the crucible-

'
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Table XXXVII. International Classification of Brown Coals and Lignites
Group No.

Group parameter
taI yield
(dry, ash free), 40

40
30

>25
>20 to 25

1040
1030

1140
1130

1240
1230

1340
1330

1440
1430

1540
1530

10
00

>lo to 15
10 and less

1010
1000

1110
1100

1210
1200

1310
1300

1410
1400

1510
1500

Class no.

10

11

12

13

14

15

Class parameter
total moisture, ash-free,

20

>20

>30

>-I0

>50

>60

percent

less

-30

-40

-30

-60

-70

-

Code Numbers

and

Moist, ash-free basis (30°C and 96 percent relative humidity).
Total moisture content refers to freshly mined coal. For internal purposes, coals with a gross calorific value over 5,700 kcaUkg (maf), considered
in thecountry of originas brown coals but classified as hard coals for international purposes, may beclassifiedunderthis system, to ascertain. in
particular. their suitability for processing. \\'hen total moisture content is over 30 percent, gross calorificvalue is always belon, 5,700 kcallkg

swelling test. It is a standard method used in
several countries, including the United States.
The test consists of heating a 1-gram sample
5 ~a ~covered
of pulverized coal to 8 2 0 ~ 2 ;n
crucible and comparing the size and shape of
the coke button obtained with the outlines of a
set of standard profiles numbered in half units
from 0 to 9. The number of the profile most
closely corresponding to the cmss section of
the coke button is the free-swelling index or,
in British terms, crucible-swelling number.
ROGA-INDEX TEST (CAKING)
-

The alternative method for determining caking properties is the Roga test, developed and
used in Poland. The test is conducted by carbonizing a mixture of 1 gram of coal and 5
grams of a standard anthracite at 850°C for 15
minutes. The mechanical strength of the resulting coke button is measured by an abrasion test
in a special rotating drum. At the end of the
tumbling period, the residue is screened on a
sieve with 1-mm round openings and the oversize weighed. This process is repeated twice.
The index is calculated from the results of the
screening test by the following formula.
No information is available on the use of the
Roga index for measuring caking properties of

(1)

where:

Q

= weight of residue after carbonization,
a = weightofoversizebeforefirstscreening,
b = weight of oversize after first screening,
= weight of oversize after second screening,
- and
d = weight of oversize after third screening.

American coals in combustion processes. As
there is an approximate correlation between
the results of the free-swelling-index and
Roga-index tests, the Roga index probably is
about as significant as the free-swelling index
for measuring caking properties.
AUDIBERT-ARNU DILATOMETER TEST (COKING)

Better known in Europe than in the United
States, the Audibert-Arnu dilatometer test is
used i n studies of coking properties of coal.
A briquetted pencil of coal is carbonized in a
vertical tube topped by a steel rod that slides in
the bore of the tube. The pencil, which is
formed in a die, is lightly tapered; its diameter

I
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averages 6% mm, and its length is 60 mm. The
maximum displacement of the rod measured
on an external scale is reported as a percentage
of the original length of the pencil. The dilatation is calculated as follows
Dilatation, % =

Displacement of piston, mm x 100
60
(2)

GRAY-KING COKE-TY PE TEST

Developed in Great Britain, the Gray-King
coke-type test was used at firs't as a bench-scale,
low-temperature ~Gbonizationassay for determining yields of coke, gas, tar and liquor.
The Coal Survey adopted the test for indicating
coking properties. The method was then standardized by the National Coal Board for classifying coals of the United Kingdom.
The test is conducted by carbonizing a 20gram sample of coal progressively to 600°C in a
horizontal tube furnace. The carbonized residue is classified as to volume, coherence, fissuring, and hardness by comparing it with a
series of residues. For coals that form powdery
to hard coke residues that occupy the same
volume as the original coal (standard coke),the
type of residue is assigned letters ranging from
A to G. For coals that swell to fill the cross section of the tube, electrode carbon is mixed with
the coal to obtain a strong, hard coke of the
same volume as the original coal-electrode carbon mixture. The coke type is indicated by the
letter G with a subscript figure, that is, G, G,,
etc. The subscript shows number of parts of
electrode carbon needed in the mixture with
coal to give a G-type (standard) coke. Reference
2 gives the Gray-King scheme for examining
and classifying coke types.

phism or progressive alteration in the natural
coalification series from lignite to anthracite.
The ASTM classification system is based on
the parameters of fixed carbon or volatile
matter and calorific value calculated on a
mineral-matter-free basis. Higher-rank coals
are classified according to fixed carbon or volatile matter on the dry basis, and the lower-rank
coals according to calorific value on the moist
or bed-moisture basis. Agglomerating and
weathering indexes are used to differentiate between some adjacent groups.
COMPARISON OF INTERNATIONAL
AND ASTM SYSTEMS

The ASTM system provides for classification
of all ranks of coal while the international classification is based on two systems: one for the
hard coals and the other mainly for brown coals
and lignites. The borderline between the two
international classifications occurs at 10,260
Btullb (5,700 kcallkg or 23.86 MJlkg) moist and
ash-free and is nearly the midpoint of the subbituminous B group of the ASTM system.
Therefore, some subbituminous B coals and all
subbituminous A, bituminous, and anthracitic
coals of the ASTM system are identified according to the international classification of
hard coals by type. The other subbituminous B
and all subbituminous C and lignitic coals are
covered in the international classification of
coals with a gross calorific value below 5,700
kcallkg.
.
To divide lower rank coals into classes, the
international system uses the total moisture
parameter while the ASTM uses the calorific
value. Fig. 10 shows that a good correlation
exists between total moisture and calorific
value of low-rank coals. The figure
- is based on
analyses of exchange samples of coal given in
INTERNATIONALSYSTEM APPLIED
Table XXXVIII.
TO AMERICAN COALS
Fig. 11 compares the class numbers and
The American Society for Testi~gMaterials group boundaries of the international system
system of classification of coals by+rank-was for hard coals with those of the ASTM classifidiscussed in Chapter 2. The ASTM Standard
cation. As the figure shows, the group boundSpecification of Coals by Rank D-388 groups
aries in the two schemes are quite similar; thus,
coals according to their degree of metamor- class numbers in the international system are
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Table XXXVIII. Source, Analysis and classification
of Exchange Samples of Low-Rank Coal
Source of Sample
Belgium
Florennes
Canada
Alberta
Czechoslovakia
Northern Bohemia
Central Bohemia

Moisture- and ash-free
Equilib.
- As received -H H V M o i s t ~ r e -Classification,~
% Ash % H20 90VM % C %H % 0 % N % S Btullb MJlkg %
ASTMB IC No.
2.2

63.3

53.8

70.1 5.0

23.5 0.7

0.7 11,910 27.7

39.8

LigB

1510

7.3

24.2

39.2

76.6 5.5

15.8 1.6 0.5 13,150 30.6

24.4

Subb

1100

2.7
6.4
5.9
15.9
7.4
6.0
12.2

20.2
31.2
21.1
23.2
44.6
39.7
36.1

49.0
50.5
38.1
43.6
56.5
51.7
51.3

77.6
76.0
79.5
77.1
70.2
76.6
69.6

13,890 32.3
13,560 31.5
13,770 32.0
13,640 31.7
12,240 28.5
13,680 31.8
11,870 27.6

20.9
30.7
20.4
25.9
43.5
37.0
39.0

Suba
Subc
Subb
Subb
LigA
LigA
LigA

800
1220
900
1110
1310
1330
1300

62.2
9.7

55.3
52.8

69.1 4.9
72.8 5.4

24.1 0.9
12.4 1.6

1.0 11,580 26.9
7.8 13,200 30.7

48.4
12.0

LigB
Suba

1510
800

22.4

46.9

71.8 4.7 '19.8 1.9

1.8 12,140 28.2

27.4

Subc

1100

33.3

56.1

68.0 5.2

23.9 0.9

2.0 11,600 27.0

36.8

LigA

1210

59.0

57.9

65.4 4.3

27.3 1.9

1.1 10,340 24.0

50.0

LigB

1500

58.8
60.8
51.9
31.8

58.6
57.3
56.8
60.4

65.4
70.5
66.5
64.8

2.3
2.9
1.0
1.5

25.6
27.5
26.4
25.9

51.7
51.7
47.2
34.1

LigB
LigB
LigB
LigA

1500
1500
1420
1210

17.7
53.9
17.6

48.7
60.8
44.0

77.1 5.8
71.4 5.8
77.7 5.1

15.1 1.6
20.2 0.6
14.3 0.9

0.4 13,840 32.2
2.0 12,510 29.1
2.0 13,540 31.5

19.1
42.2
21.0

Suba
LigB
Suba

800
1420
800

9.9
6.9

17.8
37.0

43.6
43.7

76.2 5.2
72.2 4.3

16.2 1.9 0.5 12,910 30.0
22.1 1.1 0.3 11,910 27.7

18.9
34.8

Subb
LigA

900
1200

1.3

23.3

48.1

72.4 4.9

21.2 1.4

0.1 12,390 28.8

22.9

Subc

1110

2.5
3.9
3.2

59.8
63.4
58.3

55.6
57.6
54.4

68.1 4.7
70.1 5.3
67.7 5.2

25.8 0.7
21.9 0.7
26.0 0.6

0.7 11,720 27.3
2.0 12,100 28.1
0.5 12,020 28.0

44.7
43.3
47.2

LigB
LigB
LigB

1510
1510
1510

SouthernBohemia
WesternBohemia
Slovakia
Federal Republic
of Germany
Rhine Region
3.3
Bavaria,Peissenberg 11.9
Greece
Athens Area,
Peristeri
6.5
Island of Euboea,
Aliveri
11.3
West Macedonia,
Ptolemais
12.2
Italy
Lucania,Mercure
10.1
Toscana,Pietrafitta
9.9
Toscana,Valdarno
5.3
Umbria, Spoleto
7.8
Federation of Maylaya
Selangor,BatuArang 7.5
Poland
7.3
6.7

5.8 14.7 1.0
6.0 15.7 1.1
5.0 13.1*1.2
5.2 '11.1 1.5
5.4 19.5 0.9
6.1 15.2 1.2
4.9 19.5 1.5

5.2 25.3 1.8
4.8 19.9 1.9
5.2 26.3 1.0
5.3 27.3 1.1

0.9
1.2
1.2
5.1
4.0
0.9
4.5

11,020
11,840
11,350
11,140

.-

U.S.S.R.
Chelyabinsk Basin
Rhiczechinsk
Borneo-Sarawak
Upper Rajang Valley
East Germany
Niederlausitz
Bautzen
Oberlausitz

-
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Table XXXVIII. Source, Analysis and Classification
of Exchange Samples of Low-Rank Coal-Continued
Moisture- and ash-free
Equilib.
received-HHV - Moisture,* Classification
%Ash %HZ0 %VM %C % H % 0 % N % S Btullb MJlkg %
ASTMB IC No.
-AS

Source of 'Sample

'Aschersleben
5.0 44.5
Bitterfeld
5.8
54.6
6.0
54.6
Halle
Geiseltal
4.3
55.0
Borna
4.5
55.1
United Kingdom
4.0
17.6
United States
Colorado, Weld County 4.8 25.2
Montana,
7.0 13.9
Musselshell Co.
North Dakota,
4.2
37.2
Burke Co.
North Dakota,
4.1 38.1
Mercer Co.
Texas, Mi'lam Co.
9.4 36.0
Mrashington,
7.1 28.5
Lewis Co.
, Wyoming, Campbell Co. 5.0 28.2
Wyoming,SheridanCo. 3.6 25.9
Yugoslavia
10.4 17.9
Bosnia, Banovici
Bosnia, Breza
8.8
17.2
Bosnia, Kakanj
12.5
6.1
Bosnia, Kreka
3.3
39.8
Serbia, Senjski
10.0 15.6
Slovenia, Trbovlje
7.3
24.9

1340
1410
1420
1420

44.2
17.8

LigA
LigB
LigB
LigB
LigB
Suba

13,630 31.7

24.8

Subb

1110

0.5

14,110 32.8

14.1

Suba

800

19.3 1.2

0.7

12,470 29.0

37.5

LigA

1200

72.7 4.9

20.8 0.9

0.7

12,330 28.7

37.7

16.4 1.5

2.0

12,980 30.2

37.6

LigA
LigA

1200

74.7 5.4

50.7

74.6 5.4

18.0 1.3

0.7

12,800 29.8

29.6

49.0
42.8

74.0 5.6
75.9 5.1

18.6 0.9
17.0 1.6

0.9
0.4

12,970 30.2
13,10030.5

30.8
25.3

Subc
Subc
Subb

1210
1110
1110

72.2
55.6
58.9
58.0

76.4 7.9
71.3 5.1
71.6 5.6
71.05.7

12.0 0.4
18.0 0.6
17.2 0.6
16.50.8

3.3 14,680 34.1
5.0 12,560 29.2
5.0 12,770 29.7
6.0 12,92030.0

37.3
49.3
50.2
48.5

60.3
43.6

72.5 5.9
77.6 5.1

18.1 0.7
13.8 1.4

2.8 13,000 30.2
2.1 13,610 31.7

40.8

78.6 5.1

14.1 1.7

0.5

39.6

80.9 5.1

12.2 1.3

43.4

74.1 4.7

45.3
49.9

45.6

75.6 5.4

14.7 2.3

2.0

13,310 31.0

19.2

46.9
49.0
52.0
54.3
48.4

75.3
77.2
69.7
71.7
71.0

13.6
11.4
23.7
19.5
18.4

4.0 13,330 31.0
3.7 13,720 31.9
0.5 12,110 28.2
1.8 13,010 30.3
4.3 12,520 29.1

18.3
7.3
37.2
17.1
25.9

5.2
5.4
5.2
5.6
5.0

1.9
2.3
0.9
1.4
1.3

1210

Subb 900
,Subb 900
Suba
800
LigA 1310
Subb 900
Subc 1110

d-Equilibrium moisture, %, is on an ash-free basis
B-Abbreviation's'are listed in Table I1
'-IC No. is the International Code Number

nearly equivalent to group names in the ASTM
classification. For example,

9

Class number in
Group name in
international system ASTM system
0
1
2
3
4, 5

Meta-anthracite
Anthracite
Semianthracite
Low-volatile bituminous coal
Medium-volatile bituminous
coal
High-volatile A bituminous coal
High-volatile B bituminous coal
--

6
7

8

i

1420
800

~ i ~ h - J o l a t iCl bituminous
e
coal
and subbituminous A coal
Subbitminous B coal

The international classification system for
hard coals differs from the ASTM classification
in that parameters of caking and coking
properties are introduced to indicate how the
coal can be used in combustion and carbonization processes. This concept is followed in sex1era1 European national systems of classification. While the ASTM classification of coal was
being developed, the feasibility of classifying

I
1
,
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Fig. 10 Relationship of Total Moisture
and Calorific Value

coa1s according to use was studied. It was decid~
ed that this was impractical because many
coa1s can be used for various purposes and the
tYPe of equipment in which the coal is used
probabfy is as significant as the kind of coal. On
the other hand, the caking and coking tests give
genieral information on the characteristics of
coa 1s so they should prove of value in considering a coal for a specific use.

Coals with Gross Calorific Value
Less Than 10,260 Btu/Lb
Coals with Gross Calorific Value
Greater Than 10,260 Btu/Lb
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As little information is available on the coking properties of American coals by the GrayKing coke-type test or the Audibekt-Arnu dilatameter test, tests were made on samples of
bituminous coal of varous ranks from nearly
every coal-producing state. About 80 coals
were tested.2 They were selected to obtain good
geographic representation of seams that contain large reserves, are being mined in quantity, or are entering the export market. The
Audibert-Arnu dilatometer test was selected
for the coking test. Of the 62 code numbers
shown in Table XXXVI, American coals occur
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Table IV in the front of this appendix shows
the analytical data and the classification of each
coal by the ASTM and international systems.
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Symbols used in the table for the rank of coal
according to the ASTM system are:
Lvb =low-volatile bituminous,
Mvb =medium-volatile bituminous,
Hvab=high-volatile A bituminous,
Hvbb =high-volatile B bituminous,
Hvcb =high-volatile C bituminous.

Based on this data, American bituminous
coals are classified in the international system
for hard coals as:
Class 0. Although no code number is indicated
in the system for coal of this class, coals class i s i d in the U.S.as meta-anthracite would have
a code number of 000, as these coals we noncaking and noncoking. The only known deposit of meta-anthracites is in Rhode Island.
Class 1. This class includes most of the anthracites found in the United States, of which
Pennsylvania has the most abundant reserves.
It includes most of the Sullivan County (PA)
coals classified as semianthracites in the
ASTM system. The code numbers of the coals
are 100A and 100B.
Class 2. The coals included in class 2 are
mainly the semianthracites of Arkansas and
Virginia. As they are noncaking and noncoking, their code number is 200.
Class 3. This class includes most of the coals
classified in the ASTM system as low-volatile
bituminous. In general, these coals are strongly
coking; if coked alone their coke would be well
fused, blocky, and fine-grained, with few fissures. However, they cannot be carbonized
alone in commercial slot-type ovens because
they expand excessively. In American practice,
10 to 30 percent of low-volatile bituminous
coal is usually blended with high-volatile coal
to produce blast-furnace coke. The code numbers of most of the low-volatile bituminous
coals for which data are available are 333 and
334; coals near the borderline of the mediumvolatile group are coded 433 and 434.
Classes 4 and 5. These two classes include all
coals classified in the ASTM system as
medium-volatile bituminous. If coked alone
they form strong, blocky cokes. Their coking
properties generally are between those of the

low-volatile and the better grades of- highvolatile bituminous coals. All coals of these
classes that were tested have code numbers of
either 435 or 535.
Class 6. This class includes most of the highvolatile A bituminous coals. Many of these
coals can be carbonized without blending
to produce well-fused, medium- to coarsegrained, though somewhat fingery coke. Usually they areblended with 10 to 30 percent of
low-volatile bituminous coal to improve the
yield, size, structure, and strength of the coke.
Code numbers of coals tested in this class are
635,634,633,623,and 622.
Class 7. This class includes coals classified in
the ASTM system as high-volatile B bituminous coals. If carbonized alone they usually
produce small, fingery, highly fissured coke
with low shatter and tumbler indexes. The relatively poor coke structure is typical of cokes
made from high-oxygen coals. If heated rapidly
at high oven temperatures, high-oxygen coals
yield better coke. In American coking practice,
high-volatile B bituminous coals are always
blended with more strongly coking coals. The
high-volatile B bituminous coals that were
tested have code numbers as follows: 734, 733,
723,721,711, and 823.
Class 8. This class includes high-volatile C
bituminous coals and subbituminous A coals.
Coals in this class range from noncoking to fair
coking. The noncoking coals include all the
subbituminous coals and some of the highvolatile C bituminous coals that are nonslacking on exposure to the weather. Their code
number is 800. The other high-volatile C
bituminous coals range from virtually noncoking to fair coking. Their cokes range from weak
and pebbly to small, fingery, and highly fissured. No American coals in class 8 are coked
commercially at present, even in blends with
more strongly coking coals. The code numbers
of the coals in class 8 that show some caking
and coking properties are 823,821, and 811.
Class 9. This class includes subbituminous
coals with a gross calorific value of more than
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10,260 Btu on the moist, ash-free basis. The
code number of these noncoking coals is 900.
CLASSIFICATION

- OF AMERICAN LOW-RANK COALS
To classify American low-rank coals by the
international system would require information on total-moisture content and yield of tar.
Although a standard method for determining
yield of low-temperature tar has not been
adopted internationally, it probably will be
based on the Fischer-Schrader method4used in
many countries. Such a method is used in the
Pittsburgh laboratory of the U.S. Bureau of
Mines, and a somewhat modified procedure in
its Denver and Grand Forks laboratories.5 Data
on yields of tar from typical American coals by
the Fischer-Schrader6 and modified method7.8
have been published. Although precise information is not available on correlating the results by the two methods, a statistical study of
the relation of the chemical analysis of the
coals with tar yields indicates that the yields
are similar enough to be used in a survey for
applying the international classification system to American coals.
Table XXXIX summarizes the total moisture
and tar yields for 73 low-rank American coals
having calorific values of less than 10,260 Btu/
lb moist and ash free.The data were taken from
the reports listed in references 6 and 7, unpublished data, and supplemental information
obtained from American exchange samples
tested in developing the international classification system. Included in the table are the
international code numbers of the coals based
on the total moisture and the tar yields.
The subbituminous B coals for which data on
both moisture and tar are available have a
moisture content ranging from 22 to 27 percent.
The class number therefore is 11.The tar yield
is about 7 to 11percent, which places the coals
in groups 00 or 10. The coals with less than
10-percent tar yield have a code number of
1100; those with 10 percent or more are numbered 1110.
For the subbituminous C coals, data were
available on several samples from Wyoming

and one from Washington. Coals of this rank
also occur in Colorado, Montana, and Oregon.
Table XXXIX shows a moisture range of about
27 to 34 percent for the samples tested. The
coals are placed in classes 11or 1 2 depending
on whether the moisture content is less or more
than 30 percent.
Tar yield ranges from 6 to 15 percent, which
groups the coals into 00 and 10. The table
shows that code numbers for the subbituminous coals include 1100,1110,1200, and 1210.
American lignites have an ash-free moisture
content that ranges from about 35 to 45 percent.
Their class number is 1 2 or 13, depending on
whether the moisture is less or more than 40
percent. Lignites of the Fort Union formation in
Montana, North Dakota, and South Dakota
yield 4 to 9 percent tar, placing them in group
00; code numbers are 1200 and 1300.
Tar yields of the Texas lignites range from 11
to 15 percent; their code numbers would be
either 1210 or 1310, depending on total
moisture content.
The Arkansas lignites gave a tar yield of
about 20 percent; their code numbers are either
1320 or 1330, depending on whether the tar
yield is less or more than 20 percent. Because
some Arkansas lignites have a total moisture
content of less than 40 percent, these coals will
have a code number of 1220 or 1230 if their
yields of tar are of the same order as for the
samples tested. High tar yields from Arkansas
lignites probably are due to their relatively
large amount of wax and resin.?
WORLD CLASSIFICATION
OF LOW-RANK COALS

Early in its study the Classification Working
Party found little available information regarding the different types of brown coals and
lignites occurring in the various countries.
Therefore, an extensive exchange of samples
was arranged by the laboratories cooperating in
the international classification work. According to the plan of the Classification Working
Party, the coals selected were to be freshly
mined and representative of the various types
of brown coals and lignites in each country.
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Table XXXIX. International Code Numbers of American Subbituminous B, C
Coals and Lignites
Number
of
samples

State

Range of total
moisture, ash-free
%

Range of tar
yields, dry, ash-free
%

Code No.

Subbituminous B
7.4-8.8
11.4

1100
1110

23.7

6.6

1100

I

21.7

11.2

1110

Wyoming

2
2

23.5-26.3
23.5-26.9

Washington

1

30.7

Wyoming

3
1
2
1

27.4-29.3
29.7
30.4-34.2
32.4

Arkansas

1
1

41.0
41.2

Montana

1
5

39.9
40.0-42.3

North Dakota

12
25

36.0-39.9
40.0-47.7

South Dakota

1
1

Colorado

2
1

22.7-25.2
26.5

Montana

1

Utah

,

Subbituminous C
14.8
6.9-9.0
12.2
6.3-7.5
12.0
Lignite
19.8
20.5

34.4
43.6

Texas
Washington

1

Also, samples of transition coals were requested that would be close to the borderline of
the brown coalllignite class.
Table XXXVIII shows the source of the coals,
some of the analytical data obtained by the
Bureau of Mines, and classification of the coals
according to the ASTM and International systems. The proximate and ultimate analyses,
calorific value, and moisturelholding capacity
(equilibrium moisture) were determined by
ASTM methods, except that total moisture and

the moisture in the air-dried samples were determined by either xylene or toluene distillation as requested by the Working Party.
Total moisture is used rather than moistureholding capacity (equilibrium moisture) specified in the classification of hard coals. For
practical purposes, moisture-holding capacity
is equivalent to natural bed moisture for all
ranks of American coals including lignite."
However, total moisture and bed moisture are
not equivalent for certain European brown

I
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coals of higher total moisture content than
American lignites. Fig. 1 2 compares the
moisture-holding capacity with total moisture
for the exchange samples. The figure shows a
linear relationship between moisture-holding
capacity and total moisture for coals in the
International system with class number 8 to 1 2
and possibly 13; that is, coals having as much
as 40 percent total moisture. For classes 14 and
15, the relationship is poor, with moistureholding capacity averaging 10 to 15 percentage
points lower than total moisture for the coal
samples examined.

.-

o

a
0

.

Class Numbers
8,9,11,and 12
Class Number 13
Class Number 14
Class Number 15

% Moisture-Holding Capacity, Ash-Free Basis
Ng. 12 Relationship of moisture-holding
capacity and total moisture

J.J. Hoeppner, et. al., "Carbonication Characteristics of
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Appendix B. Determination of Coal-Ash Properties
This appendix supplements the data on properties of coal ash included in Chapter 3. Material properties useful in the design of furnaces
and ash-handling systems are given. Methods
of calculating fusion temperatures and viscosities of coal ash, as well as further descriptions of these properties are outlined, with
curves to assist in the determinations.

quirement of a reasonably accurate knowledge
of slag-surface emissivities.
THERMAL CONDUCTIVITY
The curves of Fig. 3 show thermal conductivities as a function of temperature. Separate
curves are given for fused and particulate
states, because thermal conductivity differs
with the physical structure of the deposit. The
given conductivities are averaged values of
composite data obtained from Australian,
Soviet, and U.S. investigations.
The particulate deposit referred to is a fine,
dry powder that forms anuncompacted layer on
the metal surface. The outer deposit layers vary
considerably in character from being porous or
sintered to being dense, fused, or molten. The
conductivity, which will vary with the physical
properties of the specific deposit, is expected to
increase as the deposit density increases and the
deposit becomes more molten.
Heat transfer through a coal-ash deposit to
waterwalls is calculatedby a conduction model;
this requires that the thermal conductivity of the
deposits be known.
SPECIFIC HEAT AT CONSTANT PRESSURE
Vargaftik and Oleschuckl have measured the
specific heat of coal-ash slags at constant pressure with a reference temperature of 60°F.
Table I lists these specific heat values.

MATERIAL PROPERTIES
OF COAL-ASH SLAG DEPOSITS
There are several properties of slag deposits
that are of use in performing such calculations
as those of furnace heat-absorption and ashhopper cooling-water flow.
SURFACE EMlSSlVlTY

The curves of Figs. 1 and 2 plot surface emissivity of coal-ash slags as a function of temperature. Separate curves are given for fused and
particulate states because emissivity differs
with the deposit structure. Such emissivities
are averaged values of composite data from
Australian, Soviet, and U.S. investigations.
Heat transfer from the flame to the surrounding
surfaces in utility furnaces is predominantly by
radiation. It follows that meaningful heattransfer calculations should include the re-
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Fig. 2. Surface emissivity of particulate coalash deposits

A method for estimating the specific heat of
slag from its chemical composition has been
developed for blast-furnace slags. Because of
the compositional similarity between coal-ash
and blast-furnace slags, the method should be
applicable to coal-ash slags and is described
below. To perform cool-down, ash-hopper
evaporation, and transient calculations, knowledge of the slag specific heat is required.
Using a reference temperature of 20°C,Voskoboinikov2 derived the following empirical
equations for estimating the specific heat of
blast-furnace slags:
.

For the temperature range of 20"to 1350°C

where cp = specific heat (caUgm "C)
t = temperature ("C)
H = SiO, + A1,0, + FeO + MgO

+ MnO

,

11)

For the temperature range of 1350 to 1600°C

where cp = specific heat (callgm "C)
t = temperature (C)
2 = SiO, + Alto, + FeO + MgO

+ MnO
12)
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,

Fig. 3. Thermal conductivity of fused and
particulate coal-ash deposits

Foerster and Weston3 sho~vedthat their experimentally measured values for liquid and
solid slags agreed well with the calculated values from Voskoboinikov's equation. Experimental values for liquid and solid slags were
slightly higher than the calculated'valu6s.
The densities of various forms of coal-ash
slag deposits were averaged from several investigations and are as listed in Table 11.

-
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SURFACE TENSION
Surface-tension forces are involved in many
important stages of the slag-deposition process;such as ash fusion, slag adhesion, and slag
flow. he methods of estimating surface tension of oxide systems have been developed in
the ceramic and glass industry; they should be
applicable to some extent to coal-ash slags
because of the similarity in their chemical
compositions. Surface tension of liquid slags
can be estimated according to the following
procedure:
1. Surface tension of liquid slags at 1400°C in
air can be approximated from the chemical
composition using the foltowing equation developed by L y ~ n . ~

+ 5.85 A l t o 3 - 4.4 Fe20S+ 4.92 CaO
+ 5.49 MgO + 1.12 NatO - 0.75 KtO

y = 3.24 SiOz

absorbed by deposit-laden waterwall titbes,
while the emissivity of ash deposits determines
how much heat will be reradiated by the tubes.
The emissivity and absorptivity of ash deposits
are a function of the wavelengths of the absorbed and emitted radiation, the surface temperature of the deposits, the physical state of
the deposits, and the properties of the coals
from which the deposits originated.
THEORY
In Eq. 4, the rate of radiative beat transfer
from a flame to a unit area of deposit-laden wa-

Eble I.Specific Heat .
at Constant Pressure (Ref. 1)
Temperature ("F)

Cp(BtullbO F )

2190

where y = surface tension of slag (dynelcm)
(3)

2370

2. To estimate surface tension of slags at

2730
2910
3090

different temperatures, a temperature coefficient of -0.017 dynelcm "C is recommended by
Parmelee and Harman.s
3. To estimate surface tension of slags in different atmospheres, Table I11 has been derived
from data by Parikh.6
In general, surface tension of slags does not
vary greatly and is within the range of 300 to
400 dynelcm at 1400°C in air. A lower slag
surface tension will usually lead to more rapid
fusion and flow properties, and better wetting
characteristics. Good wetting is a necessary, but
not sufficient, condition for stronger adhesive
properties.

RADIATIVE PROPERTIES
OF ASH DEPOSITS
Radiative heat-transfer properties of ash deposits are important in determining heat transfer to lower-furnace waterwall tubes when
burning coal. The absorptivity of ash deposits
plays an important role in determining the heat

0.300
0.303
0.310

Table 11. Density
of Various Coal-Ash Slag Deposits
Deposit Fonn

Density (lblff

Liquid Slag
Dense, Solid Slag
Solid Ash
Loose, Powder Ash
Fine, Ground Slag

150-180
140-170
120-160
15-35
60-90

Table 111. Surface Tension of Slags
in Different Atmospheres
Atmosphere

Nitrogen
Hydrogen
Air
Carbon Dioxide
Sulfur Dioxide
Water Vapor

Reduction in Surface Tension (%)
(Based on Nitrogen Atmosphere)

0
1
3
7
27
35
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terwall tube (qlA) depends upon the overall
emissivity ( E ) and overall absorptivity (a)of the
deposit, the flame temperature (TI) and the deposit surface temperature (T,). This heat is
conducted through the ash deposit of thickness
k having a temperature drop ATash and a
thermal conductivity, k, and transferred to
water flowing through the tubes. This simplified energy balance on a unit area of tube (Fig.
4) can be written as:
Net
Conduction
flame - Deposit = though
energy trans- = Coal
radiation
emission
fer to water
deposit

where u is the Stefan-Boltzmann constant and
is the flame emissivity. It should be noted
that the above relationship is simplified and
does not consider the view factor from the
flame to the wall, nor wall reflection,,
As in Eq. 5 the overall deposit emissivity (E)
depends upon the monochromatic emissivity
(EA) at surface temperature (T,) and the
monochromatic blackbody emission per unit
area (W,,) at surface temperature (T,):

where a T,4is introduced using Planck's law.
The overall deposit absorptivity (a) depends
upon the monochromatic absorptivity (a,) at
surface temperature (TJ and the distribution of
monochromatic intensities of incident radiation (IA):

-

where I, is dependent on W,,, the monochromatic blackbody emission per unit area at flame
temperature (T,) and the monochromatic emissivity (E,,):

Employing Planck's law and the assumption
that a coal flame is nearly black at all wavelengths (that is, ef, 1) gives

-

.fm

a=

WfAd~

f f ~

a Tf
(8)

When the radiation from the flame is in
steady state with the surface, Kirchoff's law
(EA= aA)
applies and Eq. 8 can be written as:
Convection to Water

Fig. 4. Section of lower-furnace waterwall depicting
heat-transfer mechanism through coal-ash deposit

From Eqs. 5 and 9, it is seen that both the
overall emissivity and absorptivity depend
upon the deposit surface temperature and the
monochromatic emissivities; absorptivity is
also dependent upon flame temperature. From
these equations, it can also be deduced that the
overall absorptivity can differ significantly
from the overall emissivity, particularly if the
monochromatic emissivities vary significantly
with wavelength and the flame temperature is
significantly different from the deposit surface
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temperature. Thus, experimental measurement
of only the overall emissivity can result in a
significant error i n prediction of absorptivity.
The experimental determination of the emissivity and absorptivity of coal ash deposits
involves a fair amount of procedural and instrumentational complexity. Early investigations in this field by Agababov,' Becker8 and
Mulcahy, Boow and Goard9 assumed that deposits were "gray bodies." This assumption
says that the spectral emissivities and absorptivities E A and ah did not vary with
wavelength, A, and were equivalent to the overall emissivity and absorptivity (&anda)respectively. Hehce, they measured either overall
emissivity or absorptivity. Later investigations
by Khrustalev et al.1° and Smith, Glicksmanfl
proved the "gray body" assumption wrong and
employed spectral scans to determine EA. Overall emissivities and absorptivities of ash deposits were calculated by integrating their
respective spectral emissivities and their
absorptivities.
C-E has developed a laboratory technique
employing such spectral spans, and a computational procedure, to determine the emissivities
and absorptivities of furnace ash deposits.12
Table IV summarizes ash-deposit emissivity
and absorptivity results. Here deposits are
categorized by physical state (initial deposit,
inner layer, and outer deposit), as well as by
parent coal source (Eastern and Western U.S.).
On the basis of the limited data, it appears
that for initial deposits and inner layers, Western coal-ash emissivities and absorptivities
tend to be significantly below those of Eastern

coal ashes. This tendency is expected on the
basis of chemical composition; that is, materials composed mainly of oxides of iron, magnesium, and silicon tend to be better emitters
and absorbers than those containing high
sodium or c a l c i ~ m . ~
As the physical state of the deposit tends
toward a molten condition, emissivity and absorptivity approach 1.0, and differences between Eastern and Western coals would be
expected to become less significant. The data
also indicate that molten deposits have higher
emissivities and absorptivities than powdery
deposits. It can be generalized that the emissivity of the ash deposit of a given physical state
decreases with increasing surface temperature
'
throughout a wide temperature range.

METHODS OF ESTIMATING
ASH-FUSIBILITY
TEMPERATURES
Many investigators have attempted to calculate characteristic fusion temperatures of coal
ash from its chemical composition. Most of the
methods require assumptions that tend to
over-simplify the composition of the ash. Also,
a common inadequacy among many of the relations is that their validity is usually limited to a
certain range of coal-ash compositions. The
methods described in this section are those that
can be applied to a relatively wide range o f .
coal-ash compositions. The references should
be consulted for further information on the accuracy and applicability of the correlations..

Table IV. A Summary of Emissivities and Absorptivities of Ash Deposits
Physical state

Parent Coal Region

Emissivity

Absorptivity

Initial deposit
Initial deposit
Inner layer
Inner layer
Outer deposit
Molten inner layer

Eastern U.S.
Western U.S.
Eastern U.S.
Western U.S.
Western U.S.
Western U.S.

0.75-0.76
0.37-0.56
0.79-0.93

0.71-0.76

0.68

0.62

0.66-0.87
0.90

0.62-0.82
0.91

0.52-0.61
0.67-0.84
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I

OO
/

CaO + MgO Content

Fig. 5. Hemisphericaltemperature of coal-ash free of FeaOj, NazO, andKzO

It is very unlikely that calculation of ashsoftening temperatures will replace the determination. Nevertheless, using correlations of
this type permits conclusions to be drawn as to
the relative influence of each component on the
ash-softening temperature and the probable effect of addition of reagents.
METHOD OF DUTTA, RAI, AND
CHAKRAVORTY13
Assuming the British Standard experimental
conditions, this method is used to estimate the
hemispherical temperature in either a reducing
or oxidizing atmosphere. It is based on ash from
Indian coals and synthetic ash mixtures. The
procedure is as follows:
1. Calculate the ~ i 0 ~ / ( +~Ti02)
1 ~ ratio.
0 ~
2. Obtain the percentage of CaO + MgO based
on
SiO,

+ A120, + TiO, + CaO + MgO

SiO,

+ A1O3 + Ti0, + FeO3 + CaO + MgO +
NaZO + K O = 100%
(11)

5. Correct for the presence of NazO and K 2 0 in
the ash by reducing the estimated hemispherical temperature by 25OC (45OF)for each percent
of Na20 + K 2 0 present.
6. Additional corrections for the presence of
F e 2 0 3in the ash are given in the references.
METHOD OF GAUGERl4
This method, which assumes ASTM Standards experimental conditions, is used to estimate the softening temperatures'in a reducing
atmosphere of ash from Eastern U.S. coals. The
procedure is as follows:
1. Calculate S, A, and T, which are defined as:

= 100%

(12)

A =

3. From Fig. 5, estimate the hemispherical

temperature of the coal ash free. -of Fe203,Na20,
and K20.
4. Obtain the percentage of Fe203 and
N a P + K20ba&d on the following equation

(13)

-

T = CaO

+ 0.7 MgO + 2.25 NapO + 1.5 KO

(14)
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Fig. 6 Softening temperature of coal ash free of iron oxide, degrees Fahrenheit

i: Obtain the percents S, A, and T, which are
expressed as:

5. From Fig. 7, estimate the lowering of the
softening temperature due to the preselice of
Fe20,; this will give the softening temperature
of the ash.
METHOD OF SCHAEFERIS
This method, which assumes ASTM Standards experimental conditions, is used to estimate the softening temperature in a reducing
atmosphere of ash from Eastern U.S. Coals. The
procedure is as follows:
I. Calculate R,, which is expressed as:
3 . From Fig. 6 , estimate the softening temperature of the coal ash free of iron oxide, using the
above designated percentages.
4. Define I = Fez03andcalculate the percent I,
which is expressed as:
.-

R,=-

A1203
SiO?

SiO? + A1.03
FeO + 0.6 (CaO + MgO + Na,O

+ K20)

Dcterml~tlonof Coal-Ash Properties

Fig. 7. Lowering of the softening temperature from iron oxide
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2. Using the value for R,, estimate the softening temperature of the coal ash from Fig. 8.

3000-

2900-

METHOD OF ESTEP, SELTZ, BUNKER,
AND STRICKLER16; AND ESTEP, SELTZ,
AND OSBORN17

This method, which assumes ASTM Standards experimental conditions, is used to estimate the hemispherical temperatures in a
reducing atmosphere of ash from Eastern U.S.
coals and synthetic ash mixtures. If the coalash composition contains mainly SiOn,A1203,
Fe203,and CaO, then the hemispherical temperature of the ash can be estimated according
to the following procedure:
1. Obtain the percentage of CaO based on:
S i 0 2 + A12 + 0,

2000

1

3

I

5

I

7

I

9

I

1

Rs
Fig. 8. Softeningtemperature of coal ash
as a function of R,

+ Fe,O, + CaO

= 100°/~
(20)

I

1
,

2 . Typical ternary diagrams are given in Figs. 9
and 10, which are to be used for calcium-oxide
contents up to 8.5 percent.

-
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Fig. 9. Softening temperature isotherms P F ) at CaO = 0-2.5%

I

-

1

CompleteTernary Showing
Section Actually Plotted
SiOz
..

Complete Ternary Showing
Section Actually Plotted
SiOz

L

Fig. 10. Softening temperature isothermsP F ) at CaO = 7.6-8.5%
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3. Locate the corresponding composition point

t 2 = 1094

inside the Si02-A1203-Fe203
diagram which is
based on the following equation

+

+ 48.6 K,,,
(25)

+ Fe2Os = 100%

where
t2 = softening temperature ('C)
t3 = temperature of beginning of liquid
fused state ("C).
This relation is claimed to be valid for the followingrange of Kfu:

(211

This gives the estimated hemispherical
temperature of the coal ash.
For ashes with CaO content above 8.5 percent, diagrams showing vertical planes
through the prism are presented which give
~ l o t s - fc a d versus F & O ~at constant Gos/
X1203ratios.
For ashes with substantial amounts of MgO
or NazO,the following correctibns apply:
1. The fluxing effect of MgO is identical to that
of CaO up to 10 percent MgO; therefore, CaO +
MgO can be considered as a single variable.
2. The presence of Na20 should be corrected
by reducing the estimated hemispherical
temperature by 50°F for each percentage of
NasO based on:
SiOP + Al2O3 + Fe203 + CaO
NasO = 100%

.-

124)
-,

tB= 1139
SiO?

+ 42.5 KIM

+ MgO +

For t,: 1.8 5 K,,, 5 9 . 9
For t . , : 1 . 8 < K , , , < 7 . 5

METHOD OF MAJUMDAR, BANERJEE,
AND LAHIRI

This method, which assumes British Standard experimental conditions, is used to
estimate the hemispherical temperature in a
reducing atmosphere of ash from Indian coals.
The procedure is as follows:
1. Calculate R,,,:
'

+ 1.96 Al10,)/(2.5Fe,O, +
3.57 CaO + 5.0 MgO + 3.22 Na,O + 3.22 K1O)
R,,, = (3.3 SiO,

(26)
(22)

METHOD OF KOVITSKII, KARAGODINA,
AND MARTYNOVAt8

This method, which assumes Soviet Standard experimental conditions, is used to estimate the softening temperature (t2) and the
temperature of the beginning fused state (td in
a reducing atmosphere, of ash from Russian
coals. The procedure is as follows:
1; Calculate Kfuwhich is expressed as:

2. Estimate the softening temperature and the
temperature of the beginning of liquid fused
state from the following relations:

Fig. 11. Hemisphericaltemperature of
coal ash as a function of R ,
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2. From Fig. 11, estimate the hemispherical

temperature of the coal ash.
This relationship was independently tested
on 75 ashes from U.S. coals. The difference between the corresponding estimated and measured values is as follows:
1. In 66.6 percent of the cases the estimated
value is within +-100°Fof the measured value.
2. The average difference between the two corresponding values is +84"F.
The original report describing this relation is
not available. The curve in Fig. 11was derived
from calculations carried out on ashes from
Eastern and Western U.S. coals. The original
relation was said to be based on molecular percentages and not on ~veightpercentages. However, the independent tests indicated that the
divergence of the estimated values from the
corresponding measured values was much
smaller when weight percentages were used.

ASH COMPOSITION
AND VISCOSITY-TEMPERATURE
RELATIONSHIPS
As early as the 1930's, the Bureau of Mines
and others conducted studies to measure the
flow characteristics of molten ash in wetbottom furnaces; a method for relating ash
composition to viscosity of the molten ash was
developed. By placing the ash composition
data into such specific arrangements as equivalent ferric oxide, silica equivalent, and calcium
oxide percentage, and by developing a series of
curves based on relationships of laboratory
viscosity to ash composition, viscosity-temperature relationships can be established.
These viscosity-temperature relationships
permit the construction of viscosity curves of
the ash in both the fluid and plastic states. Although definite predictions are difficult to
make from the viscosity curves alone, such
plots are particularly useful for predicting the
slag characteristics of specific coals by comparing the viscosity-temperature relationships
with coals of known performance.

VISCOSITY OF COAL-ASH SLAGS
IN THE COMPLETE LIQUID PHASE

The viscosity of coal-ash slag in the complete
liquid phase can be measured or estimated at
any temperature above its crystallization temperature. Above this temperature range, slag
viscosity is mainly a function of temperature
and chemical composition. Actual measurement of slag viscosity is usually .expensive
and difficult; therefore, several methods of
estimating slag viscosity from the composition-temperature relationships have been developed. This method should be used only
when the slag temperature is above the crystallization temperature, referred to asthe temperature of critical viscosity.
METHOD BY REID AND COHENls

The viscosity of coal-ash slags from Eastern
U.S. coals in the complete liquid phase can be
estimatedaccording to thefollowing procedure:
1. Calculate the silica percentage,

( SiO. + Equiv.100FeQ3SiO,
+ CaO + M a 0
X

,

SP =

2. Read the viscosity at a given temperature, or
the temperature at a given viscosity, from the
experimentally derived nomogram shown in
Fig. 12. Scale C on the nomogram shows -a
direct relationship between SP and the liquid
viscosity at 2600°F. To find viscosity and any
other temperature: (a)connect the 2600°F point
on scale A with the desired SP or viscosity on
scale C; (b) note the pivot point on line B and (c)
draw a line through the desired temperature on
scale A, through the pivot point, to obtain viscosity on scale C.
METHOD OF HOY, ROBERTS, AND WILKINSZO

The viscosity of coal-ash slags from British
coals in the complete liquid phase can be estimated according to the following procedure:
1. Calculate the silica percentage,

-
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METHOD OF WATT AND FEREDAY2I

SP =

(

100 x SiO,
SiO, + Equiv. F e Q 3 + CaO

+ MgO

The viscosity of coal-ash slags from British
coals in the complete liquid phase can be estimated according to the following procedure:
1. Normalize the chemical composition of the
ash such that:

)
(28)

2. Estimate the slag viscosity from the following equation:

Si02 + A I D 3 + Equiv. FeQ3
logloq

+ CaO + MgO = 100%
(301

(SP1100)2+ 1.265 (1041T)- 7.44
where 77 = slag viscosity (poise)
T = temperature (OK)

= 4.468

2. Calculate M, defined as:

M = 0.00i335Sio2 + 0.00601A1Q3 - 0.109
(31)

The Hoy, Roberts, Wilkins relationship was
based on the following range of coal-ash chemical composition:

3. Calculate C, defined as:

Si02
A103
Equiv. F e O 3
CaO
MgO
Na20 + K a
SP
SiO2/A1P3

4. Estimate the slag viscosity from the follow-

ing equation:

where 77 = Slag viscosity (poise)
T = temperature ("C)
(33)

The Watt-Fereday relationship was based on
the following range of coal-ash chemical
composition:
SiO,
A1203
Equiv. F e D 3
CaO
MgO
NaQ + KQ
SP
SiO$A1Q3

II
Fig. 72 Nomogram for estimation of
coal-ash slag viscosity. See also reference 19.

I
I

FLOW
-. TEMPERATURE

The flow temperature is defined as the temperature at which slag has sufficient fluidity to
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allow free flow without difficulty. Normally
the flow temperature corresponds to a slag viscosity of approximately 80 poise. For coal-ash
slags of known chemical composition, the flow
temperature can be calculated by letting r) = 80
poise and obtaining the corresponding T,,
value. It is used to predict the ease of slag removal in wet-bottom furnaces. It also can be
used to estimate the maximum steady-state
thickness of furnace-wall deposits, because no
accumulation of slag is expected beyond this
point.
When estimating slag viscosity in the complete liquid phase, one should consider the
existence of the crystallization temperature,
which is referred to as the temperature of critical viscosity (T,). The relation between Tgoand
T,, is as follows:
If T,, > T,,, then flolv temperature = T,o
If T,,

< T,,, then flow temperature

= T,,

Method of Sage and Mcllroy22

The Tzjo value for slags from Eastern U.S.
coals can be estimated from the curves in Fig.
13. The method is said to be valid for bituminous-type ash and for lignitic ash with
acidic content over 60 percent.
Method of DuzyZ3

Prior to the development of the viscometer,
the flow temperature was determined manually by stirring the liquid slag with a platinum
rod. This stirring helped establish a standard
"feel" for the flow temperature. An empirical
relation was then developed between the flow
temperature of coal-ash slags and the ASTM
ash-fluid temperature (FT). For a coal-ash slag
with a ferric content of about 10 percent, an approximate relation is expressed as:

-

Flow temperature ( O F ) = 1.2 (FT 470)
(34)

SLAG-REMOVAL TEMPERATURE

Generally, for wet-bottom furnaces, Tzso
should not exceed 2600°F. For dry-bottom
units, high values of Tzso.arerecommended for
easier removal (sootblowing) of waterwall
deposits.
When estimating slag viscosity in the complete liquid phase, the existence of the crystallization temperature should be considered. T,,
which is referred to as the temperature of critical viscosity, is found as follows:
If Tgs, > T,, then s!ag-removal temperature = T,,,
If TZSO< Tm,then slag-removal temperature = T,,

.

The slag-removal temperature is the temperature corresponding to the maximum viscosity
at which slag can be tapped from a furnace.
This upper limit for fluidity of slag is approximately 250 poise. For coal-ash slags of known
chemical composition, the slag-removal temperature can be calculated from the relations
described above, by letting r) = 250 poise and
obtaining the corresponding TZj0value. Tzjo
can also be estimated from the two graphical
methods described later.

The TZ50value for slags from Western coals
can be estimated from Fig. 14. The method is
said to be valid for lignitic ash having an acidic
content under 60 percent.
TEMPERATURE OF NORMAL SLAG REMOVAL

The temperature of normal slag removal, t,,,
is defined as the recommended temperature for
easy slag-tapping from a furnace. Usually, it
corresponds to a slag viscosity of 200 poise.
This concept has been widely used in Russia
and is identical, in prineiple, to the U.S. criterion of the slag removal temperature. For coalash slags of known chemical composition, the
temperature of normal slag removal can be calculated from the relations described above by
letting 7 = 200 and obtaining the corresponding TZOO
value. Alternatively, it can be estimated by the follotving method.
When estimating slag viscosity in the complete liquid phase, the existence of the crystallization temperature should be considered.
The relationship between TZo0and T,,, the
temperature of critical viscosity, is as follows:
If TZW> T, then T, = Tzo0
If Tzoo< T , then T,, = T,
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Fig. 13 Estimation of T250 value according
to baselacid ratio (Ref. 22)

% Base

According to the method developed by
Kovitskii, Karagodina, and Martynova,18the T200
value for coal-ash slags from Russian coals can
Fig. 14 Estimation of 7250 value according
be estimated by the following procedure:
to dolomite percentage and percent base
(Ref. 23)
1. Calculate K, which is expressed as
SiO,

+ Pa,

K, = A 1 a 3 + Fe2O3+ CaO + M g O
2. Estimate the TZo0
value from the following
equation

This relation is claimed to be valid for the following chemical composition range (with K,
between 0.42 and 2.03):

SiO,
Fez03
CaO
MgO
pzos

20.9-63.1%
14.1-29.0%
3.2-36.3%
1.2-27.3%
0.8-7.6%
0.1-2.9%

EFFECT OF EQUIVALENT Fez03
AND FERRIC PERCENTAGE

I

It has been observed that coal-ash slag viscosity in the complete liquid phase can differ
between reducing and oxidizing atmospheric
conditions. This difference implies the effect of
variation in ferric percentage. However, the
difference in viscosity is usually small.
Nicholls and Reidz4initially observed that the
entire slag-viscosity profile was raised as the
ferric percentage decreased. Sage and M ~ I l r o y ~ ~
indicated the opposite; that is, the viscosity
profile was lowered as ferric percentage decreased. In either case, the effect of ferric percentage on slag viscosity in the complete liquid
phase seems to be small and can usually be neglected. Accordingly, the original Fe,O,content
of the ash can be substituted for the-equivalent
Fe20, when estimating slag viscosities according to the methods described above.
To obtain results which reflect actual furnace
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Fig. 15. Effect of cooling and reheatingon the
viscosity-temperaturerelation of coal-ash slag

conditions more closely, it is suggested that estimations be carried out at a ferric percentage of
20 percent.
VISCOSITY OF COAL-ASH SLAGS
IN THE PARTIAL-LIQUID
(CRYSTALLIZATION) PHASE

As coal-ash slags in the complete liquid
phase are gradually cooled, the logarithm of
viscosity will increase nearly linearly with
decreasing temperature. But at a certain temperature, the viscosity departs from this
approximate straight line and tends to increase
rapidly as temperature decreases. The temperature at which this almost discontinuous transition occurs is referred to as the temperature of
critical viscosity, T,,, illustrated in Fig. 15. T,
is believed to be the temperature at which solid
phases begin to crystallize and separate out
from the liquid and, hence, it can be considered
as a crystallization temperature. Actual measurement of T,, is expensive and difficult.

Several methods of estimating T,, from the
chemical composition have been developed
and are described below.
The temperature of critical viscosity, then,
provides the limiting temperature below which
slag viscosities cannot be calculated using the
methods described earlier. It also allows the
prediction of the boundary temperature at
which molten slag ceases to flow on furnace
waterwall deposits.
Typical cooling curves for four' different
coal-ash slags are shown in Fig. 16. The explanation of the four curves is as follows:
Curve 1. Represents a true glass which does
not have a distinct crystallization temperature.
Very few coal-ash slags are of this type.
Curve 2. Represents a slag which is close to
glass in behavior. Separation of solids begins
after a long cooling period. T,, is usually very
low. Slags of this type are frequently referred to
as "long" slags.
Curve 3. Represents a slag with a long freezing
range. Separation of solids begins at high
temperatures at low rates and freezes to essentially a solid at much lower temperatures. T,,is
usually high.
Curve 4. Represents a slag with rapid crystallization and freezing characteristics. T,, can be
either high or low. Slags of this type are frequently referred to as "short" slags.
METHOD OF SAGE AND MclLROYa2

T,, of coal-ash slags from Eastern U.S. coals
at a ferric percentage of 20 percent can be estimated from the following equation:

where HT is the hemispherical temperature of
coal ash ("F).
METHOD OF WATTZ1

T,, of coal-ash slags from British coals can
be estimated according to the following
procedure:
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t Freezing to Solid
o
A

100,000r

1

Critical Viscosity
Freezing Temperature
2 3

where t2 is the softening temperature of coal
ash according to the Soviet standard ("C).

4

VISCOSITY OF COAL-ASH SLAGS
IN THE SOLID PHASE

As coal-ash slags are cooled beyond the
temperature of critical viscosity, a certain
temperature is reached where the movement of
the slag is completely terminated. The temperature at which this transition occurs, referred to
as the freezing temperature, Tm is the point of
solidification of the slag, as Figs. 15 and 16 illustrate. Only one method of estimation of T,
is available, that by Reid and Cohen19.
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AND STRUCTURE

I
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Fig. 16. Typical cooling curves for different
types of coalash slag

1. Normalize the chemical composition of the

ash, such that:
S i 0 2 + A1203+ Equiv. F e 2 0 3+ CaO

+ MgO = 100%
(38)

2. Estimate T,,.from the following equation:

-

T, ("C) = 2990 - 1470

Molten to semimolten coal-ash slag deposits
usually will not form on clean waterwall tubes
since, upon approaching the relatively cooler
tube surface, the slag particles become less
adhesive because of rapid cooling in the walladjacent area. Accordingly, coal-ash deposition is generally considered to be a two-stage
process. A primary layer of deposit first forms
on the waterwall tube surface. The resulting
rise in the surrounding surface temperatures
subsequently allows the adherence of rigid
plastic secondary deposits.
MECHANISM
OF COAL-ASH SLAG DEPOSITION

- 14.7 (Equiv.F e 2 0 3+ CaO + MgO)

+ 0.15 (Equiv.F e 2 0 3+ CaO + Mg0)2
(39)
METHOD OF MARSHAK AND RYZHAKOV
FOR SOVIET COALS25

The temperature of critical viscosity is referred to as the temperature of the true liquid
state, t, in the Soviet literature. It has been
shown that tocan be estimated from the following empirical equation:

The following two types of primary deposits
are most commonly observed:
1. Primary deposits that result from the settling of the finer fractions (smaller than 30 microns) of flyash. This type of primary deposit is
loose in structure and does not provide strong
cohesive or adhesive bonds.
2. Primary deposits that result from the selective deposition of certain reactive components

4

of the ash (iron, calcium, or alkalies). These
components can be present in the deposit in
high concentrations as oxides andlor sulfur
compounds, leading to the formation of lowmelting eutectic mixtures. This type of primary deposit is more dense in structure and
has stronger cohesive and adhesive bonds.
The properties of the primary layer, which
provides the link between the rigid secondary
deposits and the tubes, have an appreciable influence on the ease of removal of the deposits
by sootblowing.
During the deposition process, there is a
transitional stage where the plastic secondary
deposits begin to stick on tKe primary layer.
These secondary deposits are strengthened by
time and increasing temperatures.
INITIAL SLAGGING TEMPERATURE

The transition from primary to secondary
deposits has been shown to be a function of the
immediate gas temperature outside the deposit. The temperature at which the secondary
deposits begin to form has been referred to as
the initial slagging temperature, ti, Methods of
estimation of ti,are described below. ,
METHOD BY ALEKHNOVICH, BOGOMOLOV,
NOVITSKII, AND lVANOVAZe

The ti, of a coal-ash deposit from Soviet
(Kuznetsk) coals can be estimated from the
chemical composition of the ash according to
the following procedure, using constituents on
a weight-fraction (not percentage) basis:
1. Calculate K.
K = (Na20 + Ka)2
+ 0.048 (Ca0

+ Fe20d2
(41)

2. Estimate ti, from the following equation:

METHOD BY DIK AND SIKHORAZ'

Experimental investigations on deposits of
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Fig. 17. Cross section of a typical
furnace-wall slag deposit

coal-ash from Soviet (Kansk-Achinsk) coals
showed the following results:
1. ti, corresponds to a temperature of approximately 950°C.
2. ti, is not strongly affected by the local gas
velocity.
DEPOSIT STRUCTURE AND MAXIMUM
THICKNESS

Fig. 1 7 shows a cross section of a typical waterwall slag deposit that has reached a maximum steady-state thickness. The slag surface
temperature, T,can vary depending on furnace
conditions and deposit characteristics. However, in general, T, should not exceed the flow
temperature. From the flow and depositional
characteristics of coal-ash slags described in
previous sections, it is possible to estimate an
approximate structure profile of slag deposits.
By knowing the heat flow into the deposit from
the furnace flame and +e thermal conductivity
of the slag, it is also possible to calculate the
maximum thickness of a waterwall deposit.
This can give an indication of the degree of
slagging of different coal types and the effect
on heat transfer.

'.
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Appendix C. Combustion Calculations by Graphical Methods
Besides presenting a unique method of accomplishing detailed calculations of combustion products of many fuels, this appendix
supplements information from Chapter 2 on
the production, transportation, and physical
condition of these fuels as they are received in a
steam-generating facility. Many of these factors
(particularly temperature and water content)
influence the calculation of air and gas
weights, as well as the boiler efficiency itself.
For the reader's convenience, some of the fuelanalysis data of Chapter 2 appear again in this
appendix. The order of presentation parallels
that of Chapter 2, "Fossil Fuels": first, solid
fuels; then, liquid fuels; finally, gaseous fuels.

THE GENERAL METHOD
FOR ALL FUELS
Combustion calculations by the designer are
one of the first steps in proportioning a steam
boiler. For example, the gas weight that results
from fuel combustion is required to determine
proper arrangement and extent of heating
surface in furnace, boiler, economizer, and
air heater. The gas weight is also necessary
for proportioning gas ducts, dust-collection
equipment, induced-draft fans, and stacks. Air
weight is used to set the size of air heaters, air
ducts, fuel-burning equipment, and forceddraft fans.
This appendix ivill discuss the following
items in detail and will present graphical calculation methods for each.
1. Fuel in products
2. Atmospheric air for combustion
3. Effect of unburned combustible
4. Products of combustion
5. Moisture in the combustion air
6 . Moisture from fuel
7'
gas 'Ontent of the
products
8. Carbon dioxide in products
In the method outlined here, the first four

items are needed for the calculation of gas and
air quantities. Items five to seven form the basis
of heat-balance calculations in either the design or the testing of a steam-generating unit,
when theASMEPerformance Test Codes, Short
Form, is used. The last item, carbon dioxide,
and its relationship to excess air, is important
in combustion c~lculationsbecause in test
work the C02inthe gases is measured and from
it the excess air is calculated. The equipment
designer works with excess air even though he
may appear to have based his estimates on the
percentage of C02.
The charts make allowance for all the important variables in the analysis. For practical purposes, therefore, they are as accurate as more
iaborious methods of calculation. On the other
hand, even in working with a complete ultimate analysis and calculating the combustion
requirements and products of combustion of
each constituent, gross errors may result if, say,
the heat value used is not correct for and correspondent to the given analysis.
The method employed here is based on the
concept that the weight of air required in the
combustion of a unit weight of any commercial
fuel is more nearly proportional to the unit heat
value than to the unit weight of that fuel. Consequently, the weights of air, dry gas, moisture,
wet gas, etc., are expressed in pounds per million Btu fired. In the case of solid fuels, it is difficult to burn 100 percent of the combustible, so
a correction for solid combustible loss must be
made.
Before considering in detail the terms found
on the charts and in the sample calculations, a
quick review of the combustion process of a
fuel is necessary. Take, for example, a fuel with
no ash; when this fuel burns cbmpletely, the
weight of the fuel is simply added to the weight
of atmospheric air supplied for its combustion
to obtain the wet products of combustion or
total wet gas. Thus: fuel (F) + air (A) = products (P).But, if some of the fuel is ash, or, if because of incomplete combustion, some of the
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fuel does not pass out of the furnace with the
gases, then F in the above equation will be less
and both A and P will also be reduced. This
concept of adding F and A to get P is the basis of
the method.
FUEL IN PRODUCTS, F
By definition, fuel in products, F, is that portion of the fuel fired which reappears in gaseous form in the products of combustion, as
separate elements or in chemical combination
with other elements. Since with the method of
this appendix all quantities are to be those required for or resulting from firing 1,000,000
Btu, F must also be calculated on that basis. If a
fuel contains no ash and if, in addition, it deposits no carbon in the furnace or on other heating surfaces, F is simply obtained by dividing
1,000,000 by the "as-fired" heat value of the
fuel in Btu per lb. For the other cases where ash
and/or solid combustible loss must be considered, Eq. may be used.
F=

104(100 - Oh ash

ATMOSPHERIC AIR, A

- %solid combustible loss)

fuel heat value

where:
F = lb per million Btu fired
Oh ash = percent by weight in fuel as fired
OO
/
solid combustible loss = percent by weight in
fuel as fired
fuel heat value (HHV) = high heat value as fired,
Btullb

,.

of the various combustible constituents may be
employed. Considerable difference may exist
between the analysis "as received" and "as
fired," even though nothing is intentionally
done to the fuel between the time it is received
and the time it is burned. Contrarily, certain
fuels are purposely dried before they are fired
and others take on moisture hygroscopically or
are purposely "tempered." In the storage system of pulverized-coal firing, the moisture removed from the coal may actually be vented
directly to a stack. In the direct-fired system,
the moisture, although removed from the coal,
is fired with the coal and therefore does not
truly alter the combustion quantities.
Similarly, the heat value and analysis of
gaseous fuels are generally reported on the
volumetric basis; therefore, the temperature
and the pressure conditions of the fuel are
an essential part of the analysis. Standard conditions are commonly stated as 60°F and 30
in. Hg.
All combustion requires oxygen which in
commercial practice must be supplied from the
atmosphere. The theoretical quantity of oxygen
may be calculated accurately from the fuel
analysis and simple reaction formulas, such as

(1)

Fig. 1 is a graphical solution of Eq. 1, and
applies to all fuels.
In the United States and many other countries of the world, the high heat value is the
accepted standard and is obtained by calorimetric analysis of the fuel in a laboratory.
Producers often sell fuel on the basis of its heat
value and users generally check it periodically.
In any event, manufacturers of steam-generating equipment need to know it; and, if it is not
furnished, they must make an independent test
or calculate it from constituents. For solid and
liquid fuels, empirical formulas must be used,
but for gaseous fuels the sum of the heat value

The corresponding weight or volume of dry air
required to supply this oxygen may then be calculated, knowing that air contains approximately 23.1 percent oxygen by weight (20.9
percent by volume).
Natural and manufactured fuels, however,
contain varying proportions of several different combustible constituents, such as C, Hz, S,
and various hydrocarbons. Some also contain
inert constituents, such as ash, Nz, H20,
C02,as
well as oxygen in varying quantities. Obviously, determination of air for combustion then
becomes a time-consuming task for which
shorter methods are desirable if accuracy can,
at the same time, be maintained.
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Fig. 1. Weight of fuel in products of combustion

Throughout this appendix, the curves labeled "A" give the relation of air quantity to
percent excess air calculated for the several different fuels. These curves A are based on "atmospheric air," which means that an arbitrary
amount of moisture has been added to the air.
The American Boiler hlanufacturers Association suggests basing all proposals on 60percent relative humidity at 80°F, which is
equivalent to 0.013 lbs of water vapor per lb of
dry air. (To neglect this would introduce an
error of approximately 1percent.)

commercially feasible to burn all the available
combustible material in the fuel.
The method used to determine the solid
combustible loss consists of collecting flyash
and refuse from various hoppers. From a dry
sample burned in a muffle furnace, weight loss
due to combustion is measured. This b s s can
be expressed as percent by weight of fuel as
fired.
In the combustion of a fuel having pure carbon as the only combustible constituent, the air
required may be accurately obtained by multiplying a Curve A reading by the factor

EFFECT OF UNBURNED COMBUSTIBLE

With a well-designed burner and furnace, it
is commercially possible to burn liquid and
gaseous fuels completely; no allowance is ordinarily made for loss of combustible in gas and
air weight calculations. In the combustion of
solid fuels, even in pulverized form, it is not
.-

C = I - % solid combustible weight loss
100
(3)

because, in this case, air for combustion is
directly proportional to carbon in the fuel. If,

.
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however, all heat in the fuel does not come from
carbon alone (so that the air is not strictly proportional to carbon burned), the factor C will
not be exact. For high-carbon, low-volatile
fuels it will be nearly exact and will result in
only a small error even for fuels low in fixed
carbon and high in hydrogen. The error involved by using Eq. 3 in all cases is quite within
the limits of accuracy of all other combustion
calculations.
For a heat balance the combustible weight
loss must be converted to percent heat loss.
This can be done conveniently by dividing the
percent solid combustible weight loss by the
heat value of the fuel as fired and multiplying
by 14,500, which is the heat value for combustible in the refuse recommended by ASME Performance Test Codes, PTC 4.1.
PRODUCTS OF COMBUSTION, P

Having calculated the foregoing quantities F
and A, the gaseous products of combustion
may readily be determined by the addition of F
and A, as previously corrected. Thus:

where:
P = total gaseous products of combustion, lb1106
Btu fired
F = fuel fired exclusive of ash or solid carbon loss,
lb1106 Btu fired
A = atmospheric air required, lb/106 Btu fired
C = combustible loss correction factor
(4)

MOISTURE IN AIR, W,

Since the ASME Performance Test Codes requires that heat loss due to moisture in air be
reported as a separate item in the test heat balance of a steam-generating unit, engineers customarily include it in a predicted heat balance.
In an actual test, the moisture in air can be determined from wet- and dry-bulb temperature
readings, but for a predicted heat balance it
must be assumed. It may vary from day to day
even in the same locality, but the American
Boiler Manufacturers Association has sug-

gested an arbitrary value for use in preparing
proposals. As mentioned, this is taken as 0.013
lb of water per lb of dry air and is included in
the atmospheric air, A, as read from the airweight curve. When required as a separate item
for heat-balance calculations, an assumed
value from the following equation will be sufficiently accurate.

MOISTURE FROM FUEL, W,

This is another item which is separately reported both in an ASME Performance Test
Codes heat balance and in a predicted heat balance. In the case of some fuels [such as natural
and refinery gases), the heat loss due to this
moisture may be the largest single item in the
heat balance. W,includes the combined surface
and inherent moisture, W,, from a fuel plus the
moisture formed by the combustion of hydrogen, W,,. W,will vary from zero or a mere trace
in fuel oil to over 115 lb per million Btu fired in
the case of green wood; WI, will vary from zero
or a trace in lamp-black to 100 lb per million
Btu fired in the case of some refinery gases.
Special charts, or groups of curves, are used
to calculate Wf for each fuel.
DRY GAS, P,

The need to calculate the "dry gas" or "dry
products," in addition to the.tota1 products, is
due to the ASME Performance Test Codes. Dry
gas loss is a separate item of the heat balance.
The dry gas may be determined by subtracting the water vapor from the total products,
thus
Pd = P

- (14'" + Wf)

where:
Pd = dry gas, lb/106 Btu fired
P = total products of combustion, lb/106 Btu
W, = moisture in air, lbI106 Btu fired
Wr = moisture from fuel, lb/106 Btu fired
46)
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CARBON DIOXIDE IN PRQDUCTS, C02

Operators can use the C 0 2in the gases leaving a furnace or boiler as a guide in adjusting
the air supplied, so as not to use too much excess air and i n this way decrease the boiler efficiency. Conversely, if the Copismaintained too
high, so that the excess air is too low, there will
be incomplete combustion of volatile fuel and
a higher than normal loss in unburned fixed
carbon.
The Orsat apparatus and all other chemical,
mechanical, or electrical means for analyzing
flue gas, measure the.constituents of the gases
and not the excess air. However, it is desirable
that the excess air be known, because i n many
calculations the direct use of excess air rather
than CO, greatly simplifies the work.
RELATION BETWEEN CO2
AND EXCESS AIR

It is, therefore, convenient to know the relationship between CO, and excess air. For bituminous coals, the relationship may be quite
accurately expressed in graphical form by
means of two curves. one for: high-volatile and
one for low-volatile fuel. Since in other fuels as
oil and gas, there is greater variation in'the ratio
of carbon to hydrogen, a whole family of curves
may be required to cover the full range of
analyses. As illustrated by these curves, the
wide variation in excess air for a given CO,,
proves that it is unwise to think of C02as synonymous with excess air except when dealing
with one particular fuel analysis for which the
C02-versus-excess-airrelationship is known.
The relationship between C02and excess air
for a fuel of known analysis can be calculated
by methods given in Chapter 4. Some engineers
prefer to make calculations on a weight basis
even for gaseous fuels, while others prefer the
volume or mol system for all fuels.

COAL
Chapter 2 and Appendix A give the properties of the many types of coal found throughout
the world. Particularly relevant to the calculation of the combustion products of coal are the

methods of laboratory analysis described in
Chapter 2, and found in the ASTM Standards
referenced there.
PROXIMATE ANALYSIS
This quick and simple method is used to determine the moisture, volatile matter, fixed
carbon, and ash of a given coal sample, by
weight. The moisture content is obtained by
noting the loss of weight in the sample when it
is heated to a temperature of about 220°F for an
hour. The moisture determined includes surface as well as inherent or hygroscopic moisture. The volatile matter is the loss in weight
which follows additional heating of the sample
to a temperature of about 1750°F for a halfhour, with all air excluded. The fixed carbon is
calculated from the further reduction in weight
of the sample which takes place when the coal
is completely burned in the presence of air,
while the ash is the residue at the end of complete combustion.
Since this laboratory method is approximate
in nature, it is well to remember that combustion calculations which are based on it may be
considerably in error. For example, it is necessary to know the hydrogen in the coal to
evaluate the moisture loss in a heat balance.
Fig. 2 shows two curves, taken from DeBaufre's
original correlation,' which relate the percentage of volatile matter i n the proximate
7
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Fig. 2. Determination of hydrogen, moisture and
ash free (W. L. De Baufre, "Composition in Heating
Value of Fuels," Combustion, 2(11): 29-35, May
1931)
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Fig. 3. Variation of theoretical CO2
analysis to the percentage of hydrogen in the
with volatile matter (VM)
fuel. Actual values of hydrogen for certain
coals will differ from these average curves by as
much as 1.7 percent. This represents a variaSolid Lines Were Used forcorrelating COz
and VM for Curves I3 on F~gure5.
tion of 12 lbs per million Btu in the water
formed by combustion of the hydrogen, which
Lignites and
means that the moisture loss estimated from a
Subbituminous
Coals
proximate analysis may be 1.5 percent greater
T
or smaller than it should be, if such loss is
- .based on 500°F. This discrepancy alone may,
then, be sufficient to absorb an entire manufacturer's margin and unaccounted-for loss, com.-c s
monly 1.5 percent.
17A
;o
40 l o
70
The character of the volatile matter is not the
OO
/ VM, H20- and Ash-Free
same for all coals, because some contain more
carbon dioxide than others. This fact ac~ountsfor the two distinct groups of points occurring
on Fig. 3, which is a correlation of the percent
Solid Line Was Used for Curves B on Figure 5.
C02in the dry products of combustion with the
volatile matter in the proximate analysis. Thus,
lignites and subbituminous coals form, on the
average, about 1 percent more C02 than bituminous coals of the same volatile content. The
kind of hydrocarbon in the volatile also has a
direct bearing on the position of points in Fig.
3, since different hydrocarbons generate different amounts of carbon dioxide. Plotting percent Cop against the ratio of fixed carbon to
in Coal, Dry or!As Fired
H2 - 0.1 0 2
volatile matter does not help to line up the
points.
Fig. 4. Variation of theoretical CO2 with
ULTIMATE ANALYSIS
burning it can be accurately calculated. FurFrom the foregoing discussion, it is obvious
thermore, by knowing the ultimate analysis, it
that for accurate combustion calculations it is
is possible to obtain a better correlation bepreferable to have an ultimate analysis of the
tween
the percent C02 in the dry products of
coal as discussed in Chapter 2. Sometimes, incombustion
and the ratio
stead of being reported as a separate item, the

v
I
O

A I, C I I L

$

I

moisture in the ultimate analysis is divided
into 8 parts oxygen and 1 part hydrogen and
then added to the oxygen and hydrogen of the
combustible in the coal. For combustion calculations, this is not a good practice, because in
computing a heat balance, the surface and inherent moisture in the fuel require different
- .treatment from the water formed when hydrogen is burned.
Since an ultimate analysis includes the percent hydrogen, the amount of water formed by

lb

3b

I

Bb

I

for all coals. including lignite and subbituminous. This is shown by Fig. 4 where no
GO2value plotted deviates from the solid line
used in labeling Curves B of Fig. 5 by more than
0.30 percent. These are the principal reasons
for preference of the ultimate over the proximate analysis.
Fig. 6 shotzrs the variation of the atmospheric
air at zero excess air with volatile matter on a
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moisture and ash-free basis, while Fig. 7 indicates the change in atmospheric air with the
ratio
[H*

"

+ 0.102

I

Figs. 6 and 7 reveal that the maximum deviation in the calculated weight of air from the respective average curve is less than 22.5 percent.
Table I tabulates representative ultimate
analyses of various ranks from different states.
More extended lists are available in the bulletins issued from time to time by the U.S.
Bureau of Mines.
For purposes of reporting or correlation, it is
often convenient to express proximate and ultimate analyses on a basis other than as fired.
Fig. 6. Variation of theoretical air
with volatile matter (VM)
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Thus, an analysis on the as-received or assampled basis serves to define the condition of
the coal at the time it was tested. As dry, the
fuel is reported with the moisture item omitted;
as ash free, it is without ash, and as moisture
and ash free, it has had both moisture and ash
eliminated from the anlysis.
HEATING VALUE

It is customary to report the high heating
value ( H W ) of coal', in Btu per pound, along
with the analysis, whether proximate or ultimate, and oncthe same basis as the analysis.
Burning a small sample of coal in a bomb
calorimeter immersed in water, and measuring
the temperature rise of the water, accurateIy
determine the high heating value at constant
volume.
Various formulas have been, proposed for
evaluating the Btu per pound of coal from its
proximate or ultimate analysis. All yield only
approximate results because they do not take
into account the complex thermodynamic
changes occurring when coal is burned. If only
the coal rank is known, it is best to assume the
heating value from some reasonably close
analysis, such as given in Table I.
COMBUSTIBLE LOSS

Combustible loss in coal-fired furnaces results from incomplete burning of either the
solid or the volatile combustible in the fuel.
How much loss is determined by the character
of the coal itself, the methbd of firing it, and the
furnace design and operation. With proper furnace design and operation, the loss due to
unburned volatile, as determined by the presence of CO in the flue gas, is generally negligible. On the other hand, the loss due to solid
combustible in the ash, as measured by the reduction in weight which a sample of ash refuse
undergoes on being completely burned, may
vary from a negligible amount in burning pulverized coal to 20 percent of the coal fired, or
more, with certain sizes of anthracite.
If K,,KO,etc., are known or assumed constants representing, respectively, the fractions
of the total ash in a pound of coal which is

COMBUSTION
CombustionCalculationsby Graphic MeUlods

deposited in the ash hopper, as flyash, etc.,
W. S. Patterson has shown2 that the total combustibleloss may be expressed by Eq. 7.
% solid combustible weight loss =

x ash in coal as fired

,

J

(7)

where CRl, CRl,etc., are the respective weights
of combustible per pound of dry refuse from
siftings, ash hopper, flyash, etc. For a given
coal burning unit, the sum of all K's is, then,
equal to 1. .
The results of Eq. 7 may be substituted in Eq.
3 to find the unburned combustible factor, C.
FUEL IN PRODUCTS, F

Knowing the high heating value of the coal,
its ash content, and its combustible loss factor
C, that portion of the fuel which reappears in
the products of combustion, F, is taken directly
from Fig. 1.
ATMOSPHERIC AIR, A

For any value of excess air up to 100 percent,
the atmospheric air in pounds per million Btu
as fired may be taken from Curves A, Fig. 5,
after determining either the ratio
[H,

+ 0.10,

I

from an ultimate analysis of the coal or the
moisture- and ash-free volatile matter from a
proximate analysis.
The empirical relation between A and
[H,

"

+ 0.10,

this moisture, when converted to pounds per
million Btu, the symbol W,has already been assigned. It is the sum of the surface moisture,
which produces "wetness" in the coal, and the
inherent or hygroscopic moisture, which being
intimately held by the coal is not readily
sensed. Table I reveals that, in some highvolatile bituminous coals, the total moisture
may he as low as 1.4 percent, while it may increase to 34.8 percent and higher in lignite. The
portion of Wc that is inherent moisture, likewise, varies from negligible amounts in superanthracites to high values in lignites. Curves D
of Fig. 5 offer a convenient method of obtaining
W, from the percent moisture and high heating
value of the coal as fired. .
In addition to W,, coal will yield water from
the burning of its hydrogen content. Curves C,
Fig. 5 , rnakc it possible to determine this water,
Wi,, in pounds ~ emillion
r
Btu, from the percent
hydrogen and high heating value of the coal as
fired. If only a proximate analysis of the coal is
available, its hydrogen content must first be
read fro111Fig. 2. Special attention is called to
the fact that Curves C are based on hydrogen as
fired, whilc the hydrogen from Fig. 2 is on a
moisture- and ash-free basis, and must be converted Lo the as fired condition before entering
on Curves C of Fig. 5.
Wris thc sum of Wcand W,,.
PERCENT COz IN PRODUCTS

The percent CO, by volume in the dry products of combustion may be read from Curves
B, Fig. 5, for excess-air values up to 100 percent
of theoretical requirements and for [C/(H2 - 0.1
0 2 )I ratios from 12.5 to 50. The ratio

I

is shown by Fig. 7, while Fig. 6 indicates the
trend of A with a change in the moisture- and
ash-free volatile of the coal.

can, of course, be calculated from an ultimate
analysis of the coal. Fig. 6 shows the relation between percent CO, at zero excess air and

MOISTURE IN FUEL Wf

As already explained, the loss in weight
caused by drying the coal at 220°F constitutes
the total moisture reported in an analysis. To

which was the basis for the CO, curves on Fig. 5.
When only a proximate analysis is given, the
moisture- and ash-free volatile matter may be

-
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Table I.Analyses of Typical U.S. Coals, as Fired
Hz0

% Ultimate Analysis - HHV,
C
Itz
S
0 2
Nz
BWLb

A at Zero
Excess Air,
Lbl106Btu'

State

Rank

-% Proximate AnalysisHz0
VM
FC
ASH

RI

Ma

13.3

2.5

65.3

18.9

13.3

64.2

0.4

0.3

2.7

0.2

9.313

808

co
NM

A
A

2.5
2.9

5.7
5.5

83.8
82.7

8.0
8.9

2.5
2.9

83.9
82.3

2.9
2.6

0.7
0.8

0.7
1.3

1.3
1.2

13,720
13.340

787
786

PA
**
***
****

A
A
A

5.4
2.3
4.9

3.8
3.1
3.7

77.1
87.7
82.2

13.7
6.9
9.2

5.4
2.3
4.9

76.1
86.7
81.6

1.8
1.9
1.8

0.6
0.5
0.5

1.8
0.9
1.3

0.6
0.8
0.7

11,950
13,540
12,820

Sa
Sa
Sa

2.1
3.0
3.1

9.8
8.4
10.6

78.8
78.9
66.7

9.3
9.7
19.6

2.1
3.0
3.1

80.3
80.2
70.5

3.4
3.3
3.2

1.7
0.7
0.6

1.7
2.0
2.2

1.5
1.1
0.8

13,700
13.450
11,850

791
794
788
-770
777
782

MD
OK
WV

Lvb
Lvb
Lvb
Lvb

3.4
3.2
2.6
2.7

16.2
18.2
16.5
17.2

71.8
70.4
72.2
76.1

8.6
8.2
8.7
4.0

3.4
3.2
2.6
2.7

79.6
79.0
80.1
84.7

3.9
4.1
4.0
4.3

1.0
1.0
1.0
0.6

1.8
2.9
1.9
2.2

1.7
1.6
1.7
1.5

13,700
13,870
13,800
14,730

774
761
775
767

PA
VA

Mvb
Mvb

3.3
3.1

20.5
21.8

70.0
67.9

6.2
7.2

3.3
3.1

80.7
80.1

4.5
4.7

1.8
1.0

1.1
1.5

14.310
14,030

765
778

AL

Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab
Hvab

5.5
1.4
7.4
3.1
5.4
2.0
4.9
2.1
2.6
1.8
4.0
4.3
2.2
4.3
2.4

30.8
32.6
31.8
35.0
32.1
33.5
36.6
35.0
30.0
35.9
48.9
37.2
36.0
37.7
33.0

60.9
54.3
52.4
58.9
53.5
50.6
51.2
57.0
58.3
56.1
34.9
51.8
58.0
47.1
60.0

2.8
11.7
8.4
3.0
9.0
13.9
7.3
5.9
9.1
6.2
12.2
6.7
3.8
10.9
4.6

5.5
1.4
7.4
3.1
5.4
2.0
4.9
2.1
2.6
1.8
4.0
43
2.2
4.3
2.4

80.3
73.4
70.7
79.2
71.6
70.6
71.9
76.7
76.6
77.7
65.5
72.2
80.6
68.9
80.8

4.9
5.1
4.6
5.4
4.8
4.8
4.9
4.9
4.9
5.2
5.9
5.1
5.5
5.4
5.1

0.6
0.6
2.6
0.6
3.6
1.3
2.6
0.5
1.3
1.2
2.0
1.1
0.7
0.5
0.7

2.4
2.4
-4.2
6.5
5.0
7.2
4.2
6.2
7.0
7.9
3.9
6.0
9.1
9.0
5.9
8.5
4.8

1.7
1.3
1.3
1.5
1.4
1.2
1.4
2.0
1.6
1.9
1.3
1.6
1.3
1.5
1.6

14,210
13,210
12,670
14,290
12,990
12.650
12.990
13.630
13,610
13,890
12.230
12,990
14,510
12,610
14,350

768
763
769
758
769
766
762
757
773
767
767
758
764
758
768

Hvcb
Hvcb
Hvcb
Hvcb
Hvcb

8.0
7.5
10.5
8.2
5.1

33.0
37.7
32.0
36.1
40.5

50.6
45.3
44.6
48.7
49.8

8.4
9.5
12.9
7.0
4.6

8.0
7.5
10.5
8.2
5.1

68.7
66.9
63.4
68.4
73.0

4.5
4.8
4.2
4.7
5.0

1.2
3.5
2.5
1.2
0.5

7.6
6.4
5.2
9.1
10.6

1.6
1.4
1.3
1.4
1.2

12,130
12,080
11,300
12,160
12,960

766
774
773
762
757

Hvbb
Hvbb
Hvbb

12.1
12.4
14.1

40.2
36.6
35.6

39.1
42.3
39.3

8.6
8.7
11.0

12.1
12.4
14.1

62.8

4.6

4.3

6.6

1.0

11,480

769

63.4
58.5

4.3
4.0

2.3
4.3

7.6
-7.2

1.3
0.9

11,420
10,720

758
754

AR
PA
VA

AR

-

-.

CO
KS
KY
MO
NM
OH
OK

PA
TN

TX
UT

VA
WA
WV
IL

KY
MO
OH
WY
IL
IN

IA

--

--

--

..

--

-

- --

-

.
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Table I. Analyses of Typical U.S. Coals, as Fired
-40 Proximate Analysis-

-Continued

ASH

Ha0

% Ultimate Analysis
C
HZ
S
0

47.0

5.6

12.4

65.8

4.5

30.5
33.3

45.9
39.7

4.0
3.8

19.6
23.2

58.8
54.6

28.2
29.3

30.8
29.7

6.2
7.3

34.8
33.7

42.4
42.5

State

Rank

Hz0

VM

MI

Hvbb

12.4

35.0

co
WY

Sub
Sub

19.6
23.2

ND
TX

LigA
LigA

34.8
33.7

.FC

HHV,

A a t Zero
4 x c e s s Air,
LbllO6Btu'

2

N2

BNLb

2.9

7.4

1.4

11,860

762

3.8
3.8

0.3
0.4

12.2
13.2

1.3
1.0

10,130
9,420

756
757

2.8
3.1

0.7
0.5

12.4
12.1

0.7
0.8

7,210
7,350

750
752

*A is the air required for combu~tionunder stoichiometric conditions [no excess air). with 0.013 Ib H1O per Ib dry air.
'*Orchard Bed. *"Mammoth Bed. ""Holmes Bed. R . W K KEY: Ma-hleta-anthracite. A-Anthracite. Sa-Semi-anthracite. Lvb-Low-Vol. Bituminous.
Mvb-Med.-Vol. Bituminous. Hvab-High-Vol. Bituminous A. Hvcb-High-Vol. Binuminous 9.Hvbb-High-Vol. Bituminous C. Sub-Subbituminous, LigALignite A
--

used to obtain the CO, from Curves B of Fig. 5
for all but subbituminous coals and lignites.
Because, as explained before, the volatile in the
latter ranks does not possess the characteristics
of other cdals, the dotted line on Fig. 5 should
be used when the ultimate analysis for sub-

bituminous and lignitic coals is unavailable.

COKE AND COKE BREEZE
Coke is the fused solid residue left when certain coals, petroleum, or tar pitch are heated in
-

-

-

p

p

p

EXAMPLE
moisture in the coal as fired, and WI, the water formed in
Assume that a Pennsylvania bituminous coal, with the
combustion. FromCurvesD, Fig. 5, for2.6-percent moisture
typical proximate analysis of line 25, Table I, is burned
with 20-percent excess air and that the expected solid comi n the fuel and a high heating value of 13,610 Btu per lb, read
W, = 2 lb per million Btu.
bustible loss is 0.8 percent by weight. Then
Next. convert the highheating value as fired to a moisture1.Fuel, F. The sum of the ash plus solid combustible loss
and ash-free basis, as follows:
i s 9.1 + 0.8 = 9.9 percent by weight. With this sum, and a
high heating value from line PA, Table I, of 13,610 Btu per
lb, read from Fig. 1,F = 66 Ib per million Btu.
I
= 15,400Btu
2. Atmospheric Air, A. The sum of the ash plus moisture
in the coal is 9.1 + 2.6 = 11.7 percent, and the moisture- and ash-free volatile matter =
per lb. and use it, together with the moisture-and ash-free
30
volatile determined for A, to read from Fig. 2,H2 = 5.4-per= "percent
cent moisture and ash free, or reverting to the as-fired
basis*5.4
For this value of volatile matter and %percent excess air,
read from Curves A Fig. 5 A = 920 Ib per million Btu.
1- - - 4.8-percent hydrogen.
3. Unburned Combustible Factor, C.
Since the solid
C.
Fig,
5
, for a high heating value of 13,610
From
Curves
combustible loss is 0.8 percent, from Eq. 3 obtain
Btu per lb and H, = 4.8percent. read Wh = 32lb per million
1 - % solid combustible weight loss
C=
Btu. Wf = W, + LVh = 2 + 32 = 34 lb per million Btu.
100
7. Dry Gas, Pd. From Eq. 6, P d = P &V. + Wf) = 979 = 11
-0.992.
(12 + 34) = 933 lb per million Btu.
8. Percent C0z in Products. For a moisture-and-ash-free
4. Total Products, P. From Eq.4, P = F + CA = 66 + 0.992
volatile matter of 34 percent and 20-percent excess air, read
920 = 979 Ib per million Btu.
from Curves B, Fig. 5, CO, = 15.3 percent.
5. Moisture in Air, Wa. From Eq.5, W, = 0.013 x 920 = 121b
(Note: Many of the foregoing figures will be somewhat
per million Btu.
different if the ultimate, instead of the proximate, analysis
6. Moisture from Fuel, Wf This is the sum of W, the
i n line PA, Table I, is used.)

[
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%
-$]

]

(

-@I
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-
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an atmosphere excluding oxygen, so as to expel
their volatile content. The process of thus decomposing these fuels into their gaseous and
solid fractions is known as destructive distillation or carbonization.
Coke breeze is very small-size coke that is
particularly well suited for firing on certain
types of stokers. As a rule, it contains a higher
percentage of ash than the rest of the coke.
Table I1 presents analysis values of constituents i n typical cokes, as fired.

combustible in the fuel is lost as siftings with
the flyash, etc., in the manner described in the
section on coals. With coke, as with coal, the

HEATING VALUE

where C R I , C R z , etc., are the respective weights
of combustible per pound of dry refuse from
siftings, ash hopper, etc., and K,, K2,etc., are
constants representing fractions of the ash in a
pound of coke found, respectively, in siftings,
ash hopper, etc.

As with coal, the high heating value of coke,
in Btu per lb, can be determined-by a bomb
calorimeter. If not given with 'the ultimate
analysis, it may- be calculated approximately
from a formula of the Dulong type.

% solid combustible weight loss =

x ash in coke as fired
(9)

FUEL IN PRODUCTS, F

HHV = 14,600C + 62,000
(81

where C, Hz,Ofand S are weight fraction; in the
ultimate analysis.
COMBUSTIBLE LOSS

In burning coke or coke breeze in pulverized
form or on stokers, a certain amount of the

Knowing the high heating value of coke, its
ash content, and its combustible loss factor C,
that portion of fuel, F, which reappears in the
products of combustion, is taken from Fig. 1.
ATMOSPHERIC AIR, A

Analyses of coke are reported on either the
proximate or the ultimate basis. The chart, Fig.
8, was prepared so that values of atmospheric

Table 11. Analyses of,TypicalCokes, as Fired
.

Kind

High-temperature
coke
Low-temperature
coke
Beehive coke
B yproduct coke
High-temperature
coke breeze
Gas Works coke:
Horizontalretorts
Verticalretorts
Narrow
coke ovens

-

-% Proximate Analysis--'
%Ultimate Analysis
Hz0 VM FC
Ash Hz0 C
Hz S
0 2
Nz

5.0

HHV,
Ash BtWLb

COl at
Aat Zero Zero
Excess Air, Excess
Lbl106Btu Air,%

1.3 83.7 10.0 5.0 82.0 0.5 0.8 0.7 1.0 10.0 12,200 798

20.7

2.8 15.1 72.1 10.0 2.8 74.5 3.2 1.8 6.1 1.6 10.0 12,600 763
0.5 1.8 86.0 11.7 0.5 84.4 0.7 1.0 0.5 1.2 11.7 12,527 807
0.8 1.4 87.1 10.7 0.8 85.0 0.7 1.0 0.5 1.3 10.7 12,690 802

19.3
20.5
20.5

12.0

4.2 65.8 18.0 12.0 66.8 1.2 0.6 0.5 0.9 18.0 10,200 805

20.1

0.8
1.3

1.4 88.0 9.8 0.8 86.8 0.6 0.7 0.2 1.1- 9.8 12,820 808
2.5 86.3 9.9 1.3 85.4 1.0 0.7 0.3 1.4 9.9 12,770 809

0.7

2.0 85.3 12.0 0.7 84.6 0.5 0.7 0.3 1.2 12.0 12,550 802

.

20.6
20.4
20.6
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air, A, in pounds per million Btu as fired may be
obtained after knowing either the moistureand ash-free volatile matter in the coke or its
CIH2ratio.
Fig. 9 shows the empirical relation between
A and the volatile matter on a moisture- and
ash-free basis and Fig. 10 indicates how A varies with the ratio C/H2. It will be seen that no
calculated point deviates from the solid, average lines on these figures by more than k 2 . 0
percent. The solid lines were used in labeling
Curves A of Fig.
- 8.
TOTAL PRODUCTS, P
The unburned combustible factor is obtained
from Eq. 3. This factor C is then used in correcting F, the fuel in products, and A, the atmospheric air when determining the total products
P from Eq. 4.
MOISTURE IN FUEL, Wf
The moisture reported in a coke analysis, just
as for coal, is the loss in its weight when dried
at 220°F.
Any moisture present in coke results either
from the quenching process or outdoor storage.

W, which is this moisture in pounds per million Btu, may, therefore, be a small quantity if
the quenching is done rapidly, or may amount
to 1 2 lb or more in cases where storage conditions enabled the coke to absorb moisture, readily because of its porous nature.
Knowing the high heating value and the percent moisture in the coke as fired, W, may be
read from Curves D, Fig. 8.
Wh,the pounds of water per million Btu fired
formed by combustion of the hydrogen in coke,
mav be obtained from Curves C of Fig. 8, providkd the hydrogen in the ultimate analysis is
given. With only a proximate analysis of coke
available, Wh is determined from Fig. 11, after
converting the volatile matter to a moistureand ash-free basis. This curve is based on the
graphical correlation shown in Fig. 1 2 , and as
such, is of limited accuracy. As in previous sections, Wfis the sum of W,and W,,.
PERCENT CO2 IN PI3ODUCTS
Curves B of Fig. 8 offer a convenient way
of determining the percent C 0 2 by volume
in the dry products of combustion of coke,
for any value of excess air from zero to 100

EXAMPLE

Assume that a high-temperature coke breeze, having the
typical proximate analysis shown in Table I1 is burned with
35-percent excess air and that the expected combustible loss
is 10 percent by weight. Then
1. Fuel, F. The sum of the ash plus solid combustible loss is
18.0 + 10.0 = 28.0 percent by weight. With this sum, and a
high heating value from able 11 of 10.200 Btu Per lb. read
from Fig. 1 , F = 70 lb per million Btu.
2. Atmospheric Air, A. The sum of the ash plus moisture
in the coal is 1 8 . 0 + 12.0 = 30 percent, and the moistureand ash-free volatile matter =

= 6 percent. For this value of volatile matter and 35percent excess air, read from Curves A, Fig, 8, A = 1065 Ib
per million Btu.
3. Unburned Combustible Factor, C. Since the solid combustible loss i s 1 0 percent, from Eq. 3 obtain
1
%solid combustible weight loss

-

100,

+

_.

+

4. Total Products, P. From Eq. 4 , P = F CA =
70 0.90 x 1065 = 1028 lb per million Btu.
5, ~
~in ~ iwa.
i ~ F~~~
, ~ E ~ 5,
. [IT, t = 0 . 0~1 3 ~= 0,013
~
x 1065 = 14 lb per million Btu.
6. ~
~from ~ i ~wf.~ ~hi^
1 is ,the
t sum ~of w,, the
~

+

moisture in the coke as fired, and wh.the water formed in
combustion. FromCurres D, Fig. 8 , for 1 2 percent moisture
i n the fuel and a high heating value of 10,200 Btu per Ib
read W, = 1 2 lb per million Btu.
Next, with 6 percent moisture- and ash-free volatile determined for A, read from Fig: 11 \ V h = 1 0 lb per million
Btu. Then
W, = W, + Wh = 12 + 10 = 22 lb per million Btu.
'I.DryGas,Pd. FromEq.6,Pd=P - ( ( I Z r , + W ~ ) = 1 0 2 8- ( I 4
+ 2 2 ) = 992 lb per million Btu.
8. Percent COI in Products. For a moisture- and ash-free
volatile matter of 6 percent and 35 percent excess air, read
from Curves B, Fig. 8, C 0 2 = 14.7 percent.

(Note:Many of the quantities calculatedin the
example will be different if the ultimate, instead
of the proximate, analysis of coke breeze is
used.)

~
~
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Fig. 11. Predicted moisture from
combustion of coke

Fig. 9 Variation of theoretical air
with volatile matter (VM) of coke
-
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Solid Line Was Used for Correlating A
and for Curves A on Flgure 8
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Fig. 10. Variation of theoretical air with CIH2

Fig. 12. Variation of moisture from
combustion of coke with volatile matter (VM)

percent. As in drawing the lines for A,
Curves B are plotted so that CO, values
may be obtained after calculating the ratio

it is apparent that the latter is a more accurate
correlation. Accordingly, in reading Curves B,
an ultimate analysis of coke is preferable to a
proximate analysis.

[ H,C0.1 O J
from the ultimate analysis, or after converting
the volatile matter in the proximate analysis as
fired to the moisture and ash-free basis.
Comparing Fig. 13, which relates moisture
and ash-free volatile matter to the percent C02
at zero excess air, with Fig. 14, which shows the
variation of C 0 2with the ratio

WOOD AND BAGASSE
The origin of these two cellulose fuels is described in Chapter 2; typical analyses are
shown in Tables I11 and IV.
Moisture is the most variable single item in
the composition of both wood and bagasse, its
value ranging from 6 percent in a kiln-dried
wood to over 60 percent in green wood or bagasse and up to 80 percent in bark. It is of importance in combustion calculations because it

COXRETiON
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Solid Line Was Used for Correlating C02
and VM for Curves B on Figure 8.
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Fig. 13 Variation of theoretical CO,
with volatile matter (VM) of coke

Fig. 14. Variation of theoretical COz

directly influences the heating value of the fuel
burned by increasing the proportion .of inert
matter present. Furthermore, it requires some
of the heat released by the dry substance to
evaporate and superheat it.

Other less reliable, but quicker, ways of
judging the moisture in wood consist in measuring its electrical resistance or using a wood
hygrometer.
As a rule, kiln-dried woods contain from 6 to
10 percent moisture, although softwoods will
show a much higher percentage unless properly handled in the kiln. Air-dried woods have
had enough moisture evaporated to be in
equilibrium with the surrounding atmosphere.
The actual percent present depends on both the
temperature and relative humidity of the ambient atmosphere. Fig. 15 shows how the moisture
in wood varies with different relative humidities at 70°E In arid climates, it may be as low as

DETERMINATION OF MOISTURE CONTENT

An accurate determination of the moisture
content in wood or bagasse is, therefore, necessary. To obtain this, a weighed sample is placed
in a steam or electric oven and heated to 212'F
until no further loss of weight occurs. The difference between the original weight and that of
the dried sample divided by the original weight
is the moisture fraction as received. In the
lumber industry, it is customary to speak of
moisture in wood on an oven-dry basis,
whereby the loss of weight in the sample tested
is divided by the oven-dried weight rather than
the original weight. The percent moisture
oven-dry must then be converted to the asreceived basis before using it in combustion
calculations.
The oven-drying method of determining the
moisture content is not accurate with woods
such as southern yellow pine, which contain
oils that are easily volatilized, because these
oils will distill with the moisture. It is then
necessary to use the more elaborate distillation
method, wherein the water and the oil are
measured separately.

I

I

% Relative H q i d i t y (-Ambient)

Fig. 15. Moisture content of wood
at 70°F ambient temperature

,
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5 percent, w.hereas in humid regions it may go
up to 20 percent or more. Green wood, wood
waste, and bagasse contain from 40 to over 60
percent moisture.

HEATING VALUE

The high heating value of wood or bagasse is
determined by a bomb calorimeter, as in the
case of other solid fuels. From the close similarity of the ultimate analyses of different woods,
it might be reasonable to assume that equal
weights of dry wood will release the same
amount of heat, regardless of species. Actually,
as Table I11 indicates, this is not the case, the
heating value of wood depending to some extent on the physical structure and form of the

wood tissue, and still more on the presence of
resins, gums, tannins, essential oils, or pig- ments. Resin alone, for instance, may increase
the heating value of the same wood as much as
1 5 percent. Table I11 shows that the Btu per
pound of dry softwoods is a little higher, on the
average, than that of hardwoods, due perhaps
to the fact that most softwoods are conifers containing resins and oils.
As mentioned, however, the chief factor affecting the heating value of the wood or bagasse
as fired into a furnace is its moisture content. In
the case of wood refuse, the heating value may
also be influenced by the amount of trash and
dirt gathered in processing the wood. In harvesting sugar cane, a certain-amount of trash,

Table Ill. Typical Analyses of Dry Wood

C

Softwoodst
Cedar, white
Cypress
Fir, Douglas
Hemlock, western
Pine, pitch
white
yellow
Redwood
Hardwoodst
Ash, white
Beech
Birch, white
Elm
Hickory
Maple
Oak, black
red
white
Poplar

Hz

48.80

6.37

54.98
52.3
50.4
59.00
52.55
52.60
53.5

6.54
6.3
5.8
7.19
6.08
7.02
5.9

49.73
51.64
49.77
50.35
49.67
50.64
48.78
49.49
50.44
51.64

6.93
6.26
6.49
6.57
6.49
6.02
6.09
6.62
6.59
6.26

%byWeight
S
0 2

.. .
.. .

...

0.1

...
...

...
...

...

...
...
...
...
...
...
...
...
...

44.46
38.08
40.5
41.4
32.68
41.25
40.07
40.3

43.04
41.45
43.45
42.34
43.11
41.74
44.98
43.74
42.73
41.45

HHV,

Aat Zero
Excess Air,
LbllO6Btu

C0z at
Zero
Excess
Air,%

Nz

Ash

...

0.37

8400*

709

20.2

0.40
0.8
2.2
1.13
0.12
0.31
0.2

9870X
9050
8620
11320*
8900*
9610*
9040*

711
720
706
702
723
710
722

19.5
19.9
20.4
18.7
20.2
19.3
20.2

0.30
0.65
0.29
0.74
0.73
1.35
0.15
0.15
0.24
0.65

8920*
8760*
8650*
8810*
8670*
8580
8180*
8690*

709
729
712
715
711
719
714
709
715
716

19.6
20.0
20.0
19.8
20.0
20.2
20.5
19.9
19.8
20.0

. ..
0.1
0.1

...
.. .

...

0.1

...

...

.. .
...
. ..
0.25

...
.. .
.. .
...

BtdLb

8810"
8920*

" Calculated from reported high heating value of kiln-dried wood assumed to contain 8-percent moisture.
tThe terms "hard" and "soft" wood. contrary to popular conception, have no reference to the actual hardness of the wood. According to the
Wood Hondbook, prepared by theForest Products Laboratory of the U. S. Department of Agriculture. hardwoods belong to the botanicalgroup
of trees that are broad-leaved whereas softwoods belong to the group that have needle or scalelike leaves, such as evergreens: cypress. larch.
and tamarack are exceptions
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Table IV. Typical Analyses of Bagasse, Dry
%by Weight

Cuba

Hawaii
Java
Mexico
Peru
Puerto Rico

C

HZ

0 2

43.15
46.20
46.03
47.30
49.00
44.21

6.00
6.40
6.56
6.08
5.89
6.31

47.95
45.90
45.55
45.30
43.36
47.72

...
. ..
0.18

...

...

0.41

leaves, cane. tops, and grass may be-included
whicb would result in a lower heating value for
the bagasse. As a rule, larger quantities of trash
and dirt are picked up when the cane is harvested and loaded by mechanical means than
when this is done by hand.
Owing to their complex composition, it is not
possible to make use of a Dulong-type formula
to predict the heating value of either wood or
bagasse. The formula appears to give values of
available hydrogen in the factor '
(H+

)

which are too low and, as a result, the heating
values calculated with it are invariably low.
In sugar-mill practice, bagasse analyses are
frequently reported in terms of its fiber, sucrose, glucose, moisture, and ash content. If
these are given, the high heating value (HHV)
of bagasse in Btu per pound may be computed
from
-

--

HHV = 8550(F) + 7119(S)+ 6750(G)- 972(M)
where

(10)

FUEL IN PRODUCTS, F

The combustible loss in burning wood or
bagasse is generally assumed to be zero. Therefore, if the high heating value and the ash con-

I\DB
.,(.
-lm.l

I

2.90
1.50
1.68
1.32
1.75
1.35

HHv,
Btab

COz at
Zero
Excess
Air, %

7985
8160
. 8681
8740
8380
8386

tent of these fuels are known, the portion, F, of
the fuel that reappears in the products of combustion may be taken directly from Fig. 1.
ATMOSPHERIC AIR, A

Curves A of Fig. 18 offer a convenient way of
obtaining the "atmospheric air," A, in pounds
per million Btu fired, for any excess-air value
up to 100 percent after calculating the ratio

1

[Hz + O.lO1
from the ultimate analysis of wood or bagasse.
These lines are based on the correlation between this ratio and the theoretical air required
sholvn by Fig. 16.
PERCENT C02 IN PRODUCTS

The percent CO, by volume in the dry products of combustion may be determined from
Curves B of Fig. 18 for any excess air from zero
to 100 percent of theoretical requirements.
Curves B are based on the solid line of Fig. 1 7 ,
which shows the change in the ultimate COwith the ratio

1

F = fiber, lbllb of bagasse
S = sucrose, lbllb of bagasse
G = glucose, lbllb of bagasse
M = moisture, lbllb of bagasse

d

Ash

N1

A at Zen,
Excess Air,
Lbli06 Btu

[ H z - 0.102
The correlation of Fig. 1 7 shows that no value
deviates from thesolid line by more than 20.2
percent Cop. This is the accuracy that may be
expected in reading Curves B.
MOISTURE IN FUEL, Wf

The total moisture in the products of combustion of either wood or bagasse has been de-

C-18
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Fig. 76. Moisture of theoretical air

Fig. 17. Variation of theoretical CO2

noted by the symbol Wfi pounds per million
Btu. It is the sum of W,, the moisture originally
in the fuel and Wh, the water formed from the
combustion of hydrogen.

When the ultimate analysis of wood or
bagasse as fired is known, as well as the high
heating value, W, may be read directly from
Curves D and W,, from Curves C of Fig. 18.

EXAMPLE
Assume that saw-mill refuse from Western hemlock, con4. Total Products, P. From Eq. 4, P = F + CA = 255 + 1x
taining 55-percent moisture as fired and having the ultimate
1040 = 1295 lb per million Btu.
analysis shown in Table III,is burned with 45-percent excess
5, ~~i~~~~~in ~ iwa.
~ F~~~
,
Eq. 5 , W, = 0.013A = 0.013
air. Then
x 1040 = 14 lb per million Btu.
the ash and the high heating value
6. Moisture from Fuel, Wf. The total moisture in the prodof Table 111 from the
to the as-fired condition, or, ash
ucts of combustion of wood, w,, is the sum of w,, the moisture in the wood as fired, and Wh, the water formed by its
= 2.2 (x!3)
= 1.0
100
combustion. Since the wood contains .%-percent moisture
as fired and its high heating value as determined for F is
percent as fired and
3880 Btu per lb, from Curves D of Fig. 18, W, = 142 lb per
HHV = 8620
= 3880 Btu per lb
million Btu. Next, convert the percent hydrogen in Table
I11 from the dry to the as-fired basis, or
as fired. With these values for ash and HHV, read from Fig. 1,
F = 255 lb per million Btu.
Hz = 5.8
= 2.6 percent
2. Atmospheric Air, A. Calculate the ratio
as fired, and with a high heating value of 3880 Btu read from
Curves C, Fig. 18 Wh = 60 lb per million Btu. Then
H? +'O.l,
=
W, = W, + W h = 142 + 60 = 202 Ib per million Btu
7. Dry Gas, Pd. From Eq. 6, Pd = P - (LV. + Wd = 1295 [5.8 + ? f X 41.41 = 5'07
(14 + 202) = 1079 lb per million Btu.
and with this ratio read from Curves A, Fig. 18, for 45Percent C02
in products. Compute the ratio
percent excess air, A = 1040 lb per million Btu.
50.4
3. Unburned Combustible Factor, C. The usual assump[H: - E.l 0. = [5.8 - 0.1 X 11.4
= 30'4
tion when burning wood in steam boiler furnaces is that the
and
for
45-percent
excess
air
read
On Curves B, Fig'
combustible loss is zero; consequently C in Eqs. 3 and 1
COZ = 14.2 percent.
may be taken as I.

+

)-(

(w)

[

]

]

FUEL OILS
The fuel oils ordinarily burned in steamgenerating units are derivatives of petroleum
comprising the so-called "Bunker" grades,

]

diesel-engine oils, gas oils, kerosene, and gasoline. As they all have a common source, the
constituents of their analyses are the same, although the relative quantity of each varies. De
Baufre's representative tabulation in his article
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Fig. 18; Combustion characteristicsof wood and bagasse
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on "Typical Solid and Liquid Fuels"3 shows
that the combustible fraction chiefly consists of
carbon and hydrogen with small amounts of
sulfur. Negligible percentages of nitrogen and
oxygen as well as water and sediment are also
frequently found. De Baufre's table is, in part,
reproduced as Table V.
The calculated atmospheric air, A, in lbs per
million Btu as fired and the percent CO, in the
products, both for zero excess air, are also tabulated for the different oils.
For commercial furnaces, Bunker C oil is frequently specified. This term has come to be
applied to heavier fuel oils having a viscosity
from 100 to 300 S.S.F. (Saybolt seconds furol)
at 122°F. Bunker C oil roughly corresponds to
No. 6 fuel oil in "Commercial Standard for Fuel
Oils" by the Bureau of Standards.
FUEL IN PRODUCTS, F

Refer to'Fig. 1,or calculate F directly from
=

1,000,000
HHV

ATMOSPHERIC AIR, A

The atmospheric air in pounds per million
Btu as fired may be taken from Curve A of Fig.
19 for any value of excess air up to 100 percent.
The values obtained are averages for a wide
range of fuel oils; no chemical analysis is
necessary in using Curve A.
TOTAL PRODUCTS, P

The weight of the products of combustion in
pounds per million Btu as fired is given by
P = F + CA = F + A, where C, the combustible-loss correction, is usually taken as 1.
MOISTURE IN FUEL, Wt

For fuel oil use curve group C of Fig. 19,
where W, is merely the moisture from hydrogen, and Wn is determined from Eq. 12.

~&OYB1]STION
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wllorc,:

WI,

moisture from combustion of H2,
lb1106 Btu fired
= hydrogen in fuel, % b y weight
1 1 1 IV = high (gross) heat value of fuel, Btullb
=

(12)

PERCENT CO2 IN PRODUCTS

(:llrves B of Fig. 19 offer a convenient way of
(I(rl(!l.~ninin~
the percent CO, by volume in the
( I v ~,rnductsof combustion of fuel oil, for any
villlrc, of ejtcess air from zero to 100 percent.
( :11rvc:s B are plotted so that CO, values may be
01b l i l i 11ed after calculating the ratio ClHp from
Il\t! 11IIimate analysis of the fuel.
EXAMPLE
A911111110 n fuel oil with the typical analysis given in Table
V 11111 I 11111 with 10-percent excess air. Then,
1 I I I 1 . From Fig. 1 for a high heat value of 18.500 BtU
I l l r f ' I I I I I I I I I O-percentash read F = 54lb per million Btu.
2 . Altttospheric +r, A. From Curve A, Fig. 19, read
A - 11x5 II) per million Btu.
:I+I In1111rnedCombustible. Inthe combustion of fuel oils in
~1lllll11111r~
I,oilerfurnaces, it is generally assumed that there
'9 11(1( (~l~~llustibleheat
1oss.Therefore CinEq. 3 is equal to 1.
4. 'L'olrtl Products, P. From Eq. 4, P = CA + F = 1 x
"27 1 54 = 879 lb per million Btu.
54 M ~ i ~ t u in
r e Air, Wo. From Eq. 5, W, = 0.013 (A) =
().(I
1 :l(1125)= 11lb per million Btu.
Moln~urcfrom Fuel, W f . Since W, = 0, from Curves C,
l ' l ~ . I'J,lor a high heat value of 18,500 Btullb and Hzof 11.5
I ) l t l c . r r l t l , rand W, = LV, = 56lb per million Btu.
~ , I ) ~ ) ' ( ; J I S , P ~F/ 1. ~ ) m E q . 6 , P ~ = P - O i V ~ + W , ) = 8 7 9 - ( 1 1
'
"'I)
- 012 Ib per million Btu.
11, I'ct11.on1 C 0 2 in products. From Curves B, Fig. 19, for
I f )I l ~ trnt
t c?xcessairanda M , r a t i o of 7.5, read CO? = 14.4
ll~fll
ltlll,

NATURAL GAS
Cll;~racteristicsof typical natural gases are
Table VI, with the volumetric heating
v;lllrr, on a moisture-free basis.
I:rom the standpoint of combustion calcula~ ~ O I , Hit, is important to remember that the terms
(fry o r wet as commonly applied to natural gas

K ~ V ~ ? in
II
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Tible V. Characteristics of Typical Liquid Fuels
" API

Gasoline
Kerosene
Gas oil
Fuel oil

%C

%HZ

%S

% N2

%0z

HHV,
BtdLb

A at Zero
- .Excess Air,
-Ll1!10~Btu

60

85.0

14.8

0.1

85.0

14.0

...
...

0.1

45

0.5

0.5

20,200
19,900

746
742

30
15

85.0
85.5

12.8
11.5

0.8
1.6

0.7
0.7

0.7
0.7

19,300
18,500

745
758

COz at
Zero Excess
Air, %

Table Vl. Characteristics of Typical Natural Gases at 60°F and 30 In. Hg, Dry

C02

N2

HIS

%by Volume
CH4
C2H6

CJHB

C4H1o

Density,
CSHIZ LblCuFt

-HHV - A a t Zero
Btul
Excess Air,
Btd
CuFt** Lb
Lbllo6 Btu

COz at
Zero
Excess
Air, %

.I11 hydrocarbons heavier than CSH,*tvere assumed to be CJH,,for combustion calculations.

" If gas is saturated with moisture at 60°Fand 30. in. Hg, reduce by 1.74%.

refer to its gasoline vapor, and not to its
moisture content. In fact, the only time natural
gas has any moisture at its point of origin is
when it is next to salt water. But this is a relatively unusual occurrence.
TEMPERATURE

The temperature of natural gas as it issues
from the ground is dependent on the depth of
the well and may vary from 32 to 165°F. The
general rule among geologists is to assume an
increase in temperature of 1°F for every 50 feet
in depth, although this rule will not always
check with actual measurements taken in the
field.
It is also apparent that gas which has flowed
through many miles of pipeline will have whatever ambient air temperature prevails in the locality where it is burned, most probably from
40 to 80°F. In combustion calculations for natural gas, it is deemed sufficiently accurate to as-

sume the standard 60°F, when its actual
temperature is not reported.
MOISTURE

As already noted, the only time that natural
gas can have any moisture on leaving a well is
when it previously has lain in contact with salt
water. It may then be considered saturated wi+
moisture at its temperature in the well.
However, gas which is delivered from a
pipeline has often been "rehydrated," that is,
saturated with water vapor by means of steam
jets to lower the cost of maintaining pipe gaskets. Since the steam is ordinarily added to the
gas in the high-pressure line, when the pressure is lowered for local distribution, the relative humidity of natural gas will also drop. Still
another complication is introduced when a wet
displacement meter is employed to measure
the gas consumption. In this meter, the gas may
be saturated with water.
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In view of the variable and uncertain
moisture content in natural gas, and in the absence of more definite determinations, it has
become practice i n industry to assume natural
gas to be dry at 60°F and 30 in. Hg.
DENSITY

The density of a gaseous fuel may be obtained by adding the weights of the constituents in the fuel. The following is an example
of a density calculation for the natural gas
listed first in Table VI.
Density of the individual constituents are
taken from Table VII, which lists the "saturated" and "unsaturated" or "illurninant" hydrocarbons that are most frequently found in

% by
Vol.

CO? 5.50
7.00
Ha
CH, 77.73
C2H6 5.56

Vol. cu A
constituent
Icu A fuel

Weight
lblcu A
fuel

=0.00644
=0.00638
=0.03300
=0.00446
2.40
=0.00287
C4HIo 1.18
=0.00187
C a 1 2 0.63
=0.00120
Total = Density of Dry Gas =0.05622

c&,

0.0550
0.0700
0.7773
0.0556
0.0240
0.0118
0.0063

Density of
constituent,
lblcu ft
X0.1170
x0.09109
x0.04246
X0.08029
X0.1196
X0.1582
X0.1904

gaseous fuels. Saturated hydrocarbons do not
unite directly with hydrogen; i.e., they are stable in the presence of hydrogen, while unsaturated hydrocarbons readily take on more

Table VII. Combustion Constants of Dry Gases at 60°F and 30 In. Hg
Gas

Oxygen
Nitrogen (atmospheric)
Air
Carbon dioxide
Water vapor
Hydrogen
Hydrogen sulfide
Carbowmonoxide
Saturated Hydrocarbons;
Methane
Ethane
Propane
Butane
Pentane
Unsaturated Hydrocarbons
or Illurninants;
Ethylene
Propylene
Butylene
Pentylene
Acetylene
Benzene
Toluene

Chemical
Formula

Density
of Dry Gas,
LblCu Ft

02

0.08461

...

CHI

0.04246
0.08029
0.1196
0.1582
0.1904

2573
3392
4200

c2&
WR
C ~ I O
c&12

-HHV of Dry Gas BtulCu Ft*

BtulLb
. . ,

21.573
21.141
22.058
---

c&4

c:fi,
C

~

c&10

C2H2
c&6

c7H8

R

0.07421

1614

0.1110
0.1480
0.1852
0.06971
0.2060
0.2431

2383
3190
4000
1488
3930
4750

If gas is saturated with moisture at 60°F and 30.0 in. Hg, reduce by 1.74%.

21.344
19,068
19.537
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hydrogen. The latter are also called illuminants
because they burn with a bright luminous
flame, as distinguished from the saturated hydrocarbons which have a blue flame.
Extreme accuracy-in calculations of density
and heating value of gaseous fuels is not warranted; the precise values of the individual
constituents continue to change as more accurate experimental procedures are developed,
presenting somewhat of a "moving target."
Figs. 20 and 2 1 and Eq. 13 may be used
whenever it is desired to correct for moisture
content or for a temperature higher than 60°F.

Volume
%by
cumVolume, cu ft of
Dry
Gas

Heat
Evolved
by Components,
Btulcu ft

Heating
Value,
B tul
cu ft

7.00
647
0.0700 X
HZS
77.73
0.7773 x 1014
CHI
5.56
0.0556 X 1789
C2H,
C3H8 2.40
0.0240 x 2573
C4H,o 1.18
0.0118 x 3392
CjHlz 0.63
0.0063 x 4200
Heating Value of Dry Gas

=
=
=

45
788
99
=
62
=
40
=
26
= 1060

Btulcu ft

temperature and moisture content, refer to Fig.
2 2 and Eq. 1-4.

dm
dl = + (D, + wJ
Y
+

where:
dl = density of gas at temperature, t, lblcu ft
d,, = density of dry gas at 60°F,lblcu ft
X and Y = correction factors read from Fig. 21
D, = dust content of gas, lblcu ft at
t temperature. O F
\v, = entrained water found only in primary
gas, lblcu ft at t temperature, O F
(13)

Before going to a great deal of refinement,
however, remember that the calculated gas
density can be no more accurate than the volumetric analysis from which it is derived. A
natural-gas analysis which groups all hydrocarbons as CH,and CzH6,or C2H6andCBHsmay
indicate a lower density than the actual value.
HEATING VALUE

As with all other gaseous fuels, it is customary to compute the high heating value of natural gas, in Btu per cu ft at 60°F and 30 in. Hg, by
adding together the heat evolved by the combustible components reported in the gas analysis. Thus, for a gas such as the first one in Table
VI, the procedure indicated below may be employed, using the heating values in Table VII.
The high heating value in Btu per pound is
then obtained by dividing the Btu per cubic
foot by the density at 60°F and 30 in. Hg. To correct the Btu per pound for the effect of higher

The Btu per cubic foot calculated by the
foregoing method will generally be lower than
that determined by calorimeter because of the
arbitrary grouping of hydrocarbons explained
before. For the same reason, the calculated
density will also be lower than actual. It follows that the Btu per pound, with which we are
primarily concerned, is nearer to its actual
value when it is figured from the calculated Btu
per cubic foot and calculated density than
when it is the ratio of the calorimeter Btu per
cubic foot and the calculated density of the gas.

;0.30
CJ

Gas Pressure,ln. Hg Abs.

X

b 0.20
.c

0

.o

20.10
Z
'
6
0

80
100 120
140
Dew Point of Gas," F

Fig. 20. Water vapor in gas
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FUEL IN PRODUCTS, F
After determining the Btu per pound (HHV),
F, which is that portion of the fuel that reappears in the products of combustion, is easily
read from Fig. 1.
ATMOSPHERIC AIR, A
The atmospheric air in pounds per million
Btu as fired may be taken from Curve A of Fig.
23for any value of excess air up to 70 percent.
As previously defined, the term atmospheric
air is used to designate air which contains
0.013 pound of water vapor per pound of
dry air, an arbitrary amount equivalent to 60
percent relative humidity at 80°F. The atmospheric air, A, may be corrected for temperatures higher than 60°F using Eq. 15.

Note: If t =t 60°F,the equation reduces to A, = A, regardless of the moisture and dust content.

No chemical analysis of natural gas is necessary to obtain atmospheric air from Curve A.
TOTAL PRODUCTS,p
The weight of the products of combustion in
pounds per million Btu as fired is given by
P = F + CA, where C is a factor to correct-A for
the combustible loss due to imperfect combustion of the fuel. When burning natural gas, C is
assumed to be 1 for any properly designed furnace supplied with the correct amount of
excess air.
MOISTURE FROM FUEL, W,
For the general case of a gaseous fuel, Wf is
the sum of W,, the water vapor required to saturate the fuel; W,, the entrained moisture; and
W,,, the water formed in burning the hydrogen
compounds in the fuel.
As explained before, natural gas is usually
assumed to be dry, and since it seldom carries
any entrained moisture, the first two terms
generally may be taken as zero. If the gas is not
Note: If the Gas Pressure, p-in.Hg, Is Other Than
30", Y As Read from Fig. 21 Must Be
Multiplied by the Ratio (30Ip) Before Being
Used in Eqs. 13,15,and 18.

Ws, Lb/Lb of Dry Gas

I
Fig. 21. Density correction for use in Eq. 13

Ws, Lb/Lp of Dry Gas
I

..

"
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dry, but contains w, pound of water vapor per
pound of dry fuel, the pounds of water vapor
per million Btu as fired are given by
Noto: [I' t = 60°F, the equationreduces to (Wh)i = W I ,
r~jfi;~rdless
of the moisture and dust content.
(181

PERCENT CO2 IN PRODUCTS

where HHV is the high heating value of the gas
in Btu per pound as fired. Fig. 24 is a convenient plot of Eq. 16.
The water produced by the combustion of
natural gas is given by equation 1 7 which follows.

Curvc:s C, Fig. 23, permit the determination
of tllo percent CO* (by volume) in the dry prod~ t of scombustion for zero excess air. 'They are
a plot of the following approximate equation.
I:(),
(LII zero excess air) =

'%I

-Wh = 47,300

100

X

(Hs + 2CH4 + 3C2H6 + 4C@8 + ~ C & I O+ 6CSH12)

6.(i.l I

+

188 0.88(5.5HZS - 8.5COz - N z )

(:O,+CH,+~C~H,+~C@,+~~,O+~C~H~~

Btulcu ft at 60°F and 30 in. Hg, dry

(19)

(17)
r .

For dry patural gas at 60°F and 30 in. Hg,Wh
may be conveniently read from Curves B of Fig.
23. When it is desired to correct Wh for higher
temperature and for moisture content, Eq. 18
may be used.

0

0.10

0.20

111(:11, 11y means of guidelines D, the percent
C:O:! for ilny other excess air up to 70 percent
may IN!read. However, it is not advisable to
ust: (:urves D for natural gases with a nitrogen
Pcr(:(:~\Ii~ge
of Over 40. This is particularly true
lligll values of excess air.

0.30

Ws, Lb/Lb of Dry Gas
I
Fig. 22. Heating value corrections for use in Eq. 14

Ws, Lb/Lb of Dry Gas

I
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EXAMPLE
Assume a dry natural gas at 60°F and 30 in. Hg to have
the typical analysis listed first in Table VI and to be
burned with 10-percent excess air. Then
1. Fuel, F. For a high heat value--of 18,880 Btu per lb,
refer to Fig. 1 and from it read F = 531b per million Btu.
2. Atmospheric Air, A. From Curve A, Fig. 23, for 10percent excess air read A = 8071b per million Btu.
3. Unburned Combustible. The general assumption
when burning natural gas in stationary boiler furnaces is
that the combustible loss is zero. Consequently, C in Eqs.
3 and 4 may be taken as 1.
4. Total Products, P. From Eq. 4, P = F + CA = 53 + 1 x
807 = 860 lb per million Btu.
5. Moisture in Air, Wa. 'From Eq. 5. FV, = 0.013A =
0.013 x 807 = 10 lb per million Btu.
6. Moisture from Fuel, Wf. Since W , ,the entrained
moisture, is zero and W,. the saturation moisture, is negligible, from Curves B, Fig. 23, for a high heating value of
1061 Btu per cu ft and H2S + 2CH4 + X,H, + 4 C d 8 +
5CJ-IlO+ CJ-I12 = 7.0 + 135.5 + 16.7 + 9.6 + 5.9 + 3.8 =
198.5 percent by volume. read W f= Wh = 88 Ib per million
Btu.
7. Dry Gas, Pd. From Eq. 6, Pd = P - (W,,
+ Wf)= 860 (10+ 88) = 762 lb per million Btu.
8. Percent C0z in Products. For CO? + CH, + 2C&I, +
3C3HR+ 4Ca10 + 5C,@1?= 5.5 + 77.7 + 11.1 + 7.2 + 4.7 +
3.2 = 109.4 percent by volume and 8.5 CO? + N, - 5.5H2S
= 46.7 + 0 - 38.5 = 8.2 percent by volume. from Curves C,
Fig. 23, read 12.1 percent CO, at zero excess air. Following Curves D as guidelines to 10-percent excess air, read
CO, = 10.9percent.

gas is higher than that of refinery gas, as is also
its carbon monoxide content.
DENSITY
In the section on natural gas, a method was
outlined for calculating the density of a gaseous fuel, given its analysis by volume. The
same method can be used to find the density of
refinery gas, or oil gas, either at 60°F or at a
higher temperature.
No correction for gas pressure other than the
standard 30 in. Hg is required in the calculation
of density, because invariably the fuel is
burned in a furnace which is at atmospheric
pressure. Table VIII indicates that the density
of oil gas is considerably lower than that of refinery gas.
HEATING VALUE
The heating value in Btu per cu ft is computed as set forth in the section on natural gas,
with appropriate correction factors for temperature and moisture as derived for blast-furnace

Ws, LbILb of Dry Fuel Gas

REFINERY AND OIL GAS
The range in composition for refinery gas and
oil gas is shown in Table VIII. Refinery gas is
predominantly made up of saturated gases of
low boiling point, such as methane (CH,),
ethane (C2H6),propane (C3H,), butane (C4H10),
and pentane (C2H12) with small amounts of illuminants. Minor quantities of carbon dioxide
(C02),carbon monoxide (CO), and hydrogen
(Hz)may also be present with oxygen (02)
and
nitrogen (N2) introduced to lower the hydrocarbon vapor pressure, in some cracking
processes. If the original crudes contained sulfur, the ensuing gases include hydrogen sulfide (H2S)unless the sulfur compounds have
been removed by purifying operations. In Table
VIII, the last two analyses represent oil gas,
whereas the others are representative of refinery gas. Note that the hydrogen content of oil

1

2

4

681015

HHV,lo3Btu/Lb As Fired
Fig. 24. Water vapor in fuel gas
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gas. The Btu per pound is the ratio of Btu per cu
ft and the density.
Although there is no doubt that some refinery gases contain little or no moisture, others
are saturated with it. The values in the table are
given on a dry basis.
FUEL IN PRODUCTS, F
With the Btu Per pound (HHV) already determined, it is only necessary to refer to Fig. 1
for the value of F which may also be calculated
directly from:
F = - lo6
HHV

ATMOSPHERIC AIR, A

The air required for combustion may be conveniently read from Curves A of Fig. 26 for
amounts of excess air up to 70 percent of the
theoretical requirements. Due to the relatively
large percentages of carbon monoxide and hydrogen present in some of the oil gases, the
magnitude of A in Table VIII varies from 648 to
725 lb per million Btu. The correlation of A at
zero excess air with the term (CO + Hd is
brought out by Fig. 25. The average line drawn

through the calculated points on this figure
was used as the basis for spacing Curves A of
Fig. 26.
The atmospheric air as taken from Fig. 26 can
be corrected for temperatures other than 60°F
and for moisture content by employing Eq. 15.
TOTAL PRODUCTS, P
Knowing A and F, the total wet products
formed by combustion of refinery or oil gas can
be easily computed, in pounds per million ~ t u
fired, by the addition P = F + CA.
MOISTURE FROM FUEL, W,
The total amount of moisture in the products
of combustion, W f ,which is derived from the
fuel itself, is the summation of the entrained
moisture W,, the water vapor held by the gas
W,, and the water produced by burning hydrogen, or hydrogen compounds making up the
fuel, Wh.
Unless the refinery gas has undergone a
scrubbing or washing operation to remove objectionable elements from the distillate, it contains hardly any entrained moisture. Water
vapor, however, may be present in the gas not
only because of the purifying treatment, but
due to water introduced into the system with

Table VIII. Characteristics of Typical Refinery and Oil Gases
at 60°F and 30 In. Hg, Dry

0 2

NI C02 CO

II2

COl at
-.HHV - A at Zero Zero
Excess Air, Excess
%by Volume
Density, Btul
HIS CH4 c1H6 CJHB 6H10* CsH12t C3H6$ LblCu Ft CUFt**BtuILb LbllO6 Btu Air, %

* Includes both iso-C4Hloandn-C4HIo,
t Includes all saturated hydrocarbons heavier than C5H12,
also both iso-C5HI2andn-C5HI,
Includes all illurninants.
" If gas is saturated with moistura at 60'F and 30 in. Hg, reduce by 1.74%.

*

.,

-
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the crude oil, or because of steam employed i n
the distillation process. If the gas contains W,
lb of water vapor per Ib of dry fuel, W,can be determined from Fig.24.
The water which is formed by combustion,
Wh,can be read from Curves B of Fig. 26, which
are a plot of the expression

~ C ~ HfI =
Oa12 + 3C&6)
Btulcu ft at 60°F and 30 in. HE. dry

When, for more accuracy, it is required to correct Wh for the effect of temperature and moisture content, Eq. 18 can be utilized.
PERCENT CO2 IN PRODUCTS
For zero excess air, the Con in the dry products of combustion is found with the aid of
Curves C, (Fig. 26. These curves were drawn
from the approximate equation.
% C 0 2(at zero excess air) =
100
I88
1.88(N? + E O 2 + 3CO + Gas)
"64 +CO? + C O + CH, + X2H6+ 3C&, +

-

The guide Curves D of Fig. 26 make it possible to obtain the percent of COzin the products
for an excess-air value up to 70 percent.

750 -

?; 650 V)

<
550- 1
I
l
l
I
I
I
I
0 10 20 30 40 50 60 70 80
(CO+ Hz)in Fuel,%by Volume
Fig. 25. Variation of theoretical air with (CO + HZ)in
combustion of refineryand oil gas

EXAMPLE
Assume a refinery gas of the typical analysis given on
the first line of Table VIII to be fired at a temperature of
60°F with 10-percent excess air. Then
1. Fuel, F. With a fuel high heat value of 21,880 Btu per
lb, refer to Fig. 1and obtain F = 46lb per million Btu.
2. Atmospheric Air, A. On Curves A, Fig. 26, for 10percent excess air and (CO + HZ)= 0, read A = 793 lb per
million Btu.
3. Unburned Combustible. When burning refinery gas
in boiler furnaces, it is customary to assume that there is
no unburned combustible loss, so that in Eqs. 3 and 4
C = 1.
4. Total Products, P. Using Eq. 4, P = F +CA = 46 + 1 x
793 = 839lb per million Btu.
5. Moisture, in Air, W,. This item is calculated from Eq.
5. W, = 0.013A = 0.013 X 793 = 10lb per million Btu.
6. Moisture from Fuel, Wf. The moisture content of refinery gas itself is generally negligible. The dvater formed
by its combustion is taken from Curves B, Fig. 26. For a
high heat value of 1898 Btu per cu ft and H2S + 2CH, +
3 C a 8 + 4C3Hs + 5C4Hlo+ 6C&II2= 2.18 + 83.24 + 62.73 +
78.88 + 45.25 + 39.12 = 311.40 percent by volume, W, =
Wh = 78 lb per million Btu.
7. Dry Gas, Pd. From Eq. 6, Pd = P - (W, + W,) = 839 (10 + 78) = 751 1b per million Btu.
8. Percent COz in Products. The C 0 2at zero excess air is
determined first. From curves C of Fig. 26, for CH, +
2CzHG + 3C3H9+ 4CaHlo + 5C&112 = 41.62 + 41.82 + 59.16
+ 36.20 + 32.60 = 211.40 percent by volume, and N2 +
4C02 + 3C0 + C a B= 0.0 obtain 13.3 percent COz. With
Curves D as guidelines and 10-percent excess air, then,
read C 0 2 = 12 percent.

COKE-OVEN GAS
Representative analyses of several byproduct
coke-oven gases are given in Table IX. Note that
the volumetric heating value is based on the gas
being moisture free, and that a correction must
be made for moisture of saturation, if the gas
has been washed and cooled.
It is important to have the correct calorific
value at 60°F and 30 in. Hg for a given analysis, since the method employed here relates
all combustion calculations to the heat liberated. Unfortunately, many analyses show the
heavier hydrocarbons grouped together as "illuminants." DeBaufre4 and others have suggested taking the illurninants to be propylene,
C.JIs. While this assumption is valid in calculating the Btu per cu ft, it will not give accurate values of H20formed by combustion, and

I

I
I

I
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HHV, Btu/Cu Ft at 60°F

HZ+ HzS+ 2CH4 + 3CzH6 + 4CsHa + 5C4Hio + 6C5Hiz + 3C3Hs
% by Volume As Fired

% Excess Air

Na+ 4COz + 3 C 0 + CsHs in Fuel

+

COz + CO + CH4 + 2CzHs 3C3Ha
+ 4C4Hto+ 5CsHlz+3C~HsIn Fuel,
O/O by Volume As Fired
.:- -.

Fig. 26. Combustion characteristicsof refinery gas and oil gas

O/O

Excess Air
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the resulting heat balance will be in error. A
complete gas analysis, including all hydrocarbons, is, therefore, essential. To find the
high heating value in Btu per lb accurately, divide the Btu per cu ft by the fuel density.
DENSITY
The density of the gaseous fuel, in turn, may
be obtained by adding the weights of the constituents in the fuel. The following tabulation is
an example of density calculation for the typical coke-oven gas listed first in Table IX, the
density of the individual constituents being
taken from Table VII.
'

Volume,
cu f?
constituent1
by
volume cu ff fuel

YO

0.018
1.8
0.002
0.2
3.4 , 0.034
N2
0.063
CO
6.3
He 53.0 0.530
0.316
C H 4 31.6
C2H, 2.7
0.027
0.010
C&,
1.0

Cop

X

O2

X
X
X
X

x
X
X

Weight,
lblcu f?
fuel

Density of
constituent,
lblcu ft

0.1170
0.08461
0.07439
0.07404
0.005327
0.04246
0.07421
0.2060

Total = Density of Dry Gas

=
=
=
=
=

=
=

=
=

The saturation pressure of water vapor at
60°F is 0.52 in. Hg. If the gas is saturated with
moisture at 60°F and 30 in. Hg, then the partial
pressure of all its dry constituents is
30.0 - 0.52 = 29.48 in. Hg. A density correction is made as follows.
Add to this the density of the water
0.00083
vapor (from the steam tables)
Density of saturated gas
0.03008

It can be seen that the density correction for
moisture content will be 1 percent.
FUEL, F
The portion of the fuel which reappears in
volatile form i n the products of combustion can
be read from Fig. 1 when HHV (Btu per 1b of
fuel) is known. If HHV is not given, it is found
by dividing the Btu per cu ft by the fuel density.

No moisture correction is necessary, because F
is determined to two significant figures only.
ATMOSPHERIC AIR, A
The atmospheric air required for combustion
will vary with the carbon monoxide and hydrogen content of the gas. A correlation of
atmospheric air, A, at zero excess air with the
term (CO + Hz)is shown in Fig. 27. The atmospheric air in lb per million Btu may be read
from the curve family A in Fig. 28. The spacing
of these curves is based on the average line
drawn in Fig. 27.
TOTAL PRODUCTS, P
The weight of the products of combustion is
calculated from P = F + CA.
MOISTURE FROM FUEL, Wf
The moisture, W,, in a fuel gas saturated at
60°F may be neglected as it amounts to less than
2 lb per million Btu as fired. W h ,the water
formed by the combustion of hydrogen and the
hydrocarbons present in the coke-oven gas, is
obtained from Curves B, Fig. 28. Since W, is
neglected, W,, which is the total moisture in the
flue gases derived from the fuel, is equal to W,.
In the simple case of hydrogen, the volumetric chemical'equation for combustion is
Hz+

= H20

(23)

Eq. 23 shows that one volume of hydrogen
combines with one-half volume of oxygen to
produce one volume of water. Similarly, one
volume of CH4will form, on burning, two volumes of H,O, etc. Since a coke-oven gas may
contain Hz, CH4,C2H4,and C&,, with the aid of
Table VII it is seen that the total volume of H a
evolved by these constituents is proportional to
(H, + 2 CH, + 2 C2H4 + 3 C a 6 ) . The following exact relation will convert the volume of
H,O to lb per million Btu.
(Hz+ 2 C H 4 + 2 C2H4 + 3 C ~ B )
Wh

= 4 7 ' 3 0 0 ~ ft
t at
~~
60°F
~ ~and 30 in. Hg,dry
(24)

-

which is also plotted as Curves B, Fig. 28.

COYBUSTION
CombustionCalculations by Graphic Methods

Fig. 27. Variation of theoretical air with (CO + Hz) in
combustion of coke-oven gas

the percent COBin the dry products of combustion for any other value of excess air than zero.
EXAMPLE

1

(CO+ H2) in Fuel,O/o by Volume

:.

PERCENT CO2 IN PRODUCTS

There are many constituents in coke-oven
gas which on burning will evolve GO2.A simple equation relating exactly the C02in the dry
products of combustion to these constituents
cannot be written, but the follo\ving equation is
sufficiently accurate for analyses which do not
contain excessive amounts of N,or 02.
% C02(at zero excess air) =

---

I nn

1+

0.695 x Btulcu ft at 60°F and 30 in.Hg, dry
(100 + C,H4 + 5C&I,I - IH2 + N2)

Curves C, Fig. 28, are a plot of Eq. 25, while
Curves D serve as guidelines for determining

Assume a coke-oven gas with the typical analysis of the
first gas listed in Table IX and saturated with moisture at
60°Fand 30in. Hg to be burned with 10-percent excess air.
1. Heating Value. The high heat value given as 596 Btu
per cu ft must first be corrected for moisture content by
deducting 1.74 percent; 596 - 10 = 586 Btu per cu ft saturated fuel. This value is divided by the fuel density
(neglecting the moisture correction) to obtain the approximate Btu per lb.
586
HHV = -- 19,700Btullb
0.0298
2. Fuel, F. For a high heat value of 19,700 Btd per lb, read
from Fig. I , F = 51 lb per million Btu.
3. Atmospheric Air, A. From Curves A, Fig. 28 for 10percent excess air and (CO +HZ)
= 6.3 + 53.0 = 59.3,read A =
742lb per million Btu.
4. Unburned Combustible. For stationary boiler furnaces,
the general assumption when burning coke-oven gas is that
there is no combustible heat loss. Therefore, C in Eqs. 3 and 4
is equal to 1.
5. Total Products, P. From Eq. 4, P = F + CA = 51 + 1x 742 =
793 lb per million Btu.
6. Moisture in Air, Wa. From Eq. 5, W, = 0.013A = 0.013 x
742 = 101b per million Btu.
7. Moisture from Fuel, Wg. Since W, = 0, from Curves B.
Fig. 28, for a high heat value of 596 Btu per cu ft and H 2 = ZCH,
+ 2 C a 4 + x&I,= 53.0 + 63.2 + 5.4 + 3.0 = 124.6percent by
volume, read W, = Wh = 991b per million Btu.
8. Dry Gas, Pd. From Eq. 6, Pd = P - (Wa= MIg)= 793 - (10
+ 99) = 6841b per million Btu.
9. Percent C02 in Products. For a heating value of 596 Btu
per cu ft and (100 + C 3 , + %&I,) - (HZ+ N2) = (100 + 2.7 +
5.0) - (53.0 + 3.4) = 51.3 percent by volume, from Curves C.
Fig. 28, read 11.1 percent C 0 2 at zero excess air. Following
Curves D as guidelines to 10-percent excess air, read CO, = 10
percent.

Table IX. Characteristicsof Typical Coke-Oven Gases at 60°F and 30 In. Hg, Dry
% by Volume
COl

0 2

2.6
3.13
0.1
0.75

0.6

N2

3.7

... . . .

...

...

2.4
12.1

CO

6.1
11.93
6.8
6.0

47.9
42.16
27.7
53.0

CH4

GH4

GH6

33.9
37.14
50.0
28.15

5.2
4.76
13.0

0.88

...

...
...

. ..

If gas is saturated with moisture at 60°F and 30 in. Hg, reduce by 1.74%.

Density,
Lb/Cu Ft

H
H
V
Btd
CU Ft* BtdLb

A at Zero
Excess Air,
Lb/106Btu

0.0316
0.0359
0.0393
0.0291

603
663
829
477

676
684
700
668

19,070
18,500
21,100
16,390

-

COz at
Zero
Excess
Air,%

-

11.3
12._7
12.3
9.4
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Fuel HHV
BtufCu Ft, Sat. at 60°F, 30.0" Hg
400 450 500
550
600
650
700
750
800
850
900

O/O

'

900

Hz + 2CH4 + 2CzH4 + 3CeHe
O/O by Volume As Fired

Excess Air

(100 + CzH4 + 5CeHs) - (Hz + Nz)
O/O by Volume

800 700 600 500 400
HHV, Btu/Cu Ft

Fig. 28. Combustion characteristics of coke-oven gas
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BLAST-FURNACE GAS
The range in composition of steel-plant blastfurnace gas is given in Table X. Note that the
volumetric heating value is based on the gas
being moisture free, and that a correction must
be made for moisture of saturation.
MOISTURE FROM CLEANING
In Chapter 2 , blast-furnace gas was classified

as raw gas, gas that had a primary cleaning,
or gas-that has had a final cleaning. For purposes of combustion calculations, however, it
is more convenient to speak of rr-ashed and unrtashed gas, and these will be the terms most
frequently employed in the discussion which
follows.
Washed gas is blast-furnace gas that has gone
through either primary or final washers. It may
be considered saturated with moisture at whatever temperature it leaves the washer because
of the intimate contact between cooling water
and hot gas. If the gas has only been given a
primary wash, it will contain about 4 grains
(0.00057 lb per standard cubic foot) of entrained moisture in addition to the water vapor
required to saturate it. This entrained moisture
is carried along by the gas in the form of suspended droplets which are effectively removed
by a final cleaner.
Unwashed gas, on the other hand, may exist
as raw gas or as gas that has had a primary, or

even a final, cleaning by means of dry separators. Its temperature is much higher than that
of washed gas and because of this it is capable
of holding much more moisture, since it will
contain all the water vapor that it had on leaving the blast furnace regardless of its degree of
cleaning. Using a dew point of 140°F has been
recommended for calculating the moisture in
unwashed gas, but it is obviously preferable to
know the actual dew point of a particular gas
than to assume it. Fig. 20, then, offers a convenient curve for determining W,, the saturation
moisture, for any dew-point temperature from
60 to 160°F. There is, of course,' no entrained
water in unwashed gas.
DENSITY

The density of dry blast-furnace gas at 60°F
(d,,) is easily computed from its volumetric
analysis by the method explained in the section
on gas, which assumes that the gas is clean. The
true density (d,) is obtained by correcting d6of0r
the actual temperature (t), moisture content,
and dust according to Eq. 13.
As an example, assume that the blast-furnace
gas in the first line of Table X is unwashed and
goes to a burner with 15 grains of dust, at 500°F
with a dew point of 140°F and at a pressure of
30 in. Hg. What is its actual density if there is
no entrained moisture?
For a saturation temperature of 140°F and a
pressure of 30 in. Hg, read from Fig. 20,
w, = 0.1521b per 1b of dry gas, and from Fig. 2 1
b

Table X. Characteristics of Typical Blast-FurnaceGases
at 60°F and 30 In. Hg, Dry
% by Volume
NZ
CO

H2

CH4

Density,
LblCu Ft

-HHV BtulCu Ft*
BNLb

90.1

* If gas is saturated with moisture at 60°and 30.0 in. Hg, reduce by 1.74%

1150

A at Zero
Excess Air,
Lb1iO6 Btu

576
575
577
579
576
631

COZat
Zero Excess
Air, %
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Volume,

CO, 14.5
Nz 57.5
C O 25.0
H2 3.0

Density
IWcu fl
at 60°F,
Dry2

cum

%by
Volume,
Dry
-

cu fl
of Gas..
0.145 ' X 0.1170
X 0.07439
0.575
X 0.07404
0.250
0.030

-

Weight
lWcu fl
= 0.01697
= 0.04277
= 0.01851

Density of Clean Dry Gas at 60°F = 0.07841

obtain X = 0.0115 and Y = 2.29. Then the density of clean gas at 500°F and a dew point of
140°F will be expressed as
d,,--+ X

Y

- 0.0784 + 0.0115-- 0.0393lblcu ft

\Veight of dust in gas

2.29
=

15
0.0393
-x --- 0.0011 lblcu ft
7000 0.0784

-

HEATING VALUE
The Btu per cubic foot of clean and dry blastfurnace gas at 60°F, may be calculated from its
analysis and the heating value of its combustible components as obtained from Table X. The
Btu per cubic foot thus determined, when divided by the density at 60°F, will give the Btu
per pound (HHV)N,.
However, in calculating the true heating
value (HHV), of a gas as fired, we must again
take into account its dust content, its temperature, and its moisture content.
The dust in blast-furnace gas is made up
chiefly of particles of iron ore, limestone, and
coke. Since its structure is sandy or granular,
there is reason to believe that iron ore is the
main component in this mixture, since its
structure is sandy or granular, and is, therefore,
more easily lifted by the blast than coke or
limestone which comes in relatively large
lumps. When the dust burns, the coke in it may
be thought of as supplying the heat required to
reduce both ore and limestone. In the absence
of actual tests showing the calorific value of the
dust, it may be assumed that the heat evolved
by the coke is just equal to that required to reduce the ore and the limestone. If this is true,
-

the presence of dust will not influence the heating value of blast-furnace gas.
It should also be clear that any increase in the
temperature of the gas above 60°F will enhance
its heating value by an amount equal to the sensible heat of the gas above 60°F.
Furthermore, assume, as an example, that an
unwashed gas is saturated at 140°F.It will then
have 0.152 lb of moisture for each pound of dry
gas. As an inert vapor, this moisture will reduce the combustible fraction and, therefore,
the heating value of blast-furnace gas, at the
same time that it augments the heating value by
the sensible heat due to its high temperature.
Having obtained the Btu per pound (HHV)for the dry gas at 60°F, figure the Btu per pou'nd
(HHV),, at its true temperature, t , and moisture
content using Eq. 14.
Knowing the actual dew point of this gas, w,
is read from Fig. 20, and M and N from Fig. 22
for use in Eq. 14.
FUEL, F
After determining the true Btu per pound, F,
which is that portion of the fuel that shows up
in the products of combustion, may be read
from Fig. 1. Any dust in unwashed gas may be
treated as ash in coal or sediment in oil.
'

ATMOSPHERIC AIR, A

The air required for the combustion of blastfurnace gas is a function of the ratio CH,/(CO +
Hz) where CH,, CO, and H2represent the percentage fractions by volume of methane, carbon monoxide, and hydrogen in the fuel.
For clean, dry, blast-furnace gas at 60°F, the
atmospheric air, A, in pounds per million Btu,
may be read from Curves A in Fig. 29 for any
value of excess air up to 70 percent.
This value must be corrected for the dust and
moisture content and temperature of the actual
blast-furnace gas. After finding A from Fig. 29
and the heating value and density as explained
before, the true mass of atmospheric air per million Btu as fired is calculated using Eq. 15.
TOTAL PRODUCTS, P
As with other fuels previously discussed, the
weight of the products of combustion is given
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by P = F + CA lb per million Btu as fired. This
equation holds true for either washed or unwashed gas, provided F and A are calculated as
explained in the foregoing sections.
MOISTURE FROM FUEL, W,

As defined in the first section, Wfis the total
amount of water vapor present in the products
of combustion.
In blast-furnace gas, three different moisture
sources eventually become part of the products. First, there is the moisture formed in
burning the fuel and previously designated by
Wk.Equation 26 shows that for clean gas at 60°F
47,300(HI+ 2CH4)
W'l = Btulcu ft at 60°F and 30 in.Hg,dry
(26)

Curves B of Fig. 29 are plotted from this
equation.
If the actual gas is at a temperature higher
than 60°F and contains dust and moisture, the

readings from Curves B must be multiplied by
the same factor used in correcting the atmoin
spheric air, to obtain the true moisture (WJf
pounds per million Btu as fired. This factor is
calculated using Eq. 18.
The next moisture source called "entrained
moisture" is carried along by the gas in the
form of suspended globules. Designated as W,,
it is considered only when the gas has been
given a primary wash and averages 7 1b per million Btu.
The last source is in the water vapor required
to saturate the blast-furnace gas at any temperature from 60°F up, as the case may be, and is
designated as W,. For blast-furnace gas saturated with moisture at 60°F, 8 lb per million Btu
may be assumed for W, without serious error.
This moisture must be considered separately
fromW,,and W,inaheatbalancesince itexistsas
avapor requiring no latent heat of vaporization.
Of course, Mr, must be subtracted from the
total products, along with Wkand W,, to obtain
the dry gas.

EXAMPLE
Assume a blast-furnace gas with the typical analysis of
the first gas listed in Table X and saturated with moisture
of 60°F and burned with 15-percent excess air after going
through a primary washer.
1. Density. The density given as 0.0779 lb per cu ft for
the dry gas must first be corrected for moisture content.
The saturation moisture for a dew point of 60°F is read from
Fig. 20 a s W, = 0.02 lb moisture per lb of dry gas. The values of X and Y are read from Fig. 21 for W, = 0.02 and a
temperature of 60°F bs X = 0.0015 and Y = 1.03. The entrained moisture in a gas given a primary wash is assumed
as w, = 0.00057 lb per standard cu ft.
We can now substitute into Eq. 13

(0

+ 0.00057)

= 0.0771

+ (0.00057) = 0.0777 lblcu ft.

2. Heating Value. The high heat value given as 90.1 Btu per
cu ft is first corrected for moisture content by deducting 1.74
percent; 90.1 - 1.6 = 88.5 Btu per cu ft saturated fuel. This
value is divided by the density to obtain the Btu per lb.
HHV 2 88.510.0777 = 1139Btu per lb. 3. Fuel, F. For a high heat value of 1 1 3 9 ~ t uper lb and a
negligible amount of dust refer to Fig. 1and read F = 878 lb
..
per million Btu.
+

4. Atmospheric Air, A. From Curves A, Fig. 29, for
CH,I(CO + Hz) = 0 and for 15-percent excess air, read
A = 662 lb per million Btu.
5. Unburned Combustible. The general assumption when
burning blast-furnace gas in stationary boiler furnaces is that
the combustible loss is zero. Consequently, C in Eqs. 3 and 4
may be taken as 1.
6. Total Products, P. From Eq. 4, P = F + CA = 878 + 1 X
662 = 15401b per million Btu.
7. Moisture in Air, Wa. From Eq. 5, I\', = 0.013.4 =
0.013 x 662 = 9 lb per million Btu.
8. Moisture from Fuel, Wf. As pointed out i n the text for a
gas that has passed through a primary washer, \Y, = 7 lb per
million Btu. Curves B, Fig. 29, show W h= 1 6 lb per million
Btu for a blast-furnace gas with a high heat value of 90.1 Btu
per cu ft and Hz + 2 CH, = 3 + 0 = 3 percent by volume as
fired. Therefore, MI, = W, + W, + Wh = 8 r 7 + 16 = 31 1b
per million Btu.
9. Dry Gas, Pd. Fmm Eq. 6, Pd = P - (\Vo + \V,) = 1540 (9 + 31) = 1500lb per million Btu.
10. Percent C0z in Products. From the fuel analysis, calculate CO2 + CO + CH,= 14.5 + 25.0 + 0 = 39.5percent by v0lu m e a n d H z + 2 C 0 +8CH4=3 +2 X25 + 8 X O =53percent
by volume, and from Curves C, Fig. 29 read 26.4 percent COz
at zero excess air. Following Curves D as guidelines to 15percent excess air, read C02 = 24.8 percent.
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Fig. 29. Combustion characteristics of blast-furnace gas
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COUBUSTXON
Combustion Calculationsby Graphic Methods

PERCENT C02 IN PRODUCTS

Curves C and D of Fig. 29 offer a convenient
method to obtain the percent of C02in the dry
products of combustion resulting from the
combustion of either washed or unwashed
blast-furnace gas, provided the dry volumetric
analysis of the gas is known. Curves C are plotted from the following equation:

% Con
(at zero excess air)

lOO(CO? + C O + CH,)
- 100 + 0 . 9 4 ( ~ ,+ 2 c 0 + a m , )

where Hz,C02,CO, and CH, are the symbols for
percent by volume of these constituents in the
fuel. This COz must not be confused with the
percent carbon dioxide in the dry products of
combustion.
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Appendix D. Steam Tables
The following tables are in accordance with
those adopted by The Sixth International Conference on the Properties of-Steam and published in the 1967 ASME Steam Tables and the
1977 ASME Steam Tables in SI (Metric) Units by
the American Society of Mechanical En,'oineers.
Combustion Engineering, Inc., has permission
to reprint the tables in this form. For a copy of
Steam Tables, with a convenient Molier diagram
included, write to C-E Power Systems, Combustion Engineering, Inc., 1000 Prospect Hill Rd.,
Windsor, CT 06095.
A thorough historical account of the develop-

ment of formulati.ons of the thermodynamic
properties of steain is presented in Appendix D,
Combustion Engineering, 1967 edition. It describes the early research begun on steam properties in 1741 and fully covers the proceedings of
the Sixth International Conference on the Properties of Steam held between 1958 and 1963.
REFERENCE STATE

The liquid phase at the triple point of water
substance is the state for which the specific internal energy and the specific entropy are each
made exactly zero.

U.S. CUSTOMARY UNITS
Table I. Saturated Steam: Temperature Table (32 to 705.47OF)
Temp. Abs. Press.
Deg.
Lb,l
Sat.
, Fahr. Sq. In.
Liquid
t

P

"I

vol.,
Evap.
"I,

-

Sat.
Vapor

",,

Enthalpy, Btullbm
-Sat.
Sat.
Liquid
Evap.
Vapor

h,

h,,,

h.,

Entropy, BtullbmR
Sat.
Sat.
Liquid Evap.
Vapor

Temp.
Deg .
Fahr.

st

t

SIC,

S,,
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Table I.Saturated Steam: Temperature Table
Temp.
Deg.
Fahr.

Abs. Press.
Specific""!.y?l!!m
Lb,l
Sat.
Sq. In.
Liquid
Evap.

t

P

v,

"fit

.

Sat.
Vapor

-Continued

-- -Enthalpy,
- - - --Btullbm-Sat.
Sat.
Liquid
Evap.
Vapor
h,
h,,,
h,,

I

Entropy, BtuIlbmR
Sat.
Sat.
Liquid Evap.
Vapor

Temp.
Deg.
Fahr.

SI

t

S,,,

S.,
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Table I.Saturated Steam: Temperature Table -Continued

Presc
-

Temp.
Deg.
Fahr.

*bs,
Lb,l

Sq. In.

Specific Voi., ft'llbm
Sat.
Sat.
Liquid
Evap.
Vapor

t

P

v,

"1 I

v,

- -Enthalpy,
.
- -- -- .
-Btullbm
-- -- -Entropy, BtullbmRSat.
Sat.
Sat.
Sat.
Liquid
Evap. Vapor Liquid Evap.
Vapor
h,
h,,,
ha,
st
S,,,
s,,

Temp.
Deg
Fahr.

.

t
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Table I.Saturated Steam: Temperature Table -Continued
Temp.
Deg.
Fahr.

Specific Vol., A3nbm
Abs. Press.
Lb,l
Sat.
Sat.
Sq. In.
Liquid
Evap.
Vapor

t

P

VI.

Ye

vg

Enthalpy, Btullbm
Sat.
Sat.
Liquid Evap.
Vapor
h/
h,
ha!

Entropy, BtullbmR
Sat.
Sat.
Liquid
Evap.
Vapor
Sr

Se

SP

Temp.
Deg.
Fahr.
t
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Table I.Saturated Steam: Temperature Table
Temp.
Deg
Fahr.

*bs. press.
Specific Vol., A3/lbm
LbJ/
Sat.
Sat.
Liquid
Evap.
Vapor
Sq. In.

t

P

.

VJ

'The states shown are metastable

Vf,l

v.l

-Continued

Enthalpy, Btullbm
Sat.
Sat.
Liquid Evap.
Vapor
hl.
h,,
h,!

Sat.
Liquid
Sf

Evap.

Sat.
Vapor

Temp.
Deg.
Fahr.

Sljl

Sf,

t
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Table 11. Saturated Steam: Pressure Table
AbsPress.
LblSqIn.

Temp
Fahr

Specific Vol., ft3/lbm
Sat.
Sat.
Liquid
Evap
Vapor

P

t

VI

VIP

vo

Enthalpy, Btullbm
Sat.
Sat.
Liquid Evap
Vapor
h,
IS
h.

Entropy
Sat
Sat.
Liquid Evap
Vapor
SI

51"

SO

Abs Press.
LbISqIn.
P
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Table 11. Saturated Steam: Pressure Table

AbsPress.
LblSq In.

Temp
Fahr

Specific Vol., ft3/lbm
- Sat.
Sat.
Liquid
Evap
Vapor

P

t

VI

'Critical pressure

VIS

vv

-Continued

..

.

Enthalpy, Btullbm - _ .-Entropy,
BtullbmR
-.- -- Sat.
Sat.
Sat.
Sat.
Liquid Evap
Vapor Liquid Evap
Vapor

Abs Press.
LblSqh.

h~

P

hfi

hv

s,

sh

s.
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Table 111. Superheated Steam
Abs Press.
LblSq In.
Sat.
(Sat.Temp) M'ater

Temperature - Degrees Fahrenheit
Sat.
Steam 200
250
300
350
400

450

500

600

700

800

900

Sh
98.26 148.26198.26 248.26 298.26 348.26 398.26498.26 598.26 698.26798.26
1
v0.01614 333.6 392.5 422.4 452.3 482.1 511.9 541.7 571.5 631.1 690.7 750.3 809.8
(101.74)h 69.73 1105.81150.2 1172.91195.7 1218.7 1241.8 1265.1 1288.61336.1 1384.5 1433.71483.8
s 0.1326 1.97812.0509 2.0841 2.1152 2.1445 2.1722 2.1985 2.2237 2.2708 2.3144 2.35512.3934

Sh
45
~0.01721 9.399
(274.44)h 243.49 1172.1
s 0.4021 1.6671

25.56 75.56 125.56 175.56 225.56 325.56425.56525.56625.56
9.77710.49711.201 11.892 12.577 13.932 15.276 16.614 17.950
1185.41210.4 1235.71260.2 1284.6 1333.3 1382.3 1431.91482.3
1.68491.71731.7471 1.7748 1.8010 1.8492 1.8934 1.93451.9730

Sh = degrees of superheat. OF
v = specific volume, cu ftllbm

h = enthalpy. Btullbm
s = entropy, BtuIlbmR
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Table 111. Superheated Steam
-

-

-Continued

-

Abs Press.
LblSq In.
Sat. (Sat. Temp) Water

Sat.
Steam

Abs Press.
LblSqIn.
Sat.
(Sat.Temp) Water

Temperature - Degrees Fahrenheit
Sat.
Steam 350
400
450
500
550

Temperature - Degrees Fahrenheit

'-

600

700

800

900

1000

1100

Sh
37.96 87.96 137.96 187.96
80
~ 0 . 0 1 7 5 7 5.471 5.801 6.218 6.622 7.018
(312.04) h 282.15 1183.1 1204.0 1230.5 1256.1 1281.3
s 0.4534 1.6208 1.6473 1.6790 1.7080 1.7349

237.96
7.408
1306.2
1.7602

287.96 387.96 487.96
7.794 8.560 9.319
1330.9 1380.5 1430.5
1.7842 1.8289 1.8702

587.96
10.075
1481.1
1.9089

687.96 787.96
10.82911.581
1532.6 1584.9 .
1.9454 1.9800

33.74
Sh
85
v0.01762 5.167 5.445
(316.26) h 286.52 1184.2 1203.0
s 0.4590 1.6159 1.6396

83.74
5.840
1229.7
1.6716

133.74
6.223
1255.5
1.7008

183.74
6.397
1280.8
1.7279

223.74
6.966
1305.8
1.7532

283.74
7.330
1330.6
1.7772

383.74
8.052
1380.2
1.8220

483.74
8.768
1430.3
1.8634

583.74
9.480
1481.0
1.9021

683.74 783.74
10.19010.898
1532.4 1584.7
1.9386 1.9733

Sh
29.72
90
v0.01766 4.895 5.128
(320.28) h 290.69 1185.3 1202.0
s 0.4643 1.6113 1.6323

79.72
5.305
1228.9
1.6646

129.72
5.869
1254.9
1.6940

179.72
6.223
1280.3
1.7212

229.72
6.572
1305.4
1.7467

279.72
6.917
1330.2
1.7707

379.72
7.600
1380.0
1.8156

479.72 579.72
8.277 8.950
1430.1 1480.8
1.8570 1.8957

679.72 779.72
9.621 10.290
1532.3 1584.6
1.9323 1.9669

S h = degrees of superheat. OF
v = specific volume, c u ftllbm

h = enthalpy, Btullbm
s = entropy, BtullbmR

.
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Table 111. Superheated Steam
Abs Press.
LblSa In.
Sat.
(Sat. ?emp) Water

-Continued

Temperature -Degrees
Sat.
Steam 350
400
450

22.18 72.18
Sh
v0.01774 4.431 4.590 4.935
(327.82) h 298.54 1187.2 1199.9 1227.4
s 0.4743 1.6027 1.6187 1.6516
100

Sh
180
V0.01827 2.5312
(373.08) h 346.19 1196.9S 0.5328 1.5543

A

122.28
5.266
1253.7
1.6814

Fahrenheit
500

550

600

700

172.18
5.588
1279.3
1.7088

222.18
5.904
1304.6
1.7344

272.18
6.216
1329.6
1.7586

372.18 472.18
6.833 7.443
1379.5 1429.7
1.8036 1.8451

26.92 76.92 126.92 176.92
2.6474 2.8508 3.0433 3.2286
1213.8 1243.4 1271.2 1297.9
1.5743 1.6078 1.6376 1.6647

Sh = degrees of superheat, OF
v = specific volume, cu ftllbm

226.92 326.92
3.4093 3.7621
1324.0 1375.3
1.6900 1.7362

800

900

572.18
8.050
1480.4
1.8839

426.92
4.1084
1426.3
1.7784

h = enthalpy, Btullbm
s = entropy, BtuIlbmR

1000

1100

672.18 772.18
8.655 9.258
1532.0 1584.4
1.9205 1.9552

526.92
4.4508
1477.7
1.8176

626.92 726.92
4.7907 5.1289
1529.7 1582.4
1.8545 1.8894
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Table 111. Superheated Steam -Continued
Abs Press.
LblSq In.
Sat.
(Sat. Temp] Water

Sat.
Steam

Sh
190 v0.01833 2.4030
(377.53) h 350.94 1197.6
s 0.5384 1.5498

Abs Press.
LblSq In.
Sat.
(Sat. Temp) Water

Temperature - Degrees Fahrenheit
400

450

22.47 72.47
2.4961 2.6915
1212.0 1242.0
1.5667 1.6006

500

550

122.47 172.47
2.8756 3.0525
1270.1 1297.1
1.6307 1.6581

Temperature -Degrees Fahrenheit
Sat.
450
500
550
600
Steam 400

Sh = degrees of superheat, O F
v = specific volume, c u ftllbm

600

700

800

222.47
3.2246
1323.3
1.6835

322.47
3.5601
1374.8
1.7299

422.47 522.47
3.8889 4.2140
1425.9 1477.4
1.7722 1.8115

622.47 722.47
4.5365 4.8572
1529.4 1582.1
1.8484 1.8834

700

800

900

1100

h = enthalpy, Btullbm
s = entmpy, BtuIlbmR

900

1000

1000

1100

1200

--
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Table 111. Superheated Steam
Abs Press.
LblSqIn.
Sat.
(Sat. Temp) Water

Sat.
Steam

-Continued
Temperature -Degrees Fahrenheit

Sh
v 0.01885 1.5948
(414.25) h 390.60 1202.6
s 0.5844 1.5135
290

Sh
v 0.01889 1.5427
(417.35) h 393.99 1202.9
s 0.5882 1.5105
300

Sh
vD.01894 1.4939
(420.36) h 397.30 1203.2
s 0.5920 1.5076
310

Sh
v 0.01899 1.4480
(423.31) h 400.53 1203.4
s 0.5956 1.5048
320

Sh
v 0.01903 1.4048
(426.18) h 403.70 1203.6
s 0.5991 1.5021
330

Sh
v 0.01908 1.3640
(428.99) h 406.80 1203.8
s 0.6026 1.4994
340

Abs Press.
LblSqIn.
Sat.
(Sat.Temp) Water

Temperature - Degrees Fahrenheit
Sat.
Steam 450
500
550
600
650

5.40 55.40
Sh
400
v0.01934 1.1610 1.1738 1.2841
(444.60) h 424.17 1204.6 1208.8 1245.1
s 0.6217 1.4847 1.4894 1.5282

105.40
1.3836
1277.5
1.5611

Sh = degrees of superheat, "F
v = specific volume, cu ftllbm

700

800

900

1000

155.40 205.40 255.40 355.40 455.40 555.40
1.4763 1.5646 1.6499 1.8151 1.9759'2.1339
1307.4 1335.9 1363.4 1417.0 1470.1 1523.3
1.5901 1.6163 1.6406 1.6850 1.7255 1.7632
h = enthalpy, Btullbm
s = entropy, BtullbmR

1100

1200

655.40 755.40
2.2901 2.4450
1576.9 1631.2
1.7988 1.8325

COMBUSTION
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able 111. Superheated Steam -Continued
Abs Press.
Temperature - Degrees Fahrenheit
L ~ I S m.
Q
Sat.
Sat.
( S a t . ~ e m ~ ) l V a t e r Steam 450
500
550
600
650

Sh

.60
420 v0.01942 1.1057 1.1071
(449.40) h 429.56 1204.7 1205.2
s 0.6276 1.4802 1 . 4 8 8

50.60 100.60
1.2148 1.3113
1242.4 1275.4
1.5206 1.5542

Sh = degrees of superheat, O F
v = specific volume, cu Rllbm

150.60
1.4007
1305.8
1.5835

700

200.60 250.60
1.4856 1.5676
1334.5 1362.3
1.6100 1.6345

800

900

350.60 450.60
1.7258 1.8795
1416.2 1469.4
1.6791 1.7197

h = enthalpy, Btuilbm
s = entropy,BtuIlbmR

1000

1100

1200

550.60
2.0304
1522.7
1.7575

650.60
2.1795
1576.4
1.7932

750.60
2.3273
1630.8
1.8269
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Table 111. Superheated Steam
Abs Press.
LblSqIn.
Sat.
(Sat. Temp) Water

-

-Continued
Temperature - Degrees Fahrenheit

Sat.
Steam

550

600

650

700

800

900

1000

1100

1200

Sh
v 0.02050 0.6556
(503.08) h 491.60 1201.8
s 0.6928 1.4304

46.92 96.92 146.92 196.92 296.92
0.7271 0.7928 0.8520 0.9072-1.0102
1243.4 1281.0 1314.6 1345.6 1403.7
1.4726 1.5090 1.5399 1.5673 1.6154

396.92
1.1078
1459.4
1.6580

496.92
1.2023
1514.4
1.6970

596.92
1.2948
1569.4
1.7335

696.92
1.3858
1624.8
1.7679

Sh
v 0.02069 0.6095
(510.84) h 500.89 1200.7
s 0.7022 1.4232

39.16 89.16 139.16 189.16
0.6676 0.7313 0.7882 0.8409
1236.9 1276.1 1310.7 1342.5
1.4598 1.4977 1.5296 1.5577

389.16
1.0306
1457.6
1.6494

489.16
1.1195
1512.9
1.6886

589.16
1.2063
1568.2
1.7252

689.16
1.2916
1623.8
1.7598

1100

1200

700

750

Abs Press.
LblSqIn.
Sat.
(Sat.Temp) Water

Temperature ~ e ~ r eFahrenheit
e s
Sat.
Steam 550
600
650
700
750

800

850

900

211.61
0.6871
1361.5
1.5500

261.61
0.7272
1392.0
1.5748

311.61
0.7656
1421.5
1.5977

361.61
0.8030
1450.3
1.6193

461.61
0.8753
1507.0
1.6595

561.61 661.61
0.9455 1.0142
1563.2 1619.5
1.6967 1.7317

39.18 89.18 139.18 189.18
0.4263 0.4746 0.5162 0.5538
1230.9 1276.6 1315.2 1349.9
1.4160 1.4582 1.4923 1.5216

239.18
0.5889
1382.2
1.5478

289.18
0.6223
1413.0
1.5717

339.18
0.6544
1442.8
1.5941

439.18
0.7161
1500.9
1.6353

539.18
0.7754
1558.1
1.6732

11.61 61.61
Sh
950
v 0.02141 0.4721 0.4883 0.5485
(538.39) h 534.74 1194.7 1207.6 1255.1
s 0.7358 1.3970 1.4098 1.4557

Sh

1150
(561.82)

v 0.02214
h 564.78

0.3807
1187.0
s 0.7647 1.3738

289.16
0.9386
1401.5
1.6065

111.61
0.5993
1294.4
1.4921

Sh = degrees of superheat, OF
v = specific volume, cu ftllbm

.

161.61
0.6449
1329.3
1.5228

h = enthalpy, Btullbm
s = entropy, BtuIlbmR

1000

639.18
0.8332
1615.2
1.7087

common
Steam Trbka

Table 111. Superheated Steam
Abs Press.
LblSq In.
Sat. - Sat: (Sat. Temp) Water
Steam

Sh
1200 v 0.02232 0.3624
(567.19) h 571.85 1184.8
s 0.7714 1.3683

Sh
1300 v 0.02269 0.3299
(577.42) h 585.58 1180.2
s 0.7843 1.3577

Sh
1400 v 0.02307 0.3018
(587.07) h 598.83 1175.3
s 0.7966 1.3474

Sh
v 0.02669 0.1627
2200
(649.45) h 695.46 1122.2
s 0.8828 1.2676

-Continued
Temperature - Degrees Fahrenheit
600

800

850

900

1000

1100

1200

32.81 82.81 132.81 182.81
0.4016 0.4497 0.4905 0.5273
1224.2 1271.8 1311.5 1346.9
1.4061 1.4501 1.4851 1.5150

650

232.81
0.5615
1379.7
1.5415

282.81
0.5939
1410.8
1.5658

332.81
0.6250
1440.9
1.5883

432.81
0.6845
1499.4
1.6298

532.81
0.7418
1556.9
1.6679

632.81
0.7974
1614.2
1.7035

22.58 72.58 122.58 172.58
0.3570 0.4052 0.4451 0.4804
1209.9 1261.9 1303.9 1340.8
1.3860 1.4340 1.4711 1.5022

222.58
0.5129
1374.6
1.5296

272.58
0.5436
1406.4
1.5544

322.58
0.5729
1437.1
1.5773

422.58
0.6287
1496.3
1.6194

522.58
0.6822
1554.3
1.6578

622.58
0.7341
1612.0
1.6937

12.93 62.93 112.93 162.93
0.3176 0.3.667 0.4059 0.4400
1194.1 1251.4 1296.1 1334.5
1.3652 1.4181 1.4575 1.4900

212.93
0.4712
1369.3
1.5182

262.93
0.5004
1402.0
1.5436

312.93
0.5282
1433.2
1.5670

412.93
0.5809
1493.2
1.6096

512.93
0.6311
1551.8
1.6484

612.93
0.6798
1609.9
1.6845

150.55
0.2720
1323.1
1.4395

200.55
0.2950
1363.3
1.4708

250.55
0.3161
1400.0
1.4984

350.55
0.3545
1467.6
1.5463

450.55
0.3897
1530.9
1.5883

550.55
0.4231
1592.5
1.6266

.55
0.1636
1123.9
1.2691

Sh = degrees of superheat, O F
v = specific volume, cu Rllbm

700

50.55
0.2134
1218.0
1.3523

750

100.55
0.2458
1276.8
1.4020

h = enthalpy. Btullbm
s = entropy, BtuIlbmR
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Table 111. Superheated Steam -Continued
Temperature -Degrees Fahrenheit

Abs Press.
LblSqIn.
Sat.
(Sat. Temp) Water

Sat.
Steam

750

800

850

900

1000

1100

1200

Abs Press.
LblSq In.
Sat.
(Sat.Temp)\Vater

Temperature - Degrees Fahrenheit
Sat.
Steam 700
750
800
850
900

950

1000

1050

1100

1150

1200

244.92
0.2151
1394.9
1.4600

294.92
0.2301
1433.1
1.4866

344.92 394.92
0.2442 0.2576
1469.2-1503.8
1.5110 1.5335

444.92
0.2704
1537.4
1.5547

494.92
0.2827
1570.3
1.5749

Sh
3200 v 0.04472 0.0566
(705.08) h 875.54 931.6
s 1.0351 1.0832

700

44.92
0.1300
1172.3
1.2877

94.92
0.1588
1250.9
1.3515

Sh = degrees of superheat, O F
v = specific volume, cu ftllbm

.

144.92
0.1804
1306.9
1.3951

194.92
0.1987
1353.4
1.4300

h = enthalpy, Btullbm
s = entropy, BtuIlbmR
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Table 111. Superheated Steam
Abs Press.
LblSq In.
(Sat. Temp)

Abs Press.
LblSq In.
(Sat. Temp)

-Continued
Temperature
750

800

- Degrees Fahrenheit
850

900

950

- .
'1000 ' 1 0 5 0

1100

1150

1200

1150

1200

1250

Temperature - Degrees Fahrenheit
750

800

850

Sh = degrees of superheat. "F
v = specific volume, cu ftilbrn

900

950

1000

1050

1100

h = enthalpy. Btullbrn
s = entropy. BtuIlbrnR

COMBUSTION
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Table 111. Superheated Steam
Abs Press.
Lb/Sq In.
(Sat. Temp)

-Continued

Temperature - Degrees Fahrenheit

0.0262 0.0296 0.0350 0.0429 0.0522 0.0615 0.0701 0.0780 0.0853 0.0919 0.0982
792.7 871.2 959.8 1054.5 1144.0 1221.9 1288.5 1347.5.1400.2 1448.2 1492.9
0.9402 1.0037 1.0727 1.1437 1.2084 1.2627 1.3076 1.3460 1.3793 1.4087 1.4352
Sh = degrees of superheat, O F
v = specific volume, cu ftllbm

h = enthalpy, Btullbm
s = entropy, BtuIlbmR

COMBUSTION
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Table 111. Superheated Steam
Abs Press.
LblSq In.
(Sat. Temp)

14000

-Continued

Temperature

v

h
s

-Degrees Fahrenheit

0.0233 0.0248 0.0267 0.0291 0.0320 0.0354 0.0392 0.0432 0.0474 0.0515 0.0555
771.3 832.6 894.3 958.0 1024.5 1092.3 1158.5 1221.4 1283.0 1340.2 1393.8
0.9019 0.9515 0.9996 1.0473 1.0953 1.1426 1.1872 1.2282 1.2671 1.3021 1.3339
Sh = degrees of superheat. O F
v = specific volume. cu ftllbm

h = enthalpy. Btullbm
s = entropy. Btu/lbmR

.

Table 111. Superheated Steam -Continued
Abs Press.
LblSq In.
(Sat. Temp)

Temperature - Degrees Fahrenheit
750

800

850

Sh = degrees of superheat. O F
v = specific volume, cu ftllbm

900

950

1000

1050

1100

h = enthalpy. Btullbrn
s = entropy. BlullbmR

1150

1200

1250

COMBUSTION
Sum Tables

SYSTEME INTERNATIONAL (SI METRIC) UNITS

Table I. Saturated Steam and Saturated Water: Temperature Table
Temp
O C

T

Press
kPa
P

Volume, mJlkg
Water
Steam
v/

v,r

Enthalpy, kJIkg
Water
Evap.
Steam
'9
h~g
h~

Entropy, kJlkgK
Water
Evap.
Steam

Temp

Sf

T

SJY

S9

OC

COMBUSTION
st..m Tabla

Table I.

- Continued

Temp
OC
T

Press
kPa
P

Volume, m31kg
Water
Steam
Vr
V,

Enthalpy, kJ/kg
Water
Evap.
Steam
hf
h,
he

Entropy, kJ1kg.K
Water
Evap.
Steam
S/

Sfo

S.

Temp
OC
T

Abstracted from "ASME Steam Table is SI (hletric) Units:' The American Society of Mechanical Engineer. Copyright 1977.

Table 11.
Press
kPa
P
1.0
1.5
2.0
3.0
4.0
5.0
7.5
10.0
15.0
20.0
30.0
40.0
50.0
75.0
100.0
150.0
200.0

Saturated Steam and Saturated Water (Pressure)
Temp
*C
T
6.983
13.036
17.513
24.100
28.983
32.898
40.316
45.833
53.997
60.086
69.124
75.886
81.345
91.785
99.632
111.37
120.23

Volume, m3kg
Water.
Steam
v~
"8
0.0010001
129.21
0.0010006
87.98
0.0010012
67.01
0.0010027
45.67
0.0010040
34.80
0.0010052
28.19
0.0010079
19.239
0.0010102
14.675
0.0010140
10.023
0.0010172
7.650
0.0010223
5.229
0.0010265
3.993
0.0010301
3.240
0.0010375
2.2169
0.0010434
1.6937
0.0010530
1.1590
0.0010608
0.8854

Water
hl
29.34
54.71
73.46
101.00
121.41
137.77
168.77
191.83
225.97
251.45
289.30
317.65
340.56
384.45
417.51
467.13
504.70

Enthalpy, kjlkg
Evap.
Steam
h,,
h,
2485.0
2514.4
2470.7
2525.5
2460.2
2533.6
2444.6
2545.6
2433.1
2554.5
2423.8
2561.6
2406.2
2574.9
2392.9
2584.8
2373.2
2599.2
2609.9
2358.4
2336.1
2625.4
2319.2
2636.9
2305.4
2646.0
2278.6
2663.0
2257.9
2675.4
2226.2
2693.4
2201.6
2706.3

Entropy, k)/kg-K
Water
Evap.
0.1060
0.1957
0.2607
0.3544
0.4225
0.4763
0.5763
0.6493
0.7549
0.8321
0.9441
1.0261
1.0912
1.2131
1.3027
1.4336
1.5301

Steam

Sf8

S8

8.8706
8.6332
8.4639
8.2241
8.0530
7.9197
7.6760
7.5018
7.2544
7.0774
6.8254
6.6448
6.5035
6.2439
6.0571
5.7898
5.5967

8.9767
8.8288
8.7246
8.5785
8.4755
8.3960
8.2523
8.1511
8.0093
7.9094
7.7695
7.6709
7.5947
7.4570
7.3598
7.2234
7.1268

COMBUSTION
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Table 11.
Press
kPa
P
300.0
400.0

-Continued
Temp
OC
T
133.54
143.62

Volume, m3kg
Steam
vf
vg
0.0010735
0.6056
0.0010839
0.4622

Water

Enthalpy, kJlkg
Entropy, kJIkg-K
Evap.
Steam . -Water
Evap.
Steam
hf
4
hg
Sl
Sfg
ss
561.4
2163.2
2724.7
1.6716
5.3193
6.9909
604.7
2133.0
2737.6
1.7764
5.1179
6.8943

Water

'

Table 111. Superheated Steam
Pressure
kPa

-

v (specificvolume), matkg

h (enthalpy),kJlkg
Temperature, O C

s (entropy), kJ1kg.K

Table 111.

-Continued

F'mssure

kPa
50

300
v
(133.5) h

s
400
v
(143.6) h

s

100

150

s (entropy), kJ1kg.K

h (enthalpy), kJlkg
Temperature, 'C

v (specific volume), m31kg

Cr,l
"C

400 500
-

200

300

0.6338
2760.4
7.0772

0.7164
2865.4
7.3119

0.8753 1.0314
3069.7 3275.2
7.7034 8.0338

1.1865
3486.0
8.3257

1.3412
3703.2
8.5898

0.4706
2752.0
6.9286

0.5343
2860.4
7.1708

0.6549
3067.2
7.5675

0.8892
3484.9
8.1919

1.0054
3702.3
8.4563

0.7725
3273.6
7.8994

600

700

800

1.4957 1.6499
3927.0 4157.3
8.8325 9.0577
1.1214 1.2372
3926.4 4156.9
8.6992 8.9246

Appendix E. Engineering Conversion Factors

u

he following table is designed to provide
accurate conversion of units between various equivalent representational forms. To convert a unit, locate the unit in the MULTIPLY
column of the table, select the desired unit in
the TO OBTAIN column, and then multiply the
quantity to be converted by the appropriate factor to obtain the desired units.
For example, you have exactly 2.5 acres and
you need to know how many square meters. In
the table: acre x 4046.87 = square meter. Therefore, 2.50000 acres = (2.50000) x [4046.87] =
10117.18 square meters.
A note should be made regarding scientific
notation: 1 x lo1, 1 x lo2, 1 x lo3 are equivalent
respectively to 10, 100, 1000. For negative
powers, 1 x lo-', 1 x lo-', 1 x 10-"epresent the
numbers 0.1, 0.01, 0.001. Therefore, the numrepreber 2.345 x lo3is 2345.0 and 2.345 x
sents 0.002345.
Accuracy is an important concern with conversion factors. This table presents most conversions with six significant figures; for example,
4046.87 and 39.3701. The actual number of significant figures allowed in a conversion is equal
to the number of significant figures in the least
accurate of the conversion factors or the unit being converted. For example, in the acre-tosquare-meter illustration: if the number of
acres was known only to two significant figures, then the conversion to square meters

would be (2.5) acres x 4046.87 = 10,000 m2.
Where conversions involve the International
System of Units (le Systdme International
d'unitbs, abbreviated "SI"), ,we show the
proper symbols or formulas for the particular SI
unit. There are symbols for the recommended
SI base, supplementary, and derived units, and
for most of their multiples and submultiples.
Note that such "metric" units as kilogramforce, calorie, tom, centimeter of water, millimeter of mercury, and metric horsepower are not
SI units. Also note that, in American Customary Units (ACU); the unit pound is used as either a mass unit [pound-mass, or lbm) or as a
force unit (pound-force, or lbf); in ACU, pound
is always pound avoirdupois, not troy pound.
An asterisk I*)
after the sixth or higher significant figure indicates that the conversion factor
is exact and that all subsequent digits are zero.
All other factors are rounded. Where fewer than
six significant figures are shown, more precisidn is not warranted.
As a further explanation of the use of this
table, note that: to convert from pound-force
per square inch, multiply by 6.894 76 to obtain
the number of kilopascals (kPa) means
1 lbf/in2=6.894 76 H a .
Similarly, to convert from inches to rnillimeters, multiplying the inch value by 25.400 O* to
obtain the number of millimeters, means
1 inch = 25.4 millimeters (exactly).

Table 1. Engineering Conversion Factors
MULTIPLY
A

abampere
abcoulomb
abfarad
abhenry
abohm
.

-

BY

TO OBTAIN

ampere (A)
coulomb (C)
farad (F)
henry (HI
ohm (Ql

COUtBmnON
EnglneehgConversbnFactors
-

-

-

TO OBTAIN

abvolt
acre (US. survey: 1foot =
(120013937)m)
acre foot (U.S. survey)
ampere (A)
amperelcentimeter (Ncm)
amperelinch (1959 internat'l inch)
amperekilogram (Akg)
amperelmeter (Nm)
amperelpound-mass
amperelsquare foot
amperelsquare inch
amperelsquare meter (A/m2)
amperelsquare meter (A/m2)
amperelvolt (AN)
ampere/volt inch
are
atmosphere (kilogram-force/cm2)
atmosphere (760 tom)
atmosphere (760 tom)

square meter (ma)
cubic meter (m3)
coulomb/second (CIS)
amperelinch
amperelmeter (Alm)
amperelpound-mass
ampere/inch
amperekilogram (Akg)
amperelsquare meter (A/mz)
amperelsquare meter (Alma)
amperelsquare inch
amperelsquare foot
siemens (S)
siemenslmeter (Slm)
square meter
kilopascal (kPa)
kilopascal (kPa)
inch mercury (32OF)

,

B

bar (lo5pascals)
barrel (42 U.S. gallons, liquid)
barrellton (U.K. long or gross)
barrellton (U.S. short or net)
barrellday
barrel/hour
barrellmillion std cubic feet
becquerel (Bq) (radioactivity)
Btu (mean)
Btu (thermochemical)
Btu (3g°F)
Btu (60°F)
Btu (I.T.) (International Table)
Btu (I.T.)
Btu (I.T.)/cubic foot
Btu (I.T.)/hour
Btu (I.T.)/hour cubic foot
Btu (I.T.)hour cubic foot OF
Btu (I.T.)/hour square foot
Btu (I.T.)hour square foot OF
Btu (I.T.)foot/hour square foot OF
Btu (I.T.)lminute
.Btu (I.T.)lpound-mole
Btu (I.T.)lpound-mole OF

.

kilopascal (kPa)
cubic meter (m3)
cubic meterlmetric ton
cubic meterlmetric ton
\
cubic decimeter/second
cubic decimeterlsecond
cubic decimeters/kilomol
disintegrationlsecond
kilojoule (kJ)
kilojoule (kJ)
kilojoule (kJ)
kilojoule (kj)
kilojoule (kJ)
foot-pound (force)
kilojoule/cubic meter (kJ/m3)
watt (W)
kilowatt/cubic meter (kW/m3)
kilowatt/cubic meter kelvin (kW/m3-K)
watt/square meter (W/mz)
watttsquare meter kelvin (W/m2.K)
wattlmeter kelvin (Wlm-K)
kilowatt (kW)
joulelmole (Jlmol)
kilojoulekilomol kelvin (kJ1kmol.K)

COMBUSTION
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h m X E LY

Btu (I.T.)/pound-mass
Btu (I.T.)/pound-mass
Btu (I.T.)/pound-mass OF
Btu (I.T.)/pound-mass OF
Btu (I.T.)/second
Btu (I.T.)/second cubic foot
Btu (I.T.)/second cubic foot OF
Btu (I.T.)/second square foot
Btu (I.T.)/second square foot OF
Btu (I.T.)/gallon (U.K. liquid)
Btu (I.T.)/gallon (U.S. liquid)

BY

M OBTAIN

0.555556
2.32600*
4.18680*
1.00000*
1.05506
37.2589
67.0661
11.3565
20.4418
232.080
278.716

kilocalorie/kilogram
kilojoule/kilogram (kJkg)
kilojoule/kilogram kelvin (kJkg-K)
kilocalorie/kilogram kelvin
kilowatt (kW)
kilowatt/cubic meter (kW/m3)
kilowattlcubic meter kelvin (kW1mL.K)
kilowatttsquare meter (kW/m2)
kilowatttsquare meter kelvin (kW/mz-K)
kilojoule/cubic meter (kJ/m3)
kilojoule/cubic meter (kJ/m3)

4.18680*
4.19002
4.18400*
0.00396567
4.18580
4.18190
4186.80*
4190.02
4184.00*
4.18400*
0.0116222
4.18400*
9.22414
0.291864
0.00031416
0.393701
0.0980638
0.001000*
1.00000*
20.1168
1 .OOOOO*
35.3147
0.0283168
3.28084
39.3701
0.304800*
0.025400*
10.7639
0.0929030
0.035195
0.038140
0.0610237
1.00000

joule (J)
joule (J)
joule (J)
Btu (I.T.)
joule (J)
joule (J)
joule (J)
joule (J)
joule (J)
kilojoule/kilogramkelvin (kJ/kg.K)
kilowattlsquare meter (kW/mz)
megajoule/cubicmeter (MJ/m3)
joule/kilogram (Jlkg)
foot lambert
lambert
inch (1959 international)
kilopascal (kPa)
pascal second (Pa-s)
square millimeter/second
meter (m)
ampere-second (Ass)
coulomb/cubic meter (C/m3)
coulomb/cubic foot
coulomb/meter (Clm)
coulomb/meter (Clm)
coulomb/foot
coulomb/inch
coulomb/square meter (C/m2)
coulomb/square foot
fluid ounce (U.K.)
fluid ounce (U.S.)
cubic inch
volume partslmillion

C

calorie (I.T.)
calorie (mean)
calorie (thermochemical)
calorie (themnochemical)
calorie (15'C)
calorie (209C)
calorie (kilogram, I.T.)
calorie (kilogram, mean)
calorie (kilogram, thermochemical)
calorie (thermochem)/gram kelvin
calorie (thermochemical)/hour cm2
calorie (thermochemical)/milliliter
calorie (thermochem)/pound-mass
candelalsquare meter (cd/ma)
candelalsquare meter (cd/m2)
centimeter
centimeter water (4OC)
centipoise
centistoke
chain (surveyor or gunter)
coulomb (quantity of electricity)
coulomb/cubic foot
coulomb/cubic meter (C/m3)
coulomb/foot
coulomb/inch
coulomb/meter (Clm)
coulomb/meter (Clm)
coulomb/square foot
coulomb/square meter (C/mZ)
cubic centimeter
cubic centimeter
cubic centimeter
cubic centimeter/cubic meter

CO~USIION
Engkmring Conversion Factors
-

IblUmPLY

cubic decimeter (liter)
cubic decimeter (liter)
cubic decimeter (liter)
cubic decimeter (liter)
cubic decimeter (liter)
cubic decimeterkilogram
cubic decimeterkilogram
cubic decimeterkilogram
cubic decimeter/second
cubic decirneterlsecond
cubic decimeterlsecond
cubic decimeterlsecond
cubic decimeterlsecond
cubic decirneterlsecond
cubic decimeterlsecond
cubic decimeterlmetric ton
cubic decimeterlmetric ton
cubic decimeterlmetric ton
cubic decimeterlmetric ton
cubic foot (1959international)
cubic foot
cubic foot
cubic footlfoot
cubic foothour
cubic footfminute
cubic footlpound-mass
cubic footfpound-mass
cubic footlsecond
cubic inch
cubic inch
cubic meter (my
.
cubic meter (m3)
cubic meter (m3)
cubic meter (m3)
cubic meter (m3)
cubic meter (m3)
cubic meter (m3)
cubic meter (m3)
cubic meterkilogram (m3/kg)
cubic meterlmeter (mVm)
cubic meterlmeter (ma/m)
cubic meterlsecond meter (m3/s-m)
cubic meterlsecond meter (mVsm)
cubic meterlsecond meter (m3/s-m)
cubic meterlmetric ton (m3/Mg)

-

BY

TO OBTAIN

0.0353147
0.219969
0.264172
0.879877
1.05669
0.119826
0.0160185
0.099776
127.133
543.440
3051.19
13.1981
15.8503
2.118880.035315
0.005706
0.006391
0.268411
0.239653
0.0283168
28.3168
7.48052
0.0929030
0.00786579
0.471947
62.4280
0.0624280
28.3169
0.0163871
16.3871
1 000 ooo*
1000.00*
61 023.7
6.28976
35.3147
1.30795
219.969
264.172
16.0185
10.7639
80.5196
289 870
4022.80
4831.18
5.70602

cubic foot
gallon (U.K. liquid)
gallon (U.S. liquid)
quart (U.K. liquid)
quart (U.S. liquid)
gallon (U.S. 1iquid)lpound-mass
cubic footfpound-mass (ft3Abm)
gallon (U.K. 1iquid)lpound-mass
cubic foothour
barrellday
cubic footlday
gallon '(u.K.1iquid)lminute
gallon (U.S. 1iquid)lminute
cubic footfminute
cubic footlsecond
barrellton (U.S.)
barrellton (U.K.)
gallon (U.S. 1iquid)lton(U.K.)
gallon (U.S. 1iquid)lton(U.S.)
cubic meter (mg)
cubic decimeter (liter)
gallon (U.S. liquid)
cubic meterlmeter (m3/m)
cubic decirneterlsecond
cubic decirneterlsecond
cubic decimeter/kilograrn
cubic meterkilogram (m3/kg)
cubic decirneterlsecond
cubic decimeter
cubic centimeter
cubic centimeter
liter
cubic inch (1959international)
barrel (42U.S. gallons, liquid)
cubic foot
cubic yard (1959international)
gallon (U.K. liquid)
gallon (US, liquid)
cubic footfpound-mass
cubic footlfoot
gallon (U.S. 1iquid)lfoot
gallon (U.S. 1iquid)hour foot
gallon (U.K. 1iquid)lminutefoot
gallon (U.S. 1iquid)lminutefoot
barrellton (U.S.)
'

--
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cubic meterlmetric ton (m3/Mg)
cubic mile (1959 international)
cubic yard (1959 international)
curie (Ci) (radiation dosimetry)

BY

TO OBTAIN

6.39074
4.16818
0.764555
3.7000 x 10" *

barrellton (U.K.)
cubic kiloineter (km3)
cubic meter (m3)
becquerel (Bq)

D

degree Celsius (difference) ("C, diff.)
degree Celsius (difference) ("C, diff.)
degree Fahrenheit (difference)
degree Kelvin (difference) (K)
degree Rankine (difference)
degree (angle)
degreelsecond (angular)
dyne
dyne
dyne
dyne
dynelsquare centimeter
dyne secondlsquare centimeter

1.80000*
degree Fahrenheit (difference)
1.00000*
kelvin (difference)
0.555556
degree Celsius (difference) ("C, diff.)
1.80000*
degree Rankine (difference)
0.555556
kelvin (difference) (K)
(for temperature, see under "T")
0.017453
radian
0.166667
revolutiodminute
0.000010*
newton (N]
poundal
7.23301 x lo-'
2.24809 x lo-"
pound (force)
~.OOOoo*
gram centirneterlsecond squared
O.~ooooo*
pascal (Pa)
O.~OOOOO*
pascal second (Pass)

F

farad (electrical capacitance)
faradlmeter (Flm)
fathom (6 U.S. survey foot exactly)
foot (1959 internationd)
foot (1959 international)
foot (U.S. survey)
foot larnbert
foot of water (39.Z°F)
footldegree F
foot/gallon (U.S. liquid)
(foot= 1959 international)
foot/cubic foot (1959 international)
foot/hour
footfminute (1959 international foot)
foot/second
foot-poundal
foot-pound (force)
foot-pound (force)
foot-pound (force)lgallon (U.S.)
foot-pound (force)/second
foot-pound (force)/square inch
footcandle
footcandle

l.OOOOO*
0.025400*
1.82880
0.304800*
304.800*
(1200/3937)*
3.42626*
2988.98
0.548640
80.5196

coulomb/volt (CN)
faradlinch
meter (m)
meter (m)
millimeter
meter (m)
candelalsquare meter (cdlmz)
pascal (Pa)
meterkelvin (mlK)
meterlcubic meter ( d m ?

10.7639
0.0846667
0.0050800*
0.304800*
0.0421401
1.35582
0.00128507
0.358169
1.35582
0.210152
1.00000*
10.7639

meterlcubic meter ( d m 3 )
millirneter/second (rnmls)
meterlsecond (mls)
meterlsecond (mls)
joule Ul
joule (J)
Btu (I.T.)
kilojoulelcubic meter (kJlm3)
watt (w)
joulelsquare centimeter
lumen/square foot
lux (lumedsquare meter) (lm/mz)

COMBUSTION
Enghsering Conversion Factors

#s

MULTIPLY

BY

TO OBTAIN

O.O~OOOO*

meterlsecond squared (m/sz)
cubic meter (m5)
cubic decimeter
cubic meterlsecond square meter (ma/smz)
cubic decimeterlsecond
cubic meterlsecond square meter (ma/smz)

G

,

gal (galileo)
gallon (U.K. liquid)
gallon (U.K. liquid)
gallon (U.K. 1iquid)how square foot
gallon (U.K. 1iquid)lminute
gallon (U.K. liquid)/
minute square foot
gallon (U.K. 1iquid)lpound-mass
gallon (U.K. liquid)/1000barrels
gallon (U.S. liquid)
- gallon (U.S. liquid)
gallon (U.S. liquid)
gallon (U.S. 1iquid)lcubicfoot
gallon (U.S. 1iquid)lfoot
gallon (U.S. 1iquid)hour square foot
gallon (U.S. 1iquid)lminute
gallon (U.S. liquid)/
minute square foot
gallon (U.S. 1iquid)lpound-mass
gallon (U.S., dry)
gamma (mass)
gamma (magneticflux density)
gauss (magnetic flux density)
gauss1Oersted
gilbert
grad
grain (117000 lbm avoirdupois)
graidgallon (U.S. liquid)
graidcubic foot
graid100 cubic feet
ggram
gram mole
g d c u b i c meter
g d c u b i c meter
g d c u b i c meter
gramlcubic meter
g d c u b i c meter
gramlgallon (U.K.)
g d g a l l o n (U.S.)
gray (GY)
H
hectare

,

0.00454609
4.54609
1.35927 x lo-'
0.075768
0.00081556

cubic decimeterkilogmm
cubic centimeterlcubic meter
cubic inch
gallon (U.K. liquid)
cubic meter (mS)
cubic decimeterlcubic meter
cubic meterlmeter (ma/m)
cubic rneterlsecond square meter (m31s.mz)
cubic decimeterlsecond
cubic meterlsecond square meter (m3/smz)
cubic decimeterkilogram .
cubic meter (m3)
kilogram (kg)
tesla (T)
tesla (T)
henrylmeter (Hlm)
1
ampere turn
radian (rad)
milligram (mg)
gramtcubic meter
milligrandcubic decimeter
milligram~cubicmeter
.ounce-mass (avoirdupois)
ounce-mass (troy)
kilomole (kmol)
,
milligrandgallon (U.S. liquid)
graidgallon (U.S. liquid)
pound-mass11000 barrels
pound-mass/1000 gallons (U.S. liquid)
pound-mass11000 gallons (U.K. liquid)
kilograrn/cubic meter (kg/m3)
kilogramlcubic meter (kg/m3)
rad (radiationdose absorbed)
.

-

10 000*

square meter (m2J

-

COMBUSTION
Englneerlng Convenion Facton

MlJImPLY

BY

TO OBTAIN

hectare
henry (inductance) (H)
henry (inductance) (H)
henry (inductance) (H)
henrylmeter (Wm)
henrylmeter (Wm)
horsepower (electric)
horsepower (hydraulic)
horsepower (metric)
horsepower (U.S.) (550 ft-lbf/s)
horsepower (U.S.)(550ft:lbf/s)
horsepower hour (U.S.) (550 ft-lbf/s)
horsepower hour (U.S.) (550 ft-lbf/s)
horsepower/cubic foot (550 ft-lbf/s)
hundred weight (U.K., long)
hundred weight (U.S., short)

acre (U.S. survey)
maxwelYgilbert
weberlampere
linetampere
gauss/Oersted
linelampere inch
kilowatt (kW)
kilowatt (kW)
kilowatt (kW)
kilowatt (kW)
Btu (I.T.)/minute
megajoule (MJ)
Btu (I.T.)
kilowatttcubic meter (kW/m3)
kilogram (kg)
kilogram (kg)

I

inch (1959 international)
inch water (32 .2" F)
inch water (60°F)
inch mercury (32°F)
inch mercury (60°F)
inchlminute

25.4000*
0.249082
0.24884
3.38638
3.37685
0.423333

'

millimeter (mm)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
millimeter/second (mmts)

J
/

joule (J) (energy, work, or heat)
joule (J) (energy, work, or heat)
joule (J) (energy, work, or heat)
joule (J) (energy,work, or heat)
joule (J) (energy, work, or heat)
joule (J) (energy, work, or heat)
joule (J) (energy,work, or heat)
joule (J) (energy,work, or heat)
joule (J) (energy, work, or heat)
joule/kilogram (Jkg)
joulekilogram (Jkg)
joule/mole (Jlmol)
joule/square centimeter (J/cm2)
joule/square centimeter (J/cmz)

0.737562
23.7304
1.00000*
9.47817 x
0.239126
0.238903
0.238662
0.238846
0.239006
0.108411
4.29923 x lo-'
0.429923
- 4.75846
0.101972

foot-pound (force)
foot-poundal
watt second (Ws) or Newton-meter (N-m)
Btu (International Table)
calorie (20°C)
calorie (15OC)
- calorie (mean)
calorie (I.T.)
calorie (thermochemical)
calorie (thermochemical)/pound-mass
Btu (I.T.)/pound-mass
Btu (I.T.)/pound mole
foot-pound (force)/squareinch
kilogram (force)-meter/squarecentimeter
(kgf/cmz)

K
kelvin (degree), t,
kilocalorie (Calorie)
kilocalorie (thermochemical)
kilocalorie (thermochemica1)hour

1.800 oo*
1000.00*
4.18400*
1.16222

degree Rankin, t,
calorie
kilojoule (kJ)
watt (w)

rmmPLY

BY

TO OBTAIN

kilocalorie (thermochemical)/
hour mzOC
kilocalorie (thennochemical)/
kilogram "C
kilogram (kg) (mass, by definition)
kilogram (kg) (mass)
kilogram-meter (kg-m)
kilogram meterlsecond (kgmls)
k i l o g d c u b i c decimeter
kilogramtcubic decimeter
kilogramtcubic meter (kg/ms)
kilogramtcubic meter (kg/ma)
k i l o g d c u b i c meter (kg/ma)
kilogram/cubic meter (kg/ms)
kilogramtcubic meter (kg/ma)
k i l o g d m e t e r (kglm)
k i l o g d m o l e (kglmol)
kilogramtsecond (kg/s)
k i l o g d s e c o n d (kgls)
kilogdsecond (kgls)
kilogdsecond (kgls)
kilogram/second (kgls)
kilogdsecond (kgls)
kilogram/second-meter(kg1s-m)
kilogdsecond-meter (kg1s.m)

wattlsquare meter K (W/m%)

kilogram/second-squaremeter
(kg/smz)
kilogramlsecond-squaremeter
Iks/s'm2)
kilogramlsquare meter (kg/mz)
kilogram-force (kg0
kilogram (force)-meter(kgf-m)
kilogram force (kg0 (not SI)
kilojoule (kJ)
kilojoule (kJ)
kilojoule (kJ)
kilojoule (kJ)
kilojoule (kJ)
kilojoule/cubic meter (kJ/mS)
kilojoule/cubic meter (kJ/ms)
kilojoule/cubic meter (kJ/mS)
kilojoule/cubic meter (kJ/ms)
kilojoule/kilogram (kJkg)
kilojoule/kilogram kelvin (kJkg.K)
kilojoule/kilogram-kelvin (kJ/kg.K)

pound-mass/second-squarefoot '

pound-mass (lbm) (avoirdupois)
slug (mass)
slug-foot
pound (mass)-foot/second
pound-mass/gallon (U.S. liquid)
pound-mass/gallon (U.K. liquid)
pound-masslcubic foot
pound-masstbarrel
grams/gallon (U.S. liquid)
gramslgallon (U.K. liquid)
slug/cubic foot
pound-mass/foot
pound-masslmole
pound-masshour
pound-masstsecond
ton-mass (U.K.)/minute
ton-mass (U.S.)/minute
ton-mass (U.K.)hour
ton-mass (U.S.)hour
pound-mass/second-foot
pound-masshour-foot

pound-masslhour-square foot
pound-masslsquare foot
n&on (N)
joule (J)
newton (N)
Btu (I.T.)
Btu (39°F)
Btu (60°F)
Btu (mean)
Btu (thermochemical)
Btu (I.T.)/cubicfoot
Btu (I.T.)/gallon (U.K. liquid)
Btu (I.T.)/gallon (U.S. liquid)
foot-pound (force)/gallon(U.S. liquid)
Btu (I.T.)/pound-mass
Btu (I.T.)/pound (mass) OF
Btu (I.T.)/pound mole OF

",

COMBUSTION

Engineering Converpion Factors
-

-

-

TO OBTAIN

.

kilojoule/kilogramkelvin (kJkgK)
kilojoule/ki10gram kelvin (kJkgK)
kilojoulekilogram kelvin ( k ~ / k ~ ~ )
kilojoule/kilogmm kelvin (kJ/kg.K)
kilojoule/mole (kJ/mol)
kilometer
kilometer (km)
kilometer (km)
kilometer/cubic decimeter
kilometerhour (kndh),
kilometerhour (kmlh)
kilomole (kmol)
.
kilomole (kmol)
kilomole (kmol)
kilomole (kmol)
kilomole (kmol)
kilomole/cubic meter
kilomole/c,ubicmeter
kilomole/cubic meter
kilomole/cubic meter
kilonewton (kN)
kilonewton (kN)
kilonewton (kN)
kilonewton meter (kN-m)

calorie (thermochemical)/gramkelvin
calorie (thermochemical)/grammole "C
kilocalorie (thermochemical)/kilogram OC
kilowatt hourkilogram "C
kilocalorie (thermochemical)/grammole
foot (1959 international)
mile (U.S. statute)
nautical mile
mile (U.S. statute)/gallon(U.S. liquid)
knot (international)
milesthour (U.S. statute)
gram mole
pound-mole
standard cubic foot [60°E, 1atmosphere)
standard cubic meter (0°C 1atmosphere)
standard cubic meter (ls°C, 1atmosphere
pound-mole/cubic foot
pound-mole/gallon (U.K. liquid)
pound-mole/gallon (U.S. liquid)
standard ftaharrel (60°F, 1atmosphere)
kip (1000 pound-force)
ton-force (U.K., 2240 1bfJ
ton-force (U.S., 2000 lbf)
ton-force (U.S.) foot

kilopascal (kPa)

atmosphere (kilogram-force/
square centimeter)
atmosphere (760 tom)
bar
centimeter water (4°C)
inch water (392°F)
inch mercury (32" F)
inch mercury (60 F)
millimeter mercury (0OC)
pound-forcelsquare foot
pound-forcelsquare inch
pound-force/square inch-foot
newton
Btu (I.T.)/minute
Btu (I.T.)/second
horsepower (electric)
horsepower (550 foot poundlsecond)
horsepower (hydraulic)
ton of refrigeration (12 000 Btu/h)
megajoule (h4J)
kilojoulekilogram kelvin (kJkg-K)

kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascal (kPa)
kilopascallmeter (kPa/m)
kilopond force (kgf)
kilowatt (kw)
kilowatt (kw)
kilowatt (kw)
kilowatt (kw)
kilowatt (kw)
kilowatt (kw)
kilowatt-hour
kilowatt-hourkilogram OC
.-

0.0101972

'

COMBuSnON

Engineering Conwrsion Factom

TO OBTAIN

kilowattlcubic meter (kW/ma)
kilowattlcubic meter (kWlmJ)
kilowattlcubic meter
kilowattlcubic meter kelvin
(kW/m3-K)
kilowattlcubic meter kelvin
(kW/m3.K)
kilowattlsquare meter (kWlmz)
kilowattlsquare meter (kW/m2)
kilowattlsquare meter kelvin
(kW/m2-K)
kip (1000 pound-force)
kipisquare inch (forcelarea)
knot (international)
knot (international)
knot (international)

Btu (I.T.)lhourcubic foot
Btu (I.T.)lsecond cubic foot
horsepower/cubicfoot (U. S., 550 ft-lbfls)
Btu (I.T.)lhour cubic foot O F

lambert (luminance)
light-year
line
line
linelampere
linelampere inch
linelsquare inch
link
liter (cubic decimeter)
liter (cubic decimeter)
liter (cubic decimeter)
liter (cubic decimeter)
lumen (luminous flux)
lumedsquare meter
lumedsquare foot
lumedsquare foot
lumedsquare inch
lux (illuminance)
lux (W
lux (lx)
lux (h)
lux second (lx-s)

candelalsquare meter
meter
maxwell
weber (Wb)
henry (HI
henrytmeter (Hlm)
tesla (T)
meter (m)
cubic centimeters
cubic foot
gallon (U.S. liquid)
gallon (U.K. liquid)
candela-steradian (cd-sr)
lux (W
footcandle
lux (lx)
lux (lx)
lumedsquare meter (lm/m2)
footcandle
lumenlsquare foot
lumedsquare inch
foot candle second

Btu (I.T.)lsecondcubic foot O F
.-.

Btu (I.T.)/second square foot
calorie (thermochemical)/hour cm2
Btu (I.T.)lsecond square foot O F
kilonewton (kN)
megapascal (MPa)
kilometerhour (M)
U.S. statute milehour
meterlsecond

M

maxwell
maxwell
maxwelllgilbert
megagram (Mg)

line
weber (Wb)
henry (HI
ton-mass (metric)or tonne

,

COMBUSTION
Engineering ConwrslonFactom
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BY

M OBTAIN
ton-mass-(U.K.long or gross)
-ton-mass(U.S. short or net)
ton-mass (U.S.)/square foot
Btu (I.T.)
horsepower hour (U.S.; 550 ft-lbfls)
kilowatt hour (kW-h)
them (European Community)
Btu (I.T.)/gallon (U.K. liquid)
Btu (I.T.)/gallon (U.S. liquid)
calorie (themochemical)/milliliter
kiplsquare inch
pound-forcelsquare inch
ton-force (U.S.)/square foot
ton-force (U.S.)/square inchmillion Btu (I.T.)hour
chain (U.S. survey)
fathom (6 U.S. survey foot)
foot (1959 international)
foot (U.S. survey)
link (U.S. survey)
rod (U.S. survey)
yard (1959 international)
foot/cubic foot (1959 international foot)

mega(Mg)
mega(Mg)
megagramlsquare meter (Mg/mz)
megajoule (MJ)
megajoule (MJ)
megajoule (MJ)
megajoule (MJ)
megajoulelcubic meter (MJ/m3)
megajoulelcubic meter (MJlm3)
megajoule/cubic meter (MJ/m3)
megapascal (MPa)
megapascal (MPa)
megapascal (MPa)
megapascal (MPa)
megawatt (MW)
meter (m)
meter (m)
meter (m)
meter (m) '
meter (m)
meter (m)
meter (m)
meterlcubic meter ( d m 3 )
meterlcubic meter ( d m 3 )

0.0124193

meterkelvin (mK)
meterlsecond ( d s )
meterlsecond ( d s )
mho
microbar or dynelsquare cm
micrometer (pm)
micrometer (pm)
micron [abolished name, i967)
microsecondlfoot
microsecondlmeter (pslm)
mil
mil
mile (U.S. statute)
mile (international)
mile (U.S. statute)
mile (U.S. and international nautical)
mile (U.S. statute)hour
mile (U.S. sta4xte)fU.S. gallon
milehour (international)
milligram (mg)

1.82269
3.28084
196.850
1.00000*
0.100~0*
0.0393701
1.00000*
1.00000*
3.28084
0.304800*
0.001000*
25.4000*
5280.00*
1.609344"
1.609347
1852.00*
0.868961
0.425144
1.609 344
0.0154324

foot/gallon (U.S. liquid)
(1959 international foot)
foot/"F (1959 international foot)
footlsecond (1959 international foot)
foot/minute (1959 international foot)
siemens (S)
pascal (Pa)
mil
micron (abolished name, 1967)
micrometer or 10-'meter (pm)
microsecondlmeter (pslm)
microsecondlfoot
inch (1959 international)
micrometer (lo-%)
foot (survey foot of year 1893)
kilometer (km)
kilometer (km)
meter (m)
knot (international)
kilometerniter
kilometerhour (kdh)
srain (mass)

COUDUSmON
Enplnoerhg Conversion Factors

3
.,

- -

MULTIPLY

TO OBTAIN
-

milligramlcubic decimeter
milligramlcubic meter (mg/m3)
milligram/gallon (U.S. liquid)
millimeter (mm)
millimeter (mm)
millimeter mercury (0°C)
millimeter mercury (O°C)
millimeterlsecond ( d s )
millimeter/second ( d s )
millimeterlsecond (mmts)
million Btu (I.T.)/hour
million electron volt
miner's inch
minute (angle)
molelfoot
molekilogram (molkg)
molelmeter (mourn)
molelpound (mass)
mole/square foot
molelsquare meter (mol/mz)

-

graidcubic foot
grad100 cubic foot
gramlcubic meter (g/m3)
inch (1959 international)
foot
pascal (Pa)
kilopas.ca1 (@a)
foothour
,
inchlminute
inchlsecond
megawatt (MW)
picojoule (pJ)
cubic feegminute
radian
molelmeter (mollm)
molelpound-mass
molelfoot
molekilogram (molkg)
molelsquare meter (mollmx)
molelsquare foot

N
nautical mile (U.S. or international)
newton (N)
newton (N)
newton (N)
newton (N)
newton-meter (N-m)
newton-meter (N-m)
newton-meter (N-m)
newton-meterlmeter (N-mlm)
newton-meterlmeter (N-dm)
newtonlmeter '(Nlm)
newtonlmeter (Nlrn)

kilometer (km)
kilogram-meterlsecond-squared (kg.m/s2)
dyne
pound-force, avoirdupois
poundal
pound (force)-foot
pound (force)-inch
poundal-foot
pound (force)-foot/inch
pound (force)-inchlinch
pound-forcelfoot
pound-forcelinch .

0

oersted
ohm (electric resistance)
ohm circular millfoot
ohm foot
ohm inch
ohm square metertmeter (n mz/m)
ohm square meterlmeter (Q mz/m)
ohm square metedmeter (Q m2/m)
ounce-force (avoirdupois)
ounce-mass (avoirdupois)

ampere turnlmeter
volt/ampere (VIA)
ohm square meterlmeter (nmz/m)
ohm square meterlmeter (Qma/m)
ohm square meterlmeter (Q mzlm)
ohm circular millfoot
ohm foot
- ohm inch
newton (N)
g-

-

cornusnor
EngineeringConversion Factors

BY

M OBTAIN

ounce-mass (troy)

31.1035

g-

ounce (U.K. fluid), volume measure
ounce (U.S. fluid), volume measure

28.4131
29.5735

(Note: 12 troy ounces = 1troy pound-mass)
cubic centimeter
cubic centimeter

MurnLY

parsec
3.08374 x 10"
pascal (Pa) (pressure, stress)
1.00000*
pascal (Pa)
10.0000*
pascal (Pa)
0.0075064
pascal (Pa)
2.95301 x lo-'
pascal (Pa)
1.45038
~OOO.OO*
pascal second (Pa-s)
pascal second (Pa-s)
~o.oooo*
pascal second (Pa's)
0.0208854
2419.09
pascal second (Pa.s)
pascal second (Paas)
0.671969
pascal second (Pa-s)
0.0208854
picojoule (pJ)
6.24146
liquid)
0.568262
pint (U.K.
pint (U.S. liquid)
0.473177
pint (U.S.
dry)
5.50611x lo-'
pint (U.K. liquid)/1000barrels
3.57426
poise (absolute viscosity)
O.~OOOOO*
pound-mole
0.45359237*
pound-molelcubic foot
16.0185
pound-mole/gallon (U.K. liquid)
99.7763
pound-mole/gallon (U.S. liquid)
119.826
poundal
0.138255
poundal
0.0310810
poundal-foot (1959 international foot) 0.0421401
4.44822
pound-force, avoirdupois (lbf)
pound-force
32.1740
pound (force)-foot
1.35582
pound (force)-footfinch
53.3787
pound (force)-inch
0.112985
pound-forcelfoot
14.5939
pound-forcelinch
175.127
pound-forcelsquarefoot
0.0478803
pound-forcelsquare inch (psi)
6.89476
pound-forcelsquareinch-foot
22.6206
pound (force)-second/squarefoot
47.8803
pound-mass, avoirdupois (lbm)
0.45359237*
pound-mass, avoirdupois (lbm)
1.21528
pound-mass, avoirdupois
7000.00
5760.00*
pound-mass, troy
.-

meter (m)
newtodsquare meter (Nlmz)
microbar or dynelsquare centimeter
millimeter mercury (0°C) or tom
inch mercury (32O F )
pound-forcelsquare inch
centipoise
dyne-secondlsquare centimeter
pound (force)-secondlsquarefoot
pound-masslfoot-hour
pound (mass)/foot-second
slug/foot-second
million electron volt
cubic decimeter
cubic decimeter
cubic meter (m3)
cubic decimeterlcubicmeter
pascal-second (Pa-s)
,- kilomole (kmol)
kilomole/cubic meter (kmol/m3)
kilomole/cubic meter (kmollm3)
kilomole/cubic meter (kmol/m3)
newton (N)
pound-force
newton-meter (N-m)
newton (N)
poundal
newton-meter (N-m)
newton-meterlmeter (N-ni/m)
newton-meter (N-m)
newtodmeter (Nlm)
newtodmeter (Nlm)
kilopascal (kPa)
kilopascal (kFa)
kilopascallmeter (kPa/m)
pascal second (Pa-s)
kilogram (kg)
pound (troy)
g

d

COA6BmnON
Engineering Conversion Factors
--

MULTIPLY

pound-mass, avoirdupois
pound-massharrel
pound-mass/cubic foot (density)
pound-mass/foot
pound-masslfoot-hour
pound-mass/foot second
pound-mass/gallon (U.K. liquid)
pound-mass/gallon (U.S. liquid)
pound-mass/1000 gallons
(U.K. liquid)
pound-mass/1000 gallons
(U.S. liquid)
pound-masshour
pound-masslhour square foot
pound-mass/minute
pound-mass/mole
pound-mass/second
pound-mass/second-foot
pound-mass/second-squarefoot
pound-mass/square foot
pound (mass)-footfsecond
pound (mass)-squarefoot
(moment of inertia)
Q
quart (U.K. dry)
quart (U.S. dry)
quart (U.K. liquid)
quart (U.K. liquid)
quart (U.K. liquid)
quart (U.S. liquid)
quart (U.S. liquid)
quart (U.S. liquid)
quart (U.S. liquid)

BY

TO OBTAIN
slug (mass)
kilogram/cubic meter (kg/m3)
kilogram/cubic meter (kglm3)
kilogram/meter (kglm)
pascal second ( b s )
pascal second ( b s )
kilogram/cubic decimeter
kilogra&cubic, decimeter
g r d c u b i c meter
gradcubic meter

-

kilogradsecond (kgls)
kilogram/second-square meter (kg/sm2)
kilogram/second (kgls)
kilogram/mole (kgtmol)
kilogradsecond (kgls)
kilogradsecond-meter (kg1s.m)
kilogrdsecond-square meter (kg/s.m2)
kilogram/square meter (kg/m2)
kilogram-meterlsecond (kg-ds)
kilogram-squaremeter (kg-m2)

quart (U.S. dry)
quart (U.K. dry)
cubic decimeter
liter
quart (U.S. liquid)
cubic decimeter
liter
quart (U.S. dry)
quart (U.K. liquid)

R

rad (radiation dose absorbed)
radian (rad)
radian (rad)
radian (rad)
radian (rad)
radianlsecond (radls)
radianlsecond (radls)
radiadsecond squared (radls2)
radiantsecond squared (rad/s2)
revolutiodminute

gray (Gy) (joule/kilograrn)
second (angle)
minute (angle)
degree (angle)
grad
revolution/second
revolutiodminute
revolutionlsecond squared
revolutionlminute squared
radiantsecond (radls)

./
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MUIXWLY

revolution/minute squared
revolutiodsecond
revolutiontsecond squared
rod (U.S. suwey, 16.5 ft. exactly)
roentgen

BY

TO OBTAIN

0.00174533
6.28318
6.28318
5.02921
2.57976 x

radianlsecond squared (rad/s2)
radiantsecond (radls)
radiantsecond squared (rad/sz)
meter (m)
coulomb/kilogram (C/kg)

*

S

second (angle)
4.84814 x lo-'
2.5898
section (1square statute mile)
section (U.S. survey)
640
siemens (S) (electrical conductance) 1.00000*
siemenslmeter (S/m)
0.025400*
slug (mass)
32.1740
slug (mass)
14.5939
sluglcubic foot (density)
515.379
slug-foot (1959 international foot)
4.44822
slug/foot-second
47.8803
square foat (1959 international)
0.09290304*
square footlhour (thekal diffusivity) 25.8064*
square footlpound-mass
0.204816
9290.304*
square footlsecond
square foot pound (mass)lsec2
0.0421401
square inch (1959 international)
645.160*
square kilometer (km')
0.386101
square kilometer (kmz)
0.386102
10.7639
square meter (ma)
2.47104 x lo-'
square meter (ma)
square meter (ma)
1.19599
square meter/kilogram (mz/kg)
4.88243
square mile (1959 international)
2.58999
square millimeter (mm2)
0.00155000
square millimeterlsecond (mmz/s)
1.07639 x lo-'
square millimeter/second (mm2/s)
0.0387501
1.00000*
square millimeter/second (rnm'ls)
square yard (1959 international)
0.836127
0.0075182
standard cubic footmarre1
(60°F, 1atmosphere)
standard cubic foot
0.0011953
(60°F, 1atmosphere)
standard cubic meter
. 0.044616
(O°C, 1atmosphere)
standard cubic meter
0.042293
(lS°C, 1atmosphere)
statampere
3.33564 x lo-10
statcoulomb
3.33564 x 10-lo

radian (rad)
square kilometer (kmf)
acre
amperelvolt (AN)or mho
amperelvolt inch
pound-mass (avoirdupois)
kilogram (kg) kilogram/cubic meter (kg/m3)
kilogram-meter (kgsm)
pascal second (Pa-s)
square meter (ma)
square millirneter/second
square meterkilogram (mz/kg)
square millimeterlsecond
joule U)
square millimeter (mma)
section (1square statute mile)
square mile (1959 international)
square foot (1959 international)
acre (U.S. survey)
square yard (1959 international)
square footfpound-mass
square kilometer (ha)
square inch (1959 international)
square footfsecond
square foothour
centistoke
square meter (m2)
kilomolelcubic meter (kmol/m3)
kilomole (kmol)
kilomole (kmol)
kilomole (kmol)
ampere (A)
coulomb (C)

C0IS)USTION
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MULTIPLY

statfarad
stathenry
statohm
statvolt
stere
stokes (kinematicviscosity)
stokes

BY

TO OBTAIN

1.11265 x
8.98755 x 10''
8.98755 x lo11
299.793
1.00000*

farad (F)
henry (HI
ohm (Q)
volt (V)
cubic meter (ma)
square meterlsecond (m2/s)
square foot/second

lo-'

10.7639 x -'

T

temperature (see "degree" for temperature interval or difference)
temperature, degree Fahrenheit, t, = 1.8tC+ 32
temperature, degree Celsius, t, = (t, - 32)/1.8 = 0.555 556 (t, - 32)
temperature, degree Kelvin, tK= Tc + 273.15 (by definition)
temperature, degree W i n e , t, = t + 459.67 (by definition)
temperature, degree Kelvin, tK= 0.555 556 t,
temperature, degree Rankine, t, = 1.8 tK
temperature, degree Fahrenheit, t, = 1.8tK- 459.67
temperature, degree Celsius, t, = 0.555 556t - 273.15
tesla (T) magnetic flux density
1.0000*
weberlsquare meter (Wb/m2)
tesla (T)
10 OOO.O*
gauss
telsa (T)
64 516.0*
linehquare inch
therm (10' Btu, I.T., Eur. Comm.)
105.506
megajoule (hljl
t h e m (U.S., natural gas)
105.4804*
,
megajoule (MJ)
ton-force (U.K., 2240 lbf)
9.96402
kilonewton (IrN)
ton-force (U.S., 2000 lbf)
8,89644
kilonewton (kN)
ton (force) (U.S.)-foot
2.71164
kilonewton meter (kN-m)
ton-force (U.S.)/square foot
95.7605
kilopascal (kPaJ
ton-force (U.S.)/squareinch
13.7895
megapascal (MPa)
ton-mass (U.K. long or gross)
2240*
pound-mass
1.01605
megagram (Mg)
ton-mass (U.K. long or gross)
ton-mass (U.K. long or gross)
1.01605
metric ton or tonne
ton-mass (U.K. long or gross)
1.12000
ton-mass.(U.S. short or net)
ton-mass (U.S. short or net)
2000*
pound-mass
ton-mass (U.S. short or net)
0.907185
megagram (Mg)
ton-mass (U.S. short or net)
0.907185
metric ton or tonne '
ton-mass (U.S. short or net)
0.892857
ton-mass (U.K. long)
ton-metric (tonne)
2204.62*
pound-mass
ton-metric (tonne)
1.00000*
me~af3ram(Mg)
ton-metric (tonne)
0.984206
ton-mass (U.K. long)
ton-metric (tonne)
1.10231
ton-mass (U.S. short)
ton-mass (U.K.)/day
0.0117598
kilogradsecond (kg/s)
ton-mass (U.S.)/day
0.0104998
kilograrn/second (kg/s)
ton-mass (U.K.)/hour
0.282235
kilogradsecond (kg/s)
ton-mass (U.S.)/hour
0.251996
kilogram/second(kgls)
ton-mass (U.K.)/minute
16.9341
kilogram/second (kgls)
ton-mass [U.S.)/minute
15.1197
kilogram/second (kgls)

CO~mnOlO

Engineering Conversion Facton

M'uImPLY

ton-mass (U.S.)/square foot
ton refrigeration (12000 Btuh)
ton (nuclear equivalent of TNT)
ton (ram mercury, 0°C)
U
unitlfoot
unithenry
unitlmeter

BY
9.76485
3.517
4.184 x loa
133.322

TO OBTAIN

--

megagram/square meter (Mglmz)

- kiloktf (kW)

joule (J) (defined, not measured)
pascal

3.28084
1.00000*
3.28084

unitlmeter
amperelweber (AtWb)
volt/meter (Vim)

1.00000*
3.28084
39.3701
0.304800*
0.025400*

~.oOOoO*

wattlampere (WIA)
voltlmeter (Vlm)
voltlmeter (Vlm)
voltlfoot
voltlinch
cubic centimeterlcubic meter

1.00000*
3.41214
44.2537
0.737562
0.860421
3.60000*
39.3701
0.025400*
0.577789
6.93347
8.60421
0.00239006
0.316998
0.176110
0.860421
1.00000*
1.00000*
1.00000x 10'
1.00000 x 10'
1.00000*

joulelsecond Uls)
Btu (I.T.)hour
foot-pound (force)/minute
foot pound (force)/second
kilocalorie (thermochemical)hour
kilojoule (kJ)
wattlmeter (Wlm)
wattlinch (international)
Btu (1.T.)-foot/hour square foot°F
Btu (1.T.)-inchhour square foot O F
calorie (thermochemica1)-cmlhourcm*"C
calorie (thennochemical)-cmlsecondcmz "C
Btu (I.T.)/hour square foot
Btu (I.T.)/hour square foot OF
kilocalorie (thermochemica1)hourcm*OC
joule 01
volt-second (V-s)
line
maxwell
h e w &I)

0.914400*

meter (m)

v

'

,
'

,
1

'

volt (V) electric potential)
voltlfoot
voltlinch
volttmeter (Vlm)
voltlmeter (Vlm)
volume parts per million
W
watt (W) (power)
watt (W)
watt (W)
watt (W)
watt (W)
watt hour (W-h)
wattlinch (international)
wattlmeter (Wlm)
wattlmeter kelvin (W1m.K)
wattlmeter kelvin (W1m.K)
wattlmeter kelvin (W1m.K)
wattlmeter kelvin (W1m.K)
wattlsquare meter (W/mz)
wattlsquare meter kelvin (Wlm2.K)
wattlsquare meter kelvin (WImz.K)
watt second (W-s)
weber (Wb) (magnetic flux)
weber (Wb)
weber (Wb)
weberlampere (WbIA)
Y

I

yard (1959international)
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SUBJECT INDEX
Page numbers for tables, graphs, and illustrations are in italics.

A, atmospheric air for combustion, 4-5, 4-6, Appendix C
ABMA, 6-11, 12-18, 12-19, 20-44, 2045, 1 5 4 , 15-25,
C-3
Abrasion, See also Erosion
from flyash. 23-21
of coal piping, 23-19
of pulverizers, 11-12, 23-18
Access to boilers, 10-5, 23-5
ACET (average cold-end temperature), 6-6, 14-23, 14-26,
14-36. 21-3
Achieving high thermal efficiency in fossil power
plants, 1-13
Acidlalkaline, corrosion, 20-22
Acid cleaning, 21-15
precautions, in, 21-17, 21-20
procedures in, 21-16, 21-19
solvents, 21-17
Acid dew point, 3-30, 14-26, 14-36
Acid-leaching of coal ash, 3-13
Acid sludge, 2-32
Acid smuts, 3-29
Acid wash, 21-13
Acoustic steam-leak detection (ASLD) system, 13-37
Acoustics, in fans, 14-23, 14-45, 1 4 4 9
Activated carbon absorption, FGD, 15-35
Active alkalies, 3-12, 3-24
Acquisition of circulation design data, 7-11
Additive utilization, 15-50
Adiabatic process, 4-12
Advantages of C-E Controlled Circulation 7-22
Advantages of pendant panel design, 7-6
Advantages of horizontal-surface design, 7-6
Advantages of heat-pipe air preheater, 14-24
Aeration of flyash, 16-4, 16-25, 1 5 2 6 , 16-27
Aeration of raw water, 20-4, 20-6
AFBC (atmospheric fluidized-bed combustion), 9-30
Agglomerating index, 2-4
Agglomerating properties of coal, 2-3, 2-15, 11-7
Air, composition of, 4-2
Air blockage, in reheater, 21-21
Air density, 4-2, 6-35, 14-2, 14-5
Air distributors in AFBC, 9-9
Air and gas pressures, 6-32, 13-30, 14-5
Air and gas volume calculations, 6-35. 14-6
Air heaters, 14-23
BFB boilers, 9-16
CFB boilers, 9-28
cleanliness of, 14-26, 14-33, 21-3
corrosion of, 14-23, 14-26, 14-29, 14-36
design, 5-11, 6-13
fouling, 14-24, 14-26, 14-30, 14-33
gas flow, 6-14, 14-3, 14-30
heat-pipe, 14-24
leakage in, 6-6, 6-40, 14-3, 14-24, 14-26, 14-28,
14-30, 14-32
in marine boilers, 10-17

in pulverized-coal preparation, 11-17, 11-21, 14-31
regenerative (Ljungstrom), 11-17, 14-23, 14-28, 14-29
sootblowers in, 14-33
temperature in, 6-6, 14-23, 14-28, 14-31, 14-36, 21-3
tubular, 14-23
Air horsepower (Ahp), 14-4
Air leakage, in air heaters. See Air heaters, leakage in
in precipitator, 6-12
Air preheater, See olso Air heater 14-23, 19-13
Air pollution control, See Control of power-plant
stack emissions, Chapter 15
Air rise, definition, 14-28
Air supply, BFB combustor, 9-15
Air supply, CFB boilers, 9-25
Air systems, in pulverizers, 11-18, 14-23, 14-30
Air temperature,
for combustion, 6-5
forced draft fans, 6-5, 6-39, 14-2
in pulverizers, 7-39, 11-5, 11-17
Airflow,
in fans, 6-35, 14-2, 14-5, 14-19
in pulverizers, 11-17
start-up, 7-39, 21-5
in tangential firing, 10-8
Airfoil centrifugal fan, 14-2, 14-6, 14-7, 14-8, 14-9
AISC, 6-59
Alekhnovich, A.N., B-17
Alignment in pulverizers, 11-31
Alkali, in coal, See olso Active alkalies; Inactive alkalies,
3-11, 3-14, 3-24
corrosion indicator, 3-24
Alkali-iron-trisulfates, 3-25
Alkaline cleaning, 21-14
Alkaline sludge, 2-33
Alloys, Chapter 10 (Metallurgy and Materials)
in fans, 14-23
in jet pumps, 16-11
in spray towers, 15-52
in superheaters and reheaters, 6-42, 17-31
Alumina, wear-resistant material. 23-20
American Boiler Manufacturers Assocktion, See ABMA
American Institute of Steel Construction, See AISC
American National Standards Institute, See ANSI
American Petroleum Institute, See API
American Society of Mechanical Engineers, See ASME
American Society for Testing and Materials, See ASTM
American Welding Society, 17-2, 18-18
Amines, in feedwater treatment, 20-16
Ammonia in outage condensate. 20-28
Analysis,
of bagasse, 2-26
of coal, 2-7,2-16, 2-18, 3-17, 22-5, Appendices A and C
of coal-tar pitch, 2-23
of cokes, 2-23
of dry wood. 2-24
of fuel gas, 2-33
of fuel oil. 2-31
of fuel properties. 4-5, 22-5
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of furnaces, 6-16, 7-4
of hog fuels, 2-25
hydrodynamic, 5-22
of refuse as fuel. 2-27
of U.S. water supplies, 2 0 4 , 20-5
of water, 21-12
Analytical evaluation (of remanent life), 24-13
Anemometer, 15-67, 22-22
Anisotropic properties of steel, 17-3
Annual outage, maintenance and planning, 23-4
ANSI, ANSIIASTM, standards and specifications.
See ASTM Specifications and Standards
Anthracite coal, 2-3, 2-5, A 4 8
Anthracite coal filters, for raw water, 20-8
Anti-Friction Bearing Manufacturers Association,
AFBMA, 11-32. 11-33
API scale, gravity of oil, 2-30, 2-32
Approximation formula, coal analysis, 2-8, 2-13
Archimedes number, 9-7
Arc-welding, tube assemblies, 18-14
Arrangement of upper-furnace heating surface, 7-6
Ash.
analysis, 3-2, 3-28
in cascade evaporator, 8 4 6
in chemical recovery boilers, 8-59
in coal, Chapter 3, Appendix B. See also Coal ash
content, 8 4 8 , 15-2, Chapter 2, and Appendix A
A
corrosion from, 3-21, 3-28
density, 16-4
deposits, 3-1, 3-11, 3-15,3-16, 3-24, 7 4 , 8-16, 1 2 4 , 21-2,
B-1, B-3, B-16

design considerations, 6-15, 7-1, 7 4 , 8-3, 8-6
disposal, 7-6, 15-64, Chapter 16
fusibility, 2-13, 3-5, 3-7, 3-10, 7-4, 7-8, B-5
handling of, Chapter 16
heat loss from, 6-8, 6-9, 16-30
in fuel oil, 2-32
in marine furnaces, 10-10
properties, Chapter 3, 7-1, 7-4, Appendix B
removallcooling systems, BFB boilers, 9-16
removallcooling, CFB boilers, 9-28
resistivity, 15-12
slurry, 16-12
.
Ash-erosion test facility, Kreisinger Development
Laboratory, 25-9
Ash-fusibility temperature, 2-13, 3-5, 3-7, 3-10, 7-4,
7-8, B-5

Ash-handling systems, Chapter 16.
See Ash-removal systems
Ash-level, in bottom hoppers, 16-6, 16-7, 16-8
Ash-removal systems, Chapter 16
bottom hoppers in, 16-6, 16-9, 16-10, 16-12, 16-15
control systems, 16-27
in fluidized-bed boilers, 9-16, 9-28
material and energy-balance considerations, 16-29
heat removal, 16-30, 16-32
Ash-softening temperature, 2-13, 3-5, 7-4, 7-8
ASME Boiler and Pressure Vessel Code, 6-45, 6-50,
17-2. 18-1, 24-8

creep rates, 6-56, 17-16, 24-10
cycling boilers, 7-48
inspectors, 17-2
material selection, 6-42, 6-45, 17-2
shell specifications, 6-46

third party inspection, 18-2
ASME Boiler and Pressure Vessel Committee, 17-2
ASME, Certificate of authorization, 18-2
ASME Furnace Performance Factors Committee, 11-3
ASME Performance Test Codes, PTC, 22-1
PTC 3.2, 22-5
PTC 4.la, 22-22, 11-24
PTC 4.1, 6-8, 15-3, 22-27
PTC 4, 22-25
PTC 19.5, 22-4, 22-14, 22-22, 22-23
PTC 27, 22-14, 22-19
ASMEIEEI Corrosion Laboratory research program,
20-22

ASME Short Form efficiency test, 6-9, 22-27, 22-28
Assessment of remaining life of steam-generator
Components, 24-7
ASTM grain size index, 17-9
ASTM Specifications and Standards, 17-2
coal classification.
D 388, 2-3, 11-7, A-3, A-48
coal sampling.
D 388, 2-3, 11-7, A-3, A-48
D 409, 2-13, 114
D 2013, 2-7, 22-4
D 2234, 2-7, 22-4
D 2492, 2-12
D 3172, 2-8
D 3174, 2-11, 3-2, 3-3
D 3175, 2-11
D 3176, 3177, 2-12
,
D 3302, 2-9
coal-ash sampling,
D 1856, 1857, 2-13, 3-5, 3-11
D 3174, 2-11, 3-2, 3-3
gaseous fuel sampling.
D 1070, 2-35
D 3588, 2-34
pulverized coal sampling
D 197, 11-11
solid-fuel heating value
D 2015, 2-13
steam sampling,
D 1066, 1125, 1428, 1888, 2186, 2 0 4 6
Atmospheric air
for combustion, 4-5, 4-6, 4-21, ~ ~ ~ e n dC i x '
thermal NO,, 4-30
Atmospheric fluidized-bed combustion (AFBC), 9-30
Atmospheric pressure,
NACA report 1235, 6-37
Atomizer test facility, Kreisinger Development Laboratory,
25-6

Atomizers, in marine boilers, 10-19
Attrition mills, 11-23
Audibert-Arnu Dilatometer Test, coal, A 4 7
Audibert, E., 11-3
Audio-visual training, of operators, 21-33
Austenitic steel,
corrosion of, 3-23, 3-26, 17-23
in high temperature service, 17-3
sigma phase, 17-6
welding, 18-12
Authorized inspectors, 18-2, 23-11
.Automation of control systems, 1-22, Chapter 13
Automatic drain valve, sootblowers, 14-34
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Automatic fusion welding, 18-2
Automatic steam temperature controls, 5-9, 5-11, 7-39
Automatic voltage controls, 15-10
Auxiliary equipment, 1-21, 1-28, 1-29, Chapter 14
Auxiliary fuel firing in chemical recovery boilers, 8-53
Auxiliary steam for start-up 20-30 .
Availability factor, 24-2
~vailability,maintaining, Chapter 24
Availabilitvlreliabilitv and life continuation, 24-6
Available static head for furnace circulation, 7-13
Average cold-end temperature, See ACET
Axial-flow fans, 14-2, 14-7, 14-13, 14-18, 14-22

Back corona in precipitators. 15-12
Back-pressure turbine, 1-13. 1-14
Backward curved blade, fans, 14-6, 14-7
Baffle plates in steam drum, 5-26, 8-9
Bag filters, See Fabric filters
Bag houses, See Fabric filters
Bagasse, 2-26. See Biomass
combustion calculations. C-15, C-18
Balanced draft, 6-31, 6-39, 13-25, 13-29, 13-32, 24-6
Balanced thermal loading, 6-51
Ball-race mills, 11-234
Ball-tube mills, 11-222
Bar-and-key grate assembly, 12-16, 12-17, 12-22, 12-24
Barge shipment of boilers, 8-42
Bark, as fuel, 2-24, 2-25, 8-12, 12-19, 12-20
Barometric pressure,
in ductwork. 6-35
in stacks, 6-37
Barrett, Elliott l?, 3-6
Base-load mode, 7-32
Battersea process, FGDS, 15-28
Bearings in pulverizers, 11-32, 11-33
Bed expansion. in BFB. 9-10. 9-13. 9-14
Bed particle size, BFB combustion, 9-13
Bed-zone slumping, BFB combustor 9-14
Beer, J.M., 6-16
Belt feeder, for coal, 11-14
Bending stress. 6-49. 6-56
Bent-tube boilers, 10-6
Berl, E., 20-14
BES, See Bulk entrainment separators
BFB boiler for industrial application, 9-17. 9-18
BFB boiler for utility application, 9-17, 9-18
BFB versus CFB, 9-9
Bicarbonatelcarbonate ratio, 1542
Bi-metallic tubes. 3-23. 8-61
Binary cycle. See Combined gas-turbinelsieam-turbine
cycle
Biomass, burning of, 8-3,84, 8-7
Bisulfitelsulfite ratio, 15-42
Bituminous coal, 2-3, 2-5, Appendices A and C
Black liquor.
as fuel. 845, 846. 8-50
ash content, 8 4 6
boilers, 842, 8 4 6
chemical recovery of, 8-45
delivery system. 8-52
oxidizer. 8 4 7
--

reduction zone, 8-50
smelt and water explosions. 8-62 start-up, 13-26
sulfur in, 8 4 6
water removal .W5,8-47, 8-48
Blade pitch changes, axial-flow fans, 14-9
Blade shapes, fans, 14-6, 14-7
Blast-furnace gas,
cleaning of, 241, 8-26, C-36
dust in, 241, 8-26
as fuel, 2-42, 8-26, C-36
Bleed steam, 1-5, 10-17
Blisters, repair of, 23-14
Block system, of generator additions, 1-25
Blowdown lines, 5-29
Blowdown in safety valves, 21-25
Blowing cycles, in sootblowers, 14-38, 1441
Blowing media, in sootblowers, 14-38
Blue gas, water gas, 2-39
Bogomolov, W., B-17
Boiling of water, in boilers, 5-1, 5-18. See also DNB
Boiler, See also Boilers for process uselpower production;
Combined Circulation boiler; Controlled Circulation
boiler; fluidized-bed boiler; supercritical-pressure
steam generator
access to, 10-5
auxiliary equipment, Chapter 14
bank, 8-2, 8-10,8-23, 8-24
calculations, 6-28
capacity, 1-9, 1-14, 5-6, 6-3, 8-30, 8-37, 8 4 6
casings. 10-20
chemical cleaning of, 21-14, 21-15
circulation in, 5-14,5-15, 5-16, 5-18, 5-20, 7-10, 7-13,
7-16, 7-25, 7-26, 7-29, 14-41

controls, 5-11, 10-14, 21-6, 23-17, Chapter 13
design, 5 4 ,Chapter 6, 8-3, 10-1
efficiency, 1-3, 1-13, 1-26, 6-1, 6-3, 6-13, 8-2, 8-3, 8-30,
21-2. 22-24.22-25, 22-27

exit-gas temperature, 5-11, 6-6, 6-7, 8-30, 14-23, 21-2
feedwater, 21-11
field construction of, Chapter 19
fluidized-bed, Chapter 9
for burning process or sewage sludge, 8-28
for burning shredded rubber, 8-29
function of, 5-2, 5-6
heat absorption, 5-8, 8-2
heat-transfer rates, 6-19, 6-21, 6-28
industrial. Chapter 8
load patterns, 10-1,See Cycling
manufacture of, 8-36, Chapter 18
marine, Chapter 10
material selection, 6-42, 6-45, 17-2, 1 7 4
operation of, Chapter 21
radiant, 8-11
reheat, 1-6, Chapter 7
setting height, 16-16
shop assembly, 8-36
in steel-making. 8-26
'
testing of. Chapter 22
waste-heat, 1-16, 8-30, 8-35, 840, 10-10
Boiler drums, 5-25, 7-15, 7-17, 8-9, 10-6, 17-3, 18-2
feedwater lines, 5-29
internais, 5-25, 7-16, 7-18, 8-9, 18-3, 18-5
Boiler-follow control systems, 13-19

Boiler simulation facility, Kreisinger Development
Laboratory, 25-7
Boiler stress and condition analyzer (BSCA), 13-38
Boiler turbine systems, 1-6, 1-9, 1-12, 1-14, 7-27, 7-42
Boiler water treatment, Chapter 20: 20-11, 2046, 20-20,
20-26, 20-35, 20-38, 20-39, 21-11

concentrations, 20-45
Boilers for process uselpower production, Chapter 8
. Boltzmann constant, Kg, 4-12, 6-19
Boston Edison- Mystic Station (FGD), 15-35
Bottom ash, 16-1, 16-3, 16-5
Bottom-ash hoppers,
capacity, 16-7
temperature of water in, 16-29
types of, 16-5, 16-6, 16-15
Bottom-ash removal systems
BFB boilers, 9-16
CFB boilers, 9-28
dry, 1 6 1 5
hydraulic systems, wet, 16-5, 16-11, 16-13
mechanical systems, 16-5
Bnttoming cogeneration cycles, 1-13
Bwrdon gage, 22-12
Bowl mills, See also Pulverizers, Chapter 11
Boyton, Frederick P., 6-19
Bradford breakers, 11-13, 11-14
Breeching, 10-21, See also Ductwork
Brinell test, hardness, 17-14
British Standard method, ash fusibility, 3-6
British Thermal Unit, Btu, 2-13, Appendix D
Brittle failure, 17-14
Brittle fracture. See also Hydrogen damage in heat
treatment, 17-10
Brown coal, 2-6, A-20, A-23, A-24, A-27. A-28, A-43,
A-47, A-48, A-53

Btu, in fuels, See Fuels; Heating value 2-13
Bubbling fluidized-bed combustion, process
considerations, 9-10
Bubbling fluidized-bed combustor, 9 - 4
Bubbling fluidized-bed steam generator, 9-9
Buckstays, 6-50, 6-59, 19-11
'Bulk entrainment separators, 5-27, 5-28, 15-39, 15-54
Bulk electrical resistivity, 15-5
Bureau of Mines, 2-14, 11-2, A-1, A-12, A-43
Burl and Van Taack curve, 20-14,20-15, 20-22
Burner aerodynamics test facility, Kreisinser Development
Laboratory, 25-6
Burner barrel, atomizers, 10-19
Burner-zone heat release, 7-5
Burners, 6-12, 7 4 , 7-9, 8-6, 8-10, 8-30, 8-50, 8-53, 9-14,
9-24, 10-19, Chapter 12
Burning characteristics of coal, 2-14, 3-1, 6-15, 7-1, 8-3,
9-3, 10-9, 11-1, Chapter 12
Butterworthing, 10-13
By-pass systems,
damper control, 5-12, 5-13
in once-through operation, 5-16
marine economizers, 10-16
turbine, 7-42
By-product fuels, 1-21, 8-26, 12-15. See also specific fuels,
Chapter 2

Caking of coal, 2 4 , A-46, A-47

CAD (continuous ash discharge) grate. 12-15
Calcium-carbonate scale, 20-13
Calcium oxide. See Lime
Calcium sulfate scale, 20-13, 15-44, 15-56
Calculations,
air and gas volumes. 6-35
ash-fusibility temperature, B-5
combustion, 4-2,4-5.4-20, 6-4, Appendix C
draft losses, 6-33
draft loss in ductwork, 6-35
draft loss in stacks, 6-37
Gibbs function, 4-22
graphical methods. Appendix C
heat balance, 6-3, 6-13, 16-29
heat transfer, 6-16, 6-21, 6-28
heating surface, 6-28, 6-30
stack effect. 6-33
temperature distribution, 6-50
Calibration of instruments, 22-22
Campbell, M.R., 2 4
Canned motor pump, 14-42
Capacity,
additions. 1-23, 1-25
control of fans, 14-13
factor, 1-26, 1-29, 24-2
fans, 14-2, 14-5
Capital investments, 1-29, 1-32
Carbon dioxide, 4-3
excess air, 4-5, 22-6, C-5
percentage, in combustion analysis, 4-5, C-5, C-9
removal from water, 20-4
Carbon loss, in coal firing, 2-19, 6-9, 8-3, 8-5, 22-7
Carbon monoxide, 2-41, 6-9, 8-27,22-7
Carbonization of coal and coke, 2-1, 2-20, 2-21
Carburetted water gas, 2-40
Carnot cycle, 1-3
Carnot, Sadi, 1-3, 11-1
Carryover, 5-25, 5-29, 5-31, 2 0 4 1 , 20-43. See olso Steam
separation
Cascade evaporator, 8-47.8-48
Casing-head gasoline, 2-36
Cast iron, in economizers, 5-10
Castings, steel, for boiler pressure parts, 17-4
Catalysts (petroleum refining), regeneration of, 2-40, 8-27
Catalytic decomposition, 15-65
CCS, Coordinated Control System, 13-20
C-E Acoustic Steam-Leak Detection (ASLD) system, 13-37
C-E Availability Task Force, 24-4
C-E Boiler Stress and Condition Analyzer (BSCA), 13-38
C-E Bowl Mills, 11-6, 11-23, 11-28, 21-8, 23-18. See C-E
pulverizers
C-E Combined Circulation Boiler, 7-25, 7-26, 7-27, 7-30,
7-31 flow in, 7-27, 7-28, 7-31, 7-33
start-up, 7-36, 7-44, 7-46, 20-35, 20-36
turbine system in, 7-26, 7-31
C-E Combusco submerged conveyor, 16-15
C-E Controlled Circulation Boiler, 7-7, 7-12, 7-13, 7-16,
7-18, 7-20, 7-21
-advantages of, 7-22, 7-24
comparison with thermal circulation, 7-12, 7-24
cyclic operation, 7-37, 7-40, 7 4 1
feedwater quality, 7-23, 20-26, 20-30,20-31
furnace design, 7-18, 7-24
pressure in, 7-13, 7-20, 7-23
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pumps in, 7-17, 7-23, 7-25, 14-41
recirculation systems, 7-13, 7-17
start-up, 7-17, 7-39, 7-41, 7 4 2 , 21-4
steam-drum internals, 7-18
strainers and screens, 7-18
tube spacing in, 7-18
water treatment, 7-23
C-E Coordinated Control System (CCS), 13-20
C-Eldb mass-burning grate (for refuse firing), 12-22
C-E Distributed Programmable Control, 13-14, 13-16
C-E Drop-'kbe Furnace System (DTFS, KDL). 2-15, 6-10
C-E Multi-coated Metallizing, 8-6
C-E HP pulverizer application, 11-28
C-E HP pulverizer, operation, 11-18
'
C-E HPS or HPPS bowl mill (pulverizer) for use with
exhauster, 11-30
C-E Interactive water-chemistry Management System
(ICMS). 13-37
C-E On-Line Thermal Information System (OTIS). 13-35
C-E OPSIZE system (coal fineness control), 13-36
C-E Raymond Roller Mill, 11-23, 11-25
C-E Schnabel rail car, 8 4 1
C-E Steam generator with RC grate for burning RDF, 8-23
C-E Supercritical steam generator for full sliding
pressure, 7-34
C-E lkaveling-grate stoker, 12-14
C-E 'kbe-Temperature Monitoring System (TTMS), 13-38
C-E Type RC spreader stoker, 12-21
C-E Q p e SM sectional header boiler, 10-5
C-E V2M81V2M9 Vertical Superheater Boilers, 10-6, 10-7
C-E VU-40 Boiler, 8-8, 8-9, 8-12
C-E VU-60 Boiler, 8-14, 8-15, 8-28
C-EIEVT Submerged Scraper Conveyor (SSC), 16-15
Cellulose fuel firing on spreader stokers, 12-19
Central computer facility, Kreisinger Development
Laboratory, 25-16
Central-station steam generators, Chapter 7
Centrifugal fans, 14-2, 14-6, 14-7, 14-8, 14-9, 14-14,
14-17, 14-22
Centrifugal type drum internals, 7-15, 7-16, 7-17, 7-18, 8-9
CETOP (C-E Total On-Line Performance) system, 13-35
CFB (circulating fluidized bed), 9-5, 9-9
CFB boiler for industrial application, 9-29
CFB boiler for utility application, 9-29, 9-30
CFB combustor pressure profile, 9-20
CFB steam generator, 9-19
Chakrawrty method (ash fusibility), B-6
Char, 2-14, 2-17
Characteristic curves, fans, 13-31, 14-10, 14-11, 14-12,
14-13, 14-14, 14-16, 14-21
Characteristics of fuels, Chapter 2, Appendices A and C
Chemical analytical services, Kreisinger Development
Laboratory, 25-12
Chemical cleaning, 21-14, See also Acid cleaning; Alkaline
cleaning
Chemical processes, fluidized-bed combustion, 9-5
Chemical recovery boiler, 8-42
air system, 8-51
auxiliary fuel firing, 8-53
decanting bottom, 8-57
corrosion, 8-58
design basis, 8-54
using direct-contact evaporation, 8-47
process zones, 8-51

reliability and maintainability, 8-63
smelt explosions, 8-62
starting burner arrangement, 8-54
with oxidizer and cascade evaporator, 8-47
Chemical systems. Kreisinger Development Laboratory, 25-11
Chimney action, draft (stack effect), 6-33
Chrome refractory, 8-60
Chromizing, 8-62
Cinder reinjection, spreader stoker firing. 12-19
Circulating fluidized-bed steam generators, 9-5, 9-18
Circulating fluidized bed, 9-2, 9-5, 9-9, 9-23
Circulation of fluid, 5-14, 5-18, 5-20. See C-E Controlled
Circulation Boiler
Circulation ratio, 5-19
Circulation system, combustor, CFB boiler, 9-26
Circulation systems, BFB boilers, 9-16
Circulation, thermal (thermosyphonic). See Thermal
circulation
Clarifier, water treatment, 20-4, 20-6
Classification of cogeneration plants, 1-13
Classification, International Coal. A-43
Claus sulfur recovery system, 15-35
Closed powerlprocess cogeneration cycle, 1-14
CLE, cyclic life expenditure, 7-42, 7-43
Cleaning,
airheaters, 14-26, 14-33, 21-3
boilers, 14-37, 21-14, 21-15
blast furnace gas, 2-41, 8-26, C-36
coal, 2-7
furnace walls, 14-37
superheaterlreheater, 21-20
Cleanliness, effect on
air heaters. 21-3
steam temperature, 10-13
Clinker grinders,
bottom hoppers, 16-11
single-roll grinder, lM1
Clinkers (burning coal on stokers), 12-15
Closed-circuit grinding, 11-11
Closed-loop fluid regenerative air heater, 10-18
Clusters, in CFB boilers, 9-19
CO, See Carbon monoxide
COZ,See Carbon dioxide
Coagulation of raw water, 20-4
C.O.A.L. World Coal Study, A-1
Coal. See Chapter 11 for pulverizers and pulverized-coal
systems
alkalies in, 3-11, 3-14, 3-24
bituminous, 2-5
blending, 3-27
brown. See Fuels (coal, brown coal)
caking in, 2-4, A-46, A 4 7
characteristics of, 2-1 through 2-19, 15-4, Appendix A
chloride content, 3-27
Classification, International, A 4 3 , A44, A-47, A 4 9
cleaning, 2-7
corrosion from, 3-21, 3-25
crushers. 11-13, 11-14
deposits, worldwide, 2-18, Appendix A
fineness, for pulverized firing, 11-6
fineness control (C-E OPSIZE system), 13-36
firing on spreader stokers, 12-17
fixed carbon in. 2-4, 2-11
flammability indices, 2-15
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formation of, 2-1
free-swelling index, FSI, A-46
fuel NOx, 4-32, 12-6, 12-8, 4-35, 4-36
furnace design, 6-15, 7-1, 7-4, 8-3, 8-6
fusion temperature, 2-13, 3-5, B-5, B-11
grindability, 2-13, 11-3, 11-5, 11-6
handling in power plants, 21-30
hard, International Classification, A-43, A-44
Hardgrove grindability machine, 11-4
heating value, definition, 2-13
hydrogen in, 2-8,2-16, 2-18, Appendices A and C
ignitionldevolatilization, 2-14
impurities in. 2-6, 2-11
iron content, 3-4, 3-9, 3-10, 3-16, 3-18, 3-21, B-14
minerals in, 3-3, 3-7, 3-13, 3-18
moisture content, 2-8, 2-12, 8-6, 11-4, A-2, C 4
nitrogen in, NOx, 2-12,Z-16,2-18,432, Appendix A, C-10
preparation for market, 3-26
properties of, Chapter 2, 3-18, Appendices A and C
particulate emission control, 15-4, Chapter 15
pulverized-coal-burning central-station steam generator,
7-2
quality, decline in, 24-5
sampling, 2-7
spreader design, 12-17
stokers, 8-3, 8-6, 10-20, 12-13
sulfur in., 2-12, 15-2, 15-26
wlatiIe matter in, 2-10, A-2, C-6
water in. See Coal-moisture content
of the world, 2-18, Appendix A
Coal additives and blending, 3-27
Coallair exhauster fans, 11-35
Coal analyses, 2-16, 2-18, 3-14, 7-3 Appendices A and C
in furnace design, 6-15, 7-1, 7-4, 7-9, 8-3, 8-6
foreign coals, 2-18, Appendix A
U.S. coals, 2-16, 3-14, 7-3, A-5, A-7, A-11, A-53, C-10
Coal analysis, 2-7,2-16,2-18, 3-17, 22-5, Appendix A, C-10
See also ASTM Standards and Specifications
Audibert-Arnu dilatometer test, A-47
gravity fractionation, 3-17, 3-18, 3-19
Gray-King coke-type test, A-48
free-swelling index, A 4 6
moisture cgntent, 2-8, 2-12, 8-6, 11-4, A-2, C-4
oxygen in, 2-12, 4-2, 4-5, 11-9, C-6
Parr formulas, 2-8
proximate analysis, 2-4, 2-9, 2-13, 11-9, C-5
Roga-index test, A-47
testing methods, 2-7, 2-12, A-46, A-48
ultimate analysis, 2-7, 2-12, 4-5
U.S. Bureau of Mines, 2-14, 11-2, A-1, A-12, A-43
Coal ash, 2-11, 2-14; Chapters 3, 7, and 16; Appendix B.
See olso Slag
baselacid ratio, 3-8
chemical analysis, 3-2, 3-6
composition of, 2-11, 3-2
cooling curves, coal-ash slag, B-16
density, 1 6 4
deposits from Western type ash, 3-11
- - deposit removal, 3-7, 14-33, 14-34, 14-37, B-17
- dolomite percentage, 3-10
flow temperature (slag), B-12
fouling potential, 3-1, 3-11, 3-15, 7-4, 8-16
in furnace design, 3-1, 6-15, 7-1, 7-4, 8-3, 8-6
fusion temperature, 2-13, 3-5, 3-7, 3-10, 7-4, 7-8, B-5

a

handling systems, 7-4. Chapter 16
heat transfer through, B-3
iron in, 3-2, 3-4, 3-9, 3-10, 3-18, 3-21, B-14
lime in, 3-4, 3-9
magnesia in, 3-4, 3-9, 3-10
minerals, 3-3, 3-6
potassium, 3-4, 3-11, 3-24
properties of, Chapter 3, 16-4, Appendix B
removal. See Ash, ash handling systems
silica in, 3-4, 3-8, 3-9, 3-11
slag, 3 4 , 3-18, B-11, B-15, B-16
sulfur in, 3-4 thermal behavior, 3-3, 3-10, 3-18, B-3, B-11
total alkali, 3-12 3-14, 3-24
viscosity, B-11
Coal classification, Chapter 2, Appendix A
ash-free basis. 2-4, A-2
comparison of international and U.S. classification
systems, A-48
code numbers in international system, A-43, A 4 4
by rank, 2-2, 2-3, 2-4, 11-7, A-2
Coal feeders, 11-14, 11-15
Coal-fired boilers. See also Marine boilers:
burning other fuels, 7-9, 8-2, 8-6
carbon loss in, 2-19, 6-9, 8-3, 8-5, 22-7
control systems, 13-7, 13-16, 13-26, 13-28
design of, Chapter 6, Chapter 7, 8-3
fans in, 14-2
fuel flexibility, 8-2, 8-6
heat absorption, 6-20
industrial boilers, Chapter 1
maintenance and rkpair, Chapter 23
nozzles, 6-13, 12-4, 12-5
panels and platens in, 6-16, 7-4, 7-6
particulate emissions, 8-5, Chapter 15
performance data, 10-9
pulverized coal, Chapter 7, 8-3, 8-6, 8-10: Chapter 11,
12-5, 16-7
Scotch marine boiler, 10-4
sootblower system, 14-33, 14-37
sulfur oxide, SOx, 8-6, 15-2, 15-27
Coal mining, 2-6, 3-15, 3-26
Coal pulverizers, 8-3, 8-6, 11-15, 11-21, Chapter 11.
See also Pulverized coal; Pulverizers
Coal size, 8-3
Coal spreader design, 12-17
Coal tar, 2-22
'
Coal tar pitch, 2-22, 2-23
Coalification, 2-1
Coal yard design and management, 21-31
Coal-water fuel (CWF) pilot plant, KDL, 25-7
Code numbers in coal classification, A-45
Codes and specifications. See specific codes under ASME,
ASTM, ANSI, U.S. Bureau of Mines, American
Welding Society
Cogeneration,
definition, 1-12
in industrial boilers, 1-9, 1-14, 8-2
Cogenerative steam cycles, 1-9, 1-13, 1-15
Cohen, P., B-11, B-16
Coke, 2-20, 2-23, C-11, C-12
button test. See Free-swelling index
carbonization of coal, 2-1, 2-20,z-21
destructive distillation of, 2-20
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Coke breeze, 2-20, C-11
Coke-oven gas, 2-38,240. C-31, C-34
Cold primary-air system, 11-20, 14-3, 14-30
Cold working,
brittle failures, 17-10.17-14
grain size. 17-9
Cold-end temperature, 6-6, 14-23, 14-26, 14-36, 21-3
Collection efficiency (particulate),
of mechanical cyclone collectors, 15-6
of fabric filters, 15-23
of precipitators, 15-8, 15-11
of venturi scrubbers, 15-8
of wet scrubbers, 15-7
Colorgraphic Animated Schematics, 13-18
Combined circulation. See C-E Combined Circulation boiler
Combined gas-turbinelsteam turbine power cycles, 1-14
Combustible loss correction factor, 4-7, C-8, C-12
Combustion and combustion process, Chapter 4
air for, 4-2, 4-5, 4-6, 4-17, 4-27, 5-11, 6-5, 14-2
chamber, 12-2
chronology of, 2-14
control systems, 10-14, Chapter 13
correction factors, 4-6, 4-7, 6-7, Appendix C
efficiency, 6-4, 6-9, 22-3
equations, 4-3, 4-5
entropy and enthalpy of, 4-25
flow patterns, 10-3, 12-2, 22-18
fluidized-bed-combustion, Chapter 9
fundamentals of, 4-2
products, 4-3, 4-5, 4-7, 4-20, 6-7, 6-16, Appendix C
reactions, 4-17, 12-1
residual, 4-12
theory. Chapter 4
Combustion air, 4-2.4-5,4-6, 4-17,4-27, 5-11.6-5. Chapter 12
Combustion analysis, 4-20, 4-22, Appendix C
Combustion calculations, Chapter 4.4-5.4-20.64, Appendix
C. See dso specific fuels; graphical methods (Appendix
C); million Btu method, 4-5, C-1; mole method, 4-5
Combustion Engineering, history of,
Introduction
Combustion Engineering Research and Development
Facilities, Chapter 25
Combustion process, chronology of, 2-14
Combustion rate, See also specific fuels,
in furnace design, 6-15
in industrial boilers, 8-3
Combustor,
BFB boiler, 9-15
CFB boiler, 9-26
Comparison of alternative designs, 1-26, 1-35
Component reliability, 1-36
Composition of air, 4-2
Composition of explosive charges, 13-3
Compound tubes, bimetallic, 3-23, 8-6
Computer programs, furnace wall stresses, 6-51
Computer technology, control systems, 13-13
Concentration of reactants in combustion, 12-2
Condenser leakage, 7-23, 20-38,20-39, 21-12
Condensing water, 1-25, 5-4
Condition assessment (life continuation), Chapter 24. 24-7
Conditioning gas. 15-13
Conditioning water. See Water treatment. Chapter 20
Conduction, heat transfer, 6-15
Constant-pressure determination (of fuel heating value), 2-33

-

Constant-pressure program for C-E Combined Circulation
steam generator, 7-26
Constant-volume determination (of fuel heating value), 22-5
Construction, Chapters 18 and 19
component lifting, 19-9
drums, 18-2
fans, 14-7, 14-9
field construction, 19-3
furnace walls, 18-9
headers, 18-6
manager, 19-1
non-destructive testing of components, 18-14
superheaters, reheaters, economizers, 18-12
welding of erected components, 19-17
Continuous ash discharge grate (CAD), 12-15
Continuous ash removal, 16-5, 16-15, 16-19, 16-25, 16-26,
16-29
Continuous dewatering systems, 16-14
Continuous fin construction, 18-12
Continuous ignitor, 12-10
Controlled circulation. See C-E Controlled Circulation Boiler
Controlled leakage pumps, 14-44
Control system management, 21-1
Control systems, operational, Chapter 13
ash handling, 16-27
boiler-follow, 13-19
by-pass damper control, 5-13
cathode-ray tubes (CRT), 13-1, 13-2, 13-18, 13-22
chemical recovery boilers, 13-26
circulating fluidized-bed boilers, 13-28
computer systems, 13-13
coordinated-control systems, 13-19
desuperheating, 5-12
diagnostic systems, 13-35
fans, 14-13, 14-19
firing equipment, 13-27
fuel. 13-19
fluidized-bed boilers, 13-28
furnace explosions, 13-3
furnace implosions, 13-29, 13-31
furnace safeguard systems, 13-8, 13-11
gas flow, 15-69
gas recirculation. 5-12
industrial boilers, 1-22, 13-23
influence of fuel, Q-26
maintenance, 13-29, 23-17
marine boilers, 10-12
programmable controllers. 13-16
process control, 13-19
run-uplrun-down circuits, 13-21
safety, 13-1
sensors, 13-5, 13-7
steam temperature, 5-11, 10-14, 13-25
Convection, 6-23, 7-8
coefficients, 6-15, 6-23, 6-24
correction factors, 6-25, 6-26
heat transfer, 6-14, 6-22
Convection-surface sootblowers. 14-37
Conversion factors, Appendix E
Conveyors, ash removal, 16-5, 16-15, 16-16, 16-17, 16-26
Cooling curves, coal-ash slag. B-15
Cooling systems.
ash removal, 16-29, 16-32
cooling towers, 1-27
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furnace walls, 5-8, 5-14, 5-18, 6-15, 7-10
Coordinated-control systems, 13-19
Coordinated phosphate control, 20-13, 20-35
Copperas, in coagulation. 20-5
Copper-reverberatory gas, 8-26
Coprecipitation of sulfate, 15-46
Correction factors,
convection heat transfer, 6-25, 6-26
pulverizer capacity, 11-5, 11-6
solid-fuel firing, 4-7, C-3
Corrosion, 3-21, 3-22, 3-25, 3-28, 20-17, 20-19, 20-20,
20-21, 20-25. 20-26. See also Erosion: Lay-up
procedures; Water treatment; Oxygen damage
acid dew point, 3-29, 3-30, 14-26, 14-36
air heater cold-end protection, 6-6, 14-23, 14-26, 14-36,
21-3
air temperature, 6-6
analysis, 20-39
from ash, 3-2, 3-28
Burl and Van Taack curve, 20-14,20-15, 20-22
chemical recovery boilers, 8-58
chloride levels, 3-27
damage in boilers, 20-20
damage in power plants, 20-17
from coal, 3-23
concentrating film, 20-22
high-temperature, 3-21, 3-24, 3-28
hydrogen damage, 20-20, 21-16
indicators, 3-25, 3-26
metal temperatures, 3-28, 8-58
minimizing, 3-23, 3-26, 8-60
pitting, 20-15, 20-18, 20-19
prevention, 20-3, 20-12, 20-17, 20-25, 20-26, 20-30, 21-11
in outages, 20-26,20-31, 20-32
and pH, 20-14, 20-15, 21-12
in start-up, 20-30, 20-31, 20-32
sources, 20-25
water treatment, 7-50, 20-17, 20-22
Corrosion of,
air heaters, 3-29, 14-23, 14-26, 14-29, 14-36
austenitic steel, 3-23, 3-24
chemical recovery units, 8-58
compound tube, 8-61
economizers, 10-15
fans, 14-21
refuse-fired boilers, 8-17, 8-20, 8-25
spray towers, 15-52
steel, 3-23, 3-24, 8-17, 8-20, 8-58, 17-23, 17-24, 17-30,
20-15
Corrosion rates, 20-15, 20-22
Corrosion-resistant cladding, 3-23
Corrosive deposits, 3-24, 3-25
Corrugated-plate separators, 5-27
Cost comparison,
boiler types, 1-26, 1-28, 7-28, 8-3
fans. 14-18
fuels, 1-21
Costs. See Economics; Power-plant economics, 1-29
Cottrell. Frederick Gardner, 15-8
Cottrell-type precipitators, 15-8
Courses, drum, 18-3, 18-6
Crack-like corrosion, 20-16, 20-19
Cracking, fatigue, 17-15
Cracking, of petroleum, 2-37

Cracking, weld, 17-11
Cramer, H.E.. 15-72
Cranes, in field construction, 19-9, 19-10, 19-11
Creep, tube failures, 17-11, 20-24, 21-15, 24-10
Creep rate, 17-16, 17-18, 17-19
Crevices. See Pitting corrosion
Critical components, determination of, 24-12
Cross-drum boilers, 10-5
Cross-section of drum, 5-26, 7-16, 7-18, 8-9
Crosseley, H.E., 3-12
Crude oil, 2-21, 2-27
Crushers, coal, 11-13, 11-14
Crystallization rate, 15-45
Cumulative damage index, 6-57
CWF (coal-water fuel). 25-7
Cyclic life expenditure, CLE, 7-42, 7 4 2
Cyclic stress. See Fatigue
Cycle ratio, 6-58
Cycles, choice of, Chapter 1, 1-9, 1-21, 1-27, 7-37
Cycling, 7-37. See variable load
design considerations, 1-26, 7-37, 7-48
expansion stress, 7-48
heat distribution, 7-50
load, 7-37, 7-38, 7-49
in marine vessels, 10-1
pressure-part design, 7-48
steam-generator controls, 7 4 9
steam temperature, 7-39, 7 4 0 , 7 4 6
two-shift mode, 7-38, 7-50
turbine protection, 7-26, 7-42, 7-44, 7-45. 7-49
water treatment, 7-50
weekend mode, 7-38
Cycling curves, idealized, 7-48
Cyclone collector, high-temperature, CFB boiler, 9-26, 9-27

Deaeration
of feedwater, 21-12
in start-up, 20-15, 20-30
Deashing of coal, 3-2
Decibel (power-plant noise), 14-45
Deflectable sector plate, 14-32
Deflector blocks, 23-18
Degasification of steam, 20-46
Degrees API, See Specific gravity
Delayed coke, 2-21,2-22
Demineralization,
in boilers, 5-17, 20-30
of raw water, 20-10, 20-11, 20-12
Density.
calculations, 6-36, 6-37, C-24, C-29, C-33, C-36
of coal ash, B-3
fan volume specifications, 6-37, 6-40, 14-5
of gases, 4-4, 6-33, 6-37, 11-18, 14-2, 14-5, C-24, C-29,
C-33, C-36
Density meters, 16-28.
Deposits, 3-4
in coal ash, 3-11, 3-15, 3-24, 1 2 4 , 21-10
composition of, 3-15, 3-16
corrosivity. 3-24
selective deposition, 3-15
slagging and fouling, 21-10
,

COMBUSTION
Subject Index Dep-Eff

in tube failures, 20-20, 20-23, 20-25, 20-39
Deposit removal, 3-7, 14-33. 14-34. 14-37. B-17
.
Depreciation, 1-31
Design. Chapter 1. Chapter 6. See also specific item ASME
Code aspects, in remaining-life analysis, 24-8
empirical approach, 6-20
investigations, 1-21
and performance, 545-11,&3,10-1.7-18,7-24, Chapter 6
Determination of coal ash, 2-11,2-13. See also Ash; Coal ash
Deutsch-Anderson collection efficiency, 15-11
Deviation-limit system, 13-22
Dewatering systems, 16-14
Dew point, acid, 3-30, 5-30, 14-26, 14-36
Diameter, equivalent, gas flow, 6-23
Dielectric strength, flyash, 15-11
Diesel, Rudolph, 11-1
Dilatometer test, coal analysis, A-47
Diluting air (leakage), 6-6, 14-28, 14-30, 14-32
Direct-contact evaporation, 8-47
Direct-firing of pulverized coal, 11-16, 11-19
Directional properties of steel, 17-3
Discharge electrodes, precipitators, 15-8.15-9, 15-10, 15-15
Discontinuity stress, 6-48
Discount rate, investments. 1-34
Dispersion of emissions, 15-7
Dispersoids. 15-4, 15-5
Disposal of as.h.7-6, 15-64. Chapter 16
Dissociation reaction, 4-20
Distillation of coal, 2-20, 2-21
Distillation of petroleum, 2-21, 2-27, 2-37
Distribution of ash, 16-1, 16-3, 16-4, 16-8
District heating, 1-9
DNB,departure from nucleate boiling, 5-18: 5-19, 7-35,20-24
definition of, 5-18, 5-19
in ruptures, 20-24
Documentation of outages, 23-10
DOE. See U.S. Department of Energy
Dolomite, as a coal additive, 3-27
Dolomite percentage (DP), 3-10
Double-alkali system, FGD. 15-30
Double-cased marine boilers, 10-20
Double superheaters, 10-6
Draft. 6-31
balanced, 6-31, 6-39, 13-25, 13-29, 13-32, 24-6
net, in stacks, 6-33, 6-37, 6-39
static, 6-33
.
Draft gage, 6-31, 22-6, 22-24
Draft losses, 6-2, 6-31, 6-33, 6-35, 6-37, 8-3, 22-24
Drawings and specifications, 1-22
Drift velocity, 15-11
Drop-Tbbe Furnace System, C-E DTFS (KDL), 2-15, 25-2
Drum internals, 5-25, 7-15, 8-8, 18-3, 18-6
Drum plates, 6-46, 18-2, 18-5
Drum, tubes rolled in. 23-13
Drum-type units,
corrosion prevention, 20-26. 20-30
shutdown, 21-6
start-up, 20-31, 20-32, 20-33, 21-4. 21-5
Dry bottom-ash system, 7-6, 16-15
Dry bottom versus wet bottom, 7-6
Dry box arrangement, 5-30
Dry disposal, landfill. 15-63
Dry gas loss, 6-7, 21-2,22-11. 22-28
Dry products of combustion, 4-3, 4-5, 4-7, 4-20, 6-7,
6-16. C-4

.

Dry saturated steam, 5-2, 5-4
Dry scrubbing, SO2 removal, 15-32, 15-55
Dryers, for water separation. 5-29
Drying pulverized coal. 11-15, 11-15
D-shape boilers, shop asjembled, 8-37, 8-39
DTFS, C-E Drop-Tube Furnace System (KDL), 2-15, 25-2
Ductile gouging, 20-20, 20-21
Ductility, 17-11, 17-13
Ducts. See Ductwork
Ductwork.
design, 6-35
draft losses, 6-35, 6-36, 22-23
field erection, 19-17
friction loss, 6-38
gas recirculation. 6-41, 6 4 2
velocity in, 6-36, 22-19, 22-23
volume calculations, 6-35
Dust. See also Flyash; Chapter 15, Particulate emission
control in blast furnace gas, 2-41, 8-26
Dust collection by mechanical means, 15-6
Dust collector efficiency,See Collection efficiency, particulate
Dust resistivity,'l5-12
Dust scrubbing, 15-6
Dutta. B.K., B-6
DUZY.A.F., B-13
7

Economics,
of additive utilization, 15-50, 15-58, 15-62
of availability, Chapter 24
construction costs. 1-31
and design considerations, 1-21, 1-26, 1-34
fuel costs, 1-21, 1-30
of operation, 1-30, 21-4
present worth, 1-30, 1-33, 1-35
of replacement power costs, 1-29
of start-up fuels, 7-39
of shop-assembly, 8-40
Economic studies of alternative designs, 1-26, 1-35
in preliminary reports, 1-19, 1-21
of plant size, 1-25, 1-28
Economic analyses, 1-29
Economizers,
cast iron, 5-10
circulation in, 5-10, 5-14
corrosion in, 5-10, 10-15
design of, 5-10, 6-27, 10-15
erosion in, 23-21
field construction, 19-14
leaks, in, 21-28
manufacture of, 18-12, 18-16
marine boilers. 10-15
pressure drop in, 6-45
pressure parts, maintenance. 23-76
Edison Electric Institute, EEI, 24-1
EDTA in boiler water. 20-17, 20-40. 21-17
Effect of thermal gradients on regenerative preheater
structural deformation, 14-31
Effective ash level, in hoppers, 16-7
Effective projected radiant surface. EPRS, 6-17
Efficiency,
axial flow fans, 14-7, 14-16, 14-19

COMBUSTION
Subject Index Eff.Exp

boiler, 1-3, 1-13, 1-26, 6-1, 6-3, 6-13, 8-2, 8-3, 8-30, 21.-2
centrifugal fans. 14-7, 14-11, 14-14, 14-19
dust collectors, 15-6, 15-7, 15-8, 15-11, 15-23
electrostatic precipitators, 15-8, 15-11
and in-plant education, 21-4
loss with economizer bypassed, 10-16
Efficiency calculation, 22-24
precipitators, 15-11
steam generators, 6-3, 6-13
Efficiency test measurement, 22-3, 22-4, 22-10, 22-24
Einstein's equation (relation), 4-11
Electric motor drive, auxiliary
auxiliary equipment, 1-22
fans, 14-16
Electric Power Research Institute, EPRI, 24-1
Electrical conductivity measurement, 20-47
Electrical engineering services, Kreisinger Development
Laboratory, 25-16
Electrical properties of flyash, 15-5, 15-11, 15-13
Electromagnetic radiation spectrum, 13-6
Electromotive force, Emf. See Thermocouple
Electrostatic precipitation, 15-8, 15-9, 15-11
Electrostatic precipitator, ESP, 15-8, 15-9, 15-11, 15-15,
15-61, 15-69, 15-70. See olso Precipitators
Electrostatic precipitator pilot plant (KDL), 25-9
Elemental sulfur and sulfuric acid production, 15-29,
15-35, 15-36
Elevation correction factor, 6-13, 6-14
Elongation, ductility (stress-strain), 17-13
Emergency shutdown, 13-10, 13-11, 23-4
Emissions, See NO,; Particulate matter; SO,
Emission control methods, 4-30, 12-6, Chapter 15
Emission control systems, Chapter 15. See also Fabric
Filters; Electrostatic precipitators; Precipitators;
Dust collection by mechanical means
flow model tests, 15-69
flue-gas desulfurization. 15-28
Emission regulations, 8-6, 15-1
Emissivity,
of coal ash, B-3, 8-5
of gas, 6-15, 6-16, 6-18
Empirical design approach, heat transfer, 6-20
End fixity of heads, 6-48
Endurance limits, See Fatigue
Energy considerations in,
ash removal, 16-29
boiler efficiency, 6-4, 1-13, 1-26, 8-2, 8-3
boiler operation, 21-2
emission control, 15-1
fans, 14-2, 14-4, 14-19
Energy flow in steam generator, 5-6, 5-7
Energy in fluid flow, 5-21
Energy of reaction, UR,4-9
Energy state transitions,
adiabatic process, 4-12
Engineering conversion factors, Appendix E
Engineering judgment,
combustion calculations, 4-8
operation, 21-1
Engineering studies, in design, 1-19, 1-21
Engler degree, viscosity of oil, 2-30
Enthalpy, 1-2, 4-8, 4-11, 4-28
combustion, 4-9
compressed water, 6-3

-

evaporation, 5-2
formation, 4-10, 4-11
reaction, 4-9, 4-19, 4-28
saturated liquid, 5-2
stable element, 4-10
steam. 5-3. See Steam tables, Appendix D
Entrained water, 5-25, 6-8
Entrainment separators, 5-27, 5-28, 15-39, 15-54;
see olso BES
Entropy,
combined systems, 4-12
equilibrium constant, 4-18
fundamental, 4-12
Environmental factors, in planning, 1-27, 1-36, 15-1, 16-3
Environmental Protection Agency. EPA
methods for measuring flow rate and sample products,
22-13
regulations on sulfur emissions, 15-36
EPRI. See Electric Power Research Institute
EPRS, Effective Projected Radiant Surface, 6-17
Equal-area zone method, 22-14. See dso Stack sampling
Equilibrium coefficient, 4-16
Eauilibrium com~osition.4-16. 4-17
~quilibriumdiag'ram, alloys, 17-18, 17-9
Eouilibrium moisture content. 2-9. , 11-4.. A 4 6
~ q u i p m e n availability,
t
24-1, 24-3, 24-6, 24-7
~ q u < ~ m e manuals,
nt
23-1
Equivalent diameter, gas flow, 6-23
~quivalentlengths, t&ing, 6-46
Equivalent sulfur, ES, 6-6
Erosion and abrasion,
fans, 14-7, 14-21, 23-16, 23-18
coal piping, 23-18
economizers, 23-21
from flyash. 23-21
pulverizers, 11-12, 23-18
Error analysis in field tests, 22-2, 22-26
,
ES, equivalent sulfur, 6-6
Escalation multiplier, determining costs, 1-32
Eschka's sulfur determination of coal, 2-12
ESP, electrostatic precipitator. See Electrostatic precipitator
Essenhigh, Robert H., 6-16
Ethylene diamine tetracetic acid, EDTA, 20-17, 20-40, 21-17
Eutectics, 17-7
Evaporating surfaces,
bottom-ash receivers, 16-32
waterwalls, 5-8, 5-16
Excess air,
for combustion, 4-5, 4-22, 6-5, 14-2, 21-2, C-3
O2 and COz relationship, 22-6, 22-7, Appendix C
Exhaust gases,
dry products of combustion, 6-7
gas turbine, 1-16
gas-turbine heat recovery, 8-30
utilizing wasteheat, 10-10
Exit gas temperature, 5-6, 5-11, 6-6.6-13, 14-23.14-30, 14-36
Exothermic reaction, 4-9
Expansion factor, BFB combustion, 9-10
Expansion method, boiler circulation, 5-23. See olso
Thermodynamic method
Expansion stress in cycling, 7-48
Expenses, See Economics; Fixed Charges; Fuel costs;
Operation and maintenance costs
Experimental determination of coal-ash, 3-5, Appendix B

COmUSnON
Subject Index Exp-FIa

Explosion factor, 1 3 4
Explosions, furnace, 21-1, 21-28
Explosions in pulverizers, 11-35, 21-9
Explosive mixtures, 13-3
Express-type boilers, 10-6
Extendalloy for preventing erosion, fluidized-bed boilers, 9-16
Extended economizer chemical recovery boiler, 8-49
External-type desuperheaters, 5-12, 7-39, 7-44, 10-14,
See also Butterworthing; Heating; Evaporators

Fabric filters, dust collection, 15-16, 15-19, 15-37, 16-20,
18-27

design, 15-22
filter materials, 15-17, 15-23
operating problems, 15-24
performance, 15-23
pulse-jet, 15-20
reverse air, 15-18
shaker type, 15-17
shakeldeflate, 15-20
Failure records, forced outages, 23-10
Fan,
acoustics, 14-23, 14-45, 14-49
air horsepower, Ahp, 14-4
capacity, k - 2 , 14-5
characteristic curves, 14-10, 14-11, 14-19, 14-21
construction of, 14-7, 14-9
control. 14-13, 14-19
corrosion, 14-21
design considerations, 6-38, 14-4, 14-5, 14-17, 14-19
energy factors, 6-31, 6-38, 14-2, 14-4
drives, 14-16
erosion, 14-21, 23-16, 23-18
gas density, 6-37, 6-40, 14-5
laws, 14-19, 14-20
liners. 14-22
maintenance, 23-4, 23-16, 23-15
maximum continuous rating, 14-6
noise, 14-23, 14-45, 14-49
operating conditions, 14-5, 14-19
operating principles, 14-4
performance testing, 14-11, 23-16
pressure, 6-39, 6 4 0 , 6-41. 14-4
selection, 14-17
specified capability, 6-38
speeds, 14-12, 14-15, 14-18
stall, 14-15, 14-20
tolerances, 6-39, 14-5
vibrations, 14-15, 14-21, 23-16
volume calculations, air and gas, 6-35
Fans, Chapter 14,
axial flow, 14-2, 14-7, 14-13, 14-18, 14-22
centrifugal, 14-2, 14-6, 14-7, 14-8, 14-9, 14-10, 14-14,
14-17, 14-22

forced-draft (FD), 6-32, 6-39, 14-2
and gas-cleaning equipment, 8-6
gas recirculation, 5-13, 6-41, 14-3
in implosions, 13-29
induced-draft [ID), 6-40. 13-32. 14-3, 1 5 4
primary air, 11-16, 11-18, 14-2
pulverizer, 11-18

variable-speed, 14-17
Fatigue, 6-57, 17-15, 17-17, 24-11
Fatigue analysis, 6-57
FBAC (fluidized-bed ash cooler), 9-8
FBC. See Fluidized-bed combustion
FBSS, fluidized-bed supervisory system, 13-28
FBHE (fluidized-bed heat exchanger), 9-8, 9-19.9-20, 9-27
FD. See Forced-draft fans
Feeders, pulverized coal, 11-12, 11-14
Feedwater,
analysis, 21-12
in Controlled Circulation boilers, 7-23
deaerators, 21-13
in drum-type units, 5-10, 5-29, 7-16, 20-26,20-34,2048
EDTA in, 20-17, 2 0 4 0 , 21-17
flow control, 13-25
heating, 1-5, 1-6, 1-8, 1-9, 1-12, 10-18
in marine boilers, 10-18
oxygen control, 20-15, 21-11
pH control, 20-16, 21-12
total solids, in 20-38
treatment, 5-17, 7-23, 7-27, 7-50, Chapter 20, 21-11
Ferrisul, in coagulation, 20-5
FGD, See Flue-gas desulfurization
Fiberglass-reinforced plastic, FRP, in spray tower, 15-54
Field construction, See Chapter 19
Field investigation, carryover, 2 0 4 2 , 2 0 4 4
Field tests, 6-8, 6-20, Chapter 22
Ferric oxide in coal ash, 3-2, 3-4, 3-9, 3-18, B-14
Ferric percentage, see Ferric oxide in coal ash
Film coefficient, thermal loading, 6-51
Filters for raw water, 20-5, 20-7
Fineness, pulverized coal, 11-5, 11-6, 11'9, 11-12. 11-26
Fins, 6-51, 6-52, 18-11, 23-14
Fire point, fuel oil, 2-31
Fired steam generators supplied with gas-turbine exhaust,
8-34

Fires, 21-28
in furnace, 21-28, 21-11
in mills. 11-36, 21-9
Fireside Performance Test Facility (FPTF), KDL, 25-2
Firing equipment control. 13-27
Firing refuse in industrial boilers, 8-14
Firing systems, 4-28, 5-11, 6-10, 6-12, 6-15, 7-4.7-11, 8-3,
10-8, 10-9, Chapter 12
.
development complex, Krelsinger Development
Laboratory. 25-4
duct burner (HRSG], 8-34
fluidized-bed, 4-30. Chapter 9
horizontal type, 7-5, 8-15, 8-37, 8-39, 10-19, 12-2, 12-3,
13-13

stoker, 4-29, 8-12, 8-14, 12-13, 12-14, 12-23, 12-25
suspension, 4-29, 7-1, 8-25
tangential, 6-16, 7-2, 7-11, 8-8, 8-26, 8-28, 10-8, 10-9,
12-4, 13-12

that minimize nitrogen-oxide formation, 12-6
Fixed carbon, in coal, 2-3, 2-4, 2-7, 2-11, 2-16, 2-18,
Appendix A
Fixed charges, 1-30, 1-31
Fixed tangential firing, 8-28
Five-hole probe (directional pitot tube). 22-21
Flame characteristics, 4-31
Flame collapse, 13-29
Flame detectors, 13-5
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Flame emissivity, 6-16, 6-18, 13-5
Flame monitoring, tangential firing, 13-10, 13-12
Flame spectrophotometry, water tests, 2 0 4 6
Flammability indices of coal, 2-15, 11-7
Flash and fire points of fuel oil, 2-31
Float and sink separation, 3-17
Flocculation. See coagulation
Flow increase, thermal head, 5-21, 7-19, 7-24
Flow model tests, 15-69, 15-71, 25-8
Flow patterns, 10-3, 12-2, 22-18
Flow and pressure drops, 5-22, 6-32, 6-45, 7-19, 14-5
Flow temperature of slag, B-12
Flow turbulence, 22-2
Flue-gas,
analysis of, 4-5
calculation of, 4-5, 4-20, Appendix C
cleaning process development (KDL),25-8
reheaters, 15-55
scrubbers, Chapter 15
velocity of, 6-23, 6-24, 7-8
Flue-gas desulfurization systems, FGDS. See Chapter 15
Fluid coke, 2-22
Fluid flow,
energy in, 5-21
friction, 5-21, 7-20
Ohm's law analogy, 6-22
Fluid-to-fluid heat transfer rates, 6-22
Fluid regenerative airheater, 10-18
Fluid temperature,
in Combined Circulation, 7-29, 7-31, 7-34, 7-35
in heat exchanger, 6-27
logarithmic mean temperature difference, 6-26
Fluid velocity measurement, 22-19
Fluidization,
description of, 9-1
of flyash, 16-21, 16-25, 16-27
Fluidized-bed combustion, fluidized-bed firing, See Chapter 9
Fluidized catalytic cracking (FCC), 2-37, 2-40, 9-1
Fluidized-bed ash cooler (FBAC), 9-8
Fluidized-bed boiler (fluidized-bed steam generator); Bubbling
fluidized bed (BFB); Circulating fluidized bed (CFB)
bed expansion, BFB, 9-14
heat transfer in, 9-7, 9-8
installation, Great Lakes Naval Base, 9-2
operation of, 21-26
start-up, 21-26
supervisory (control) system, 13-28
tube rupture, 21-27
Fluidized-bed combustion, 9-7,
bed thermal inertia, 9-3
bed temperature, 9-3, 9-13, 9-23
C-E pilot plant, 9-2
characteristics of, 9-3, 9-5
chemical processes, 9-5
development of, 9-1
efficiencies, 9-5
fuel flexibility, 9-3
in-situ capture of sulfur dioxide, 4-30, 9-4, 9-13, 9-23
nitrogen-oxide production, 4-30, 9-4, 9-6, 9-13, 9-23
- test facilities, Kreisinger Development Laboratory, 25-3
TVA 160-MW unit, 9-17, 9-18
Fluidized-bed firing, 4-30
Fluidized-bed heat exchanger (FBHE), 9-8
Fluidizing velocities, BFB combustion, 9-10, 9-13

Flux welding, 18-6
Fluxing property of coal ash, 3-8
Flyash,
accumulation, 6-22
conditioners, 16-27. 16-28
disposal, 15-24, 15-62, 15-64, Chapter 16, 22-4
erosion, 14-7, 14-21, 23-21
heat transfer, effect on, 6-22
hoppers, 15-15, 15-16, 15-24, 16-24
methods, of collection, 15-4
particle size, 15-2, 15-4, 15-15
properties, of 15-11, 15-13, 15-72, Appendix B
sampling, 15-6
terminal velocity, 15-5, 16-1, 16-2
Flyash removal systems, 16-20
BFB boilers, 9-17
CFB boilers, 9-29
continuous, 16-5, 16-15, 16-16, 16-19, 16-25, 16-29
fluidizing-type flyash intake, 16-21
intermittent, 16-20
mechanical conveyors, 16-26
pressure, 16-21, 16-22, 16-23
vacuum, 16-20, 16-22
vacuum-pressure, 16-23
Foam carryover, 5-29, 20-42
Foam formation, 20-42, 20-43
Food-processing wastes, as fuel, 2-26
Foerster, E.F., B-2
FOR, Forced outage rate, 24-2, 24-5
Forced-draft fans, 6-32, 6-39, 14-2
boiler infiltration, 6-40
entering air temperature, 6-5, 6-39, 14-2
Forced outage maintenance, 23-11
Forced oxidation, 15-50
Forged reinforcing rings for boiler drums, 17-3
Formation and control of NO, in steam-generators, 4-30
Formation of coal, 2-1
Forming headers, 18-6
Fossil fuels, Chapter 2
Fouling,
alkali content, 3-11, 3-15, 3-24
in air heaters, 14-24, 14-26, 14-30, 14-33
from coal ash, 3-1, 3-11, 3-15, 3-16, 3-24. 7 4 , 8-16
deposits, 3-15, 3-24, 12-4, 14-33, 21-10, B-1, B-3, B-16
Fractionation, coal analysis; 3-17
Franklin Institute of Pennsylvania, 17-1
Frazer, Persifor, Jr., coal classification
Free enthalpy. See Gibbs Free Energy
Free gas area, 6-2, 6-23, 6-30
Freeboard, BFB boiler, 9-10
Free-swelling index, A 4 6
Frequency analysis of noise, 14-23, 14-45, 14-49
Friction-factors, 5-21, 6-34, 6-38, 7-20
Front firing. See Horizontally fired systems
Froth flotation, 2-7
Frozen smelt, 8-57
FSSS, Furnace Safeguard Supervisory System, 13-8,
13-11, 3-14, 13-26
Fuel,
and air ratio, 13-3, 21-2
analysis, Chapter 2, 4-5, 22-5, Appendices A and C;
see Analysis (of specific fuels)
burning equipment, 8-10, Chapter 12
choices, 1-21, 5:7, 7-1
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combustion calculations, Chapter 4: 4-2, 4-5, 4-20,
6-4, Appendix C
combustion constants, 2-34
combustion processes, Chapter 4
constant-pressure calorimeter, 2-33
constant volume determination. 2-13, 22-5
costs, 1-21, 1-30
and design considerations, 5-7, 7-1
efficiency, 4-6, 6-3
feed system, BFB boilers, 9-11
feed system. CFB boilers, 9-24
fired, 6-4, 6-12
firing systems, Chapter 12; Firing systems
flexibility, 7-1, 8-6
flow measurement, 22-4
heating value. Chapter 2, Appendices A and C
hydrogen in, 2-8, 6-8, Appendices A and C
NO,, 4-30, 4-31, 4-32, 4-33, 7-4, 12-6
in products, 4-5, Appendix C
oil, 2-28, 2-29, Appendix C
preparation system, BFB boiler, 9-14
preparation system. CFB boiler, 9-24
properties, Chapter 2, 22-3, Appendices A and C
sampling, 2-7, 11-4, 11-11, 22-4
and sorbent feed systems, BFB boilers, 9-11
specifications for spreader-stoker firing, 12-18
sulfur in, 2-12.2-28, 2-31, 2-32, 15-2, 15-26
supply reliability, 1-36
systems development, Kreisinger Development
Laboratory, 2 5 4
Fuel burning, Chapter 4, 10-19, Chapter 12
Fuel burning systems, 8-6, 11-15, Chapter 12
marine boilers, 10-19
Fuels.
ash in, 16-2, 16-3; see Ash; Coal ash
bagasse (biomass), 2-26, 8-4, 8-7, C-15, C-18
biomass, 8-4, 8-7
black liquor, 8-42, 8-44, 8-45, 8-46, 8-50
coal, 2-1, 2-3, 2-4, 2-15, 2-16, Chapter 11, Appendices
A and C
anthracite, 2-3, 2-5, Appendices A and C
e sand C
bituminous. 2-3. 2-5. A ~ ~ e n d i c A
brown coal, 2-6, A-13, A-20, A-22, A-25, A-43, A - 4 7
lignite, 2-3.2-4, 2-5, 11-4, A-10, A-20, A-23, A-47, A-54
peat, 2-1, 2-4, 2-6, A-5, A-18
subbituminous, 2-4, 2-7, A-10, A-16, A-54
coal tar, 2-22
coal tar pitch, 2-22, 2-23
coke, 2-2, 2-20, 2-23, C-11, C-12, C-13
coke breeze, 2-20. C-11
food processing wastes, 2-26
fuel gas, 2-33. 2-34
blast furnace gas, 2-41, 2-42, 8-26, C-36
coke oven gas, 2-38, 2-40, C-31, C-34
liquefied petroleum gas, 2-36, 2-38
natural gas, 2-35.2-36. 2-37, C-21, C-23
producer gas. 2-38
refinery and oil gas, 2-37,2-39, 8-26, C-29
water gas, 2-39, 4-22
fuel oil, 2-28, 2-29, 2-31, C-19, C-22
oil refinery refuse fuel, 2-32
petroleum. 2-27
sludges. 2-32
liquid fuels. 2-27. C-23. See olso fuel oil

-

liquid waste fuels, 8-7, 8-10, 8-26
natural gas, 2-35,2-36, 2-37, C-21, C-23
petroleum coke, 2-21
refuse, municipal and industrial, 2-27
technology, Kreisinger Development Laboratory, 25-2
wood, 2-23,2-24, 2-26, C-15, C-17
bark, 2-24,2-25
hog fuel, 2-25
Full sliding pressure supercritical design, 7-32
Full-scale burner facility (KDL). 25-4
Fundamental entropy, 4-12
Fundamental temperature, 4-12
Furnace,
aerodynamics test facility (KDL), 25-9
analysis, 6-16, 7-4, 8-3, 8-50, 8-51
circulation. See Circulation, thermal; C-E Controlled
Circulation combustion processes, Chapter 4
construction, 18-9
design, 5-8, 6-14, 6-17, 6-20, 7-1, 7-5, 8-3, 8-4, 10-3
empirical design approach, 6-20
explosions, 13-2, 13-8, 21-1, 21-28
flame area. 6-19
fires, 21-11, 21-28
gas temperature, 22-10
implosions, 13-29, 13-31
performance, 6-14
radiation, 4-29, 6-15, 6-19, 6-22, 6-26, 6-28, 16-30
recirculation, in walls, 5-14, 5-18, 7-13
release rate, 6-17, 7-4, 8-4
seasoning. 21-2
size, 6-15, 7-1, 8-3, 8-4, 10-3
stresses, 6 4 9 , 6-55, 6-56
temperature probes. 14-40
testing, 6-20, 6-55
thermal loading, 6-49, 7-48, 7-49
tubes, 6-21, 6-22, 23-13
volume, 6-17, 7-5, 8-4
wall systems, design of, 7-10. See Furnace wall
Furnace plan heat-release rate (NHIIPA), 6-16, 6-17, 7 4
Furnace wall,
circulation in, 5-14, 5-18, 5-20, 6-50, 7-10, 7-12
circulation in subcritical-pressure steam generators, 7-12
clean up, 20-35, 20-36
in Controlled Circulation, 7-13, 7-17, 7-18, 7-24
design considerations, 5-8, 6-49, 6-52, 7-10, 7-18
field construction, 19-10, 19-12
fins, 6-50, 6-52, 23-14
fusion panel welder, 18-10, 18-11
header-to-header differential, 7-19
heat flow, 7-10
maintenance and repair, 23-11
manufacture, 18-9, 18-10, 18-11
mechanical loading, 6-50
metallurgy, Chapter 17
offset bender, 18-10, 18-11
performance, 5-8, 7-18
pressure, 5-14, 7-10, 7-13, 7-23, 7-26, 7-32, 7-46
sootb:owers, 15-3
strainers, and screens, 7-18
temperature, 5-19, 6-52
two-phase flow, 5-18
tubes, 6-50, 7-10, 18-9, 18-13, 23-13
Fusion-panel welding, 18-9, 18-10, 18-11
Fusion temperature of coal ash, 2-13, 3-5, 3-7, 3-10, 7-4,
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7-8. B-5, Appendix B. See also Ash fusibility: deposit
removal, 3-7. 12-4. 14-33, 14-37
Fusion-welded construction, 6-49, 8-8,18-9

Gage pressure. 6-31
Gages, 6-32, 22-8, 22-10, 22-12. See &so, Control systems;
Instrumentation
Garbage as fuel. See Refuse
Gas conditioning, 15-13
Gas density calculations, 4 4 , 6-35, 14-5
Gas emissivity, 6-16
Gas flow,
in air heaters, 6-13, 14-23, 14-24, 14-28
boilers, Chapter 6
control devices, 5-13. 15-69
eauivalent diameter. 6-23
fahs, 14-5
and heat transfer. 6-21
measurement. 22-13
Gas furnace design, 6 4 6 , 7-9, 8-7
Gas metal arc welding (GMAW), 19-18
Gas-to-gas absorptivity, 6-18
Gas-to-liquid phase, 15-39, 15-41
Gas-phase reaction, 4-23, 4-33
Gas pressure drop. See Ductwork; Friction factors: Pressure
Gas calculations, 6-33, Appendix C
Gas flow measurement and sampling techniques, 22-13
Gas quantity calculations, 4-5, 6-36. Appendix C
Gas recirculation' systems,
as control device, 5-13, 6-41
fans, 6-41, 14-3
Gas-side efficiency, 14-28
Gas temperature, 6-6, 6-19, 6-20, 6-27, 14-5, 14-28,
14-36, 21-3
Gas tungsten arc welding (GTAW), 19-17
Gas turbine systems, 1-12, 8-30, 8-34
cycles in, 1-14
heat recovery, 8-30, 8-32, 8-33
Gaseous fuels, 2-33, 6-7, 22-6. See also Blast furnace
gas; Natural gas
Gaseous products of combustion, 4-3, 4-20, 15-2, 15-4,
15-26, Appendix C
Gases, combustion constants of, 2-34
Gaussian distribution. 15-72
Geiger-Mueller tube, 13-5
Generating reserve, 1-24
Generators. See Boilers; Steam Generators
Geometrical configuration of tubes and fins, 6-51
German Standard, coal fusibility, 3-6
Gibbs-Dalton law, 4-17
Gibbs Free Energy, 4-12
Gibbs function calculations, 4-16, 4-22
Gibbs and Helmholtz functions, 4-12
Gibbs-Helmholtz equation, 4-15
Girth seam in drum, 18-6
Goals of operator training, 21-1, 21-31
Grain boundaries, i n alloys, 17-9, 17-10
Grain size, 17-6. See also Heat treatment
Grain size index, 17-10
Graphical methods of combustion analysis, 4-8, Appendix C
Graphitization of steel, 17-11, 17-23

Gravity fractionation of coal, 3-17
Gray-King coke type test, A-48, A-51
Grindability index. 2-13, 11-3, 114, 11-6. See also
Hardgrove method
Grinders, for clinkers, 1611
Gypsum production, 15-32, 15-64
Gypsum supersaturation, wet scrubbing, 16-29

Hammer (impact) mills, 11-22, 11-27
Hard-face welding (chemical recovery units), 8-61
Handhole plates, 10-5
Hard coal, A-43
Hardening of steel, 17-10, 17-14
Hardgrove method, 2-13, 11-3, 114
Hardness deposits. See Scale
Hardness, removing, 20-6
Hardness testing, 17-14
HEA ignitor, 12-12
Head on drum, 6 4 7 , 6 4 9
Header-to-header differential, 7-19
Heat. See also Enthalpy
absorption, 5-6, 6-2, 6-15, 6-18, 6-20, 7-9, 7-17, 8-2,
22-3, 22-10
absorption rates, 6-3, 6-15, 6-21, 6-28, 8-2, 22-3, 22-10
balance, bottom-ash handling systems, 16-29
balance calculation, 4-7, 6-3, 6-12, 6-13, 16-29, 22-24
balance of steam-topping cogenerative cycle, 1-15
credits, heat balance, 6-4, 6-11
detectors, 13-5
distribution in cycling, 7 4 9
exothermic, 4-9
flow, 5-21, 6-14, 6-21, 7-10
loss of ash from stoker or fluidized bed, 6-9
losses, ash handling, 16-30
losses, boiler, 5-4, 5-7, 6-4, 6-11, 6-13, 21-3: 22-24,
22-27, 22-28
rates (power-plant), 1-9, 1-16, 1-26, 1-29, 7-37
release rates, 6-16, 6-17, 7-5, 8-4
sensors, 13-5
value. See HHV, LHV
Heat-duty distribution,
BFB boiler, 9-1
CFB boiler, 9-21, 9-22
Heat in bottom ash cooling water, 16-30
Heat of liquid, 5-2, 6-3
Heat of reaction, 4-9, 4-28
Heat pipe as a thermodynamic system, 14-24
Heat-pipe air heater, 14-23
Heat recovery equipment
air heaters, 5-7, 5-11, 10-16, 14-23
boilers, 5-10, 6-13, 10-15
design, 8-30, 8-38
economizers, 5-7, 5-10, 6-22, 6-27, 18-12
marine boilers, 10-15
steam generators, HRSG, 8-30, 8-33
unfired, 1-16, 8-30, 10-10
Heat storage capacity, 21-27
Heat transfer, 6-14, 6-21, 6-28
from ash, B-3
calculations, 6-16
coefficients, fluidized-bed boilers. 9-7, 9-8
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and corrosion test loop, KDL; 25-9
empirical design approach, 6-18, 6-20
in fluidized-bed boilers, 9-7
logarithmic mean temperature difference, 6-26
non-luminous radiation, 6-26
rates, 6-21, 6-23, 6-25, 6-28
surfaces, 5-6, 6-14, 6-17, 6-21, 6-28, 8-58, 14-26, 22-3,
22-10
Heat treatment. 17-11, 17-12. See also Phase diagrams;
TTT curves
Heat of vaporization, 5-2
Heating loads, seasonal, 1-20
Heating value, 2-13, 4-9. See also specific fuels
Helmholtz free energy function, 4-15
Hemispherical head, 6-47
Hero's engine, 5-5
HHV, higher heating value, 2-13, 4-9
High-acid coal ash, 3-7
High-alkali coal. 3-11
High-energy arc ignitor, HEA, 12-10, 12-12
High-pressure heat-transfer loop, 7-11, 25-10, 25-11
High-efficiency steam plants, 1-6, 1-13, 1-26
High-temperature corrosion, 3-21, 3-24, 3-28
High-temperature properties of steel, 17-16
High-temperature-water boilers, 8-42
High-temperature-water installation, 1-20, 1-21
High-voltage conductivity cell, 15-5
Higher heating value. See HHV
History of combustion theory, 4-1
Hog fuel, 2-25
Hooke's law, 17-13
Hoop stress, 20-24
Horizontally fired systems, 7-5, 8-15, 8-37, 8-39, 10-19,
12-2, 12-3, 13-3
Hopper ash collection, 7-6, 15-15, 15-16, 16-1, 16-3, 16-24
'
electrostatic precipitators, 15-15, 15-16
fabric filters, 15-22
flyash hopper plugging, 15-24
Hopper heating, 15-25
Hot-spot detection system, infrared, 14-35
Hottel emissivity, 6-16
Hot-wire anemometer, 22-22
Hot-working plates, 18-5
Howden, J, and Co., 15-29
Howden limellimestone scrubbing process. 15-29
Hoy, H.R., B-11
HP pulverizer, 11-28,
bowl, bowl hub, and vane-wheel assembly, 11-33
classifier and discharge-valve assemblies, 11-34
journal assembly, 11-33
lubrication system, 11-32
millside and liner assembly, 11-32
separator body and vane-wheel assembly, 11-33
HRSG, heat-recovery steam generator, 8-30
HRSG's for incinerator gas, 8-35
HTW. See High-temperature-water boilers
Hydraulic-beam press. 18-4
Hydraulic jack methods, 21-25
Hydraulic systems, in ash removal, 16-5
Hydrazine, in corrosion prevention, 20-15, 20-26, 21-14
Hydrodynamic principles of circulation, 5-22
~ y d r o ~ einncoal, 2-8.2-16,~-18, Appendices A and C
Hydrogen in fuel, 6-8. See specific fuels in Chapter 2,
Appendices A and C

Hydrogen sulfide, H2S, removal, water treatment, 20-4
Hydrostatic pressure, 5-22, 7-13

ID. See Induced-draft fans
Ideal cycling curves, 7-49
Ideal gases, 4-16
IGCI, Industrial Gas Cleaning Institute, 15-4, 15-25
Ignitionldevolatilization of coal, 2-14
Ignition energy, 12-9, 12-10
Ignition systems, 12-8, 12-9, 12-11, 12-12, 12-13
Impact strength, 17-14
Impact tube, pressure measurements, 6-33, 22-19
Impaction efficiency of scrubbers, 15-7
Implosions, furnace, 13-29, 13-31
Impurities,
in coal, 2-6. 2-11. Chapter 3, Appendix B
in water, 20-1, 20-2
.
Inactive alkali, 3-12
Inconel, in tube coating, 3-23
Incremental-load cost studies, 22-3
Induced-draft (ID) fans, 6-40, 13-32, 14-3, 1 5 4
Induction pressure-welding, 18-12
Industrial boilers, Chapter 8. See also Chapter I
Industrial Gas Cleaning Institute, IGCI, 15-4, 15-25
Industrial power plants, Chapter 1, Chapter 8
cogeneration in, 1-9, 1-14, 8-2
definition, 1-18, 8-1
design, Chapter 1, Chapter 8
Infiltration, boiler, effect on FD fans, 6-40
Influence of fuel on control systems, 13-26
Infrared hot-spot detection system. 14-35
Infrared spectra, IR, 13-6
Inherent ash, 2-11
Inherent moisture in coal, 2-9, 11-4, 11-17. See also
Moisture; Moisture content
Injection-seal pump design, 14-44
Inner casings in marine boilers, 10-20
In-service maintenance, 23-2
In-situ resistivity, 15-6, 15-12, 15-13
Inspectors, 17-2, 18-2, 23-11
Inspection codes, 17-2, 18-2, 23-11, 24-8
Instream (external) classifier, pulverizer, 11-22.11-24,1147
Instrument error, 6-11, 22-1, 22-26
Instrumentation. 1-22, 13-1, 13-2, 22-11
Instrumentation laboratory, Kreisinger Development
Laboratory, 25-16
Integral classifier, pulverizer, 11-24, 11-27
Integral offset-bender, 18-10
Interest-during-construction costs. IDC, 1-31
Interest multiplier, 1-33
Internal energy of reaction, 4-9
.
Intermittent bottom-ash equipment, 16-5, 16-7, 16-17
Intermittent-dewatering systems, 16-14
Internals. See Drum internals
International coal classification, A-43, A44, A-47, A 4 9
International Organization for Standardization, coal
classification, A-46
International Standards, ash fusibility, 3-6, B-5
Interstage thermal treatment, welding, 17-11
Investment costs. 1-28. See Power-plant Economics. 1-29
Ion-exchange. See demineralization
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Ionic flame monitoring ignitor, IFM, 12-11
Iron in coal ash, 3-2, 3-4, 3-9, 3-10, 3-18, 3-21, B-14
Ironlcalcium ratio in coal ash, 3-9, 7-4
Ironlcarbon phase diagram, 17-8
Ironlcarbonlchromium. phase diagram 17-8
Iron copper corrosion, 20-16
Ironldolomite ratio in coal ash, 3-10
Iron-water reaction, 20-14

JANAF Tables, 4-23
Jet pumps for ash transport, 16-11, 16-12
Joint Army, Navy, Air Force Project, JANAF, 4-23
Journal assemblies, 11-24, 11-29, 11-33, 11-34, 23-3

Kangaroo tower crane, 19-11
Karagodina, N.V.. B-10
KDL, Kreisinger Development Laboratory, Chapter 25
Kick's law of crushing, 11-3
Kingsbury-type pump bearings, 14-42
Kovitskii, N.V., B-10
Kraft paper making process, 8-42
Kreisinger Development Laboratory, 6-54,655, Chapter 25

Laboratory analyses and testing, 6-54,2042. 22-20,
25-12, 25-14
Landfill disposal, FGD, 15-29, 15-62, 15-64
Landfill disposal, fluidized-bed combustion, 9-17
Large high-pressure furnace-wall systems, 7-10
Laser laboratory, Kreisinger Development Laboratory, 25-15
Law of cooling, Newton, 6-15
Law of conservation of mass, 4-11
Laws of thermodynamics, 1-2
Lay-up procedures, 20-26,20-27, 20-28, 20-29
Lead and tin, phase relationship 17-7
Leakage,
air preheater, 6-6, 6-40, 14-3, 14-24, 14-26, 14-28,
14-30, 14-32
control system, Ljungstrom air preheater, 14-32
safety-valve, 21-23
superheater, reheater, economizer 21-27
Lean-phase fluidization, CFB combustion, 9-19
Levelized costs, 1-33, 1-35
LHV, lower heating value, 2-13, 4-9
Life continuation,
considerations, 13-38, 24-15
need for, 24-6, 24-7
Life of a unit, 1-28, 1-30, 6-57, 24-15
Ligament efficiency, 6-47
Light emissions, 13-5
Light-off. See Start-up
Lignite, 2-3, 2 4 , 2-5, 114, A-10, A-20, A-23, A-47, A-54
grindability, 11-3, 114
Lime, See also Limestone
coal ash, effect on, 3-9, 3-27
..
in FGD systems, 15-29, 15-30, 15-32, 15-36

pH control, 15-51, 15-55
utilization, in wet scrubbing, 15-51
in water treatment, 20-6
Lime-limestone scrubbing, FGDS, 15-29.15-30. 15-32,15-36
Lime-soda softening, 20-6
Limestone. See Dolomite
in FBC combustion, 6-9, 9-3, 9-5
utilization in fluidized bed, 9-5, 9-6, 9-13
Limit circuits, 13-21
Liners, fans, erosion prevention, 14-22
Liquefied petroleum gas, LPG, 2-36
Liquid fuels. See Fuels
Liquid-penetrant testing, 18-18
Liquid-to-gas ratio, in scrubbers, 15-29
Liquid waste fuels, 8-7, 8-10, 8-26
Ljungstrom air preheater leakage control system, 14-32
Ljungstrom trisector air heater, 10-16, 11-16, 11-17, 14-23,
14-28, 14-29
LMTD, logarithmic mean temperature difference, 6-26
LNCFS, Low NO, Concentric Firing System, 12-8
Load control, 21-7
Load duration curves. 1-19. 1-20, 1-25
Load factor, 1-23, 24-2
Load requirements in cycling, 1-26, 7-37, 7-38, 24-11
Load variations in marine boilers, 10-1
Loading in cycling, 1-26, 7-38, 7-48, 24-11
Local stress, 6-55, 17-15, 24-8, 24-9
Location of,
coal sampling nozzles, 11-11
power plants, 1-26
steam sampling nozzles, 20-46
Logarithmic mean temperature difference, 6-26
Logic, furnace safety systems, 13-8, 13-13
Long slags, B-15
Losses, heat, 6-4, 22-24,22-27, 22-28
dry gas, 6-7, 21-2
heat credits, 6-11
hydrogen in fuel, 6-8, 21-3
integral precipitator, 6-12
moisture in air, 6-7, 21-3
moisture in fuel, 6-7, 21-3
radiation and convection, 640, 6-11, 21-3
sensible heat in ash. 6-8
unaccounted for, 6-10
unburned combustible, 6-9, 21-3, 22-7
uncertainty analysis, 22-2
Losses, pressure. See Pressure, losses
Low-efficiency power plants, 1-26
Low NO, Concentric Firing System, LNCFS, 12-8
Low pressure water treatment, 20-13
Low-pH crystallization, 15-32
Low-rank coal, A-45, A-49, A-53
Low-temperature corrosion, 3-29, 6-6, 14-23, 14-26,
14-29, 14-32
Low heating value, LHV, gas, 2-33, 4-9
Lubrication, in maintenance, 21-8, 23-2
Lurgi, circulating fluidized-bed combustion, 9-2

Maceration of bagasse, 2-26
McClintock, EA.. 22-2
Machining of,
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drums, 18-2, 18-3, 18-4, 18-5, 18-6
headers, 18-6
McIlroy, J.B., B-13, B-14, B-15
Magnesia in coal, 3-9
Magnetic flux testing, 23-16
Magnetic-particle testing, 17-3, 18-14, 18-18
Magnetite, 20-14
Maintenance and repair, Chapter 23. See also Annual
outage; Emergency shutdown; Forced outage;
In-service maintenance
ash handling systems, 15-25, Chapter 16
coal transport piping, 23-18
control systems, 13-34, 23-17
documentation, 23-10
equipment manuals, 23-1
fans. 23-16
firing equipment, 23-7
of flyash intakes, 15-25
in planning and scheduling, 23-22
pressure parts, 23-11
pulverizers, 23-3, 23-7, 23-21
Manometers, 22-24. See also Draft gages; Pressure
differentials
Manufacture of boiler components. Chapter 18
shop assembly, 8-29, 18-9, 18-12
Marine boilers, Chapter 10
fuels in, 10-9, 10-19, 10-20
space limitations in, 10-2
waste-heat boiler system modules, 10-12
waste-heat designs, 10-10
Marine and stationary boilers, comparison, 10-22
Marshak, Y.L.,B-16
Martensite, 17-9
Martynova, M.I., B-10
Mass-burning of unprepared refuse. 8-16, 8-17, 8-18
Mass, conservation of, 4-11
Mass-energy, 4-11
Mass flow, 6-28, 6-30, 6-45, 14-20
Mass transfer. SOz absorption, 15-39
Material selection,
ash-handling equipment, 16-8, 16-11, 16-12
ASME Boiler and Pressure Vessel Code, 6-42, 6-45, 17-2
in boiler construction, 17-2, 17-4, 17-5
fabric filters, 15-23
reheaters, 6-42
spray tower components. 15-52
superheaters. 6-42
Materials technology, Kreisinger Development Laboratory,
25-15
Mathematical model of furnaces, 6-51
Maximum continuous rating, MCR, 7-8, 14-6
Maximum shear theory, 6-55
Maximum thermal circulation effect, 10-3
Maximum tolerable oxidation, MTO, 15-47
Mean bed particle size, BFB combustion, 9-10
Measurement of
nitrogen-oxide concentration, 22-17
particulate loading, 22-14
sulfur dioxide and sulfuric-acid concentration. 22-15
Measurement errors (efficiency calculations). 22-26
Measurement techniques,
draft, 6-31, 22-6, 22-24
gas-flow, 22-13, 22-18, 22-19
particulate matter, 1 5 4 , 22-13, 22-14, 22-15, 22-16

Measuring availability, 24-2
Mechanical carryover, 5-25, 2041, 20-43
Mechanical draft fans. See Fans, Chapter 14
Mechanical loading of furnace walls, 6-50, 7 4 8
Mechanical removal of ash, 16-5, 16-25
Mechanical stress in Pressure vessels. 6-46
nt
Mechanical systems, ~ r e i s i n ~ ~e re v e l a ~ m e Laboratory,
25-8
Melting temperature of coal ash (ash fusibility temperature,
ash fusion temperature), 2-13, 3-5, 3-7, 3-10, 7-4,
7-8, B-5
Membrane stress, 6-55
Metal temperature in superheater and reheater tubes,
643,645
Metal temperatures, tolerance, 6-44
Metal-tem~eraturedetermination, 24-12
~etallurg; and materials, Chapter 17, Chapter 25
Meteoroloeical information.
for combustion calculations, 4-2, 4-3, 6-7
for fan desiw, 6-31, 6-37, 14-2
for stack performance, 6-37
for structural design, 6-58
Methods of
burning solid fuels, 4-28
of particulate emission control, 15-4, 15-5, 15-6, 15-8
testing coal, A 4 6
Mill drying of coal, 114, 11-17
Mill exhauster fan, 11-35, 14-3
Mill-scale cleaning, 21-16
Mill size and boiler capacity, 7-3, 7-4, 7-39 (pulverizers);
8 4 6 (pulp mill)
Mills. See Bowl mills; Pulverizers
Million-Btu method, 4-5, C-1
Mineral matter in coal, 3-3, 3-7, 3-13, 3-18, Appendix B
Minimum fluidization velocity, 9-2
Minimum load in cycling, 7-50
Mining, of coal, 2-6, 3-26
Mist eliminator, FGDS, 15-54
Mitsubishi, Heavy Industries, Selective Catalytic Reduction
System, NOx. 15-65
Mixed bed water treatment, 20-11,20-12
Modeling theory, emission control systems, 15-69
Modulus of elasticity, 17-13
Moisture. See also Water
in air, 4-2, 4-3, 4-7, 6-9, C-4
air heaters. 14-33
in coal, 2-8, 2-12, 11-4, 11-17
flyash hoppers, 15-26, 16-20, 16-24
removal in drums, 5-25
Moisture content. See olso Water
coal, 2-8, 2-12, 8-6, 11-4, 11-17, A-2, C-4. See also
specific coals
combustion calculations, Appendix C
eauilibrium moisture content. 2-9. 114. A-46
fuh samples, 2-7, 22-5,
A and C
gaseous and liquid fuels, 6-7
refuse as fuel, 2-27, 7-9, 8-16, 8-21
pulverized coal, 11-4, 11-6, 11-17
saturated steam, 5-25, 20-41
Moisture loss and boiler efficiency, 21-3
Mo~,4 4 , 4-9, 4-11
Mole. See Mol; Mole method; Molal volume
Mole method of combustion analysis, 4-5, 4-17, 4-20
Molecular weight, 4-2, 4-3
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Mol-volume relationship, 4 4
Mold volume, 4-4
Mollier diagram (Mollier chart), 5-2, D-1
Monitoring plant operation, 22-1
Moody and Langan, 3-16
MSW (municipal solid waste) grate. 6-19, 12-22
Multi-coated metallizing, 8-61
Multi-drum marine boilers, 10-6
Multi-fuel capability, 8-1, 8-2, 8-4, 8-7
Multiple-pass steam generator for mass-burning of
municipal refuse, 8-18
Municipal solid waste. See Fuels, refuse, municipal and
industrial

NACA Report 1235, Standard Atmosphere,
lkbles and Data. 4-2, 6-37
National Board of Boiler and Pressure Vessel Inspectors,
17-2
National Board Inspection Code, NBIC, 23-11
National Fire Protection Association, 11-31, 11-34, 11-35,
12-9
NFPA 85E, 12-10
NFPA 85F, 11-31, 11-35
NFPA 85G, 13-34
Natural circulation. See Thermal circulation
Natural gas, 2-35.2-36, 2-37, C-21, C-23
combustion of, 4-8, 6-8, C-21, C-23
furnace, 6-16, 6-18
heating value, 2-36, 2-37, C-25
specific heat of products of combustion, 6-29
Natural oxidation, 1 5 4 9
Naval vessels. See Marine boilers, Chapter 10
Negative pressure excursion, 13-29
Net draft in stacks, 6-33, 6-37, 6-39
Net heat inputlplan area, NHIIIPA, 6-16, 6-17, 7-4
Net plant heat rate, NPHR, 1-9, 1-16, 1-26, 1-29, 7-37
Net radiation, 6-19
Newcomen's engine, 5-5
Newton, law of cooling, 6-15
Nicholls, P., B-14
Nickel and copper phase diagram, 17-7, 17-8
Ni-Hard, 11-34, 23-3
Nitrogen,
in atmospheric air, 4-2, 4-30
in coal, 2-12, 2-16, 2-18, 4-32, Appendix A, C-10
in natural gas, 2-35
Nitrogen blanketing in outages, 20-26
Nitrogen oxides. See NO,
Noise,
characteristics (signature), 14-23, 14-45, 14-46
exposure, 14-45
measurement of, 1 4 4 6
physical level scales of, 14-45
reduction, 14-23, 1 4 4 5 , 1 4 4 8
sound power, 14-23
sound pressure, 14-45, 14-47, 24-49
sources, 1 4 4 8
Nonidestructive testing, NDT, 18-14. See also Liquid penetrant
testing; Magnetic particle testing; Radiographic testing;
Ultrasonic testing
Non-heat absorbing equipment, 6-2

Non-luminous radiation, 6-26
Non-regenerable FGD process, 15-29
Normal power in marine boilers, 10-1
NO,, nitrogen oxides, 4-30.4-31, 7-4, 8-6, 12-6, 15-3
catalyst selection. 15-66
control, 4-32, 4-34, 15-64
in design considerations, 4-34
firing systems that minimize formation, 12-6, 12-7
formation, 4-30, 12-6, 15-3,
fuel NO,, 4-32,4-33
h - N O , concentric firing system. 12-8, 12-9
post-combustion reduction processes. 15-65, 15-68
removal, 15-64, 15-66, 15-68
testing, 4-34
thermal, 4-30
Nozzle calibration, 22-10
Nozzles,
air, 5-12, 12-2, 1 2 4 , 12-5, 12-7, 12-9, 12-19
in drum plates, 18-6
fuel, 5-12, 6-13, 7-11, 12-2, 12-3, 12-4, 12-5, 12-22
in wet scrubbers, 15-33, 15-38
NPHR, net plant heat rate, 1-9.1-16, 1-26, 1-27, 1-29, 7-37
NSPS. New Source Performance Standards, 8-6
Nucleate boiling, 5-18, 5-19, 6-52, 20-23, 20-23
Number of operating cycles, 7-48
Nusselt number, 6-23, 9-7

0
Objectives of operation, 21-1
Offset-bender, 18-10, 18-11
Ohm's law, 6-22, 15-12
Oleschuck, O.N., B-1
Oil as fuel, 2-27.2-28, 2-29, 2-31, C-19, C-22
Oil burner, in marine boilers. 10-19
Oil-furnace design, 6-16, 7-9
Oil and gas furnace design, 6-16, 7-9
Oil gas, 2-37, 2-39, C-29
Oil guns, 10-8
Once-through steam generators, 5-14, 5-17, 7-25 to 7-37
On-line maintenance, 23-2
Opacity of flyash, 15-73
Open-hearth furnace gas, 8-26
Operation,
air heaters, 21-3
C-E Controlled Circulation Systems, 7-23, 21-5.
See C-E Controlled Circulation Boiler
C-E pulverizers, 11-35, 21-5, 21-8
drum-type units, 20-30,20-31, 20-35,20-37,20-38, 21-5
of fluidized-bed boilers, 21-26
of power plants, Chapter 21
problems in, 21-27
of steam generators, Chapter 21
supercritical units, 20-31, 20-35, 20-39, 21-6, 21-7
sootblowers, 14-38, 21-2, 21-3
Operation and maintenance costs, 1-25, 1-30
Operational control systems, Chapter 13
Operational testing, 22-3
Operator training programs, 21-4, 21-31, 23-22
Opposed firing, 12-3
OPSIZE system, 13-35,2545
Optical properties of flyash, 15-72
Optimization. See Prefabrication

Subject Index Orb-Pro

Orbital welding, 18-12
Orifice, Controlled Circulation boilers, 7-17,7-18,7-23.7-25
Orifice-flow measurements, 2 2 4
Orifice pressure drop, 7-19,7-25
Orifice probe, 22-10
Orsat apparatus, 22-6.22-7
Orsat analysis, 4-20
Orthotropic plate, 6-51,6-51, 6-53
Outages,
corrosion prevention. 20-26
maintenance, 23-4,23-6, 23-8,23-11
reserves, 1-24
start-up, 7-39
Overbed feed, BFB combustion, 9-9, 9-11,9-11,9-15
Overfeed stokers, 12-13. 12-14
Overfire air, in mass-burning of municipal refuse, 8-19
Overfire air ports, OFA, 4-33,12-7,12-7
Overheating failures, 20-23
Overshot feeder, 11-15
Oxidation in FGDS process. 15-48
Oxidizer. black liquor, 8-47
Oxygen,
carbon dioxide relationship, 22-7
in coal. 2-12,2-16, 11-9
control (in feedwater), 21-11
damage, 20-3, 20-15,20-18,21-12
in feedwater, 20-3,20-38,21-11
gas-phase reaction, 4-23
measurement, 22-7
removal, 20-15, 20-30,20-32
solubility in water, 20-30
Oxygen-free water, 5-10

Panel-processing welding machine, PPM, 18-9
Paper making, 8-40
Parr formulas, 2-8
Parr, S.W., 2-4
Partial sliding-pressure supercritical design, 7-32
Particle convection Nusselt number vs. Archimedes
number, fluidized-bed combustion, 9-7
Particle size, flyash, 15-2,15-4,15-15
Particulate emission control, 154
Particulate matter, 15-1,15-4. See also Dust; Flyash
Particulate resistivity, 15-6,15-12,15-13
Particulate sampling trains, 22-15,22-16
Parts per billion, ppb, 20-4
Parts per million, ppm, 20-4
Part-load operation, BFB combustor, 9-14
Part-load operation, CFB boilers, 9-24 .
Peak loads, 1-23,1-24, 7-37
Peak stress, 6-55, 17-15,17-16
Pearlite and ferrite, two-phase structure, 17-7,17-7
Peat, 2-1,2-6,A-5
Peg fins. 18-11
Percentage COz, combustion calculations, Appendix C
Perforated centrifugal drum internals. 8-9
Performance and design specifications, 1-23,6-1,7-9,
8-6.See Design
Performance guarantees. 22-3
Performance requirements
in industrial boilers, 8-1

Perkins, Henry, C., 4-8
Petroleum, 2-27. See also Fuel oil
Petroleum coke, 2-21
Petroleum cracking, 8-27. See Catalysts
PFBC, pressurized fluidized-bed combustion, 9-30
PFBC turbocharged cycle, 1-17,1-18, 9-30
PFBC combined cycle, 9-30
pH control, 15-31,15-57,20-13,20-16,20-18, 21-12
pH and corrosion, 20-14,20-15, 20-18,21-12
Phase diagrams, 17-6
Phase fields, in alloys, 17-8
Phase relationships, 17-8
Phase transformation (water to steam), 5-24
Phosphates, in water treatment, 20-8,20-13,2040
Phosphate-hydroxide method, 2040
Photoelectric emission, 13-6
Pinch point, 8-32
Piezoelectric element, 18-17
Pipe, definition, 17-3
Piping elbows, deflector blocks, 23-19,23-20
Pitting, 20-18,20-19, 20-20
Pitting corrosion, 20-15,20-18
Pitot tubes, 22-10,22-19,22-20,22-21
Pitot-static tubes, 22-18. See pitot tubes
Plan area, net heat input, NHIIPA, 6-16,6-17,7-4
Plant availability. Chapter 24
Plastic deformation, ductility, 17-11,17-13, 17-14, 17-18
Plastic elongation, yield strength, 17-13
Pneumatic controls, 13-23
Pneumatic ash removal, 16-5,16-20,16-24
Ponds, ash disposal, 16-5,16-15
Postweld heat treating, in field, 19-18
Potassium in coal ash, 3-11
Pound mol. See Mol, Mole
Power generation, block system, 1-25
Power plant,
additions, 1-26
auxiliaries, Chapter 14
diagnostic systems, 13-24
design, Chapter 1,Chapter 6
economics. 1-29.See also Operation and Maintenance
costs
noise. 14-45. See Noise
operations, Chapter 21
performance, plant. 24-1
testing, Chapter 22
Prandtl number, 6-23,9-7
Pre-boiler cleaning, 7-50,20-1, 20-4,21-13
Precipitators. Chapter 15 '
air leakage, 6-12
ash hoppers, 15-10,15-15,16-24
design factors. 15-10
electrostatic precipitators. See electrostatic precipitator
heat loss, 6-12
heating of outlet hoppers, 15-25
hopper plugging. 15-24
precipitation rate, 15-11,15-14
Predictive maintenance, 22-23
Prefabrication, 18-11.See also Shop assembly
Prefiring purge, 13-11,21-5
Preheater, air. See Air heaters
Preheating of combustion air, 5-6. 5-11,6-5. 11-17. 11-18,
14-23,14-30,M-31
Preliminary reports (power-plant studies). 1-19
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Subject Index Pre-Ral

Preparation system for spreader-stoker firing of refusederived fuel, 8-22
Present worth, 1-33, 1-35
Pressure,
differentials, 22-11
drop, BFB combustors, 9-13
drop, CFB combustors, 9-23
drops and available static head, thermal circulation vs.
Controlled Circulation, 7-25
gages, 22-11
heat rate, supercritical pressure, 1-9, 7-37
high-pressure test loop (KDL), 7-11, 25-10, 25-11
versus load for full sliding pressure supercritical unit, 7-32
losses, 6-31, 6-33, 6-35, 6-37, 22-19
measurements, 6-33
profile, CFB boiler, 9-20
sliding-pressure operation, 7-31, 7-32, 7-32, 7-44,
7-46, 7-47
and stress, 6-49, 7-48
and temperature, 8-54, 17-2
in waterwalls vs. load, 7-26, 7-31, 7-32
Pressure drop, 6-32, 6-45,-7-19, 13-32
calculations, 6-45
versus draft loss, 6-32
Pressure specifications,
combustion reactions, 12-1
fans, 6-38, 13-32, 14-5
marine boilers, 10-4
thermal circulation svstems, 7-11
Pressurized exhauster, Bystem, 11-19
Pressurized fluidized-bed combustion IPFBCI., 1-18.. 9-30
Preventive maintenance, Chapter 23, 23-23
Primary air,
in preheaters, 14-30
in pulverizers, 11-16, 14-2, 14-6
Primary stress, 6-54
Primary temperature, 5-3
Priming (steam), 2 0 4 2
Principles of operation, Chapter 21
Priorities in maintenance, 23-3
Problems in operation, 21-27
Process considerations, bubbling fluidized-bed boiler,
9-10, 9-13
Process controls, 13-18
Process or sewage sludge, burning of, 8-28
Process parameters, CFB combustion, 9-22, 9-23
Process steam cycles. See Cogenerative steam cycles
Process zones in a chemical recovery furnace, 8-51
Processes in kraft pulping and chemical recovery, 8 4 4
Producer gas, 2-38
Products of combustion, 4-2, 4-3, 4-7, Appendix C
Programmable controllers, 13-14
Prompt NO,4-31
Properties of,
air, 4-2, 4-3
coal, Chapter 2, 3-18, Appendices A and C
coal ash, Chapter 3, 16-4, Appendix B
metals, Chapter 17
steam, 5-1, 5-3. See olso Steam tables, Appendix D
Proportionality constant, 4-18
Proximate analysis of coal, 2-7, 2-9
Public opinion and power plant design, 1-27, 1-36
Pulp and paper industry chemical recovery boilers, 8-42
Pulp-mill capacity, relation to boiler size, 8-46

Pulp-mill waste streams, incineration of, 8-30
Pulse-jet fabric filters, 15-20
Pulsing-flow waves, 22-17
Pulse-jet collector, 15-20, 15-20
Pulverized coal, 3-15
drying, 11-5, 11-15
firing, 4-29, 8-3, 8 4 , 8-5, Chapter 11 (Pulverizer and
Pulverized-Coal Systems), 12-4, 16-1, 16-4, 16-5
furnace design, 6-15
preparation, 11-12, 11-15 to 11-34
sampling, 11-11
storage, 11-15, 11-15, 11-18
unit with horizontal surface in furnace, 7-7
Pulverizers, Chapter 11. See olso Bowl mills; Mills
air temperature, 7-39, 8-6, 8-15, 11-5, 11-17, 11-25,
17-5, 19-15
alignment, 11-31
coal size, 8-3
design, 6-12, 8-5, 11-24, 11-31
explosions, 11-35, 21-9
fires, 11-36, 21-9
foundation design, 11-31
inerting and fire extinguishing. 11-35
maintenance of, 23-3, 23-18
operation, 11-32, 21-9
pyritic rejection from, 8-6, 15-27
reject system, 16-18, 16-19
safety and controls, 11-35
selection for variable load operation, 7-39
shell design requirements, 11-31
turndown capacity, 8-7
types, 11-21, 11-26
Pump-assisted thermal circulation, 5-15. See also C-E
Controlled Circulation
Pumps,
circulation, 7-17, 14-41, 14-43
feedwater, 14-41
maintenance of, 23-15
recirculation, 7-12, 14-41, 14-43
zero-leakage, 14-42
Pump differential pressure, 7-23
Purge, of system, 21-54
Pyrites, 3-4, 11-12, 15-27, 16-18
Pyritic sulfur, 15-26, 15-27
rejection from pulverizers, 8-6, 15-27

Q-Pipe heat-pipe air heater, 14-23

Radial acceleration, water separation, 5-27
Radial airfoil fans, 14-2. See Centrifugal fans; Fans
Radial heat flow, 6-22
Radiant beam length, 6-26
Radiant heat absorption, 6-30, 6-30
Radiation, heat transfer, 546-10.6-11, 6-15.6-22, 21-3, B-3
Radiographic testing, 18-6, 18-14, 18-17
Radiographical examination of welds in field, 19-18
Rai, B., B-6
Ralston, O.C., 2-4
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Subject Index Ran.Sch

Rank, of coal. See Coal classification
Rankine cycle, 14. 1-4, 1-5, 1-6, 1-13
Rankine, W.J.M., 1-4
Rapping system, precipitators, 15-8, 15-13, 15-15
Raw refuse, 2-27, 8-14
Raw-water treatment, 2 0 4
Raymond Impact Mill, 11-26, 11-27
Raymond Roller Mill, 11-25
RC (stoker) grate for burning RDF, 8-21, 8-22
Reactivity of char, 2-15
Recirculation systems, furnace walls, 5-14, 5-15, 5-18, 7-10,
7-12, 7-16, 7-18, 7-28, 7-31
Recycle ratio, BFB combustion, 9-11
Recycle system,
BFB boilers, 9-16
CFB boilers, 9-27
Refinery gas. 2-37.2-39, 8-27
Refractory coating, furnace walls, 8-20
Refractory cooling (ash hoppers), 16-8
Refuse as fuel, 2-27, 7-9, 8-14, 8-16, 8-17
Refuse burning in utility boiIers, 7-9
Refuse-derived-fuel system (for burning prepared refuse),
8-4, 8-21
Regeneration vs. cogeneration: the thermodynamics, 1-12
Regenerative air heaters, 10-16, 14-23, 14-28, 14-29
marine, 10-16, 10-17, 10-18
Regenerative Rankine cycle, 1-4, 1-5, 1-6
Regenerator waste gas, 2 4 0 , 8-27, 8-28
Reheat (stress-relief) cracking, 17-11
Reheat cycles, 1-6, 1-7, 1-8, 1-30. 1-11, 1-9, 7-37
Reheat regenerative cycle,
600-MW subcritical-pressure power plant, 1-7, 1-8
800-MW supercritical-pressure power plant, 1-10, 1-11
Reheat system, desuperheating, 5-12
Reheat steam generators, 1-6, 5-9, 6-3, 6-30, Chapter 7
Reheaters, 5-9. 6 4 2 , 21-26. See d s o Superheater
CFB boilers. 9-22
design considerations, 1-6, 6-30, 6-42
flue-gas, 15-55
heat transfer rates, 6-25, 6-28, 6-30
manufacture of, 18-12
pressure drop in, 6-45
temperature control, 5-11, 6 4 1 , 6-42, 7-40, 7-41, 21-8
Reid, W.T., B-11, B-14, B-16
Reinforced openings, 6 4 9
Relationships between stokar, fluidized-bed, and pulverized
firing of solid fuels, 9 4
Relative flue-gas volumes and heat absorption patterns
(CFB), 9-21
Reliability and maintainability of chemical recovery
boilers, 8-63
Reliability of electric utilities, 1-25, 1-36, 24-1, 24-6,
Chapter 24
Remaining-life analysis. ASME Code aspects, 24-8;
Chapter 24 passim
Removable planetary-gear drive (HP pulverizer), 11-31
Replacement power costs, 1-29
Repair and maintenance, Chapter 23
Repairable and replaceable liners (fans), 14-22
Reports.
maintenance, 23-10
power-plant studies, 1-19, 1-28
Reserves, 1-24, 24-4
Residual combustion, 4-12

Resistance bulb. See Temperature measurements
Resistivity of particulate matter, 15-6, 15-12, 15-13
Retractable sootblowers, 7-4, 10-6, 14-33
Return-flow burners, 10-19
Revenue requirements, method, 1-34 Reverse air fabric filter, 15-18, 15-19
Reversing hoods, water separation. 5-27, 5-28
Reynolds number, 6-23, 6-25, 15-70, 22-21
Reynolds, William C., 4-8
Rifled tubing, 7-10, 7-12, 7-35
Rigid frame precipitator, 15-8, 15-15
Ring roll mill, 11-23
Ringelmann number, 15-73, 15-73
Ring-type logic-processor architecture, 13-16
Rittinger's law of crushing, 11-3
RMS (root-mean-square]
sound pressure, 14-45
value of wave form, 22-23
Roberts, A.G., B-11
Rockwell test. See Hardness
Roll pressure adjustment, 11-28, 11-34
Roga-index test, A 4 7
Root causes (of problems), 24-5
Root-mean-square sound pressure, See RMS
Rosin equation, 6-16
Rotor, in regenerative air heater, 14-28, 14-29
Rupture, 20-24. See also Stress
Russian method, coal classification, 3-6
Ryzhakov, A.V., B-16

-

Safety, 1-36, 11-35, 13-1, 18-2, 21-1
considerations in chemical recovery boiler design, 8-63
control systems, 13-1, 13-11
operations, 21-1
regulations. See specific agencies and codes
tags, 2 1 4
valves, 21-22, 21-23, 21-24, 21-25
walkdowns, 21-26, 21-29
Sage, W.L., B-13, B-15
Salts in boiler water, 5-31
Sample results (fineness test), 11-12
Sampling,
coal. 2-7. 11-4, 11-11, 22-4
flyash, 15-6
stack emissions, 22-13, 22-15, 22-16, 22-17
steam, 20-43
techniques, 2-7, 11-11, 2045, 22-13
Saturated steam, 5-2, 5-25, 7 4 2
Saturated water (liquid), 5-2. See Steam tables, Appendix D
Saturation temperature, 5-2, 8-54, Appendix D
Sauter mean droplet diameter, 15-40
Savery, Thomas, 5-5
Savings in manufacturing and erection, shop-assembled
units, 8-41
Sawdust as fuel, 2-25
Saybolt Furol Viscosity, 2-30, 2-31
Saybolt Universal viscosity, 2-30, 2-31, 2-32
Scale,
formation, 6-21, 1544, 2042, 20-39, 20-40
removal. 7-22. 20-39. 21-16. 21-17
Schaefer, R.L., B-7
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Subject Index Sch-Spe

Schnabel rail car, 8-4L8-41
Scotch marine boiler, 10-4, 10-4
Schikorr hypothesis, pH control, 20-14
SCR post-combustion NOx-reduction process, 15-65
Screen dryer, 5-28, 5-29
Screen openings, 11-9, 11-10
Screen tubes, 10-6, 10-13
Screens, water separation. 5-27
Scrubbers, 15-6, 15-7, 15-28 to 15-64
Seal pot, CFB boiler. 9-27
11-2
Seaman, H.J.,
Seasonal variations in heating loads. 1-20
Seasoning of furnace, 21-2
Secondary stress, 6-54
Sectional-header boilers, 10-5, 10-5
Sector plate, deflectable, 14-32
Seebeck and Peltier, 22-2
Selection of materials, 6-42. Chapter 17
Selection of solvents. 21-17
Selective catalytic reduction, SCR, 15-65
Selective deposition. 3-15, 3-24
Selective non-catalytic reduction. SNCR, 15-68
Semianthracite coal, 2-3, 2-4, 2-5
Semi-direct pulverizing system, 11-16, 11-17
Semi-ellipsoidal head, 6-48
Sensible heat loss in ash. 6-8
Sensors (detectors), 13-5, 13-7
Service exposure considerations (materials), 17-22
Setting height of boiler. 16-16
Settling ponds, 16-7, 16-15
Settling tanks, 16-14
Sewage sludge as fuel. 8-28
Shaft horsepower, Shp, 10-1
Shake-deflate fabric filters. 15-20
Shaker-type fabric filters, 15-17
Shell design, 6-46
Shielded metal arc welding, SMAW, 19-18
Shipment of shop-assembled boilers. 8-41
Shop assembly of boilers. 8-36, 18-12 (optimization)
Short slags. B-15
Short-term probes, corrosion indicators, 3-26
SHO, superheater outlet, headers, 7 4 2
Shredded rubber, bu:ning of, 8-29
Shrink allowance in welds, 23-13
Shutdown, 13-10, 21-6, 21-27
Siddall, R.G., 6-16
Sigma phase, 17-6
Silica,
in boiler water, 5-30. 5-30
in coal ash, 3-4, 3-8, 3-9, 3-11
Silica/alumina ratio, 3-8. 3-9
Silica Percentage, 3-11
Silo fluidization of flyash, 16-26
Single-nozzle sootblowers, 14-37
Single-V bottom hopper. 16-7
Single-extraction regenerative cycle, 1-5
Sintering, 8-58
Sizing of fuel and sorbent CFB combustors, 9-22,943.9-24
Slack, 2-5
Slag, 34.3-10,lO-15.16-1, Appendix B. See also Bottom ash
accumulation, 6-19, 6-21, 6-22, 7-24, 8-3, 10-6, 10-13,
16-1
and furnace seasoning, 6-21, 20-2
on furnace walls, 3-22. 6-21. 6-22. 16-1

removal tempe~ature,B-13
viscosity, B-11, 8-15
Slagging, 3-4, 3-18, 6-15, 21-10, 21-11
Slag-tap furnaces, 7-6
Slagging temperature, B-17
Sliding-pressure operation, 7-23, 7-25, 13-19
Sliding-pressure operation of C-E Combined Circulation
steam generators, 7-32
Sliding-pressure programs for subcritical-pressure drum
boilers, 7-46
Slip-ring motor drives, 14-17
Sludge,
dewatering, 15-64, 15-65
disposal, 15-64
as fuel, 2-32
uses for, 15-64
Sluice gates, in hoppers, 16-10
Smelt-water explosions, 8-62
Sodium aluminate, in water treatment, 20-5
Sodium and fouling rate, 3-11, 3-15, 3-24
Sodium sulfite, feedwater control, 20-15, 20-16
Sodiumlvanadium ratio, corrosion, 3-28
Softening temperature of coal ash, 3-5, B-6, B-7.
See also Ash softening temperature; Ash-fusibility
temperature; Fusion temperature of coal ash
Solid carbon loss, prediction of, 6-10
Solid fuel firing, relationships between stoker, fluidized-bed,
and pulverized firing, 9-4
Solid fuels, 2-19, 4-6, 8-2, 8-26, 22-5. See also Coal; Coke;
Refuse; Sludge; Wood
Solid particle erosion, SPE, in steam turbines, 17-25
Solids contents. See also Water treatment
in boiler water. 7-16, 20-22
in steam, 5-25. 7-15
Solids, recycle in spray-dry scrubbing, 15-59, 15-60
Solvent-contact, scale removal, 7-22
Solvents, selection of, 21-17
Solubility of oxygen in water, 20-30
Sonntag, Richard E., 4-8
Sootblower erection, 19-11
Sootblower systems, 10-6, 14-33, 14-37, 14-37, 14-39,
1440, 21-2
Sorbent
feed, BFB combustion, 9-15
feed system, CFB boilers, 9-25
preparation, BFB combustion, 9-15
preparation, CFB boilers, 9-24
Sound paths, 14-48
Sound pressure level in power plants, 14-45, 1449
Space heating and power plants, 1-19
Space limitations in marine boilers, 10-2
Spare parts, determining need for, 23-2
SPE, solid particle erosion (in steam turbines). 17-25
Specific collection area, SCA, 15-10
Specific gravity, 2-30, 2-34, 22-5
Specific heat, 443, 6-12, 6-25, 6-28, 6-29, B-1, B-3
solid fuels, products of combustion. 6-29
liquid and gaseous fuels, products of combustion. 6-29
air, at varying moisture contents, 6-29
Specifications, 1-22. See o/so specific agencies and codes
for fans. 6-38
and material selections, 17-1
tensile strength. 17-11
Spectrum, total electromagnetic radiation. 13-6_
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Speed variations in fans, 14-12
Spherical shell, thickness. 6-46
Spheroidization, 20-24, 20-25
Spinning reserve; 1-24
Spray-dryerlabsorber, SDIA, 15-33. 15-55; See Spray-dry
scrubbing
Spray carryover, 2041, 20-43
Spray-dry scrubbing, 15-32, 15-55
additive type and quality, 15-57
approach to saturation, 15-58
atomization quality, 15-60
chlorides, effect of, 15-60
. drop-size reactor, 15-55
inlet SO2 concentration. effect of, 15-61
mass and heat transfer, 15-56
process effect in SDIA, 15-57
recycle of solids, 15-59
stoichiometric ratio. 15-58
+
spray-down temperature, 15-59
Spray-tower, 15-38, 15-52
Spreader stokers, 12-15, 12-17, 12-18, 12-19
cellulose firing. 12-19
design considerations, 12-17
refuse burning, 8-15
marine boilers, 10-20
SSC, submerged scraper conveyor, 16-15
Stack,
calculations, 6 3 3 , 6-37, 6-39
effective height, 15-71, 15-71
emissions, 22-4, 22-13
heat loss, 22-4
performance curves, 6-37
sampling, 22-13
Stack effect, 6-33
Staggered-tube arrangement, 6-24
Staging, NOx control, 4-33
Stall. fans. 14-15. 14-20
Standard reference state, 4-8
Start-up, Chapter 21,
after outages. 7-39, 741
air temperature, 7-39
BFB combustor, 944, 21-26
CFB boilers, 9-24, 21-26
in Combined Circulation boilers, 7-36, 7-44, 7-46, 20-35,
20-36, 20-38
in Controlled Circulation boilers, 7-17, 7-39, 741, 7 4 2 ,
214
and corrosion. 20-30, 20-3t 20-32
operation. 5-17, 20-30
procedures, 21-4
rates, 7-40
safety controls. 13-11. 21-1
supercritical boilers. 20-34, 21-6, 21-7
systems for supercritical steam generators. 7-36
temperature matching system, 7-44
turbine by-pass system. 7 4 2
Statistics on availability of generating units, 24-4
Stauscheibe pitot tube, 22-20.22-20
Static holes. 6-33
Static horsepower, 14-4
Static tube. 6-33. 22-19
Static pressure, 6-32, 6-40, 1 1 4 , 14-6
Steady fluid flow, 5-21
Steam.

air heaters, 6-5, 6-6, 10-17, 14-36
cycles [power plant), 1-3 to 1-18
dryers, 5-2, 5-28, 5-29
generation, Chapter 5
production and chemical recovery (pulp and paper
industry), 8-42
properties, 5-1, Appendix D
purity, 5-25
quality, 5-2, 5-25
sampling methods, 20-45, 22-13, 22-15, 22-26, 22-17
tables, 5-2, Appendix D
temperature control. See Superheaters, control of steam
temperature; Reheaters, temperature control
temperatures. 5-3, 7-39. See Superheater; Reheaters
washers, 5-30
and water separation, 5-24, 5-26, 7-15, 7-16, 7-18, 7-36,
8-8
Steam-atomizing oil guns, 10-8. 10-22
Steam-driven pumps, 1-22
Steam drum, 5-25 to 5-30,746, 7-18, 8-8, 18-2,18-3, 23-7
internals, 5-25, 5-29, 8-8, 8-9
Steam generation, history of, 5-5
Steam generators. See Boiler; C-E Controlled Circulation
boilers; C-E Combined Circulation boilers; Chemical
recovery boilers; Fluidized-bed boilers
auxiliaries, 1-21, Chapter 14
for cogeneration plants, 1-14
efficiency, 6-3, 6-4, 6-13, 21-2, 22-24
fluidized-bed, Chapter 9
for gas-turbine heat recovery, 8-30
marine, Chapter 10
pressure parts. 5-5. 5-8. 7-6. 18-2. 23-7
reheat, 1-6. 5-6. 5-9. Chapter 7 passim, 9-18
supercritical-pressure. 5-16, 7-25 to 7-37
testing, Chapter 22
waste-heat, 10-15, 8-30, 8-33
Steam lines, 21-21
Steam-turbine drive, 1-14
Steel. Chapter 17 passim
alloys, 5-3, 6-43, 6-45, 15-52, 17-3, 17-4, 17-9, 17-10,
17-25
boilers for steel-making service. 8-26
castings for boiler pressure parts, 1 7 4
corrosion, 3-23, 3-24, 8-17, 8-20, 8-58, 17-23, 17-30,
20-15. See also Hydrogen damage; Oxygen damage
slags in, B-2
properties, 17-3
testing, 17-3
Stefan-Boltzmann constant, 6-15, 6-19
Step ignition, 12-10
Stoichometry, additive [FGDS), 15-50
Stochiometry of combustion, 4-17
Stoke's law. 15-11
Stoker applications,
in bagasse (and biomass), 8-4, 12-19, 12-20
for coal, 8-4, 8-6, 12-13, 12-14, 12-15, 12-19
fuel specification, 8-4, 12-18
industrial power plants. 8-14. 8-16, Chapter 8 passim
marine boilers, 10-9, 10-10
refuse firing, 8-14 to 8-26, 12-21, 12-23, 12-25
versus pulverized coal. 8-3
traveling grate. 12-13, 12-14
Stoker firing. 4-29
Stokers. 8-3. 8-4. 12-13
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Storage (indirect) system, 11-15
Storage of pulverized coal, 11-15, 11-18
Strainers, in Controlled Circulation systems. 7-18
Stress, 6 4 5 to 6-59. See also Cracking; Fatigue
allowable limits, 6-56
analysis, 642, 649, 6-54. See also Non-destructive
testing; Testing
damage, 6-57. 21-9.24-10, 24-11, 24-14
experimental, 6 5 4
intensity, 6-55
maximum shear theory, 6-55
rupture 17-16. 20-24
Stresses in,
furnace walls, 6-50
local, 6-55, 24-8, 24-9
pressure vessels. 6-46, 7-48
Stress-relief cracking. See Reheat cracking, 17-11
Structural,
deformation (in regenerative air heaters), 14-31
design, 6 4 4 ,6 4 9 ,6-58
materials selection, 17-5
Subbituminous coal, 2-3, 2-6, 2-10,2-17,A-42, A-51, A-53
Subcritical pressure, 1-7, 5-14, 5-16 to 5-24, 7-12 to 7-24,
20-30, 20-33

Subcritical steam cycles, 1-7, 1-15, 5-17, 7-37, 7-50
Submerged-arc automatic welding, SAA, 18-7
Submerged scraper conveyor, SSC, 16-15
Sub-scale burner facility, Kreisinger Development
Laboratory, 25-5
Suction-type pulverizers, 11-19, 11-30, 11-35, 16-18
Sulfur,
in black liquor, 8 4 6
in coal, 2-12, 15-2, 15-26
in coal ash, 3 4
in coke, 2-22
emissions. 15-2. 15-26. See also Sulfur oxides
in fuel oil, 2-3, 2-28, 2-29, 2-31
removal vs. fluidized-bed temperature, 9-6
Sulfur-oxides, SO,,
control, 15-28 to 15-64
emissions, 15-2. 15-26
formation, 13-27
in-situ capture in fluidized-bed combustion, 4-30, 9 4 ,

marine boilers, 10-13
materials selection, 5-3, 5-9, 6-43, 6-45
manufacture of, 18-12, 18-16
pressure drop in, 6 4 5
shop assembly, 18-12
slag accumulation, 3-1, 3-4, 7-4, 10-13
steam temperature control, 5-11, 5-16, 6-41, 6-42,7-39
surface arrangement, 7-6, 9-12, 9-16, 9-20, 9-22, 9-27,
10-13

temperature curves, 5-13, 7-31, 7-41, 7-46, 8-34, 10-14
Superheater outlet header, SHO,7-42
Superimposed recirculation, 5-14, 5-17
Supplementary-fired steam generators, 1-16,8-30.8-33,8-35
Support,
boiler structure, 6-58, 19-3
marine boilers, 10-21
.Surge tanks, 16-14
, Surveys of Energy Resources, A-1
-Suspended solids, 20-3
Suspension firing, 4-29,
of prepared refuse, 8-25
of cellulose fuels. 12-20
Swing-hammer coal crushers, 11-13
Synchronous-motor (fan drive), 14-17
Swelling index, A46. See FSI
Systems additions, 1-25, 1-26
Systems approach to training programs, 21-31. 21-32
System reserves, 1-24, 24-4

+

9-13, 9-23

removal, 15-28 to 15-64
Sulfuric-acid corrosion, 3-29, 14-36
Sulfuric-acid-mist sampling train, 22-17
Supercharged steam generators. 1-17, 1-18
Supercritical-pressure cycles. 1-9, 1-10, 7-37, 7-50, 20-31,
20-34

Supercritical-pressure sliding-pressure operation. 7 4 6
Supercritical-pressure steam generators, 5-16, 7-25 to 7-37
Superheated steam cycles, 14, 1-6, 5-2
Superheaters, 5-9, 18-12. See also Reheaters,
circulation in, 5-14, 7-10, 7-27
cleaning, 21-19, 21-20
control of steam temperature, 5-11, 5-16, 641,6-42,
7-39, 10-14, 13-22, 13-23, 13-25, 21-8

design considerations, 6-42, 6-45, 7-6, 7-8, 8-10, 8-14,
8-20, 8-24, 8-58

double, 10-6
inverted, marine U-loop, 10-7
leaks, 21-28
maintenance. 23-7

Tangential air nozzles, 5-12, 12-4. See Nozzles. air
Tangential firing systems, 5-12, 7-4, 7-11, 8-28. 10-8,
10-9, 12-4, 12-5, 12-6, 12-7, 12-14

ash deposits, 12-5
for byproduct fuels, 7-6, 8-10, 8-26
design considerations, 7-4, 7-11, 7-35
firing patterns, 7-35, 10-8
fixed (non-tilting), 8-28
fuels (that can be burned). 8-10
ignition systkrns, 12-10, 12-11, 12-12
low NO,, 12-6
wirh overfire air, 12-7
for refinery regenerator gas, 8-27
refuse firing, 8-11, 8-25
safety systems, 13-9, 13-10, 13-12, 13-16
Tangential fuel nozzles, 5-12, 7-11. See Nozzles. fuel
Temperature.
average cold-end. See ACET
in combustion reactions, 12-2
control, 5-11, 8-24, 10-13, 21-8
curves. See Superheaters, temperature curves
decay, 13-31
in design, 1-3, 6-1, 6-18, 643, Chapter 7 (passim)
distribution, 6-44, 6-51, 6-53
fluctuation, 5-18
flyash hoppers. 15-24
furnaces. See Furnace
gradients (delta t), 6-22, 6-31, 6-32
and heat absorption, 5-8
in heat exchangers. 6-27
measurements, 17-16, 22-8, 22-11
and pressure, 4-10, 5-2, 17-2
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primary air to pulverizers, 7-39
properties, high-temperature, 17-16
reheaters. See Reheaters, temperature control
and ruptures. 20-24
of saturation, 5-2, 6-52, Appendix D
sensors, 13-5, 13-7
superheaters, 8-14, 8-20, 8-24, 8-58. See Superheaters,
control of steam temperature
and tube spacing, 7-9
in two-phase flow, 5-18
Temperature curves, 10-16
Temperature matching system (turbine bypass), 7-43
Temperature-pressure-volume relationship 4-3
Temperature profile of unfired HRSG, 8-34
Temperature-time-transformation curve. TTT, 17-9
Temperature, waste heat applications, 8-30, 8-34
Tempering, 6-39, 17-10
Tensile properties, 17-11
Test loop, high pressure and temperature. KDL, 7-11.
25-10, 25-11

Testing,
boiler and power plant, Chapter 22
coal, A-46. A 4 8 . See also Coal classification
of creep and stress rupture, 17-16
drum plates. 18-5
flow-model, 15-69, 15-71, 25-8
fuels, 2-13, 2-15, 25-3, 25-13, A-2, A 4 3 to A-55
liquid-penetrant, 18-15
of long-term service exposure, 17-21
magnetic-particle, 17-3, 18-6, 18-15, 18-18
of materials, 18-4, 18-18, 24-14, 25-13
' non-destructive, 18-14, 18-15, 25-13
performance, 14-11, 1 5 4 , 22-1
radiographic, 18-14, 18-15
temperature, 17-14
ultrasonic, 17-3, 18-4, 18-15, 18-16, 18-17, 23-7
Test loop, heat transfer and corrosion, KDL, 25-9
Theory,
of combustion, Chapter 4
of elasticity. 6-46
of (flow) modeling. 15-69
Thermal,
behavior of coal ash, 3-3, 3-10, 3-18, B-3, B-11
circulation, 5-14, 5-15, 5-18, 7-10, 7-12 to 7-16, 7-20,
7-24, 7-25, 8-37, 10-12

circulation tangentially fired steam generator, 7-14
conductivity, B-I
cycles, choices, 1-1, 1-9, 1-21, 7-37
draft, 6-33, 6-37
expansion, 8-38, 21-4, 23-5
gradients, effect on regenerative-preheater structural
deformation, 14-31
head, 7-14. 7-19. 7-24, 7-25
loading, 6-51
NO,, 4-30
performance. See Furnace performance
pump-assisted circulation, 5-14, 5-15, 7-13, 7-17
stress, 6-52, 7-48, 7-49, 17-10
treatment, 17-11. See also heat treatment
Thermochemical tables (Gibbs Function Calculation),
4-23 to 4-26
Thermochemistry, combustion analysis. 4-8
Thermocouples, 22-8, 22-10, 22-11, 23-5
Thermodynamic cycles and efficiency, 1-2, 1-4, 1-6, 1-9,

1-21, 1-27, 7-37

.-

Thermodynamic method of circulation, 5-23. See Thermal,
circulation
Thermodynamic-standard, 4-15
Thermodynamics, laws of; 1-2
Thermogravimetric burn-off of DTFS chars, 2-17
Thermometers, 22-8, 22-9, 22-11
Thermosyphonic circulation. See Thermal, circulation
Thickness of spherical shell, 6-46
Three-course drum, 18-6
Three-element controls, 13-25
Tilting tangential firing, 12-4, 12-5. See Tangential firing
systems
Time-dependent costs, 1-31
Tolerances in fans, 6-39, 14-3, 14-6
Topping cogeneration cycles, 1-13
Torispherical head, 6-48
Total alkalies, in coal ash, 3-11
Total boiler output, 6-3
Total carbon in coal, 2-12
Total heat, 5-2, 5-3, 5-6
Total pressure, 6-33
Total products of combustion, Appendix C
Total reduced sulfur, TRS, 8-52
Total solids, 20-3
Total solids in boiIer water, 20-31, 20-32, 20-36, 20-37,
20-38.20-38.

20-41, 2 0 4 2

Total suspended solids, TSS, 16-3
Toughness versus temperature, 17-14
Training for maintenance, 23-22
Training programs, operators, 21-4, 21-31
Transient limits, 7-42
Transition-temperature properties, 17-15
Transition temperature range, 17-14
Transportation of boiler components, 18-1, 18-9
Transportation of shop-assemblies, 18-8
Transverse clearance guide, 7-9
Traveling-grate stoker, 12-13, 12-14
Treatment, heat, 17-11, 17-12
Triple-V bottom hopper, 16-7
Trisector air preheater. See Air preheater
Tri-sodium phosphate. TSP, 21-13
TRS, total reduced sulfur, 8-52
TSS, total suspended solids, 16-3
Tbbe (tubing),
arrangement, 6-24, 7-6
assemblies, 7-8, 18-9, 19-13
coatings, 3-23
diameter, 5-8, 6-22, 8-25, 6-50
geometry, 5-8, 6-25, 6-52
heat flow, 6-21, 6-22
failures, 20-21, 20-23, 21-15. 24-11
leaks, 7-23, 21-27, 21-28
measurement, ultrasonic, 23-7
material selection, 6-42, 6 4 5 , 17-2, 17-3, 17-4, 17-19
panels, 7-6, 18-13
repair welding, 23-12, 23-13, 23-14
ruptures, 20-24, 23-6
scale and exfoliation, 17-24, 17-25, 17-26, 17-27, 20-12
spacing, 6-2, 6-24, 6-26, 6-47, 7-18, 8-8, 8-14
strength, 7-9, 17-11 to 17-19
temperature monitoring system, TTMS, 13-38
temperatures. 6-22, 6-43. 6-45, 6-50, 6-52, 6-53
thickness, 6 4 5 , 6-50, 24-14
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in water walls, 6-50, 7-10, 7-18, 18-9
'lbbular air heaters, 8-12, 8-13, 10-16, 14-23
lhibidity, reinoval. 20-8
lhrbine (steam). 7-26, 7-27, 7-31
auxiliary equipment for, 1-21
backpressure type, 1-13, 1-14
by-pass system, 7-42
expansion (adiabatic). 1-2
protection in cycling, 7-39, 7 4 2 , 7-50
sliding-pressure operation, 7-32, 7-44, 7-45, 7-46,
13-19, 13-21
lhrbo-separators, 5-28, 5-28
lbrndown capacity, 7-39, 8-7
Turndown, CFB combustion, 9-22
Two-drum bent-tube boilers (marine], 10-3, 10-6, 10-7
Two-element control, 13-25
Two-phase flow, 5-18
Two-shifting mode in cycling. 7-38, 7-50
Two-speed fan motor, 14-17
Two-stage scrubbers. 15-37, 15-38
Type-S pitot tube. See Stauscheibe pitot tube

U-tube circuit, (subcritical drum-type boiler), 5-21, 5-22
U-loop superheater, 10-7
Ultimate analysis of coal, 2-7. 2-12
Ultimate analysis of other fuels. See Analysis
Ultrasonic testing, 17-3, 18-4, 18-15, 18-16, 18-17, 23-7
Ultraviolet detection, 13-5
Unaccounted-for losses (heat), 6-10
Unbalanced thermal loading, 6-53
Unburned combustible(s), 4-6, 6-9, 22-7, C-3
Unburned fuel loss, 21-3
Uncertainty (error)in efficiency determination, 22-25,22-26
Unclassified heat loss, 6-10
Underbed feed, BFB combustion, 9-11, 9-13, 9-14, 9-15
Underfeed stokers, 12-13
Undergrate air. mass-burning grate, 8-19
Unfired steam generators, 1-16, 8-30, 8-33, 10-10.
See also Waste heat boilers
United Nations coal classification, A-43
Unprepared refuse, mass-burning of, 8-16, 8-17, 8-18
U.S. Bureau of Mines, 2-14, 11-2, 11-6, A-1, A-12, A 4 3
U.S. coals, 2-14, 2-16, Appendix A
U.S. Department of Energy, 24-1
U.S. emission regulations, 1-20. 1-36. 15-1
U.S. Federal Register. 15-1
1J.S. water supplies, 20-4, 20-5
Use of chelants for internal control, 20-17
UV (ultraviolet) flame detectors, 13-5

Vacuum systems, flyash removal, 1620.16-21, 16-22, 16-23
Valves (boiler), 14-45
Van Wylen. Gordon 1.. 4-8. 4-11
Van't Hoff equation. 4-19, 13-19
Vane-controlled fans. See Variable inlet vanes
Vaporization, heat of, 5-2
Vaporous carryover, 5-30, 7-16, 2 0 4 3
Vargaftik. N.B., B-1
T

Variable inlet vanes, in fans, 14-7, 14-8, 14-13, 14-14,
14-15, 14-18, 14-19
Variable-pitch axial fans, 14-2, 14-9, 14-10, 14-11, 14-15,
14-16
Variable loads in cycling, 7-38, 7-41, 7-49
Variable-pressure operation, 7-23, 7-25, 7-31, 7-32, 7-35,
7-40, 7--44, 13-19
Variable-speed fans, 14-13, 14-17, 14-18
Velocity,
calculations, graphical methods. 22-19
of circulation in U-circuit, 5-23
design, BFB boilers, 9-13
design, CFB combustors, 9-23
of drift, 15-11
in ducts, 6-36, 6-38, 22-19
effect on scale removal, 20-32, 21-17
mass (velocity), 6-24, 6-24, 6-25, 6-35, 7-20
measurement, 6-33, 22-19, 22-23
pressure, 6-5, 6-32
stacks, 6-39
turndown. BFB combustor, 9-14
vector diagrams (of fans), 14-6
Velox cycle. 1-18
Vented air fans for pulverizers, 11-15
Venturi scrubber, 15-7, 15-28
Verdinne, Henri, 11-3
Vertical versus spiral or helical furnace walls, 7-33
Vertically-fired systems. 12-4, 12-6
Vibrations in fans, 14-15, 14-21, 23-16
Vibrators in flyash hoppers, 16-25
Victaulic couplings, 23-19, 23-21
Viscosity,
of fuel oil, 2-30. 2-31, 2-32
and temperature relationships, 2-31, 2-32, B-11
Volatile matter in coal, 2-10, A-2, C-6
Volatile treatment of feedwater, 20-16
Volume,
in fans, 6-40, 6-41, 13-31, 14-2, 14-4, 14-6, 14-12,
14-19, 14-21
in gas-flow. 13-32
Volume correction factor (for local negative pressure), 6-37
Volume correction for elevation above sea level, 6-13, 6-14
Volumetric flue-gas analysis, 4-5, 22-6
Volumetric heat release rate, 6-17, 7-5, 8 4
Vorticity, 22-19
Voskoboinikov, V.G., B-2
VP boiler, 8-38, 8-39
VU-40 boiler, 8-8, 8-9, 8-11, 8-12
VU-60 boiler, 8-14, 8-15, 8-16, 8-26, 8-28

Walkdown, safety procedures, 21-26, 21-29
Wall-firing. See Horizontally-fired systems
Wall thickness, hemispherical head, 6-47
Wark, Kenneth, 4-8
Washers, for steam, 5-30
Wastage of steel. See Corrosion; Steel, corrosion
Waste fuel, 1-19, 2-26, 2-27, 8-4, 8-7, 8-10, 8-26
Waste gas (regenerator). 2 4 0
Waste heat boilers, 8-30, 8-33, 10-10, 10-15. See Heat
recovery, steam generators
Water,

COMBUSTION
Subiect Index Waf-Zer

analysis of U.S. water supplies, 20-4, 20-5
for boilers, 20-11
chemistry management system, ICMS, 13-37
density, 5-26, 7-13
gas (blue gas), 2-39
impurities in, 5-25, 20-1, 20-2, 20-3, 20-4
oxygen in, 5-10, 20-3,20-30, 20-32.20-38. 21-11
separation, in boiler drum, 5-25. See Drum internals
softening processes, 20-6
and steam mixtures, 5-2, 5-14,5-19, 5-20;5-25, 7-13, 7-19
supplies, 20-1, 20-30
technology, Chapter 20
testing, 20-39
treatment, 7-23, 7-27, 7-50, 20-4, 20-6, 20-11
vapor in gaseous fuels, 2-41, 6-7, C-36
Water-cooled furnaces. See Furnace wall; Waterwalls
Water gas, 2-39, 4-22
Water-impounded hoppers, 6-9, 7-6, 16-5
Water quenching, 17-10
Water-steam cycles. 22-10
Water-tube boilers, 5-5, 10-5
Waterwalls, 5-5, 6-50. See Furnace wall; C-E Controlled
Circulation boiler
erection, 19-10, 19-12, 19-12
evaporation in, 5-8, 5-16
flow in, 5-16, 5-18
steam generation. 5-8
tube failures, 20-21, 20-23, 21-15, 24-11
wastage, 3-27, 8-58, 8-59, 24-9
Waterwashing, 14-33, 14-34, 14-35
Watt, J.D., B-12, B-15
Weak-acid analysis, coal, 3-12
Wear resistance in fans, 14-3, 14-21, 14-22
Weigh tanks, 2 2 4
Weight of fuel fired, 6-12, 7-3
Weight support in marine boilers, 10-21
Weighted-wire precipitator, 15-8, 15-9, 15-15
Weld-beveling. 18-5, 18-6
Weld overlay, 8-61
Welded furnace enclosure, 6 4 9 to 6-55. See Fusion-panel
welding; Furnace wall
Welding,
boiler components, 18-2
drum plates, 18-6
of erected components, 19-17
flux, 18-6
hard-face, 8-61

materials, 17-6
orbital, 18-12, 18-16
repairs, 23-11
solid fins, 18-11
techniques, 18-6, 18-9, 18-10, 18-11, 18-12
Welds,
field postweld heat-treating of, 19-18
field radiographical examination of, 19-18
Weston, P.L., Jr., B-2
Wet-bottom vs. dry-bottom furnaces, 7-6
Wet-motor pump 1441, 14-43
Wet natural gas, 2-36
Wet-process sludge (FGDS), 15-64
Wet scrubbers, 15-6, 15-7, 15-28 to 15-64
Wet scrubbing.
effect of chloride, 15-43
effect of magnesium, 15-42
Wet steam, 5-2
White, David, 2-4
Wilkins, D.M.. B-11
Wilson, Carroll, A-1
Windbox-assembly erection, 19-14, 19-15
Windbox design. See Horizontally fired systems;
Tangential firing systems
Window welds, 23-12
Winkler, Fritz, 9-1
Wobbling of headers, 18-9
Wohlenberg, W.J., 11-3
Wood as fuel, 2-23, 2-24, 2-26, C-15, C-16, C-17
Work, mechanical energy, 1-2 to 1-6, 5-21, 5-23
Work-hardening. See Fatigue
World Energy Conference, A-1

Yield strength. 17-13
Young's modulus of elasticity, 17-13

z
Zeldovich mechanism (thermal NOx formation), 4-31
Zeolite softening. 20-9
Zerban and Nye, 1-1
Zero-leakage pumps, 1441, 14-42

