
Pål Skalle

Exercises in Drilling Fluid Engineering

Download free books at



Download free eBooks at bookboon.com

2 

 

Pål Skalle

Exercises in Drilling Fluid Engineering

http://bookboon.com/


Download free eBooks at bookboon.com

3 

 

Exercises in Drilling Fluid Engineering
3rd edition
© 2013 Pål Skalle & bookboon.com
ISBN 978-87-403-0581-4

http://bookboon.com
http://bookboon.com/


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

4 

Contents

Contents

	 Preface	 10

1	 Fluid Properties	 11
1.1	 Filtration control	 11
1.2	 Filtration control	 11
1.3	 Density control	 12
1.4	 Density control	 12
1.5	 Rheology control	 13
1.6	 Rheology control	 13
1.7	 Flocculation	 14
1.8	 Mud contamination	 14
1.9	 Flocculation	 15
1.10	 Fluid additives	 16
1.11	 Fluid additives	 16

www.sylvania.com

We do not reinvent  
the wheel we reinvent 
light.
Fascinating lighting offers an infinite spectrum of 
possibilities: Innovative technologies and new  
markets provide both opportunities and challenges. 
An environment in which your expertise is in high 
demand. Enjoy the supportive working atmosphere 
within our global group and benefit from international 
career paths. Implement sustainable ideas in close 
cooperation with other specialists and contribute to 
influencing our future. Come and join us in reinventing 
light every day.

Light is OSRAM

http://bookboon.com/
http://bookboon.com/count/advert/ae925238-62e0-4fca-a4f2-a24b0097a136


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

5 

Contents

2	 Rheological models	 17
2.1	 Bingham/ Power law	 17
2.2	 Bingham/Power-law	 18
2.3	 Bingham / Power-law. Regression	 19
2.4	 Effective viscosity	 20
2.5	 All models	 20
2.6	 All models. Regression	 21
2.8	 All models	 22

3	 Drilling fluid dynamics	 23
3.1	 Velocity profile. Continuity equation	 23
3.2	 Velocity profile. Momentum flux	 23
3.3	 Velocity profile	 23
3.4	 Pressure loss vs. rheology	 24
3.5	 Pressure loss vs. rheology	 25
3.6	 Pressure loss. Power-law	 25
3.7	 Pressure loss. Turbulent. Energy equation	 25
3.8	 Pressure loss vs. flow rate	 25
3.9	 Pressure loss. Field data	 26
3.10	 Pressure loss. Effect of rotation	 26

EADS unites a leading aircraft manufacturer, the world’s largest 
helicopter supplier, a global leader in space programmes and a 
worldwide leader in global security solutions and systems to form 
Europe’s largest defence and aerospace group. More than 
140,000 people work at Airbus, Astrium, Cassidian and Eurocopter, 
in 90 locations globally, to deliver some of the industry’s most 
exciting projects.

An EADS internship offers the chance to use your theoretical 
knowledge and apply it first-hand to real situations and assignments 
during your studies. Given a high level of responsibility, plenty of 

learning and development opportunities, and all the support you need, 
you will tackle interesting challenges on state-of-the-art products.

We welcome more than 5,000 interns every year across 
disciplines ranging from engineering, IT, procurement and 
finance, to strategy, customer support, marketing and sales. 
Positions are available in France, Germany, Spain and the UK.

To find out more and apply, visit www.jobs.eads.com. You can also 
find out more on our EADS Careers Facebook page.

Internship opportunities

CHALLENGING PERSPECTIVES

http://bookboon.com/
http://bookboon.com/count/advert/85f92380-2160-4386-98b4-a2540089b583


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

6 

Contents

3.11	 Pressure loss. Bit nozzles. OFU	 27
3.12	 Swab pressure. Cling factor	 28

4	 Hydraulic program	 29
4.1	 Mud pump issues	 29
4.2	 Optimal nozzles? Section wise	 30
4.3	 Liner selection. Section wise	 31
4.4	 Hydraulic program. Section wise	 31
4.5	 Optimal parameters for BHHP. OFU. Section wise	 32
4.6	 Liner selection. Complete well	 32
4.7	 Liner selection. Complete well	 34

5	 Well challenges	 35
5.1	 Cuttings concentration	 35
5.2	 Cuttings concentration	 35
5.3	 ECD. Barite	 36
5.4	 ECD. Fluid and flow	 37
5.5	 Water activity	 38
5.6	 Shale stability	 38
5.7	 Wellbore problem	 39

© Deloitte & Touche LLP and affiliated entities.

360°
thinking.

Discover the truth at www.deloitte.ca/careers 

© Deloitte & Touche LLP and affiliated entities.

360°
thinking.

Discover the truth at www.deloitte.ca/careers 

© Deloitte & Touche LLP and affiliated entities.

360°
thinking.

Discover the truth at www.deloitte.ca/careers 
© Deloitte & Touche LLP and affiliated entities.

360°
thinking.

Discover the truth at www.deloitte.ca/careers 

http://bookboon.com/
http://bookboon.com/count/advert/0ba6aa54-2f19-4d35-9ee1-a00400a7e3c6


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

7 

Contents

6	 Additional Information	 40
6.1	 Pump (National 12-P-160) and hydraulic program data	 40
6.2	 Pressure loss equations	 41
6.3	 Conversion factors and formulas:	 42

	 Solutions To Exercises In Drilling Fluid Engineering	 43

1	 Fluid Properties – Solutions	 44
1.1	 Filtration control	 44
1.2	 Filtration control	 44
1.3	 Density control	 46
1.4	 Density control	 47
1.5	 Rheology control	 48
1.6	 Rheology control	 50
1.7	 Flocculation	 51
1.8	 Mud contamination	 51
1.9	 Flocculation	 53
1.10	 Fluid additives	 55
1.11	 Fluid additives	 57

We will turn your CV into 
an opportunity of a lifetime

Do you like cars? Would you like to be a part of a successful brand?
We will appreciate and reward both your enthusiasm and talent.
Send us your CV. You will be surprised where it can take you.

Send us your CV on
www.employerforlife.com

http://bookboon.com/
http://bookboon.com/count/advert/b6907fa5-6d27-49ae-a477-a01a01116857


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

8 

Contents

2	 Rheological models – Solutions	 59
2.1	 Bingham / Power-law	 59
2.2	 Bingham / Power-law	 60
2.3	 Bingham / Power-law. Regression	 60
2.4	 Effective viscosity	 63
2.5	 All models	 64
2.6	 All models. Regression	 65
2.7	 All models	 67

3	� Drilling fluid dynamics – Solutions	 69
3.1	 Velocity profile. Continuity equation	 69
3.2	 Velocity profile. Momentum flux	 69
3.3	 Flow profile	 72
3.4	 Pressure loss vs. rheology	 73
3.5	 Pressure loss vs. Rheology	 75
3.6	 Pressure loss. Power law	 77
3.7	 Pressure loss. Turbulent flow. Energy equation	 79
3.8	 Pressure loss vs. flow rate	 80
3.9	 Pressure loss. Field data	 81
3.10	 Pressure loss. Effects of rotation	 83

Maersk.com/Mitas

�e Graduate Programme  
for Engineers and Geoscientists

Month 16
I was a construction

supervisor in  
the North Sea  

advising and  
helping foremen  

solve problems

I was a

he
s

Real work  
International opportunities 

�ree work placements
al Internationa
or�ree wo

I wanted real responsibili� 
 I joined MITAS because  

Maersk.com/Mitas

�e Graduate Programme  
for Engineers and Geoscientists

Month 16
I was a construction

supervisor in  
the North Sea  

advising and  
helping foremen  

solve problems

I was a

he
s

Real work  
International opportunities 

�ree work placements
al Internationa
or�ree wo

I wanted real responsibili� 
 I joined MITAS because  

Maersk.com/Mitas

�e Graduate Programme  
for Engineers and Geoscientists

Month 16
I was a construction

supervisor in  
the North Sea  

advising and  
helping foremen  

solve problems

I was a

he
s

Real work  
International opportunities 

�ree work placements
al Internationa
or�ree wo

I wanted real responsibili� 
 I joined MITAS because  

Maersk.com/Mitas

�e Graduate Programme  
for Engineers and Geoscientists

Month 16
I was a construction

supervisor in  
the North Sea  

advising and  
helping foremen  

solve problems

I was a

he
s

Real work  
International opportunities 

�ree work placements
al Internationa
or�ree wo

I wanted real responsibili� 
 I joined MITAS because  

www.discovermitas.com

http://bookboon.com/
http://bookboon.com/count/advert/9da50518-808b-41b3-9e08-9fe200fbad87


Download free eBooks at bookboon.com

Exercises in Drilling Fluid Engineering

9 

Contents

3.11	 Pressure loss. Bit nozzle. OFU	 84
3.12	 Swab pressure. Cling factor	 86

4	 Hydraulic program – Solutions	 88
4.1	 Mud pump issues	 88
4.2	 Nozzle selection. Section wise	 89
4.3	 Liner selection. Section wise	 90
4.4	 Hydraulic program. Section wise	 92
4.5	 Optimal parameters with BHHP. OFU. Section wise	 93
4.6	 Liner selection. Complete well	 95
4.7	 Liner selection. Complete well	 96

5	 Wellbore challenges – Solutions	 98
5.1	 Cuttings concentration	 98
5.2	 Cuttings	 99
5.3	 ECD. Barite	 100
5.4	 ECD. Fluid and flow	 100
5.5	 Water activity	 102
5.6	 Shale stability	 104
5.7	 Wellbore problems	 105

http://bookboon.com/


Download free eBooks at bookboon.com

Exercises in Drilling Fluid Engineering

10 

Preface

Preface
These exercises have been developed to fit the content of the text book Drilling Fluid Engineering at 
www.bookboone.dk. The understanding of the physics and mathematics of the processes has been in 
focus of both the book and the exercises. Many practical applications have also been created and entered 
into the collection of exercises. Most of the exercises have been solved and corrected by students in the 
corresponding course at the Department of Petroleum Engineering and Applied Geophysics at NTNU 
in Trondheim. If the readers have any comments that could improve the exercises, please contact me at 
pal.skalle@ntnu.no. Any such comments will be worked into the next year’s issue of this book.

Pål Skalle
Trondheim, October 2013

http://www.bookboone.dk
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Fluid Properties

1	 Fluid Properties
1.1	 Filtration control

a)	 How can we plan the mud composition in WBM to minimize the fluid loss through the 
filter cake?

b)	 If the fluid loss shows an increasing tendency during drilling, how is it detected and how is 
the problem treated?

c)	 Two sand formations of nearly equal pore pressure are encountered. Will filtrate invasion be 
greater in the sand of high permeability and high porosity, than in one with porosity? The 
final filter cake permeability in both sands is assumed to end up at around 10-3 mD

d)	 A reduction of water flow into shale is beneficial because this will reduce unwanted reaction 
between the drilling fluid’s water phase and shale further away from the wall, where the 
water activity of the pore water may be different. How can the water-flow into clay be 
controlled?

1.2	 Filtration control

We want to obtain a physical picture of how far the filtrate and the particles penetrate a porous formation 
and gradually stops due to a tight filter cake. A 15" hole with open hole length of 4 000 ft is being drilled. 
The bottom 10% of the borehole length is of porous formation (defining the filter area) with a porosity 
of 15%. Assume that this porosity corresponds to the porosity of the filter paper. The filter area A of the 
filter press is 45 cm2 (r = 3.9 cm.).

A laboratory test of the mud showed an API water loss of 25 ml/30 min. The cumulative loss is proportional 
to the square root of time. Assume therefore that the accumulative fluid loss Vf is expresses as:

Vf = A ⋅
k ⋅ ∆p

µ
⋅ t = A ⋅ C ⋅ t

We assume the parameters defined by C are constants.

a)	 To simplify the fluid loss estimation imagine that the time of drilling the well is negligible. 
Construct a plot of filtration loss vs. time. Estimate the fluid loss after 24 hours.

b)	 Calculate the radius of the invaded zone after 24 hours, assuming 100% displacement of the 
pore fluid.

c)	 We want to minimize the fluid loss to porous formation during overbalanced drilling, both 
with OBM and WBM.

How would you specify the drilling fluid (focus on the part related to filtrate loss)?
How would you follow up filtration control during the drilling phase?
Why is filtration control important?

http://bookboon.com/
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Fluid Properties

1.3	 Density control

a)	 Define a weighted mud system (as opposed to an un-weighted)? Explain how to clean 
weighted muds.

b)	 Derive a simple formula of necessary volume increase, DVadd, involving weight material with 
density radd (4.3 kg/l) to increase the density from r1 to r2. Use this formula to estimate how 
much mass of barite must be added to increase mud density from 1.3 to 1.4 kg/l. Original 
mud volume was 60 m3.

c)	 1 m3 of mud has a density of 1.5 kg/l. Adjust the mud density to 1.72 by adding 100 l mud 
of density 1.8, 40 kg Bentonite (to adjust rheology) of density 2.3 kg/l. Find how much 
Barite of density 4.3 kg/l is needed to obtain a mud density of 1.72 kg/l.

d)	 Different water based muds defined below are stored in three different mud pits. All 3 pits 
should be mixed into one tank and water added until the density becomes 1.55. How much 
volume of water must be added?

V1 = 10 m3, r1 = 1.5 kg/l
V2 = 20 m3, r2 = 1.6 kg/l
V3 = 3 m3, r3 = 1.9 kg/l

1.4	 Density control

Sometimes the mud viscosity increases unintentionally due to accumulation of fines in the mud. These fines are 

referred to as Low Gravity Solids Content (LGSC). The fines are too fine to be removed by the cleaning equipment. 

Typical density of LGS is 2.4 kg/l. They are inert, but builds viscosity since particle size is small (< 5 m). Their 

unwanted effect can be reduced by diluting the mud with water. Here follows 3 examples:

a)	 The mud volume is 100 m3 with a density 1.8 kg/l. The fraction of low gravity solids is too 
high, 5 weight %, and has to be decreased to 3 % by water addition. Calculate the mud 
volume to be discarded and the amounts of fresh water and Barite that should be added. The 
original volume and density has to be unchanged.

b)	 A tank of 90 m3 of mud has a density of 1.6 kg/l and should be increased to 1.7 kg/l. The 
volume fraction of low-gravity solids must first be reduced from 0.055 to 0.030 by water 
dilution. It is required that you first discard a small part of the mud volume, so that after 
adding of water the volume of the mud is 90 m3 before the barite is added. How much barite 
must be added, and what exactly is the new LGSC?

c)	 Calculate the volumes of old mud (< 10 m3) and barite that has to be mixed in order to fill 
a 10 m3 large pit with mud which must balance a pore pressure of 410 bar in a depth of 
3000 m. Barite has a density of 4.3 kg/l. The density of the old mud is 1.2 kg/l.

http://bookboon.com/
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Fluid Properties

1.5	 Rheology control

a)	 Will YP, PV and meff be influenced by the addition of barite?
b)	 Why is lye (NaOH) added to the drilling fluid?
c)	 Define polymers and the purpose of adding them to the drilling fluid.
d)	 Define pseudo plastic, thixotropic and rheopectic fluid behaviour.
e)	 Why does viscosity of water increase when Bentonite is added?

1.6	 Rheology control

a)	 Explain how dispersed Bentonite is able to contain up to 18 times its own volume of distilled 
water. Why is it that the water-holding effect will be reduced when salt is added to the water?

b)	 Explain the reason behind the non-Newtonian behavior of Bentonite suspensions.

Out on a drilling rig the questions asked are of practical nature: In the upper wellbore section seawater 
is often used as drilling fluid. If the viscosifying effect drilled-through clay does not produce the proper 
viscosity, the addition of Bentonite to the water has to be considered. Use Figure 1-6 and assuming that 
the quality of the drilled-out clay corresponds to Premium Drilling Clay. Assume that ROP is 35 m/hr 
while using a 26" bit. The pump rate is 3 000 l/min. The required mud viscosity must at least be 15 cP.

c)	 Will the formation provide the required viscosity?
d)	 What is the yield (m3 of mud/ton solids) of Wyoming Bentonite?
e)	 What is the water density (originally 1.0 kg/l) after addition of Bentonite, when an effective 

viscosity of 50 cP is the upper boundary (rBentonite = 2.4 kg /l)?

Figure 1-6: The ability of different solids to produce viscosity.

http://bookboon.com/
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Fluid Properties

1.7	 Flocculation

Bentonite and polymers are the dominating viscosity agents. Bentonite is still widely used and we have 
to understand its behavior properly. Bentonite behaves different from other additives; it swells and 
flocculates.

a)	 Why does Bentonite flocculate (weak flocculation)?
b)	 What will happen if untreated water based mud is used while drilling through the cement 

in the casing shoe area? Explain what happens to the mud (strong flocculation) and the 
respective operational consequences. Sketch the flow curve of the mud before and after 
having drilled through the cement.

c)	 Name 3 factors which enhance flocculation of Bentonite.
d)	 Why does WBM behave shear thinning?
e)	 Why does WBM behave thixotropic?
f)	 Explain the difference in flocculation tendency of edge-to-face and of cross-linking caused 

by external agents

1.8	 Mud contamination

a)	 What is a contaminated mud, and how are the drilling fluid parameters restored?
b)	 The geologist expected that layers of silty anhydrite would be penetrated at a vertical depth 

of 1600 m. The mud engineer was therefore told to make measurements every 15 min. of the 
returning mud as shown in the table below. After penetrating the anhydrite he observed that 
the viscosity of the mud, a dispersed WBM system, started to rise and became abnormally 
thick. Drilling continued and after a few hours of drilling/pumping, the viscosity fell back to 
a lower level than the original viscosity.

Together with the mud engineer you are responsible for the maintenance of the drilling fluid 
program. Explain changes in the recorded parameters observed at 0930 and at 1145. Suggest 
countermeasures against these changes.

c)	 Assume two clay suspensions are flocculating for two different reasons; 1. Edge-to-face. 2. 
Calcium attack. How do the two clay suspensions behave rheologically? Make a sketch of the 
shear stress vs. time; during drilling into the Ca++ containing layer. First the pump is turned 
off and then circulation is resumed.

http://bookboon.com/
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Fluid Properties

1.9	 Flocculation

a)	 Find necessary YP to keep a spherical particle suspended in a mud of ρmud = 1.1 kg/1. The 
particle has these characteristics:

dp = 5 mm
rp = 2.3 kg/l

Similarly, find out what is the maximum size the particles can be kept suspended at when  
YP = 15 Pa.

b)	 At 12:00 the ROP became very low and it was decided to change the bit. A 15 min. stop in 
the operation was made before tripping-out from 2 100 mMD was initiated. When the first 
pipe was broken mud spilled out on the drill floor. Could this spill have been prevented? 
How high up can the string be hoisted before gravity pulls the mud down in the following 
situation:

tgel 15 min. = 30 lb/100 ft2 (14.4 Pa)

Inner diameter of the drill pipe = 4.127" (104.85 mm)

http://bookboon.com/
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Fluid Properties

1.10	 Fluid additives

a)	 Define the different concepts and explain their relevance for drilling fluids (e.g.; viscosifyer).
Anhydrite		  Lignosulphonate
Caustic soda 		  Lignite
CEC			   MBT
Chalk			  PAC
CMC			   Pre hydrated
Colloid		  PHPA
Dispergator		  SAPP
Deflocculators		 Sodium Sulphate
Gypsum 		  Starch
HEC			   Xanthan
NaOH

b)	 How does the additive called drag reducer reduce turbulent pressure so dramatically?
c)	 What significance does the K+ concentration have for the shale?
d)	 When drilling into swelling clay and swelling shale, problems like sloughing shale and stuck 

pipe may occur. Explain what happens to the mud. How and why do you convert Bentonite 
mud into gyp mud?

1.11	 Fluid additives

a)	 How many moles/liter of hydroxyl (OH-) concentration is required to change the pH of a 
drilling fluid from 7.5 to 11?

b)	 How much caustic soda (weight per liter) will be required to increase the pH in question a)?
c)	 Why potassium hydroxide (KOH) is often preferred to sodium hydroxide (NaOH) in 

controlling the pH of mud?

How does drilling fluid achieves the following functions:

d)	 Lift cuttings from the bottom to the surface
e)	 Releases cuttings at the surface
f)	 Cools and lubricates the drill bit and the drill stem
g)	 Prevent blowouts

http://bookboon.com/
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Rheological models

2	 Rheological models
To simplify the evaluation of drilling fluids out in the field, the simplified Bingham field method was 
developed. In this collection of exercises we distinguish between the simplified field and the standard 
method of determining rheological model constants.

The simplified field method is applicable in conjunction with the Fann viscometer.

For the standard method the Fann readings are converted to SI units and multiplied with the factor 1.06 
(see SPE’s Applied Drilling Engineering textbook Appendix A, eqn. A-6b).

Note also that conversion factors are presented in Chapter 6 in present book.

2.1	 Bingham/ Power law

In the laboratory the data in Table 2-1 were obtained (q is the dial reading in the viscometer):

Table 2-1: Rheological data.

The same data are presented as a flow curve in Figure 2-2.

Figure 2-1: Flow curve of the rheological data from the table 2-1.

http://bookboon.com/
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Rheological models

a)	 Find rheological constants for the two rheological models Bingham and Power-law. For 
Bingham model use both field and standard method.

b)	 Which of the two models in question a) fit the shear stress best at 100 RPM.
c)	 Which of the three models, Newtonian, Bingham or Power-law, would give the best answer 

on basis of the given rheology while pumping 1000 l/min through a pipe of 10 cm ID.

2.2	 Bingham/Power-law

Rheological data are tabulated and presented graphically in Figure 2-2. Note that shear stress, τ, has 
been multiplied by 1.06 before converting readings, θ, to SI-units.
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Figure 2-2: Graphical representation of rheological data (flow curve).

a)	 Select the best 2-data-point-rheology model, either Bingham or Power-law (at an viscometer 
speed of 100 RPM). Verify selection.

b)	 Observe the log-log plot. It represents a typical clay-dispersed system. Why do the two data 
points of the lowest shear rate deviates from the straight line made on basis of the upper 
four data points?
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Rheological models

2.3	 Bingham / Power-law. Regression

After measuring the rheology of the fluid it is always useful to plot its flow curve. The following data 
are obtained:

a)	 Plot t vs. g for three rheological models Newtonian, Bingham, Power-law according to

Field procedure (2 data points) (only for Bingham)
Standard procedure (2 data points) (for all models)
Regression (6 data points). Use Excel linear regression.

http://bookboon.com/
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Find the constants of the three models. Determine which of the models are best fitted to the 
readings at high shear rates, i.e. for determining pressure loss in nozzles and inside the drill 
string (300 rpm and higher), and what model fits best to the lower shear rates, valid for annulus 
or flow (100 rpm and lower).

b)	 An exercise without calculations: Will plug flow occur in this mud system?

2.4	 Effective viscosity

a)	 Rheology data:

Rotational speed Dial Reading

600 rpm 43

300 rpm 30

200 rpm 23

100 rpm 16

6 rpm 8

3 rpm 7

A useful exercise is to plot the effective viscosity (apparent Newtonian viscosity) as a function 
of shear rate. The non-Newtonian and the shear thinning effect will then appear clearly.

b)	 The mud is flowing in a 1000 m long pipe with inner diameter of 4 in, flow rate is 6 000 l/
min (two pumps) and density is 1.1 kg/l. Use the Power-Law to estimate meff at this flow rate.

c)	 Determine the pressure loss in the pipe (Power-law).
d)	 Why are drilling fluids often so well suited to the Bingham model?

2.5	 All models

The flow rate is 2 500 lpm in a 1000 m long pipe with an inner diameter of 10 cm. Rheological data 
points are given below. The mud density is 1.1 kg/l.

Shear rate (s-1) Shear stress (Pa)

1022 55

511 40

340 35

5 19

a)	 Find the rheological constant just for Bingham and Power-law (use only upper 2 data points).
b)	 For Herschel-Bulkley model, discuss three different ways of obtaining the constants without 

calculation.
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c)	 Show that the effective viscosity for Bingham fluids is:

d)	 Explain why the Bingham field model is so useful for evaluating mud behavior.

2.6	 All models. Regression

Symbol g RPM θ τ τ

Unit Hz rpm - lb/100 ft2 Pa

Data
1022
511
340
170
102
51
10
5

600
300
200
100
60
30
6
3

50
34
26
17
13
9
4
3

53
36

27.6
18

13.8
9.5
4.2
3.2

25.4
17.2
13.2
8.6
6.6
4.5
2.0
1.5

a)	 Use the Fann-viscometer data above to determine model-constants for the first 2 models 
listed below through standard (2 data points) procedure.
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b)	 Perform linear regression procedure (use Excel spread sheet). Make a plot of the two first 
models. Linear regression is in fact possible only for those two models. The lower three 
models are presented just to give an overview of rheological models.

c)	 To solve H-B, use two methods:
c1) Elimination and iteration.
c2) Non-linear regression.

 The latter procedure is presented in Chapter 10.6 in the Drilling Fluid Engineering Text book.

2.8	 All models

Parameter Speed  Shear Stress

Unit Hz lb / 100 fl2 Pa

Data

1022
511
340
170
10
5

52.2
35.5
25.1
13.6
6.3
4.2

25
17
12
6.5
3.0
2.0

Which of the following three models, Power-law, Bingham and Herschel-Bulkley would you select for 
estimating  Apply the two and three upper data points. Use Field and standard procedure 
for the Bingham 2-data point model. For the Herschel-Bulkley model, use the t5 reading as t0. K and n 
are found from Power-law.

γµττ ⋅+= o

nK γτ ⋅=

n
o K γττ ⋅+=
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3	 Drilling fluid dynamics
3.1	 Velocity profile. Continuity equation

The incompressible steady state flow between two parallel plates with breath b in Figure 3.1 is initially 
uniform at the entrance; v = v  = 8 cm/s. Downstream the flow develops into the parabolic laminar profile 
v(z) = az (z0 – z), where a is constant and z0 the plate distance. If z0 = 4 cm, what is the value of vmax?

Figure 3-1: Flow data.

3.2	 Velocity profile. Momentum flux

a)	 The fully developed laminar pipe-flow velocity profile is expressed as: v(z) = vmax (1 – r2 / R2), 
vq = 0, vr = 0. z indicates here the axial direction: This is an exact solution to the cylindrical 
Navier-Stoke equation. Neglect gravity and compute the pressure distribution in the pipe; 
p(r,z), and the shear-stress distribution; t(r,z), using R, vmax and m as parameters. Why does 
the maximum shear occur at the wall?

b)	 For flow between parallel plates, compute b1) wall shear stress and b2) the average velocity. 
From the Text book, Chapter 4, we find that vz (y) = – dp/dz . h2 /2 µ . (1 – y2/h2). The most 
general definition of shear stress is given by: 

  v
(y)

y

θ

h

z

Figure 3-2: The geometry of pipe flow in the z-direction. θ = 0 in this exercise.

3.3	 Velocity profile

a)	 Discuss the meaning of this expression, its assumptions etc.

1 ( )xvdp r
dx r r r

µ ∂∂
= −

∂ ∂
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b)	 For stationary non rotational and laminar flow of Newtonian fluids in circular horizontal 
pipes (z = x), show that 

c)	 Determine average velocity. The absolute velocity is largest in the center of the pipe. Max 
velocity compared to the average velocity is forming an expression of the axial dispersion 
when one fluid is displaced by another. Find this expression.

d)	 Find wall shear stress and average pipe velocity when the pressure loss is recorded to be 0.9 
bar along a 1 000 m long pipe. Radius is 5 cm and viscosity 53.8 cP

3.4	 Pressure loss vs. rheology

Use the viscometer readings from exercise 2.6.

a)	 Determine the pressure loss pr. 1000 m in a 10 cm ID pipe at a flow rate of 1000 l/min. and 
a fluid density of 1000 kg/m3. The observed pressure loss at these circumstances were 4.5 bar.

b)	 Calculate shear rates in the pipe for Bingham, Power-law and Newtonian model. Read shear 
stress from the flow curve, and determine pressure drop through the universal pressure loss 
model.

∆p = τw ⋅
L
d

⋅ 4

 

  

 

                . 
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3.5	 Pressure loss vs. rheology

Mud is pumped at a rate of 800 l/min with these rheological data:

a)	 Find Dppipe in a 1000 m long pipe of d = 0.109 m for a field-Bingham fluid. Fluid density is 1 
100 kg/m3.

b)	 Which rheological model, Newtonian or field-Bingham, is better suited for pressure loss 
estimation when the actual Dppipe was recorded to be 0.7 MPa.

3.6	 Pressure loss. Power-law

a)	 Derive the laminar pressure loss expression in pipes for Power Law fluids from the force 
balance.

b)	 Show that:

when meff for a Power-law fluid is applied.

c)	 Show that the Reynolds number for a Power-law fluid increases as the inner pipe diameter 
of the annulus decreases, while for a Newtonian it decreases. Apply annular diameter in 
terms of dhydr = do – di, and let flow rate be constant.

3.7	 Pressure loss. Turbulent. Energy equation

Oil of the density r = 900 kg/m3 and a kinematic viscosity n = 0.00001 m2/s, flows at a rate of 0.2 m3/s 
through a 500 m new cast-iron pipe with a diameter of 200 mm and a roughness of 0.26 mm. Determine 
the head loss.

3.8	 Pressure loss vs. flow rate

Make a graph of pressure loss vs. flow rate in a 1000 m long pipe with inner diameter of 10 cm. Rheological 
data points are given in Exercise 2.6, and the mud density is 1.1 kg/l. Select the Power law model.
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3.9	 Pressure loss. Field data

Prior to a pre flush/cementing operation the driller performed pressure tests to verify theoretical 
pressure estimations. Previously comparisons between the actual pressure readings during drilling with 
theoretically estimated pressure loss resulted in large derivations. He was convinced that the derivations 
could be back-tracked to the pressure drop across the mud motor and the bit. These two losses can only 
be estimated by means of empirical models and are thus highly uncertain. Now he had the chance to 
record pressure loss without these two disturbing pieces of equipment installed. After lowering the 5" * 
4.127" DP (without the bit) down to the casing shoe he circulated for 45 min. to neutralize temperature 
effects. The casing, a 13 3/8", 68 lb/ft, (ID=12.40") had its casing shoe at 4 500 mMD. The pump was a 
relatively new (volumetric efficiency = 0.96) Garden-Denver PZ-11-1600 HP triplex mud pump, 6" liner. 
One complete pump stroke delivered 15.29 l. At the following pump speeds, with no drill string rotation, 
he read the average stand pipe pressures (SPP) which was the average of 3 tests:

5 spm – 13 (+/-2) bars
20 spm – 70 (+/-3) bars
50 spm – 100 (+/-5) bars
100 spm – 200 (+/-10) bars

Rheology of drilling fluid at this temperature is identified with the one in Task 2-1. Apply the Power -aw 
model. Mud density was 1.21 kg/l. The recorded pressure losses are presented in Figure 3-10. Estimate 
pressure losses and compare them with the recorded ones.

3.10	 Pressure loss. Effect of rotation

In this task you need to use your imagination. The driller made now an additional test: At the lowest 
and the highest pump speeds [5 and 100 SPM from Task 3.9 above] he rotated the drill string at 100 
RPM for a short time and saw that the average reading changed to 8 and 248 bars respectively at the 
two selected pump speeds. Determine the effect of rotation on the mud’s rheology for the given flow rate 
(the rheology is obviously dictating the annular pressure loss). Assume that the rotational movement is 
additive to the axial flow with respect to shearing effect on the fluid. When determining the shear effect, 
simply use the average rotational velocity across the annular gap. Assume also that the drilling fluid is 
the same as in task 3.9, a Power-law model with n = 0.5, K = 1.63.
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Figure 3-10: Recorded SPP (thick line), with rotation (thin line).

3.11	 Pressure loss. Bit nozzles. OFU

After having drilled a 17.5" hole the 13 3/8" casing was set and cemented at 2 300 mMD. Finally a 12 1/4" 
hole was drilled down to the reservoir at 2 500 m.
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The drill string consisted of a drill pipe (5 · 4.276") and 100 m of drill collars (6.25 · 3.1"). The circulating 
rate was 800 GPM during drilling and the mud density was 12.9 PPG. A Fann-VG viscometer gave the 
following readings:

q300	 =	 50
q 600	 =	 85

Assume the mud rheology is best described through the Bingham model. OFU-equations are copied 
from Applied Drilling Engineering SPE-text book Table 4.6:

The OFU units are:
 	

r 	 -	 PPG
			   q 	 -	 GPM
			   A 	 -	 in2

			   p 	 -	  psi
			   Cd 	 -	 0.95

a)	 The pressure drop through the annulus above the BHA was equal to100 psi, but must be 
calculated along the BHA. What is the equivalent circulating density at a depth of 2 500 m?

b)	 The bit had 5 nozzles, each of a diameter og 14/32 inches. Pressure loss through the surface 
pipes was 200 psi. What pressure is required from the pump when drilling at a depth of 2 
500 m?. Compare the results with bit pressure loss estimated in SI-units

c)	 Determine the pressure loss in the complete circulation system

3.12	 Swab pressure. Cling factor

Due to the no-slip conditions on all surfaces, the mud will also cling to the drill string. The cling factor 
is used during estimation of surge & swab pressure. How would you, in a stepwise fashion, go about to 
define and estimate the cling factor?
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4	 Hydraulic program
The exercises related to the hydraulic program distinguish between two different approaches of preparing 
the hydraulic program:

a)	 The standard method where each liner represents the pump is capability. The hydraulic 
program is planned for one well section at a time

b)	 An extended method where the mud pump is treated as one unit and divided into two 
operating ranges. The hydraulic program is planned for all sections in one common 
operation.

Both the methods are based on maximizing the ROP, which (in this book) is expressed through the 
following equation:

ROP = A* (q / dnozzle)
a8

4.1	 Mud pump issues

a)	 Characterize a mud pump as detailed as possible with respect to
•	 Effect
•	 Efficiency

b)	 Why are mud pumps sometimes arranged in parallel or series?
c)	 Compare centrifugal with piston pumps
d)	 Explain the term hydraulic knocking in pumps
e)	 A tri-cone bit has 3 nozzles, each 15/32nd inch in diameter, ρmud = 1.3 kg/l, drilling at a depth 

of 2 500 mMD. At two pump rates (which are close to the actual operating flow rates), the 
following pressures (stand-pipe pressures) were recorded:

qpump (lpm) pp (bar)

2 000 33

670 230

Determine the value of K1 and m in the parasitic pressure equation.
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4.2	 Optimal nozzles? Section wise

A tricone bit is equipped with 3 · 15/32" nozzles. The following data are given:

pp 1		  = 230 bar at 2 500 l/min (p is measured at the standpipe)
pp 2		  = 120 bar at 1 750 l/min
p		  = 1.11 × 1/2 rv2

nozzle

ppumpe,max	 = 270 bar for piston in use
qpumpe,ma	 = 2 700 l/min for piston in use
qmin.ann		  = 1 700 l/min (below this value cuttings will accumulate)
qmax.ann		 = 2 600 l/min (above this value wellbore will start to erode)
D		  = 3 000 m
rmud		  = 1 400 kg/m3

qopt		  = 
( )

m
pump

mDK
p 1

1

max.

2
2









+

a)	 Find the constants in the parasitic pressure loss equation.
b)	 Determine optimal flow rate at 3 000 m depth.
c)	 What are the optimal nozzle size at 3 000 m.
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4.3	 Liner selection. Section wise

The operating data of a National 12-P-160 (this number indicates a1600 HP pump) triplex pump are 
presented in this book’s Chapter 6 – Supportive Information.

D = 2 500 m
r = 1 200 kg/m3

6
1 1.6 10K = ⋅

7.1=m

a)	 Derive an expression of qopt and determine numerically the optimal liner at this depth?
b)	 Select most optimum liner at this depth
c)	 Determine optimal bit pressure when the 6" liner is used
d)	 At what depth would you change from 6" to 5 ¾" liners?

4.4	 Hydraulic program. Section wise

a)	 Assume the rate of penetration (ROP) is a function of bottom hole cleaning:
8a

ed
qAROP 








⋅=

Show that ROP will decrease with depth when the pump pressure is expressed through the 
equations below:

1
m

lossp K Dq=

2

2
111.1 vpbit ρ=

b)	 The 12 ¼" section starts at the 13 3/8" casing shoe at 1950 m MD, and is planned to reach a 
depth of 4000 m MD before setting the next casing. The following is known:

K1		  =	 2 · 106

m		  =	 1.65
qr, verticall	 =	 0.025 m3/s
qr, horiz.		  =	 0.040 m3/s
qmax, vertical	 =	 0.035 m3/s
qmax, horiz.	 =	 0.045 m3/s

http://bookboon.com/


Download free eBooks at bookboon.com

Exercises in Drilling Fluid Engineering

32 

Hydraulic program

What flow rate and liners would you recommend through this depth interval when drilling either as 
a vertical well or as a horizontal well? Use the 1600 HP pump as defined in Supportive Information.

4.5	 Optimal parameters for BHHP. OFU. Section wise

The bit has 3 × 12/32" nozzles, and rmud = 10 PPG while drilling at 8 200 ftMD.

The following pump rates and pump pressures (which are within the operating flow rates qr = 240 GPM) 
were recorded while the bit was close to the bottom of the well:

qpump (GPM) pp (psi)

500 3000

250 800

The pump is characterized through:

pmax = 3620 psi, Ep,max = 1000 Hp

Determine optimal pump parameters and nozzle size when applying Bit Hydraulic HP BHHP as the 
optimization criteria. Assume the rate of penetration is linearly related to it. The pump volume efficiency is 0.9.

BHHP =
∆ pbit ⋅ q

1714
   Hp( )

Pressure drop in OFU are (

Dpbit = 8.311 · 10-5 · r [q/(Cd · Anozzle ]
2

4.6	 Liner selection. Complete well

The characteristics of a 1600 HP piston pump are found in Supportive Information, while the optimal 
operational functions are presented graphically in Figure 4-6. The optimal pump pressure values are in 
general the maximum ones, given for each liner size. Maximum values are the recommended values in 
the liner table, which in fact are around 85% of the absolute maximum. In Figure 4-6 the flow rates are in 
correct scale, while Rp-values are only qualitative. Hydraulic parameters, the bit program and minimum 
and maximum flow rates are presented below and in Table 4-6:

K1 in range II = 1.80 · 106, mII = 1.6
K1 in range I = 2.20 · 106, mI = 1.5
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Bit diameter Start depth Permissible annular flow rate (m3/s)

In m min max

36
26

17 ½
12 ¼
8 ½

0
100
500

1500
3000

0.035
0.030
0.027
0.015
0.010

0.050
0.045
0.035
0.030
0.020

Table 4-6: Bit program and flow rate ranges

a)	  Operating range I is defined as the pump operating range of the smallest liner, range II 
is defined by the remaining liners. Derive optimal flow rate, qopt II, in pump area II by 
maximizing the ROP:

( )
( )

1
1

1

max

2

+









+

=
m

p
IIopt mDK

E
q

b)	 Determine at which depth Range II stops (while drilling downwards) and at what depth the 
maximum flow rate turns into the theoretical optimum flow rate of Range I.

c)	 Draw also into the graph the optimal hydraulic program (the graph is a principal drawing of 
ROP vs. q and thus not a quantitatively correct drawing).

d)	 What pump rate is optimum at 2 000 m.
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( q  / dn)a8  
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100 m

500 m

1500 m

22003000 m

1850

Figure 4-6: Hydraulic Data.

4.7	 Liner selection. Complete well

A 1660 HP pump is used (see supportive info). K1 and m are the same for both ranges.

K1 = 1.72 · 106

m = 1.52

a)	 Find at what depths the transition from operating area II to I occur. A 1660 HP pump is 
used (see supportive info. K1 and m are the same for both ranges.)

K1 = 1.72 · 106

m = 1.51

b)	 Make a flow chart of a computer program of how to determine when to change from 
working area II to I during drilling.
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5	 Well challenges
5.1	 Cuttings concentration

A horizontal section has been drilled at more or less constant ROP and flow rate. The cuttings 
concentration generated at the bit during drilling is c1 = 0.02. Discuss what could be the concentration 
at these positions:

a)	 At the end of the horizontal section ( = c2).
b)	 At the surface, when the mud is entering the return flow line (= c3).
c)	 What determines the cuttings bed height in the horizontal section?
d)	 Why is cuttings accumulation in wellbore expansions (washouts) a problem during tripping?
e)	 Mention 5 downhole problems related to poor solids control during drilling, and explain 

why or how poor solids control is the cause behind the problems.

5.2	 Cuttings concentration

a)	 What forces and mechanisms are involved when cuttings are transported in horizontal 
wellbores?

b)	 Slip velocity of perfect spheres is

What is the meaning of f(c) in the given equation? Present a graphical representation of f(c) 
vs. particle concentration.

c)	 Figure out with level and mentioning the forces are involved in cutting transportation in 
high deviation wellbore.

d)	 Cleaning of horizontal wells is a challenge. Your task is to:

•	 Explain the principles of how cleaning works and which processes and parameters are 
involved.

•	 Why does the drill string RPM needs to be > 120 RPM before the cleaning process 
become really efficient?
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5.3	 ECD. Barite

Explain the reasons behind and suggest potential solution to the following problem:

This well was drilled with WBM, weighted by Barite to 15 PPG. While POOH to change the 12 ¼" bit, 
the driller experienced no problems. When GIH with the new bit some weight reductions (took weight) 
were experienced in the build-up zone. It took around 5 h from the bit left the bottom of the well till it 
returned. After the bit reached the bottom, the well was circulated for some time, and the returning mud 
behaved strangely. The mud weight, which originally was 15 PPG displayed an initial sharp decrease, 
then increased again as shown in Figure 5-3, before finally stabilizing at 15 PPG.

 0                                      1                                      2                                   3

17.5

15.0

12.5

M
W

 (P
PG

)

Circulating time (h)

Figure 5-3: Density of returning mud after tripping.

Get Help Now

Go to www.helpmyassignment.co.uk for more info

Need help with your
dissertation?
Get in-depth feedback & advice from experts in your 
topic area. Find out what you can do to improve
the quality of your dissertation!

http://bookboon.com/
http://bookboon.com/count/advert/93324fb6-34af-4083-97e3-a15f00b15c50


Download free eBooks at bookboon.com

Exercises in Drilling Fluid Engineering

37 

Well challenges

5.4	 ECD. Fluid and flow

A 17 ½" hole was drilled from the 20" casing shoe at 1100 mTVD to 2 100 mTVD. The bottom hole 
assembly consisted of 120 m of 9 ½" Drill Collars (DC). A 5 ½" drillpipe (DP) was used.

Capacities:
•	 17 ½" open hole capacity:	 155.2 l/m
•	 DC / Open hole capacity:	 109.4 l/m
•	 DP Open hole capacity:	 139.2 l/m
•	 DP / Casing capacity:		  161.8 l/m
•	 9 ½" DC / capacity:		  4.56 l/m
•	 5 ½" DP capacity		  10.77 l/m

Mud Parameters:
•	 Mud density:			    	 1.25 kg/l
•	 Rheology:	 600 / 300 rpm:		  51.7 / 30.6 Pa

		  200 / 100 rpm:		  22 / 12 Pa
 		  6 / 3 rpm:	  	 3 / 4 Pa
		 Gel: 10s / 10 min:	 5 / 13 Pa

a)	 Prior to drilling, the hole was circulated at 3 500 l/min. What is the annular pressure loss, 
and what is the corresponding ECD?

b)	 The drilling commenced from 2 100 m. The same rheology and flow rate was applied. At 2 
300 m the average drilling rate was 50 m/hr. Formation bulk density was 2.4 kg/liter. What 
is the ECD in this situation? Transport ratio is 0.75. At the casing shoe at 1 800 m TVD the 
formation fracture pressure was 228 bar. Check if everything is OK.

c)	 A new mud was being prepared for the 8 ½" section. The 13 3/8" csg shoe was located at 
15 000 ft vertical depth. While drilling at 16 500 ft the well started losing mud and it was 
decided to lower the MW from 15 to 14 PPG. The well had very narrow pressure window, 
and the equivalent pore pressure gradient at this depth was 13.5 PPG. The mud was mixed 
to 14 PPG with an effective viscosity of 40 and 30 cP at 600 and 300 RPM respectively, at an 
average surface mud temperature of 40 °C. After the new mud was circulated, the pump was 
shut off, and a flow-check indicated that the well was dead (no influx). While repairing the 
power swivel the well started to flow by itself, and soon afterwards the kicking well had to 
be shut in to avoid a complete unloading.

How would you go about to estimate the pressure profile of an initially cold, static fluid column 
as a function of time. You are asked to present the governing equations of heat transfer in a 
well on differential form, and work out a flow sheet of how to numerically solve this task.
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5.5	 Water activity

a)	 Define water activity, Aw and how to determine Aw in a a) salt water solutions and in  
b) pore water in shale?

b)	 Explain why water activity is a function of water salinity?
c)	 Explain why high water activity causes clay swelling problems?
d)	 How do you prevent clay swelling problem?
e)	 How does water activity of the water phase in OBM influence wellbore stability?

5.6	 Shale stability

In order to avoid that water enters and causes the shale to swell, the activity of the water in the mud 
(including the water phase in oil based mud) and in the shale must be equal.

The activity of the water in the water phase in shale cuttings is measured in the field using an electro 
hygrometer. The probe of the electro hygrometer is placed in the vapor above the sample being tested. 
The electrical resistance of the probe is sensitive to the amount of water vapor present. Since the test 
always is conducted at atmospheric pressure, the water vapor pressure is directly proportional to the 
volume fraction of water in the air/water vapor mixture. The instrument is normally calibrated with 
saturated solutions of known activity shown in Table 5-6.

Salt Activity

ZnCl2 0.10

CaCl2 0.30

MgCl2 0.33

Ca(NO3)2 0.51

NaCl 0.75

(NH4)2SO4 0.80

Pure water 1.00

Table 5-6: Saturated solutions of different salts and its vapor’s water activity.

Sodium chloride and calcium chloride are the salts mostly used to alter the activity of the water in the 
mud. Calcium chloride is quite soluble, allowing the activity to be varied over a wide range. In addition, 
it is relatively inexpensive. The resulting water activity for various concentrations of NaCl and CaCl2 are 
shown in Fig. 5-6.
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a)	 The activity of a sample of shale cuttings drilled with OBM (no foreign fluid invasion) is 
determined to be 0.69 by an electro hygrometer. Determine the concentration of calcium 
chloride needed in the water phase of the mud in order to have the activity of the mud 
equal to the activity of the shale.

Figure 5-6: Water activity in calcium chloride and sodium chloride at room temperature.

b)	 A core is taken from a swelling formation. Can you retrieve any useful information from its 
specific weight, useful with respect to avoid swelling while drilling through it?

c)	 Explain why wellbores and cuttings stability is so much better when applying OBM instead 
of WBM. As part of the answer, please explain the principal function of the two different 
surface active additives that are always added to Oil based mud.

5.7	 Wellbore problem

a)	 What are the dominating mechanisms or factors leading to mechanically stuck pipe. Explain 
the mechanisms of differential sticking in porous/permeable formation.

b)	 What are the consequences of stuck and how do you suggest combating the problem?
c)	 What is the most likely stuck pipe mechanism while drilling in salt formations? In the case 

of presence of halite type salts, what type of mud would you select for safe drilling in such 
salt section.

d)	 Wellbore breathing (ballooning) and Seepage losses. Include the headings; Definition, 
Explanation, Detection; Repair activity. Discuss the two phenomena.
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6	 Additional Information
6.1	 Pump (National 12-P-160) and hydraulic program data

Line size in 5 ½ 5 ¾ 6 6 ¼ 6 ½ 6 ¾ 7 7 ½

Discharge 
pressure

Psi
105×Pa

5555
383.0

5085
350.6

4670
322.0

4305
296.8

3980
274.4

3690
254.4

3430
236.5

3200
220.2

Pump rated at 
120 spm

GPM
m3/s

444
0.0280

486
0.0307

529
.0334

574
.0362

621
.0392

669
.0422

720
.0454

772
.0482

HP 1439.0 1441.8 1441.3 1441.7 1442.0 1440.3 1440.8 1441

Power of Efficiency = 1441.7 × 745.7 = 1.0748 × 106 or 322 × 105 × 0.0334 = 1.0755 × 106 (watt)

By 2020, wind could provide one-tenth of our planet’s 
electricity needs. Already today, SKF’s innovative know-
how is crucial to running a large proportion of the 
world’s wind turbines. 

Up to 25 % of the generating costs relate to mainte-
nance. These can be reduced dramatically thanks to our 
systems for on-line condition monitoring and automatic 
lubrication. We help make it more economical to create 
cleaner, cheaper energy out of thin air. 

By sharing our experience, expertise, and creativity, 
industries can boost performance beyond expectations. 

Therefore we need the best employees who can 
meet this challenge!

The Power of Knowledge Engineering

Brain power

Plug into The Power of Knowledge Engineering. 

Visit us at www.skf.com/knowledge
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6.2	 Pressure loss equations
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Continuity equation: ( )v
t

ρρ
⋅∇=

∂
∂

−

Microscopic Cylindrical coordinates 

Macroscopic	

Momentum equation 

Microscopic Cylindrical coordinates (only the r-component)

Macroscopic 	

The steady state, one dimensional pipe flow form is: .

Energy equation

Macroscopic friction
out

pump
in

hz
g

vphz
g

vp
+








++=+








++

22

22

γγ

6.3	 Conversion factors and formulas:

http://bookboon.com/


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

43 

Solutions To Exercises In Drilling Fluid Engineering

Solutions To Exercises In Drilling 
Fluid Engineering
Content:

1.	 Fluid Properties – Solutions
2.	 Rheological models – Solutions
3.	 Drilling fluid dynamics – Solutions
4.	 Bit hydraulics – Solutions
5.	 Wellbore challenges – Solutions
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1	 Fluid Properties – Solutions
1.1	 Filtration control

a)	 Fluid loss can be optimized in three ways:
1.	 Ensure a good filter in the wellbore wall by including a wide range of particles in the 

mud (Bentonite, Barite and cuttings are already there. It may be enough)
2.	 Ensure a good filter cake by making sure the mud is dispersed
3.	 Losses through the filter cake in WBM are treated by increasing the viscosity of the fluid 

phase (starch, CMC and sodium polyacrylate). OBM rarely requires such additives
b)	 Increased fluid loss is detected through the filter press test. Depending on the fluid loss, its 

rheology and other test results you normally find out which of the 3 qualities in question a) 
above are the problem. See more details in textbook Chapter 2.

c)	 Filtrate will lead to approximately the same invasion depth (typically 3 feet). Particles will 
invade both sands typically 1 ft, assuming the particle size distribution of the added or 
the existing particles in the mud covers at least the range of 1/7th to 1/3rd of the pore size 
distribution. That assumption is normally fulfilled through the presence of Bentonite / 
polymers + Barite + cuttings.

1.2	 Filtration control

a)	 Standard fluid loss = filtrate volume in ml after 30 min

API filter press A1 = 45 cm2 = 45 × 10-4 m2

Flow into porous formation:
Effective formation height (10%) h = 4000 ft · 0.3048 · 0.10 = 122 m
Wellbore surface area A2 = π · d · L =

Assuming that an identical filter is built up on the sandstone surface, the loss during the first 
30 minutes can be estimated:

Vf2

Vf1

=
A2
A1

The filter will have the same progress and same constants.
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b)	 Intrusion after 24 h with 100% displacement of 5.74 m3. Since only the pores are invaded, 
the affected volume to be invaded will be accordingly larger.
Affected volume = 

Hole radius: 

Effected or invaded volume can be expressed by means of the radius, rinvaded

( ) hrrØV holeinvadedeff ⋅⋅−⋅= 2/ ππ

invadedr⋅π 2 ·h = Veff /Ø + π rhole
2 · h

Rinv =
2( / ) 1/ ( )eff holeV Ø r hπ π+ ⋅ ⋅

c)	 Obtain knowledge of the sandstone’s pore size distribution. Apply

•	 Particles in the mud with a mean size = 1/3 of pore size.
•	 Colloidal particles must be dispersed
•	 Base fluid viscosity can be increased.

For OBM the main pore requisite is emulsified water droplets with a nice droplet distribution.

Follow up by making a filter press test every 30 min. In case filter loss increases, every bullet point 
above must be evaluated through more tests, viscosity especially and specific countermeasures 
are set in motion.

Filter test is important mainly to obtain a thin and tight filter cake to avoid stuck. Secondly, 
while drilling in the reservoir, to minimize fm-damage.
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1.3	 Density control

a)	 When weight material has to be added to the mud it is called weighted mud. To clean it, 
normally a 60 + 250 Mesh shakers + a centrifuge would be perfect. Barite is preliminary 
taken out by the centrifuge and later re-injected.

b)	 By combining this information:

2

m
V

ρ = ∑
∑

 
and m1 = V1/r1, we obtain ( )

1
2

12 VV
B

B ρρ
ρρ

−
−

=∆⇒

Using it for the specified task:

However, barite is controlled by its mass, not volume:

tonmtonmVm BBB 1.9/3.4092.2 33 =⋅=⋅∆=∆ ρ

c)	 In the next two tasks we simply take the weighted average of all densities:

 1 1 2 2 3

1 2 3

1500 1 1800 0.1 40 / ( / 4300) 1720 143.2
1 0.1 40 / 2300 / 4300

s w w B B
B

w B

V V V V V m m m kg
V V V V V m
ρ ρ ρ ρ ρρ + + + ⋅ ⋅ + ⋅ + +

= = = = → =
+ + + + + +

∑
∑

  1 1 2 2 3

1 2 3

1500 1 1800 0.1 40 / ( / 4300) 1720 143.2
1 0.1 40 / 2300 / 4300

s w w B B
B

w B

V V V V V m m m kg
V V V V V m
ρ ρ ρ ρ ρρ + + + ⋅ ⋅ + ⋅ + +

= = = = → =
+ + + + + +

∑
∑
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d)	  
w

wws

VVVV
VVVV

+++
⋅+++

==
321

3221155.1 ρρρρρ

1.4	 Density control
a)	 Remaining volume Vr =

3
5

V = 60 m 3→ Remove 40 m3 and then add Vadd = Vw + Vb = 40 m3

Density of added volume must also be 1.8 kg/l

bw

bw
add VVV

mmm
++
++

=
1

1ρ

mw + mb = 72 000 kg
mw = Vw · 1 000
mb = Vb ·4 300 = (40 – Vw) 4 300
Vw ·1 000 + (40 – Vw) 4300 = 72 000 kg
Vw = 30.3 m3

Vb = 40 – 30.3 = 9.7 m3

mb = 72 000 – mw = 72 000 – 30.3 · 1 000 = 41 700 kg

Conclusion: Remove 40 m3 mud, add 30.3 m3 of water and 41 700 kg Barite to obtain 100 m3 mud of  
r = 1800 kg/ m3 and LSGS of 3%.

b)	 Dump first  
Remaining volume V1 = 49.1,	 r1 = 1 600,	 m1 = 78 560 kg
				    rw = 1 000,	 rb = 4 300 kg

Step 1: Add 40 900 kg of water and find new density:

rnew = (78 560 + 40 900) / 90 = 1 327 kg/m3 = rold in step 2.

Step 2: Find out how much Barite must be added to reach the desired density of 1.7 kg/l

3
1 90 (1.6 1.327) / (4.3 1.6) 9.1new old

add
add new

V V mρ ρ
ρ ρ

−
= = ⋅ − − =

−

The new volume fraction of Low gravity solids, becomes:

LSGC2 = 0.03 * 90/(90 -9.1) = 0.033 → 3.3 %
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c)	 Necessary r2: r2gh = 410 × 105 → 

Fill a tank of 10 m3 with new mud of r2:

From data:	 V1 = volume old mud,		  V2 = 10 m3

		  r1 = 1 200 kg/m3		  Vb = volume barite	 rb = 4 300 kg/m3

Increase from r1 to r2:

1
2

1

b

b

m m
V V

ρ +
=

+
 , Vb =

m b
ρb

, ρ1 =
m1
V1

V1 + Vb = 10 m3 → V1 = 10 − Vb( )

It is shown that 0.6226 m3 of Barite requires 9.3774 m3 of water to produce 10 m3 mud of 
density 1.393 kg/l.

1.5	 Rheology control

a)	 The mean size of Barite is typically 20 mm. They will be uniformly dispersed in the drilling 
fluid and they will lead to increased viscosity. PV and meff will increase. YP will be unaffected 
or decrease, since the smallest Barite particles will behave as physical dispersants.

b)	 In order to:
Suppress Ca++ from dissolving.
Keep anionic colloidal particles dispersed.
Suppress corrosion, H2S- and CO2 – attack.

c)	 Polymers are polymerized monomers. They can be of organic origin or be manufactured 
synthetically. Polymers have high molecular weight and come mostly as charged particles → 

they will bind water molecules → increase the hydrodynamic volume → influence viscosity 
and filter behaviour. Some types of polymers can attract or bind charged particles (clay), and 
therefore influence the swelling process and contribute to selective flocculation (clear water 
drilling). The purpose of polymers are mainly to:

•	 increase fluid viscosity
•	 reduce fluid viscosity in turbulent flow (drag reducer)
•	 control flocculation
•	 improve both the filter cake itself and the fluid loss through the filter cake

http://bookboon.com/


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

49 

Fluid Properties – Solutions

d)	 The description of the three expressions are:
•	 Pseudo plastic fluids exhibit altered apparent viscosity whenever the shear rate is changed.
•	 The fluid displays a reduction in viscosity over time at constant shear rate as indicated 

in Figure 1-5.
•	 Rheopectic fluids are rare. They exhibit increased shear stress at increasing shear time 

(at constant shear rate).

τ

t

300 RPM

600 RPM

Figure 1-5: Behavior of thixotropic fluids after stillstand (left) and at constant shear rates.

e)	 Clay particles have a static, negative surface charge localized on the particle edges, but with 
weakly positively sites on the surface of the platelets. This triggers water! When studying the 
repulsive – attractive forces, it is experienced that at low salt concentration or high colloidal 
concentration, a very slow flocculation will take place. When edges come sufficiently close 
to the surfaces of other Montmorilonite particles, they join.
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1.6	 Rheology control

a)	 Bentonite particles attract water molecules (dipoles) in hundreds of layers onto each of its 
charged surface. Swelled Na-Bentonite sheets separate readily when exposed to shear forces. 
Salt will reduce the charges on the Bentonite surfaces. In addition the salt (ions) will bind 
much of the water (reduce the water activity).

b)	 At still-stand many layers of water molecules are attached to the Bentonite surface, and 
particles flocculate slowly → viscosity increases. When the dispersion is stirred or pumped, 
the resulting shear stress will remove attached water layers and break up the flocks. 
Dispersed Bentonite with many free water molecules, torn off due to high shear stress, has 
lower viscosity than at still stand.

c)	 Drilling in sediments of high yield (premium) clay produces the following clay 
concentration:
fraction of solids by weight 

 qpump = 3 000 l/min = 3 000 / (1 000  = 0.05 m3/s

 Abit = π/4(dbit
2) = π/4 · 0.6622 = 0.34 m2

 dbit = 26” = 0.66 m

Drilled clay contributes to a weight increase of 15.8 % and produces a viscosity of 40 cP, which 
is above the required viscosity of 15cP.

d)	 The yield of Bentonite is how many m3 of mud of 15 cP which the amount of one ton 
Bentonite is able to produce. From Figure 1-6 one ton of Bentonite will produce 15.9 m3 of 
15 cP mud.

e)	 From Figure 1-6 we see that a viscosity of max. 50 cP will correspond to 7.5 w % of 
Bentonite.

To find the density of the mixture of 100 kg mud ⇒ 7.5 kg Bentonite + 92.5 kg water, we need 
to find the volume:

This shows that mud density cannot be increased much higher than 1 064 kg/m3 by the addition 
of Bentonite.
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1.7	 Flocculation

a)	 When two Bentonite flakes are sufficiently near each other they are electrostatically attracted 
and will join edge to surface.

b)	 The cement is not by far hardened and contains a high concentration of lime (CaOH). Lime 
dissociates and one Ca++ ion can crosslink two charged clay platelets. This binding cannot be 
broken by hydraulic means (shear stress), and the flocculated mud has to be dumped after 
having been circulated to the surface.

c)	 The factors which enhance flocculation:
•	 High concentration of charged colloids (Bentonite or anionic polymer)
•	 High concentration of Ca++ions (from dissolved salt and carbonates)
•	 High Temperature (Brownian movements of the water molecules contribute to 

bringing the colloidal particles more frequently in contact with each other)

1.8	 Mud contamination

a)	 Contaminations are dissolved salt and chalk; drilled through cement etc. all produce Ca++ 
ions which lead to flocculation. Also fines are pollutant. At the surface the mud can be 
treated with thinners. LGSC is reduced by running the mud through centrifuges.

b)	 Rheology monitoring. First we plot the evolution of the rheology vs. time, as shown in 
Figure 1-8a.

τ (lb/100 ft 2)

RPM

60

30

0
0                             300                              600

09:30

11:45

09:15

Figure 1-8a: The rheology of the mud at 3 time points

Then to evaluate the mentioned changes of the Bingham field rheology-model is perfect. We 
estimate the Bingham constants:

µpl	 = 42 – 48 	 = 14 cP
		 = 41 – 27	 = 14 cP
		 = 68 – 54 	 = 14 cP
		 = 31 – 17 	 = 14 cP
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We observe that the mud is dispersed at first. Salt will dissolve and Ca++ contaminates the mud. 
We now see that the viscosity is constant, while the YP has changed like this:

YP 	 = 28–14	 =14
		 = 27 – 14	 = 13
		 = 54 – 14	 = 23
		 = 17 – 14	 = 3

The PV is constant (constant inner friction means solids content is constant). D YP is caused by higher 
attractive forces, caused by drilling into a salty formation. Low concentration of Ca++ ions leads to strong 
cross binding (flocculation). Later, when the Ca++ concentration has been high for a while the Ca++ ions 
have exchanged the Na+-ions in the Bentonite plates, leading to aggregation of clay platelets. A high 
concentration of Ca ions will over time lead to lower shear stress than originally due to cation exchange. 
The development is seen in Figure 1-8b.
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Ca+
+ attac

Ca ++Montmorilonite

t

Cation exchange

YP30

15

0

Figure 1-8b: Shear stress vs. time after encountering high concentration of contaminants.

Countermeasures: Add dispersants or use Gyp mud or use a high pH level in the mud when 
contaminations are expected. This is how to avoid flocculation and aggregation.

c)	 The edge-to-face flocculation is weak electrostatic forces and is easily broken when sheared. 
The Ca++ ion binds two clay platelets in a much stronger grip, and is not easily broken as 
indicated in Figure 1-8c.

t

Drilling

Contamination of Ca++ ; strong flocculation

Normal conditions; weak flocculation

SPP

Figure 1-8c: Rheological response when drilling into contaminants.

1.9	 Flocculation

a)	 Consider the force balance between shear and gravity acting on a particle:

Solve for yield point

Now solve the same balance of force while particles are settling, with respect to particle diameter:

( ) ( )
3 15 3 0.0038 3.8

2300 1100 9.81
y

p
p fl

Pad m mm
g

τ
ρ ρ

⋅ ⋅
= = = =

− ⋅− ⋅
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b)	 The gel structure inside the drill string could have broken either by just pumping, by hitting 
the pipe with a hammer, or by inserting a heavy pill in the upper part of the drill string 
(U-tube the level in the drill string downwards). Consider the force balance between shear 
force and gravity acting on the fluid column inside the pipe:

  

 

Solve for, Δh the additional hoisting height before gravity breaks the gel
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1.10	 Fluid additives

a)	  

b)	 A drag reducer consists of long-chained, neutral polymers added in small amounts to 
the viscous fluid. In a turbulent flow regime, the fluid molecules move in a random 
manner, causing much of the energy applied to them to be wasted as eddy currents (and 
corresponding high pressure loss). Due to shear stress the polymers are stretched out where 
the shear is high (close to the wall). In outstretched state the diffusion is higher due to lower 
effective surface area and thus lower resistance to movements. The polymers diffuse more 
in the direction of the pipe centre since the wall hinders diffusion in the opposite direction. 
The concentration will therefore become low after some flowing distance. The small 
concentration of stretched out long polymers along the wall will tend to turn the turbulent 
flow into laminar or streamlined.

c)	 The higher concentration, the more K+ is exchanged with Na+ shale, the less shale swelling is 
seen. K+ is geometrically suitable and leads to high platelet attraction.

d)	 Figure 5-10 shows both how a Ca attacks is changing the dispersed mud, but also how Gyp 
mud is made. Bentonite is composed mainly of the mineral called Montmorilonite. It is an 
aluminium silicate in which the silicon-oxygen sandwich is a layer of aluminium hydroxide. 
Some of the aluminium in the lattice structure is, during creation, replaced with ions of a 
lower charge (electron valence) such as magnesium (from 3 to 2). The substitution, without 
any other change of structure, creates surface negative charges in the lattice.
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The negative charge sites created in the clay sheet are partly balanced by close association of 
positively charged ions (cation), normally Na+. The creation of these charged ions and charged 
clay surfaces creates very strong attractive forces for polar water molecules that readily force 
themselves in between the unit layers.

Gypsum is added to prevent shale swelling. When lime or gypsum is added to Bentonite-treated 
mud, sodium Montmorilonite will convert to calcium Montmorilonite, which first produces 
flocculation and eventually aggregation of the Montmorilonite (see Figure 5-10). Caustic soda 
is added for pH control to suppress further dissolution of Ca++. Lignosulphate is added for 
deflocculating. CMC may be added for fluid control. Then we get gyp mud.

If a lot of swellable clays have to be drilled through, apply gypsum mud; Pre-hydrate Na+- Bentonite 
Add gypsum to the mud. Gypsum (Ca SO4) dissolves and Ca++ ions are formed . First reaction 
causes flocculation. Over time Ca++ replaces Na+ in Bentonite platelets, to make Ca++ – Bentonite 
and they aggregate and viscosity goes down. But from now on, there is an access of Ca++ in the 
mud (and in filtrate). No new flocculation will occur, and swellable clay does not swell much.
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Figure 5-10. Clay behavior.

1.11	 Fluid additives

a)	 The change in OH- concentration required to increase the pH from a particular value to 
another is given by:

∆ [OH-] = ∆ [OH-] final – ∆ [OH-] initial

∆ [OH-] = 10(11-14) – 10(7.5-14) = 0.001 – 0.000000316 = 0.00099 mol/l

b)	 Mass of NaOH in g/l = concentration ⋅ molecular weight (of Caustic Soda)
= 0.00099 moles/l ⋅ (11+8+1) g/moles = 0.0198 g /l

c)	 K+ is geometrically suiting in between the Na-Montmorilonite platelets, and leads to higher 
platelet attraction (low swelling) than for Na-Montmorilonite. Recall in your chemistry or 
periodic table (Group 1) that potassium (atom # 20) is more reactive than sodium (atom 
# 11). Why? The atomic radius of potassium is greater than that of sodium. Therefore, 
the single valence electron that exists for all alkali metal is located further away from the 
nucleus for potassium than sodium. This results in less energy required to remove that 
valence electron from potassium than from sodium, leading to increased reactivity. This 
trend continues as you move down Group 1 on the periodic table; i.e. Rubidium is more 
reactive than K.
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d)	 The mud must have sufficient viscosity & velocity to exceed the settling velocity of the 
cuttings

e)	 The mud must be thixotropic, i.e. must have the ability to gel when stationary or at low 
laminar flow, but becomes less viscous during circulation or when rigorously shaken by the 
shale shaker.

f)	 A large proportion of the mechanical energy (in the form of WOB and rotation) and 
hydraulic energy will generate friction and is dissipated as heat. Drilling fluid, which has 
a high heat capacity, is voluminous (typically 100 m3) and absorbs this heat and allows the 
drill bit and the rest of the drill string not to be intensely heated.

g)	 The drilling fluid prevents blowouts by providing a hydrostatic pressure at least greater than 
the formation pressure.
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2	 Rheological models – Solutions
2.1	 Bingham / Power-law

a)	 Field method:	μpl = PV = 600 300θ θ− = 106.4 – 75.0 = 31.4 cP
		  YP = 300 PVθ − = 75 – 31.4 = 43.6 lb/100 ft2 = 43.6 · 1.06 · 0.4788 = 22.1 Pa

Standard method: 

n = 3.32 · log (54 / 38.1) = 0.50
K = 38.1 / 5110.5 = 1.63

b)	 100 PPM = 100 · 1.703 = 170 s-1

At a shear rate of 170 s-1 the shear stress is 21.5 Pa.

c)	 To answer the question we need to know at which shear rate to compare the two models. 
Given data gives us 

This results in shear rates for the three models, taken from Chapter 6.2: Pressure loss equations, 
equal to:

Checking the three models theoretically:
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d)	 From the graph we read the following shear stress

Model Shear rate Read Theoretically ∆

Newton 170 21.5 10.2 -11.3

P-L 212 23.4 24.4 +1.0

Bingham 407 33.2 34.9 +1.7

From this investigation we may conclude that P-L and Bingham model predict the rheology 
rather well at this flow rate.

2.2	 Bingham / Power-law

a)	 The flow curve (t vs. g) data show obviously closer nearness to the Power-low model, 
especially for low shear rates. The Bingham model reads about 12 Pa higher than the 
measured data. To verify we need model constants:

Verification at 100 RPM (170 s-1), where we read shear stress to be 27.39

 

we observe that the Bingham over predict as expected, while P-L fits well.

b)	 This is a time-effect which occurs while performing rheological readings in the lab. The 
time being spent while performing the test at low speed gives the colloidal clay particles the 
possibility to flocculate (edge to face). The flocculation process is much more pronounced at 
low shear rates.

2.3	 Bingham / Power-law. Regression

a)	 All model constants are necessary for plotting of the three models:
Newtonian model: We initially select the 300 rpm reading

42 0.4788 0.039
300 1.703

Pasτµ
γ

⋅
= = =

⋅
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Bingham model (Field procedure):

Bingham standard procedure: 

Both procedures gave the same answers. This assumes that the factor 1.06 is taken into 
consideration in standard procedure.

Exponent model:
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To plot the three curves (see Figure 2-3.1), t is calculated at 50, 100 and 800 rpm:

Bingham: τ	 =	 9.5 + 0.021 · 50 · 1.703 = 11.3 Pa

	 τ	 =	 9.5 + 0.021 · 800 · 1.703 = 37.8 Pa

Power-law: τ	 =	 0.454 · (50 · 1.703)0.61 = 6.8 Pa

	 τ	 =	 0.454 (100 · 1.703)0.61 = 10.4 Pa

	 τ	 =	 0.455 (800 · 1.703)0.61 = 36.5 Pa

 

Bingham
Real data points
Power law
Newtonian

50               300                  600         800

30

20

10

0 γ (RPM)

τ (Pa)

Figure 2-3.1: Rheogram (flow curve) interpreted through 3 rheological models

Readings on flow curve:	 50 rpm = 10.0 Pa
					     100 rpm (already measured)
					     800 rpm = 36.5 Pa (extrapolated)

From this we see that the Bingham model suits the mud is flow curve best at 50 s-1, since t50B-M is 
much closer to the real data than t50 P-L, while at higher shear rates Power law is the better one.

b)	 Plug flow will occur at any laminar flow since shear stress is low in the middle of the pipe. 
The Bingham model predicts an YP = 9.1 Pa. This is a theoretical value, but given time at 
steady-state laminar flow, gel strength will develop, in fact approaching the level of the YP. 
Shear stresses below this level will lead to gel (flocculation) as shown in Figure 2-3.2

Figure 2-3.2: Plug flow of a Binghamian fluid.
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2.4	 Effective viscosity

a)	 The effective viscosity (Newtonian model):

	 For 600 rpm:	

	 For 3 rpm:	

These and more data points result in Figure 2-4:

µ
Figure 2-4: Viscosity for a non-Newtonian fluid.

b)	 When determining the effective viscosity we assume the fluid is closest to a Power law fluid:

2 data points-procedure

c)	 Always check the Reynolds number:

Use therefore a turbulent pressure loss model:

d)	 High YP is caused by slow flocculation/gelling. At long still stand (10 min or more) the gel 
strength will approach the YP.
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2.5	 All models

a)	mpl = (55-40) / 511 = 0.0294 Pas = 29 cP
ty = t – γpl = 55 – 1022 · 0.0294 = 25.4 Pa
n = 3.32 · log 55/40 = 0.459
K = t/g = 55 / 1022 0.459 = 2.28 Pasn

b)	 H & B:	 1. Field approach: Take , and n and K from Power law
		 2. �Standard: 3 points, iteration, select the 3 data points closest to actual shear 

rate, normally the three upper points
		 3. Nonlinear regression: 6 data points

c)	 Compare the two laminar friction expressions BinghamNewton pp ∆=∆ , and solve for  

Newtonµ  (= effµ )
d)	 Increased PV is an indicator of more suspended, inert fine particles (more mechanical 

friction). 
Increased YP is an indicator of more surface interaction between surface active colloidal 
particles.
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2.6	 All models. Regression

a)	 Standard 2 data points:
Bingham:	 mpl 	 = (25.4-17.2) / 511 = 0.016 Pas = 16 cP

t0 	 = t300 – g300 · mpl = 17.2 – 0.016 · 511 = 9 Pa

Power-law: 	 n 	 = log (t2/t1)/ log g2/g1 = 3.32 · log 25 / 17 = 0.56
K 	 = t600/g600

n = 53 · 0.4788 / 1022 0.56 = 0.52 Pasn

b)	 Regression results for Bingham and Power law models are presented in Figure 2-6:
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Figure 2-6: Regression result as a function of # of viscometer data points. (2, 4, 6, and  
8 data points).

A summary of the results of # of data points:

The 4 upper points are the most reliable data points. The two lower ones (3 and 6 RPM) are 
influenced by the time delay inflicted by the test procedure (see Task 2.2).

c1)	 In the H-B model the constants are found by elimination;

�
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Use (1) and (2):	 � (4)
to find K:		  � (5)

Enter (5) in (2):	 � (6)

and in (3):		  � (7)

Set (6) = (7):		  � (8)

 and K are now eliminated: � (9)

	 � (10)

To solve equation (10) we suggest iteration. Start with n = 0,5, and we get:

	 1.976 (22.6 – 18.4) 	 = 32.0 – 22.6
	 8.3			   = 9.		  -1.1

Now try n = 0.52:

	 1.976 (25.6 – 20,7)	 = 36.7 – 2536
	 9.6			   = 11,1		  =-1.5

We are moving away. Try n = 0.48:

	 1.976 (20.0 -16,4)	 =27.8 – 20
	 7.01			   = -7.8		  = -0.7

When n is found, the other constants can be found easily.

c2)	 Non-linear regression. Please refer to textbook Chapter 10.6.
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2.7	 All models

The rheological data are plotted in Fig. 2-7.

τ (Pa)

γ (s-1)

30

20

10

0
0                              511                           1022

Figure 2-7: The Bingham and the power-law model together with raw-data.

We see that the Bingham model overpredicts and P-L underpredicts. This observation we test below at  
10 s–1.

Bingham Field procedure: From the two upper viscometer data points, we obtain:
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Bingham standard SI-procedure:

oτ  = 25 – 0.0157 · 1022 = 8.9 Pa

Power-law, two upper data points:

Herschel-Bulkley is determined through the field method: iteration and elimination, based on the three 
upper readings;

Now we test the models at 

Since the solution is 3.0 Pa the H-B is closest. The Bingham model is relatively far away, as expected, 
since theoretical model is based only on the two upper readings, which is far from the tested shear rate. 
Therefore it is, as stated in the text book, recommended to apply the data points closest to the actual 
shear rate of the model. Since these specifics are not always known ahead of time, the next best is to use 
all the data points (regressi9on), not only the two upper ones or a few selected ones.
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3	� Drilling fluid dynamics – 
Solutions

3.1	 Velocity profile. Continuity equation

Define cross sectional flow area and discretize in the z-direction and then integrate velocity over the A.

Average velocity:

( )0
1v az z z z b dz
A

= − ⋅∫

( )2
0

0

abv z z z dz
z b

= −∫
2 30

0

1
2 3
zav z z

z
 = ⋅ −  

υmax is found when the derivative of υ (z)’ = 0

( )2
0

0 2 0
d azz azdv az az

dz dz
−

= = − =

Find vmax when:		

Finally: 		

3.2	 Velocity profile. Momentum flux

a)	 To find the pressure distribution: We start with Navier-Stoke in the z-direction, cylindrical 
coordinates:

2 2

2 2 2

1 1 1p v v vr
z z r r r r z
ν µν

ρ ρ θ
 ∂ ∂ ∂ ∂ ∂ ∂ = − + + +  ∂ ∂ ∂ ∂ ∂ ∂    zg+

http://bookboon.com/


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

70 

�Drilling fluid dynamics – Solution   

Under stationary laminar flow the equation reduces to:

















∂
∂

∂
∂

+
∂
∂

−=
r
vr

rrz
p 110

ρ
µ

ρ

1p vr
z r r r

µ∂ ∂ ∂ =  ∂ ∂ ∂ 

To replace the latter part of the equation with manageable parameters we go through 3 steps:

	 Step 1: Define ( )
2

max 2/ : 1 , 0O r
rv r from v r v v v v
R

 
∂ ∂ = − = = 

 

	 Step 2: 





−=

∂
∂

2max
2
R

rv
r
v

	 Step 3: Now we derive the part  with respect to r:

		

The pressure distribution or pressure gradient now becomes:

	 





 ⋅

−⋅⋅=
∂
∂

2
max 41

R
rv

rz
p µ
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Total pressure loss along z:

( )

( )

z
R
vp

z

o

zp

op

∂−=∂ ∫∫ 2
max4µ

2max
max2

40 4 /v zp v z R
R

µ µ ∆ = − − = 
 

The shear stress is found as: max 2

2v rv
r R

τ µ µ∂  = − ⋅ =  ∂  
.

Maximum of t is found when r = R, i.e. at the wall as always. Navier Stoke deals with 
incompressible fluids; density does not change.

max max
2v
R

τ µ= ⋅ ⋅

b)	 Wall shear stress: The wall shear follows from the definition of a Newtonian fluids: The x 
and r direction must be replaced by y and z respectively.

	 vmax is reached when y = 0:

c)	 	Average velocity:

It is defined as v  = q/A, where q = ∫v dA over the cross section.

For our particular distribution: 

In plane Poiseulle flow between parallel plates, the average velocity is two-thirds of the maximum 
value.
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3.3	 Flow profile

a)	 The equation represents the conservation of the momentum for stationary, incompressible, 
curl free, laminar pipe flow, also called the Navier Stoke equation.

b)	 From momentum equation and stated condition;

From boundary condition, rearranging/integrating twice, )(rv  is found.

Alternatively, start with the shear stress vs. friction pressure for laminar pipe flow; or, one step 
later, the general shear stress equation:

( )

( )

( )

( )

( ) ( )

2

1

2
1

2 2

2
1

2
1

2 2
10,

4
1

4

dv rr dp
dx dr

dpdv r r dr
dx

dp rv r C
dr

dpv R C R
dx

dpv r R r
dx

τ µ

µ

µ

µ

µ

= = −

= − ⋅ ⋅

= − ⋅ +

= = ⋅

= −

c)	 Average velocity is found by:

( )
2

2 2
2

1 1 / /2
4 8

R

o

dp dx R dp dxv v dA R r r dr
A R

π
π µ µ

= = − = ⋅∫ ∫

To compare vmax and v  we need fist to express vmax;

By comparing the two we find an expression of axial dispersion:

From this evaluation we can conclude that axial dispersion is independent of the factors shown 
above and that it is always positive; the max velocity is twice the average velocity.
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d)	 The wall shear stress is found in two steps:

Step1: 	 dp/dx = 0.09 MPa/1 000 m = 90 Pa/m

Step 2:	

3.4	 Pressure loss vs. rheology

To find pressure loss we first need to check the Reynolds number:

(µpl = 0.016, τo = 9 Pa, n = 0.56, K = 0.52)

a)	

 Laminar, assumed true for all rheologies

 

  

 

                . 
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For the Newtonian model we determine the viscosity at the estimated shear rate 
g = 8v/d = 8 . 2.12 /0.1 = 169.6 s-1. Here the viscosity is:

Laminar pressure loss equations give these results:

Newton: 	 DpN = 32 m L v / d2 = 32 . 0.0507 .1000 . 2.12 / 0.12 = 		  3.4 .105 Pa

Power-law: 	 DpPL = 4K(8v/d . (3n+1)/4K)n . 1/d . L

		          = 4. 0.52 (8. 2.12 /0.1 . 2.68/2.08)0.56 . 1/0.1 . 1 000 = 		  4.3. 105 Pa

Bingham: 	 DpBH = 32 . 0.016 . 1 000 . 2.12 /0.12 + 16 . 1 000 . 9 / 3 . 0.1 = 	 5.9 .105 Pa

We observe that Bingham “aims” high at low shear rates, and will always produce higher results 
than the Power-law model at low shear rates.

b)	 Calculated shear rate for all models:

 We read from Figure 3-4 for all the models;

	 tN = 8.5 Pa at 170 s-1:
	 tPL = 10 Pa at 203 s-1:
	 tBH = 14 Pa at 358 s-1:

And the resulting pressure loss becomes:

	Δ PN = 8.5 . 1000 / 0.1 . 4 =	 3.4 . 105 Pa
	 DpP-L = 10 . 1000 / 0.1 . 4 = 	 4.0 . 105 Pa
	 ΔPBH = 14 . 1000 / 0.1 . 4 =	 5.2 . 105 Pa
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Figure 3-4: Graphical presentation of viscometer data and reading of shear stress for individual shear rates.

One conclusion is that the two non-Newtonian ordinary and universal models give similar 
results. But the different models give different results. The best fit is as expected the P-L.

3.5	 Pressure loss vs. Rheology

RPM γ θ τ τ

rpm s-1 - lb/100 ft2 Pa

600 1022 66.0 70 33.5

300 511 47.2 50 23.9

100 170 25.5 27 12.9

6 10  9.4 10 4.8
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τ (Pa)

s-1

30
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0
0                              511                           1022

Figure 3-5: Rheogram for relevant rheology.

The Newton model can also be based on the two upper readings like the non-Newtonian. Use then 
the average value.
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a)	 At this low flow rate we assume laminar flow, but have to check;

b)	 To compare the two we need to compute Newtonian pressure loss at the correct shear rate.

Read from Figure 3-5 that t = ca10 and 25 Pa at 105 and 356 s-1 respectively.

Bingham model gives the best answers. This is natural since the mud has a typical Binghamian 
characteristic at laminar flow. We could also have compared the two by using the normal 
pressure loss models. We must then first determine the specific viscosity, just like for the 
universal. See also Exercise 3.4 in this regard.

3.6	 Pressure loss. Power law

a)	 Power law: 	 ,n dvk
dr

τ γ γ= ⋅ = −

From force balance we derive:

τ ⋅ 2πrL = p1 − p2( )πr 2   → 
L

rp
2

⋅∆
=τ

Using Power law model, we obtain:

L
rpK n

2
⋅∆

=⋅γ   →  γ =
∆p

2LK
 
 
  

 
 

1
n ⋅ r

1
n
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Knowing that we can find v(r) from:

− dv
v r( )

0

∫ =
∆p

2LK
 
  

 
  

1
n r

1
n dr

r

R

∫

( )
1

1 1

2 1

n nn
n np nv r R r

LK n

+ + ∆ = ⋅ −   +   

We need to integrate over the cross sectional area:

2q v rπ=   → 

( )

1 1
1 2 1 1 3 12

0

1 1
3 1 3 1 3 1

2 2
2 1 2 1 2 3 1

1 1 22 2
2 1 2 3 1 2 1 2 3 1 2(3 1)

R n n n nn n
n n n n

n n nn n
n n n

p n p n R nq R r rdr R R
LK n LK n n

p n n p n n nR R R
LK n n LK n n n

π π

π π

+ + + +

+ + +

   ∆ ∆   = ⋅ − ⋅ ⋅ = ⋅ ⋅ − ⋅      + + +      

  ∆ ∆ +   = ⋅ − ⋅ = ⋅ −     + + + + +      

∫

With this expression of qtot we set up this relationship:

2q R vπ= ⋅   ⇒ 
1

3 1
2

2 3 1

nn
np nR v n R

LK n
π π

+ ∆ ⋅ = ⋅ ⋅ ⋅   +   

and solved finally for Δp:

d
L

n
n

d
vKp ⋅



 +

⋅=∆
4

1384

b)	 Enter effective (Newtonian) viscosity for Power law fluids into the NRe expression:

c)	 Power law fluids:	

Newtonian fluids:

NRe increases for Newtonian fluids when di increases, while for Power law fluids it is reversed.
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The physical explanation for this behavior is the forced streamlining of the flow in narrow 
gaps. Out in the ocean, on the other hand, ocean water turns turbulent at very low shear rates.

3.7	 Pressure loss. Turbulent flow. Energy equation

Average velocity:

( )

3

22

0.2 / 6.4 /
0.1

q m sv m s
R mπ π

= = =

From Chapter 4.3 in textbook we find e = 0.26 mm for cast-iron pipe. Then

Enter the Moody chart (Figure 4-12 in the Textbook) on the right hand side at e/d = 0.0013 (need to 
interpolate), and move to the left to intersect with NRe = 128 000. Read: f = 0.0225. The head loss becomes:

( ) ( )22

2

6.4 /5000.0225 117
2 0.2 2 (9.81 / )f

m sL v mh f m
d g m m s

= ⋅ = ⋅ =
⋅
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3.8	 Pressure loss vs. flow rate

From exercise 2-7 we copy these data and present the flow curve:

n = 0.56, K = 0.52 Pa s0.56

Figure 3-8: Flow curve.

The pressure loss equations:

a = (log n + 3.93) / 50 = (log 0.56 + 3.93)/ 50 = 0.0736, b = 0.286

a = (1.75 + log n) / 7 = (1.75 + log 0.56)/ 7 = 0.286

 qq
A
qv 4.127

1.04 2 =
⋅

==
π
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Select three data points in the laminar and three in higher flow / turbulent regime and plot the result 
(Figure 3-8):

Symbol q v NRe Dplam Dpturb

Unit l/min m3/s m/s - MPa MPa

Data

100 0.00170 0.22 136 0.11

250 0.00417 0.53  1083 0.18

500 0.00833 1.06 2170 0.28 0.20

1000 0.017 2.12 4340 0.41 0.66

1500 0.025 3.18 6380 1.34

2000 0.033 4.25 8687 2.19

 

 
0             250             500            750           1000                           1500                           2000

2
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Figure 3-8: Laminar and turbulent pressure loss.

3.9	 Pressure loss. Field data

Check first the solution for 5 spm. Then repeat for the remaining speeds. Here a check is made only 
for the 5 spm case. Here we think the flow is laminar. Pressure reading at 5 spm = 13 bars. To check 
theoretical Dp at 5 spm we go through these steps:

Step 1: Rheology: n = 0.50, K= 1.63 Pas-n

Step 2: Check flow regime: 𝑁𝑁𝑅𝑅𝑅𝑅 =
𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒

 

        𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒,𝐷𝐷𝐷𝐷 = (8𝑣𝑣
𝑑𝑑 ∙ 3𝑛𝑛 + 1

4𝑛𝑛 )
𝑛𝑛

∙ 𝐾𝐾𝐾𝐾
8𝑣𝑣 = (8 ∙ 0.15

0.105 ∙ 3 ∙ 0.5 + 1
4 ∙ 0.5 )

0.5
∙ 1.63 ∙ 0.105

8 ∙ 0.15 = 0.54 𝑃𝑃𝑃𝑃𝑃𝑃 
 

        𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴 = ( 12𝑣𝑣
𝑑𝑑0 − 𝑑𝑑𝑖𝑖

∙ 2𝑛𝑛 + 1
3𝑛𝑛 )

𝑛𝑛
∙ 𝐾𝐾𝐾𝐾

12𝑣𝑣 = (12 ∙ 0.02
0.188 ∙ 2 ∙ 0.5 + 1

3 ∙ 0.5 )
0.5

∙ 1.63 ∙ 0.188
12 ∙ 0.02 = 1.47 𝑃𝑃𝑃𝑃𝑃𝑃 

 

http://bookboon.com/


Download free eBooks at bookboon.com

Click on the ad to read more

Exercises in Drilling Fluid Engineering

82 

�Drilling fluid dynamics – Solution    Exercises Drilling Fluids     

 55 
 

 
 

   
                         

                           
      ⁄                    
     (         )          = 0.065 m2 

     
   ⁄                         

      
   ⁄                        

do – di = (12.4 – 5 ) 0.0254 = 0.188 m 
 

 

              
       ̅
    

                
     

 
    (                                                            ) 

  
 
 
 
 

             
 
                                      

 

              
 
   

                                    

                 (        )              
 
  

Step 3: Find total pressure drop in flow system: Dp = Dpdp+ Dpann
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The task was to evaluate and compare the estimated pressure with the recorded pump pressure. As 
exemplified at 5 spm flow, the theory compared to reality, 11.8 vs. 13, differed by -9%. One possible 
explanation for this difference is that the theoretical Power law underestimates the real shear rate. Other 
error sources exist; selecting the correct rheology model; fluid is very Binghamian. When does flow turn 
from laminar to turbulence? In real wells it turns turbulent earlier than theoretically predicted, due to 
roughness and uneven flow path. Turbulent pressure loss is highly empirical.

3.10	 Pressure loss. Effects of rotation

During rotation of the pipe, external energy is added to the fluid (from the top drive). If the pipe is 
exposed to strict, controlled rotation the mud will be stirred (like in a viscometer). The mud is non-
Newtonian and shear-thinning (n < 1.0) during laminar flow. For laminar flow at SPM = 5, the friction 
loss will be reduced from 13 at pure flow to 8 bars at added rotation.

To check this fact we will try to estimate the reduction in effective viscosity. Assume the fluid behaves 
according to the Power-Law.

Step 1:	� Find  = peripherical velocity of pipe. One rotation corresponds to the length 2πr. The outer 
wall velocity is zero. Divide by 2 to obtain the average of the two extreme velocities:

𝑣𝑣 = (2𝜋𝜋𝜋𝜋 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅 ∙ 1 𝑚𝑚𝑚𝑚𝑚𝑚
60 𝑠𝑠 + 0) /2  = 2𝜋𝜋 ∙ 5/2 ∙ 0.0254 ∙ 100

60 ∙ 1
2 = 0.33 𝑚𝑚/𝑠𝑠 

 

Step 2:	� Translate the rotational velocity variation to shear rate:

𝛾̇𝛾 = 12𝑣𝑣
𝑑𝑑0 − 𝑑𝑑𝑖𝑖

∙ 2𝑛𝑛 + 1
3𝑛𝑛

 
= ( 12 ∙ 0.33

13.4 − 5) ∙ 0.0254 ∙ 2 ∙ 0.5 + 1
3 ∙ 0.5 )

 
= 30 𝑠𝑠−1  

Step 3:	� Calculate the shear rate caused by pure axial flow at 5 SPM: vann at 5 spm was found to be 0.02 
m/s in the solution of Task 3.9 above.

 𝛾𝛾 = 12𝑣𝑣
𝑑𝑑0 − 𝑑𝑑𝑖𝑖

∙ 2𝑛𝑛 + 1
3𝑛𝑛

 
= ( 12 ∙ 0.02

13.4 − 5) ∙ 0.0254 ∙ 2 ∙ 0.5 + 1
3 ∙ 0.5 )

 
= 1.5 𝑠𝑠−1  

 
Step 4: 	� Effective viscosity: In Figure 3-10 the shear rate has been increased from 1.5 to additionally 30 s-1 

(the two were assumed to be additive). We compare the effect of rotation in terms of changes 
in the Newtonian viscosity: Use the flow curve in Figure 3-10. Here we are left to assume the 
shear stress at these low shear rate values. From the rheological data in Task 2-2 we select the 
smallest recordable one, 3 Pa.
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We see that the effective viscosity has reduced to less than half of its original at that flow rate. 
Note also that the shear stress seen from the pump (SPP) is not increased, it is “for free”, only 
the effective viscosity is decreased, as shown in Figure 3-10.
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Figure 3-10: Effect of rotations on the rheology results in new ECD for instance at the low shear stress of 10 Pa.

If the pipe is exposed to vigorous rotation and possibly vibrations, which often is the case in a real well, 
then additional turbulence will introduce higher pressure loss, not a lower one. However, at the highest 
pump speed (100 spm) flow is already turbulent and the complex motion of the drill string will only 
negligibly influence the pressure.

3.11	 Pressure loss. Bit nozzle. OFU

The exercise information is summarized below:
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a)	 In order to estimate the annular pressure drop, the mud velocity, the effective viscosity and 
the Reynolds number are needed, valid for the BHA-annulus, while drilling at a depth of 
2500 m:

( )

3

2 2 2 2 2

0.1377 /
800min 60 / min 0.40856 2.94

2.448 2.448 12.25 6.251
4 12 /

h h

Gal ft galq
q q qsv ft s
A d d

d in
in ft

π

⋅
= = = = = →

− 
⋅ 

 

First check the flow regime before estimating Dp:

2 1
Re

757 ( ) 757 12.9 2.94 (12.25 6.25) 945
eff eff

v d dN not turbulentρ
µ µ

− ⋅ ⋅ −
= = = ⇒

( )5 5 15 12.25 6.25
35 179

2.94
y b

eff PL

d
cP

v
τ

µ µ
⋅ ⋅ ⋅ −

= + = + =

( ) ( )2
2 12 1

1000.0154 / 0.0154 5.05
200 0.30481000

pl y

dc

vp psi ft psi
l d dd d

µ τ⋅∆
= + = ⇒ ⋅ =

∆ −−

Eqv. r in 2500 MD:

5.05 10012.9 13.1525000.052 0.052
0.3048

ann
ekv

p PPG
L

ρ ρ ∆ +
= + = + =

⋅ ⋅
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b)	 Bit pressure drop in OFU and in SI-units:

2

2

3.78533800
1 60 10001.11 1550 9.318 1369
2 145 0.0254

4 32

bitp MPa psi
π

 
⋅ ⋅ ∆ = ⋅ ⋅ = =

  ⋅  
  

Conclusion: Choice of units does not make any difference for this formula.

c)	 Total pressure loss in the system:

DP:	
2

800  v 17.87
2.448 4.276

ft s= =
⋅

DC:	
2

800v 34.0
2.448 3.1

ft s= =
⋅

Turbulent or laminar in largest area?

Re
928 v 928 12.9 17.87 4.276 26136

35eff

dN ρ
µ

⋅ ⋅ ⋅
= = =

+
 → turbulent by far

Pressure losses, turbulent:

DP:	

Total pressure loss in the circulating system (not all details shown):

Dptot = DpDP + Dpdc + Dpbit + Dpann1 + Dpann2

Dptot = 2 320 + 300 + 1 346 + 5 + 100 = 4 071 psi

3.12	 Swab pressure. Cling factor

a)	 Make a detailed drawing. The clinging fluid is defined by Rcling in Figure 3-12, causing a 
certain volume to accompany the string upwards.

b)	 Identify an expression of the velocity profile with the correct boundary condition;

	 v(r)r=R0 = 0
	 v(r)r=Rcling = 0
	 v(r)r=Ri = vp
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From the velocity profile we can obtain the cling volume pr. unit time:

                 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ∫ 𝑣𝑣(𝑟𝑟)2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝑅𝑅𝑖𝑖

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

c)	 Mass balance: qup = vpipe · Apipe + qcling. An equivalent fluid mass has to move down
d)	 Cling factor = qcling / qdown

v p

Ri
Rcling

R0

Figure 3-12: Flow streaming down the annulus when pulling a closed-end drill string. 
The frictional pressure loss causes a pressure deficit below the string’s bottom end.
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4	 Hydraulic program – Solutions
4.1	 Mud pump issues

a)	 Characteristic diagrams of mud pumps are shown in Figure 4-1:

q
Smallest liner

q qmax0

pump
p

q
qmax0

Effect pump

Smallest liner
q

Figure 4-1: Maximum pump pressure for each liner (left) and maximum effect for the same (right)

Power or effect = E = p · q, is expressed in Horse Power (HP) or in watt (W). As shown in 
Figure 4-1 (to the right) the maximum effect is constant for all liners

Volumetric efficiency = 0.96 for new pumps. When it has reduced to 0.93 the pump has to be 
upgraded (replace valves or piston / liner)

b)	 Parallel → higher q, used for upper wellbore sections. Series → higher p (only for very 
special application, not done for mud pumps).

c)	 Centrifugal pumps can deliver high flow rate but limited pressure (max 3 bars)
d)	 Knocking is a result of high acceleration -> vacuum effect -> boiling -> implosion of vapor 

bubbles during retardation of piston movement.
e)	 Find first bitpd ppp ∆−∆=∆

Bit pressure loss can be determined since nozzle sizes are known:

	 v = q/Anozzle

	 Anozzles = (p/4)de
2 = p/4 · 0.02062 = 3.3333 · 10-4 m2

	

q1 = 2 000 /(1 000 · 60) = 0.03333 m3/s 		 v1 = q1/A = 0.0333 / 3.33·10-4 = 100 m/s
q2 = 670 /(1 000 · 60) = 0.011 m3/s		  v2 = q2/A = 0.017 / 3.33·10-4 = 33.5 m/s
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Resulting in these values:

Parameter q pp  ∆pbit ∆pd

Unit lpm bar Pa Pa

Data 2000 230  72 157.9

670 33  8.1 24.9

K1 and m are determined from:∆pd = K1D qm . Selecting the operator ln or log does not make 
any diffidence here.

m = ln (Dpd1/Dpd2) / ln (q1/q2) = ln (157.9 / 24.9) / ln (2 000 / 670) = 1.69
K1 = Dpd/q

m . D = 157.9 . 105 / (0.03331.69 . 2 500) = 1.98 . 106

4.2	 Nozzle selection. Section wise

a)	 Existing parasitic pressure loss and its parameters:

b)	 From existing hydraulic program parameters we obtain:

qopt = [2ppump,m /(m+2)K1D]1/m = 2·270·105[(1.64+2)·1.16·106·3 000)]1/1,64 = 0.0043 0.61 = 0.0358 m3/s
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Check the flow rate at the boundary conditions (in SI-units to be able to compare):

Since qopt is in between qr and qmax,ann, 0.0358 is the optimal solution at this depth.

c)	 The optimal bit pressure loss is given by this equation:

To find the optimal nozzle, solve pressure drop equation vs. optimal bit pressure drop

Nozzle diameter is not optimal at 3000 meters depth but close to. It should have been:

 (32nds in)

To stay below maximum pump pressure we select:

14/32”, 14/32”, 14/32”

4.3	 Liner selection. Section wise

a)	 To optimize qopt you need criteria; maximize ROP. First find a suitable expression of ROP:

Further we need to know the boundaries:
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Enter the expression of q/de (equivalent or average nozzle diameter) into equation of ROP, 
differentiate and find maximum when dROP / dq = 0: Apply the following expression to find qopt:

( ) 022 1
1 =+− +m

p qmDKqp

b)	 In order to cover the complete range of possible flow rates, we see from the data and the 
pump characteristics that the 6 ¾" liner has a qmax of 0.0422. Only this liner is large enough 
to supply the qmax of 0.04 m3/s if necessary. Intuitively we would select the smallest liner 
possible, the 5 ½", since it has the highest available pressure. And this is what we also 
recommend. Alternatively we could check if each liner produced optimal flow rate within 
the boundary limits, but this option we ignore.

Now we agree that the smallest liner is the optimal choice. Just for the sake of interest we want 
to check the optimal flow rate at this depth:

We observe that the optimal flo0w rate is outside the boundaries. We could flow up this fact, 
but decide to leave it for special interested engineers, and just settle for the smallest liner.

http://bookboon.com/
http://bookboon.com/count/advert/7df08111-c180-4bd8-97db-a2d500e6043a


Download free eBooks at bookboon.com

Exercises in Drilling Fluid Engineering

92 

Hydraulic program – Solutions

c)	 An expression of optimal bit pressure is found from the same optimal solution as above. 
Substitute pd = K1 D qm:

( ) 022 =+− dp pmp
( )( ) 022 =−+− bitpp ppmp

Optimum bit pressure drop is thus: →	 pbit p
m

mp
2+

=

From pump data of 6" liner we read:	  ppump, max = 254.4 × 105 Pa

d)	 The depth of altering liner is found when 
1optq  of 6" reaches qmax of liner 5 ¾" which is 

0.0307 m3/s

( )
( )

1

max

1

2
0.0307

2

m
pp

K D m

 
  =

⋅ +  
	 ⇒	 ( )

( )
( )

max
1

2
2

0.0307
p

m

p
K D m⋅ + =

( )
( )( )

max

1

2

2 0.0307
p

m

p
D

K m
=

⋅ +  ( )( )1.76

2 350.6 6 428
1.1 10 3.7 0.0307

m⋅
= =

⋅ ⋅

4.4	 Hydraulic program. Section wise

a)	 By including all the variables in the ROP equation we might succeed.

2

2

21 )4/(
15.011.1

π
ρ ⋅








⋅+=

e

m
p d

qqDKp à kbit = 1.11 . 0.5 / (p/4)2

2

21 







⋅+=

e
bit

m
p d

qkqDKp  à ( ) 5.0

5.0
1

1

bit

m
p

e k
qDkp

d
q

⋅−=

Substitute into the ROP equation: ( ) ( ) 88
8

5.0
15.05.0

5.0
1 )1(1 am

p
bit

a

bit

m
p qDkpA

kk
qDkpAROP

a ⋅
−⋅⋅=








⋅−=

From this equation we see that for increasing depth the ROP-function will decrease.
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b)	 Only the case of vertical wells is presented here. The horizontal case is solved identically, 
only the flow rate has higher importance / higher upper boundaries. Within the narrow flow 
rate interval for vertical wells, the 6 ½" liner covers the maximum flow rate. First check what 
is the optimum flow rate for each of the liners, from 6 ¼" and downwards at 1 950 mMD. 
Since the boundary conditions do not change with depth, intuitively we would suggest 
that the smallest liner possible should be selected, which we do; the 5 ½" liner. Just for the 
interest we also check the optimal flow rate at the two depths:

We observe that when drilling at 4 000 m the hydraulic program is inside the theoretical limits, 
but not while drilling at 1 950 m. Our suggestion is therefore to use the qmax, 0.028, until a 
depth at which qopt is reached:

Then use qopt till TD.

4.5	 Optimal parameters with BHHP. OFU. Section wise

Optimum parameters for this criterion can be derived as follows:

We observe also that optimal parasitic and bit pressure drop can be derived from the equation above:
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To estimate qopt, K1D and m must be determined from m
loss qDKp 1=∆

Input Output

q (GPM) pp (psi) ∆pbit (psi) ∆pd (psi)

500 3 000 2 097.0 903.0

250 800 524.3 275.7

Now qopt can be found (note that the units are correct):

Including the volumetric efficiency factor, evol, the practical qopt is:

qopt = 627 · 0.9 = 564 GPM
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Now the bit nozzles can be estimated from Dpbit,opt = Dpbit:

Finally the area can be expressed as:

4.6	 Liner selection. Complete well

a)	 Optimal flow rate in pump range II is derived initially like in Exercise 4.4.

In this equation we substitute q·p = E

( )( )
( )

1 1
II

K E m K DqROP − +∂
= =

∂
 

( )

1
1

1 2

m
p

opt II

E
q

K D m

+ 
=  ⋅ + 

b)	 Range II stops towards lower q, when qopt,II = q5,5”,max, while range I stops towards higher  
q when qopt,I = q5,5”,max. 
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c)	 The graphical solution speaks for itself:

 ( q / dn ) a8  

0                                  .011                                                 .028       .0307     .0334      .0362      .0392     .0422      .0454      .0482

5.5"        5.75"        6"         6.25"        6.5"       6.75"         7"          7.5" 

0 m

100 m

500 m

1500 m
3000 m

1852

2123

36"
26"

17 ½
”

Figure 4-6: Graphical solution.

d)	 From Table 4-6 in the Task section we can see that between 1 500 and 3 000 m there are two 
potential options. However, from Figure 4-6 above we already know that at 1 852 m we are 
inside pump range I, and applying the 5½" liner. We also see that the maximum flow rate 
of the 5 ½" liner is the optimum one for most of its operational time. This has already been 
shown in task b) above.

4.7	 Liner selection. Complete well

a)	 Find first what working area prevails in the boundary zone between pump are II and I, 
which are valid as indicated in Figure 4-6. Area II ends with the 5.75" liner when qmax, 5.5 is 
reached:

At 1 457 m depth the pump area I is entered, coming from II. From the pump chart we note 
that 5 ½" liner has pmax = 383 bar. Solving qopt1 eqn. for D we find where qopt,I starts.
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b)	 In Figure 4-7.1 we see the division between the two pump areas. A preliminary solution of 
how to distinguish between them is given in Figure 4-8.2, its upper part.

q (m3/s)

Pump area I

Pump area II

Optimal flow rate

Optimal flow rate

1 457

2 900

0.0285 ½ ” liner 5 ¾ ” liner

ROP

Figure 4-7.1: Boundary area between pump area II and I.

start

end

D = D + ∆D

yes no

Range II -> 
use larger liner

Find optimal 
parameters

Q = Q5.5, max

D = D0

yes - Range I noD > DII-I

D > DI-opt

Q < Qopt

no

yes

D > Dtot

DII-I
DI-opt

Figure 4-7.2: Flow chart of estimating hydraulic parameters while in the boundary zone between the pump area ranges.
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5	 Wellbore challenges – Solutions
5.1	 Cuttings concentration

a)	 At the end of the horizontal section the concentration would also be close to 0.02. A bed has 
been established which is in equilibrium between erosional and depositional forces. The bed 
height is a result of the steady state process. Settling and lifting of cuttings is a function of 
flow rate, ROP, etc. The bed height can be estimated theoretically. We select not to do that, 
but rather assume that a certain % of the generated cuttings are left behind in the wellbore. 
E.g. 10% of the wellbore cross sectional area is in average filled with cuttings. This means 
10% of what is drilled out is left in the well. The initial concentration is accordingly reduced 
by 10%;

c2 = c1 
. (1 – 0.1) = 0.2 . 0.9 = 0.018

b)	 In the vertical section the concentration will increase due to the slipping of cuttings, 
expressed through the transport ratio Rt. This could have been estimated through Stokes 
Law. We select here just to assume a typical value of Rt, which is 0.75. We then have:

c3 = c2 / Rt = 0.018 / 0.75 = 0.024
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c)	 The cuttings removal forces are opposed by gravity and cohesive forces. Gravitational forces 
are given by Stokes law. Removal forces are given by drag and lift forces. The drag force 
is a function of particle Reynolds number and spherisity. The drag and lift forces can be 
developed info the critical lift velocity or rolling velocity. String RPM will induce a drag 
force onto the cuttings, referred to as the viscous coupling. At a given cuttings feed rate, a 
stationary bed height will form as a function of the equilibrium state between all involved 
input variables, some eroding, some building.

d)	 Here the bed height will be higher due to higher cross sectional area and thus lower 
fluid velocity, assuming the entrance effects do not ruin this assumption. Settling rate 
will increase, but first after the entrance effects are passed. When BHA during tripping is 
shoveling much cuttings into a narrower wellbore it is easy to imagine that the BHA may 
become jammed.

e)	 At least five issues are related to poor solids control:

•	 Building of solids bed → Mechanical stuck pipe
•	 Building of viscosity / high gel → high pressure losses → high ECD → fracture
•	 High cuttings concentration in annulus → higher mud density in annulus → high ECD 

→ lower ROP
•	 Higher mechanical friction → loss of WOB → reduced ROP
•	 Loss of filter control → thicker mud cake → differential sticking

5.2	 Cuttings

a)	 Friction, drag, lifts cohesive, gravity. Make drawing. Rolling when ∑ ≥ 0M , lifting when

∑ ≥ 0zF
b)	 Stoke’s law is valid only for infinite dilution (one spheres), for small spheres (r < 0.1mm) 

and for laminar flow around the particle.
c)	 High ROP, high inclination, highly viscous mud, rolling, lifting etc.
d)	 Two drawings are needed: One for Drag, Lift, Cohesion, Gravity, and one for a rotating 

string with viscous coupling.
The viscous coupling radius relative to R0, increase with RPM and climb the TJ at around 120.
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5.3	 ECD. Barite

Start by converting to SI units. When pmud > ~ 1.8 kg/l, the barite concentration is high. At stillstand, 
most mud types quickly develop a yield point, and barite is suspended in the gelled mud. During 
pumping of mud in laminar mode, any existing gel is broken, and barite will not be held in suspension as 
during stillstand with gelled mud. However, the mud will under these conditions exhibit a high effective 
viscosity but barite will, nevertheless, slip slowly downwards due to gravity. Agglomeration may also 
affect the settling rate. Barite has a specific density of 4.2, and an average particle size of approximately 
20 μm. In accordance with Stokes’s law of settling, barite particles will settle, but as indicated above, 
very slowly. However, wellbore inclination will shorten the settling distance to only a few centimetres, 
and a stratified bed of barite and cuttings will form. The stratified layers of solids will, when the angle 
of repose is surpassed, slide downwards. The critical angle of repose in found mainly in the build-up 
section of the well, and here sliding takes place. After the first “landslide”, the barite concentration in the 
mud has become lower and accordingly, also the viscosity. Barite settling will now be a fraction faster, 
and the process continues at accelerated speed. The self-preserving dynamics may lead to separation of 
almost all the barite in the fluid in the build-up section, especially during still stand after tripping-out 
of the hole. The pile of Barite at the bottom of the build-up section may cause pipe sticking. Worse is 
the reduction of mud weight. It may disrupt the safety.

The following summary of guidelines to obtain efficient hole-cleaning is based on field experiences and 
on many laboratory investigations:

a)	 Apply micro barite or equivalent. Such material systems have an average particle size of 2 μm
b)	 Use of top-drive to allow for pipe rotation and redistribution of the settling barite and 

cuttings while tripping and drilling
c)	 Maximize fluid velocity during drilling and reaming by increasing pumping output and/

or use large diameter drill string. This improves hydraulic and agitation of cuttings. Use in 
addition downhole flow enhancers

d)	 Design mud rheology so that it enhances turbulence in the annulus (if ECD allows). 
Turbulent flow will bring the cuttings and barite back into the flow stream if point 3 above 
“failed”

e)	 Perform frequent wiper trips

5.4	 ECD. Fluid and flow

a)	 In order to determine the ECD we need to estimate the pressure loss in the annulus. The 
mud has some gel, so we assume the Bingham model will suit well.
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Although the flow rate is rather high, we assume laminar flow in the annulus. However, if the 
purpose were to find the exact Dp we would need to check the Reynolds number to confirm 
this. Annular pressure loss:

/ / / / / /
2 2 2

/ / /

/ / /
0

/ / /

48
( ) ( ) ( )

6 385179 3.85
( ) ( ) ( )
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b)	 What is the ECD during drilling? Production of mud and cuttings:

	 qmud = 3 500 /(1000 · 60) = 0.058 m3/s
	 qcuttings = ROP · Abit= 3 500/(1000 · 60) · 3.14/4 · 17.5 ·0.0254)2 = 0.0022 m3/s
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Total flow rate in annulus: qann = qmud + qcuttings – qfluid = qmud

Volumetric concentration of cuttings:

	 ccuttings = qcuttings /(qmud) = 0.0022 / 0.058 = 0.038

We assume slip; Rt = 0.75

	 ccuttings = 0.038 / 0.75 = 0.051

ECD contribution will be enhanced by the higher density of cuttings:

The effect of longer well is neglected.

The casing shoe equivalent fracture density: rfr = p/ gh = 228 . 105 / (1 800 . 9.81) = 1 291 kg/m3

c)	 Suggested procedure to determine pressure profile, which is a f(T):

1.	 Find the stable temperature profile in the well in accordance with Chapter 7 of the text 
book. Default temperature gradient in sedimentary rocks = (10 + 0.03) o C/m.

2.	 Look up the thermal coefficients of materials, a, in a handbook;

3.	 ( )1−−⋅−=
ii TTooi αρρρ  at each depth interval Dh

4.	 Estimate ( )( )( )TfDfi =ρ

5.	 Find 

6.	
∑∆

=
hg

pbottom
equivρ

5.5	 Water activity

a)	 One definition of water activity is the vapor pressure of its salt water solution and compares 
it to the water vapor pressure of distilled water.

saline water
w

destiilled water

p
A

p
=

Water solution: Distilled water thus has a water activity of 1.00. All water molecules are freely 
moving around, not electrostatically bound to salt ions. Aw will diminish at increasing salt 
content.
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Pore water: Find the Aw of clay through its in situ weight and then by comparing with clays 
with known Aw. Thus Aw of water phase is determined, and type of salt.

b)	 Salt ions attract polar water and make it in-active. Distilled water has a water activity 1.0 
whereas for saline water it is less than 1.0.

c)	 Clay swelling leads to increased pressure according to this equation:

Vw = Molar volume of water vapor;

Most shale formations contain water since shale is (water wet). Water sensitive clay materials, 
such as smectite, illite and mixed – layer clays, will adsorb water and swell. This leads to an 
elevated localized pressure around the wellbore. The pressure may surpass the material strength; 
the material will disintegrate and collapse. Water is transported into the shale through different 
mechanisms (hydraulic pressure, osmosis, diffusion etc.).

d)	 Adding K-salt to WBM. Dissolved salt will bind water and hinder it to evaporate; the water 
vapor pressure will declines and so also the measured Aw. The Aw is inversely proportional to 
salinity.

If Aw, OBM ≥ Aw, pore, water will be drawn from the formation, and into the OBM making the 
shale brittle.

If Aw, 	 OBM ≤ Aw, pore, the shale will swell.

e)	 Yes, it can be reduced by creating a filter in the shale. This can be done by adding particles 
to the water phase where the average particle size distribution  of the average pore 
throat size distribution.
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5.6	 Shale stability

a)	 Using Figure 5-5 in the task section a calcium chloride concentration of 28.2% by weight is 
needed to give an activity of 0.69.

b)	 Take an ”in-situ” cut of the core, crush it and place it in a desiccator (completely air tight), 
expose it to different humilities (vapour pressure) through designed brines. When weight 
of the exposed sample has been converted to typical weight evolution of this type of shale. 
Through this comparison the water activity in the core can be determined. Since this is the 
water activity of the shale’s pore water, the water activity on the mud should be identical to 
avoid swelling or shrinking of the shale.

c)	 Oil does not penetrate clay because the capillary forces are too large;

r
p f

c

θσ cos2 ⋅⋅
=

This depends on the wettability (which governs the q). For oil to be the wetting phase against 
the formation/cuttings/steel a wetting agent must be added to the base oil. If water is emulsified 
into the oil, the water activity of the water phase must be controlled properly.

Emulsifier is used to reduce the surface tension between oil and water, enabling smaller droplets, 
enhancing stability. Wetting agents make sure that oil is wetting the shale.

EADS unites a leading aircraft manufacturer, the world’s largest 
helicopter supplier, a global leader in space programmes and a 
worldwide leader in global security solutions and systems to form 
Europe’s largest defence and aerospace group. More than 
140,000 people work at Airbus, Astrium, Cassidian and Eurocopter, 
in 90 locations globally, to deliver some of the industry’s most 
exciting projects.

An EADS internship offers the chance to use your theoretical 
knowledge and apply it first-hand to real situations and assignments 
during your studies. Given a high level of responsibility, plenty of 

learning and development opportunities, and all the support you need, 
you will tackle interesting challenges on state-of-the-art products.

We welcome more than 5,000 interns every year across 
disciplines ranging from engineering, IT, procurement and 
finance, to strategy, customer support, marketing and sales. 
Positions are available in France, Germany, Spain and the UK.

To find out more and apply, visit www.jobs.eads.com. You can also 
find out more on our EADS Careers Facebook page.

Internship opportunities

CHALLENGING PERSPECTIVES

http://bookboon.com/
http://bookboon.com/count/advert/85f92380-2160-4386-98b4-a2540089b583


Download free eBooks at bookboon.com

Exercises in Drilling Fluid Engineering

105 

Wellbore challenges – Solutions

5.7	 Wellbore problems

a)	 Lots of material (cuttings, cavings, sloughing shale) combined with small and large washouts 
where material tends to accumulate. During tripping, material is scraped and squeezed.

Figure 5-7. Differential sticking mechanism.

Differential sticking: Once the drill string touches the wellbore wall, the mud pressure, which is 
higher than the formation fluid pressure, holds the string in place. As mud cake builds around 
the string, a pressure seal is formed and sticking occurs as shown in Figure 5-7.

b)	 The consequences of a stuck pipe are very costly. They include:
•	 Lost drilling time spent on freeing the pipe, and on fishing if not ask to jar out string
•	 Abandon tools in the hole because fishing was given up.

Rules of Thumb
1.	 Begin working the string immediately. Jar in the opposite direction to the pipe 

movement prior to becoming stuck.
2.	 Work the pipe to the limits.
3.	 If getting movement down, concentrate on expanding downward movement – and vice 

versa.
4.	 In cases of hole bridging/packing off, concentrate on downward working. Increase 

applied working force in gradual increments up to the maximum.

c)	 Salt tends to ”flow” at high temperature and pressure. Use high mud weight and a mud that 
tend to dissolve salt (to keep the wellbore diameter as large as possible).

WBM can be used with some additives. Halite has little creep tendency.

d)	 Dominating mechanisms at lost circulation are:
- low pressure window
- high ECD (for many reasons)
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Counter measures are:
- improved hole cleaning
- improved ECD – control

Wellbore breathing (ballooning) (any two sentence is enough for get full marks)

•	 The onset of wellbore breathing, often referred to as wellbore ballooning, is typically an 
indicator of imminent lost circulation.

•	 Wellbore breathing is associated with fractures that open when annular pressure is 
applied to the Wellbore and close when the pressure is reduced.

•	 These fractures fill with drilling fluid when open and subsequently return the fluid is 
observed as a flow out of the Wellbore when the pumps are off.

•	 One of the more severe consequences of wellbore breathing is the misinterpretation of 
the observed flow as a kick when the pumps are shut down.

•	 Implementing well-control procedures and increasing the mud weight is often enough 
to propagate the existing fractures leading to severe loss of circulation, a situation that is 
much more difficult to manage.
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