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Preface

A leading representative of fluid dynamics defined this discipline as “part of
applied mathematics, of physics, of many branches of engineering, certainly
civil, mechanical, chemical, and aeronautical engineering, and of naval archi-
tecture and geophysics, with astrophysics and biological and physiological
fluid dynamics to be added.” [1, p. 4]

Fluid mechanics has not always been as versatile as this definition suggests.
Fifty years ago, astrophysical, biological, and physiological fluid dynamics
was still in the future. A hundred years ago, aeronautical engineering did not
yet exist; when the first airplanes appeared in the sky before the First World
War, the science that became known as aerodynamics was still in its infancy.
By the end of the 19th century, fluid mechanics meant hydrodynamics or hy-
draulics: the former usually dealt with the aspects of “ideal,” i.e., frictionless,
fluids, based on Euler’s equations of motion; the latter was concerned with
the real flow of water in pipes and canals. Hydrodynamics belonged to the
domain of mathematics and theoretical physics; hydraulics, by contrast, was
a technology based on empirical rules rather than scientific principles. Theo-
retical hydrodynamics and practical hydraulics pursued their own diverging
courses; there was only a minimal overlap, and when applied to specific prob-
lems, the results could contradict one another [2].

This book is concerned with the history of fluid dynamics in the twentieth
century before the Second World War. This was the era when fluid dynamics
evolved into a powerful engineering science. A future study will account for
the subsequent period, when this discipline acquired the multifaceted charac-
ter to which the above quote alluded. The crucial era for bridging the prover-
bial gap between theory and practice, however, was the earlier period, i.e.,
the first four decades of the twentieth century. We may call these decades the
age of Prandtl, because no other individual contributed more to the forma-
tion of modern fluid dynamics. We may even pinpoint the year and the event
with which this process began: it started in 1904, when Ludwig Prandtl pre-
sented at a conference the boundary layer theory for fluids with little friction.
Prandtl’s publication was regarded as “one of the most extraordinary papers
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of this century, and probably of many centuries” [1]—it “marked an epoch in
the history of fluid mechanics, opening the way for understanding the motion
of real fluids” [3].

In order to avoid any misunderstanding: this is not a biography of Prandtl,
however desirable an account of Prandtl’s life might be. Nor is it a hero story;
I do not claim that the emergence of modern fluid dynamics is due solely to
Prandtl. If Prandtl and his Géttingen circle’s work is pursued here in more
detail than that of other key figures of this discipline, it is because the nar-
rative needs a thread to link its parts, and Prandtl’s contributions provide
enough coherence for this purpose. The history of fluid dynamics in the age
of Prandtl, as presented in the following account, is particularly a narrative
about how science and technology interacted with another in the twentieth
century. How does one account for such a complex process? In contrast to
sociological approaches I pursue the history of fluid dynamics not within a
theoretical model of science-technology interactions. Nevertheless, the rela-
tionship of theory and practice, science and engineering, or whatever rhetoric
is used to refer to these antagonistic and yet so similar twins, implicitly runs as
a recurrent theme through all chapters of this book. I share with philosophers,
sociologists, and other analysts of science studies the concern to better grasp
science—technology interactions, but I cannot see how to present the history of
fluid dynamics from the perspective of an abstract model. My own approach
is descriptive rather than analytical; I approach the history of fluid dynamics
from the perspective of a narrator who is more interested in a rich portrayal
of historical contexts than in gathering elements for an epistemological analy-
sis. This approach requires deviations here and there from the main alley, so
to speak, in order to clarify pertinent contexts, but I am conscious not to lose
the narrative thread and regard as pertinent only what contributes to a better
understanding of the theory—practice issue. I postpone further reflections to
the epilogue, when this issue may be better discussed in view of the empirical
material presented throughout the remainder of the book.

Many people and institutions have contributed to this work. Instead of ac-
knowledging their help here individually in the form of a long list of names,
I refer readers to the notes in the appendix, where readers may better appre-
ciate how archives and authors of other studies helped to add flesh to the
skeleton of my narrative. The only exceptions concern my colleagues from
the Deutsches Museum and the Munich Center for the History of Science and
Technology, whom I owe thank for years of fruitful collaboration and stimu-
lating discussions, and the Deutsche Forschungsgemeinschaft for funding the
Research Group 393, which formed the framework of this study.

Michael Eckert, Munich, May 2005
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Diverging Trends before the Twentieth Century

The flow of water or air around an obstacle is such a familiar phenomenon that
we tend to underrate its importance in the history of science and technology.
Throughout the centuries, the behavior of a body in a fluid was a fundamental
theoretical problem and an obvious practical concern. The motion of celestial
bodies, ships, projectiles, and other phenomena involved conceptions of fluid
dynamics. Although the development of science from Aristotle to Einstein
is usually presented without excursions into the history of fluid dynamics,
concepts about motion inevitably involve assumptions about fluid resistance.

1.1
Galileo’s Abstraction

In Aristotle’s natural philosophy, the medium through which a motion pro-
ceeded played a paradoxical role. In order to sustain the motion, a motive
agency was required. Aristotle (384-322 BC)imagined that this motive agency
resided in the medium: “We must, therefore,” Aristotle wrote in Book VIII of
his Physics, “hold that the original movent gives the power of causing motion
to air, or water, or anything else which is naturally adapted for being a movent
as well as for being moved” [4, p. 506]. At the start of the motion of a projec-
tile, the medium would be displaced by the projectile, and together with this
displacement, a motive force would be passed along the trajectory. Thus, the
medium acquired the power to propel the projectile. At the same time the
medium would resist the motion: “If air is twice as tenuous as water,” Aristo-
tle argued, “the same moving body will spend twice as much time in travel-
ling a certain path in water as in travelling the same path in air” [5, p. 21].
Aristotle dominated pre-modern natural philosophy —but some of his
views also served as bones of contention. How could the same medium
at the same time propel and resist the motion of a projectile? Most famous
among those who criticized this concept was Jean Buridan (1300-1358), who
argued that the propulsive property resided in the projectile itself rather than
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in the medium. He called this property impetus: “Whenever some agency
sets a body in motion,” Buridan wrote, “it imparts to it a certain impetus, a
certain power which is able to move the body along in the direction imposed
upon it at the outset (...) It is this impetus which moves a stone after it has
been thrown until the motion is at an end. But because of the resistance of the
air and also because of the heaviness, which inclines the motion of the stone in
a direction different from that in which the impetus is effective, this impetus
continually decreases” [5, pp. 49-50]. Now the medium through which the
motion proceeded was left with just one property: resistance.

The impetus concept marked the emergence of the modern notions of in-
ertia and momentum. But that did not happen at once. Even Galileo Galilei
(1564-1642), with whom we associate the revolutionary turn from the me-
dieval philosophy to the “new science” of motion, still mixed Aristotelian con-
cepts with modern concepts of motion. Like his predecessors, Galileo strug-
gled with the role of the medium through which a body moves. His famous
Dialogues Concerning Two New Sciences reveals what problems were behind the
effort to imagine how a body would move without the resistive property of the
medium. Galileo lets Salviati ask, for example, “What would happen if bod-
ies of different weight were placed in media with different resistances?” The
answer was presented by comparing the motion in air and water: “I found,”
Salviati continues, “that the differences in speed were greater in those media
which were more resistant, that is, less yielding. This difference was such that
two bodies which differed scarcely at all in their speed through air would, in
water, fall the one with a speed ten times as great as that of the other” [6, p. 68].

Obviously, motion in air would be closer to a motion without any influ-
ence of the medium. But there were problems in quantitatively measuring
differences for bodies with different weights in air. “It occurred to me there-
fore,” Galileo argues with the voice of Salviati, “to repeat many times the fall
through a small height in such a way that I might accumulate all those small
intervals of time that elapse between the arrival of the heavy and light bodies
respectively at their common terminus.” With the repetition of the free fall, he
meant the repeated swings of a pendulum:

“Accordingly I took two balls, one of lead and one of cork, the
former more than a hundred times heavier than the latter, and sus-
pended them by means of two equal fine threads, each four or five
cubits long. Pulling each ball aside from the perpendicular, I let
them go at the same instant, and they, falling along the circum-
ferences of circles having these equal strings for semi-diameters,
passed beyond the perpendicular and returned along the same
path. This free vibration repeated a hundred times showed clearly
that the heavy body maintains so nearly the period of the light
body that neither in a hundred swings nor even in a thousand will
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the former anticipate the latter by as much as a single moment,
so perfectly do they keep step. We can also observe the effect of
the medium which, by the resistance which it offers to motion, di-
minishes the vibration of the cork more than that of the lead, but
without altering the frequency of either; even when the arc tra-
versed by the cork did not exceed five or six degrees while that
of the lead was fifty or sixty, the swings were performed in equal
times” [6, pp. 84-85].

In order to find out how the resistance of air depends on the velocity, Galileo
compared the swings of pendulums with equal weights but different ampli-
tudes. He found that the air resistance is proportional to the velocity of the
moving body [6, p. 254].

Already Galileo’s contemporaries noticed that these conclusions could not
have resulted from actual experiments. Marin Mersenne (1588-1648) com-
pared the swings of equal pendulums with different amplitudes: he found
that one which started swinging with an amplitude of two feet differed from
one with an amplitude of one foot already after thirty periods of oscillation
by as much as one full period. In 1639, a year after the publication of the
Dialogues Concerning Two New Sciences, he remarked that if Galileo had per-
formed real pendulum experiments and only waited for thirty or forty swings,
he would have noticed the difference [7]. Recent pendulum experiments con-
firmed Mersenne’s critique [8,11].

This and other observations of Galileo stirred considerable debate among
historians of science — to what extent did Galileo actually perform experi-
ments? Only his pendulum experiments with small amplitude are presumed
“real”; those with larger amplitudes are regarded as “imaginary” or “hypo-
thetical,” i.e., they were not performed in reality, but (contrary to mere thought
experiments) are based on extrapolation from empirical observations [7]. Ear-
lier interpretations tended to categorize Galileo’s style of research into one of
two extremes: either as deductive in the tradition of Platonic and idealistic
natural philosophy, in which the experiment only plays a role as a confirma-
tion of insights gained by mere thinking; or as inductive, with the experiment
as the origin of new knowledge. According to more recent historical studies,
however, Galileo’s science was more complex and does not fit neatly into one
category or the other alone [9].

The question whether Galileo actually performed free fall experiments from
the leaning tower of Pisa attracted particular scrutiny [10]. As with the pen-
dulum experiments, the problem of resistance plays an important role here,
too. “Aristotle says that ‘an iron ball of one hundred pounds falling from a
height of one hundred cubits reaches the ground before a one-pound ball has
fallen a single cubit.” I say,” Salviati responds to such an obvious discrepancy
with reality, “that they arrive at the same time. You find, on making the exper-

3
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iment, that the larger outstrips the smaller by two finger-breadths” [6, p. 64].
However, a modern calculation, which takes into account the air resistance,
yields a difference of 1.05 m for the free fall of a 100-Ib. iron sphere (with a
radius of 11.13 cm) and a 1-1b. iron sphere (with a radius of 2.4 cm) over a
distance of 100 cubits (58.4 m). The lighter sphere would be more than one
meter behind the heavier one — certainly much more than the “two finger-
breadths” in Galileo’s argument [11]. If Galileo really performed the tower
experiment, why didn’t he notice this discrepancy? The puzzle can be re-
solved by a psycho-physical argument: when an experimenter intends to re-
lease simultaneously two different weights from his outstretched hands, the
palm with the lighter weight tends to open a bit earlier than the palm with the
heavier weight; this difference could have compensated for the difference due
to the air resistance [12], [13, Supplement 3].

But Galileo, presumably, was rather motivated by a theoretical argument.
The medium had to be “thrust aside by the falling body,” Salviati argued.
“This quiet, yielding, fluid medium opposes motion through it with a resis-
tance which is proportional to the rapidity with which the medium must give
way to the passage of the body.” By such reasoning, Galileo related the dis-
placed mass of the medium to the resistance: “And since it is known that the
effect of the medium is to diminish the weight of the body by the weight of
the medium displaced, we may accomplish our purpose by diminishing in
just this proportion the speeds of the falling bodies, which in a non-resisting
medium we have assumed to be equal” [6, pp. 74-75].

In other words, despite a flawed concept of fluid resistance in terms of buoy-
ancy, Galileo arrived at his goal: the abstraction of a motion in a non-resisting
medium. With a vanishing buoyancy, the resistance would vanish too. In
this case, with no mass to be displaced, all bodies would fall in the same
manner. Galileo’s law of free fall certainly has to be rated among the most
important accomplishments in the history of science, but it is erroneous to in-
fer from Galileo’s abstraction that he “had a correct notion of air resistance,”
as a widely read book on the history of aerodynamics has claimed [14, p. 8].
Galileo did not aim at a theory of aerodynamics; his predominant concern was
Aristotle’s natural philosophy. The abstraction of a motion in a non-resisting
medium, perceived as a motion in which no medium had to be displaced,
touched upon another ancient philosophical belief: Aristotle believed in the
impossibility of a vacuum; for Galileo, it was the domain in which the laws of
free fall hold. Maybe it is not an exaggeration to state that Galileo’s elabora-
tions on the medium through which a body moves only served to justify his
abstraction of a motion in empty space.

Against this background it does not come as a surprise that it was a pupil
of Galileo, Evangelista Torricelli (1608-1647), who is credited with presenting
the first experimental evidence of a vacuum. Torricelli emptied glass tubes
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filled with mercury into a container, such that the openings of the tubes were
not exposed to the air. Inside the inverted tube, above a remaining column of
mercury, there was left an empty space, a “Torricellian vacuum.” The height
of the mercury column in the tube was found to depend on the ambient air
pressure. Torricelli undertook these experiments with another pupil of Galileo
(Vincenzio Viviani). Like Galileo himself, his pupils also were primarily inter-
ested in refuting Aristotelian dogmas. “Many have said [that vacuum] cannot
happen,” Torricelli wrote to another follower of Galileo after his experiment;
yet, it “may occur with no difficulty, and with no resistance from nature.”
Thus, he refuted the dogma of a “horror vacui.” He concluded, with a now
famous quote: “We live submerged at the bottom of an ocean of elementary
air which is known by incontestable experiments to have weight.” [15, p. 84].

After Torricelli’s experiment the old debate among “vacuists” and “plenists”
seemed to be decided in favor of the “vacuists,” but René Descartes (1586—
1650) renewed the belief of a universal filling of space. He denied that
Galileo’s extrapolation of free fall in empty space was based on sound ar-
guments. According to Descartes” doctrine, all natural phenomena resulted
from the motions of infinitely fine weightless particles of an ether that per-
vaded the entire universe. The particles of ordinary matter, such as air or
water, were supposed to have weight, so that their displacement by a moving
body would retard its motion. In order to prevent a temporary depletion be-
hind a moving object, the displacement of matter involved a flow around the
object, which Descartes imagined as vortical. He extended his doctrine to the
entire universe. The solar system was supposed to be an enormous vortex of
matter, in which the planets orbited as smaller vortices around the center [16].

Descartes did not produce quantitative results — neither for his cosmogony
nor for the domain of earthly physics. Once, he communicated in a letter a
formula about the retardation of a free falling body in a medium, whereby the
speed approached a limit in the form of an infinite geometrical series, but he
did not provide a physical argument for this result [23, p. 110]. Nevertheless,
he exerted a remarkable influence on seventeenth century natural philosophy.
Christiaan Huygens (1629-1695) pursued several of Descartes’ ideas, such as
the concept of an attracting force due to vortical motion around a center. Such
a force would keep a planet embedded in a vortex in his orbit around the
sun. In order to illustrate this force, Huygens arranged a little sphere in a
cylindrical vessel filled with water such that it was free to move in a radial
direction only. When the vessel was rotated around its axis, the sphere moved
inwards against the centrifugal force [16, pp. 76-77].
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1.2
Hogs’ Bladders in St. Paul’s Cathedral

Descartes” concepts of motion also influenced Isaac Newton (1643-1727),
but as an opponent rather than as a follower. Alluding to Descartes’ Prin-
cipia Philosophiae, Newton titled his own three-volume treatise on mechanics
Philosophiae Naturalis Principia Mathematica. The first volume with “Newton’s
laws of motion” for a body in a vacuum is celebrated as the foundation of
classical mechanics. It is less known that Newton also spent a lot of time
developing the laws of motion for a body in a fluid. The entire second volume
is dedicated to this problem. It was regarded as “the most original part of
the whole work, though also largely incorrect” [17, p. 167]. As for Galileo
and Descartes, the debate among “vacuists” and “plenists” was also a ma-
jor issue for Newton. One of his pupils, Henry Pemberton, wrote in 1728 a
book titled A View of Sir Isaac Newton’s Philosophy about the second volume
of Newton’s Principia: “By this theory of the resistance of fluids, and these
experiments our author decides the question so long agitated among natural
philosophers whether the space is absolutely full of matter. The Aristotelians
and Cartesians both assert this plenitude; the Atomists have maintained the
contrary. Our author has chosen to determine this question by his theory of
resistance” [18, p. 314].

If the universe were filled with a material substance, as taught by Descartes
and his school, then the planets would encounter a resistance along their or-
bits around the sun. Descartes’ vortex conception could not escape that funda-
mental problem and therefore would have given rise to contradictions if it had
been formulated in a quantitative manner. Newton presented an alternative
concept with his theory of universal gravitation, which assumed an empty
space between the celestial bodies—or a “bodiless” medium that would not ex-
ert a noticeable resistance: “And therefore the celestial spaces, thro” which the
globes of the Planets and Comets are perpetually passing towards all parts,
with the utmost freedom, and without the least sensible diminution of their
motion, must be utterly void of any corporeal fluid, excepting perhaps some
extremely rare vapours, and the rays of light.” This was Newton’s conclusion
at the end of the section “Of the motion of fluids and the resistance made to
projected bodies” [19, vol. 2, proposition 40, pp. 161-162].

From the outset, Newton assumed: “In mediums void of all tenacity, the re-
sistances made to bodies are in the duplicate ratio of the velocities.” Galileo’s
relation “that the resistance is in the ratio of the velocity,” according to New-
ton, was “more a mathematical hypothesis than a physical one” [19, vol. 2,
proposition 4, p. 11]. Others had already made the same assumption of a
quadratic velocity dependence, which seemed to be more in agreement with
empirical observations (see below); but Newton was the first natural philoso-
pher who attempted to justify this relation on the basis of a physical model.
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His concept is too complex for a short summary. It may suffice to hint at New-
ton’s argument for an “elastic fluid” like air, which he conceived as a gas of
particles. Based on certain assumptions about the mutual collisions of these
particles, Newton obtained quantitative results about the resistance of such a
fluid. “But whether elastic fluids do really consist of particles so repelling each
other,” he concluded, “is a physical question. We have here demonstrated
mathematically the property of fluids consisting of particles of this kind, that
hence philosophers may take occasion to discuss that question” [19, vol. 2,
proposition 23, theorem 18, p. 79]. Newton explicitly envisioned different
sources of resistance, “as from the expansion of the particles after the man-
ner of wool, or the boughs of trees, or any other cause, by which the particles
are hindered from moving freely among themselves; the resistance, by rea-
son of the lesser fluidity of the medium, will be greater than in the corollaries
above” [19, vol. 2, proposition 34, theorem 17, p. 117]. He also developed a
notion of viscosity: “The resistance, arising from the want of lubricity in the
parts of fluid, is, ceteris paribus, proportional to the velocity with which the
parts of the fluid are separated from each other” [19, vol. 2, proposition 51,
p. 184].1

Newton did not content himself with establishing theorems. “In order to
investigate the resistances of fluids from experiments, I procured a square
wooden vessel (...) this I filled with rain-water: and having provided globes
made up of wax, and lead included therein, I noted the times of descents.”
Thus, Newton described the beginning of a series of experiments on fluid re-
sistance. He used a pendulum with an oscillation period of a half-second for
the measurement of time, and meticulously compared the various outcomes
with his theoretical formulae: “Three equal globes, weighing 141 grains in air
and 4 3/8 in water, being let fall several times, fell in the times of 61, 62, 63,
64 and 65 oscillations, describing a space of 182 inches,” he described one of
these experiments. “And by the theory they ought to have fallen in 64 1/2
oscillations, nearly.” He noticed that sometimes “the globes in falling oscil-
late a little” and believed that for this reason the resistance was “somewhat
greater than in the duplicate ratio of the velocity.” But in general he regarded
the outcome as an experimental verification of his square law formula for the
resistance of a “globe moving though a perfectly fluid compressed medium.”
After a series of 12 experiments he concluded “that the theory agrees with
the phaenomena of bodies falling in water; it remains that we examine the
phaenomena of bodies falling in air” [19, vol. 2, proposition 40, pp. 145-155].

1) In modern terms, this is equivalent to a linear relation between shear
stress and strain rate: we call fluids with such viscous behavior
“Newtonian.” However, Newton did not investigate the relation
between stress and strain. See [20, pp. 258-259].
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In order to verify his theory of the resistance of a spherical body moving
in air, Newton, like Galileo, first performed pendulum experiments. He sus-
pended a sphere by a fine thread on a hook, then varied the diameters and
materials of the sphere, as well as the lengths of the thread. According to
his theory, the resistance was proportional to the square of the velocity of the
sphere, and this is what he “nearly” observed. But he could not account for
the additional resistance of the thread “which was certainly considerable.” He
also compared the oscillations of the pendulum in air with those in water, but
found the outcome not reliable because the vessel in which the water was con-
tained was not large enough so that “by its narrowness [the vessel] obstructed
the motion of the water as it yielded to the oscillating globe.” Even less con-
clusive were pendulum experiments in mercury. “I intended to have repeated
these experiments with larger vessels, and in melted metals, and other liquors
both cold and hot: but I had not leisure to try all,” Newton admitted [19, vol. 2,
proposition 31, pp. 95-110].

Newton hoped to obtain more reliable measurements of air resistance with
free fall experiments: “From the top of St. Paul’s church in London in June
1710 there were let fall together two glass globes, one full of quicksilver, the
other of air.” The two spheres traversed a height of 220 English feet (67 m) be-
fore they shattered into pieces on the cathedral’s floor. They were released by
a sophisticated trapdoor-mechanism which ensured their simultaneous begin
of fall. The time was measured by a pendulum with a period of oscillation of
one second. The experiment was repeated several times with varying weights.
The spheres filled with mercury had a diameter of 0.8 inches; those filled with
air were between 5.0 and 5.2 inches in diameter. The time of free fall was 4 s
for the heavier spheres and between 8 and 8.5 s for the lighter ones. (In a vac-
uum the time would have been 3.7 s.) In order to compare these results with
his theory, Newton compared the experimental height of free fall with the dis-
tance they would have traversed within the measured time according to his
formula. Both distances differed by less than 11 feet [19, vol. 2, proposition
40, pp. 155-157].

Newton mentioned in his Principia yet another series of free fall experiments
from a somewhat greater height in St. Paul’s cathedral: “Anno 1719 in the
month of July, Dr. Desaguliers made some experiments of this kind again, by
forming hogs’ bladders into spherical orbs; which was done by means of a
concave wooden sphere, which the bladders, being wetted well fist, were put
into. After that, being blown full of air, they were obliged to fill up the spher-
ical cavity that contained them; and then, when dry, were taken out. These
were let fall from the lantern on the top of the cupola of the same church;
namely from a height of 272 feet.” For comparison, a leaden sphere was let
fall down at the same time. The air filled hogs” bladders had diameters of
about 5 inches and required about 20 s to fall down; the leaden spheres, by
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contrast, reached the ground in 4 1/4 s. Newton also reported about phenom-
ena which delayed the free fall by as much as a whole second sometimes, be-
cause “the bladders did not always fall directly down, but sometimes fluttered
a little in the air, and waved to and fro as they were descending.” One blad-
der “was wrinkled, and by its wrinkles was a little retarded.” Nevertheless,
he found that the results agreed much better with his theory than nine years
ago: “Our theory therefore exhibits rightly, within a very little, all the resis-
tance that globes moving either in air or in water meet with; which appears to
be proportional to the densities of the fluids in globes of equal velocities and
magnitudes” [19, vol. 2, proposition 40, pp. 157-159].

In modern terminology, Newton’s formula for the resistance of a fluid is
expressed as ~ pD?v?, with p representing the density of the fluid, D the di-
ameter of the sphere, and v its velocity. This has become known as “Newton’s
square law” and has been established as a valid description of fluid resistance
for a wide range of flow regimes. However, although Newton’s experiments
seemed to corroborate this law, they bear little evidence for Newton’s theory
because only one quantity, the time of free fall, was observed. The particle
model gave rise to contradictory results when applied to bodies of different
shape in fluids such as air and water. In air, a “rare medium, consisting of
equal particles freely disposed at equal distances from each other,” the resis-
tance of a sphere would be half of that of a cylinder with the same radius
moving in the direction of it axis. In water, “a compressed, infinite, and non-
elastic fluid,” would both experience the same resistance [19, vol. 2, proposi-
tions 34 and 37, pp. 117, 135, and 141]. If Newton had compared experimental
results of spheres and cylinders, he would have noticed a contradiction with
his theoretical results. Similarly, if he had calculated by the same reasoning
the air resistance of a flat plane oriented at an oblique angle to the flow of
air, he would have found a result proportional to the square of the sine of the
angle of incidence. Newton did not perform such a calculation, but among
aerodynamicists “Newton’s sine square law” became famous as an erroneous
formula for the lift of a wing. At the beginning of the nineteenth century, this
formula was even used to demonstrate the impossibility of flying, and later
aerodynamicists blamed Newton for having delayed aviation at least for half
a century [18, p. 311].

1.3
Ballistics

Beyond its pertinence to natural philosophy, the resistance of a body in a
medium had always been a practical problem. Since antiquity, understanding
the trajectory of projectiles was an obvious challenge for natural philosophers
as much as for practically minded men. It was part of a science named “bal-

9
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listics” (derived from the Greek word BaAAeiv, to throw). Niccold Tartaglia
(1499-1557), a mathematician with some experience in military affairs, de-
scribed the knowledge of his epoch on ballistics in a treatise Nova scientia.
This work exerted some influence on Galileo, who spent considerable time in
his youth coming to grips with ballistics problems. In Tartaglia’s treatise, one
could read, for example, that a projectile traveled the farthest when fired at
an angle of 45 degrees; but the trajectory was no parabola: on a horizontal
plane, the distance between the vertex of the projectile and the site of its im-
pact on the ground was always shorter than the distance between the origin
of its trajectory and the vertex, as depicted in Fig. 1.1. Initially, he adopted
the Aristotelian belief that a trajectory starts out straight, but in a subsequent
work, he argued that the trajectories are curved everywhere [23,24].
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Fig. 1.1 Tartaglia imagined that a projectile’s trajectory starts out
straight due to the “violent” motion impressed by the shot; it is followed
by a curved mixed motion, and finally becomes “natural” [21, p. 38].

As recent studies of Galileo’s manuscripts have shown [25], Galileo de-
scribed the trajectory of a projectile in a vacuum as a parabola before he ar-
rived at his law of free fall — not the other way around, as a deductive ap-
proach would suggest. The parabola emerged in 1592, when Galileo lectured
on military technology at the University of Padua. Based on his conviction
that the air resistance did not exert an appreciable effect, Galileo assumed a
symmetric trajectory — in contrast to Tartaglia’s more realistic descriptions of
asymmetric trajectories. But when Torricelli derived ballistic tables based on
parabolic trajectories in 1644, an artillery officer uttered doubts: he wrote to
Torricelli that if it were not for the authority of the great Galileo, whom he
revered, he would not believe that the motion of projectiles is parabolic. Torri-
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celli admitted that if there are discrepancies, one should find out what caused
them, but with the experimental and theoretical tools available at the time — a
hundred years before the advent of calculus — such efforts were futile. The
correspondence between the practical artillery officer and the theorist (Torri-
celli was court mathematician at the Medicis) ended without a tangible result
shortly before Torricelli died in 1647 [26].

AD

A

Fig. 1.2 Like the jets of a fountain [22, p. 325], ballistic trajectories were
assumed to be parabolic.

Throughout the seventeenth century it was fashionable for practical gun-
ners to assume, like Galileo and Torricelli, that the parabola is the true tra-
jectory of a projectile — despite air resistance. Francois Blondel (1617-1686), a
field marshal of the Royal French Army, published a treatise on L’Art de Jetter
les Bombes in which he addressed the problem of air resistance but assumed
that it could be neglected. He pointed to fountains with their nearly parabolic
jets as evidence for this assumption — see Fig. 1.2. Another treatise on The
Genuine Use and Effects of the Gunne, published in 1674, also claimed that air
resistance is negligible and, therefore, a parabola describes the real trajectory
of a projectile. It is ironic that those who believed that air resistance does ex-
ert a considerable influence and that the resulting trajectory is different from
a parabola were not the gunners with experience with “real” trajectories, but
men like Huygens and Newton, who based their arguments on mathematics
rather than practical observations. Newton derived from the square law for
air resistance that a parabolic trajectory would require that the air density not
be constant but become negative along part of its trajectory. A hyperbolic tra-
jectory would not result in such a blatant contradiction. Therefore, “It is evi-
dent that the line which a projectile describes in a uniformly resisting medium,
approaches nearer to these hyperbola’s than to a parabola” [23, pp. 120-127,
140-141].
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In retrospect, it is not astonishing why ballistic theory and practice diverged
to such an extent before the eighteenth century. Only in 1742, with the treatise
by Benjamin Robins (1707-1751), New Principles of Gunnery, did a method be-
come known by which it was possible to measure the velocity of a projectile
in the beginning of its trajectory: the ballistic pendulum (see Fig. 1.3).

Fig. 1.3 Robins’s ballistic pendulum.

Robins’s innovative contributions to experimental ballistics made him fa-
mous as “Father Gunnery.” He experimented with projectiles that left his gun
with velocities as high as 1,700 feet per second (559 m/s). If such a projectile,
when fired at an angle of 45 degrees, would follow a parabolic trajectory, it
would hit the ground 17 miles away — in contrast to an actual range of only
about half a mile. Projectiles with such a high starting velocity obviously ex-
perienced an enormous resistance if their range was so much shorter. “The
track described by the flight of shot or shells is neither a parabola,” Robins
concluded, “nor nearly a parabola, unless they are projected with small veloc-
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ities.” Robins also invented a whirling arm technique to measure the air resis-
tance of objects with small velocities. Based on his experiments, he found “that
all the theories of resistance hitherto established, are extremely defective” [27,
pp- 153-154]. But Robins’s mathematical abilities were limited. It was left to
Leonhard Euler (1707-1783), in his German translation of Robins’s New Prin-
ciples of Gunnery, to elaborate a theory of ballistic trajectories [20, pp. 211-220].
Besides Euler, mathematicians and natural philosophers like Johann
Bernoulli (1667-1748) and Jean le Rond d’Alembert (1717-1783) became
deeply engaged in ballistic calculations. The problem to find a projectile’s
trajectory became a proving ground for the newly developed calculus.?

1.4
D’Alembert’s Paradox

The same eighteenth century thinkers who had recognized that air resistance
posed a serious problem for calculating the trajectory of a projectile also
formulated the laws of motion for ideal, i.e., inviscid, fluids, and found a
strange result. D’ Alembert published a treatise in 1768 titled “Paradoxe pro-
posé aux Géometres sur la Résistance des Fluides” in which he asserted that
a body moving through an ideal fluid does not experience a resistive force.
D’Alembert, from his efforts in ballistics, knew about the practical importance
of air resistance, but neither he nor other theorists were able to derive New-
ton’s square law or any other law of fluid resistance from the laws of me-
chanics. In retrospect, d’Alembert’s paradox does not appear so paradoxical
because it was derived under the assumption of an inviscid fluid. Yet, it is
difficult to understand why the displacement of the fluid does not involve a
force. Euler had expressed this strange result many years before d’Alembert,
after whom the paradox finally became named. If each fluid particle flowed
around the body in such a way that it maintained the direction it had when
it was in front of the body, argued Euler in one of his comments to Robins’s
New Principles of Gunnery, then there is no net force “and the body would not
experience any resistance” [20, p. 245].

D’Alembert’s paradox, therefore, should have entered the history of fluid
mechanics more appropriately as the “Euler—-d’Alembert paradox.” Both had
approached these problems as theorists. Their mutual relation was often one
of fierce rivalry, which gave rise to some legendary stories. D’ Alembert’s rep-

2) The major problem, however, was due to yet unknown physical pro-
cesses rather than an unavailability of mathematical tools. At the
high (usually supersonic) velocities of projectiles fired from can-
nons and guns, the density of the air around the moving body is no
longer constant. The study of air resistance in varying air density
had to await twentieth century gas dynamics.
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utation has been overrated, claimed one historian of mechanics, while Euler’s
role in this history was not appreciated enough.

Despite his theoretical leanings, Euler was very open-minded about prac-
tical problems. Nevertheless, his practical work was regarded largely as a
failure. When Frederick the Great, king of Prussia, gave orders to decorate
his Royal Garden of Sanssouci with water art, Euler became involved with
hydraulic calculations about pumps and pipes required to raise water into an
elevated water reservoir from where it was supposed to feed the fountains in
the park. The king, however, never came to enjoy a fountain. He blamed Euler
for having failed miserably: “My mill was constructed mathematically, and it
could not raise one drop of water to a distance of fifty feet from the basin.
Vanity of Vanities! Vanity of mathematics.” Based on this passage, historians
concluded “The mathematical genius Euler was a second-rate physicist,” or
“Euler’s theory was not applicable for practical ends.” This is how Euler is
seen in the history of science — as a prime example of the proverbial schism
between theory and practice. However, although it is true that the water art
constructions in the Royal Garden of Sanssouci were abandoned unfinished in
the lifetime of Frederick the Great, this fact was not Euler’s fault, but was the
result of the king’s stinginess. He employed cheap laborers who had no expe-
rience with such work and who completely ignored Euler’s hydraulic advice,
which could have prevented the sad outcome. Euler conceived a theory of
pipe flow that explained why the pipes always burst before water was raised
to the elevated reservoir: as a consequence of the pumping action, which ac-
celerated the water through the pipes, the walls of the pipes had to sustain a
much higher water pressure than expected from the height difference between
the pumps and the reservoir [28].

This was not the first incidence that a study in fluid flow was motivated
by problems with water art. The science of moving water was among those
specialties that were met with the greatest interest from Royal Academies.
One outstanding work on hydraulics, which resulted from the patronage of
the Paris Académie Royale des Sciences, is Edme Mariotte’s Traité de Mouve-
ment des Eaux, published in 1686. Mariotte and other academy members per-
formed experiments investigating the speed with which water is ejected from
a pipe, the principles of raising water, the height of water jets, and the resis-
tance of a body as a function of the flow velocity. The motivation to undertake
such experiments came from ambitious projects of water constructions, such
as the canals all across France and the plans for the Royal Park at Versailles,
where the world’s most sophisticated water art was established for the plea-
sure of the Sun King and his court. The flow of water in open canals and in
closed pipes became the subject matter of intensive study. The law of energy
conservation in fluids, Bernoulli’s equation, was formulated in the context of
pipe flow by Johann Bernoulli (1667-1748) and his son Daniel Bernoulli (1700-
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1782). Like Euler, the Bernoullis are mainly renowned for their mathematical
work, but as is evident from the father’s Hydraulica (1732) and the son’s Hydro-
dynamica (1738), their work was motivated to a large extent by practical con-
cerns of contemporary water art. In the age of Euler and the Bernoullis, the
notions of hydrodynamics and hydraulics were used almost synonymously,
often with an emphasis on the “art of raising water” and “the several ma-
chines employed for that purpose, as siphons, pumps, syringes, fountains,
jets d’eau, fire-engines, etc.,” according to a contemporary dictionary [29].

After he had established and solved the equations of fluid motion for the
special case of pipe flow, Euler formulated the general equations of motion
for inviscid fluids. They were published in 1755 under the title “Principes
généraux du mouvement des fluides”; with “Euler’s equations,” as they were
called, fluid mechanics was based on a firm theoretical foundation. Although
these equations are valid for ideal fluids only, which inevitably involves
d’Alembert’s paradox, a number of practical problems can still be solved on
that assumption.

1.5
New Attempts to Account for Fluid Friction

In 1822, Claude Louis Marie Henri Navier (1785-1836) added a term to Euler’s
equations, which turned them into equations of motion for viscous fluids. A
few years later, Siméon-Denis Poisson (1781-1840) arrived at the same result.
Other contributors to this new formulation of the theory of fluid flow are Au-
gustin Louis Cauchy (1789-1857) and Barré de Saint-Venant (1797-1886). But
only in 1845 did George Gabriel Stokes (1819-1903) present a valid derivation
for the Navier-Stokes equations, as they became known. The earlier theo-
ries of Navier and Poisson were based on hypotheses of atoms which, from
a modern perspective, have to be dismissed as wrong, illustrating “a com-
mon phenomenon in the history of science: Falsehood = Truth,” commented
a twentieth century expert on fluid mechanics and historian of mechanics on
the gradual emergence of the Navier—-Stokes equations, but then the treatise
of Stokes appeared as “a burst of sunlight” [30, p. 316].

It is not accidental that it was mostly scientists in post-revolutionary France
who paid so much attention to the mechanics of continuous media — not only
fluid mechanics but also elasticity theory —in the early nineteenth century.
This interest was rooted in the Laplacian program, in which all phenomena
in nature were believed to be explainable in terms of an attraction or repul-
sion of particles. This program emerged in the tradition of Newton’s natural
philosophy: inspired by the model of celestial mechanics, central forces were
believed to govern phenomena on a large scale as much as they do on the
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scale of atoms [31]. However, there was little unanimity on how to pursue
this program: Navier was adhering the school of “analytical mechanics,” in
contrast to another faction which headed for a more “physical mechanics” ap-
proach. Institutionally these traditions were rooted in I'Ecole Polytechnique
and the special engineering schools, 'Ecole des Mines and 1'Ecole des Ponts et
Chaussées. Navier, for example, had studied at 1'Ecole Polytechnique and at
I'Ecole des Ponts et Chaussées before he became a professor himself at these
institutions. From a sociological perspective, his career was described as an
early example of a “hybrid career,” where the realms of science and technol-
ogy became entangled [32].

Stokes’s effort to account for friction was also initially based on assump-
tions about “ultimate particles”, but he became aware that his conclusions
did not depend on such assumptions [33]. Like Navier, Stokes was primar-
ily a theorist, but in contrast to Navier, he was not affiliated institutionally
with engineering. As a professor at the University of Cambridge, Stokes had
no official research interests devoted to experimental or technological studies.
Nevertheless for Stokes “mathematics was the servant and assistant, not the
master.” His approach was described in an obituary: “His guiding star in sci-
ence was natural philosophy. Sound, light, radiant heat, chemistry, were his
fields of labour, which he cultivated by studying properties of matter with the
aid of experimental and mathematical investigation” [34].

For Stokes, like for other nineteenth century natural philosophers, hydrody-
namics was a specialty where fundamental questions about the constitution of
matter sometimes went hand in hand with practical problems. This dual ori-
entation, which led to the Navier-Stokes equations, is also apparent in the
derivation of what is known as Stokes’s law: a sphere of radius a moving with
a constant velocity V in a fluid of viscosity y experiences a resistance 67tpaV.
Stokes arrived at this result by simplifying the Navier-Stokes equation so that
terms involving the square of the velocity were neglected. It was published in
1850 in a paper titled “On the Effect of the Internal Friction of Fluids on the
Motion of Pendulums” [35, vol. 3, 1-141].

The relation to pendulums hints at the practical context that motivated this
study: from Galileo via Huygens and Newton until the nineteenth century,
the pendulum was the preferred instrument to measure time, but the preci-
sion that could be obtained theoretically was, in the true sense of the word,
dampened by air resistance. When Stokes started to analyze the potential rea-
sons why the swings of a pendulum would slow down, he investigated the
buoyancy that the sphere at the end of a pendulum experiences in a medium
as a primary cause. A second cause was the dynamic effect of the displace-
ment of the medium, which resulted in an apparent increase of the inertia of
the sphere. Stokes concluded “that the mass which we must suppose added
to that of the pendulum is equal to half the mass of the fluid displaced.” With
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regard to friction, it was unclear to what extent the density played a role.3
Experiments commissioned by the Board of Longitude had shown that the re-
sistance depended both on the density and composition of the gas in which
the pendulum swung. In practice, medium-related influences for a pendulum
designed for a certain period of oscillation were accounted for in terms of cor-
rection factors for the ideal length of a pendulum in vacuum. There were
numerous theoretical and experimental studies in order to determine such
correcting factors. Stokes cited studies performed by the German astronomer
Friedrich Wilhelm Bessel (1784-1846) or the Frenchman Louis Gabriel Dubuat
(1732-1787), whose research had been largely ignored by those interested in
pendulum clocks, as Stokes argued, “probably because such persons were not
likely to seek in a treatise on hydraulics for information connected with the
subject of their researches. Dubuat had, in fact, rather applied the pendulum
to hydrodynamics than hydrodynamics to the pendulum.” The same may be
said about Stokes. His goal was to derive an “index of friction,” by which the
experimentally determined correction factors for pendulums used for precise
measurement of time could be understood in terms of hydrodynamics.

Stokes’s law was of interest far beyond its original pendulum context.
Stokes argued, for example, that the resistance of the water droplets in a cloud
may be estimated from his law. “The terminal velocity thus obtained is so
small in the case of small globules such as those of which we may conceive
a cloud to be composed, that the apparent suspension of the clouds does not
seem to present any difficulty,” he argued. “The pendulum thus, in addition
to its other uses, affords us some interesting information relating to the de-
partment of meteorology” [35, p. 10].

Stokes had also sketched another application which could be analyzed by
the Navier-Stokes equations: he derived a formula for the velocity profile of
a fluid in a tube. If one assumes that the velocity is zero at the inner wall of
the tube (which Stokes mentioned as a possible assumption but did not pur-
sue), one finds a parabolic increase of the velocity towards the tube’s center.
Integration over the tube’s cross section yields the total flow as proportional
to r* (with r being the radius of the tube), or the resistance per unit length
as proportional to 1/7*. This law was found earlier from experiments by the
German hydraulic engineer Gotthilf Hagen (1797-1884) and the French phys-
iologist Jean Louis Poiseuille (1797-1869); it became known as the Hagen-
Poiseuille law. Hagen’s experiments were performed with metal tubes with
a diameter of a few centimeters and were motivated by practical considera-
tions concerning the design of water pipelines. Poiseuille experimented with

3) Stokes assumed that the viscosity y is proportional to py’, where pi/
is the “index of friction,” and p is the density of the medium; it was
later shown by Maxwell that contrary to Stokes’s assumption, the
viscosity is independent of the density and therefore, the density
does not enter into the formula of Stokes’s law.
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glass tubes with a diameter of only a tenth of a millimeter; he aimed at a better
understanding of blood circulation [36,37].

The theoretical explanation of the Hagen-Poiseuille law was published in
1860 in a physiological as well as a physical context, the former in the Archiv
fiir Anatomie, Physiologie und Medizin and the latter in the Annalen der Physik.
What is remarkable about these publications is that the result stemmed from
such diverse disciplines — physiology and physics—which seems to indicate
that after the Navier-Stokes equations were formulated and the first applica-
tions appeared, theory and practice would grow closer together. However,
this was not the case. Hydrodynamics became an ever more theoretical sci-
ence and hydraulics a specialty for practical men. The interest in the theory
of ideal fluids did not fade away but further increased when mathematicians
and physicists explored new avenues of fluid behavior in the second half of
the nineteenth century.

1.6
Revival of Ideal Fluid Theory

Despite d”Alembert’s paradox, there is an influence upon the motion of a body
in an ideal fluid that is due to the displacement of the fluid. In 1852, the
mathematician Gustav Lejeune Dirichlet (1805-1859) investigated this influ-
ence through a novel analysis of Euler’s equations. He wondered whether
there were specific motions in which a resistance in an ideal fluid was theoret-
ically possible. Dirichlet analyzed the case of a sphere in a uniformly acceler-
ated fluid. He found that the sphere experiences a constant force proportional
to the ratio of the densities of the fluid and the sphere, and to the accelerat-
ing force. This “resistance” was independent of the momentary flow velocity
and disappeared with a vanishing acceleration, so that for the case of uniform
motion, d’Alembert’s paradox was established. Dirichlet’s “resistance” had
nothing to do with friction but was a mere inertial effect due to the displace-
ment of fluid by the solid body, as analyzed by Stokes in his pendulum motion
experiments. It was most conspicuous when expressed in terms of the kinetic
energy: compared with motion in a vacuum, the kinetic energy of the sphere
in the fluid was as if the motion involved an increased mass of the sphere.
That mass corresponded to the mass of the fluid which had to be displaced by
the sphere [38].

Although Dirichlet’s result was derived from ideal fluid theory, it was im-
portant for the understanding of fluid resistance in real fluids because it
showed how to discern forces due to inertial effects from friction. One is
tempted to conclude that his result stemmed from efforts to learn more about
the differences between ideal and real fluids, but that was not Dirichlet’s mo-
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tivation. His primary incentive was to refute Navier, who had expressed the
opinion that the known methods of integration are insufficient to solve the
partial differential equations of hydrodynamics, even in such cases where the
fluid extended to infinity and the body moving in it had the simplest shapes.
Dirichlet’s analysis was meant to restore the trust in mathematics rather than
to show where ideal fluid theory could be a valid approach to real-world prob-
lems.

From the perspective of physics, too, ideal fluid theory held surprises in
store. Vortical motion, for example, was regarded as outside the scope of ideal
fluids because the mechanism to create vortices was believed to be the friction
between the fluid particles — a mechanism absent in ideal fluids. Hermann
von Helmholtz (1821-1894) regarded friction in fluids as one of the great rid-
dles of mid-nineteenth century physics [39]. “The problem to define its influ-
ence and to find methods to measure it, is due to a large extent to the lack
of notion about the form of motion which is caused by fluid friction.” This
is how Helmholtz introduced in a 1858 paper “On integrals of the hydrody-
namic equations which correspond to vortex motion” [40]. After defining vor-
tex motion (by defining the notions of vorticity, vortex lines, vortex filaments,
and vortex tubes), he derived three theorems from Euler’s equations: 1) fluid
particles originally free of vorticity remain free of vorticity; 2) vorticity sticks
to the fluid particles on a vortex line; 3) the strength of a vortex tube remains
constant in time. In more colloquial terms, these theorems state that vortices
may not be created or destroyed in an ideal fluid, confirming the older view in
so far as vortices require an external cause and are alien to ideal fluids. How-
ever, vortices are not entirely alien to ideal fluids because if there are some
present at one time they persist forever. Helmholtz also mentioned that there
is an analogy of such vortical motion with magnetic fields: the electric cur-
rent in a metallic wire may be compared to a fluid vortex filament, and the
magnetic field caused by the electric current in the wire may be considered
analogous to the rotating motion of the fluid particles around the filament.
This analogy rendered the theory important for the future development of
electromagnetism.

In 1868 Helmholtz studied a special case: what happens along the con-
tact surface of two infinitely extended fluids if one fluid moves relative to
the other [41]? Based on his concept of vortical motion, Helmholtz regarded
the infinitesimal boundary between both fluids as a plane of parallel vortex
lines—a vortex sheet. Because the vortex lines, according to his theorem, stick
to the fluid particles, the vortex sheet would move with half of the relative
speed between both fluids like a ball-bearing. In a real fluid, the rotating mo-
tion of fluid particles would be communicated to neighboring particles; the
slightest motion perpendicular to the boundary would cause pressure differ-
ences (according to Bernoulli’s law), which would further increase the defor-
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mation such that more and more fluid particles would be caught in a vortical
motion, and the surface of discontinuity would become a vortex layer of a
finite thickness.

Based on Helmholtz’s vortex sheet concept, Gustav Kirchhoff (1824-1887)
developed a “Theorie freier Fliissigkeitsstrahlen” (theory of free fluid rays) in
which he analyzed the case of a flat plate exposed to a flow under an oblique
angle. William Strutt, better known as Lord Rayleigh (1842-1919), indepen-
dently analyzed the same problem. According to Rayleigh—Kirchhoff theory,
as it became known among aerodynamicists, surfaces of discontinuity extend
from the edges of the plate, bounding a wake with dead-water at the back of
the plate. Although the theory treated the fluid as inviscid, the plate experi-
enced a force resulting from high pressure in front of and low pressure behind
the plate. The normal component of this force could be interpreted as the lift of
the plate, and the component parallel to the flow could be interpreted as the re-
sistance. Both followed the square law as far as the dependence of the velocity
was concerned, but in contrast to the discredited sine square law attributed to
Newton’s flawed particle concept, Kirchhoff-Rayleigh theory predicted a dif-
ferent dependence of the plate’s lift on the angle of attack. The theory seemed
to agree with experimental results “remarkably well,” as Rayleigh believed.
But this agreement was the consequence of an erroneous comparison between
theory and experiment, as was later found, and Kirchhoff-Rayleigh theory en-
tered the history of aerodynamics as another futile attempt to understand the
lift of a wing [42, pp. 100-106].

With the focus on vortical motion, the gap between theory and practice be-
came more pronounced. Stokes regarded it as an inappropriate attempt to
transfer Helmholtz’s vortex sheet concept from mathematics to physics—from
ideal to real flow. William Thomson, better known as Lord Kelvin (1824-1907),
discussed the concept critically in a paper, “On the doctrine of discontinu-
ity of fluid motion, in connection with the resistance against a solid moving
through a fluid.” The discussion focused on the problem of the stability of vor-
tex sheets. The analysis of Helmholtz—Kelvin instability, as it became known,
became an active topic for research among theoretically minded fluid dynam-
icists for another century [43].

Although it was clear that Helmholtz’s vortex theorems were valid only in
ideal fluids, they were regarded as fundamentally important in wider areas.
A consequence of the third theorem was that vortex lines in an infinitely ex-
tended fluid could not just start at one point and end at another; they had to
be either infinitely extended or closed to a ring. “If there is a perfect fluid all
through space, constituting the substance of all matter, a vortex-ring would
be as permanent as the solid hard atoms assumed by Lucretius,” Kelvin wrote
to Helmholtz in a letter in 1867. Peter Guthrie Tait (1831-1901), a friend of
Kelvin and a gifted popular lecturer, had visualized vortex rings with a sim-



1.6 Revival of Ideal Fluid Theory |21

ple experiment. He replaced one wall of a box by fabric and made a circular
opening in the opposite wall; when he filled the box with smoke and pushed
against the fabric, smoke rings where blown through the hole, as illustrated
in Fig. 1.4. Kelvin was enthusiastic about Tait's demonstration: one could
“easily make rings of a foot in diameter and an inch or so in section, and be
able to follow them and see the constituent rotary motions,” he reported to
Helmholtz [44, p. 418].

Fig. 1.4 Tait’s smoke ring performance.

The idea of vortex atoms appealed to many physicists. The ultimate parti-
cles of matter could be conceived as vortex rings or an entangled combination
of vortex rings made up of an ether with the properties of an ideal fluid. Nat-
ural philosophers in Victorian England cherished this idea for decades and
ideal fluid theory became a universal basic science [45]. Stokes, Kelvin, and
James Clerk Maxwell (1831-1879) were obsessed by the idea of a universal
fluid whose properties could be explained by hydrodynamics. Joseph John
Thomson (1856-1940), renowned as the discoverer of the electron, was an
ardent advocate of the vortex atom in his youth. Still, in 1907, he regarded
the atomistic conception based on the electron as “not nearly so fundamen-
tal as the vortex-atom theory of matter.” For Albert Abraham Michelson
(1852-1931), whose experiments finally became instrumental for the demise
of the ether, the concept of the vortex atom was “one of the most promis-
ing hypotheses,” and he hoped “that all phenomena of the physical universe
are only different manifestations of the various modes of motion of one all-
pervading ether” [46, pp. 472-473]. Even for mathematics, the vortex atom
became a challenge. Entangled vortex rings were conceived as representations
of molecules, and the study of such entanglement gave rise to new mathemat-
ical specialties — the theory of knots and topology [47].
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1.7
Reynolds’s Investigations of “Direct or Sinuous” Flow

Vortex rings also played a role in the discovery of turbulence as a heretofore
unexplored source of fluid resistance: “Had not Professor Helmholtz some
twenty years ago called attention to the smoke ring by the beautiful mathe-
matical explanation which he gave of its motion,” Osborne Reynolds (1842-
1912) wrote in 1877, “it would in all probability still be regarded as a casual
phenomenon, chiefly interesting from its beauty and rarity.” But these vortex
rings also provided “evidence of a general form of fluid motion,” Reynolds re-
called his investigations into this phenomenon. Two years earlier, he had spec-
ulated in the Proceedings of the Literary and Philosophical Society of Manchester
how to prove an observation often made by sailors, “that rain soon knocks
down the sea.” He demonstrated with an experiment that the impact of drops
on a water surface creates vortex rings. Not the splashes at the surface but
the vertical mass exchange caused by the vortex rings calms the sea in a rain
shower. By adding a colored surface layer, Reynolds was able to make this
vertical mass transport visible. In a similar manner, he made visible the vorti-
cal motion that occurs in the wake of a solid body moving through the water:
“Colouring the water behind the solid shows, that instead of passing through
the water without disturbing it, there is very great disturbance in its wake.
An interesting question is as to whether this disturbance originates with the
motion of the solid, or only after the solid is in motion. This is settled by
colouring the water immediately in front of the solid before it is started. Then
on starting it the colour is seen to spread out in a film entirely over the sur-
face of the solid, at first without the least disturbance, but this follows almost
immediately” [48].

With these experiments, Reynolds became aware of the fundamentally im-
portant role played by vortical motion in various flow configurations. In 1880
he began to measure its influence on fluid resistance in tubes. The appara-
tus Reynolds used is depicted in 1.5. He injected a thin jet of colored liquid
into the water, which flowed at an adjustable speed through a glass tube [49].
At small flow velocities the injected thread of colored liquid was smooth and
straight, and the flow in which it was embedded could be assumed as direct
or laminar. At a critical velocity it became sinuous, indicating the transition
from the laminar state to a turbulent flow regime. Reynolds argued that this
transition happens when a certain dimensionless quantity exceeds a critical
value. He derived this quantity as pU;, D/, where Uy, is the mean flow ve-
locity, D the diameter of the tube, p the density of the fluid, and y its viscosity.
This quantity was later named the “Reynolds number” (usually the viscosity
is replaced by the so-called kinematic viscosity, v = u/p) [50].

Turbulence had been studied both theoretically and experimentally before
Reynolds [51]. The transition from laminar to turbulent flow was noted in Ha-
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Fig. 1.5 Reynolds’s apparatus to observe vortical pipe flow.

gen’s experiments as early as 1839, but Reynolds’s approach to flow problems
was nevertheless highly original. Analyzing the dimensions of all quantities
involved in the Navier-Stokes equations, Reynolds singled out the dimen-
sionless ratio that would bear his name as the crucial parameter on whose
value it depends whether a flow develops vortices. The Reynolds number
may be regarded as the ratio of inertial to viscous forces; it expresses the sim-
ilarity law of fluid dynamics: flows around objects of different size that are
geometrically similar are equivalent (i.e., the differential equations describ-
ing the flow behavior are identical) as long as the ratio of inertial to viscous
forces, i.e., the Reynolds number, is the same. “Professor Reynolds has traced
with much success the passage from the one state of things to the other, and
has proved the applicability under these complicated conditions of the gen-
eral laws of dynamical similarity as adapted to viscous fluids by Professor
Stokes,” acknowledged Lord Rayleigh (1842-1919), a pioneer of dimensional
analysis (quoted in [52, p. 62]; on earlier uses of dimensional analysis see [53]).
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Reynolds was too prolific to reduce his scientific legacy to the Reynolds
number or the ingenious way he derived it. “I had no intention whatever of
laying down the conditions of dynamical similarity,” he once commented in
a letter to Stokes when he became aware that Stokes interpreted his deriva-
tion in that sense. It was merely the comparative view of viscous and inertial
forces he had in mind [51, p. 256]. He also did not regard himself as either a
scientist or an engineer. “The results of this investigation have both a practical
and philosophical aspect.” The practical aspect was obvious, because the fric-
tion of water flowing through pipes was of enormous practical importance for
hydraulic engineering. But Reynolds revealed that this was not his main con-
cern: “The results as viewed in their philosophical aspect were the primary ob-
ject of the investigation”, because his results were addressing “the fundamen-
tal principles of fluid motion” [49, p. 51]. By “philosophical” Reynolds meant
the theoretical problems of how two such fundamentally different modes of
motion — laminar and turbulent—could be described by the same equations
of motion, and what made a steady laminar flow unstable so that it became
turbulent. In a popular lecture at the Royal Institution he compared the flow
of water with military tactics: “For although only the disciplined motion is
recognized in military tactics, troops have another manner of motion when
anything disturbs their order. And this is precisely how it is with water: it
will move in a perfectly direct disciplined manner under some circumstances,
while under others it becomes a mass of eddies and cross streams, which may
be well likened to the motion of a whirling, struggling mob where each in-
dividual particle is obstructing the others.” The analogy went further: “The
larger the army, and the more rapid the evolutions, the greater the chance of
disorder; so with fluid, the larger the channel, and the greater the velocity, the
more chance of eddies.” Reynolds also performed experiments with a model
of a ship moving in an illuminated water tank; he made the turbulent flow
behind the ship visible with the motion of thin threads in the vortical wake:
“It is these eddies which account for the discrepancy between the actual and
theoretical resistance of ships” [54].

1.8
Hydraulics and Aerodynamics: A Turn Towards Empiricism

Hydraulics began to thrive as an empirical science particularly in France. Late
eighteenth-century inquiries concerning the motion of water in open canals
and in closed conduits nourished the conviction that theory was little help
for practical constructions. Antoine Chézy (1718-1798), at the request of the
Paris Academy of Sciences, had established an empirical formula for the dis-
charge of a canal in relation to its slope and its cross-section, for which no
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theory was available as a justification. Jean Charles Borda (1733-1799), an
engineer concerned with harbor construction and hydraulic machinery, per-
formed rotating-arm experiments to measure the drag of bodies immersed in
water. Although he was able to verify the prevalent theoretical assumption of
a proportional relation between the resistance and the square of the velocity,
there was no theory to account for the variation of resistance with the body
shape. Charles Bossut (1730-1814) performed towing experiments with boats
and found that the resistance of the boats increased with the narrowness of the
canal through which the boat was towed. Pierre Louis Georges Du Buat (1734—
1809), who is regarded as the founder of the French hydraulic school, deplored
in 1786 in the preface of his Principes d"hydraulique, verifiés par un grand nombre
d’experiences faites par ordre du gouvernement “the uncertainty of the principles,
the falsity of theory which is contradicted by experience, the paucity of obser-
vations made up till now, and the difficulty of making them well” [58, p. 130].
Nineteenth-century French hydraulics was already largely divorced from the-
oretical hydrodynamics, despite some “hybrid careers” like those of Navier
or his pupil Saint-Venant or Joseph Boussinesq, whose research into turbulent
flow were considered as pioneering from a theoretical and a practical point of
view [51].

By the mid-nineteenth century, the growing gap between hydraulics and
hydrodynamics could also be felt in other countries. In a textbook on Hy-
dromechanik “analytical forms as well as natural-philosophical debates” were
deliberately largely omitted, except where they proved indispensable. The
book was authored in 1857 by a professor of the Technical University in
Hanover “with the practical engineer as a reader in mind.” When a second
edition was published in 1880, the author wanted to change its title so that it
appealed better to the intended audience, but the publisher insisted on pub-
lishing it with the old title under which it was well-known. The size of the
second edition nearly doubled to 760 pages [57]. More than a hundred years
after Bernoulli’s and Euler’s work, hydrodynamics and hydraulics were cer-
tainly no longer regarded as synonymous designations for a common science.
Hydrodynamics had turned into a subject matter for mathematicians and the-
oretical physicists—hydraulics became technology.

Aerodynamics, too, became divorced from its theoretical foundations in hy-
drodynamics. Although aerodynamics was not yet regarded from the per-
spective of aviation before the twentieth century, this does not mean that it
was without interest for practical purposes. Already in the 1857 edition of
the textbook on Hydromechanik, there were chapters titled “Aerostatik” and
“Aerodynamik”; the former provided the knowledge engineers required to
build air pumps or steam vessels; the latter addressed the practical problems
of windmills, the arrangement of sails, the construction of anemometers for
meteorological observations, or ballistics. In all these areas of application, air
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resistance was the central problem. Aerodynamic theory could not provide a
single formula that accounted for the various practical goals. Therefore, em-
pirical formulae derived from experimental investigations were introduced
for each special case. In 1896 a textbook on ballistics lists in chronological or-
der 20 different “laws of air resistance,” each one further divided into various
formulae for different ranges of velocity. Many of these formulae could be
expressed as proportional to the square of the velocity, but only if a so-called
Siacci’s factor was included, and this factor itself was a velocity-dependent
function. The Siacci-Berardinellilaw from 1892, for example, involved a Siacci
factor that extended over the width of the page when it was explicitly formu-
lated with all its coefficients and parameters [59, p. 53].
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Fig. 1.6 Resistance due to jammed air, made visible by candlelight [60,
fig. 14].

Even the most cumbersome resistance formulae in hydraulics, such as in
open-channel flow, did not represent the experimental data in such a weird
mathematical form. No physical theory could provide a logical framework
for justifying these empirical “laws.” Ballistics illustrates to what extent prac-
tice had become divorced from theory, because it encompassed a broad range
of experimental data on air resistance. In other areas of applied aerodynam-
ics, the gap between theory and practice was expressed in a different manner.
In 1896 an Austrian engineer published a book titled Die Luftwiderstandsge-
setze, der Fall durch die Luft und der Vogelflug (The laws of air resistance, the fall
through the air, and the flight of birds) in which the author developed the idea
that the air in front of an obstacle becomes jammed and that the shape of this
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air barrier (“Stauhtigel”) is responsible for the magnitude of the resistance. If
the obstacle is a square plate oriented perpendicular to the stream of air, the
barrier of jammed air is assumed to be a pyramid; if it is a circular plate, the
barrier is a cone, as shown in Fig. 1.6. The empirical proof was presented in
the form of drawings of the inclination of a flame of a candle held in various
positions in front of the obstacle [60]. This idea did not originate in the mind of
a screwball; it found serious discussion, for example, in a review article pub-
lished in 1902 on aerodynamics in the famous Enzyclopidie der mathematischen
Wissenschaften [61, p. 153].

Concepts based on such speculations should not be derided as mere fan-
tasies but rather as another expression of diverging trends between hydro-
dynamic theory and practical engineering, although it seems doubtful in this
case whether the speculation of jammed air barriers was confirmed to such an
extent by experiments as the author claimed. Another empirical aerodynami-
cist was Otto Lilienthal (1848-1896), a German engineer who became famous
for his glider flights, as seen in Fig. 1.7. His accidental death gave him an aura
of a martyr for the age-old dream of mankind to fly like birds. Less known
are Lilienthal’s experiments to measure air resistance. He was able to demon-
strate that a curved plate experiences a lift even when it is oriented parallel to
the stream of air. Lilienthal also introduced a novel method to display drag
and lift data in so-called drag polars [42, pp. 141-153].

Fig. 1.7 Lilienthal’s glider flights were based upon experiments con-
cerning the drag and lift of curved surfaces (Source: Deutsches
Museum, Munich).
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For Lilienthal, like for other pioneers of flight in the nineteenth century,
aerodynamics was largely unrelated to the theoretical foundations of fluid me-
chanics. Nevertheless, driven by practical skill and enthusiasm for flight, they
achieved considerable intuitive understanding for developing experimental
techniques and deriving new aerodynamic insights from their observations.
In 1870 the first primitive wind tunnel was made on behalf of a group of flight
enthusiasts in Great Britain. In the 1880s Horatio Phillips (1845-1924) built
an improved wind tunnel and performed airfoil tests, which he checked with
an enormous whirling arm of 50 feet radius guided on rails and driven by a
steam engine. In a letter to the British Journal Engineering, he reported that his
experiments “have conclusively shown that by the use of convex surfaces, a
4 Ib. weight may be sustained in the air by each sq. ft. of undersurface with
a speed of current of about 40 m.p.h., and this without presenting any appre-
ciable angle of undersurface to the current” [27, p. 165]. In America, Samuel
Pierpont Langley (1834-1906) performed more whirling-arm investigations,
which further nourished the belief in the feasibility of heavier-than-air flight.
In his Experiments in Aerodynamics, published in 1891, Langley concluded “that
these researches have led to the result that mechanical sustentation of heavy
bodies in the air, combined with very great speeds, is not only possible, but
(...) that we now have the power to sustain and propel them” [42, p. 165].

1.9
Fluid Mechanics ca. 1900

The author of a textbook on hydrodynamics published in 1900 argued that
“the actual processes are often in such unsatisfactory agreement with the the-
oretical conclusions that technology has adopted its own procedure to deal
with hydrodynamical problems, which is usually called hydraulics. This latter
specialty, however, lacks so much of a strict method, in its foundations as well
as in its conclusions, that most of its results do not deserve a higher value than
that of empirical formulae with a very limited range of validity” [55, p. II1].
When Arnold Sommerfeld (1868-1951) presented a talk in the same year on
recent investigations in hydraulics, he pointed to the case of fluid resistance
in pipes as an example for the gap between hydrodynamics and hydraulics:
“Physical theory predicts a frictional resistance proportional to the velocity
and inversely proportional to the square of the diameter, according to the
technical theory it is proportional to the square of the velocity and inversely
proportional to the diameter. The physical theory agrees splendidly in capil-
lary tubes; but if one calculates the frictional losses for a water pipeline one
finds in certain circumstances values which are wrong by a factor of 100” [2].
Sommerfeld argued that the contradiction was due to laminar flow in the for-
mer case and turbulent flow in the latter, but could not offer a way out of the
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dilemma because there was no theory available for both cases. Sommerfeld’s
view was that of an aspiring young mathematician with a keen interest in
theoretical physics, but the gap between hydraulics and hydrodynamics was
noticed also by those who represented the practice. The author of a review ar-
ticle on hydraulics described in 1906 his specialty as “a domain of coefficients
with a working method based often only upon the interpolation of empirical
data.” Hydraulic laws would only address special cases and not lend them-
selves to deepen our knowledge of how the phenomena are connected with
one another. Nevertheless, “a theoretically unsatisfactory solution, even if it
only turns out to be useful within the limits in which it is used in technology,
is still better than no solution at all” [56, p. 327].

The rise of hydraulics and aerodynamics as practical specialties indicates
that basic theory had little to offer for practical purposes — but it did not lead
to a decline of their mother-discipline. Hydrodynamics flourished indepen-
dently of its practical offspring as a basic science throughout the second half
of the nineteenth century. Light, electricity, magnetism, heat, gravity, in one
way or another, seemed to be ultimately explained by a universal ether whose
properties could be understood in terms of hydrodynamics. Even when the
belief in a mechanical ether faded away, hydrodynamics survived and fur-
ther flourished into the twentieth century as part of the fledgling discipline of
theoretical physics. Some theorists, like Vilhelm Bjerknes, hoped that new the-
ories such as the fashionable electron theories would soon lose attention and
hydrodynamics would rise up again as the predominant field of fundamental
research: “I myself hold no doubt that this will become the future for repre-
sentation for mathematical physics,” he wrote to his father in 1901, whom he
helped to publish a fundamental treatise on hydrodynamics. “In this man-
ner hydrodynamic phenomena will receive a central position in mathematical
physics.” When this did not happen to the extent he had hoped, he special-
ized in geophysics and meteorology as new fields in which the introduction
of hydrodynamics offered useful prospects. He regarded the atmosphere as
“a big laboratory for hydrodynamics” [62, pp. 24-25, 45].
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2
The Beginnings of Fluid Dynamics in Géttingen, 1904-1914

Among those who experienced the rise of fluid dynamics in the twentieth
century it was common to notice the wide gap between theory and practice
around 1900: “At the end of the nineteenth century, fluid mechanics was split
along two different directions, which were barely in touch with one another,”
one author introduced his textbook. Theoretical hydrodynamics on the one
side was opposed to the more technical specialties, hydraulics and aerody-
namics, on the other. “It is the great merit of L. Prandtl, to have shown a way
how both diverging trends of fluid mechanics could be combined again” [63,
p- 1]. This remark hinted at the boundary layer theory, conceived by Ludwig
Prandtl (1875-1953) in 1904. This theory became the epitome of modern fluid
dynamics. “The paper will certainly prove to be one of the most extraordi-
nary papers of this century, and probably of many centuries,” another pioneer
of fluid dynamics remarked on Prandtl’s publication [1, p. 11]. A Japanese
aerodynamicist wrote: “This paper marked an epoch in the history of fluid
mechanics, opening the way for understanding the motion of real fluids” [3,
p- 87].

As is obvious from these quotes, boundary layer theory is regarded by the
international community of fluid dynamicists as crucial to bridging the gap
between theory and practice in this discipline. However, this is a retrospective
evaluation. Outside Gottingen boundary layer theory was largely ignored for
almost two decades after Prandtl’s first publication in 1904. This delayed re-
ception is another manifestation of the gap that separated theory and practice
at the beginning of the twentieth century. The same is true for the so-called
circulation theory of lift, which Wilhelm Martin Kutta (1867-1944) and Niko-
lai Joukowsky (1847-1921) introduced independently of one another in the
decade before the First World War. This theory emerged as a mathematical
concept and seemed remote from practical application before Prandtl trans-
formed it into a full-fledged airfoil theory for wings of a finite span. Both
boundary layer theory and airfoil theory became the subject matter of heated
debates in the 1920s.
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This chapter describes the emergence of these theories before the First
World War, when Prandtl and his pupils developed them without much reso-
nance from outside Gottingen.

21
Prandtl’s Route to Boundary Layer Theory

“I' have posed myself the task to do a systematic research about the laws of mo-
tion for a fluid in such cases when the friction is assumed to be very small,”
Prandtl explained in August 1904 at the Third International Congress of Math-
ematics about the motivation for his boundary layer theory. To present the
talk, “On fluid motion at very small friction,” at such a congress may seem
unusual, but Prandtl did not immediately address practical problems. He
started with a remark on Dirichlet’s motion and the paradoxical result that
the ideal flow around a sphere may not be obtained as a limiting process of
viscous flow with vanishing viscosity. If one goes to the limit of inviscid flow,
Prandtl argued, “one obtains something quite different from Dirichlet’s mo-
tion” [64, p. 576].

Dirichlet’s motion dealt with the resistance due to the inertia of the
displaced medium rather than to viscosity (see Chapter 1). Although a
sphere moving in an inviscid fluid, because of the displacement of fluid,
has a larger kinetic energy than in a vacuum, its speed does not decrease
(d’Alembert’s paradox) as in the case of viscous resistance. Dirichlet’s mo-
tion and d’Alembert’s paradox were familiar topics among mathematicians.
Prandtl added to these another paradox: reducing the viscosity in the Navier—
Stokes equations did not yield Dirichlet’s solution. Or, put differently, in the
limiting case of zero viscosity, the Navier-Stokes equations reduced to Euler’s
equations — but their solutions did not reduce to those of Euler’s equations!

Alluding to the tradition of mathematical hydrodynamics from d’Alembert
to Dirichlet appealed to the expectations of Prandtl’s audience at this math-
ematics congress. But Prandtl’s own interest in this problem was not math-
ematical. He was an engineer by training, educated at the Munich Technical
University. Although he had finished his studies with a doctoral dissertation
in mathematics at the University of Munich, mathematics was not his pri-
mary area of interest. Prandtl had been first a student and later an assistant
of August Foppl (1854-1924), a famous professor of technical mechanics, and
presented his dissertation to the mathematicians of Munich University only
because technical universities at the end of the nineteenth century were still
not granted the right to award doctoral degrees. Mechanics and mathematics,
however, were regarded as neighboring disciplines, and so it was not unusual
to submit a treatise in theoretical mechanics to mathematicians for acceptance
as a doctoral thesis. Theoretical mechanics was regarded by mathematicians
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to some extent as their own territory. Mathematicians from universities also
found employment as professors of mechanics at technical universities. At a
time when technical universities were involved in a struggle of emancipation
with the universities, this cross-fertilization caused tensions. Mathematicians
from universities who were called as professors of mechanics to technical uni-
versities were regarded with suspicion by their colleagues from engineering
departments who saw their own concerns not appropriately addressed by the
academically trained mathematicians. On the other side, applied mathemati-
cians invited derision from the pure mathematicians at the universities if they
approached the interests of technology. “Grease!” was the despicable defini-
tion of the hydrodynamical theory of lubrication, for example, from which a
pure mathematician kept some distance [65,66].

Against this background, Prandtl’s boundary layer presentation at the Inter-
national Mathematical Congress, like Prandtl’s career itself, appears to bridge
theory and practice. His ascent began 1900 when he was an engineer at the
Vereinigte Maschinenfabrik Augsburg und Maschinenbaugesellschaft Niirn-
berg (which became the Maschinenfabrik Augsburg-Niirnberg AG, MAN af-
ter 1908). In the following year Prandtl was called as professor of mechanics to
the Technical University of Hanover. Three years later, in 1904, he became di-
rector of the new Institute for Technical Physics at the University of Gottingen,
funded by a society of industrialists and academics, the Gottinger Vereini-
gung zur Forderung der angewandten Physik und Mathematik. The initiative
for the establishment of applied university institutes in Géttingen came from
Felix Klein (1849-1925), who became famous for his achievements in mathe-
matics as much as for his entrepreneurial activities in science. Klein regarded
Prandtl as the embodiment of the ideal of a theorists oriented toward practical
problems, who combines “a strong power of intuition and great originality of
thought with the expertise of the engineer and the mastery of the mathemat-
ical apparatus,” as he once described him in a report, and above all, Prandtl
displayed “pedagogical interest” [65, p. 232].

When Prandtl presented his boundary layer paper at the Heidelberg Con-
gress, he had just accepted the call to Gottingen. Although the prestige of a
professor at a university was regarded higher than that of a professor at a tech-
nical university, Prandtl’s new position was a step down the career ladder: in
Hanover, he had been full professor, in Gottingen he was associate professor.
However, Prandtl was not concerned, because Klein must have confided in
him that his position would soon be raised to the status of an ordinary profes-
sorship. Behind Prandtl’s deeper concerns lurked the tension between purely
academic and technical universities. After three years at a technical university
and a year in industry he felt loyal with the technical universities” struggle for
emancipation. “The gravest doubt emerged from my sense of belonging to
technology,” he wrote to Klein in May 1904. He went through “a hard inner



34

2 The Beginnings of Fluid Dynamics in Géttingen, 1904—1914

struggle,” as he confessed in another letter, but in the end he accepted the
call to Gottingen. The Gottinger Vereinigung added a subsidy so that he had
not to face a reduction of his salary. But what attracted him most was the
prospect of running his own laboratory and having more time for research;
above all he was looking forward to “the beautiful scientific Géttingen inter-
course” [67, pp. 14 and 297]).

Besides Klein the Gottingen circle of theorists comprised the famous mathe-
matician David Hilbert (1862-1943), the theoretical physicist Woldemar Voigt
(1850-1919), and the astronomer Karl Schwarzschild (1873-1916). Further-
more, and simultaneously with Prandtl, the mathematician Carl Runge (1856-
1925) was called to Gottingen as professor of applied mathematics—one of the
first professorships in the world explicitly dedicated to this specialty. Runge
and Prandtl had already been colleagues in Hanover; in Gottingen their dis-
ciplines were combined in 1905 under the same roof in a new institute for ap-
plied mathematics and mechanics. Nowhere could Prandtl have found more
resonance with his own research interests.

Against this background it is understandable that Prandtl put the theoret-
ical problem of Dirichlet’s motion at the beginning of his presentation at the
International Mathematical Congress in Heidelberg. He must have regarded
the problem as a business card for introducing himself to the ambitious circle
of theorists in Gottingen and elsewhere. His own motivation, however, was
rooted in practice rather than theory. As he recalled later, the impetus came
from a problem he had encountered as an engineer a few years earlier. He had
to design an exhaust system for wood shavings and swarf: “In a larger instal-
lation of air conducting pipes at the Niirnberg machine factory I had arranged
a tapered tube in order to restore pressure,” Prandtl recalled many years later,
“instead of a pressure retrieval, however, the flow of air became detached
from the walls. Today I know that I only would have had to shape the cone
more slender in order to succeed. I received a call to the Technical University
of Hanover then, and the firm did not much care about the loss of pressure.
But I could not forget the problem why a flow rather than streaming along
the wall detaches itself from it, until three years later boundary layer theory
provided the answer” [68, p. 1605]. In this recollection, presented many years
after the events at the Niirnberg machine factory, Prandtl played down the
practical importance of this problem. To “restore pressure” was not only an
academic problem. In the talk “Shavings and Swarf Exhausters” presented
in 1903 at a meeting of engineers in Hanover, Prandtl had explained that the
operation of the exhaust system consumed an enormous amount of power, of
which a considerable part was used only to compensate for the loss of pres-
sure. Retrieving pressure meant avoiding energy loss. Prandtl had invented
a power-saving pipe connect that reduced the losses considerably. He even
obtained a patent for this invention [67, pp. 10-11].
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At the Technical University of Hanover, Prandtl became charged with new
tasks. In his main lectures he had to cover the entire field of mechanics. His
special lectures also did not yet reveal a preference for fluid mechanics; he lec-
tured on “selected chapters of technical mechanics,” for example, or on “stat-
ics of constructions.” In his publications and in his scientific correspondence
from that period he focused on elasticity theory and vector calculus, then a
novel formalism in mathematics [69]. From his unpublished notes, however,
it is apparent that he pursued the problem of flow separation. He even con-
structed a water canal for visual observation of flow phenomena, shown in
Fig. 2.1.

Fig. 2.1 Prandtl’s water canal built at the Technical University of
Hanover for the illustration of flow separation.

In his presentation at the Heidelberg Congress, he used photographs ob-
tained from this canal in order to illustrate the flow separation from the walls
of an obstacle in the stream of water. It must have been unusual for the at-
tending mathematicians to be presented with such experimental detail (see
Fig.2.2):

“The apparatus (displayed in the figure both in a plan view and
in vertical section) consists of a 1.5-meter-long container with an
intermediate bottom. The water is circulated by a paddle wheel
and, guided by vanes ‘a” and tranquilized by four sieves ‘b,” en-
ters the upper part relatively free from swirls; at ‘c” the object is
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inserted. A mineral (iron mica) is suspended in the water which
consists of tiny shining lamellae; thereby all deformed sites of the
water, particularly all vortices become visible by a peculiar efful-
gence, caused by the orientation of the lamellae at the respective
sites” [64, p. 580].
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Fig. 2.2 Vertical section and plan view of Prandtl’s water canal.

About half of Prandtl’s presentation was concerned with visualization and
phenomenological descriptions of vortex formation in the wake of obstacles
placed in the stream. The published paper presents two plates with 12 pho-
tographs. The boundary layer theory itself was only sketched qualitatively.
Prandtl described the central idea behind his theory in these words:

“By far the most important part of the problem concerns the behav-
ior of the fluid at the walls of solid bodies. The physical processes
in the boundary layer between the fluid and the solid body is ad-
dressed in a sufficient manner if one assumes that the fluid does
not slip at the walls, so that the velocity there is zero or equal to
the velocity of the solid body. If the friction is very small and the
path of the fluid along the wall not very long the velocity will at-
tain its free stream value already at a very close distance from the
wall. Although friction is small, within the small transitional layer,
the abrupt changes of velocity result in considerable effects” [64,
p- 577].

In other words, Prandtl localized the influence of friction within a thin tran-
sitional layer — the boundary layer. Outside this layer friction could be ne-
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glected, i.e., ideal fluid theory (Euler’s equations) was valid. He derived sim-
plified partial differential equations from the Navier—Stokes equations and de-
termined that within the layer, the no-slip condition applied to one side of the
body’s surface and free-flow conditions applied to the other. (Solving these
boundary layer equations remained a challenge, but they were easier to solve
than the Navier-Stokes equations.) The particular virtue of this approach, as
Prandtl saw it in 1904, was that it offered the prospect to account for flow
separation and vortex formation:

“For the application the most important result of these inquiries
is that in certain cases the flow separates from the wall at a po-
sition which is completely determined by the exterior conditions
(see Fig. 2.3). A fluid layer set in rotational motion by the friction at
the wall moves into the free fluid and, exerting a complete change
of motion, plays there a similar role as Helmholtz’s discontinuity
sheets” [64, p. 578].
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Fig. 2.3 Velocity profile of the boundary layer, indicating the site where
the flow separates from the wall. (The X-axis indicates the distance
along the wall, the Y-axis the distance perpendicular from the wall).

A

The site of flow separation could be localized to the point where the gradient
of the velocity changed in sign. Solving a specific flow problem would have
required the numerical evaluation of the boundary layer equations for spe-
cific boundary conditions. Prandtl did not provide such a calculation, but he
presented a physical argument about the mechanism involved in this process.
The flow would only separate from the wall if the pressure in the direction of
the flow increased. Together with such an increase of pressure, kinetic energy
would be transformed in potential energy so that there was not enough kinetic
energy left in the boundary layer to move forward into the region of higher
pressure, and therefore, the flow would swerve away from the wall.

Prandtl’s scant argument based on imagination rather than mathematics left
much to be desired. When a colleague many years later asked him why he had
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presented such a fundamental concept in such terseness, Prandtl replied “that
he had been given ten minutes for his lecture at the Congress and that, being
still quite young, he had thought he could publish only what he had time to
say” [1, p. 11]. “Your talk was the most beautiful one of the whole congress,”
Klein reportedly remarked to Prandtl at the end of his presentation. If Klein
did praise Prandtl as such, and if he, as was furthermore suggested, “imme-
diately recognized the momentousness of Prandtl’s method” [70], then Klein
was out on a limb. It took years before the scope of the new theory was rec-
ognized. Prandtl had performed preliminary calculations, as is evident from
dozens of unpublished pages of manuscript, but he did not immediately pur-
sue the matter further. Obviously boundary layer theory was not immediately
regarded as such a breakthrough to bridge the gap between theory and prac-
tice in fluid mechanics as it appears to have been in retrospect.

2.2
“Per Experimentum et Inductionem Omnia”

At about the same time when Prandtl took pictures of swirls in his water canal
at the Technical University of Hanover, Friedrich Ahlborn (1858-1937), a bi-
ology teacher at a Hamburg high school, performed similar experiments in a
somewhat larger water hod. Ahlborn experimented between display cases of
impaled butterflies, stuffed animals and aquarium containers in the “zoolog-
ical cabinet” of his school, but his water canal, shown in Fig. 2.4 was much
more sophisticated than Prandtl’s, and his photographs of flow phenomena
showed finer details.

Ahlborn is largely unknown today. He was portrayed already half a century
ago as a “forgotten pioneer of fluid dynamics” [71]. In his time, however, he
was renowned for his research about the flight of seeds, bird flight, and flying
fish. He was an accomplished experimental scientist and a respected member
of the Hamburg Natural Science Association.

In November 1903, Ahlborn presented his observations of flow phenomena
to the general business meeting of the Shipbuilding Society in Berlin. He in-
troduced his talk with the remark that since Newton’s days the problem of
fluid resistance has not ceased to challenge the most distinguished physicists
as well as the leading experts of ship building and hydraulic engineering, but
there remained a “yawning gap between theory and experience, as well as be-
tween the results of the various theories among another.” Then he expressed
his belief that a real understanding into this matter was possible only if we did
not make a priori judgments based on opinions and imaginations, but rather
instruct ourselves by exact experimental methods. His motto was: “Per ex-
perimentum et inductionem omnia,” everything is to be obtained inductively
from experiments [72, p. 4].
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Fig. 2.4 Ahlborn’s apparatus used to photograph flow phenomena.

Ahlborn’s motto is illustrated by his apparatus: in contrast to Prandtl’s wa-
ter canal where objects were placed in a circulating flow of water, Ahlborn
moved his test bodies together with a camera on rails through still water. In
order to visualize the flow, he sprayed spores of lycopodium into the water —
see Fig. 2.5. Exposures could be obtained both from above and through a glass
window from the side, with the illuminating flashlight at a vertical position.
The bright traces of lycopodium “designate as natural stream lines the flow
directions with utmost precision,” Ahlborn explained, “while their length re-
veals the velocity of motion at each position. Because the duration of exposure
is constant, about 1/25 seconds, the slowly flowing spores create shorter lines
than the fast-flowing ones” [72, p. 7].

Prandtl was probably not aware of Ahlborn’s experiments at the time of
his own first efforts to visualize flow phenomena. But the Hamburg biol-
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Fig. 2.5 Streamlines in the wake of a plate according to Ahlborn. For
comparison, see Fig. 2.1, Prandtl’s flow images presented at the Heidel-
berg Congress in 1904.

ogist would not remain unknown to the Gottingen mechanics professor for
very long. In 1905 the Jahrbuch der Schiffbautechnischen Gesellschaft published
Ahlborn’s treatises, “The vortex formation in the mechanism of resistance of
water” and “The action of the ship propeller on the water,” papers that must
have found Prandtl’s interest as much for their themes as for the journal in
which they were published, because shipbuilding and hydraulic engineering
was the closest area of application for new research on fluid resistance. In
1909 appeared another paper by Ahlborn titled “The mechanisms of resis-
tance in water on plates and hulls of ships. The generation of waves.” In the
same year Ahlborn established contact with Prandtl by correspondence. He
expressed his curiosity about the new aerodynamic research facilities in Got-
tingen, about which Prandtl had lectured in summer 1909 at a meeting of the
Verein Deutscher Ingenieure (VDI). Ahlborn proposed that “we act in concert
according to a common plan” for future research on fluid and air resistance
and that the details were to be negotiated at a personal meeting [73].

But the proposed concerted plan was not executed. In their subsequent cor-
respondence there was no talk of common research on fluid resistance, neither
in aerodynamics nor for hydraulic engineering. Instead Ahlborn conceived
new plans for his research in Hamburg. On December 11, 1909, he presented
slides and a film on flow phenomena in a lecture on “Hydrodynamical ex-
perimental investigations” before the Gottingen Physical Society, surveying
his “very troublesome and lifelong experiments in the area of fluid motions.”
However, because of a lack of means, the continuation of his research was
“seriously called into question,” he argued. His research canal was too short
for quantitative measurements because the sensitive measuring instruments
would not reach a stationary state within the short range of motion. He hoped
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that the Gottingen physicists could provide “moral support” for his plan to
found a large laboratory equipped with all required means for more quantita-
tive hydrodynamical experiments in Hamburg [74].

Prandtl and the Goéttingen physicists provided more than merely moral
support. “Those of us concerned with hydrodynamics and aerodynamics
have long been aware of professor Fr. Ahlborn’s work and appreciate it very
much,” Prandtl wrote as spokesman of the Gottingen academics in an advi-
sory opinion; Ahlborn’s flow images produced by superb techniques were
unsurpassed and very beneficial both for the theory and practice of fluid mo-
tion. For example, practical uses could be drawn “for the investigation of ship
models, and furthermore for models of ship propellers, airships and wings of
airplanes by revealing at what sites of a model resistances originate and how
these sites should be modified.” The Géttingen professors therefore “most
warmly” supported the plan for a new laboratory [75]. Ahlborn used this ex-
pert opinion as an attachment in his proposal to the Hamburg senate. He was
convinced that it “will be of utmost benefit for me here,” as he thanked Prandtl
[76]. It took two years before Ahlborn informed Prandtl that his project “now
is in the hands of the Hamburg chamber of commerce, whose judgment will
be decisive.” But Ahlborn was disappointed. The Hamburg hydrodynamical
laboratory did not materialize. Only during the First World War was Ahlborn
provided with larger research facilities, when the military aviation establish-
ment in Berlin-Adlershof founded a laboratory equipped with a water canal
20 m long for hydrodynamical flow research, designated as “Testing Depart-
ment Captain Ahlborn.” Apart from occasional reprints of Ahlborn’s flow
photographs in review articles and textbooks, however, Ahlborn’s experimen-
tal hydrodynamics left few visible traces in the history of fluid dynamics.

Ahlborn’s experimental orientation could have served as a challenge for
Prandtl’s research, and vice versa, because they had more in common than
their interest in fluid dynamics. When Prandtl acknowledged in 1909 that the-
ory would benefit from Ahlborn’s results he probably hoped that they could
provide visual evidence for his boundary layer theory. For example it was ob-
vious from Ahlborn’s slides presented to the Gottingen Physical Society that
“at the surface of the plates a fluid layer is adhered”—such was the no-slip
condition of the boundary layer theory confirmed experimentally. But what
Prandtl regarded as a boundary layer was different from Ahlborn’s concep-
tion. According to Ahlborn the thickness of the layer was primarily dependent
on the roughness of the body surface from which the layer becomes rolled up
into a sequence of vortices. He compared it to a ball bearing: “like frictional
rolls between the solid surfaces and the surrounding still water” [74, p. 204].
Ahlborn also had a special name for it; he called it the “balanus layer,” from
the Latin word “balanus,” meaning barnacle [77, pp. 40—44]. Barnacles grow
on the hulls of ships; it increases the roughness, and therefore also the surface
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resistance. Ahlborn occasionally remarked that there was a similarity between
his “balanus layer” and Helmholtz’s vortex sheets, just as Prandtl had indi-
cated in his Heidelberg Congress paper that vortex sheets could result from
his boundary layer. These observations could have sparked a debate about
their mutual conceptions, but Ahlborn never developed his views into a the-
ory, and Prandtl’s theory offered no interpretation of what Ahlborn saw in
his photographs. It was clear that skin friction originated from a thin layer,
which was recognizable as a bright layer because the spores of lycopodium
reflected the flash light stronger there than further away from the surface of
the body, but whether the increase of brightness was due to slowly moving
spores (as one would assume in a laminar boundary layer) or to vortical mo-
tion (which could have been interpreted as frictional rolls) was impossible to
decide. Ahlborn believed that “tender cycloidal serpentines” were evidence
supporting his view that the transitional space to the free stream at some dis-
tance from the surface was “filled with a long chain of vortices,” but this hy-
pothesis was hard to verify [78, Figs. 5 and 6].

In the 1920s Ahlborn and Prandtl became engaged in sometimes harsh sci-
entific quarrels (see Chapter 6). Despite their common interest in the nature of
the boundary layer and the mechanism of skin friction, their mentalities as re-
searchers had little in common. “Per experimentum et inductionem omnia,”
Ahlborn’s leitmotif, was not Prandtl’s, as will become apparent by a closer
inspection of his Gottingen research program.

2.3
The First Doctoral Dissertations on Boundary Layers

Between 1905 and 1914, Prandtl supervised 17 doctoral dissertations. The
themes of the dissertations ranged from elasticity theory to gas dynamics:
7 may be categorized as hydro- or aerodynamics, and three among these
addressed the new issue of boundary layers.! This pattern illustrates that
Prandtl’s research interests were oriented towards the entire field of applied
mechanics when he came to Gottingen University in 1904 as associate pro-
fessor of technical physics. In 1905, the new institute for applied mathematics
and mechanics was opened under Prandtl’s and Runge’s directorship. In 1907
Klein and Prandtl conceived plans for a model airship testing facility; hence-
forth, aerodynamics was put on Prandtl’s agenda as a major focus of research.
In 1909 he started to lecture regularly on aviation sciences. Two years later
Prandtl came forward with a plan to found a “Kaiser Wilhelm Institute for
Aero- and Hydrodynamics” [67].

1) A list of doctoral dissertations supervised by Prandtl is presented
in [79, vol. 3, pp. 1612-1617].
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In view of Prandtl’s ambitious plans, boundary layer theory was just one
out of many research problems before the First World War. The first doctoral
dissertation to emerge out of Prandtl’s supervision was a careful investigation
of the simplest case: deriving the velocity profile in the boundary layer along
a flat plate, and hence the resistance of the plate. From Prandtl’s unpublished
notes it is apparent that he had solved the problem already at the time of the
Heidelberg Congress in a rather crude approximation. It was left to his first
boundary layer doctoral student, Heinrich Blasius (1883-1970), to arrive at
a more satisfying development of this problem. Blasius had studied mathe-
matics and physics in Marburg and Géttingen, where he became particularly
interested in applied mathematics. He tended to theory, but had “certainly no
intention to focus on pure physics,” explained Blasius when Prandtl offered
him financial support and temporary employment in his institute for some
time after his dissertation [80]. In accord with his theoretical orientation, the
scope of the doctoral work was limited to the mathematical development of
the boundary layer differential equations without additional experiments to
check the results. Blasius first considered the case of a thin flat plate sub-
merged in a flow parallel to the plate’s surface; he could simplify the prob-
lem by similarity considerations so that it was reduced to solving an ordinary
differential equation, which Blasius achieved by a sophisticated power series
expansion. His result largely confirmed Prandtl’s velocity profile presented at
the Heidelberg Congress. He was able to improve Prandtl’s formula for the
resistance of the plate by slightly changing a numerical factor. Although these
results made Blasius a name in the history of fluid dynamics (via what be-
came known as the Blasius equation), most of these results were obtained by
Prandtl earlier in his unpublished notes. Probably for this reason, Prandtl did
not consider them sufficient for the doctoral degree, and Blasius had to add a
second part to his dissertation, in which he studied the problem of boundary
layer separation from the surface of a circular cylinder and with the time-
dependent formation of a boundary layer at the start of flow [81].

In another doctoral work, the boundary layer at the surface of rotational
bodies was made the subject of a detailed investigation [82]. After this theo-
retical work was complete, it was time for a “quantitative experimental test of
Prandtl’s ansatz,” as a third dissertation on boundary layers was introduced
in 1911. This work focused on pressure measurements along the circumfer-
ence of a cylinder in a uniform flow of water, because the pressure distribu-
tion allowed one to determine the velocity profile in the boundary layer and
the site where it became detached from the surface. For this purpose, a water
canal, depicted in Fig. 2.6 was constructed, in which the flow velocity could
be varied both by the power of the pump used to circulate the water and a
set of exchangeable cartridges with mouths of different sizes. The pressure
along the circumference of the cylinder immersed into this flow was measured
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Fig. 2.6 Vertical section and plan view of a Géttingen water canal used
in 1911 for testing boundary layer theory.

through holes drilled through the surface of the cylinder using a novel device
for measuring water pressure. This water canal was a hydrodynamically pre-
cise instrument. It had little in common with Prandtl’s first water canal and its
hand-driven paddle-wheel, except that the water circulated, unlike Ahlborn’s
canal, in which the object was moved through still water [83].

In order to compare the experimental values obtained from this device
with theory the boundary layer equations were solved numerically (using a
method conceived by Wilhelm Kutta in 1901 [84]); the result was “a quantita-
tively very satisfactory agreement of observation with calculation” [83, p. 410].

This doctoral work also became important for Theodore von Karman’s
(1881-1963) first contribution to fluid mechanics. Karman had come to Got-
tingen from Hungary in 1906 in order to complete his doctoral studies under
Prandtl’s supervision. Like Prandtl himself, Kairman had first focused on elas-
ticity theory. In 1910 he presented for his habilitation as Privatdozent (this is
the qualification to teach in German universities) a treatise on plastic defor-
mation. A year later he collaborated with the theoretical physicist Max Born
in a pioneering paper on the quantum theory of the specific heat of solids. Be-
fore 1911 Karman had paid little attention to hydrodynamical problems. The
occasion to familiarize himself with hydrodynamics came during a discussion
between Karman and Prandtl’s doctoral student who built the water canal to
test the boundary layer theory. Detached vortices from the cylinder “caused
an irregular oscillation of the entire wake,” described the student in his dis-
sertation [83, p. 372]. It proved difficult, therefore, to measure the pressure
around the cylinder with the desired precision.
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Fig. 2.7 Only rows of mutually displaced vortices (lower sketch) proved
as a stable configuration; the upper parallel configuration is unstable.
Karman’s result for /1 = 0.28 agreed well with observations.

Kérman became curious and tried to find out the cause the oscillating wake
[85]. He compared two arrangements of detached vortices — one with pairs
of vortices trailing away after being simultaneously shed from two oppos-
ing sites of the cylinder, and one in which the vortices were staggered (see
Fig. 2.7). Only the latter turned out to result in a stable configuration — a Kar-
man vortex street, as it was later named. Karman'’s stability analysis also ac-
counted for the geometry of this vortex street, i.e., the ratio 1/I, where h is
the distance between the two rows of vortices, and [ is the distance between
vortices in a row. Because the trailing vortices carried momentum away, it
was also possible to account for the resistance of the cylinder in the flow that
resulted from this vortex-shedding. Instead of the Kirchhoff-Rayleigh the-
ory of fluid resistance (see Chapter 1), which predicts the unrealistic result of
dead-water in the wake of an obstacle, Kdrman'’s theory regarded the vortex-
shedding and the concomitant transport of momentum as a major mechanism
for the resistance [86].

The theory was immediately subjected to experimental tests. Photographs
obtained in a water canal according to Ahlborn’s method (moving the object
through still water with lycopodium sprayed on the water surface) confirmed
Karman's results [87].

24
Airship Research

In addition to these experiments in Prandtl’s institute at Gottingen University,
there began in 1908 aerodynamic laboratory work at the new model testing
facility of the motorized airship study society, the “Modellversuchsanstalt,”
abbreviated as MVA. The central experimental device of this laboratory was
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Fig. 2.8 Karman vortex street photographed using Ahlborn’s method.

a wind tunnel, as depicted in Fig. 2.9. In contrast to the earliest wind tunnels
elsewhere, which sucked air in at one end and blew it out at the other, Prandtl
had conceived the Gottingen tunnel like his water canal with a closed cir-
cuit. Experiments in this new facility had “to serve practice immediately,” as
Prandtl explained at an aviation conference in 1911 [88]. In contrast to the aca-
demic milieu at Prandtl’s university institute, where the motive to undertake
an experiment was embedded in a scientific investigation and most often car-
ried out as part of a doctoral dissertation, the research goals at the MVA were
entirely dictated by external contracts that usually addressed specific aero-
dynamics problems of aviation. The first flying devices — cigar-shaped air-
ships and strut-and-wire bird-like airplanes—were designed with little aero-
dynamic underpinning. Laboratories like Prandtl’s MVA played a crucial role
in bringing aviation out of its initial trial-and-error phase.

Before the First World War, a large part of the aerodynamic experiments
at the MVA was concerned with balloons and airships. Research contracts
came from such famous airship builders as August von Parseval (1861-1942)
and Ferdinand von Zeppelin (1838-1917) and were oriented towards measure-
ments of the forces on airship models. The initial aim of the facility was to
perform “measurements of air resistance on models of sufficiently large mod-
els of airships for determining the most favorable shape of the balloon” [89].
Prandtl and Georg Fuhrmann (1883-1914), who was the MVA’s first employee
after finishing his engineering studies at the Technical University Hanover,
pondered carefully what equipment was most appropriate to undertake such
experiments. The simplest device for aerodynamic tests, a whirling arm, was
not considered because the air would still be in motion from preceding revo-
lutions. The first tests on airship models were performed with a sucking tube,
a straight pipe with a diameter of 30 cm through which air was ventilated by
a fan. Originally the wind tunnel was designed as a larger version of the suck-
ing tube, but Prandtl came to the conclusion that a closed-circuit tunnel was
more advantageous: “As experiments on a small scale have shown.” Prandtl
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Fig. 2.9 Plan view of the MVA with its wind tunnel. (Schreibzimmer =
office; Beobachtungsraum = observation room; Eingang = entrance)

argued against an open wind tunnel of the sucking tube-type, since “even
winds with a very small velocity, which are almost always present, cause con-
siderable fluctuations of the airstream.” Furthermore, instruments for mea-
suring pressures and air forces had to be designed. In order to determine the
velocity of the air stream across a testing section Prandtl developed a precise
instrument, which finally became known as “Prandtl’sches Staurohr,” a spe-
cial tube for measuring the pressure difference at the stagnation point and in
the free stream [90], [67, pp. 39-50].

As soon as the wind tunnel was operational, Fuhrmann analyzed various
airship models; the results, some shown in Fig. 2.10, were published in a new
journal, the Zeitschrift fiir Flugtechnik und Motorluftschiffahrt, in a special feature
under the headline “Communications from the Gottingen model testing estab-
lishment” [91]. In addition, Prandtl reported on the progress of airship model
testing in the annual reports of the “Motorluftschiff-Studiengesellschaft,” the
funding society of this establishment. Already the first trial experiments
with the sucking tube had shown that the cigar-shaped balloons with a blunt
stern — then a common shape of airships — was less favorable than balloons
with the same diameter but a pointed stern. This result was verified with de-
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Fig. 2.10 Left: test section of the wind tunnel with an airship model.
Right: Fuhrmann’s airship models subject to comparative wind tunnel
tests; the model with minimal drag was the third from below.

tailed wind tunnel tests on a variety of airship shapes. “It turned out,” Prandtl
wrote in the final report of this test series, “that a pointed stern is much more
important than a pointed bow tip” [92].

With these results airship design changed considerably — the contrast can be
seen in Fig. 2.11. Airships built after the First World War more or less looked
the same — like the optimal shape tested in Prandtl’s wind tunnel. This suc-
cess motivated Prandtl and his assistant at the MVA for more fundamental
investigations about fluid resistance. Fuhrmann extended his experimental
results in a theoretical analysis of the behavior of rotational bodies in an ideal
fluid. Based on a method developed by Scottish engineer William John Rank-
ine (1820-1872), he analyzed flows composed from a suitably arranged distri-
bution of sources and sinks, such that the resulting flow would come close to
the one around an airship-like rotational body. He was able to show that the
experimentally determined pressures along the surface of such bodies agrees
quite well with those determined theoretically from potential theory, except at
the rear of the body where the theoretical and the experimental values devi-
ated from another for all models in the same manner [93].

This result confirmed the qualitative conclusions from Prandtl’s boundary
layer theory: due to skin friction, the flow of air is subject to increasing pres-
sure as it approaches the stern of the model, where it becomes detached from
the surface; only up to that point was agreement between ideal fluid (i.e., po-
tential) theory and experiment to be expected.
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Fig. 2.11 Airships before and after research on minimal air resistance
(Source: Deutsches Museum, Munich).

25
The Discovery of the Turbulent Boundary Layer

There were, however, unexpected discrepancies between theory and experi-
ment. Otto Foppl (1885-1963), a researcher at the MVA from 1909 to 1911 and
Prandtl’s brother-in-law, performed experiments on air resistance and lift on
plates inclined at various angles of attack against the air stream and on other
test bodies such as disks and spheres. Similar tests had been undertaken in the
laboratory of Gustave Eiffel (1832-1921) in Paris, one of the few other aerody-
namic research establishments in the world equipped with a powerful wind
tunnel and sophisticated measuring techniques [94]. In 1912, Foppl published
his results and compared them to Eiffel’s data. He found “generally a very
good agreement,” except for the drag of spheres where “apparently a mistake
was made” in Eiffel’s laboratory, as Foppl supposed. The discrepancy was so
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blatant that he thought Eiffel or his research collaborator had omitted a factor
of 2 in the final evaluation [95].

When Eiffel learned about his Géttingen rivals” suppositions, he “became
very angry,” as Karman recalled [14, p. 87]. Eiffel was renowned as a careful
observer who would not rush into the publication of unconfirmed data. Fur-
thermore, these experiments were not his first measurements of aerodynamic
drag. Before his first wind tunnel was established in 1909, he had performed
free fall experiments from a platform of the Eiffel tower at a height of about
hundred meters and recorded the drag of spheres as a function of fall velocity.
In 1911 he moved his laboratory to Auteuil where he installed a larger wind
tunnel. The terminal velocities reached with his fall experiments from the Eif-
fel tower were as high as 40 m/s — much faster than the velocities of air flow
in wind tunnels at that time. Eiffel’s 1909 wind tunnel attained 20 m/s after
the insertion of a nozzle, which narrowed the diameter of the cross-section
from 3 to 1.5 m. In his new wind tunnel at Auteuil, the air speed reached a
maximum of 30 m/s, compared to only 10 m/s in the smaller Géttingen wind
tunnel. Provoked by the Gottingen data, Eiffel performed a new test series
to measure the drag coefficient with systematically varied air speeds (from 2
to 30 m/s) and sphere diameters (16 cm, 25 cm, 33 cm)—and discovered a
new phenomenon: “At speeds below a critical velocity, the coefficients do not
much differ from those obtained by the Goéttingen laboratory. If one did not
find there the value I had published, this is simply because they could not
measure at velocities above 10 m/s. This case shows clearly that it is neces-
sary to perform experiments not only in a stream of air with a large diameter
but also with sufficiently high velocity. Only at these higher velocities are the
new phases of the phenomenon are revealed” [96].

In other words, the alleged slip of Eiffel’s measurements turned out to be
a new aerodynamic phenomenon, a phenomenon that could not be observed
in the Gottingen wind tunnel because its speed was not high enough. Prandtl
immediately responded to this deficiency and made plans to insert a nozzle
into the air stream [97]. He visited Eiffel’s laboratory and was presented with
detailed design plans of Eiffel’s new wind tunnel [98]. For Prandtl’s colleague
Carl Runge, Eiffel’s experiments prompted an appeal to the Gottingen Asso-
ciation, the funding organization for applied sciences at Gottingen university,
to demand more attention for aerodynamics. One should be “prepared for
surprises,” he said, alluding to the experiments on the drag of spheres pre-
sented in a paper on the importance of aerodynamic model testing in wind
tunnels. Eiffel’s discovery provided evidence “that the entire mode of air mo-
tion changes at a critical velocity” [99].

After inserting the nozzle according to Eiffel’s scheme, the critical range of
velocities for observing the new phenomenon became accessible in the Gét-
tingen wind tunnel as well. Prandtl asked Carl Wieselsberger (1887-1941),
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who was employed in September 1912 as a new collaborator in the MVA, to
perform these measurements. The results were published in the proceedings
of the Gottingen Academy of Science [100] and in the regular series of com-
munications of the MVA [101], which indicates that Prandtl regarded them
as both of academic and of technological interest. The phenomenon of an
abrupt change of drag at a critical velocity had been observed in the mean-
time in other laboratories as well; for example, in a military testing facility
in Rome where drag experiments were made with spheres in a water canal.
Prandtl and Wieselsberger, therefore, were not only interested in verifying the
phenomenon in the improved Gottingen wind tunnel but also to identify its
physical cause. Eiffel had abstained from explaining the sudden change of the
drag coefficient and kept his publication descriptive. It was Runge who first
introduced the notion of turbulence when he mentioned Eiffel’s discovery in
his address before the Gottingen Association: “At small velocities there is a
cone of turbulent air behind the sphere; above a critical velocity the turbu-
lence disappears almost completely” [99].

It was obvious that turbulence was involved in this phenomenon. Reynolds
had already shown that in pipe flow, a change from laminar to turbulent flow
occurs when a critical velocity is exceeded (see Chapter 1), but it seemed un-
likely that the mode of motion would change, as Runge suggested, from tur-
bulent to laminar with increasing velocity. Prandtl offered another explana-
tion: he assumed that the transition happened as in Reynolds’s case of pipe
flow — from laminar to turbulent — but within the boundary layer rather than
in the free fluid. He arrived at this explanation because he and Wieselsberger
interpreted the data as a function of the Reynolds number, UD /v (where U is
the flow velocity, D is the sphere diameter, and v is the kinematic viscosity),
rather than as a function of the velocity as Eiffel did. If plotted in this manner,
it turned out that the different curves for the drag coefficient of spheres with
different diameters coincided. But the transition happened at a much higher
Reynolds number (about 200,000) than the transition observed by Reynolds
in pipe flow. Because the Reynolds number is a measure for the ratio of in-
ertial to frictional forces, the high Reynolds number indicated that in the free
flow around the sphere inertial forces far exceeded frictional forces, such that
a transition in this flow regime was not explicable. It was this observation that
told Prandtl that the phenomenon had its origin within the boundary layer
rather than the free fluid: “This ratio [of inertial to frictional forces] holds for
the ‘free fluid” only,” he argued, “but not for this usually thin layer in the clos-
est vicinity of the body surface, in which the free flow velocity is changed to
the velocity at the surface” [100].

In other words, within the boundary layer were inertial and frictional forces
of the same order of magnitude; only there did it make sense to locate the
cause for the transition from laminar to turbulent flow. But that interpretation
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did not yet explain why the drag of the sphere would decrease at that tran-
sition so dramatically. Prandtl and Wieselsberger explained this in terms of
boundary layer separation: if the boundary layer becomes “vortical” before it
separates from the surface, it sweeps away more fluid in the wake than if it is
laminar; the boundary layer stays longer attached to the surface and “this re-
sults in a considerably smaller system of vortices and therefore also a smaller
drag.”

Fig. 2.12 A trip wire around a sphere (right image) makes the bound-
ary layer turbulent, resulting in a smaller vortical wake and therefore a
decrease of the drag.

The explanation that a transition from laminar to turbulent flow results in
a smaller drag seemed paradoxical. Therefore, “a true experimentum crucis
seemed desirable,” as Wieselsberger introduced the now-famous trip wire ex-
periment. He wound a thin wire (1 mm) around a sphere (28 cm diameter)
so that it formed a circular threshold shortly before the equator (see Fig. 2.12).
Due to this obstacle, the boundary layer would become turbulent, and the site
of boundary layer separation would move further to the rear than before, re-
sulting in a reduction of drag. This was indeed the case. Furthermore, “we
made the vortical wake behind the sphere visible by introducing smoke and
photographed it” [101]. The “crisis caused by Eiffel’s discovery,” Prandtl con-
cluded, “is essentially repaired” [100].

2.6
The Beginnings of Airfoil Theory

Another series of early wind tunnel experiments at the MVA was dedicated
to wings. As early as 1911, Prandtl had put “the determination of lift, drag,
and pressure center of airfoils with various forms and profiles” on the agenda
[88], [67, pp. 188-193]. This experimental program was accompanied by the-
oretical efforts to cope with the airflow around wings, which involved two
problems: first, the calculation of the two-dimensional flow in a cross-section
of the wing; and second, the three-dimensional flow including the phenomena
at the wingtips and the effect of the wing’s plan view. By 1910, Wilhelm Mar-
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tin Kutta (1867-1944) and Nikolai Joukowsky (1847-1921) had offered math-
ematical approaches to address the first problem. The two-dimensional flow
around a wing profile could be regarded as a superposition of a uniform and a
circulatory flow. Such flows were accessible by a mathematical method known
as conformal mapping. The lifting force L per unit span of an airfoil was cal-
culated by Kutta und Joukowsky as L = pVT, where p is the density of air,
V is the uniform flow velocity, i.e., the speed of the airplane in free flight,
and I is the so-called circulation, a mathematical quantity that accounts for
the circulatory part of air flow around the wing. Aerodynamic lift, accord-
ing to this circulation theory, was entirely due to the circulatory part of the
flow [102,103].

The Kutta—Joukowsky theory also offered an approach to cope with the sec-
ond problem of the three-dimensional flow. If it is the circulatory part of the
flow that contributes to the lift, one can imagine that a vortex around the wing
accounts for the lift, and, for theoretical purposes, replace the wing by a vor-
tex line. According to Helmholtz’s laws on vortex motion, however, a vortex
line in an ideal fluid has to be closed (or start and end at the walls of the con-
tainer). Therefore, Prandtl imagined that the vortex line is bent backwards
at the wingtips to form a U-shaped horseshoe vortex, as shown in Fig. 2.13,
closed far behind the wing to form a ring. The front part of this vortex, which
travels with the wing, was described as a bound vortex, the rear part left
behind was described as the starting vortex, and the two connecting parts
stretching backwards were described as wingtip vortices. The last of these is
a consequence of the pressure difference between the upper and lower side of
the wing, which gives rise to pigtail-like downward and upward flows from
the upper and lower sides.

Fig. 2.13 Vortical flow of air around a wing as visualized by Prandtl in
1913.

Prandtl presented this concept in its simplest form for the first time in a lec-
ture in the summer of 1909 [67, p. 190]. He delineated a rectangular area be-
hind the wing by a single vortex thread composed of three straight pieces: one
for the bound vortex parallel to the wing and two perpendicular pieces, which
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extended backwards to infinity from the wingtips. The lift of the wing came
from a “carrying vortex thread,” and the air within the area delineated by it is
swept downward (see Fig. 2.14). In 1911 Prandtl presented this formulation:
“According to the principle of action and reaction the lift created by the wing
is necessarily connected with a downwash of air behind the wing (...) It turns
out that the downwash is caused by a pair of vortices whose vortex threads
originate at the wingtips. Their distance is equal to the span of the wing, their
strength equal to the circulation of the flow around the wing” [88, p. 34-35].
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Fig. 2.14 Cross-section and plan view of Prandtl’s “carrying vortex

thread”.

With this theory, lift calculation was reduced to accounting for the strength
of the vortex thread. Another feature of this concept concerned the vortical
motion at the wingtips: it gives rise to a resistance unrelated to viscosity—the
carrying vortex thread concept is based on ideal fluid theory, i.e., no viscous
terms are involved. The first results were published in 1911 [104]. The con-
cept of carrying vortex threads also allowed one to estimate and compare the
lift and resistance of various arrangements of wings, such as in biplanes. Al-
bert Betz (1885-1961), who became an employee in the MVA in 1911, demon-
strated that biplanes were more advantageous than monoplanes if high lift
was required at very low velocities; for higher velocities, however, mono-
planes yielded a better lift-to-resistance ratio. Wind tunnel experiments con-
firmed these theoretical conclusions, and the Géttingen aerodynamicists felt
confident that the assumptions upon which airfoil theory was based were “ba-
sically correct” [105].

Despite such confidence Prandtl did not consider airfoil theory ready for
publication. In 1913 he mentioned the basic idea together with a drawing of
the horseshoe vortex (see Fig. 2.13) in a review article on “fluid motion” [106],
but he did not further elaborate the theory. In the following year, Wiesels-
berger published a paper on the V-shaped configuration of the flight of mi-
grant birds based on Prandtl’s wing theory, which “already went a long way
in several investigations.” He argued that outside the downwash area of the
horseshoe vortex the air is swirled upwards along the wingtip vortices, so
that a bird flying on the left and on the right behind a leading bird experi-
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ences added lift. Extending this argument for additional birds, a V-shaped
formation resulted as the configuration with the maximal lift for the entire
group of birds. Wieselberger’s calculation also revealed to some extent how
calculations according to Prandtl’s airfoil theory were done: they were anal-
ogous to calculations in electrodynamics, where the Biot-Savart law allowed
one to calculate the strength of the magnetic field in the vicinity of an electric
current; the same formalism was applied in airfoil theory to calculate the mo-
tion of air in the vicinity of the horseshoe-shaped vortex threads [108]. In the
same issue Betz published a formula for the optimal resistance-to-lift-ratio of
a wing without further derivation, hinting at a “soon to be published” theo-
retical investigation by Prandtl [107].

But the airfoil theory was presented only in 1918 in the proceedings of the
Gottingen Academy of Science and in subsequent dissertations. With the
hindsight afforded by these publications, it is obvious that there was still a
long way to go before the concept was shaped into a comprehensive theory.
When it finally arrived at this stage, it was more the result of a collaborative
effort than a single stroke of genius. Prandtl’s airfoil theory, as it is often
called, involves more than the concept of the carrying horseshoe vortex. Sev-
eral problems had to be solved before this concept could be molded into a
coherent theoretical framework. A major problem dealt with the distribution
of lift over the span of the wing, and how it approached the zero-lift condi-
tion beyond the wingtips. Prandtl’s doctoral student Ernst Pohlhausen, for
example, achieved a breakthrough when he came up “by the end of 1913,”
as Prandtl acknowledged in 1918, with the “very remarkable result” that in
order to obtain a minimal resistance-to-lift ratio, one has to assume a lift dis-
tribution over the span “according to half of an ellipse” [109, pp. 342-343].
Other problems were solved in future dissertations (see Chapter 3).

With regard to the debate of science versus technology, the emergence of
boundary layer and airfoil theory during the decade before the First World
War in Géttingen cannot be sorted along the traditional divide into academic
versus technological research. Fluid dynamics, as studied in Prandtl’s school,
proceeded as traditional academic research in a university institute and as con-
tractual research in a separate aerodynamic establishment aimed at techno-
logical ends. Themes for doctoral dissertations arose in both contexts. Results
from this research could appear as science or technology, depending on op-
portunities and circumstances beyond the scope of the research itself. Airfoil
theory, for example, became a target of opportunity for aspiring mathemati-
cians as well as for theoretically minded engineers. Ernst Pohlhausen, for
example, was “according to his study first of all an applied mathematician,”
Prandtl wrote in a recommendation for his doctoral student, but he was also
“pervaded with the way of thinking of an engineer” [110]. Such dual talents
were not unusual in Prandtl’s school, as we will see shortly.






3
Aviation and the Rise of Aerodynamics in the First World War

The role of science in war has been expressed as follows: the First World War
has been described as a “chemists” war,” while the Second World War was
dubbed a “physicists’ war.” The former label alludes to poison gas—the latter
to radar and the atomic bomb as science-based weapons. But such labels dis-
tort the role of scientific technologies in these wars. They narrow the focus to a
few spectacular events and do not address, for example, the new modes of or-
ganizing science and technology for the purposes of war. With regard to other
war technologies like shells, submarines, ships, and airplanes, First World War
deserves greater interest. Due to these new technologies the “Great War,” as it
was called then, could literally be carried beyond frontiers. With new organi-
zations in the war-waging countries aimed at the mobilization of all available
scientific and technological resources for the purposes of war, the First World
War was characterized also as paving the way for an “institutional modern-
ization” and a “hinge-phase of the modern western societies for their path to
modernity” [111, p. 99].

Among the various scientific war technologies, those involved with aero-
nautics became particularly important. The airplane embodies like no other
device the potential of all-out destruction by science-based technology. How-
ever, even if we restrict ourselves to aviation we are concerned with no single
technology but rather with a host of specialties: beyond those involved with
the airplane itself, such as stability, aerodynamics, or strength of materials,
disciplines like meteorology or radio science also play an important role. In
this chapter, the focus is on aerodynamics only, a specialty that has been called
the “fundamental engineering science of airplane technology” [112].

Is it only by coincidence that Prandtl’s airfoil theory was published in 1918,
at the end of the First World War? Was it kept secret for the duration of the war
so that only German airplane manufacturers would benefit from its results?
Prandtl’s model testing facility is a primary example for the mobilization of
scientific resources for the war; it was considerably expanded during the war
and funded by the War Ministry. What was the role of science and technology
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when airplanes became weapons of war, and what role did Prandtl and his
Gottingen facility play when his research was at the threshold of coming up
with the fundamental engineering science of airplane technology?

Fig. 3.1 Evolution of airplanes. Top: Grade mono-plane 1909. Middle:
Garuda seagull 1913/14. Bottom: Junkers F-13 1919 (Source: Deut-
sches Museum, Munich).

In the First World War, the airplane became a weapon. A comparison of air-
craft before, during, and after the war shows how much the airplane changed
in the course of only a few years (see Fig. 3.1). Before 1914, airplanes were fre-
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quently based on the model of the Wright Flyer, with control surfaces in front
of the wings (canard-type), or with wings shaped like those of birds (pigeon-
type). The fuselage and the wings were made from plywood covered with
fabric and held together by string such that the entire structure had the least
possible weight, which was regarded as the most important requirement for
the flight “heavier than air” during the birdman era, as those early years in
the history of aviation have been called [113,114]. The use of self-supporting
cantilevered wings rather than thin airfoils, held in place by struts and wires,
was a major innovation in airplane design. It resulted from the availability of
strong motors and the insight that with increasing speed it was more impor-
tant to reduce the air resistance than the weight. If the drag due to struts and
wires was avoided, more weight could be lifted. The evolution of airplanes
within a decade from pigeon- or canard-like shapes to full-metal construc-
tions like the Junkers F-13 clearly illustrates this message. What was the role
of science in this change? How did the war affect the relationship between
airplane design and aeronautical research?

3.1
A Symbiotic Relationship

Before the First World War, airplanes were produced in the workshops of in-
dividuals or small companies. In 1914 the annual production of airplanes was
in the hundreds. In 1918 wartime delivery of airplanes amounted to tens of
thousands [115]. The mobilization of the resources in manpower and material
necessary for mass production on such a scale resulted from the conviction
that the airplane can be used as a versatile weapon of war. Each intended use —
aerial reconnaissance, bombing, air fights, guidance for artillery, or naval ap-
plications — required special designs. From this perspective, the First World
War has been called a “proving ground of aerial war” [116].

In many countries arrangements were made in order to adjust the devel-
opment of new airplanes to the needs of the military [117]. In Germany a
special branch of the army, the Inspektion der Fliegertruppen (Idflieg), was
founded for this purpose. In 1915 it started to operate a test facility at the site
of the Deutsche Versuchsanstalt fiir Luftfahrt (DVL) in Berlin-Adlershof, the
“Priifanstalt und Werft der Fliegertruppe,” which was combined two years
later with the Flugzeugmeisterei (FLZ), previously a civilian institution of the
DVL, to a central airplane testing facility of the army. A similar institution
was established for the navy at Warnemiinde on the coast of the Baltic Sea,
the Seeflugzeug-Versuchskommando (SVK) [118]. The military performed a
crucial role at these testing facilities: they conveyed the specific requirements
to the aircraft manufacturers who competed for contracts for the development
of new airplanes. In the course of this process, the testing facilities became a
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clearing house for technical problems which called for solutions beyond the
capabilities of the individual manufacturers. To this end, in 1916, the FLZ
founded a Wissenschaftliche Auskunftei fiir Flugwesen (WAF) and entrusted
it with the task of editing a series of secret technical reports, the “Technische
Berichte” (TB). As was expressed in the preamble of these reports, the WAF
intended to create a marketplace between the military, the nascent aircraft in-
dustry, and the sciences involved with aeronautical research [119].

These measures aimed at the mobilization of science and technology when
the war reached a stalemate. At Berlin-Adlershof, the experimental facilities of
the DVL were directly placed at the military’s disposal. But science also mobi-
lized itself for war purposes. In Gottingen Prandtl whetted the military’s ap-
petite with the potential of the Modellversuchsanstalt (MVA) for war-related
research. The military, airplane manufacturers, and aeronautical researchers
developed in this situation what has aptly been called a “symbiotic relation-
ship” [120, pp. 89-108]

The concerted action of such diverse groups did not happen at once. At the
beginning of the war Prandtl’s laboratory had experienced a setback. Both
assistants at the MVA, Betz and Wieselsberger, went to war as volunteers; his
doctoral students and other personnel from his institute for applied mechan-
ics at Gottingen University were called to arms. Prandtl had offered himself
for service in a flight battalion, but the military had no use for the almost 40-
year-old professor. Expecting a short war, his staff left him at the orphaned
academic post in Gottingen. His ambitious plans to expand his research facili-
ties, which had come close to realization shortly before the war, had “receded
into the distance again,” Prandtl wrote shortly after the outbreak of war in
August 1914 [67, p. 121].

Prandtl had planned a large institute for aerodynamics and hydrodynam-
ics since 1911, after the foundation of the Kaiser-Wilhelm-Society for the Ad-
vancement of Sciences (Kaiser-Wilhelm-Gesellschaft zur Férderung der Wis-
senschaften, or KWG). Together with the influential sponsors of applied re-
search at Gottingen University, he raised great hopes of establishing a Kaiser
Wilhelm Institute dedicated to the “science of air and fluid motion (with re-
gard to application for aviation).” The KWG had already agreed to this plan
but the outbreak of war prevented its realization. During the second year of
war, however, Prandtl’s hopes rose again when both the War Ministry and the
Naval Ministry declared it expedient to establish a large research institute “in
the interest of the rapidly developing aviation.” A month later, in June 1915,
the Berlin Ministry of Culture reached an agreement that the army and navy
administration was to place at Prandtl’s disposal an amount of money from
the war funds to begin construction. Both administrations urged Prandtl to
proceed with utmost speed “so that the start-up can still happen during the
war” [121].
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Prandtl and his Géttingen colleagues acted swiftly. In the fall of 1915, the
foundation was laid; in the winter of 1916/17 the new institute was ready for
operation. It was not, however, what Prandtl had originally conceived as a
“Kaiser-Wilhelm-Institut fiir Aerodynamik und Hydrodynamik”—this vision
had to wait another ten years to be realized. Since the money for the institute
came from the military, it was earmarked for applied research for aviation
rather than for basic research. Prandtl therefore proposed dropping Hydro-
dynamik from its name and calling it “Modellversuchsanstalt fiir Luftfahrt;”
but in order to avoid confusion with the Deutschen Versuchsanstalt fiir Luft-
fahrt (DVL) in Berlin-Adlershof, it was finally named “Modellversuchsanstalt
fir Aerodynamik” (MVA). After the war, it was renamed “Aerodynamische
Versuchsanstalt” (AVA). The small precursor institute, founded in 1908 as the
“Motorluftschiffmodell-Versuchsanstalt” and also abbreviated as MVA, was
dismantled. Since operation started in the new MVA in the winter of 1916/17
“the establishment was busy to fulfill the needs of the Army Administration
and the airplane factories by constantly expanding its personnel,” Prandtl re-
ported after the war. The number of personnel reached 50 in 1918. Prandtl
was particularly proud of the new wind tunnel, which became operational in
March 1917. As in the first Gottingen wind tunnel (which was modernized
and kept in use in an attached building), the air flowed in a closed circuit — a
diagram of the building plans is seen in Fig. 3.2. Compared to the 30 horse-
power fan of the first wind tunnel, however, the new wind tunnel had a motor
ten times more powerful, which blew the air at a maximal speed of 200 km/h
through a test area of circular cross-section with a diameter of 2 m. Special
guide vanes deflected the air in the bends of the tunnel. The entire installation
was designed such that the air flow in the test section was as homogeneous
as possible. At the time of its inauguration and still for several years after the
war, this wind tunnel was the most advanced aerodynamic test facility in the
world [67,122].

The new wind tunnel could have been used for a variety of aerodynamic
tests for airplane manufacturers, but Prandtl offered to contribute to the war
effort with more aerodynamic research. In September 1918 he proposed that
his institute become engaged in gasdynamic research at supersonic velocities
for ballistic applications besides the low-speed aerodynamics for aviation. For
this purpose, he applied for funds to build a supersonic wind tunnel. With re-
gard to the future Kaiser-Wilhelm Institute, “such a facility for experiments
at supersonic speed has already been planned and the project has been elab-
orated to some extent,” he wrote the War Ministry. However, ballistics was
a new research area for Prandtl. Carl Cranz (1858-1945), a professor at the
Technical University in Berlin-Charlottenburg and author of a famous text-
book on ballistics, proposed at the same time to build “an aerodynamic labo-
ratory for the purposes of the artillery” in Berlin. In an attempt to calm feel-
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Fig. 3.2 Cross-section and plan view of the new MVA, from [67, p. 150].

ings of rivalry, Prandtl suggested that his proposal should not be regarded
as a competition with Cranz but rather as division of labor, such as that be-
tween the DLR in Berlin and his MVA in Géttingen, which fruitfully com-
plemented one another: “The division of labor should be accomplished such
that the Berlin establishment serves the immediate needs and daily problems
of the artillery, while the Gottingen facility focuses on the general laws of air
resistance at high velocities without a too narrow involvement with artillery
problems” [123].

Prandtl tried until the very last days of the war to persuade the War Ministry
of his plans. On 29 October 1918, he submitted a detailed proposal for a “test
facility for measurement of air resistance at high velocities” to the Artillerie-
Priifungs-Kommission (APK), the Army’s expert unit for ballistics: by evac-
uating a 40 m> vessel, a pressure difference should be created in an attached
tube of 20 cm x 20 cm cross-section so that when a valve was opened, air
would be sucked through this tube into the vessel at supersonic speed. Using
this method tests could be performed within a time span of a few seconds. The
test results would be recorded photographically using the Schlieren method, a
method introduced in experimental ballistics for visualizing shock waves. At
the end of his five-page proposal, Prandtl admitted a grain of doubt whether
the project could be realized in view of the war situation at the time, but with
regard to the “coming scarce times,” facilities like the one he proposed would
merit particular support because they are cheaper than shooting tests [124].
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The end of the war prevented the realization of these plans until they were
renewed with less emphasis on their use in ballistics a decade later (see Chap-
ter 7), but the aviation-related facilities alone sufficed to turn the MVA into a
prominent aerodynamic research center. “I believe that this establishment, as
far as the news from the enemy countries are pertinent, at least until recently,
was the biggest and most powerful of its kind,” Prandtl wrote after the war.
And he knew whom he had to thank for its creation: “We owe it, of course, to
the generosity of our military administration” [122].

3.2
War Contracts

It will not come as a surprise that the new facilities were largely used for
their intended purpose. To what extent Prandtl’s research was oriented to-
ward war-related goals became evident with a confidential survey that the
chairman of the German Mathematical Association (Deutsche Mathematiker-
Vereinigung, DMV) had administered to the directors of institutes for math-
ematics and allied disciplines: “Is your institute or seminar working for pur-
poses of the Army, Navy, or Aeronautics,” was one question, “and if so, in
what direction.” Prandtl responded that his university institute “was prac-
tically completely absorbed into the MVA which works at the moment ex-
clusively for the interests of the Army (aerodynamic measurements, mainly
on models of airplanes, parts of airplanes, etc., calibration of instruments for
measuring the air speed).” Another question asked how many mathemati-
cians, from students to professors, were engaged in such work. Prandtl an-
swered that “about 10 students of mathematics are employed in performing
test work and extensive numerical and graphical elaboration of test results.”
He added that this work was largely routine, akin to reading the scales of bal-
ances” or calculations using a slide rule. “A few advanced mathematicians
deal with more difficult calculations (evaluation of integrals, etc. for hydro-
dynamic problems, etc.)” [125].

What Prandtl was referring to were wind tunnel measurements performed
on behalf of the army’s FLZ or directly under contract for one airplane man-
ufacturer or another. Occasionally the MVA also received contracts from the
navy’s SVK to perform tests of sea planes. As a rule, the results of such mea-
surements were transmitted to the WAF, the Berlin clearing house for the test-
ing of new military airplanes, which printed them in its secret TB-series and
subsequently passed them along to the manufacturers of war planes and oth-
ers involved with the aeronautical war effort. If a manufacturer wished to
have his design tested, he had to disclose it to the WAF and agree that the
test result would be printed anonymously in the TB. From the perspective of
an individual airplane manufacturer, this procedure involved a balance of ad-
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vantages and disadvantages: in order to participate in the pool of collective
aerodynamic test results, he had to communicate know-how that was other-
wise jealously guarded as the private property of a firm. But in order to attract
remunerative contracts from the military for the production of new airplanes
manufacturers had not much choice other than to comply with the rules of the
FLZ, and almost all firms participated in this knowledge pool according to the
rules of the WAF, which insisted in its authority on all matters of aeronautical
innovations: “The WAF thinks it important that firms do not possess innova-
tions which are not yet known to the Military Administration or the Naval
Office,” the chief executive officer of the FLZ explained to Prandtl when they
debated how knowledge between the manufacturers, the military, and the re-
search institutes should be shared. In June 1917 he sent Prandtl a list with the
names of 24 firms that complied with this rule [126].

However, the symbiotic relationship among the airplane manufacturers, the
military, and the aeronautical research facilities, as established by the WAF,
was not free from tensions. Prandtl was critical of the fact that the WAF forced
the manufacturers into a collaboration with his laboratory by imposing con-
ditions on them, which “to some extent from the perspective of their business
interests have to be designated as unusual.” He forwarded to the military the
complaint of some manufacturers “that the FLZ had to be informed at any
time about tests made on contract for a firm.” Some firms declined to collab-
orate with the WAF; others refrained to issue important tests [127]. The Pfalz
Flugzeugwerke, for example, asked Prandtl to keep the contractual test results
secret because they were concerned that competitors could become aware of
their own design secrets; in this case, the chief executive officer of the FLZ
insisted that the firm comply with the prescribed conditions — otherwise, it
would lose the advantages of participating in the WAF-pool such as being
provided with the TB. The firm’s concern was calmed by the assurance that
the communication of the test results in the TB happens in such a way “that
the name of the Pfalz-Flugzeugwerke is kept out, so that spying into the re-
spective secrets of firms will not be possible” [128]. Another manufacturer
complained to Prandtl: “We are constructing airplanes but lack various re-
sults from measurements in an artificial stream of air for our designs. Because
we did not join the association of airplane manufacturers and also do not in-
tend to become a member, the material of your testing facility is not available
to us.” Although the firm only asked for “material as far as it is free” Prandtl
had to respond that the only viable way to obtain such material was via the
FLZ, whose “TB are handed out to airplane manufacturers provided certain
commitments of secrecy are obeyed” [129].

Prandtl was not happy with his role as mediator between the military and
the airplane manufacturers. Furthermore, he complained about a lack of feed-
back: “We are left ignorant about what the firms accomplish on the basis of our
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results,” he once argued. “It would further our work if we were instructed, be
it by the firms or the FLZ, about the respective aerodynamic progress in such
a way that we learn something about whether such progress was achieved be-
cause of or despite our work” [127]. Wind-tunnel tests had not yet progressed
so far that they could be regarded as a routine measurement technique. No
standards had been agreed upon between airplane manufacturers, the mili-
tary, and the research institutes. Prandtl therefore argued that a lot of techni-
cal detail needed clarification, but the chief executive officer of the FLZ trusted
Prandtl’s authority and flattered him: “We all here in Adlershof may regard us
with our knowledge of aerodynamics as your pupils,” and they took the units,
diagrams, and other details of wind tunnel measurements used in Géttingen
as binding for the communication in the FLZ’s TB [130].

Fig. 3.3 Struts and wires on a 1916 warplane (Rex D16) (Source: Deut-
sches Museum, Munich).

An example illustrates how war contracts that originated in the course of
specific design problems resulted in new knowledge made available to the
airplane manufacturers who had joined the WAF-pool. In June 1917 the TB
contained a report about the air resistance of struts [131], [67, p. 172]. Before
self-supporting cantilevered wings became the rule in airplane construction
struts and wires were used to attach the wings to the fuselage or, such as
in bi- and triplanes, to one another (see Fig. 3.3). The drag caused by the
struts was soon recognized as an obstacle to reaching higher velocities. In
1915 the Reich’s Naval Office (Reichs-Marine-Amt) issued a first contract to
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the MVA to measure the resistance of struts with different shapes. During
the following two years, at least five airplane manufacturers (Flugzeugbau
Friedrichshafen, Albatroswerke, Flugzeugwerft Staaken, Luftschiffbau Zep-
pelin, AEG) addressed requests for wind tunnel tests for the specific shapes
of struts they intended to use in their design of new airplanes. The first mea-
surements were still performed with the small wind tunnel of the old MVA,
but in the spring of 1917, the new wind tunnel became operational “and then
we can measure the struts in a stream of air with 2 m diameter at velocities up
to 60 m/s,” as the MVA informed a contractor [132]. The MVA coordinated its
test series on struts with the FLZ and the individual contractors. For example,
it was arranged between Prandtl and the FLZ that the manufacturers had to
accept a reference velocity of 40 m/s (144 km/h) as a characteristic velocity for
which the drag data were presented [130], which was a normal flight velocity
of airplanes at that time. Accordingly the MVA, normalized its data and made
it anonymous for practical uses.
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Fig. 3.4 The drag of a strut with a streamlined profile [131].

The profiles of struts were numbered, and the results of the drag measure-
ments were presented in associated diagrams (see Fig. 3.4). The drag coeffi-
cient was not displayed as a function of the Reynolds number but as a function
of the more handy “Kennwert,” the product of the width of the strut and the
velocity. The sudden drop of the drag coefficient due to the transition from
laminar to turbulent flow in the boundary layer at a certain value of the Ken-
nwert, which had been discovered shortly before the war (see Chapter 2), was
found to occur with most struts and called for special attention because of its
counterintuitive consequences: “In particular, a reduction of speed, for exam-
ple when the plane changes from horizontal flight to climb, causes a sudden
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increase of the resistance coefficient,” the report explained. It therefore sug-
gested that manufacturers choose strut profiles which are beyond the critical
transition at normal flight velocities. Because of the dependence on the Ken-
nwert, i.e., the product of strut width and velocity, rather than the velocity
alone, a profile which was good for one application could be bad for another.
Thick struts required different profiles than thin wires [131, pp. 88-89].

Already, these first reports indicated that wind tunnel tests at the MVA pro-
vided important lessons for the design of airplanes in the First World War.
Although slim strut profiles, for example, caused less drag than thicker struts,
they were regarded as less advantageous because a change of the angle of at-
tack altered the resistance considerably: the drag coefficient of a strut with
a slender profile increased by a factor of four if the angle of attack changed
from zero to nine degrees, while the drag coefficient of a thicker profile only
doubled [133]. Striking results were also reported from wind tunnel measure-
ments of wires with circular and oval cross-sections: the drag coefficient of
3-mm-thick wires with an oval profile was only one third of that from a 2.8-
mm-thick wire with circular cross-section [134].

Measurements of air resistance of struts and wires were just one example
out of a variety of aerodynamic tests. It is difficult to summarize the MVA'’s
war contracts within a coherent scheme. Most contracts involved wind tunnel
tests, i.e., the measurement of air forces — lift and drag—on parts of airplanes
or scale models. Based on a list of 24 reports communicated by the MVA to
the FLZ for publication in the TB between June 1917 and August 1918, we
may estimate that about one third of the war contracts dealt with the drag of
various parts of an airplane; roughly another third addressed the aerodynamic
behavior of control surfaces and the combined behavior of the fuselage and
propeller; the rest, more than one third of all wind tunnel measurements, was
concerned with the wing [67, pp. 170-172].

3.3
Goéttingen Profiles

A series of reports about wind tunnel tests at the MVA was introduced in 1917:
“Airfoil investigations were performed as issued on external contracts and in
a systematic manner at the establishment’s own account.” To undertake more
than just the contractual measurements implied a strong motivation, because
there was no lack of contracts from airplane manufacturers, and each test of a
specific airfoil required a laborious construction of a scale model according to
the manufacturer’s design. But the designs of the various manufacturers were
incoherent and it was “difficult to discern the crucial and important aspects
from such arbitrarily amassing material.” Although from the perspective of
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an individual firm the measurements according to the respective contract was
certainly useful, the reporter at the MVA argued that for the aviation industry
as a whole, the benefit would be greater if tests were done more systematically
[135].

As was done with the drag measurements on struts, the various profiles of
wings subjected to wind tunnel tests were numbered and sorted by geometri-
cal criteria independent of the respective contractors. Easily measurable quan-
tities of a profile were taken as its characteristics: the curvature (“Wolbung”
W, taken as the maximal distance to the upper surface from the baseline) and
maximal thickness (“Dicke” D), each expressed as a percentage of the profile’s
depth (“Tiefe” t). The height (H) at 2/3 of the profile’s depth was also chosen as
a parameter. Profiles classified in this manner were displayed in a Cartesian
coordinate system as a graphical inventory with the x- and y-axes representing
the thickness and curvature, respectively (see Fig. 3.5). Each profile was repre-
sented as a numbered disk at a location corresponding to its respective D- and
W-coordinates, with the disk itself coded according to the quantity H. Profiles
with little difference in curvature and thickness were recognizable immedi-
ately as closely neighboring points in this graphical inventory [67, p. 178].

All wing models were manufactured with a rectangular planform with a
span of 100 cm and a depth of 20 cm, the “normal wing model” size. (For mea-
surements in the old wind tunnel 72 cm span and 12 cm depth had been cho-
sen.) Originally, model wings were made from two iron metal sheets folded
such that they corresponded to the upper and lower sides of the prescribed
profile. Later, the models were produced in a more sophisticated routine pro-
cedure: a special machine milled gypsum into a mold according to the shape
of a profile, around which a single piece of sheet metal could be folded. The
model wing was suspended in the wind tunnel in such a way that the vertical
and horizontal forces could be measured at each angle of attack. From these
measurements the coefficients of drag (Cy) and lift (C;) were deduced for a
set of angles of attack and displayed in so-called polar diagrams. (The prin-
ciple of this mode of representation goes back to Lilienthal — see Chapter 1.
A description of the measurement techniques in the Gottingen wind tunnel is
given in [122]).

By the end of the war, the list of “Géttingen profiles,” as these measure-
ments later became widely known among aeronautical engineers, comprised
346 different profiles. The majority of profiles was slim like most of the real
wing profiles at that time, but there was also a series of “extremely thick”
profiles, as was explicitly emphasized in a TB communication in August 1918
[136, p. 450]. The results clearly demonstrated that in terms of lift-to-drag ra-
tios, thick profiles with appropriate curvatures were more favorable than slim
profiles. The choice of thick profiles enabled the use of cantilevered wings so
that struts and wires — a major source of drag — became superfluous.
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Fig. 3.5 Graphical representation of profile data tested in the MVA’s
wind tunnel.

Airplanes with thick cantilevered wings were heavier than the thin-winged
airplanes made from plywood and fabric. But with the availability of strong
motors, the weight was no longer the primary problem if the drag did not
prevent the required higher speeds, where the lift would compensate for the
increased weight, from being reached. This was not a novel discovery in 1918.
Hugo Junkers (1859-1935) had noticed this phenomenon almost ten years ear-
lier. Junkers was the owner of a factory for heat boilers a professor of heat
technology (Warmetechnik) in the faculty of machine engineering (Maschi-
nenwesen) at the Technical University in Aachen. When Hans Reissner (1874—
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1967), professor of mechanics at the same university, infected him in 1908 with
his enthusiasm for aviation, Junkers and Reissner founded a joint venture to
build airplanes and to study the principles of airplane construction. Junkers
also performed aerodynamic measurements with a wind tunnel in his private
laboratory. In December 1909, he formulated his ideas in a “Patent concerning
a bodily design of airfoils” in which he argued that “for the purpose of reduc-
ing the drag as much as possible,” the entire weight should be stored inside
the wing (see Fig. 3.6). Although the patent of the “thick wing,” as it later
became known, was ahead of its time, Junkers’s message that “the crucial part
of the problem of flight is not concerned with weight but with the technology
of fluid dynamics” hit the mark [137, p. 114]. The data sheets of thick profiles,
like No. 290 from the Géttingen profiles, amply confirmed this insight.

But to what extent could the data from wind tunnel tests on model wings be
trusted as pertinent to real wings under free flight conditions? Measurements
in the first Gottingen wind tunnel were made at an airspeed of only 9 m/s.
Air speed and model size enter into the “Kennzahl” or the Reynolds number,
and the law of dynamic similarity predicts that the aerodynamic forces are the
same if the Reynolds number is the same in small scale model tests and in free
flight with real wings. But having the same Reynolds number alone was not
sufficient. Because of the “uncertainty of the transferability of model test to the
large scale it would be of little use if we aim for higher accuracy,” the MVA’s
engineer in charge of model tests once admitted in a report [135, p. 135]. In or-
der to check the transferability between different wing sizes and flow regimes,
five different profiles were measured in the large wind tunnel at three differ-
ent air speeds (10, 25, and 40 m/s), each one at three different rectangular
wing sizes (72 cm x 12 cm, 100 cm x 20 ¢cm, 150 cm x 60 cm). Furthermore,
the texture of the wing surface was varied from smooth to rough (using var-
nished fabric, plywood, and gypsum). The law of similarity was found to
hold quite well in a range of high Kennzahlen from about 600 to 30,000 m/s
mm (corresponding to Reynolds numbers from about 42,000 to 2,100,000) for
small angles of attack and smooth surfaces. These measurements were taken
as evidence that it was indeed justified to apply the data obtained in model
tests to real flight conditions [138].

This conclusion, however, relied on further theoretical assumptions. A ma-
jor problem concerned the influence of the wingspan. Prandtl’s airfoil theory
was still not published, but was used within the MVA in order to compare
different airfoil measurements. For example, the theory provided a transfor-
mation formula for the drag-to-lift ratio of an airfoil of a given span if this
ratio was known for a different span [139]. According to this formula, it was
possible to derive the required aerodynamic data of wings that had a differ-
ent planform than the normal model wings used in the wind tunnel tests. In
order to check the validity of this formula, special tests were performed in
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Fig. 3.6 A cantilevered wing as tested in October 1915 for strength in
Junkers’s factory; such wings were used in the first all-metal airplanes
such as the Junkers Eiseneindecker J-2 constructed in the summer of
1916 (Source: Deutsches Museum, Munich).

which the wing was successively shortened. Each measurement resulted in
a slightly different polar curve, but the transformation formula was able to
account for the differences such that one could make the curves coincide (see
Fig. 3.7) [140].

Another uncertainty concerned the planform of the wing, particularly the
shape at the wingtips. A war contract from the Bayerische Flugzeugwerke
offered the researchers the opportunity to compare wings of rectangular plan-



72| 3 Aviation and the Rise of Aerodynamics in the First World War

=
@
i
E
o
g
=
c
S
=
G
‘B
o
o
€
=
]
-
@
o
5
L
E

Modellmessungan drei Fligeln BLATT 1
verschiedener Spannweile. _—

780

Fligel beim ersten Versuch.

fs— 130 —

650

unverandert.

Fligel beim zweitenVersuch.

MNach dem
ersienVersuch €20

abgeschnilten Flogel beim dritten Versuch. e B

.

Nach dem
zweiten Versuch
abgeschnitten

Richtung des
anblasenden Luftstroms.

Modellmessung an drei FLugeln

verschiedener Spannweite BLATT 5.
H 1

100 ﬂ,/,* 1
/1 %

80 A 80 A
// /
60 i 6
/ Auf gleiche Spannwei
40— 40 te b ¥ umgerechne:
| | Gemessene Krafte. te Kréafte
Cfen 120
Ca L L\
A 10C 20 20 0T C L2
Ao bt J6 1
-20 -20
N

Fig. 3.7 Comparison of wings with different span.

form with wings of different shapes. The measurements showed that it made
little difference how the wings were shaped at the tips provided their plan-
forms had the same surface area [141]. Other investigations addressed the
combined effect of multiple wings. The “aerodynamics of carrying organs of
airplanes,” as one series of measurements was titled, was less academic than
this clumsy title suggests; it referred directly to biplanes and triplanes, fighter
planes of extreme maneuverability, such as the red triplane flown by the leg-
endary Red Baron, Manfred von Richthofen. Related to these were tests of
staggered wings. The data of such investigations were used to validate for-
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mulae derived from airfoil theory. If this theory could be trusted, the mea-
surement of a single simple model wing would suffice “to derive all required
data for a complicated carrying organ,” as Prandtl’s research collaborator ar-
gued [142, p. 188].

34
Max Munk and the Foundation of Airfoil Theory

The MVA contributed a total of 24 communications to the Technische Berichte.
Among these, 10 were authored or coauthored by Max Munk (1890-1986),
Prandtl’s assistant from 1916 to 1918. Munk and Betz were Prandtl’s closest
research collaborators in the development of airfoil theory. Both wrote doc-
toral dissertations on fundamental parts of airfoil theory—Munk during and
Betz shortly after the war [143,144]. At the same time, Munk was responsible
for the wind tunnel measurements issued by war contracts. The beginnings of
Munk’s career at the MVA, therefore, provides us with first-hand insights into
the emergence of airfoil theory during the First World War. From Prandtl’s
first publications in the proceedings of the Gottingen Academy of Science, the
theory appeared largely as a mere mathematical accomplishment [109], but
with the focus on Munk, it becomes obvious to what extent this theory was
related to the war work at the MVA.

Munk did not study in Géttingen. Nevertheless he belongs — next to Betz,
Blasius, Fuhrmann, Karman and Wieselsberger (see Chapter 2)—to Prandtl’s
most prominent early disciples. He was still a student at the Technical Uni-
versity in Hanover in 1912 when he addressed a letter to Prandtl in response
to a job offer in Prandtl’s institute: He had passed the bachelor’s examina-
tion (Vorexamen) in mathematics and mechanics with the best grade and ex-
pected to finish his studies in 1914, he wrote to Prandtl, in an attempt to be
employed as Prandtl’s assistant at that time [145]. Prandtl was impressed by
the ambitious student, and Munk felt encouraged to renew his application af-
ter receiving his master’s degree in engineering (Dipl. Ing.) in 1915. He was
exempted from military service, Munk wrote to Prandtl, but he would con-
sider employment as Prandtl’s assistant for the duration of several years only
if allowed to pursue a doctoral degree during this time period [146]. Prandtl
could not offer an ordinary assistantship, but because his regular assistants
had been called to arms, he could employ Munk as a stand-in for the dura-
tion of the war. On 1 April 1915, Munk was hired with a one-year contract as
an assistant-in-aid (Hilfsassistent) at the MVA [147]. When the war dragged
on, his contract was prolonged. Altogether Munk’s Gottingen sojourn lasted
until the spring of 1918. For the final months of the war, he was employed
by the navy’s Seeflugzeug-Versuchskommando (SVK) in Warnemiinde on the
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coast of the Baltic Sea, but he kept in close contact with Prandtl, and his entire
wartime activity as a test facility engineer left numerous traces in the MVA'’s
archival records.

In view of Munk’s year-long experience with wind tunnel tests during the
war, it is understandable that he became eager to exploit his expert knowledge
for the benefit of his own career. The “only disappointment I experienced in
Gottingen,” he wrote to Prandtl after his move to the Baltic coast, was that he
could not realize his intent to accomplish this sojourn with a doctoral disserta-
tion. He felt inferior to his colleagues in the navy testing facility who usually
had a doctoral degree in addition to their engineering diplomas. Munk had
presented a collection of some results from his Gottingen wind tunnel tests
concerning the aerodynamics of carrying organs of airplanes as a dissertation
to his Hanover professor but was left without response for a while. Prandtl
consoled him that “such affairs tend to advance slowly in Hanover” and of-
fered to accept a polished version of Munk’s work as a doctoral dissertation
in Gottingen. However, upon reading the dissertation, Prandtl criticized that
the theory was presented in such terse manner that it was barely understand-
able. Munk was “overjoyed” about Prandtl’s offer nonetheless, as he wrote to
Prandtl in the course of the ensuing correspondence. The “reproach of terse-
ness” did not surprise him: “To be honest: I thought you and a few others will
understand it, others will only read the final results” [148].

The dispute about theoretical explanations versus practical data finally re-
sulted in two dissertations, one for Hanover [149] and the other for Gottin-
gen [150]. Prandtl had to defend Munk against the reproach from the Hanover
professor that “you submitted a dissertation of minor quality at Hanover
while the finer work was reserved for Gottingen.” Munk found it deplorable
that his former professor in Hanover was unable “to judge the case by him-
self.” With regard to the Géttingen dissertation, Prandtl suggested that Munk
render it more understandable by adding explanatory remarks and to replace
the clumsy title “isoperimetric problems” by something more down-to-earth:
“Why don’t you simply name it: On wings of minimal drag?” [151]. Munk,
however, kept the original title, presumably because he was eager to make
it appealing to mathematicians (“isoperimetric” means “of equal perimeter”
and addresses the specialty of variational calculus).

Munk’s Gottingen dissertation — completed in May 1918—contained the
foundation of what became known shortly afterwards as Prandtl’s airfoil the-
ory. It explained such fundamental phenomena as the induced drag, a new
form of air resistance due to the formation of vortical air motion, which in-
evitably arises with wings of finite span. Although the induced drag and other
aspects of airfoil theory were known to Prandtl and his circle, they had not
been treated before on a rigorous mathematical basis. As Prandtl explained
in his report about Munk’s dissertation, these problems “sprang up from the
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general circle of ideas familiar to the collaborators at the MVA, but the ideas
and mathematical methods which gave rise to their solution are the sole in-
tellectual property of Mr. Munk.” It addressed “with enjoyable generality the
task to derive for a given geometrical arrangement of wings the conditions
under which the drag becomes minimal at a given speed and total Lift” [152].
Munk passed the oral doctoral examination on 17 June 1918. The printed ver-
sion of his dissertation appeared a year later; it was only 31 pages long and
consisted mainly of mathematical proofs. One of the theorems in Munk’s dis-
sertation stated, for example, that the induced drag of a wing is minimal if
the downwash velocity is the same at all positions along the span. Munk also
proved that the total induced drag of a parallel arrangement of wings (such
as in a bi- or triplane) does not depend on the displacement of the wings in
the direction of flight (stagger theorem). A most important theorem derived
the then unproven conclusion that the induced drag is minimal if the lift per
length of span is distributed according to half of an ellipse. For this case, the
formula was derived by which wings of different span could be compared;
this was the same formula “which was found earlier by Prandtl in a different
manner” and which occurred in several publications of the MVA since 1914
without derivation.

Munk’s role in the development of airfoil theory did not become widely
known. His Goéttingen dissertation was quoted in subsequent publications
mainly with regard to the proofs of the theorems used in airfoil theory. When
Prandtl presented his “Airfoil Theory I” in July 1918 to the Gottingen Acad-
emy of Science, he referred to Munk’s “forthcoming” dissertation because it
contained “an important extension of the range of applications of the the-
ory” [109, p. 322]. Half a year later, in “Airfoil Theory II,” he pointed to
the stagger theorem as an example for such an extension. He praised Munk’s
“meritorious dissertation” for its generality but at the same time criticized
“Munk’s derivation based on classical variational calculus” and presented the
same conclusions with simpler derivations [109, pp. 350 and 353].

For readers of Prandtl’s two-part airfoil theory who were not familiar with
Munk’s work at Gottingen such praise must have created an impression —
surely against Prandtl’s own intent — that Munk was merely the theorist who
added some mathematical rigor to an already well established theory. Munk’s
Gottingen doctoral degree fits with this image as much as Munk’s own self-
portrayal appended to his dissertation, in which he emphasized the employ-
ment as Prandtl’s assistant “at Gottingen University,” where he could focus
on “mathematical and physical studies.” Nowhere does he mention how he
spent most of his time in Gottingen: with wind tunnel measurements at the
MVA issued by war contracts. An entirely different portrayal is presented to
readers of Munk’s Hanover dissertation which earned him a doctorate of en-
gineering, and which consisted almost entirely of tables and polar diagrams of
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wings. In the attached curriculum vitae to this dissertation, Munk portrayed
himself as a practical engineer who spent his three-year sojourn at the MVA
“mainly with aerodynamics and the associated laboratory experiments.” He
introduced this dissertation with the remark that he did “not aim at a compre-
hensive intellectual assessment of the displayed data but rather at the commu-
nication of the obtained results for the purpose of practical application” [149,

p- 3l

3.5
Theory and Practice in Airplane Design

With his two doctoral dissertations and degrees, Munk embodied the juxtapo-
sition of theory and practice often observed with aerodynamics since the First
World War. Depending on the preferences of a textbook writer or the envi-
sioned audience, the mathematical, physical, or technical aspects may prevail.
So far we focused on Prandtl and his Géttingen circle who laid the founda-
tions of modern airfoil theory. How was this theory received by those who
would use the new knowledge for practical ends — the design of airplanes?
The images of airplanes before and after the war clearly reveal to what ex-
tent aviation technology leaped forward within those few years. Were these
advances due to the simultaneous advances of aerodynamic theory?

Among the many manufacturers of war planes, Anthony Fokker, the “Fly-
ing Dutchman,” as he called himself, was one of the most successful ones. As
an adventurous pilot and designer, Fokker perceived the war as an opportu-
nity to manufacture airplanes on a much larger scale than during the years be-
fore. “My own factory built about 4,300 airplanes during the war,” he recalled
in his autobiography, “altogether roughly 7,600 Fokker machines were pro-
duced.” He titled the chapter about the expansion of airplane production dur-
ing the First World War “I become an industry” [153]. Fokker airplanes am-
ply illustrate the transformation of fragile thin-airfoil objects into cantilevered-
wing airplanes. Fokker’s triplane Dr. 1 (see Fig. 3.8) was regarded as evidence
for the rapid transfer of new aerodynamic know-how from the research labo-
ratory into industrial practice because the wing profile of the Dr. 1 was listed
as No. 298 in the Gottingen profile catalog. “That revolutionary discovery
was immediately picked up by the famous designer Anthony Fokker, who in-
corporated the 13-percent-thick Gottingen 298 profile in his new Fokker Dr.
1,7 a text on the history of aerodynamics remarked [42, p. 309]. But the fact
that the wing of the Dr. 1 figures in the list of Géttingen profiles does not
justify this conclusion. In fact, as Fokker’s chief engineer Reinhold Platz re-
called: “This aerofoil was not tested aerodynamically in a wind-tunnel or in
any other way.” Platz had come in 1913 to the Schwerin factory of the Flying
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Fig. 3.8 Fokker’s triplane Dr. 1 and its wing section (Source: Deutsches
Museum, Munich).

Dutchman; by training, he was a welder and had no engineering degree. His
guiding design principle was simplicity. The Dr. 1 wing was a simplified ver-
sion of a more slender profile of a precursor test plane whose lower side was
curved. By making the lower side straight, the profile became thicker, and
the wing became easier to build. “Later on, unknown to Platz, the FLZ sub-
jected it to wind-tunnel tests at Goettingen as the Goettingen 298 aerofoil,” a
historical account of Fokker’s airplane construction (based on Platz’s recollec-
tions) explained how this profile entered the Géttingen profiles [154, p. 225].
That thicker cantilevered wings were given preference over thin wings with
wires and struts also resulted not only from aerodynamic considerations: “If
struts and wires were shot away these [thin] wings simply collapsed, while
the cantilevered wings suffered almost no damage” [153, p. 228].

Other manufacturers also based their design of new airplanes primarily on
practical experience with precursor planes — modified according to the expec-
tations of their military clients — rather than upon theoretical knowledge from
recent aerodynamic research. “A conference about a new design seldom took
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longer than two hours,” recalled airplane designer Ernst Heinkel about the
meetings with the navy at which his firm, the Hansa Brandenburg, hoped to
acquire new contracts for the design of seaplanes. As a result of these con-
ferences, the military requirements concerning armament, duration of flight,
and weight were specified. “When I left I already had the first draft sketches
ready. A few pieces of paper and a pencil were all I needed. I sketched the
then quite famous seaplane ‘Hansa Brandenburg W 12’ on the backside of a
beer mat.” The new aircraft, a biplane, was built within “barely eight weeks.”
The first flight was a dangerous adventure for the test pilot; changes such as
the use of shorter struts were made overnight before the decisive test flight at
the SVK, but in such a way that nobody noticed the modifications, remarked
Heinkel. “Estimating roughly in the hopes of obtaining correct results (Richtig
iiber den Daumen zu peilen) was then the secret of all designers” [155, pp. 79
and 89].

Even in the factory of Hugo Junkers, who was proud of the scientific prin-
ciples behind his industrial success, airplane design was a matter of practice
rather than theory. “There was not much drawing when a new airplane was
designed,” reported an engineer about the beginnings of the all-metal airplane
construction in Junkers’s Dessau factory. “Little sketches were all the work-
shop needed. The larger parts were immediately drawn upon the sheet metal
and cut out by foreman Seifert” [156]. Rumors were spread that Junkers did
not come forth to fulfill the needs of aviation in the war because he regarded
aircraft design primarily as an opportunity for interesting research; such re-
proaches, however, were unfounded and should be interpreted as the result
of the harsh competition among airplane manufacturers. Junkers was the only
airplane manufacturer who possessed his own wind tunnel. As the first engi-
neer in charge of the operation of the wind tunnel, Philipp von Doepp recalled,
“Hugo Junkers was very keen to portray his technical activity as ‘research,””
but Junkers had an idiosyncratic notion of research: “Research activity was
not meant to serve for the extension of our knowledge but to achieve techno-
logical progress” [157]. Junkers himself once admitted in his diary: “It was
alleged that I am a theorist, and because I am a technologist (Techniker) and
no artist or scientist this means that I allegedly do not regard sufficiently the
economic aspect. Nothing could be more wrong about the motivations and
principles of my activities. The direct opposite is the case: I am convinced that
each activity, also in science and art, has to be guided by economic principles
if it is supposed to be successful.” Junkers reflected in this manner about his
own mentality on the eve of negotiations with the Army Administration for
the acquisition of war contracts. Under the headline “Aviatik,” he formulated
his main objective: “It is crucial to arrive quickly at an agreement” [158].

With regard to airfoil theory, Doepp recalled that “it was characteristic for
Junkers that he was always very reserved when confronted with theoretical
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results.” Although the theory was not yet well enough known that he could
have made it the subject of closer scrutiny, he would hardly have found this
worth the effort: “Theoretical deliberations spun too far appeared to him
uncertain, particularly if they dealt with involved mathematical investiga-
tions” [157, p. 10]. Also telling is Prandtl’s recollection that Junkers never
paid a visit to the MVA, although Prandtl visited Junkers’s laboratories sev-
eral times. Prandtl even “crawled into the first wind tunnel” during a visit
to Junkers’s institute in Aachen, and he investigated the Dessau wind tunnel
built after the Géttingen model with a closed circuit. But unlike the Gottin-
gen wind tunnel measurements, the tests in Dessau did not serve theoretical
ends. Their purpose was to obtain data for the design of airplanes with opti-
mal lift-to-drag ratios. Without the theoretical underpinning of airfoil theory
a considerable number of tests was required because the polar diagrams of
model wings of different spans could not be compared to one another. When
Junkers learned in April 1918 that the Goéttingen airfoil theory provided such
transformation formulae, he was “very surprised” and exclaimed: “Had we
known them earlier we could have spared all our test runs” [159].

A glance into Munk’s report in the Technische Berichte could have of-
fered Junkers this insight one year earlier. That even Junkers, the “theorist”
among the airplane manufacturers and himself a former professor at a techni-
cal university, was unaware of these fundamental results suggests that outside
Prandtl’s Gottingen circle, progress in theoretical aerodynamics was largely
ignored by airplane designers during the war. Only against this background
does the zeal with which Munk tried to “win friends” for the formulae of air-
foil theory become understandable: he introduced his report on “span and air
resistance” with the remark that “Prandtl’s wing formulae” were not received
with the friendliness as they deserve “because they are based on theoretical
foundations.” He found this “very deplorable, for the formulae contain more
and accomplish better things than the practitioners are willing to believe they
are capable” [160]. The lack of interest on the side of airplane manufactur-
ers also explains why the Gottingen aerodynamicists communicated only as
much detail about the airfoil theory as was required to apply the formulae.
Once in May 1918, an engineer from the Deutsche Flugzeugwerke G.m.b.H.
in Leipzig wondered why certain results were presented “without any refer-
ence to a publication.” He was particularly interested to learn “whether the
downwash of air behind the wings of a mono- or biplane already has been as-
sessed computationally.” Apparently the Leipzig airplane manufacturer did
not know that this issue was already a recurring theme among the Géttingen
theorists for some years. Prandtl responded, “The theory of the monoplane for
which you are asking has not been published so far in print; it was presented
only in lectures and seminars” [161].
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When Prandtl published the theory two months later, he did not choose the
airplane designers for his audience but the academic circle of his Gottingen
colleagues: he presented it to the mathematical physics class of the Gottingen
Academy of Science [109]. The communications of the Academy, where the
airfoil theory appeared in print the following year, certainly did not belong
to the literature of which an aeronautical engineer or aircraft manufacturer
would likely take note. Practitioners learned the new theory only later after it
was published together with systematic data of wind tunnel measurements in
the postwar communications of the Aerodynamische Versuchsanstalt (AVA),
as the MVA was renamed in 1920 [162]. The new theory was also presented
together with the wartime wind-tunnel data from the TB in 1922 in the form of
a textbook by former members of the FLZ. They introduced their treatise with
the explicit remark that the practical importance of Prandtl’s airfoil theory is
“beyond all doubts” and an “ever more intimate coalescence of these theo-
retical physical considerations with the fundamental ideas of airplane design
must be expected in the future” [163, p. I11].

What lessons may we draw from these events about the relationship be-
tween theory and practice in aerodynamics during the First World War? Was
it truly symbiotic, as was suggested in the beginning of this chapter? Yes,
if we address the mutual benefit of science, technology, and the military in
terms of their institutions: the new MVA was motivated by and operated
for the interests of military aviation; Prandtl, who embodies the science of
aerodynamics in this three-sided relationship, was presented with the world’s
most advanced wind tunnel; the airplane manufacturers acquired remunera-
tive contracts by participating in the triangle; the military was provided with
an ever increasing number of airplanes for every kind of war purpose. On the
other hand, the relationship was not symbiotic, as far as the mutual transfer of
knowledge was concerned. Practice did not take note of airfoil theory before
the 1920s, while theory was presented with a host of practical experience as a
consequence of war contracts, and theoretical results could be tested. Uncer-
tainties that prevented the publication of airfoil theory before 1914 were re-
solved, which gave way to a growing confidence that the theory was founded
on solid ground. To speak of “successes of Prandtl’s airfoil theory” (such as
in the 1922 textbook) did not mean that airfoil theory was successfully applied
in airplane design but rather that certain theoretical results (such as the influ-
ence of the span on the polar diagram) had been confirmed by wind tunnel
measurements. The war was a phase of maturation for aerodynamic theory.
Only when it stood the test of hundreds of wind tunnel measurements was
it clear that airfoil theory would play an important role in future airplane de-
sign. However, this was still many years in the future (see chapter 9).

Although theory did not play such a crucial role in the First World War, the
performance of airplanes improved considerably in the course of the few years
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starting in the second decade of the twentieth century. If not by the applica-
tion of theory, how can this change be otherwise explained? The competition
and rivalry among more than two dozen airplane manufacturers suggests an-
other cause. Driven by ever-changing and growing military demands, a great
variety of airplane types was designed among which the military, with its
FLZ and supported by aerodynamic testing in scientific institutions such as
Prandtl’s MVA, selected those designs that best met their requirements. Simi-
lar variation-selection processes have been observed to advance technological
development in other cases [164]. Between 1910 and 1914, for example, 25 air-
plane types were developed in Fokker’s factory; from 1914 to 1918, this num-
ber rose to almost 100 [154, Appendix 1]. From one type of aircraft to another,
there were often only minor differences, but across the entire spectrum of air-
plane manufacturers, there was an enormous variety from which only a few
were selected for mass production. Only those that not only survived the tests
at the army or navy test facilities but also surpassed their competitors were
awarded a contract. Technical improvements were achieved largely within a
balanced interplay of keeping proven designs and adding a few new ones by
trial and error. A number of factors played a role, including the choice of ma-
terials, stability, motor and propeller technology, and armament, to name only
a few considerations an airplane designer had to keep in mind. Among these
considerations, aerodynamic theory was not the most important component,
and certainly not yet a factor influencing selection in this evolutionary process
of airplane design.






4
The Internationalization of Fluid Mechanics in the 1920s

The interaction of science and technology in the First World War, as the case
of airfoil theory indicated, served the advancement of theory more than the
advancement of practice. Nevertheless the same case made evident that sci-
entific investigations of fluid phenomena would become increasingly impor-
tant. The situation at the outset of this process, however, was very different in
different countries. In the USA, the theoretical progress achieved in Germany
during the war caused an “aerodynamic culture shock” in the early 1920s [42,
p- 292]. In Great Britain, Prandtl’s airfoil theory was received hesitantly and
accepted only after years of critical investigations. In Germany, further aero-
nautical progress was faced with harsh economic and political conditions. The
Versailles Peace Treaty prohibited the construction of military airplanes, and
no research contracts were issued to the Gottingen research establishments
from the military as they were during the war. Civil contracts also seemed
unlikely because the aviation industry as a whole faced an uncertain future
under the restrictions imposed by the Allies. Although their primary goal
was to prevent German rearmament, there was also the economical motiva-
tion “to effectually cripple the German aircraft industry as a competitor in the
markets of the world,” as was formulated in a U.S. Military Intelligence Re-
port [165]. As a consequence, the “symbiotic relationship” in which Prandtl’s
MVA flourished during the war broke down, and even the mere existence of
this institution seemed endangered [67]. Furthermore, German science was
boycotted by a newly founded International Research Council (IRC) which,
for example, excluded German scientists from participating in international
conferences [166].

It seems paradoxical that under such adverse conditions the Gottingen re-
search in fluid mechanics not only continued operations but was further ex-
panding. The MVA’s wind tunnel and Prandtl’s airfoil theory in particular
attracted the curiosity of American aeronautical researchers, and politically
motivated boycott measures were brushed aside. Within few years after the
war, Prandtl arose to international fame, and his Gottingen research facilities
attracted visitors from all over the world.
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4.1
American Emissaries at Prandtl’s Institute

Before the First World War, the establishment of aerodynamic research estab-
lishments in Europe, such as Gustave Eiffel’s laboratory in Paris or Prandtl’s
Gottingen institute, were already attracting the curiosity of American ob-
servers [167,168]. In 1913, for example, Jerome C. Hunsaker (1886-1984), a
naval officer who had been trained as an engineer at MIT, together with Albert
F. Zahm, a professor of physics at the Catholic University of America in Wash-
ington, DC, visited European aeronautical research laboratories. In America,
the country of the WrightWright brothers, it was regarded as a shame ten years
after the first motorized flight to have fallen behind European countries like
France, Great Britain, and Germany. “In aeronautics, we in America are still
in a transition stage,” Hunsaker concluded in his survey of European research
facilities. His report included a clear lesson: “We are at the point where the in-
ventor can lead us but little further, and it is to the physicist and the engineer
that we must look for perfection of air craft and the development of a new
industry growing out of their manufacture and operation” [169, p. 31]. The
foundation of a central organization for flight research in 1915, the National
Advisory Committee for Aeronautics (NACA), was motivated, among other
reasons, by the desire to catch up with Europe in this new technology [170].
The urgency to catch up became more obvious in 1917, when the USA en-
tered the First World War and were confronted with expectations of its Euro-
pean allies to send thousands of war planes to the European war theater [171].
Another impetus came from the National Research Council (NRC), which was
founded in 1915 in order to explore what science could contribute to the war
effort. “War should mean research,” was the NRC’s motto. War also meant
scientific intelligence. Following a request from the War Department, a mili-
tary committee involving the Director of Naval Intelligence and the Chief of
the Military Intelligence Section was formed under the guidance of the NRC.
Among its first activities was the establishment of a Research Information
Committee, with offices in Washington, London, and Paris, for the purpose
of gathering scientific and technical information on war-related problems. To
meet these goals, scientists were assigned to the American embassies in Rome,
Paris, and London as “scientific attachés.” Their major task was “the securing,
classifying, and dissemination of scientific, technical, and industrial research
information, especially relating to war problems, and the interchange of such
information between the allies in Europe and the United States” [172, p. 41].
In particular, they were to acquire information on European developments in
submarine detection, chemical warfare, trench warfare, and aeronautics [173].
A review issued by the Research Information Committee after the war re-
ported that the European offices sent 1101 special reports to Washington from
“practically every field of activity on war problems”—among these, 384 were
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on aeronautics. Much of this information was “of value for peace purposes as
well as for those of war” [174, p. 45].

With aeronautics as the main beneficiary, it is not astonishing that the
NACA developed a keen interest in these results. The former Paris scientific
attaché, William Frederick Durand, had served as chair of the NACA before
he went to Paris. After his return from Paris to Washington, he presented the
Executive Committee of the NACA with first-hand impressions about aero-
nautics in Europe. Another NACA member with European experiences was
Joseph S. Ames, a physics professor at Johns Hopkins University in Baltimore.
In 1917, Ames had led another NRC mission to Europe. In April 1919, he pro-
posed that a representative of the NACA should be stationed in Paris “with
the duty of collecting information from the French, British, and Italian Gov-
ernments, and such data from Germany as he could, and transmitting same to
this committee.” The proposal to send a NACA representative to Paris in or-
der to gather scientific intelligence in Europe was originally made by William
Knight, a First Lieutenant of the Army’s Air Service. He had served under
Benjamin C. Foulois, the commander of the Army’s Air Service of the Amer-
ican Expeditionary Forces in France during the war. With this experience,
Knight was the obvious candidate for this task. To supervise this activity,
the Committee on Publication and Intelligence was established under Ames’s
chairmanship, together with the Office of Aeronautical Intelligence and a for-
eign office in Paris. The committee’s task was defined quite comprehensively
as “the collection, classification, and diffusion of useful knowledge on the sub-
ject of aeronautics, including the results of research and experimental work in
aeronautics done in all parts of the world.” The major part of this mission was
supposed to be performed by the “Paris Office,” as the NACA's foreign office
in Europe was called for the sake of brevity [175].

Within few weeks the plan was realized. In the summer of 1919, Knight
established an office in Paris. He proposed that he be assigned to the U.S.
embassies in Paris, London, and Rome as Aeronautical Attaché, but the State
Department refused to attribute such an official diplomatic status to the “tech-
nical assistant of the NACA,” as the NACA's representative in Paris was of-
ficially designated. Unofficially, however, the American embassies were ad-
vised to provide Knight with “all appropriate courtesies and assistance in
the discharge of his duties” [176]. Knight further insisted that his mission be
more officially acknowledged, but he was put off to some time in the future
“after your office has gotten fairly established and the character and neces-
sity of your work clearly demonstrated” [177]. One of the reasons to deny
the NACA's representative in Europe diplomatic status was the rivalry with
the military attachés who regarded aeronautical intelligence as part of their
own mission — and the NACA as an organization was subordinate to the U.S.
military: “The collection of information for the Army and Navy will always
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be a function of the Army and Navy Departments,” Knight was told by a
colonel, “through their Military and Naval Attachés, and such function can-
not be taken up by a civilian advisory organization. Did you ever hear of
a child supporting his parents?” [178]. A general demanded that the Paris
Oftfice be shut down again, but Knight and Ames found the support of Gen-
eral Pershing for the NACA'’s foreign mission, and so the military finally put
up with the unwelcome rival provided “that Mr. Knight was not soliciting
nor giving military information” and “that he was confining his activities to
purely technical and scientific matters.” One military attaché even conceded
that the Paris Office could provide “information which would be invaluable
to the Military Intelligence Section of the General Staff at Washington, which
otherwise might not reach them” [179].

The rivalry with the military attachés was not the only subject of dispute.
Before the Versailles Peace Treaty, it was particularly problematic to establish
relations with the former enemy, Germany. “I asked General Pershing if he
thought that by going to Germany in the near future I could hope to obtain
information on aeronautical work there,” Knight reported to Washington in
August 1919, but Pershing advised him “not to go for a few months yet at
least” [180]. Although Knight postponed his first trip to Germany, he began to
establish contact with German aeronautical scientists by correspondence. In
November 1919, he introduced himself to Prandtl as the “Technical Assistant
in Europe to the U.S. National Advisory Committee for Aeronautics and ex-
plained that he had been “accredited, so far, to the British, French and Italian
Governments, for the exchange of information between those Governments
and the Government of the United States, through the U.S. N.A.C.A. In the
near future, I hope to be able to do the same in Germany.” In order to make
his intent of information exchange explicit, he sent Prandtl the NACA’s An-
nual Report of 1917 and offered to provide “any particular information of a
technical or scientific nature about our aerodynamical work in the States.” In
response he hoped that Prandtl would assist him in procuring the Technische
Berichte. He was also interested in obtaining information about the new Got-
tingen wind tunnel of which he had learned via a French aerodynamicist [181].

Prandtl responded in a four-page letter and in German “because I do not
master sufficiently the English” and “in order to make sure that I express
myself unmistakably.” He welcomed the suggested exchange of information
and provided a short description of the new wind tunnel; furthermore, he
promised to help Knight obtain the Technische Berichte. He also expressed as
a personal wish that Knight transmit his best regards to the aged Gustave Eif-
fel with whom he had come to “a very cordial relationship” in 1913, although
he admitted: “The ugly war has destroyed so many sympathies so that I do
not know whether Mr. Eiffel is willing to renew a relationship with a German.
Therefore, I do not want to address him myself” [182]. Eiffel’s reaction was
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as anticipated: “Je considere qu’il n’est pas douteux que, suivant ’opinion
unanime des savants Francais et notamment de I’Académie des Sciences il est
impossible de songer, avant longtemps, a entretenir des relations personelles
avec les savants Allemands. Aussi quelle que soit la tres haute estime dans
laquelle je tiens tous les travaux d’un homme aussi éminent que Monsieur
Prandtl, je chercherai a me procurer ce qu’il publiera par voie d’achat et a en
profiter de mon mieux.” Knight transmitted this passage to Prandtl literally
and “without any comment.” His own status as “guest of the French nation”
prevented him from undertaking further steps, as he wrote to Prandtl [183],
who to some extent had already expected such a response. Nevertheless he
was disappointed. He had hoped, Prandtl confided to Knight, that Eiffel “in
the philosophic mind which comes with age lift himself above the opinion of
his compatriots who let the hatred win over reason. Now I see that this is not
the case” [184].

This correspondence mirrors on the private level how the international sci-
entific community at large was split into hostile camps after the war. The
infamous “War of the minds” (“Krieg der Geister”), as the propaganda of in-
tellectuals for the cause of the combatants on both sides of the war has been
called, became transformed into a “Cold War in Science” for several years af-
ter 1918. To some extent, the Entente’s discriminatory international postwar-
politics via the International Research Council (IRC) were rooted in Amer-
ica, where George Ellerly Hale had first drafted the plan for the IRC as an
inter-allied war-time organization of national research councils modeled on
the American NRC [185]. Knight's contact with Prandtl, therefore, together
with his offers for an exchange of information, was a delicate matter with re-
spect to the inter-allied science politics after the war. Nevertheless, Knight
regarded the exchange of information with the German professor as just the
beginning. He hoped that he could soon “come to Germany with official cre-
dentials to the German Government, when I hope our exchange of technical
data and information will be accomplished in a more complete and efficient
manner than can be done at present in a more or less unofficial way,” as he
wrote to Prandtl in January 1920 [183].

Counteracting the official boycott was not merely the result of a personal
internationalist attitude, to which Knight repeatedly confessed. During its
formative years, the NACA had more to take than to give from German scien-
tists in the field of aeronautics. Knight and Ames were particularly interested
in learning more about the new Goéttingen wind tunnel and airfoil theory.
In February 1920, Knight was authorized by his superiors in Washington to
visit Germany [186]. Ames wrote a personal letter to Prandtl in which he ex-
pressed his joy “to note that you are willing to send us some copies of your
latest works.” The exchange proved useful also for domestic purposes: “Dr.
Ames reported encouraging progress in the work of the Paris and Washington
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offices of the Office of the Aeronautical Intelligence,” read the Minutes of the
Executive Committee discussion at the NACA. “As evidence of the increased
activity of the Paris Office, he submitted samples of German technical reports
recently transmitted by the Paris Office” [187]. In April 1920, Knight paid his
first visits to German aeronautical research laboratories. Besides Prandtl, he
visited 14 German experts of aeronautical research, to which he became in-
troduced by Prandtl with letters of recommendation. His subsequent report
was highly appreciated by the NACA’s Executive Officer and distinguished
among other conflicting accounts of German aeronautics as “the first report
that has contained authentic information” [188].

Soon after Knight's visit, Prandtl received a letter from Hunsaker, who
was touring Europe at the same time in his capacity as representative of the
NACA'’s subcommittee on aerodynamics. Hunsaker informed Prandtl that
he was authorized to enter into a contract with him in order “to obtain your
services in presenting an authoritative survey of the recent German work in
Aerodynamics, both theoretical and experimental. You are considered to have
made important contributions yourself, and to be the best man to give such
a survey” [189]. The details of the contract were left to negotiations during
Hunsaker’s visit in Gottingen in July 1920. Prandtl asked Runge—who had
translated Lanchester’s Aerodynamics into German and combined virtuos-
ity of the English language with a keen interest in the development of aero-
nautics—to be present during the negotiations, because Prandtl himself had a
poor knowledge of the English language. Also present was Munk, who was
eager to meet Hunsaker because he intended to emigrate to America. The re-
sult of the negotiations was that Prandtl should write a report “on the state of
the art of hydrodynamics as applied to predicting the aerodynamic forces on
bodies shaped like airplane wings and airship envelopes” [190]. For this re-
port, Prandtl would receive an honorarium of US$800, which corresponded to
about 8,000 marks — roughly half of the annual salary of a German professor.

Financial considerations were not unimportant, particularly during the
rapidly progressing inflation in the early 1920s. The AVA was in financial
straits because contracts from industry were not expected. Prandtl, there-
fore, suggested further contractual collaborations with the NACA. German
salaries were rather low by American standards and the AVA had no shortage
of well-trained personnel, Prandtl argued, and therefore, it would be rather
inexpensive for the NACA to issue experimental and theoretical aerodynamic
research contracts to the AVA [191]. Prandtl had already made a similar pro-
posal to Knight, but the NACA regarded such a collaboration with the former
enemy as too far-reaching. Washington informed Knight that if the NACA
issued contracts to perform research outside its own facilities, it was advis-
able “to support those in need of encouragement in this country” [192]. When
Prandtl made the same proposal to Hunsaker, he first received no answer;
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later Hunsaker apologized: “I am sure I do not know what to reply as to your
question whether the National Advisory Committee for Aeronautics has any
more investigations which might be handled at Gottingen. I am inclined to
think that with the demand for economy on the part of the politicians our
Committee will be somewhat restricted for funds in the coming year” [193].

Knight and Hunsaker were not the only emissaries who visited Prandtl in
the summer of 1920. Another traveling NACA representative in Europe was
Edward P. Warner, chief physicist of the new Langley Memorial Aeronauti-
cal Laboratory (LMAL), established by the NACA near Hampton in Virginia.
Warner was particularly interested in studying the experimental techniques
developed in German aeronautical laboratories. “It is appropriate,” he re-
ported from his travels, “that any discussion of aerodynamical work in Ger-
many should begin with Géttingen and with Prof. Prandtl, where the first
serious work of the kind was undertaken, before the war, and where the most
extensive and interesting results have been obtained both in respect of wind
tunnel testing and of purely mathematical investigations.” Half of his 12-
page report dealt with the Goéttingen wind tunnel and the balances used to
measure aerodynamic forces. Although the focus was on the experimental
research in the AVA, Warner also mentioned the “Prandtl theory of wing ac-
tion, together with the work along the same lines by Munk and Betz,” because
they provided “a practical tool for the engineer” [194]. By this time, Wladimir
Margoulis, a Russian aerodynamicist who had emigrated to France and now
assisted Knight in the Paris Office, had already procured a summary report
on Prandtl’s airfoil theory based on Prandtl’s publications in the proceed-
ings of the Gottingen Academy of Science. The NACA published Margoulis’s
summaries in subsequent issues of its Technical Notes in July and August
1920 [195]. Another NACA report was published in November 1920 on the
Gottingen wind tunnel testing [196]. From these reports, most aeronautical
engineers outside Germany learned for the first time about the experimental
and theoretical aerodynamic research achieved in Prandtl’s laboratory during
the war.

Knight paid another visit to Prandtl in the fall of 1920. Half a year later,
he was relieved from his duties as the NACA'’s foreign intelligence officer “at
the earnest request of the Army Air Service.” Apparently he was a source of
friction with the military attachés. His successor was John Jay Ide, a former
naval officer who knew better how to avoid clashes with his military rivals
than Knight. “This change of personnel,” a military intelligence officer wrote
to the NACA, “will be heartily welcomed by all Military and Air Attachés in
Europe.” But when Ide, like his predecessor, proposed that he be accredited
in a more official manner, the unsolved issue about the status of the NACA’s
representative abroad caused new trouble. The State Department kept deny-
ing official diplomatic status. “This is a rather delicate matter to handle,” ex-
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plained the NACA’s Executive Officer as he turned down Ide’s proposal. The
rivalry with the military attachés also remained a bone of contention. Almost
two years after Ide had started his mission in Paris, he informed the NACA of-
ficers in Washington about a correspondence among military attachés that had
come to his attention: they hoped “that the wave of economy may reach even
the National Advisory Committee for Aeronautics and, by cutting off their
appropriations, eliminate their representative in Paris who is merely the fifth
wheel to a wagon.” But Ide had contacts in the aeronautical circles in Europe
“not possessed by any other American,” as was acknowledged in Washing-
ton, and the NACA would not give up such a “tremendous asset” [197], [170,
p- 75].

For Prandtl, the change of personnel in the Paris Office did not matter.
Knight had rendered him a last service shortly before he was relieved by or-
ganizing a “journal circle” in order to provide the German aeronautical com-
munity with the most recent literature in the field — literature that otherwise
would have been difficult to obtain during the early postwar era [198]. Knight
kept in close contact with Prandtl by correspondence for many more years,
and his successor continued the friendly relations between the Paris Office
and the German scientists by frequent visits and a regular exchange of tech-
nical publications. “At Gottingen I visited the Laboratory and spent the day
with Prof. Prandtl and Dr. Wieselsberger,” Ide reported about his first visit.
In a personal letter to the Executive Officer of the NACA, George Lewis, he
described the cordial atmosphere of his visit in more detail. He invited his
German guests to his hotel for dinner, and they spent many hours in a relaxed
mood with Moselle wine. “I am pleased to note that you were successful in
meeting Professor Prandtl,” Lewis responded. The NACA was eager to nur-
ture the relationship with Prandtl, although Lewis advised Ide that he should
pursue it without any official commitments in order to avoid political trou-
ble [199].

The friendly relations between Prandtl and the NACA prevailed through-
out the 1920s and 1930s. Besides the regular exchange of material with the
Paris Office, Prandtl corresponded with Knight, Ide, Hunsaker, Ames, and
Warner on a host of private, political, technical, and scientific matters. Disre-
garding the official boycott, a regular, but informal, exchange of aerodynamic
know-how between the USA and Germany via the Paris Office came into full
swing within only a few years after the war. Via the travels of the NACA’s
“Technical Assistant” the results of the Goéttingen AVA became known not
only to the NACA, but also to the English, French, Italian, and other Euro-
pean aeronautical research facilities along Ide’s itineraries. In addition to this
informal transfer of knowledge, the NACA'’s Technical Reports and Memo-
randa became a most widely appreciated means to internationalize aeronau-
tical knowledge all over the world. In retrospect, it seems ironic that this pro-
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cess was initiated by an office dedicated to intelligence in the interest of the
USA in order to catch up with Europe in aeronautics. Today, intelligence is
regarded mainly as secret information gathering, but back then, it was con-
sidered in a broader sense and comprised the collection of information and its
distribution. It is even more paradoxical that this internationalization reached
its climax when German science was officially isolated from the international
scientific community, and aviation, in particular, was affected by the Versailles
Peace Treaty.

The internationalization effected by the USA after the First World War was
not restricted to aeronautical sciences. In more basic sciences, too, the USA
was eager to catch up with Europe. In the early 1920s the Rockefeller Founda-
tion started to fund European research centers and to accelerate the spread of
new scientific results by an international fellowship program. Wickliffe Rose,
the founder of Rockefeller’s International Education Board (IEB), reported in
November 1923: “Higher mathematics in the United States has had its devel-
opment in the main since 1890. America is behind Germany, France and Italy
at the present time.” The Rockefeller Foundation was “primarily interested
in American education and in the ‘national interests” of the United States,”
a recent study on Rockefeller’s initiative to internationalize mathematics con-
cluded. Scientific internationalism was “a strategy to pursue genuinely Amer-
ican goals.” The Rockefeller Foundation, too, maintained an office in Paris
in order to establish relations with European scientific centers. Its mission
resembled that of the NACA office, and as far as Germany was concerned,
Gottingen was also a major target for Rockefeller’s goals. When Rockefeller
emissaries pondered the funding of Géttingen mathematics, they regarded the
proximity of Prandtl’s institute as an advantage. Although Prandtl is “more
of an engineer than a physicist,” a report remarked, he “is also professor in
University—mathematics department.” The Rockefeller representative came
to the conclusion that the “presence of Prandtl’s lab[oratory] in Géttingen is a
factor of strength in the general scientific situation there.” As a result, Rock-
efeller financed the construction of a new mathematics institute in Gottingen
and encouraged traveling research fellows to sojourn there. Among the Rock-
efeller fellows of the 1920s who were particularly attracted by Prandtl was,
for example, the Cambridge student Sydney Goldstein, who would later rise
to prominence in theoretical fluid dynamics in England [200, pp. 18, 37, and
Appendix 6].

4.2
Standardization

The more aerodynamicists learned about work in other laboratories, the more
they became aware of the need for standardization of their experimental and
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theoretical procedures. Beginning in 1920, British aeronautical engineers con-
ceived a project for comparing and subsequently standardizing wind tunnel
data [201]. Earlier wind tunnel tests at the British National Physical Labo-
ratory (NPL), Eiffel’s Laboratory in Paris, and the Massachusetts Institute of
Technology in the USA had revealed to what extent the measurements dif-
fered from facility to facility. Under the headline “Standardization and Aero-
dynamics,” the American aviation magazine Aerial Age started a series of ar-
ticles in June 1920, which revealed the opinions of the directors of the lead-
ing aerodynamic research laboratories in Europe that there was a need for
international coordination of their work. The spokesman for internationaliz-
ing and standardizing aerodynamics was Knight. He proposed summoning
the leading international aerodynamicists to a conference on standardization.
During the two years of his term as the NACA's representative in the Paris
Office he became aware of how the tangle of methods rendered the measure-
ments of different laboratories incompatible with one another. For example,
wind tunnel measurements of the same wing profile in Eiffel’s Laboratory and
at the NPL resulted in different polar diagrams. Knight therefore expressed
the concern “that the present state of things is fraught with danger to the
Science of Aerodynamics. As a matter of fact, when these divergencies are
brought before the public, and especially before airplane manufacturers, as
they must inevitably be, confidence in the work of the laboratories will be ut-
terly shaken.” Only a conference dedicated to the standardization of aerody-
namical research could avoid further damage. In his plea for such a congress,
Knight argued that political obstacles should be disregarded and representa-
tives of all leading aerodynamic laboratories should participate — including
German scientists. He criticized the tendency “to snub and to pretend to ig-
nore the wonderful progress made by the Germans in aerodynamics during
the war” [202, pp. 3 and 7].

Knight had started already in the summer of 1919 to plan a “Congress of
representatives of Aerodynamic Laboratories for the standardization of the
work performed in such laboratories,” preferably in Paris and under the guid-
ance of the NACA, but he met with resistance among his own colleagues [203].
“I do not believe that it would be wise for us to take the lead of calling such
a congress at the present time, as the National Advisory Committee for Aero-
nautics really have nothing to show in the way of research work up to the
present time,” Warner responded to Knight’s plan. “In any case it seems to me
that we should not attempt to initiate and control a conference which would
sit in Paris” [204].

But Knight was not so easily discouraged and asked his European contacts
to support his initiative. In October 1921 he published Prandtl’s comment on
the issue of standardization in Aerial Age in an attempt to elicit the comments
of other leading European aerodynamicists in order to demonstrate “that all
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that is needed to bring about results is to take the lead in bringing them to-
gether and letting them decide something which will be agreeable to every-
body and especially to manufacturers and designers of aircraft who are the
only ones for whom the research work is done in the laboratories and books
and for whom technical reviews are published.” Prandtl supported Knight’s
plea with technical details. For example, he pointed to the various methods
of creating the stream of air in wind tunnels: “In order to accomplish any
comparative results in wind tunnel tests, it is of prime importance to have
the air currents comparable,” Prandtl argued. It was critical, for example,
to keep the wind eddies at a minimum. In Géttingen, they had paid much
attention to this problem and found that with a special grid formed like a
honeycomb and attached in front of the conical narrowing passage before the
test chamber, the current of air was most homogeneous. In order to achieve
high Reynolds numbers as in real flight, large model sizes had to be used,
with the consequence that air flow was modified due to the vicinity of the
tunnel walls, but such disturbances could be accounted for computationally:
“The modern wind theory allows a calculation of the influences exerted by the
walls of the test tunnel or by the limitations of the free air stream.” Another
problem that called for international coordination concerned the mounting of
models. Prandtl argued that part of the discrepancies between the measure-
ments at the NPL and FEiffel’s Laboratory was due to different mountings,
which caused disturbing effects in the wake of the models: “As known, any
disturbing element on the suction side entails quite a drag which increases
with the angle of incidence while any disturbing influence on the pressure
side brings a decidedly lower and with increasing angle of incidence a de-
creasing drag” [202, pp. 10-13].

In a subsequent issue, Knight introduced Prandtl’s protégé Theodore von
Kéarman, “a most brilliant scientist who has been prominent in the develop-
ment of aeronautics in Austria during the war and who is now at the head of
the Aachen aerodynamic laboratory.” Karméan condensed the most important
items requiring standardization into three categories: coefficients, methods of
measurement, and definitions and symbols. None of these were of mere aca-
demic importance. Karman pleaded for the widespread use of dimensionless
coefficients because they enabled the application of the laws of mechanical
similarity. He mentioned the study of heat transfer in gases and fluids as an
example in which the use of such coefficients led to a better understanding.
With respect to measurement techniques, he emphasized like Prandtl, how
important it is for the achievement of comparable test results in wind tun-
nels that the current of air is as free as possible from turbulent eddies. He
suggested developing instruments for the measurement of turbulence. Fur-
thermore, he agreed with the proposal that in order to compare results from
different wind tunnels, all laboratories should first measure simple test bodies,
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such as spheres and disks of equal size; in fact, “it would be best to have the
same model make a round trip to every laboratory adapted for such work.”
As a first step, Karman proposed convening a “preliminary conference be-
tween a few of the most prominent scientists and technical men” who should
prepare the ground “for creating an international scientific aeronautical as-
sociation which is the best for bringing about a much desirable cooperation
among aerodynamical research workers.” As a site for such a meeting he pro-
posed a village like Bozen or Meran in Italian Tyrol [202, pp. 18-20].

Although Knight was no longer the NACA’s European representative at
this time, he pursued the plan of an international conference on standardiza-
tion with unabated zeal. He used Prandtl’s and Karman’s expert opinions as
evidence that the most distinguished aerodynamicists regarded the standard-
ization in aerodynamics as expedient and that petty resentment of German
scientists should not doom this plan to failure. However, in view of the hostile
French attitude towards Germany, Prandtl was pessimistic whether Knight's
plan could materialized [205]. The official U.S. attitude was “against mixing
in anything that is international, or that can in any way be tied to the Peace
Treaty.” The USA had not ratified the Versailles Treaty but concluded a sep-
arate Peace Treaty with Germany and Austria in July 1921. Official interna-
tional commitments were considered delicate political affairs, although Lewis
admitted in a letter to Knight’s successor that the NACA was “extremely in-
terested in standardization” [199]. However, Knight no longer felt obliged to
comply with the official position of the U.S. government after his dismissal
and was more determined than ever before to pursue his plan even “against
the narrow minded nationalistic tendencies of some European nations and
the selfishness of the United States” [206]. In a sequel to his previous arti-
cles, he published in the February 1922 issue of Aerial Age the expert opinion
of Giulio Costanzi, an Italian aerodynamicist “well known among aeronauti-
cal scientists on account of the important research work done by him at the
Royal Aircraft Establishment in Rome.” In March, the series was continued
by an article by the Russian aerodynamicist and former research collaborator
at Eiffel’s Laboratory, Wladimir Margoulis. Through to September 1922, four
more pleas followed, authored by the directors of aerodynamic laboratories in
Rome, Vienna, Amsterdam, and Washington. In December, Knight concluded
the series with another passionate call for action: “At present such a diver-
gency exists between experimental results obtained in various wind tunnels,
when no such divergency should exist, that the confidence of aircraft man-
ufacturers and designers in the usefulness of wind tunnel research work is
badly shaken” [202, pp. 29-65].

Knight’s initiative, however, was doomed to failure. The NACA finally
declared that it is “not willing to take the initiative in the forming of an In-
ternational Congress for the Standardization of aerodynamics.” The British
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Aeronautical Research Committee also withdrew its support because it did
not consider “that the time is yet come for the proposed congress of repre-
sentatives of aeronautical research laboratories.” A preliminary international
meeting held in Paris in November 1921, the First International Congress of
Aerial Navigation, failed to meet its goal because “American and British lab-
oratories were conspicuously absent” and “German Laboratories were not al-
lowed to join,” as Knight criticized. A proposal by the director of an aero-
dynamic laboratory in Madrid to grant the Eiffel Laboratory the authority to
publish guidelines for the international performance of wind tunnel tests was
commented by Knight with the following remark: “Frankly, we fail to see that
the matter is so simple as Mr. Herrera seems to think.” Under the headline
“The Moral of a Sad Story,” Knight presented a sober account on the state of
affairs: 1) all leading experts in the area of aerodynamics regarded the lack
of international collaboration as a serious problem; 2) the chaotic tangle of
symbols, definitions and modes of representation hinders the use of research
results; 3) there is no shortage of readiness for international collaboration on
the part of the scientists and engineers themselves; 4) because most laborato-
ries are state-controlled, an initiative to surmount the present obstacles has to
start from one or more governmental aeronautical institutions; 5) any effort in
this regard has to take into account the clauses of the Versailles Peace Treaty; 6)
under these conditions no “truly international agreement” may be achieved;
7) comparative model tests in different wind tunnels performed so far had
been undertaken without participation of German aerodynamic laboratories
and are therefore only of limited use. If there was an organization that could
lead aerodynamics out of this impasse, it was the NACA. This organization
possessed “the assurance of the most effective cooperation of scientists of all
nations (former allied and former enemy nations) who, in spite of the official
taboo which separated and still separates in most European countries scien-
tists in two groups: friendly and enemy, would have welcomed any attempt
on our part to bridge the gap, in so far at least as aeronautics are concerned.”
As an example of setting political concerns aside for technical reasons Knight
mentioned the NACA'’s decision to use Gottingen’s mode of representing air-
foil data “simply because they were the most logical coefficients to adopt.”
France would follow in due time. With regard to laboratories in Great Britain,
however, he regarded it “very doubtful indeed if they will ever adopt symbols,
coefficients and graphical methods of representations other than their own.”
At the very end, he once more appealed to the NACA to use its prestige as
“the finest aeronautical scientific organization in the world” for an initiative
towards internationalization and standardization: “Why should short-sighted
and short-lived political considerations deprive this nation and our National
Advisory Committee for Aeronautics of the great privilege of being able to
make the first move?” [202, pp. 70-97].

95



96

4 The Internationalization of Fluid Mechanics in the 1920s

4.3
International Conferences

The NACA published Knight’s plea together with the preceding series of ar-
ticles in Aerial Age as a Technical Note in its series of reports — but it did not
act as Knight had proposed. No international conference on standardization
was held in Paris under the umbrella of the NACA or elsewhere as the ini-
tiative of another organization. In the subsequent years, the NACA issued
several test series in its Langley Laboratory for the purpose of standardizing
wind tunnel measurements [207-210], but the need for international agree-
ment became more urgent by these measurements. “The actual process of
standardization still lies in the future,” a report concluded in 1925 after com-
paring the test results from Langley’s wind tunnel No. 1 on the drag of disks,
spheres, and certain airfoil profiles with those from other laboratories. “Even
when such tests as the series above have been completed by all the laborato-
ries concerned, an enormous amount of work will have to be done before any
real state of standardization is attained” [208].

Despite widespread unanimity among the aerodynamicists about the need
for standardization, the community of aeronautical scientists was still far
remote from the ideal of the “international brotherhood” Knight had envi-
sioned [202, p. 97]. In February 1923, two months after the final article on
standardization had appeared in Aerial Age, Prandtl wrote to Knight: “After
the Frenchmen have invaded our German coal region I declare that I do not
wish to collaborate with a Frenchman and that I also do not wish to see a
Frenchman in my Géttingen establishment, except if he declares in writing
that he disapproves of the politics of his government.” Although he shared
Knight’s view that the NACA should take the initiative for the organization
of a conference on standardization, he was pessimistic whether the plan could
materialize; first of all, the NACA should convince England to join this cause,
Prandtl suggested. In the present political climate, however, he did not regard
it likely that an official and truly international conference could be convened.
More promising were privately organized meetings like a conference held in
Innsbruck which was “unclouded by any political troubles.” He expressed his
belief “ that only such a private association of scientifically interested people
offers the perspective for really useful international work. All political view-
points of official governments are only obstructive for science” [211].

The Innsbruck conference to which Prandtl alluded resulted from the pri-
vate initiative of Kdrman. After the war Karman was returned to his Aachen
chair with the intent of resuscitating the science of hydro- and aero-mechanics,
which had progressed to new frontiers since 1914, but, as he wrote in April
1922 to Italian mathematician Tullio Levi-Civita (1873-1941), “unfortunately
the personal intercourse among those who work in this area is rather sparse.”
Kérman cherished an international atmosphere privately as much as in his
profession. He invited students from all over the world to his home where
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his mother and sister promoted an atmosphere of cooperation and open-
mindedness. Karmén thoroughly disliked the nationalist resentment that
sprang up during the “cold war” among many of his colleagues after the First
World War. In his own discipline, he noticed that there were also gaps between
those who dealt with the mathematical, physical, and technical aspects of fluid
mechanics. Therefore, he suggested convening “a very unofficial meeting” of
“about 30 to 40 gentlemen.” He proposed Innsbruck as the place for this con-
ference “because Austria is rather neutral soil, and a sojourn there would be
affordable for all participants.” If “such a casual meeting” would be success-
ful, “the official circles” would soon follow this example. He asked Levi-Civita
to invite the colleagues from the Romance-language- and English-speaking
countries, while he would care for those in Germany, the Netherlands, Aus-
tria, Switzerland, Russia, Czechoslovakia, and Scandinavia. He emphasized
that he would extend the invitation to England and France, “but I cannot judge
whether in these countries the friendly attitude is far enough advanced so that
an invitation would not be rejected” [212]. Although the plan materialized,
and the conference was held in Innsbruck in September 1922, it was not re-
garded as a breakthrough to overcome the hostility between the major former
wartime enemies. The conference proceedings list nine participants from Ger-
many, three from the Netherlands, six from Italy, two from Sweden, and one
from each of Norway and Poland [213]. Knight did not regard the Innsbruck
conference as a model for the proposed international conference on standard-
ization: “American, British and French scientists did not answer the call of
their German and Italian brethren, not because they did not want to, but be-
cause they could not on account of the unfortunate preponderance of political
considerations over other considerations of higher nature” [202, p. 96].

For those who participated in the Innsbruck conference, however, it was
regarded successful enough that Kirmdan and his colleague from the Nether-
lands, Johannes Martinus Burgers (1895-1981), felt encouraged to plan a se-
quel “mechanics congress” in Delft [214]. Burgers was director of the Lab-
oratory for Aero- and Hydrodynamics at the Technical University Delft and
exerted a role in the Netherlands similar to Prandtl’s in Germany. He is re-
garded as “the ‘father of fluid dynamics’ in the Netherlands” [215]. Burgers
and Prandtl had corresponded with another since 1919. In October 1923, Burg-
ers asked Prandtl to support his and Karmdn's plan to convene the conference
in Delft by participating in a preparatory committee and by signing a com-
mon conference call. In order to achieve greater international weight, Burgers
proposed that the call also be signed by American, English, and French sci-
entists [216]. Prandtl agreed in principle, but “because of political feelings”
made his own signature dependent on a clause:

“I have always defended the idea that the common cause of scien-
tific interests should bring together again the scholars of formerly
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hostile nations for the best of their peoples. But I had to revise this
view, as far as Frenchmen and Belgians are concerned, because of
their illegal invasion into the Ruhr area, and the never-ending op-
pression of the German people since then by Frenchmen and Bel-
gians; therefore I am forced to declare that I do not wish to partici-
pate in a committee side by side with representatives of the French
and Belgian nations as long as the present politics of oppression
holds on. I also do not wish to be in touch with a Frenchman or
Belgian personally, except if he condemns the present politics of
his government in a clear manner. I ask you, therefore, to include
me as a member of the preparatory committee only if for some
reason the Frenchmen will not participate” [217].

Prandtl was not alone with such resentment. Richard von Mises (1883—
1953), professor of applied mathematics at Berlin University, had the same
misgivings. “Now von Mises and I, independently, have arrived at the same
conclusion,” Prandtl informed Kérman, “that at the present time we cannot
agree under any circumstances that our names appear side by side with com-
patriots of the French Republic as members of the committee.”

Kérman tried to mediate. Scientists from the neutral countries, England,
America and Italy had agreed to participate without any conditions, he re-
sponded, but the French had declined, “some of them with an expression of
regret,” he added. With the absence of French members, Prandtl and Mises’s
stipulation became obsolete as far as the preparatory congress committee was
concerned. For the conference itself, however, Prandtl insisted that he did not
wish to have contact with French or Belgian scientists. Karman argued that
this would be “practically unfeasible” and impossible from a moral point of
view. But if the congress would in fact take place it would be an important
step “for the official recognition of German science in the whole world.” He
regarded it “completely wrong” to abstain from participating under these cir-
cumstances [218]. Burgers, too, was disappointed by Prandtl’s attitude, but he
hoped that the major part of the problem was resolved after the French had
declined or ignored the invitation to participate [219].

Due to the “self-elimination of the Frenchmen” Prandtl considered “the dif-
ficulties which had existed for us Germans” as overcome and declared his
consent for his name to be added to the congress committee. “Of course I only
meant that I do not wish to collaborate with a Frenchman in the committee or
elsewhere on a personal basis,” Prandtl softened his tone. “If one or another
Frenchman will be present at the conference, this will not bother me” [220].
Mises, too, declared his consent to participate in the congress committee. The
other members came from England (L. Bairstow, W.G. Coker, A.A. Griffith,
R.V. Southwell, G.I. Taylor), Norway (V. Bjerknes), Austria (P. Forchheimer),
Italy (T. Levi-Civita), Czechoslovakia (T. Poschl), Russia (A.A. Friedmann), the
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USA (J. Hunsaker), and Switzerland (E. Meissner). The congress was held in
September 1924 in Delft. One hundred and five Dutchmen, 54 Germans, 14
Englishmen, seven Russians, four Poles, three Belgians, three Italians, three
Norwegians, three Scots, three Czechoslovakians, three Americans, two Aus-
trians, two Swedes, one Australian, one Bulgarian, one Canadian, one Egyp-
tian, one Romanian, one Turk, and even one Frenchman attended. Altogether
there were 214 participants from 21 countries — a remarkable demonstration
of international scientific cooperation only six years after the war [221].

The Delft congress was the first in a series of International Congresses of
Applied Mechanics. The second was held in 1926 in Zurich. Afterwards, these
congresses were convened in four-year intervals: 1930 in Stockholm, 1934 in
Cambridge, England, and 1938 in Cambridge, USA. After the Second World
War the tradition of these conferences was resumed under the umbrella of
an official organization, the International Union of Theoretical and Applied
Mechanics (IUTAM) [222]. However, the quest for internationalism among
scientists was not free of its share of challenges. The correspondence among
the organizers during the 1920s and 1930s provides evidence for the ensuing
struggle involving national issues, which more than once interfered with the
scientific internationalism presented in the public declarations. During the
preparation of the third mechanics congress, for example, a controversy arose
because Belgian scientists intended to use this occasion to celebrate the hun-
dredth birthday of Belgian independence and therefore voted to convene the
congress in Liege rather than in Stockholm. The international congress com-
mittee regarded this move as an effort to exploit scientific internationalism for
national political goals. “In total contrast with the Belgians, who seem to re-
gard a political event as a good reason to call for a scientific meeting, we think
that no occasion would be less appropriate for this purpose,” the Dutch mem-
bers of the committee wrote to their Swedish colleague Carl Wilhelm Oseen
(1879-1944). They suggested that he should insist on the proposal to convene
the congress in Stockholm [222, p. 12]. Burgers regarded the Belgian plan “as
extremely dangerous for the international collaboration achieved so far” and
asked Prandtl for support in order to strike it down [223]. “We German mem-
bers of the international congress committee,” Prandtl assured Burgers, “have
corresponded about this issue and are unanimous in so far that our position
must side with yours” [224].
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4.4
Applied Mathematics and Mechanics: A New International Discipline Between
Science and Technology

Apart from their debatable demonstration of scientific internationalism, the
“mechanics congresses,” as they were called for short, signaled the emer-
gence of a new disciplinary identity among researchers in fluid mechanics.
On a national scale the first instance of this new attitude could be observed in
1920 at a conference of natural scientists in Bad Nauheim. It was discussed,
Prandtl informed Kérman, “that at the next meeting, a division for applied
mathematics or something similar should be convened in close contact with
the divisions of physics and mathematics” [225]. The opportunity to establish
the new specialty encompassing features of mathematics, physics, and tech-
nology came in September 1921 in Jena at the joint meeting of the Deutsche
Mathematiker-Vereinigung, the Deutsche Physikalische Gesellschaft, and the
recently founded Deutsche Gesellschaft fiir Technische Physik. As was pro-
claimed at this meeting and published in the first issue of a new journal,
the Zeitschrift fiir angewandte Mathematik und Mechanik (ZAMM)), the spe-
cialty of applied mathematics and mechanics should be given greater weight
and presented in a more coherent manner. The initiators of this move were
the same as those who would later participate in the committee of the in-
ternational mechanics congresses: Prandtl, Kdrman, and Richard von Mises.
Since 1920, they (and a few others like Hans Reissner, Mises’s fellow pro-
fessor of mechanics at the Technical University in Berlin) kept an intensive
correspondence on the professional and institutional ramifications involved
with the establishment of applied mathematics and mechanics as a new dis-
cipline between physics, mathematics, and engineering. They expressed their
conviction that this field was distinct from traditional engineering sciences
or technical physics, and they would not feel appropriately represented by
the Verein Deutscher Ingenieure (VDI) or the Deutsche Gesellschaft fiir Tech-
nische Physik. They regarded applied mathematics and mechanics as a spe-
cialty for which there did not yet exist an appropriate organizational um-
brella. The result of their collaborative effort was, besides the foundation of
the ZAMM, the establishment of a new professional society, the Gesellschaft
fiir angewandte Mathematik und Mechanik (GAMM) [226,227]. Year after
year, Prandtl acted as the chair of the GAMM.

With the new journal ZAMM (1921), the GAMM (1922) as a new organiza-
tional umbrella, and the new tradition of international mechanics congresses
in Innsbruck (1922—later called the zeroth International Mechanics Congress)
and Delft (1924), applied mathematics and mechanics rapidly developed its
own momentum. Its most important subfield was hydro- and aerodynamics,
the theme of the Innsbruck congress, but other mechanical specialties such as
plasticity, elasticity, and strength of materials were also encompassed. In ad-
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dition to besides hydro- and aerodynamics, the Delft congress featured two
other divisions of “rational mechanics” and “elasticity theory.” Burgers’s de-
clared intent was to broaden the scope of the Innsbruck conference so that
“the whole mechanics” was addressed — not arbitrarily, but with the focus
on “technically important problems,” as he wrote to Prandtl [216]. By the
mid 1920s, a new international community of mathematicians, engineers, and
physicists surfaced: its representatives were the members of the congress com-
mittee for the international mechanics conferences; its mother disciplines were
still called physics, mathematics, or engineering, but the profile of the new ap-
plied mechanics and mathematics community presented them with a distinct
identity.

Prandtl’s local setting in Gottingen also changed by the mid 1920s. In 1925,
he became the director of a larger institute of fluid dynamics. Since 1911
Prandtl had entertained the hope of including in his research more fundamen-
tal scientific problems of fluid mechanics in addition to technologically moti-
vated aerodynamics (see Chapter 2). When he received a call to the Technical
University of Munich in 1920, the Kaiser Wilhelm Society averted Prandtl’s
departure by fulfilling his wish for a “Kaiser-Wilhelm-Institut fiir Aero- und
Hydrodynamik,” as it was titled in the original proposal. However, the new
institute did not materialize immediately. Headlines such as “Prandtl turns
down the Munich call,” “Prandtl accepts the renewed call to Munich,” and
“Prandtl’s call back to Gottingen,” followed the year-long tug of war between
Gottingen and Munich. In the economic situation after the First World War,
“all efforts failed to obtain the required money from the Reich’s Ministry of
Finance,” the director of the Kaiser Wilhelm Society recalled in his memoirs.
Finally, the Gottingen University offered a honorary degree to a private spon-
sor “if he enables the development of an important specialty in Gottingen and
to keep a highly esteemed colleague here by erecting a hydrodynamical insti-
tute.” The deal worked out. With the additional private funds of the spon-
sor, the new Kaiser-Wilhelm-Institut was erected in 1924 beside the buildings
of the AVA. In July 1925, the new “Kaiser-Wilhelm-Institut fiir Stromungs-
forschung, verbunden mit der Aerodynamischen Versuchsanstalt in Gottin-
gen” was formally inaugurated [67, pp. 240-243], [228, pp. 80-88].

Prandtl had always stressed the importance of combining applications with
fundamental research. He regarded his specialty — applied mechanics—from
the perspective of both a scientist and an engineer. When he was perceived
by others as a representative of aerodynamics, he had mixed feelings. For ex-
ample, when Aerial Age nominated him to be elected to their editorial staff,
Prandtl first hesitated to accept because he regarded himself more as a fluid
dynamicist than as a representative of aeronautical interest; nevertheless, he
finally accepted his election [229]. The right balance of scientific and techno-
logical interests was also the subject of discussions at the International Me-
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chanics Congresses. A proposal at the Zurich Congress in 1926 to replace
“Applied Mechanics” by “Technical Mechanics” in the title of the conference
was rejected; such a proposal had already been discussed for the Delft Con-
gress two years earlier. The Dutch representatives in the international con-
gress committee argued, “Applied Mechanics” should be kept because “it is
very important that the connection with the contiguous fields of mathemat-
ics and physics be maintained.” After the Second World War this tendency
was made more explicit when the new umbrella organization called itself the
“International Union of Theoretical and Applied Mechanics” [222, p. 13].

To have established applied mechanics as an new international discipline,
with fluid dynamics as its most important specialty, does not mean that the
various national traditions were easily brought into accord. Politics was not
the only hurdle on the way towards an international practice in science; the
scientists themselves were often unable to overcome their mutual traditions
developed within their national environments. The much cherished “inter-
national brotherhood” among scientists in general, and the experts on fluid
mechanics in particular, was a myth. Prandtl’s unforgiving attitude with re-
gard to French participation at the first mechanics congresses illustrated the
politically motivated hostility; Max Munk’s case presents us with an exam-
ple of incompatible national traditions on the level of practical aerodynamic
work.

4.5
Internationality in Practice: Max Munk at the NACA

Max Munk emigrated to the USA in 1921 and became employed by the
NACA. In view of the restrictions to aviation in postwar Germany, engineers
who had chosen aeronautics as the subject of their professional work saw an
uncertain future. “The situation seems to be terrible there and all Germany
seems to be willing to move to the U.S.A.,” an aerodynamicist at the NACA
on commented one of Knight’s reports from Germany [230]. Munk was in
such a situation. But in contrast to others, the NACA had a keen interest in
his employment. “Dr. Munk is at present Aerodynamical Expert of the Zep-
pelin Company in Germany,” Ames informed the Executive Committee of the
NACA in November 1920. “His employment would probably be the cheapest
and most effective way of obtaining a vast amount of information developed
in Germany during the war and not published” [231]. Despite the NACA’s
interest, however, it was not easy to obtain the official permit for Munk’s
employment. “My American prospects are not so bad,” Munk reported to
Prandtl after Hunsaker had sent him a comforting letter, “the main problem
is my German nationality” [232]. The process ultimately required two signa-
tures from the president of the USA for Munk’s transfer to the NACA: one for
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the permit to enter the country and the other to employ him in a government
agency [233, p. 75].

At the NACA, Munk was received with high expectations. Munk would
be “a very useful man in the Committee’s office,” Ames promised his col-
leagues, particularly “to draw general conclusions from the work of other peo-
ple” [231]. Frederick Norton, a physicist at the NACA’s Langley Laboratory,
suggested as “subjects for Dr. Munk” that he should first of all “write a clear
and practical paper on the Prandtl theory with examples showing its applica-
tion to a number of cases taken from American wind tunnel tests” [234]. When
Munk began his work in March 1921 in the NACA'’s Washington office he was
eager to meet the expectations of his new employer. He did not, however,
regard himself as a general problem solver but wished to direct the NACA’s
aerodynamic research more actively. Munk was employed barely a month
when he proposed that the NACA should build a new compressed-air wind
tunnel. The Reynolds number is proportional to the product of air pressure
and model size, and for small models, large Reynolds numbers like those of
airplanes in free flight could be obtained if the pressure were increased [237].
The Executive Officer of the NACA forwarded Munk’s proposal to the Lang-
ley Laboratory and added “that the idea of constructing a wind tunnel of this
type has gained in favor among those interested in the project in Washing-
ton” [235].

However, when Munk paid a first visit to the laboratory in order to famil-
iarize himself with the work of his colleagues and to discuss the design of the
compressed air wind tunnel, Norton complained: “While I have a great re-
spect for his ability in aerodynamics, I have the feeling that he is not giving
us all of the information that he is able to.” He also expressed doubts whether
Munk’s proposal was as advantageous as his Washington superiors believed,
and suggested “another method of obtaining large values of Reynolds’s num-
ber on tests of wings which I believe eliminates all of the disadvantages enu-
merated for the compressed air wind tunnel.” Norton’s alternative method
consisted of testing wing models and other test objects in free flight by sus-
pending them below an airplane on long wires. “By knowing the speed of
the airplane, the pull on the wires and the angle at which the model is de-
flected backwards, the lift and drag coefficients can be easily computed,” he
argued. “This method not only gives the proper Reynolds number but it also
gives a velocity, a size, a degree of turbulence and an unrestricted body of
air which is identical with that in which the full sized airplanes fly, so that
there can not be any doubt as to the applicability of the results to the full sized
machine.” Apart from the disagreement on technical details Norton feared
trouble if Munk permanently moved to the laboratory: “If Dr. Munk stayed at
the Field as I believe he desires to do it would be extremely difficult not only
to fit him into the organization but to prevent friction between him and the
officers around the Field” [236].
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But at the Washington NACA headquarters Munk’s expert opinion was
rated higher than Norton’s criticism. The “Variable Density Tunnel (VDT)”
was built and started operation at Langley in October 1922. It was widely ac-
knowledged as evidence for the NACA’s rise to international prominence for
wind tunnel testing. By the mid 1920s, the VDT was used for a systematic
series of profile measurements, the so-called M-sections, after Munk. A few
years later, the NACA assumed the leading role in the world for its catalogs
of wing profile measurements [233]. Munk also published a new method for
calculating the lift, load distribution and pitching moment of thin wings. His
theory focused on the mean line of a wing section (i.e., the locus of points
halfway between the upper and lower surfaces) and was in good agreement
with experiments for not-too-thick wings of almost arbitrary shape (“thin-
airfoil-theory”) [238-240].

The NACA engineers’ resentment about Munk’s performance was notice-
able from the very beginning of Munk’s employment, but as long as he was
based at the NACA’s Washington offices and his contacts with the Langley
Laboratory happened as an occasional exchange of letters and memos, each
party went its own way. However, a growing tension could be felt even be-
hind the sober official correspondence: “Dr. Munk will take absolutely no sug-
gestions of any kind,” Norton once complained when he wished to change a
minor detail in the design of the VDT [241]. Munk was perceived by the Lang-
ley engineers more and more as an arrogant German, and Munk’s correspon-
dence with his former professor in Gottingen shows that this reproach was
not altogether wrong: “As a scholar one has here fewer competitors, but also
a much smaller audience,” Munk wrote to Prandtl in August 1921. “The civi-
lization here is further than in Europe, but the mental culture (Geisteskultur) is
somewhat retarded.” Furthermore, he was jealously concerned about the pri-
ority of his ideas. When Prandtl was astonished that Munk did not mention
Margoulis, who had propagated the idea of the variable density tunnel earlier
than Munk, he received this response: “I invented the high-pressure tunnel
entirely by myself and therefore did not mention Mr. Margoulis. Whether he
can say the same about himself I do not know. In the capacity of Mr. Knight’s
secretary he had a chance to take a look at one of my letters which concerned
this subject matter” [242]. Even an admirer of Munk (Robert T. Jones) admit-
ted that “he was perhaps a little difficult to get along with” [243].

When Munk moved to the Langley Laboratory in 1926 as director of the
Aerodynamic Division, the engineers’ animosity toward the new boss turned
into an open revolt. As a consequence, Munk resigned. The details of the
revolt against Munk are not known. The official historical account of the Lan-
gley Laboratory remarks on this episode as follows: “Munk was unusual in
the Langley setting. The first thing that any group of Americans would have
noticed about him, once hearing him speak, was that he was a foreigner. No
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doubt his thick accent and unfamiliar inflections made him seem more eccen-
tric than he really was. What was worse in the early 1920s — a time of rampant
nativism — Munk was a German, a "hated Hun,” only recently the enemy of the
United States and its allies.” Munk's failure is interpreted as a “clear instance
of nonadaptation between different national cultures of science and engineer-
ing, or as a case in point showing how ‘culture shock” may affect technology
transfer” [233, p. 91].
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A “Working Program” for Research on Turbulence

Despite different national cultures and mutual resentment, scientific interna-
tionalism was more than a mere ideology. Prandtl’s desire for collaboration
with colleagues in other countries was not completely abolished by political
events like the Ruhr crisis. It sprang from a sincere scientific interest to ex-
change and communicate new research results after years of forced isolation
from international scientific life.

Furthermore, with the focus on aviation-related wind tunnel testing, fun-
damental research in fluid dynamics had been pushed into the background
during the war years. Even before the war, the rise of aeronautics involved
a stronger emphasis on applied aerodynamics than on basic problems in hy-
drodynamics. It was not by chance that Prandtl demanded as early as 1911
that his institute be expanded to an institute of hydro- and aerodynamics.
When his wishes became fulfilled in 1925 with the new Kaiser Wilhelm In-
stitute (KWI), Prandtl wrote to the president of the Kaiser Wilhelm Society
that this institute should be named “Institute for Fluid Dynamics” (Institut
fur Stromungsforschung), because this designation “encompasses everything
which will be done in the institute” [67, p. 248]. Although the new institute
nominally comprised the former AVA and Prandtl served as director of the
entire establishment, his focus was on the fluid dynamics institute; the AVA
was directed by Betz, Prandtl’s deputy.

The emphasis on basic fluid dynamics, however, should not be interpreted
as a turning away from practical applications. This becomes evident if we ex-
amine the research on boundary layers and turbulence more closely, because
these are the two research fields that dominated Prandtl’s scientific interests
more than anything else.
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5.1
Turbulent Pipe Flow

Prandtl often approached basic problems from a practical angle. Data on fluid
resistance for flat plates or in pipes, as measured for decades in hydraulic lab-
oratories or institutes for ship-building, offered plenty of problems to test the
boundary concept. In 1908, Heinrich Blasius had shown for the first time in his
doctoral thesis that this theory in fact offered the prospect of tackling age-old
practical problems (see Chapter 2). If this theory could be extended so that it
did not only apply to laminar flow, new insight could be gained for turbulent
friction and turbulent boundary layers. After finishing his dissertation, Bla-
sius worked as an engineer at the Berlin Testing Establishment for Hydraulics
and Ship-Building (Versuchsanstalt fiir Wasserbau und Schiffbau), where data
on fluid resistance from many practical areas were at his disposal. In 1911 Bla-
sius wrote to Prandtl that he was processing these data in such a way that
they were comparable to another by the law of mechanical similarity. For this
purpose he had to display the coefficient of fluid resistance as a function of
the Reynolds number. If the law of mechanical similarity was valid, Blasius
argued, he could investigate “to what extent it is disturbed by the roughness.”
He referred to “Froude’s experiments” as evidence that mechanical similarity
applied to surface friction on plates. Now he aimed for a broader analysis of
“hydraulic friction” by extending the investigation to the vast amount of pipe
flow data [244].

Blasius processed the data of fluid resistance in pipes and found that the
so-called head-loss!, i.e., the loss of pressure over a certain distance, varied
as R~! (where R is the Reynolds number) for laminar flow, and as R~1/4 for
turbulent flow [245].

These empirical laws became the basis for the further development of
boundary layer theory. Prandtl and Kérman derived from these laws in the
1920s general laws for turbulent surface friction. They concluded that the
mean velocity in the turbulent boundary layer increases as y'/7, where y is
the distance from the wall of a flat plate. It was likely already discussed dur-
ing the First World War how Blasius’s power laws for turbulent pipe flow
could be extended to the case of turbulent surface friction along flat plates,
because in 1917, Betz and Wieselsberger were involved with investigations

1) The head-loss may be expressed as to determine. For the flat plate, the corre-

= A é gj , where [ is the distance over sponding frictional coefficient was found
N proportional to R~/2 for laminar flow,

in agreement with the theoretical result

of Prandtl and Blasius’ calculations for

the laminar boundary layer; for higher

Reynolds numbers, Blasius could not ar-

rive at a conclusive law on the basis of the

available data.

which the pressure loss is measured, d

is the diameter of the tube, v is the flow
velocity, and ¢ is the gravitational ac-
celeration. A is the dimensionless coeffi-
cient of friction whose dependence on the
Reynolds number (R) Blasius attempted
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of the resistance of fabric-covered plates. The goal of these measurements
was to distinguish the resistance of an obstacle due to the roughness of its
surface (“skin friction”) from that caused by its shape (“form drag” or “pres-
sure drag”). In wind tunnel tests only the total drag was determined; by
additional pressure measurements in front of and in the wake of an object,
the form drag could be measured separately, so that by subtracting this drag
form the total resistance, the skin friction could be obtained. Wieselsberger
published the results after the war in the first volume of the Ergebnisse der
Aerodynamischen Versuchsanstalt zu Gottingen and concluded on the basis of “a
recently obtained formula by L. Prandtl” that even for very smooth surfaces
(fabric that was varnished several times) the skin friction was caused by a
turbulent boundary layer. A summary of these results was published in 1922
as a NACA report [246, pp. 124, 136], [247].

Skin friction due to turbulent boundary layers became a research theme in
other laboratories as well. Thomas Stanton, a former collaborator of Reynolds,
performed many experiments for determining turbulent wall resistance at the
National Physical Laboratory in England [248]. In Delft, B.G. van der Hegge
Zijnen, a doctoral student under Burgers, developed a novel technique for
measuring the air velocities in the boundary layer along a flat plate in a wind
tunnel. He used a hot-wire instrument with which he was able to measure
wind velocities as close as 0.05 mm from the wall. This method was based
on the principle that the electric resistance depends on the temperature; if a
thin metal wire heated by an electric current is exposed to a stream of air, the
extent to which it cools off depends on the velocity of the air stream; the ve-
locity of the air stream, therefore, can be electronically monitored by account-
ing for the ensuing changes in electrical resistance. This method had already
been described before the First World War, but only with the use of extremely
thin wires (with a diameter of approximately 0.015 mm) and sophisticated
electronic circuits did it become feasible for measurements of velocity fluctua-
tions in boundary layers [249]. At the first international mechanics congress in
Delft, Burgers presented to his colleagues Zijnen'’s result that the 1/7-law was
found to agree with the measured data to an accuracy of 2% [250].

Despite this experimental confirmation, Prandtl and Karman’s 1/7 law for
the turbulent boundary layer along a flat plate was entirely based on an ex-
trapolation of Blasius’s data from 1913, which in turn were based on older
hydraulic pipe flow measurements. Both for the transition from laminar to
turbulent flow and for fully developed turbulence, new data appeared de-
sirable. Wind tunnel experiments were considered less appropriate for this
purpose because of the problems of discerning skin friction from form drag;
furthermore, even with guiding vanes and honeycombs the circulating air of a
wind tunnel was itself turbulent to some unknown degree, and so the bound-
ary layer of an object became affected by the wind tunnel’s own turbulence.
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For these reasons Prandtl regarded pipe flow experiments better suited than
wind tunnel tests for the investigation of turbulent boundary layers. In 1919
Prandtl invited Ludwig Schiller, a physicist from the University of Leipzig, to
perform systematic experiments on pipe flow in his Gottingen institute, par-
ticularly in order to cover the range of Reynolds numbers where the transition
from laminar to turbulent flow takes place [251-253].

In addition, Prandtl charged a doctoral student, Johann Nikuradse, with
systematic pipe flow measurements. Nikuradse investigated the turbulent
flow of water through pipes of circular, rectangular, and triangular cross sec-
tion with smooth inner walls and found that “Prandtl’s 1/7 power law” is in
“good agreement” with the measured data [254]. He also attempted to present
a visual elucidation of turbulent flow by modifying Ahlborn’s method: water
was pumped through a 6-m-long open water channel at a speed of roughly
9 cm/s and was made turbulent by forcing it through a narrowing passage
into the channel, a camera could be moved on rails over the water surface and
take pictures, and the fluid motion was made visible by sprinkling aluminum
powder on the water. At different velocities of the camera, different vortical
motions were made visible (see Fig. 5.1) [254, pp. 42—43].

Another doctoral student (Fritz Donch) experimented with an “air channel”
(no closed-circuit wind tunnel but a straight rectangular box) with adjustable
walls in order to analyze accelerating or retarding flows [255]. With this work,
Prandtl intended to find support for his theoretical results about turbulence,
but pipe flow remained the most important phenomenon for the experimental
investigations of turbulence. In 1928 Nikuradse presented new results on skin
friction in smooth pipes that he had performed in a larger device in the new
Kaiser Wilhelm Institute as an extension of his doctoral work.

The scope of these experiments included very high Reynolds numbers.
It became obvious that the “1/7 law” was not valid over the entire range
of Reynolds numbers from the onset of turbulence to the highest measured
Reynolds numbers; the exponent decreased “from 1/7 in the range of Blasius
with its upper limit at about R = 100,000 to roughly 1/10 at R = 3 x 10" [256].
In another update of his pipe flow experiments in 1932, Nikuradse remarked
that Prandtl no longer believed in a power law [257, p. 15]. In the same year,
Prandtl presented a report on turbulent friction in pipes and along plates
in the fourth volume of the Ergebnisse der Aerodynamischen Versuchsanstalt zu
Gottingen. Instead of the “1/7 law,” the data on turbulent skin friction along
smooth walls were now fitted by a logarithmic law [258, pp. 18-29].
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Fig. 5.1 Water channel used in Prandtl’s institute in 1925 for visualizing
turbulence. At different camera velocities (from left to right: 7.45 cm/s,
8.33 cm/s, 8.5 cm/s; flow velocity = 9 cm/s) different vortical motion
becomes visible.

5.2
Prandtl’s Research Program on Turbulence

The quest for a “universal wall law,” as the formula for turbulent skin friction
was called, cannot be overestimated as the guiding motive during the early
years of turbulence research. Although the challenge to come to grips with
the phenomenon of turbulence was primarily theoretical, Prandtl did not re-
gard research on turbulence as a mere academic exercise. Both its underpin-
ning with experimental data and its prospects for technological applications
rendered turbulence as much a matter of practical engineering as an academic
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science. Only from the dual perspective of academic and practical goals does
the full scope of Prandtl’s research program on turbulence become apparent.
Experiments on pipe flow, visualization of vortical motion in water channels,
theoretical derivations of “universal laws” for the turbulent boundary layer,
and a host of other research in Prandtl’s university institute, the AVA, and
the new Kaiser Wilhelm Institute during the 1920s and early 1930s appear at
first sight unrelated to one another, but in fact, they are evidence of a coher-
ent and persistently pursued research program on turbulence. The years from
1920 to 1934 were recalled in Prandtl’s school as “the creative years of turbu-
lence research.” Throughout Prandtl’s career after the First World War, turbu-
lence was the predominant research topic, as 35 publications of Prandtl and 22
doctoral dissertations under his supervision on various aspects of turbulence
clearly demonstrate [259].

Prandtl’s curiosity about the phenomenon of turbulence arose early on with
his attempt to understand the process of vortex-shedding along a flat plate in
terms of the boundary layer concept. In his Heidelberg paper in 1904 he spec-
ulated how an irrotational fluid becomes vortical through a spiraling surface
of discontinuity, which emerges at the edge of an obstacle [64, Figs. 3 and
4]. A few years later, in a manuscript titled “Turbulence I: vortices in lam-
inar motion,” he developed this concept further — long before he published
on turbulence for the first time [260]. The headline “Turbulence 1” suggests
that there were probably subsequent early attempts to understand turbulence
which were not preserved. The next manuscript on related problems dates
from 1914 and addresses the “frictional flow around a cylinder” [261]. After
the war, he resumed the challenge of turbulence more vigorously, as numer-
ous pages of a manuscript from 1919 and subsequent years demonstrate [262].
As with the beginnings of airfoil theory during the decade before its publica-
tion in 1919, little of these early studies on turbulence became known outside
his own circle of pupils before Prandtl began to publish on it in the 1920s.

According to a draft from the year 1916 for a “working program on the the-
ory of turbulence” (see Fig. 5.2) Prandtl discriminated between the “onset of
turbulence,” i.e., the transition from laminar to turbulent flow, and “accom-
plished turbulence,” i.e., fully developed turbulence [260]. Prandtl’s early
efforts dealt with the former. It was also addressed as the “stability prob-
lem” because the traditional approach to analyze the transition from laminar
to turbulent flow followed a well-established method in theoretical physics in
which a small oscillation is superimposed on a stable process in an attempt
to find out whether the resulting oscillation exponentially decays to a stable
level or grows to make it unstable. Since Reynolds’ experimental and theoret-
ical investigations in the 1880s, mathematicians and physicists attempted to
determine by this “method of small oscillations” when a stable laminar flow
became unstable; the resulting critical Reynolds number would then be iden-
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Fig. 5.2 Outline of Prandtl’s working program on turbulence.

tified as the transition from laminar to turbulent flow. However, when this
procedure was applied to the Navier-Stokes equations, insurmountable dif-
ficulties emerged. As Lord Rayleigh had shown in 1887, a small disturbance
between adjacent fluid layers with linear velocity profiles can give rise to in-
stability even in the absence of friction. If friction was taken into account, fur-
ther problems emerged. The simplest case of a so-called Couette flow, where a
linear velocity profile is created in a fluid between a fixed and a moving wall,
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seemed intractable. In 1908 William M. Fadden Orr and Arnold Sommerfeld
independently derived a perturbation equation (the Orr—-Sommerfeld equa-
tion) for this case from which the transition could be derived — in principle.
But when the intricate calculations were carried out, no critical Reynolds num-
ber was found. In other words, laminar flow could not be made turbulent in
theory — in striking contrast with everyday practical experience. In 1920 a re-
view article summarized the futile effort from the past decades to determine a
critical Reynolds number and designated it as the “turbulence problem” [263].

Prandtl publicly presented the results of his early studies on turbulence for
the first time in 1921 at a physics conference in Jena: “We, i.e.,, Mr. O. Tiet-
jens who under my supervision carried out the calculations, investigated the
stability and lability of laminar flows, as they arise along a flat wall in case of
small viscosity, and we followed the method by Lord Rayleigh neglecting fric-
tion” [264]. For Prandtl’s student Oskar Tietjens (1893-1971) the calculation of
the “boundary layer motion with Rayleigh oscillation” was the subject matter
of his doctoral dissertation [265]. Tietjens found that small oscillations render
the laminar flow instable, “contrary to the dogma,” as Prandtl commented on
this result at the Jena conference. “We did not quite believe this result at first
and checked it three times by independent and different methods. Each time
it resulted in the same sign, which means instability” [264].

Prandtl’s presentation met with harsh criticism and gave rise to further dis-
cussions. “I hope that you no longer feel a resentment from the debate last
autumn in Jena,” Prandtl wrote to Sommerfeld’s pupil Fritz Noether, the au-
thor of the review on the turbulence problem. He admitted that his response to
Noether’s criticism “must have sounded somewhat brusque” [266]. Noether
replied that he had “only wished to express my expert opinion on the re-
ported subject matter,” but he insisted that his criticism “has not changed
with the printed version of your talk” [267]. In his report on the turbu-
lence problem Noether did not regard Rayleigh’s method as a valid approach.
In a letter to Prandtl, he argued that he did not consider Rayleigh’s results
pertinent “because they do not approach the right limit with vanishing fric-
tion” [268]. Because Prandtl’s analysis was based entirely on Rayleigh’s proce-
dure, Noether’s criticism meant a fundamental denial of Prandtl’s approach.
This debate confirmed once more what Prandtl had expressed in a letter to
Karman in 1921 in this manner: “Turbulence seems to be haunted by a particu-
larly wicked devil so that all mathematical efforts are doomed to failure” [269].
So far, “the turbulence problem” was that all theories failed to yield a transi-
tion to turbulent flow up to the highest Reynolds numbers—now the oppo-
site case resulted from Tietjens’s calculations: There should not even exist a
laminar boundary layer because the slightest disturbance would make it un-
stable even at the lowest Reynolds numbers — in obvious contrast to exper-
imental observations “that below a critical Reynolds number of about 1,000
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no turbulence occurs.” Tietjens believed that his theory failed “in this essen-
tial regard” because the calculations were based on assumptions that did not
correspond with real physical processes. “Particularly the assumption of the
buckled velocity profile of the main flow is supposed to be responsible for
the unsatisfactory result,” Tietjens concluded [265, p. 214]. Ludwig Hopf, an-
other Sommerfeld pupil with a record of pertinent publications on turbulence,
had expressed the same suspicion earlier at the Jena conference, when he had
criticized that the investigation was based on unrealistic velocity profiles “of
straight lines, which have a kink at certain arbitrary sites” [264, p. 694].

In May 1922, Hopf prepared Prandtl for “perhaps a sensation” in the theory
of turbulence because Sommerfeld had informed him “that one of his infant
prodigies (Heisenberg, 5th semester) had calculated the absolute dimensions
of the Karman vortex streets and allegedly also mastered the problem of tur-
bulence” [270]. Werner Heisenberg investigated the stability of the so-called
“Poiseuille flow,” a flow with a parabolic velocity profile between two paral-
lel plates; it became the subject matter of his doctoral dissertation [271]. Other
than the linear profile of the Couette flow, the parabolic profile resulted in a
limit of stability, but Heisenberg’s calculations involved methods of approx-
imation that were difficult to justify. However, Hopf regarded Heisenberg’s
theory as another attack against the “dogma,” and whetted Prandtl’s appetite
because it seemed to “confirm completely all your views which you presented
in Jena” [272].

Prandtl was pleased, although he expressed “some qualms” about Heisen-
berg’s approximations [273]. Not at all pleased was Noether, who had found
no critical limit of stability in his own earlier analysis of Poiseuille flow. He
did not trust Heisenberg’s mathematical methods. With regard to Prandtl and
Tietjens” work, he argued that the problem is due to the difference between
“ideally smooth” and “practically smooth walls.” He published a new ac-
count of the “turbulence problem” and argued “that in an ideally smooth tube,
no turbulent flow is possible.” Prandtl immediately objected to this view, al-
though he admitted that his mathematical abilities were “far from sufficient
to understand your calculations completely,” as he wrote to Noether in a per-
sonal letter [274]. Their exchange of opposing views was carried out pub-
licly — but it ended without a solution [275].

Heisenberg’s dissertation and the dispute with Noether motivated Prandtl
to begin a new effort on the stability problem. Rather than for a velocity pro-
file of buckling lines, he now posed as the theme for another dissertation “the
oscillations of a profile composed from a parabola and a straight line,” but
“the work got stuck because the doctoral student failed,” as Prandtl wrote to
Hopf in July 1926 [276]. A new doctoral student, Walter Tollmien (1900-1968),
was entrusted with this problem. In 1929 Tollmien was able to report success:
the calculations resulted in a diagram similar to phase diagrams (see Fig. 5.3),
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Fig. 5.3 Tollmien’s diagram on the stability problem.

in which the state of the system was dependent in an intricate manner not
exclusively on the Reynolds number but also on the magnitude of the distur-
bance. Each state was represented by a pair of variables — the “wavelength”
of the disturbance and the Reynolds number. The unstable states reached like
a tongue into a sea of stable states. Although “the confrontation of our re-
sults with experiments” was still not satisfactory, as Tollmien admitted, the
calculations meant a breakthrough in understanding the riddle of the onset of
turbulence [277].

5.3
The Mixing Length Concept for the Fully Developed Turbulence

Prandtl’s “working program” from the year 1916 also contained a germ for fu-
ture investigations on fully developed turbulence. Although he had no math-
ematical clue how to proceed, Prandtl’s visualization of the creation of vor-
tices starting from the boundary layer and their “diffusion” into the adjacent
flow dictated his goal: “Calculate statistically the coefficient of diffusion,” he
formulated the forthcoming challenge on a sheet of paper dated 18 February
1916 [261]. Since Blasius’s 1913 paper on turbulent friction based on empirical
data on hydraulic resistance, Prandtl regarded pipe flow as a useful starting
point for the study of turbulence. He derived further empirical clues from film
sequences showing complex vortical motions emerging from the walls of an
open water channel (see Fig. 5.1). But the high expectations of deriving a sta-
tistical turbulence theory from these observations were unfulfilled for many
years. Neither pipe flow data nor vortex images suggested how to come to
grips with fully developed turbulence in terms of a theory.
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Ten years after formulating the goal in his working program, Prandtl admit-
ted at the Second International Mechanics Congress in Zurich in 1926: “What
I would like to address is the ‘big problem of fully developed turbulence’: an
inner understanding and a quantitative calculation of the processes by which
vortices—despite their frictional attenuation — give rise to ever new ones, and
a determination of the mixing strength that results from the competition be-
tween the attenuation and creation of vortices, will therefore not be solved so
soon.” Although he could not solve the “big problem,” Prandtl extrapolated
some new insights about these processes from the empirical data on turbulent
friction in pipes and open channels. Nikuradse’s doctoral dissertation, for
example, provided among other data diagrams on the distribution of flow ve-
locities in non-circular tubes from which Prandtl concluded that there should
exist “secondary flows” that transport momentum into the edges. Such sec-
ondary flows could only result from forces caused by a “turbulent mixing
motion,” Prandtl argued, but he could not relate this motion to the veloc-
ity profile. He hoped, however, that “in an experimentally controlled ‘phe-
nomenological’ manner it is always possible to analyze theoretically the av-
erage motion in a given turbulent flow.” Reynolds had derived equations for
the averaged turbulent motion (see Chapter 1) in which certain terms could be
interpreted as additional forces — the so-called Reynolds stresses. These forces
were independent of the viscosity of the fluid and resulted in a specific type
of turbulent friction. However, its similarity with viscous friction suggested
that the Reynolds stress should be regarded as an “apparent friction” caused
by an exchange of momentum between adjacent fluid layers. Prandtl defined
a “mixing length” along which a “fluid package” (“Fliissigkeitsballen”) loses
its momentum in the transverse direction of the main flow [278].

By introducing the concept of a “mixing length,” Prandtl was able to refor-
mulate the Reynolds stress term so that it could be used as a starting point
for calculating specific cases of turbulent motion. “Recently I occupied myself
a great deal with the task to arrive at a differential equation for the average
motion of turbulent flow derived from quite plausible assumptions and ap-
propriate for various cases,” Prandtl wrote in October 1924 to Karmén. The
clue was “a length adjusted to the boundary conditions,” he revealed to his
former pupil [279]. A jet of air, for example, which is emitted through a noz-
zle into still ambient air, broadens as a consequence of turbulent mixing of
air in the transverse direction of the jet. In this case, the mixing length was
a characteristic distance over which turbulent air from the jet imparted mo-
mentum in the transverse direction of the jet into the still air. When he first
published his concept, Prandtl compared the mixing length to a “braking dis-
tance” [280]. Further assumptions for the mixing length were necessary in
order to use the concept for calculating specific cases, so that at first it seemed
as if one unknown was simply replaced by another one. But before the concept
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of mixing length was introduced, problems like the broadening jet of air were
completely inaccessible for quantitative evaluation. With the further assump-
tion that the mixing length was proportional to the distance from the nozzle,
the turbulent broadening of a jet of air could be calculated and compared with
experimental data [281].

The solution of problems by means of the mixing length concept involved
the introduction of new parameters that had to be determined from experi-
ments, like the constant of proportionality for the distance from the nozzle
in the broadening jet problem. This implicated a new facet for the relation
of theory and experiment because beforehand unsuspected features of turbu-
lent phenomena called for closer investigation. A doctoral student of Betz, for
example, analyzed the turbulence caused by deflecting a stream of air along
curved walls. He determined experimentally the “apparent kinematic viscos-
ity,” i.e., the friction caused by turbulence. In order to compare it with the
theoretical result according to the mixing length approach he had to introduce
anew quantity, which subsequently became useful as a measure for the degree
for turbulence due to the bends of Gottingen-type wind tunnels [282]. Simi-
lar investigations were performed in water channels with inclined walls [283].
The mixing length approach could also be applied to calculate the turbulent
wake behind obstacles. The problem was analogous to Tollmien’s investiga-
tion of the broadening of a jet. Prandtl made it the theme of a doctoral work
for Hermann Schlichting (1907-1982), who thereby became initiated into the
Gottingen turbulence program [284]. The “big problem” of fully developed
turbulence was not solved by the mixing length approach, but, as Schlichting
noticed almost half a century later, “none of the many ‘theories of turbulence,’
conceived by other authors, especially the statistical theory of turbulence, suc-
ceeded in replacing it by something substantially superior with regard to the
calculation of turbulent flows” [285, p. 304].

5.4
A Kind of Olympic Games

Schlichting’s evaluation hints at the competitive attitude with which fluid dy-
namicists pursued the riddle of turbulence. A fierce rivalry developed during
the first decade after the First World War between Prandtl and his protégé
Kérman, who also made turbulence research a part of his working program
in Aachen. Prandtl’s success with the mixing length concept presented at the
International Congress of Applied Mechanics in Zurich in 1926 made him feel
“that Prandtl had won a round,” as he recalled in his autobiography, “and I
came to realize that ever since I had come to Aachen my old professor and
I were in a kind of world competition. The competition was gentlemanly, of
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course. But it was first-class rivalry nonetheless, a kind of Olympic Games,
between Prandtl and me, and beyond that between Goéttingen and Aachen.
The ‘playing field” was the Congress of Applied Mechanics. Our ‘ball” was
the search for a universal law of turbulence” [85, p. 135].

The competition had started in February 1921 when Karmén presented
his “Dear master, colleague, and former boss” with a derivation of the 1/7
power law for the turbulent surface friction in a long letter . He duly recalled
that Prandtl had occasionally mentioned such a derivation to him earlier, but
claimed that he had not understood Prandtl’s arguments then and therefore
“reconstructed it and built on this basis a kind of ‘turbulent boundary layer
theory.”” On page 5 of his letter he arrived at “the practical question: Having
been silent for quite a while, I would like to publish something now, after so
much of my efforts has failed (...) But I would like to ask you whether you
have already published your 1/7 law so that I can refer to it, or whether you
intend to publish it soon. Furthermore, is my derivation the same as yours or
not? (..) My calculation is entirely in the same vein as my earlier methods,
and thus. I regard it as grown upon my own manure heap; however, after you
have fertilized the humus with the 1/7 law” [286].

Prandtl claimed his priority by responding that “for a pretty long time, say
since 1913,” he had known a formula to derive the wall friction law for the
plane flow along a plate if it is known for pipe flow. He admitted that Kar-
man was “peremptorily further advanced” than he was with regard to the
turbulent boundary layer; he had similar things planned for the future. How-
ever, he had “already at earlier times attempted to calculate boundary layers
in which I had assumed a viscosity enhanced by turbulence, which I chose for
simplicity as proportional to the distance from the wall and proportional with
the velocity in the free flow.” A “big question” is now “how we proceed with
the publication. I do not want to be guilty that your work appears belatedly.”
Prandtl had other urgent obligations, and he could not present his own paper
before April. “If you do not want to wait so long it would probably be the most
appropriate to publish your derivation yourself; beyond the ‘fertilization,” it
is indeed your own intellectual property. I will see if I can gain recognition by
my own right with my different derivation. Ultimately, I can get over it if the
precedence of publication has gone over to friendly territory” [287].

Kérman published his derivation without further delay in a paper titled
“On laminar and turbulent friction” [288]. He also presented it in the fol-
lowing year at the Innsbruck conference [289]. Prandtl’s derivation appeared
only in 1927 in the third volume of the Ergebnisse der Aerodynamischen Ver-
suchsanstalt [290]. By the published record, therefore, Kirman won the first
round of this contest. However, he acknowledged that the suggestion was
first presented “by Mr. Prandtl in an oral communication in autumn 1920;
the publication appears with his consent, whereas my derivation is somewhat
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different from his” [288, p. 238]. Prandtl often presented new ideas first to
his students in seminars or lectures before he worked them out for publica-
tion — as we have seen with the origin of the airfoil theory. The 1/7 law for
the turbulent friction of a flat plate presumably originated in a similar way:
Prandtl explained to his students how Blasius’s formula for turbulent fric-
tion in pipe flow may be used as a starting point for deriving the equivalent
formula for a flat plate. It is plausible that Prandtl arrived at this idea soon
after Blasius’s paper had appeared in 1913—and then presented it to Niku-
radse and others whom he involved in his working program on turbulence.
Nikuradse acknowledges in a footnote of his dissertation that “the derivation
was presented by Prof. Prandtl in a discussion in Gottingen on November 5th,
during the winter semester of 1920” [254, p. 15]. Despite his later publication,
therefore, Prandtl’s precedence in introducing the 1/7 law seems undisputed.

In Kérman’s paper, “On laminar and turbulent friction,” however, the
derivation of this law was only a side-effect of a larger attempt “to present the
basic idea of Prandtl’s boundary layer theory as simply as possible both from
a mathematical and a physical point of view.” Karman's declared goal was
to render the boundary layer theory amenable for solving “complicated prob-
lems with simple mathematical means” [288, p. 233]. By integrating over the
thickness of the boundary layer, he derived an equation of the incoming and
outgoing momentum — a procedure Prandtl’s student Karl Pohlhausen had
just applied in his doctoral dissertation [291] in order to calculate the laminar
boundary layer. Karmén’s extension of the Pohlhausen procedure was also
applicable for the turbulent boundary layer. The derivation of the 1/7 law was
only a first example by which the new Pohlhausen-Kérman procedure, as it
became known, proved its utility. Kirman also calculated the velocity profiles
in laminar and turbulent boundary layers along flat plates from which he
derived skin friction coefficients and compared them with Wieselsberger’s
data published in the first volume of the Ergebnisse der Aerodynamischen Ver-
suchsanstalt.

The rivalry between Karman and Prandtl, therefore, soon extended to ex-
periments as well. While Nikuradse the turbulent flow along smooth walls
investigated in Prandtl’s laboratory, Kairman initiated experiments with rough
walls at his Aachen institute. His Aachen colleague Ludwig Hopf, who had
begun his own career with experimental turbulence investigations in Sommer-
feld’s institute [292], conceived a program in 1922 for systematic experiments
on “hydraulic roughness” [293], and Karman trusted a doctoral student with
a first series of such measurements [294]. “I learned from Pohlhausen that the
roughness experiments proceed well,” Prandtl wrote to Hopf in May 1922, “if
it is not asking too much, I would be very grateful for an occasional prelimi-
nary communication of the resulting data” [295]. Hopf promised to send the
requested data as soon as they were available [270]. Neither Prandtl nor Kar-
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man, however, succeeded to derive new theoretical insight from these data,
but they were only a prelude to further investigations about the roughness
problem: “The two dissertations mentioned in the recent issue of the ZAMM
are again pretty good works,” Prandtl congratulated his rival in Aachen in
July 1928 [296]. The measurements of velocity profiles along rough walls re-
ported in one of these dissertations lent support to Prandtl’s mixing length
concept [256] such that systematic investigations for the flow in tubes with
rough inner walls then became a major part of the experimental turbulence
research program in Gottingen. Prandtl derived a formula from “a simple
similarity consideration” with which the then unpublished results could be
fitted: “The entire tube problem has found a very general solution by com-
bining few empirical data with theoretical conclusions,” he reported in May
1932 [297].

In the meantime, Karman had worked out an alternative theory for the
fully developed turbulence, which arrived at practically the same results as
Prandtl’s mixing length concept. Like his Géttingen rival, Kdirman assumed
that turbulent friction is caused by a transfer of momentum transverse to the
direction of the main flow, but he did not make the assumption of a mix-
ing length. Instead he postulated that the transfer of momentum at fully de-
veloped turbulence happens everywhere according to the laws of mechani-
cal similarity. A comparison with Prandtl’s theory resulted in a formula for
the mixing length which contained only one dimensionless factor and left no
room for additional assumptions. Karmén’s constant, as it was called, de-
pended only on the average magnitude of the turbulent velocity fluctuations.
For a flow between parallel plane walls, Kdrman’s theory resulted in a loga-
rithmic wall law. The 1/7 law, which was believed to represent the universal
wall law for turbulent friction, was now regarded only as an approximation.
Kéarman checked his wall law with Nikuradse’s most recent experimental data
on turbulent skin friction from Géttingen. When the data confirmed his for-
mula, he was “in a state of exultation. I felt sure I would win this round from
my old teacher.” Four years after Prandtl had presented his mixing length con-
cept to the international community of fluid dynamicists in Zurich, Kdrman
was thus able to present a result of comparable importance at the International
Congress of Applied Mechanics in Stockholm. But “since Prandtl had been
cooperative in letting me have his unpublished experimental data, I felt that I
should put my cards on the table before him rather then play them at Stock-
holm before the eyes of the scientific world.” When he told Prandtl that he
had news to report, Prandtl invited him to give a lecture before the Gottingen
Academy of Science. “Prandtl was crestfallen,” Karman recalled the response
when Prandtl became aware of what he had achieved [85, p. 137]. When the
theory was published in the proceedings of the Gottingen Academy, there was
little evidence of the fierce rivalry. Karman’s result appeared as just another
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confirmation of “Prandtl’s heuristic mixing length approach” and as an “ex-
cellent agreement of the resistance law with empirical data” [298]. However,
when Prandtl abstained from delivering a paper at the Stockholm conference
a few months later and left the stage to Karman, it was obvious who had won
this round of their competition.

A new outburst of rival sentiments occurred two years later, when Karman
learned from a preprint of a conference at the Hamburgische Schiffbauver-
suchsanstalt (Hamburg Ship Building Establishment) that one of Prandtl’s re-
search collaborators had portrayed the recent progress concerning turbulent
skin friction largely as a Gottingen accomplishment. He was “mildly amazed”
and hoped for an apology in the final conference proceedings: “How I feel
hurt!” he complained to the organizer of the Hamburg conference. “For the
next fifty years your publication will be the standard text for practical engi-
neers; they will only know about Géttingen and Prandtl” [299]. “Presumably
it escaped you too,” Karman wrote to Prandtl, who had been present at this
conference, “that this presentation offered nothing which was not already in
my own presentation in Stockholm in 1930.” He regarded Prandtl “a model
of a just man,” but he did “not quite trust your lieutenants who understand-
ably do not know other gods besides you. They wish to claim everything for
Gottingen.” He was not comforted by Prandtl’s remark that their institutes
often produce the same results at the same time. “This was the case in 1921
when we calculated the resistance of a smooth plate simultaneously on the
basis of Blasius’s law for pipe flow resistance. And this has happened now
again, 10 years later,” Prandtl explained this parallel as a consequence of their
friendly competition, “for when we see one another we always discuss un-
solved problems and receive the spur to focus on just these things from these
discussions” [300, p. 87]. But Karman regarded Prandtl’s “nice words” as a
weak excuse and insisted that Prandtl admit the precedence of his work. He
would “agree if the plate formula becomes known under our both names,” he
responded, “but to be excluded from the banquet would be too hard.” Karmén
was particularly concerned that his contribution could not be appropriately
acknowledged in the forthcoming fourth volume of the Ergebnisse der Aerody-
namischen Versuchsanstalt zu Gottingen. If his merits were not mentioned in this
“standard treatise for the practitioners” he feared that “my role in this issue
would remain buried forever” [301].

Prandtl did his best at a reconciliation. Together with his “lieutenant,” he
added an appendix to the final conference proceedings in which Kérman’s
merits were mentioned. And “there is of course reference made to your work”
in the Ergebnisse, Prandtl assured Karman [302], who felt now a little embar-
rassed: “I hope that no nasty taste remains from the debate in the mouths of
those involved,” he responded [303]. Prandtl was relieved that his prodigy
student and colleague now was “to some extent mollified” and apologized
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once more that he had contributed to Kdrman’s hurt feelings. But under the
surface the rivalry kept smoldering. “In order to make you understand me
completely,” Prandtl broached the subject again, “I will briefly expose to you
my attitude concerning this issue.” Thus, he introduced a three-page account
of how he approached the problem of turbulent skin friction from the per-
spective of his mixing length concept since 1927, and how he had engaged
Nikuradse to verify his formulae experimentally. Kdrman’s theory, too, relied
on Nikuradse’s experiments “so that our calculations became more and more
similar.” In Karman’s version, however, a coefficient remained undetermined.
For this reason “practitioners who are not willing to immerse themselves into
the theory” could make nothing of it, with the result that “our ready-made
formula for practical use became more popular than your theory” [304].

The rivalry between Aachen and Géttingen should not obscure the fact that
Prandtl and Karman shared much common ground. After the First World War,
Kérman had returned to Aachen with ambitious plans for which Prandtl’s
Gottingen institute provided the model. With a new series of communica-
tions, the Abhandlungen aus dem Aerodynamischen Institut an der Technischen
Hochschule Aachen, Kdrmén spread the results of his institute as his Géttin-
gen rivals did with their Ergebnisse. Karman's assistant Karl Pohlhausen was
a doctoral student under Prandtl before he arrived in Aachen. Even when the
rivalry reached a climax, there was a vivid exchange of research results be-
tween Aachen and Gottingen. In 1930 the common ground between both cen-
ters became further consolidated when Wieselsberger was called to Aachen
to fill newly established chair for Applied Mechanics and Fluid Dynamics
(Angewandte Mechanik und Stromungslehre) [305]. Even in America, where
Kéarman became director of the Guggenheim Aeronautical Laboratory of the
California Institute of Technology (GALCIT), contact was maintained by oc-
casional exchanges of advanced students (see Chapter 9). Tollmien, for exam-
ple, spent a three-year sojourn at the GALCIT; he used this opportunity for
a comparison of Kdrman’s similarity hypothesis with Prandtl’s mixing length
approach [306].

Kérman and Prandtl also shared a common understanding about the pecu-
liar character of their discipline. When in 1920 Prandtl received a call to Mu-
nich, they arranged that Karmén should succeed Prandtl in Géttingen if the
move materialized. As an “engineer and mathematical physicist” Karman had
the same double qualification as he himself, Prandtl wrote to Aachen [307]. He
did not identify himself and Karman as theoretical physicists, but as represen-
tatives of technical mechanics—a discipline with the prospect of fruitful appli-
cations in engineering. Although this discipline involved sophisticated theo-
retical concepts, these were never far from practical uses, unlike “the wire-
drawn applications of Bohr’s rule to all possible atomistic construction,” as
Prandtl remarked on the recent advances of theoretical physics [308].
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After more than a decade of ambitious and rivaling research on the most ad-
vanced topics of fluid mechanics in Gottingen and Aachen, Karman, Prandtl,
and their doctoral students embodied a species of practical theorists which be-
came typical for modern fluid dynamics. Karman and Prandtl were eager to
see the results of their research on turbulence acknowledged by practical men.
Otherwise, if their rivalry had been a competition about precedence alone,
Kéarman could have been satisfied that he had presented the new logarithmic
formula for turbulent skin friction before the Gottingen Academy of Science
in 1930 and at the International Mechanics Congress in Stockholm. But, as he
wrote to Prandtl, “Who reads the proceedings from the Géttingen Academy
and the Stockholm Congress?” [301]. He was mollified only when Prandtl
assured him that his merits were also mentioned in the Gottingen Ergebnisse,
where aeronautical engineers would look for the new research results in aero-
dynamics, and in the proceedings of the Hamburg conference, which were
addressed to engineers concerned with ship-building. Their zeal to reach not
only theorists also became apparent when Prandtl and his collaborators pre-
sented their recent results in the Handbuch der Experimentalphysik. Theoretical
papers like Tollmien’s “turbulent flows” and “boundary layer theory” were
presented side by side with Tietjens’s “visualization of flow forms” and Betz’s
“micromanometer,” although only the latter really met with the expectations
of experimental physicists. At the same time this volume illustrates Prandtl’s
central role in the emergence of fluid dynamics as a modern twentieth-century
discipline: nine out of eleven articles originated from members of Prandtl’s
Gottingen circle [309].

5.5
Wind Tunnel Turbulence

A good deal of turbulence research after the First World War was related to the
flow in pipes and open channels. Such flows were of natural interest in hy-
draulics and in ship-building. Applications in aeronautical engineering also
suggested themselves, as Wieselsberger’s skin friction experiments on smooth
and rough surfaces have shown. For Prandtl, Karman, and their pupils, a
close relationship between hydro- and aerodynamics was all the more natu-
ral because they had experimented with water canals and wind tunnels since
Prandtl had made the boundary layer concept the subject of experimental in-
vestigation (see Chapter 2). Among these investigations, Prandtl’s trip-wire
experiment, performed on a sphere in a flow of air, received renewed rele-
vance in 1919 when Hugh L. Dryden (1898-1965), a doctoral student of Ames,
extended Prandtl’s analysis from spheres to cylinders. In 1921, now in his ca-
pacity as director of a new “Aerodynamical Physics Section” at the National
Bureau of Standards in Washington Dryden informed Prandtl about recent
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research in various laboratories and concluded from the available data “that
there is ample evidence to show that the usual expression for resistance is not
valid for experiments in wind tunnels on cylinders and spheres.” Dryden re-
garded the more or less turbulent flow of air in wind tunnels as responsible
for this failure. “I would like to know your ideas as to a proper method of nu-
merically defining the turbulence of tunnels and your idea as to the physical
conception of the turbulence,” he asked Prandtl. “It seems to us here at the
Bureau of Standards that the most important wind tunnel problem is a study
of turbulence and its effects, and we would be glad to hear of any experiments
or theoretical discussion bearing on the subject” [310].

Dryden’s argument was a natural extrapolation from the trip-wire experi-
ment, which had shown how a small bump on the surface of a sphere can give
rise to turbulence and result in a drastic change of resistance. If this happens
with a bump on the surface, then it could also happen as a consequence of a
bumpy air. Thus, the challenge arose: how does one measure and control the
bumpiness - i.e., the turbulence — of the flow of air in a wind tunnel? “The
influences of the vorticality must be extensively studied, this is my opinion
too,” Prandtl agreed with Dryden. It was for this very reason that he had
stressed the importance of building the new Gottingen wind tunnel so that
the air flowed as vortex-free as possible. Prandtl attributed “little scientific
value” to older Gottingen measurements on the resistance of cylinders, pub-
lished in the Technische Berichte, because they were obtained during the war
“with quite a crude device.” He sent Dryden the results of new experiments
on the resistance of cylinders, which were made “very carefully,” but he could
not provide an experimental method for measuring the wind tunnel turbu-
lence. In his opinion, it would be difficult to design such instruments, because
they must detect very fast variations of flow velocities [311].

Research on wind tunnel turbulence became a major issue in other aero-
dynamic laboratories as well. Researchers from the Massachusetts Institute
of Technology, for example, modified the air flow in the test chamber of a
wind tunnel by introducing wire nets of different mesh size behind the hon-
eycomb. They measured the lift and drag of various test bodies whose data
were known from measurements in other laboratories and inferred from the
deviations the degree of turbulence in their modified test chamber. Rather
than making the air flow more turbulent, however, “the introduction of a wire
screen into the air stream of a tunnel tends to produce a less turbulent flow,”
they found. “It is also shown that the turbulence tends to die out more rapidly
downstream as the screen becomes finer.” However, the degree of turbulence
could only be accounted for in a qualitative manner: “The presence of vortic-
ity in the air flow of a wind tunnel is unquestionable, and can be visualized by
the introduction of a series of narrow silk streamers into the air stream” [312].
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At the NACA wind tunnel turbulence was an issue that had caused some
concern as early as 1921: “How reliable will the results be from the com-
pressed air tunnel?” Norton asked when the first plans of Munk’s VDT were
discussed (see Chapter 4). In this wind tunnel the air was deflected in narrow
bends, with few precautions taken to calm the flow, so that “the question of
turbulence, which undoubtedly has a very great influence” deserved atten-
tion [236]. In 1924 NACA engineers compared the results of drag measure-
ments on spheres obtained in various wind tunnels with data from free fall
experiments. None of the wind tunnels built so far “can even approximate the
nonturbulent condition prevailing in the atmosphere,” they concluded and
suggested “that an extensive study be made of the effects of scale and quality,
or ‘intensity,” of turbulence” [207, p. 485]. In a subsequent NACA report, data
of various test bodies (spheres, disks, cylinders, and certain wing profiles) as
measured in the No. 1 wind tunnel of the Langley Laboratory were published.
This was a conventional wind tunnel of the “Eiffel type” in which the air was
much less turbulent than in the VDT. The measurements were performed with
the utmost precision — and yet they could not claim universal validity: “The
data collected here must be considered, primarily, as data concerning the tun-
nel, and not the models tested there” [208, p. 219].

The most vigorous attempts to measure the degree of turbulence in wind
tunnels were made at the National Bureau of Standardsby Dryden and his
collaborators. In 1926, they reported on the results of experiments performed
in cooperation with the NACA over the past two years. With unprecedented
precision, they measured the resistance of cylinders in an airflow which was
made turbulent by different wire meshes. In addition, they recorded the tem-
poral variation of pressure in the air stream with such precision that they
could discern the rotation of the propeller blades as one cause of pressure
variations. Beyond a growing awareness of the difficulties encountered with
high-precision wind tunnel measurements, however, these investigations did
not immediately result in a quantitative measure for the degree of turbulence
[313]. A decisive breakthrough was only made by using hot wire anemome-
ters. After two more years of tedious experimenting, Dryden and his col-
leagues reported success. The apparatus was “very bulky, far from portable,
and in many respects inconvenient to use,” but the results aroused great ex-
pectations. Velocity fluctuations in the air flow could be measured with a spa-
tial and temporal resolution that was beyond the reach of other methods [314].
The method also suggested a definition for the degree of turbulence in a wind
tunnel: “The turbulence at a given point is taken to be the ratio of the square
root of the mean square of the deviations of the speed from its mean value
to the mean value. The turbulence is a mean fluctuation taken in a definite
manner and expressed as a percentage of the mean speed” [315, p. 152]. By
this time, there were three wind tunnels at the National Bureau of Standards,
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and Dryden’s measurements resulted in a different degree of turbulence for
each tunnel. Furthermore, the result depended on the position within the test
chamber of the tunnel. The prospects of standardizing wind tunnels accord-
ing to these measurements were sobering: “It will now be appreciated that
wind tunnels cannot be standardized in the sense originally intended,” Dry-
den and his collaborator argued. “It is not possible to determine one or more
correction factors by means of which results on a new model may be corrected
to be comparable with the results of some standard tunnel” [315, p. 166].

In particular, for non-streamlined bodies like spheres and disks, where the
transition from laminar to turbulent flow resulted in drastic changes in drag,
the data obtained from different wind tunnels could differ considerably from
one another. For streamlined bodies, wind tunnel turbulence also affected
the test results if skin friction contributed noticeably to the total drag, i.e., for
rough or appropriately formed surfaces. The effect of wind tunnel turbulence
on wing profiles was less conspicuous as long as the models were so small
that the transition to turbulence was out of reach. But that changed as soon as
wind tunnel tests became feasible at higher Reynolds numbers, such as with
the NACA’s VDT. “You will be interested to know that recent observations
in the variable density wind tunnel at Langley Field show pronounced effects
of turbulence on the aerodynamic characteristics of airfoils,” Dryden wrote to
Prandtl in March 1931 [316]. The effect was most pronounced with thick pro-
files [317]. Prandtl agreed with Dryden: “The question of turbulence in wind
tunnels is certainly one of the most important problems in wind tunnel prac-
tice.” He was particularly impressed with how Dryden managed to record the
fast turbulent velocity fluctuations (“up to 4000 cycles per second”) of the air
flow in the wind tunnel. “If it is allowed, it would be important for me to hear
what kind of physical phenomena you will use for this measurements” [318].
Dryden revealed that they had improved the hot wire technique in his labo-
ratory and now hoped to reach a precision “where any desired characteristic
of the turbulent flow can be measured, perhaps only with great difficulty and
complicated apparatus, but surely and with reasonable accuracy. However, a
theory of the effect of turbulence on the transition from laminar to eddying
flow is needed to guide the measurements” [319].

The latter remark shows how wind tunnel turbulence, a vital issue of aero-
nautical practice, provided a new impetus for fundamental theoretical re-
search on turbulence. Dryden hoped that Prandtl’s boundary layer theory
would offer the clues for a better understanding of the turbulence problem.
“The discussion of the experiments described in this paper will be phrased
in the language of the boundary layer theory of Prandtl,” he introduced his
NACA report on wind tunnel turbulence, “and as there is no one article to
which the reader may be referred for the necessary information, it is desirable
to state briefly the elements of this theory” [315, p. 151]. Prandtl’s boundary
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layer theory was thus spread among aeronautical practitioners—the readers
of NACA reports — who would otherwise have paid little attention to theoret-
ical concepts. Once more, theory met practice because it offered prospects to
solve problems of crucial practical importance; however, by the early 1930s,
the problems related to turbulence proved more intricate than Dryden could
have anticipated (see Chapter 10).



6
Aerodynamics Comes of Age

Basic science and applied technology shared a common interest in turbulence
research. Theoretical physicists like Heisenberg, practical engineers from the
Hamburg ship-building establishment, and aeronautical engineers engaged in
wind tunnel testing regarded turbulence as a challenge — although from quite
different perspectives. Most other fluid mechanics topics, however, became
almost exclusively regarded as subject matter of engineering science. Novel
theories like Prandtl’s airfoil theory fell outside the realm of physics: they be-
longed to the domain of engineering and applied mathematics. Aerodynamics
did not enter the spectrum of twentieth century science as a physical subdis-
cipline but as the “basic engineering science of airplane technology” [112].
How came this structure about? The emergence of engineering science is a
secular process, beginning in the nineteenth century in the wake of the Indus-
trial Revolution and extending far into the twentieth century. Various local
and national traditions resulted in different forms of institutionalization. This
process, furthermore, was not the same for different branches of engineering.
The history of technology, like the history of science, provides a host of litera-
ture that cautions us to beware of sweeping generalizations [320]. Even if we
restrict our analysis to those branches of engineering in which fluid dynamics
plays a central role, there is no coherent pattern. Branches like mechanical en-
gineering and ship-building became institutionalized earlier than aeronautics.
In view of such diversity, it seems wise to focus on the case of aerodynamics
in Germany in order to analyze the process of institutionalization in some de-
tail. Prandtl’s towering position as director of the AVA and as the intellectual
center of a growing school suggests that he played a major role in this process.

6.1
How Aerodynamics Became Institutionalized at Technical Universities

In 1921 Prandtl recalled that when he was a student, aerodynamics was
“something entirely unknown in the curriculum of a technical university”
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[321]. He started lecturing on aerodynamics in 1909 after he was asked by
Gottingen University to teach aeronautics both in lectures and in seminars.
This move marked the introduction of aeronautics to the curriculum of tech-
nical universities. Other German technical universities soon followed. In 1910
the Aachen Technical University offered a “Training in theoretical and techni-
cal aerodynamics” [322]. Similar programs were already initiated before the
First World War at technical universities in Darmstadt, Brunswick, Munich,
and Berlin. As in Aachen, the initiative came from professors and industry
sponsors, who also founded an association of early flight enthusiasts in 1912,
the “Wissenschaftliche Gesellschaft fiir Flugtechnik, WGL” (Scientific Society
for Aviation). The journal of this society, the Zeitschrift fiir Flugtechnik und
Motorluftschiffahrt, ZFM, also offered to publish aerodynamic research results
related to aeronautics [120, pp. 83-88].

However, these pre-war initiatives did not instantaneously establish aero-
nautics as a new engineering science. The foundation of the aerodynamic lab-
oratory at the Aachen Technical University illustrates these haphazard begin-
nings. The initiative was a consequence of the joint venture founded by Reiss-
ner and Junkers (see Chapter 3), but the enthusiasm of the two professors was
met with suspicion from the university. Beginning in 1906, Junkers was in-
volved in quarrels with the president of his university about his industrial
activities because they allegedly distracted him from his obligations as a uni-
versity professor. Tired, after years of quarrels, he resigned from his university
position in January 1912. Although by this time, aerodynamics was included
as a new specialty in the curriculum, the university was reluctant to estab-
lish a new chair for it; the university accounted for the discipline merely by
adding aerodynamics to Reissner’s designation. In 1913 Reissner followed a
call to the Technical University in Berlin, and the new aerodynamic laboratory
at the Aachen Technical University became deprived of its founders immedi-
ately after its establishment. When Theodore von Karman came to Aachen as
Reissner’s successor, he noticed that there were not enough students to justify
a separate chair for aerodynamics. Mining and other branches of mechanical
engineering offered more secure job opportunities than aeronautics [85,323].

The establishment of aeronautics as a new branch of engineering at tech-
nical universities spurred new interest with the start of the First World War.
The president of the Technical University Hanover expressed his conviction
that the technical universities “as nurseries of science” do their best to fos-
ter the development of aviation “first in a mere national patriotic sense and
then also for the benefit of all mankind” [324]. But a survey performed at
the request of the Scientific Society for Aviation after the war painted a bleak
picture: By 1921, chairs for aeronautics (“Flugtechnik bzw. Flugzeugbau”) ex-
isted only at the technical universities in Stuttgart and Darmstadt. The need
was recognized in other places too, but this awareness only resulted in the
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establishment of teaching contracts at the technical universities in Aachen,
Berlin, Brunswick, and Hanover [325]. Although there was a broad spectrum
of aeronautical lectures, as observers from abroad occasionally noticed with a
trace of envy [326], no official curriculum was available for aeronautical engi-
neering. In Prussia, a first study plan for aeronautics at technical universities
was initiated in 1924, but it left ample leeway for implementation. Aeronau-
tics did not yet figure as a self-contained engineering specialty, but engineer-
ing students could choose it as an elective for their final diploma examina-
tion [327]. At the Technical University in Berlin-Charlottenburg, for example,
the ministry’s plan gave rise to a new curriculum for engineering students of
ship-building, which belonged to the faculty of machine building. Beginning
in 1925, these students could choose aircraft construction as the main subject
for their diploma examination “provided that they have acquired sufficient
knowledge of the basics of ship-building, electrical technology and general
fundamental concepts of machine building” [328].

The major journal of aviation in Germany, the Zeitschrift fiir Flugtechnik
und Motorluftschiffahrt, published regular surveys on what lectures students at
technical universities and colleges could choose if they were interested in aero-
nautical engineering. By the end of the 1920s, a student who wished to become
an “academic airplane engineer” would be offered the appropriate lectures at
the technical universities in Aachen, Berlin, Brunswick, Danzig, Darmstadt,
Hanover, Karlsruhe, Munich, and Stuttgart. During the first semesters, the
program was the same as for machine building, electrical engineering, and
ship-building; after the pre-diploma examination (‘Vordiplom’) special lec-
tures and seminars on aeronautics and related subjects had to be studied; the
final degree required a diploma thesis, practical exercises, and an oral exam-
ination. The details differed from university to university. The examination
regulations at the Technical University in Berlin, for example, prescribed an
exercise in practical design such as designing an entire aircraft (Entwurf eines
Luftfahrzeugs) or designing an airplane engine (Luftfahrzeugkraftanlage),
a theoretical aeronautical study (theoretische Untersuchung aus der Luft-
fahrttechnik), a workshop- or economic/technical study (“werkstatts- oder
wirtschaftstechnische Arbeit”), or some other detailed study of an optional
subject (e.g., mechanics, statics, physics, meteorology, etc.). The oral exami-
nation would cover aircraft construction, machine building, general manufac-
turing, fluid mechanics, and an optional subject. The practical exercises were
given highest priority: “It is suggested that students spend 18 to 20 months
for the entire practical training,” the study order recommended, among which
26 weeks should be spent in a general machine building workshop before the
pre-diploma examination, and 52 weeks in a factory of motor production, au-
tomobile construction, in an airplane factory or at an airport [329].
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A comparison of aeronautical lectures and seminars at the technical univer-
sities in the early and late 1920s shows how rapidly the sciences related to
aviation expanded during the decade after the First World War. In the early
1920s, the survey of aeronautical lectures printed in the ZFM found a place
on one page; at the end of the decade it extended over three printed pages.
In the years after 1931, the journal abstained from printing the detailed lec-
ture titles and merely presented summaries, subdivided into feature articles
on aeronautical specialties such as aircraft construction, airplane engines, ra-
dio, aviation medicine, aviation law, aviation traffic, meteorology, navigation,
and fluid mechanics. Each specialty was presented together with a list of tech-
nical universities where a student would find a pertinent lecture or seminar.
Lectures on aircraft construction, for example, were presented in the winter
semester of 1931/32 at the following technical universities: Aachen, Berlin,
Brunswick, Danzig, Darmstadt, Hanover, Karlsruhe, Munich, and Stuttgart;
in addition, this specialty was taught at technical colleges in Bingen, Franken-
hausen, Hamburg, Ilmenau, Kéthen, Konstanz, Mittweida, Oldenburg, Stre-
litz, Weimar, and Wismar [330]. Besides the quantitative growth of aeronau-
tical teaching, the surveys also indicated that aeronautics as an engineering
specialty, comprised a set of diverse specialties. Aerodynamics, which was
often referred to under the more general headline of “fluid mechanics,” was
merely one of these. But under the spell of aeronautical engineering, fluid
mechanics was rapidly expanding as a new subject of teaching.

Textbooks on flight-related fluid mechanics are another indicator of the for-
mation of this new engineering specialty. As early as in 1919, a professor of the
Technical University Hanover published a textbook titled Flugtechnik [331], a
“first comprehensive account of what the science of flight may credit as bene-
fits of the war,” as a reviewer commented, “the textbook on flight technology!”
The book “will help to spread and deepen the science of flight” [332]. In 332
pages, the basic knowledge of fluid dynamics were dealt with as far as they
addressed the aerodynamic lift and drag. Other chapters examined problems
of stability and the strength of materials. Although the textbook did not in-
clude details of Prandtl’s airfoil theory (which was published at the same time
in the proceedings of the Gottingen Academy of Science) it offered as much
as a contemporary practical airplane designer would find useful for a basic
understanding.

A few years later, Aerodynamik appeared, authored by two leading repre-
sentatives of the former Flugzeugmeisterei (FLZ—see Chapter 3) as part of a
handbook series on airplane technology. The authors aimed to achieve a com-
prehensive account of the theoretical foundations of flight “because their prac-
tical importance is beyond doubt after the successes of Prandtl’s airfoil theory,
and a closer association of these theoretical and physical considerations with
basic ideas of airplane design is to be expected in the future,” [333, p. V]. This
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textbook also exploited the harvest of aeronautical research and development
from the past war. It made extensive use of the material presented earlier in
the Technische Berichte. A reviewer praised it as “a legacy” of the FLZ which a
reader would study “as a laughing heir, however filled with sincere mourning
about the vanished greatness” [334].

A number of other textbooks on aerodynamics appeared in the 1920s — and
addressed ever-increasing and diverse interest. Richard von Mises’s Aerody-
namik des Fluges, first published in 1919, appeared in a third edition in 1926
[335]. In the same year Hermann Glauert’s The Elements of Aerofoil and Airscrew
Theory appeared, the first English textbook largely dedicated to Prandtl’s air-
foil theory [336]. In 1929 it appeared in a German translation. In 1927 and
1929 Grundlagen der Fluglehre addressed the interests of readers with predom-
inantly practical goals and little mathematical underpinning [337]. Students
who wished to learn the mathematics would find the required knowledge in
Mises’s book or in the Aerodynamik des Fluges. Eine Einfiihrung in die mathe-
matische Tragflichentheorie [338]. Another more mathematically oriented trea-
tise, Einfiihrung in die theoretische Aerodynamik, was authored by a professor for
aeronautics from the Technical University Darmstadt in 1927 [339]. Students
who intended to deepen their understanding by including more fundamental
knowledge from fluid mechanics would also find appropriate literature. In
1931 Prandtl published Abriss der Stromungslehre [340]. In the same year the
renowned Handbook on Experimental Physics edited four volumes on Hydro-
and Aerodynamik [309].

Judged by lectures and textbooks, therefore, fluid dynamics may be re-
garded as well-established by the beginning 1930s, particularly as a subsidiary
specialty for aeronautical engineering. Nevertheless, students of this new spe-
cialty would not easily find an appropriate employment because the German
aviation industry only slowly recovered from the decline after the First World
War [341]. During the mid 1920s the decline appeared to be over and a re-
structured aircraft industry with fewer but more powerful firms arose, but the
boom was soon replaced by the economic crisis at the end of the 1920s. An
advisory organization for academic professions (Deutsche Zentralstelle fiir
Berufsberatung der Akademiker) issued in 1929 a leaflet, “The airplane en-
gineer,” with a warning not to choose this profession: “In view of the present
situation of the airplane-, motor- and subsidiary parts industry, particularly in
Germany, as well as the financial situation of the Reich and the states, we must
generally warn against embracing the profession of an airplane engineer with-
out particular zeal and talent, because despite the development during the
past years, the offer of manpower now already exceeds the demand” [342].
The rate of graduation in this specialty at the technical universities decreased;
in 1932, a low of only six new aeronautical engineers per semester from all
technical universities together was reached [120, p. 229].
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6.2
Glider Flight

The rise of aeronautical engineering also had a strong emotional component.
Many aeronautical engineers were motivated to study this specialty because
it was closely related to aviation as a sport. When the restrictions of the Ver-
sailles Treaty forbade the production of motorized airplanes during the early
years after the First World War, glider flight was revived as an activity where
aeronautical enthusiasm could be expressed beyond political limitations. The
initiative originally emerged among flight enthusiasts of the journal Flugsport,
but soon attracted wider circles, among them former flight aces, industrialists,
professors and students from technical universities, and representatives from
the ministry of transport. Beginning in 1920, they organized annual contests
on the “Wasserkuppe,” a hill in the Rhén. The mood in which this activity
was pursued is amply expressed in the words of August von Parseval, the pi-
oneer of airships and professor at the Technical University in Berlin: “The goal
that the ancients had before their eyes, which the old master Lilienthal did not
attain but put within tangible reach, to exert the powerless gliding flight of
birds, to float like them effortless in the ether, this goal is not yet completely
reached; but one has come so close to it that a total mastery of this activity is
only a question of time.” Parseval, however, had not only ancient dreams of
mankind in his mind when he praised the sport of glider flight. It provides
also “an excellent training of pilots for motorized flight and will help us to
keep the interest for aviation in Germany vivid and to bridge the dead time
which we have to endure under the pressure of the Entente” [343].

Professors at technical universities like Parseval also regarded glider flight
as a challenge for the engineering profession. According to Parseval’s col-
league August Proll from the Technical University Hanover the “enforced rest
for [aircraft] construction” should be used to prepare for the time when the de-
mand for engineers would rise. “In aerodynamics, where theory and reality
contradict one another so often, it is necessary to demonstrate to the students
vividly by self-performed measurements the limits of speculative research.”
In order to bring theory and practice together, he suggested establishing aero-
dynamical laboratories with wind tunnels at the universities and providing
the students with practical experience in the form of glider flight [325, p. 165].
Glider flight offered an opportunity to become acquainted with a variety of
aeronautical subfields, from airplane design to meteorology. Many technical
universities implemented Proll’s suggestions. At many technical universities
students formed “academic flight groups” (Akademische Fliegergruppen, or
Aka-Flieg) that designed their own gliders. The Rhon contest became a kind of
fair. Prizes were awarded for the best glider flights, i.e., for the maximal flight
duration and the longest distance between the sites of start and landing [344].
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Despite its sportive character, glider flight also mirrors the professionaliza-
tion of aeronautical engineering during the 1920s. The first glider designs
still evoke memories of the early days of flight, when the shape of birds was
looked to as a model for designing airplanes. Gustav Lilienthal, for exam-
ple, Otto Lilienthal’s brother, propagated the concept of an extremely curved
wing because he believed that a bird is lifted and carried forward on a con-
stantly forward rolling vortex, which forms at the leading edge of the wing
(see Fig. 6.1) [345]. The prestige of his famous brother “misled some enthusi-
asts of glider flight to take his assertions for proven facts and they designed
wings which were doomed to failure,” one glider pilot recalled [344, pp. 123
124]. Gustav Lilienthal also attempted to exert his influence in academic teach-
ing. In 1920 he asked Prandtl for a recommendation to be employed as a lec-
turer at the Technical University in Berlin. In 1916 Prandtl had still regarded
Lilienthal’s studies as “worth pursuing further,” but in 1920, he considered
them outdated: “I believe that the present state of your studies does not let
us expect an advancement of contemporary flight technology,” he responded
to Lilienthal’s request. “I therefore ask you not to expect my support for your
application for the lectureship at the Technical University” [346].
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Fig. 6.1 Gustav Lilienthal’s concept of lifting vortex rolls underneath a
curved wing.

Glider flight also let other aerodynamical misconceptions come to the fore.
A heated debate addressed the causes of dynamic glider flight. The apparent
effortless soaring of a seagull or an albatross gave rise to speculations of how
wings interacted with the air so that no muscle power was required to lift and
propel the bird. In 1921 Friedrich Ahlborn surveyed a number of attempts to
explain this phenomenon. According to Ahlborn’s own explanation the invis-
ible power for constant soaring was provided by “pulsative wind forces.” He
believed that “turbulent forces of the wind” exert a similar effect as the ac-
tive flapping of wings [347]. Albert Betz had proposed a similar explanation
and proposed a test of this explanation by measuring the fluctuations of air
speed in the vertical direction of the wing’s motion [348]. Prandtl also con-
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tributed to the debate. It is “not impossible that some birds exploit the rapid
wind fluctuations according to the fish-tail principle,” he argued, and spec-
ulated about a possible application of this principle in glider plane design,
“perhaps by an appropriate construction of elastic wing profiles.” However,
he cautioned that before designing elastic glider wings one should study the
phenomenon experimentally: “It is very likely that the wind fluctuations re-
sponsible for this effect do not have the right order of magnitude from which
an appreciable advantage is to be expected.” Prandtl regarded it more likely
that soaring birds “mainly benefit from rising currents of air” [349]. Ahlborn,
however, regarded the fish-tail principle as the most likely explanation. He
had experimented as early as 1896 with fish-tail propellers in the form of elas-
tic plates attached to the hull of a boat. Ahlborn christened this boat “auto-
naut” because it was supposed to propel itself through the water by exploiting
the up and down motion of the waves. He believed that the excellent flight
performance of some early airplanes, such as the “Tauben,” was also due to
the elastic behavior of the wings. “I cannot see why it is necessary to perform
more experiments with unmanned models after such experiences with elastic
propulsion,” Ahlborn criticized Prandtl’s caution [350].

The belief in a pulsative effect was shared by many glider flight enthusiasts,
although they disagreed when it came to the details of explaining dynamic
glider flight. Karmén attempted to explain it in terms of a “fluctuation the-
ory.” He did not regard Prandtl’s assertion of rising currents of air as a suffi-
cient explanation. Kdrman illustrated dynamic glider flight with a mechanical
analogy: if a sphere is allowed to move freely along a rail that has arbitrary
up and down slopes, then it is possible to force the sphere upwards by ap-
propriate horizontal back and forth motions of the rail. In another model he
used a spiraling rail mounted off center on a disk: by rotating the disk at an
appropriate speed, the sphere on the rail was forced to move upwards [351].
Such models were meant not only as an analogy for the riddle of dynamic
gliding. They were also a didactic means to entice students to consider the
aerodynamic problems of glider flight — an issue that became a major part of
Karman's teaching at the Technical University in Aachen. “Professor von Kéar-
man allowed us to use the entire workshop of the Aerodynamical Institute,”
his assistant Wolfgang Klemperer recalled the beginnings of the “Flugwis-
senschaftliche Vereinigung Aachen,” one of the first glider flight groups at
a German technical university [352]. Klemperer won the first Rhon contest
in 1920 with a self-designed glider, the “black devil” (Schwarzer Teufel), in
which he achieved a flight duration of almost two-and-a-half minutes and a
flight distance of 1,830 m.

Klemperer’s success did not result from “dynamic gliding,” and Kdrman's
“fluctuation theory” was soon forgotten again. The practical experience of
the Rhon flights showed that the prevailing mode of glider flight was “static”
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rather than “dynamic,” as defined in the contemporary sense [353]. In 1922
Prandtl did not even mention dynamic gliding when he drew the lessons of
the recent Rhon contest [354]. In 1926 Klemperer concluded that there was
still no certain proof of success for dynamic gliding, which he now defined
more generally as the exploitation of gusts of wind and the exploitation of
steady wind layers [352]. (Under the latter definition, dynamic glider flight
remains an issue of research today). Rather than exploiting gusts the glider
pilots over the hills of the Rhon learned to exploit the rising currents of air
caused by thermal differences. In 1922 the Great Rhon Prize was awarded to
the Hanover student group with their “Vampyr” for achieving a flight dura-
tion of 3 hours and 10 minutes; they also won the prize for the largest flight
distance, more than 10 km [355]. The best planes were not designed such that
Lilienthal’s “rolling vortices” would carry them forward or Ahlborn’s “pul-
sative forces” would cause the wings to flap, but according to recent insights
from airfoil theory and wind tunnel tests. The designers were advanced engi-
neering students, some of whom would later rise to prominence [356].

Gliders like the Hanover Vampyr were designed according to the most re-
cent aerodynamic knowledge. The Vampyr’s wing profile was tested in the
Gottingen wind tunnel and optimized for a minimal drag-to-lift value. Be-
cause the total drag depended both on the shape of the profile (profile drag)
and the planform of the wing (induced drag), students who wished to design
optimal gliders for the Rhon contests had to be aware of Prandtl’s airfoil the-
ory. The higher a “quality number c;’ /c3,” (with ¢; and ¢y being coefficients
of lift and total drag) the lower the sinking velocity of a glider. This figure,
for example, one criterion for optimal glider design, was derived by Prandtl
in 1921 from airfoil theory [357]. Another consequence of airfoil theory was
the choice of a high ratio of span (B) to depth (T) of the wing in order to min-
imize the induced drag. The Vampyr’s span-to-depth ratio was 10, compared
to a value of 2.6 of Otto Lilienthal’s gliders. The technical director of Junkers’s
airplane factory, Otto Mader, used this comparison in 1924, together with ex-
amples of birds with good and bad gliding abilities (see Fig. 6.2) in order to
illustrate how recent aerodynamic knowledge contributed to the progress of
airplane design [358].

Gliders were of no economic interest for the Junkers factory, but Mader’s
presentation was not on gliders but more generally on airplane construction.
The audience was the Association of German Engineers (VDI), which hints at
another aspect of the coming of age of aeronautical engineering: the relation-
ship of the aviation industry to academic aerodynamics.
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Fig. 6.2 Based on their span-to-depth ratios, group and winner of the Rhén contest, was as-
the “badly flying pheasant” was compared to sociated with the albatross , while the pheas-
the “king of the sea-gliders, the albatross” ant was associated with Lilienthal’s “still imper-
The Vampyr, developed by the Hanover glider  fect glider”.

6.3
Karman and Junkers: The Beginnings of Industrial Consulting in Aeronautics

The rise of civil aviation and the clandestine development of military aviation
abroad offered splendid prospects for airplane manufacturers who had sur-
vived the dire postwar years. The restrictions in the wake of the Versailles
Treaty did not prevent them from focusing on the construction of big motor-
ized airplanes. As long as political obstacles existed, airplane construction
was displaced to other countries [341]. Junkers, for example, conceived in De-
cember 1920 a “program for finding ways and means to create work and sales
possibilities,” of which one section was titled “Bypassing the restrictions.”
Junkers envisioned two possibilities: “fabrication abroad” and “fabrication
in Dessau for Entente (...) or neutral countries” [359, p. 198].

But as long as the restrictions were in effect, glider flight was the only le-
gitimate way to foster aeronautical interest in Germany. Because of the in-
volvement of leading academics like Prandtl and Karman, and the integra-
tion of glider design in aeronautical teaching and research at many technical
universities, this sport also served as a proving ground for new aeronautical
concepts that might result in new applications for future airplane design. It
is not accidental, therefore, that airplane industrialists paid attention to the
glider sport although it was rather marginal as an industrial activity by it-
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self. Junkers became one of the earliest and most generous sponsors of the
Rhon glider contests. Another industrialist, the Aachen manufacturer of car
bodies and railway wagons, Georg Talbot, became infected by the glider ob-
session through Karman. Talbot donated money to Kdrman's glider group
and provided workshop space for them in his factory. In return Talbot was
awarded an honorary doctoral degree by the Technical University Aachen.
“Doctor, to walk with you is a great honor — and profitable,” Kdrman thanked
Talbot quoting a verse from Goethe’s Faust. With Talbot’s money Karmén
even founded a firm, the “Aachener Flugzeug G.m.b.H.,” and sold a few glid-
ers. But the business turned out to be a flop, “and I soon abandoned my first
attempt to become an industrialist,” Karman recalled later [85, p. 101].

Kérman’s excursion into the world of business and industry, however, was
not entirely futile. Junkers, who still possessed a private research laboratory in
Aachen (see Chapter 3), bought Karman’s moribund company in 1923—and
with it came Kdrman and Klemperer as advisors. With Junkers as the only
shareholder, the firm was renamed the “Aachener Segelflugzeugbau G.m.b.H.
(Sef).” Its business goal was defined as “not oriented towards profits but
merely the research in the area of glider flight technology” [360]. But from the
very beginning “other work in the area of aviation” was envisioned too [361].
Kérman proposed to extending the firm’s range of work from gliders to mo-
torized small airplanes, for example. He regarded such planes as “the motor-
bike in the air”; he also regarded the development of helicopters as a promis-
ing business for the future. Although Junkers did not share these views and
urged Kdrman to pay more attention to economic considerations, he granted
his advisor the “total freedom of decision” for the direction of the Sef [362].
In practice, the Sef was run by Klemperer, because “v. Karman himself is not
interested in directing mere constructive works,” as was remarked in a pro-
tocol after Klemperer left the firm by the end of 1924. Under Klemperer’s
supervision, for example, the Sef designed a small two-seater training air-
plane. Organizationally, the Aachen Sef was run as a subsidiary department
of Junkers’s Dessau research division. After Klemperer’s departure, Junkers’s
interest in the “wooden airplane construction” of the Sef declined noticeably.
He decided that “the Aachen workshop operation should be cut back as soon
as possible,” without, however, dissolving the Sef completely. Kdrman sug-
gested “that Junkers agrees that the Technical University [Aachen] assumes
responsibility for the workshop under the explicit provision that he can use it
for his own purposes at any time” [363]. Hardware and part of its personnel
were transferred to Dessau. “Mr. v. Kdrman will stay on a contractual basis as
a collaborator with us, but without the need to keep up the present big opera-
tion of Sef,” the main office of the Dessau Junkers firm described the result of
this reorganization in January 1925 [364].
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Afterwards, there was hardly any mentioning of the Sef. “For Junkers there
was nothing left except paying back the debts of the workshop.” So ended
the chapter on Junkers and glider flight in the history of the Junkers fac-
tory [359, p. 164]. But what appears as a failed strategy was in fact a clever
move in the Dessau firm’s policy. Junkers spared no costs to invite Kirman to
Dessau in order to request his advice. The Aachen professor then was hosted
as Junkers’s personal guest in his villa and had to “do nothing more than talk
over aerodynamics problems,” Karman later recalled. “For two weeks of this
‘consultation,” he offered to pay me a sum which was half of what the govern-
ment paid me for teaching a full year” [85, p. 110].

To what extent Junkers benefited by Karman's consulting in terms of money
is difficult to estimate, but it is obvious that Karman’s advice resulted in tan-
gible applications of the design of Junkersairplanes, such as slotted wings.
Kérman’s student, Gustav Lachmann, and an English engineer, Frederick
Handley-Page, had discovered independently that the stalling of flow at high
angles of attack is prevented by slots in the wing. In 1922 Karman presented
Junkers with the design of a “canard with slotted wings” as one of several
proposals for which he expected they “appear appropriate to find your in-
terest.” At that time the Aachen aerodynamicists were not yet contractually
linked with the Dessau firm, but Junkers experimented with a modification
of Lachmann’s principle — two narrowly adjacent wings; so Junkers was in-
deed interested in Karmdn’s proposal. Perhaps it was this proposal rather
than the general glider obsession which prompted Junkers to take over the
Sef. Karman suggested that the “lift increase by Lachmann’s slot” should
be tested “in practice and under the simplest and most clearly defined real-
flight conditions” [365]. Preceding this proposal were wind-tunnel experi-
ments performed by Klemperer in Kdrman's institute at the Technical Univer-
sity Aachen [366].

The slotted-wing principle was also tested in the Géttingen wind tunnel (see
Fig. 6.3) [162, Heft 2, pp. 55-65]. Although there was no quantitative theory
which accounted for the effect, Lachmann provided an explanation in terms
of the boundary layer concept: the air blown through the slot across the up-
per wing surface makes the boundary layer there turbulent, which prevents
the flow from separating from the wing. Using Karman’s formulae for the
thickness of the turbulent boundary layer, he was able to estimate the power
which was transferred into lift generation by the slots [367, pp. 184]. By the
end of 1924 Junkers authorized the Sef to construct a test plane with a “dou-
ble wing” as a lift-increasing device [363]. Although Lachmann’s slotted wing
and Junkers’s double wing were not the same, both made use of the same
principle — and the double wing became a characteristic feature of Junkers air-
planes long before the principle was routinely used in other airplanes in the
form of start- and landing flaps.
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Fig. 6.3 Polar diagram of a slotted wing measured in the Géttingen
wind tunnel.

Kérman also provided his expert opinion for Junkers in patent fights and
served as a consultant for political decisions within the firm. In June 1928, for
example, he wrote a report on the situation of aviation in Japan “with regard
to a possible engagement of the Junkers works.” Kérman based this report
on his recent experiences as a consultant for Kawanishi, a Japanese airplane
manufacturer who had invited Karman for an extended sojourn in 1927 in
order to get his advice on the construction of a wind tunnel. During his con-
versations with the Japanese industrialists he became aware that “they were
primarily interested in making Japan a power in world aviation” [85, p. 131].
He was able to provide Junkers with a feel for the Japanese airplane industry:
one has to discern the difference between the “big corporate groups directed
by politicians” and the “self-contained airplane factories,” he introduced his
report. “The three corporate groups, which deal with all kinds of industrial
activities related to military projects of the government, i.e., ship-building,
weapons, submarines, airplanes etc., are Mitsubishi, Mitsui, and Kawasaki.”
He then described how each one was related by license contracts with Euro-
pean partners and where he saw their virtues and weaknesses, respectively.
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He found it regrettable that Junkers’s representatives in Japan favored Mit-
subishi and proposed negotiating instead with Kawanishi as Junkers’s Japan-
ese partner [368]. Although Junkers did not follow Karman’s advice in this
case, because the negotiations with Mitsubishi had “already resulted in an ac-
complished agreement,” he took note of his recommendations “with a very
particular interest” in order to decide how the relations with Japan should be
pursued in the future [369].

Besides Junkers and Kawanishi, Kdrman was also an advisor for the Zep-
pelin Works at Friedrichshafen and other firms with some interest in aerody-
namics. Other colleagues of Karman also became more and more engaged
in industrial consulting. Albert Betz, for example, once became involved as
consultant of Heinkel in a patent dispute with Karman about the slotted wing
patent [85, p. 113]. If industrial consulting by academic scientists is regarded
as another criterion for an engineering science, aerodynamics clearly met this
requirement by the end of the 1920s.

6.4
Profile Measurements

Beyond such external characteristics, however, the coming of age of aerody-
namics is most clearly revealed by its use. What was the relationship between
supply and demand in aerodynamics, if we identify the Gottingen AVA as the
former and the aircraft industry as the latter? The war-time tripartite rela-
tionship between science, military, and industry, in which contracts between
airplane manufacturers and the Gottingen aerodynamicists were encouraged
and mediated through the Berlin FLZ (see Chapter 3), no longer existed in the
1920s. The military also disappeared as a source of funds for the expansion of
research facilities. The immediate postwar years were a dire period for Prandtl
and his colleagues. Negotiations among the Association of German Airplane
Manufacturers, the Kaiser Wilhelm Society (KWG) and other state institutions
resulted in securing the further survival of the AVA, but the galloping infla-
tion made this survival difficult. “The AVA had to see how to exist day by
day” (“Die AVA mufite also weiterhin von der Hand in den Mund leben”),
these years are described in the history of this institution [67, p. 220]. Junkers
offered Prandtl his individual help if such was required, but he regarded it an
obligation of the state and the entire airplane industry to save the AVA [370].
The AVA survived these dire years mainly because of industrial contracts.
Even when its survival was secured, the AVA had to rely on such contracts for
its further development. However, when the restriction of the Versailles Treaty
for civil aviation ended in 1926, the German aircraft industry boomed and pro-
vided the AVA with ample contractual work. Additional support came in the
form of test contracts from airplane manufacturers who received government
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subsidies from the Ministry of Traffic (Reichsverkehrsministerium, or RVM).
The foundation of the new Kaiser-Wilhelm-Institut fiir Stromungsforschung
in 1925 also helped the AVA. “The total revenue of the combined research in-
stitute, which consisted mainly of the budget of the KWG, the charges of the
contractual tests for private firms, and the work for the RVM, displays a con-
siderable growth,” a historical account of the AVA commented on the financial
situation in the second half of the 1920s; “no trace was left from the concerns
how to persist” [67, p. 260].

It is remarkable how leading airplane manufacturers evaluated the use of
the AVA during these dire years when its very existence depended on the
readiness to offer help. Junkers considered the survival of the AVA as “very
important in the national interest” because it was “the only purely scientific
aerodynamic research establishment in Germany.” This was an internal eval-
uation within the Junkers factory preceding an official judgment requested by
the RVM from the airplane industry on whether the AVA deserved to be kept
alive. The director of Junkers’s research division even suggested that they
should donate money for the AVA’s survival themselves if necessary [371].
This evaluation is all the more noteworthy because the Goéttingen research
up to this time was regarded as of little importance for airplane design. The
AVA “had never been leading from a technological perspective,” the Junkers
memorandum remarked on the contribution of the Géttingen aerodynamicists
to the war effort. “A work like the systematic investigation of thick profiles
would never have originated from the initiative of the Géttingen facility be-
cause of their technological advantages. Its collaborators did not regard it
as their duty to look for new aviation technology.” Although they diligently
fulfilled their contractual obligations, the pursuit of these contracts lacked me-
thodical planning. “This must now be created,” the memo demanded, all the
more because the AVA was “scientifically unmatched” and foreign countries
could not compete with a comparable institution. As a particular scientific
virtue, the memo praised the Gottingen airfoil theory as a usable tool for
“practical technology” after it was shown that the theory agreed well with
experimental results and that “promising works are in progress” [372].

Junkers’s view that the Gottingen aerodynamicists did not pursue profile
measurements according to methodical planning contrasts with Munk’s re-
mark in the Technische Berichte, which claims that in addition to the contract
work for the airplane factories tests were “oriented towards the accomplish-
ment of certain results in a systematic manner” [135]. For example, it is not
entirely true that they did not investigate thick profiles, as the communication
of test results of profile No. 198 illustrates [136]. However, it is true that such
profiles were only occasionally investigated. For Junkers, thick profiles, like
the one seen in Fig. 6.4, were mainly interesting because of their structural
virtues and because they were a central feature of the Dessau airplane design.
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From the Gottingen perspective, thick profiles were not given as much atten-
tion. Prandtl himself admitted later that Gottingen’s profile measurements
during the First World War were insufficient: “As far as the ‘thick wing’ is
concerned,” he explained this neglect to a Junkers biographer, “we had a very
low wind speed in the first wind tunnel at which the thick wings came off
badly” [373].

Fig. 6.4 A section of the thick wing of Junkers’s “Eiseneindecker (Iron-
monoplane) J-2” built in 1916 (Source: Deutsches Museum, Munich).

Increasingly, Prandtl and his collaborators were eager to demonstrate after
the war that their institution was able to perform methodical and systematic
investigations that were useful for airplane design. First of all this required
a suitable way of making the results of these investigations available. Before
the war, a series of communications in the Zeitschrift fiir Flugtechnik und Motor-
luftschiffahrt served this purpose. During the war the Technische Berichte of
the FLZ took over this task. From 1919 to 1922 the Gottingen aerodynamicists
resumed the tradition of publishing special communications in the Zeitschrift
fiir Flugtechnik und Motorluftschiffahrt, but they soon reached the decision that
this was no longer an appropriate means of communicating their results. Be-
ginning in 1920, they edited a new series of communications, the Ergebnisse
der Aerodynamischen Versuchsanstalt zu Gottingen. It aimed at making avail-
able their research results available “to the expert community in a more com-
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fortable manner than was the case in the past,” as Prandtl introduced the se-
ries [162, I, preface].

The major part of the 140-page volume of the first issue was dedicated to
the investigation of wing profiles, performed in the large wind tunnel with its
2 m diameter test section (see Chapter 3) in order to update older data, which
were obtained in the first wind tunnel. The new wind tunnel allowed mea-
surements at Reynolds numbers two orders of magnitude larger than those
of the first tunnel. The transferability of test results on models to real-scale
conditions was the major problem for practical airplane designers. The law
of similarity demanded that the same Reynolds number had to be achieved
in the wind tunnel as in free flight — a requirement that was difficult to fulfill
with the trend toward ever-larger airplanes (because the Reynolds number is
proportional to the size). Even if the size of the tunnel were large enough so
that larger models could be tested, wind tunnel turbulence (see Chapter 5)
presented another problem. In both regards, the new Gottingen tunnel sur-
passed other wind tunnels, but the influence of the Reynolds number on the
aerodynamic forces upon a wing had to be analyzed carefully in order to pro-
vide airplane designers with a feel for the reliability of the profile data. Airfoil
theory was used to independently evaluate the quality of the data. For ex-
ample, the theory predicted an ideal polar for a wing of span b and planform
surface area F in the form of a parabola, c,, = c%%, where ¢y and ¢, are the
induced drag and lift coefficients, respectively. This parabola was drawn in
the polar diagrams together with the measured polars of a profile in order to
indicate how well the actual data approached the theoretical limits. A com-
parison of wings with different aspect ratios made clear that the difference of
the total drag (as measured in the wind tunnel) and the induced drag only de-
pends on the shape of the profile; this difference was called “profile drag” for
short. As a general tendency, it was noted that the profile drag decreased with
increasing Reynolds number, and the polars approached the limiting parabola
of the induced drag [162, I, pp. 37 and 71].

Another enquiry addressed the problem of the wing’s planform. Airfoil
theory predicted a minimal induced drag if the lift distribution was elliptical
over the span (see Chapter 3), which implied an elliptical planform. However,
as Betz had shown in his doctoral dissertation, the dependence of the aero-
dynamic forces on the exact shape of the planform was not very sensitive as
long as the ratio of planform area to span was the same. For the regular pro-
file measurements in the new Gottingen wind tunnel, a “normal wing” with a
rectangular planform (with a span of 100 cm and a depth of 20 cm) was used;
with this choice, it became expedient to verify Betz’s theoretical conclusion
and experimentally test how the profile data depended on the chosen plan-
form. A series of measurements on wings of five different planforms with the
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same profile confirmed the theory: “a systematic variation due to the contour
cannot be detected,” Prandtl and his collaborators concluded [162, I, p. 65].

With such reassurance, the profile measurements at the AVA became a
regular activity. They were performed “almost exclusively on behalf of air-
plane firms, flight associations and private persons,” as a review in 1926 re-
ported [162, 111, p. 33]. The review was communicated publicly without nam-
ing the contractors; the anonymous communication of the profile data was
similar to the wartime reports in the Technische Berichte; the profiles were
numbered consecutively, but there was no systematic variation of parameters
from profile to profile. Nevertheless, the frequent measurements of very thick
profiles (perhaps as a consequence of Junkers contracts [374]) and a special
series of measurements on so-called Joukowsky profiles reveal more system-
atic planning than existed during the war. The measurements of Joukowsky
profiles (see Fig. 6.5) resulted from the AVA’s own initiative. They were de-
signed mathematically by conformal mapping and were “relatively comfort-
ably accessible to theoretical investigation” because Kutta—Joukowsky theory
allowed one to calculate the lift of such profiles for infinite span [162, III, p.
13]. Together with the Gottingen airfoil theory, these results could be used to
calculate lift and induced drag for a finite span. The only difference between
experimentally determined polars of Joukowsky profiles and the theoretical
data was due to the difference of the total drag (as measured in the wind tun-
nel) and the induced drag (the only drag accounted for by airfoil theory); in
other words, for Joukowsky profiles, the profile drag could be directly de-
termined. Another virtue of these profiles was that thickness and curvature
could be varied systematically, so that it became clear how lift and drag de-
pended on these parameters [375].

Between 1921 and 1932, the Gottingen aerodynamicists published four is-
sues of the Ergebnisse der Aerodynamischen Versuchsanstalt with polars of 723
profiles. This catalog symbolized the coming of age of aerodynamics as a new
engineering science in the sober language of data sheets and diagrams — but
most pervasively, nonetheless. At a time when most airplane firms did not
yet possess their own wind tunnels, these data provided crucial information
for airplane design. Even those few industrialists like Junkers, who owned
a specialized aerodynamic laboratory with a wind tunnel, could not have af-
forded to perform such extensive tests. The Gottingen profile catalog incor-
porated theoretical and experimental knowledge about the forces exerted on
wings, which airplane designers would not have obtained at the time from
other sources. For example, in order to determine the power needed to pro-
pel an airplane of a given weight at a desired speed in horizontal flight, one
first has to choose the coefficient of lift from the equation “lift = weight.” The
polar diagram of a chosen wing profile relates this coefficient of lift to a drag
coefficient, which in turn allows one to calculate the resistance, i.e., the force
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Fig. 6.5 Joukowsky profiles and their associated polars [162, |, pp. 80
and 99].

that the airplane’s engine has to provide in order to surmount the drag. Based
on this knowledge the power can be calculated from the formula “power =
force x velocity.” The relation between drag and lift which is expressed in the
polar diagram for each profile, therefore, is decisive for determining not only
the shape of the wing but also for the choice of the engine of an airplane.

Beyond this basic requirement for the design of new airplanes, the Gottin-
gen profile catalog was important in a more general way. In 1929 the authors
of an aeronautical engineering textbook concluded that among all profiles
tested so far, “only relatively few turned out to be useful in practice” [337, vol.
2, p. 37]. In other words, by the end of the 1920s, the large variety of possible
profiles was narrowing to a set of practical profiles. This selection process re-
sulted from the collective experience contained in the Géttingen data sheets.
Due to the anonymity of the communication in the AVA’s profile catalog, com-
peting airplane manufacturers benefited from each other’s experience without
giving away their own designs. The Joukowsky profiles, which did not result
from contractual tests but from the AVA’s own aerodynamic research, were
also investigated in the collective interest of aviation.

A similar strategy may be observed at the NACA. Beginning in 1925 with its
M-series, the NACA contributed to the collective knowledge for wing design
by communicating systematic series of profile measurements in its Technical
Reports [376], [233, pp. 65-95]. However, after a decade of profile tests at the
AVA, the NACA, and other laboratories the available data further strength-
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ened the awareness among the international community of aeronautical scien-
tists and engineers of the comparability of their measurements. “The results
obtained in the different laboratories are not directly comparable, because of
the differences in the methods of testing,” a report of the U.S. Navy’s Bureau
of Aeronautics commented in 1930 after a comparison of profile data from
Gottingen with measurements in American wind tunnels (including MIT, Mc-
Cook Field, and Washington Navy Yard) [377]. Three years later the NACA
published a series of profile data from recent measurements in the Variable
Density Tunnel [378]. By increasing the pressure to 20 atmospheres, it became
possible to achieve Reynolds numbers as high as 3,000,000—almost ten times
higher than in the Gottingen wind tunnel and close to those for large full-sized
airplanes in free flight. But wind tunnel turbulence, which was a particular
problem in the VDT, limited the comparability of these data with measure-
ments in larger wind tunnels. “It may be stated that lift measurements in the
full-scale tunnel on a series of Clark Y airfoils show larger values of maximum
lift than those obtained in the variable-density tunnel, and there seems to be
good reason for believing that the turbulence in this tunnel is less than in the
variable-density tunnel,” an engineer warned the NACA’s research director
about the conclusions to be drawn from these measurements [379].

6.5
Airfoil Theory

The goal of a standardized technique for aerodynamic measurements that
would result in internationally comparable wind tunnel data was still in the
future. Nevertheless, the example of profile measurements illustrates how
fast aerodynamics was ripening into an engineering science during the 1920s.
Polar diagrams became a common language among aeronautical engineers.
Although they merely displayed the data concerning the drag and lift of a
certain wing profile in a graphical diagram, the measurements with which
these data were obtained involved a multitude of experimental procedures
and theoretical methods which - like a language — had to be acquired by long
periods of experimentation. The notion of profile drag, for example, relied
on the notion of induced drag, which in turn was based on airfoil theory, i.e.,
the concept that accounted for the creation of wingtip vortices. Profile drag
itself was explained as a sum of two parts: form drag (due to pressure differ-
ences in front of and behind the wing, which give rise to vortex-shedding) and
skin friction (due to the surface roughness of the wing, which influences the
boundary layer). How these various drag contributions (and therefore the po-
lars themselves) depended on the Reynolds number was an unsolved research
problem, whose solution required the results from research on boundary lay-
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ers and turbulence taking place at the time. Talking to one another in the lan-
guage of polars, therefore, required not only the use of an established practice
of wind tunnel measurements but also a common understanding of existing
aerodynamic research problems, particularly with regard to airfoil theory.

Such common ground was not reached immediately. Until the mid-
1920s the official theory of aerodynamic lift in England was based on the
Kirchhoff-Rayleigh concept of discontinuity surfaces (see Chapter 1). The
Kutta—Joukowsky explanation, which claims that lift is a result of circula-
tion around the wing, was met with harsh criticism [380]. In 1922 Leonard
Bairstow, a leading aerodynamicist from the Imperial College in London,
was still convinced that careful wind tunnel measurements would prove that
there was no trace of a circulatory motion around the wings. Prandtl’s airfoil
theory, however, which was based on the circulation concept, was found to
agree with experimental wind tunnel tests [382]. In 1926 careful experimental
tests in the wind tunnel of the National Physical Laboratory “provided an
experimental verification of the law of Kutta and Joukowsky” [381]. Only
after these tests was the Kirchhoff-Rayleigh explanation of lift regarded as
wrong and Prandtl’s theory accepted as valid in Great Britain.

Most instrumental for this conversion from the long-cherished aerodynamic
orthodoxy to modern airfoil theory was Hermann Glauert, a Fellow of the
Trinity College in Cambridge and collaborator of the Royal Aircraft Estab-
lishment in Farnborough. Glauert and a colleague from Farnborough visited
Prandtl’s institute in 1921 in order to learn how the Géttingen aerodynami-
cists performed wind tunnel experiments and to discuss applications of air-
foil theory [383]. Subsequently, Glauert spread the gospel of the new airfoil
theory among his British colleagues. Prandtl enjoyed “the attention the Got-
tingen airfoil theory has found in England,” as he wrote to Glauert in October
1923 [384]. He had been offered the opportunity to persuade the English aero-
dynamicists himself in 1922 when he was invited to present a lecture before
the Royal Aeronautical Society in London, but he had declined because of his
poor English [385]. A few years later, however, he used the invitation to de-
liver the 1927 Wilbur Wright Memorial Lecture as an occasion “to thank the
English experts for the great and lively interest they have taken in this theory
and for the considerable efforts they have devoted to testing out the theory by
means of experiments in the most diverse directions” [386]. In the meantime,
Glauert had further prepared the ground with a textbook titled The Elements
of Aerofoil and Airscrew Theory, which presented Prandtl’s theory in such a lu-
cid manner that it became a textbook classic for the budding community of
aerodynamicists throughout the world [336].

In Germany, too, airfoil theory was met with criticism. Friedrich Ahlborn
voiced strong objections against Prandtl’s theory because he thought it was
based on “arbitrary assumptions which do not agree with reality” [387].

149



150

6 Aerodynamics Comes of Age

Ahlborn did not oppose the circulation concept in principle, as the British
aerodynamicists did, but he regarded Prandtl’s elaboration of this concept
as wrong. According to Ahlborn, the cause of the “theoretical” circulatory
motion around the airfoil was caused by “a vortex sheet on the upper side
of the wing” [388]. He based this view on direct evidence from his flow
photographs, but he could not substantiate it in the form of quantitative re-
sults. In the course of the 1920s, he developed a profound aversion to theories
which seemed unfounded by visual observations, such as Prandtl’s boundary
layer and airfoil theories. His arguments were framed in a language which
diverged from the usual discourse among aerodynamicists of the 1920s, and
he found few followers when he made his objections public. His notions “de-
viate from the usual terminology of mechanics,” as a participant in a debate
at the Scientific Society of Aviation (Wissenschaftliche Gesellschaft fiir Luft-
fahrt, or WGL) remarked on Ahlborn’s objection to Prandtl’s boundary layer
concept [389].

Ahlborn’s refusal to accept the modern concepts could be ignored as in-
significant if he were not a renowned pioneer of experimental fluid mechan-
ics. Ahlborn’s views were based on his own flow photographs; they made
sense when related to the flow regime in his water channel, but not for the
test of airfoil theory where much higher Reynolds numbers applied. Prandtl
tried hard to persuade Ahlborn. The Géttingen airfoil theory is a logical and
consistent mathematical theory, he responded to Ahlborn’s criticism in Octo-
ber 1924, “which today is acknowledged as correct by the best experts and in
practical use not only in Germany but also in England, France, Italy, America,
etc.” [390]. In a subsequent letter, Prandtl protested against Ahlborn’s char-
acterization of himself as a theorist and pointed to the experimental tests to
which he had subjected airfoil theory in the Gottingen wind tunnels. “We al-
ways proceeded hand in hand with experiments, and all objections you raise
now were raised by ourselves ten years ago.” Then he presented a list of
investigations that had been undertaken in order to check the various theoret-
ical predictions. In 1918, when the theory was published, it had already gone
through a phase of thorough experimental tests. “In addition, the theoretical
results have been checked experimentally in England with the same positive
conclusion” [391]. But Ahlborn could not be converted. When he died in 1937,
Prandtl assured Ahlborn’s son that he had always respected Ahlborn as a pi-
oneer of experimental research in fluid dynamics. “I stress this because your
father often stood in opposition to my own theoretical work, and this has pre-
viously led to quite sharp controversies between us” [392].

The clash between Prandtl and Ahlborn also signals a turning point in the
history of aerodynamics. Ahlborn’s method of extrapolating from visual ob-
servations to more general views without due attention to theoretical fluid me-
chanics was a common approach of experimental research when theory and
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practice were still irreconcilably separated into different camps. Ahlborn’s ap-
proach may be compared to other research from this era, like those of Lanch-
ester or Lilienthal, for example (see Chapter 1). These pioneers achieved re-
markable successes within the realm of their observational range; but their
method could not account for extrapolations into the realm of aeronautical
engineering as it was conquered in the 1920s. The experiments and theories
of the new era had little in common with those in the age of these pioneers.
Ahlborn’s criticism appears anachronistic when confronted with the theoret-
ical advances made at the same time by aerodynamicists of this new age of
aeronautical engineering.

Airfoil theory became a complex of special theories. As far as the flow in
a section of a wing with a given profile was concerned, various “profile the-
ories” emerged. The oldest method was introduced before the First World
War and relied on conformal mapping; although it was limited to so-called
Joukowsky profiles (resulting from mappings of a circle into the shape of a
profile), which were primarily of theoretical interest, this method was also
amenable to practical applications in the form of so-called Karman-Trefftz
profiles [85, p. 77-78]. Another profile theory was Max Munk’s thin-wing the-
ory, which chose the mean line of a wing profile as the starting point [238]. A
third procedure was the so-called method of singularities, by which sources,
sinks, and potential vortices were arranged so that their superposition ac-
counted for the flow field around a profile. Walter Birnbaum, a doctoral
student of Prandtl’s, developed this method in 1923 as an alternative to the
calculation of thin wing profiles [393]. Glauert generalized this method in
1924; the presentation of this method in 1926 in Glauert’s textbook became the
blueprint for many subsequent engineering accounts on the theory of wing
sections [394, pp. 64-79].

Birnbaum’s method of singularities also opened a new avenue to extend
Prandtl’s airfoil theory. In its original form, airfoil theory was based on the
concept of a single lifting vortex line; the new method was based on a lift-
ing vortex sheet rather than a single vortex line. Prandtl entrusted another
doctoral student, Hermann Blenk, with the investigation of this concept. The
“lifting surface” method considerably extended the practical uses of the air-
foil theory. The “lifting line” concept was limited to straight airfoils with a
large span; the “lifting surface” concept could be applied to wing planforms
of (almost) arbitrary shape. Blenk derived from his theory formulae “for the
practitioner” through which deviations from the rectangular wing planform
could be accounted for. The new theory also entered the practice of wind
tunnel testing. In order to extrapolate test results of a measured rectangular
“normal wing” to a wing of the same profile but another planform and aspect
ratio, conversion formulae derived from airfoil theory had to be used. Blenk
demonstrated with the example of the Gottingen profile No. 389 that the for-
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mulae based on the “lifting surface” theory could be applied for aspect ratios
as low as 1:1, in contrast to those based on the “lifting line” concept, which
were limited to ratios higher than about 3:1. Despite such progress, however,
there were basic obstacles that prevented further applications of airfoil theory
in practical aeronautical engineering. Blenk himself saw his theory’s mathe-
matical simplifications as a deficiency, leaving him with “essentially a linear
theory” [395].

Although the “lifting surface” concept was superior to the “lifting line” con-
cept, the latter was not rendered obsolete by the former. As long as wings
were designed predominantly with a straight span, the sheet-like distribution
of lifting vortices along the mid-line of a wing section could be approximately
replaced by a single vortex line of appropriate strength located in the center,
and the simpler lifting line concept could still be used. By the mid-1920s, its
range of application was investigated in a variety of special studies [396-398].
The most pertinent problem for practical applications was the determination
of the distribution of lift along the span of a wing with a given planform (of-
ten designated as the second problem of airfoil theory, in contrast to the first
problem where calculations start with a given distribution of lift). This had
been the subject of Betz's dissertation in 1919 (see Chapter 3), but Betz’s result
was hardly applicable for practical purposes. It was regarded as clumsy and
became a target of opportunity for mathematical improvement [336,399401].
Only in 1931 was Irmgard Lotz, a doctoral student of Betz’s, able to present a
more viable solution [402].

Compared to the beginnings of airfoil theory at the end of the First World
War it was unmistakable to what extent theory further approached the prac-
tice of aeronautical engineering. Yet after a decade of efforts by applied math-
ematicians, it was still a working theory for aerodynamic research laboratories
rather than an instrument for practical engineering design. So far, airfoil the-
ory was based on ideal fluid theory and could account for lift and induced
drag only. Therefore, the profile drag was beyond its reach and had to be
supplied from separate wind tunnel measurements. Even in its most devel-
oped form the theory required calculations that rendered it prohibitive for
practical wing design. Irmgard Lotz’s procedure, for example, could be ap-
plied only after determining “a specific constant for a given profile” by wind
tunnel measurements and after specifying the wing’s planform according to a
required scheme. After such preliminary work, “a skilled computer can deter-
mine the required even and odd coefficients (perhaps up to 10) in 2 1/2 hours,”
its practical use was characterized, assuming a human computer who was ex-
perienced with the handling of slide rules [402, p. 191]. It is not surprising that
airfoil theory remained a proving ground for applied mathematicians.
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The rise of aerodynamics as a new applied science for the budding new branch
of aeronautical engineering is so pervasive that it overshadows applications of
fluid dynamics in other areas. Disciplines like meteorology, mechanical engi-
neering and ship-building should not be overlooked as pacesetters of research
in fluid dynamics. Prandtl’s research program on turbulence after the First
World War indicates a trend towards fundamental research (see Chapter 5),
which might seem to contradict the growth of applied research. For Pranditl,
however, “fundamental” and “applied” were not opposing categories. He
regarded the two as complementary: fundamental riddles in fluid dynamics
were closely related to practical problems, and applications often became a
challenge for basic research.

For Prandtl, the explanation of fluid phenomena in terms of physical laws
was the ultimate goal, but despite such interest in basic science, he did not
classify research problems along a scale between “fundamental” and “ap-
plied,” or with regard to distinct areas of application, but according to the
realms of laws for certain fluid regimes. In the summer of 1923, for exam-
ple, Prandtl defined the following “problem groups” in a preliminary research
program for his new Kaiser Wilhelm Institute: “1) Research into the laws of
flow valid for incompressible fluids with little friction (like water, or gases
at moderate pressure gradients), 2) research into the corresponding laws for
highly compressible fluids (gases under high pressure differences), 3) laws
of flow close to the vapor point (Verdampfungspunkt), 4) laws of motion for
very viscous fluids.” Research problems of the first category belonged to the
realm of “hydrodynamics in a narrower sense”—for example, the investiga-
tion of “vortex formation, turbulence, wave motion, etc.” It was not impor-
tant whether such flow phenomena were studied in air, water or some other
medium. Nevertheless, Prandtl had specific studies in mind. He mentioned
the study of “flow forms in rotating vessels and channels (both with regard to
the laws of flow in turbines and with regard to the air and ocean currents on
the rotating earth).” The second category concerned the realm of gas dynamics
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with applications in mechanical engineering (steam turbines), ballistics, and
aerodynamics. Research problems of the third group involved the phenome-
non of cavitation, the formation of bubbles due to a lowering of the local pres-
sure under the vapor point; this phenomenon occurred with rapidly rotating
ship propellers or in water turbines and was known to cause great damage.
The fourth category addressed such diverse phenomena as the “lubrication
of machine parts” and the “locomotion of tiny animals (e.g., infusoria) in flu-
ids” [404, pp. 153-154].

This list clearly demonstrates how broadly Prandtl conceived the scope of
research in the new Kaiser Wilhelm Institute, as well as the diversity of ap-
plications encompassed in its course, ranging from biological fluid mechanics
of microscopic animals to ballistics. It also shows that despite the diversity
of the phenomena, there was a conceptual coherence among these research
topics due to an orientation towards basic laws. Fundamental and applied in-
terests went hand in hand in Prandtl’s institute, even if a specific case clearly
pointed to one orientation or another.

71
Gas Dynamics

The investigation of flow problems where fundamental laws were used to ac-
count for the compressibility of the fluid started with problems of machine
engineering by the end of the nineteenth century. When steam turbines were
developed for a variety of industrial uses, such as the generation of electrical
power, engineers became aware of a problem for which they could not find
an explanation. The success of steam turbines was due to the fact that a jet
of steam could transfer a very high momentum to the vanes of a turbine. A
Swedish engineer, Carl Gustav Patrick de Laval, had invented a special nozzle
shape through which jets at supersonic speeds could be ejected. Through the
use of Laval nozzles (see Fig. 7.1), steam turbines could be rotated at super-
sonic circumferential speeds. Other nozzle shapes, however, seemed to choke
off the jet at the speed of sound.

The experience suggested that for an incompressible flow through a nar-
rowing passage, according to the continuity equation, the velocity increases
with the square of the ratio of the diameters between the entrance and the
exit of the nozzle. However, the flow of a steam jet through a narrowing pas-
sage choked off at the speed of sound, regardless of the pressure difference by
which it was driven. Only if the passage was converging and diverging, such
as in a Laval nozzle, could the choking be avoided and the steam ejected at
supersonic speeds.
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Fig. 7.1 Laval's sketch from 1882 of a turbine, in which steam jets are
emanating from converging—diverging nozzles (“Laval nozzles”) and
deflected by turbine blades [412, p. 2].

The cause of this phenomenon was unknown for many years after the ap-
plication of steam turbines and Laval nozzles. Prandtl’s first attempts to solve
this riddle were motivated by a debate in the Zeitschrift des Vereins Deutscher
Ingenieure in 1903 and resulted in an investigation of the relationship between
the pressure and velocity of jets in nozzles [405,406]. A year later, he authored
a review article on this topic in the renowned Enzyklopiidie der mathematischen
Wissenschaften [407]. Among other details, he observed stationary waves in the
emanating jets and showed that this phenomenon is akin to the conical “Mach
waves” around supersonic projectiles (see Chapter 1). Subsequently, Prandtl
made the experimental and theoretical analysis of this phenomenon the theme
of doctoral dissertations at his Gottingen institute [408—410]. The analogy with
“Mach waves” also suggested the use of Mach’s “Schlieren method” to visu-
alize the density fluctuations in gas jets. The photographs from jets during
the passage of a Laval nozzle whose inner surface was roughened in order
to generate waves showed that the inner space of the nozzle was crossed by
lines, which originated at the diverging flanks of the nozzle and extended be-
yond the nozzle’s exit (see Fig. 7.2). The interpretation of the observed lines as
stationary wave fronts (the images, taken with exposure times of 1/30 to 1/10's,
could not display transient waves) further suggested that the angles between
these lines and the diverging flank of the Laval nozzle, like the “Mach angles”
of the cones around supersonic projectiles, could be used to determine the
speed of the jets.
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Fig. 7.2 “Mach waves” as produced by a supersonic projectile (above,
left) are also created by scratches in the wall of a Laval nozzle. The
“Mach angle” « reveals the supersonic speed v of the jet according to
sinw = v/c (c =speed of sound) [411, pp. 947 and 952].

Together with his doctoral student Theodor Meyer, Prandtl also presented
a theory for expansion waves. Such waves are created in a supersonic flow
around a sharp corner; for example, when a supersonic jet leaves the exit of
a nozzle into a space of lower pressure (see Fig. 7.3). Along each straight
line, which originates at the corner and crosses the parallel streamlines of the
jet, the infinitesimal change of pressure and velocity is the same. Such lines
are called “characteristics” in the theory of differential equations. Therefore,
the jet changes direction by the same angle everywhere along this line until
the new value of pressure is established. Such a widening of a supersonic jet
into a space of lower pressure is called “Prandtl-Meyer expansion.” If the jet
flows into a region of higher pressure, the edge acts as a source of compression
rather than expansion waves, which add up to an unsteady shock front at an
oblique angle pointing in the opposite direction. The theory of these “oblique
shocks” could be derived from an earlier theory developed by Bernhard Rie-
mann concerning one-dimensional shock waves [411].

By 1908, therefore, it had become clear that the flow through a converg-
ing nozzle was choked off because of the formation of shock waves, unless
a diverging passage enabled the expansion of the jet to lower pressures at
higher velocity. When the pioneer of steam turbines, Aurel Stodola (1859-
1942), published a new edition of his classic textbook on steam and gas tur-
bines in 1910, Prandtl was the obvious candidate for updating the theoreti-
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Fig. 7.3 Expansion waves generated at a corner for a supersonic flow
from a high pressure into a low pressure region [411].

cal parts on the flow of jets through Laval nozzles [412, pp. 71, 79, 90, 585].
Prandtl also reviewed the contemporary knowledge on gas motion in 1913 for
the Handwdorterbuch der Naturwissenschaften [413]. It was obvious to Prandtl
and his Géttingen colleagues that research in gas dynamics offered a broad
range of applications. During the last months of the First World War, Prandtl
made plans for the construction of a supersonic wind tunnel at the MVA for
ballistic experiments (see Chapter 3). A few years later, when the establish-
ment of the new Kaiser Wilhelm Institute offered the prospect of the required
funds, he wrote to Stodola that time had come to proceed with gas dynamics
“because after the completion of the present construction work for new lab-
oratory equipment, we will again turn towards this area” [414]. Preceding
this correspondence was Stodola’s request to Prandtl to “close some tangible
gaps” for a new edition of his textbook on steam and gas turbines, particularly
in regard to the calculation of the shape of nozzles and turbine blades. “To
you, the old master of fluid dynamics we “practitioners” have to turn,” Stodola
flattered Prandtl, “in order to receive the appropriate instructions about such
subtleties” [415].

Stodola’s request prompted Prandtl to update the theoretical knowledge
obtained before the First World War with the first gas dynamic dissertations
in his institute. Although these results provided a basic explanation of two-
dimensional supersonic flow phenomena, they did not account for the specific
problems of practical nozzle design. One of Stodola’s requests, for example,
dealt with the problem of how to design a nozzle so that the emanating jet is
parallel. Prandtl responded that it should be possible to calculate and design
the contour of such a nozzle with some effort, but he admitted that they had
not proceeded yet to this point. “We have approximated it by a circular arc and
scraped it according to the Schlieren image of the air jet until we considered
the resulting jet satisfactory.” So far he had not published more details, but
he hoped to be able to calculate the problem numerically by approximating
the continuous curvature of the nozzle wall by a polygonal trait of straight
lines [416].
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Fig. 7.4 Prandtl's 1926 sketch of a graphical method to determine
two-dimensional supersonic flows; this method became known as the
method of characteristics.

Prandtl further developed this idea in his correspondence with Stodola, but
he was busy at the same time with other problems (like turbulence), and he
did not publish his approach for a polygonal nozzle design. He also did not
update his contribution to Stodola’s textbook; the 1924 edition appeared as a
reprint of the fifth edition from 1910. However, the request of the practitioner
of steam turbines left its mark: in 1926, Prandtl drafted a “graphical method”
on a piece of paper, which may be regarded as a precursor for what became
famous a few years later as the “method of characteristics” (see Fig. 7.4). He
probably was already aware how important this method would become be-
cause he added to the draft the sentence that he had it developed “on 21 July
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1926 according to an idea approximately one year old” [417]. As sketched in
this draft, Prandtl’s method accounted for a two-dimensional supersonic flow
in a curved channel with polygonal boundaries by a sequence of characteris-
tics emerging from the corners of the polygons.

Two years later, Prandtl asked his student Adolf Busemann (1901-1986) to
elaborate on the details of this procedure for publication in a Festschrift at the
occasion of Stodola’s 70th birthday [418]. Busemann had come to Géttingen
in 1925 as an advanced student with an engineering diploma from the Techni-
cal University Braunschweig. He stayed until 1931 at the new Kaiser Wilhelm
Institute and focused on research in gas dynamics. Busemann also presented
the method of characteristics at the annual meeting of the Gesellschaft fiir
Angewandte Mathematik und Mechanik (GAMM) in 1928 [419] and subse-
quently extended it to conical flow, so that it could be used in ballistics for
determining the shock waves around projectiles [420]. Prandtl also entrusted
Busemann with an authoritative review article on gas dynamics for the Hand-
buch der Experimentalphysik, where he reminded the reader that gas dynamics
had its roots in steam turbine engineering and recommended Stodola’s trea-
tise on this technology “directly as a textbook on gas dynamics” [421, p. 456].
In 1933, as professor at the Technical University Dresden, Busemann updated
Prandtl’s contribution on “Fluid and gas motion” for the second edition of the
Handwodrterbuch der Naturwissenschaften [422].

Gas dynamics was also the main research topic of Jakob Ackeret (1898-
1981), who had come to Géttingen in 1921 in order to expand his knowledge
of fluid dynamics. Ackeret had studied mechanical engineering in Zurich and
worked as Stodola’s assistant, who then recommended him to Prandtl because
“he most sincerely wishes to attend your lectures in Géttingen, and, if he suc-
ceeds to win your confidence, to do research under your guidance” [423]. Ack-
eret became Prandtl’s close collaborator during the early and mid-1920s and
worked on a broad range of subjects, from glider flight to profile measure-
ments, until he chose gas dynamics as a preferred research field. At the end
of his Gottingen sojourn, Prandtl entrusted him with an authoritative review
article on gas dynamics for the renowned Handbuch der Physik [424]. In 1927
Ackeret returned to Zurich and became chief engineer at the Escher Wyss AG,
a renowned turbine manufacturer. In addition to his industrial employment,
he became a lecturer at the Zurich Technical University, the Eidgendssische
Technische Hochschule (ETH). In 1934 the ETH appointed Ackeret director of
a new institute for aerodynamics [425].

Ackeret’s and Busemann’s careers, like few others, illustrate both the past
and the future of gas dynamics, from steam turbine engineering to high-speed
aerodynamics. Ackeret’s handbook article contains an entire section on “Flow
forces on moving bodies at very high velocities” in which an approximate for-
mula is presented for the lift of a thin wing at velocities approaching the speed
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of sound.! This formula relates the result for compressible flow to the equiva-
lent result for incompressible flow; it showed how to extend the range of the
theory beyond the speed of about one third of the speed of sound — where
the results of incompressible aerodynamics lose their validity — to higher sub-
sonic velocities. Ackeret explained in a footnote that Prandtl had first pre-
sented this formula in a seminar in 1922 [424, p. 340]. When Herman Glauert
saw Ackeret’s presentation he wrote to Prandtl: “I have obtained this formula
independently and I should be glad to learn whether your proof has been pub-
lished anywhere” [426]. Prandtl responded that he had originally presented it
to his students in response to a seminar by Ackeret, and Ackeret’s presentation
in the handbook article may now be regarded as its official publication [427].
Glauert’s publication of the same result appeared in 1928 [428]. Since then this
formula, which expresses a similarity law relating incompressible flow over a
given profile to compressible flow (at subsonic velocities) over the same pro-
file, is known as the Prandtl-Glauert rule.

Long before supersonic flight became feasible, Ackeret also attempted to
extend airfoil theory to supersonic velocities [429]. What happened in super-
sonic flow around a corner in a small region of space, Ackeret argued, would
have to be stretched out over the depth of the wing. According to this rea-
soning he regarded the surface of a wing “as an “‘unwound’ enlarged Prandtl
corner, so to speak” so that he could apply the results of the Prandtl-Meyer
expansion to the region around a wing section. He calculated the change of
pressure above and underneath the wing and found that in the approxima-
tion of thin wings for supersonic velocities, the lift is almost independent of
the wing’s profile. For the drag he found a new contribution, a “wave drag.”
This contribution to the overall resistance originates from the compressibil-
ity of the flowing medium only; it is different from the induced drag (which
was absent in Ackeret’s theory because it was two-dimensional) and the vis-
cous friction (because he used ideal fluid theory). As a result, he found that
the lift and drag coefficients strongly depended on the velocity and that they
decreased with increasing supersonic speed.

In 1928 Ackeret extended this theory so that it encompassed the transition
from subsonic to supersonic velocities [430]. He obtained a kind of resonance
curve for the dependence of the resistance on the velocity, with a sharp in-
crease as the velocity approached the speed of sound, and a decrease again
as the speed was increased beyond the sound velocity. This behavior agreed
with observations made in ballistics with projectiles. The fastest airplanes at
this time reached only about half of the velocity of sound, but the tips of the
propeller blades came close to this limit, such that aviation technology “al-

1) Ay = \/:Eﬁ, where U is the velocity of flow, a is the velocity of

sound; Ay is the lift of the wing assuming compressible flow, and
Ajny is the lift of the wing assuming incompressible flow.
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ready made some experiences which are akin to those from ballistics;” with
this remark, Ackeret introduced his introductory lecture at the ETH Zurich
in 1929 on the “air resistance at very high speeds” [431]. At this occasion
he also introduced the ratio of the speed of flight to the speed of sound as
the “Machzahl” (Mach number)—a designation that became as significant for
high speed aerodynamics as the Reynolds number for hydraulics and hydro-
dynamics two decades ago [50,432].

Busemann, too, became more and more engaged with gas dynamics ap-
plied to high-speed flight. In 1928 he communicated the first results on profile
measurements at velocities close to the speed of sound “with regard to pro-
pellers,” as he added in order to explain the practical importance of these
measurements [433]. The experimental device used for these measurements
(see Fig. 7.5) may be considered a prototype of supersonic wind tunnels. It
consisted of an evacuated vessel into which air was sucked in at high speed
during a short interval of time (about 10 seconds) and guided through a test
chamber. The velocity of the inrushing air was controlled by a valve. The
test chamber where the objects were exposed to the airstream had transpar-
ent walls in order to enable Schlieren images. By adding a Laval nozzle with
adjustable walls, the speed of the airstream in the test chamber could be ex-
tended to supersonic velocities. By 1933, profile measurements were made up
to a Mach number of 1.47 [434].

Vakuum -~
kessel

kammer 7
Cleichrichter verstellbare Dise

Fig. 7.5 Cross-section of Géttingen’s first supersonic wind tunnel [435,
p. 282]. Air is sucked into the tube by an evacuated container (Vaku-
umkessel) from left to right; the air is guided through a rectifier (Gleich-
richter) into the test chamber (Versuchskammer). Air speed is regulated
by an adjustable nozzle (verstellbare Diise) and a valve (Hahn).

Busemann also presented the results of his profile measurements abroad
at the Third International Congress for Applied Mechanics in 1930 in Stock-
holm [435]. Two decades after Prandtl had made gas dynamics a research
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topic at his institute, this area was now no longer relevant to steam turbines
alone. With Busemann and Ackeret’s attempts to extend airfoil theory so that
it accounted for compressibility, and the new experimental techniques em-
ployed in Prandtl’s KWI to obtain profiles for sub- and supersonic velocities,
research in high-speed aerodynamics entered the stage as a new focus of the-
oretical and experimental fluid dynamics.

7.2
Cavitation

The third item on Prandtl’s agenda, the study of flows close to the vapor point,
also became the subject matter of considerable effort. When the pressure in a
flow of water locally drops close to the vacuum limit a change from the liquid
to the gas phase happens, and steam bubbles are formed. At the opening of
his new KWTI in 1925 Prandtl explained why these bubbles were a matter of
concern: “With rising pressure they collapse with much noise and cause dam-
age on immersed solid bodies in their vicinity. This process is called cavitation
(formation of void space)” [436].

In principle, cavitation was known as an engineering problem since the
eighteenth century. Leonhard Euler’s theory of pipe flow, for example, paid
particular attention to sites in a conduit where the pressure becomes zero or
negative. At such low pressures the fluid loses its coherence. Ackeret, who
edited Euler’s hydraulic papers, commented that “Euler’s very explicit re-
marks” remained unnoticed for about 150 years, and the engineers in the early
twentieth century “had to become painfully aware that cavitation is a dread-
ful factor for hydraulic machinery” [437, p. VII]. In eighteenth century hy-
draulics, cavitation was caused, for example, by the piston of a pump, which
sucked in water so fast that the continuous stream of water broke in the con-
duit underneath the piston into a mixture of fluid and gaseous parts. The same
process happens along the blades of ship propellers or the vanes of turbines
when the rotation is so fast that the fluid cannot follow; i.e., it is accelerated to
velocities where the pressure is lowered under the vapor pressure and bubbles
form. (The process may be compared to the boiling of water: we are accus-
tomed to bubbles forming in boiling water at a pressure of 1 atmosphere at 100
degrees°C; but when the ambient pressure is lowered, the water starts boiling
at lower temperatures. Cavitation, so to speak, is a local “boiling” of water
at spots where the pressure drops to zero or negative values). “It becomes
an interesting question as to how fast the water can follow up the blades of
a screw,” a participant in a discussion at the Institution of Naval Architects
commented at the end of a lecture on ship propellers in 1888 [438, p. 96]. The
designation “cavitation” was coined a few years later, when tests of a new
English torpedo boat showed that faster rotating propellers could not increase
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the speed of the boat as much as it was expected. Similar unexplained power
losses were observed with water turbines.

But the more serious problem was the erosion of propeller blades and tur-
bine vanes. It was presumed early in the twentieth century that the destructive
processes were related to the cavitating bubbles, but the detailed mechanism
remained a matter of speculation. In 1907, for example, it was argued in the
case of an eroded water turbine that due to large pressure differences between
both sides of a vane, the flow detached from the solid surface of the vane and
the void space was filled with vortical water from which air emanated. “The
released oxygen (which is absorbed in water to a greater amount than nitro-
gen) acts as an oxidizing agent against the vane, vortex threads drill out the
rust and expose new spots of the material. After a relatively short period of
time — in some cases already after a few months — the iron looks like a body
eaten by worms” (see Fig. 7.6) [439].

Fig. 7.6 Cavitation makes a part of a turbine look like eaten by worms
[439, p. 277].

Another concern was noise. Rapidly rotating ship propellers not only fell
short of expectations with regard to the speed of the ship but also produced a
sound that could be unnerving for the ship’s crew and passengers. For sub-
marines, this noise was a matter of particular concern because it offered an
enemy the opportunity to locate and destroy them. For this reason the Ger-
man Navy charged the Gottingen MVA in the First World War with a study of
the noise from submarine propellers [440]. Prandtl identified cavitation as the
cause of this noise and asked his collaborator Betz to study various forms of
propellers so that cavitation would be avoided or delayed to higher rotational
speeds. As a consequence, Betz applied the recent knowledge of airfoil theory
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to ship propellers, because in both cases, the shape of the profile was crucial
for the pressure in the surrounding fluid. The problem of cavitation there-
fore motivated a knowledge transfer from aerodynamics to ship-building far
beyond the initial request to study the causes of noise from submarine pro-
pellers.

Representatives of mechanical engineering and ship-building also empha-
sized the pertinence of recent progress in aerodynamics. In 1924, Hermann
Fottinger, a professor of ship-building at the Berlin Technical University,
pointed out how important it was to know the relationship between profile
and pressure if damage due to cavitation should be avoided. Like a wing,
there were rapid pressure changes around the vane of a turbine, and like the
former, the latter was dependent on the curvature and could be analyzed with
the same theories as those developed by the Gottingen aerodynamicists for
the flow of air around wings. “It would be worthwhile from an economic
perspective, therefore, to deal more with these very simple and clear theories
rather than to face the loss of hundreds of thousands [Reichsmark] involved
with the change of large machine entities” [441]. Similar appeals were voiced
by Dieter Thoma, a professor of hydraulic engineering at the Technical Uni-
versity Munich, who, in 1924, expressed the optimistic opinion that cavitation
in water turbines had lost its former touch of mystery: “the very manifold and
apparently divergent experiences have been put in order,” while the field was
“still veiled in deep darkness a few years ago” [442]. Abroad, too, cavitation
was put on the agenda of research institutes, as the magazine Die Wasserkraft
reported in 1925 [443]. At the same time, Prandtl invited the directors from
hydraulic institutes at technical universities and industrial firms to his new
Kaiser Wilhelm Institute in Géttingen for “a critical survey on the pending
problems of this science.” The meeting was sponsored by the Verein Deutscher
Ingenieure and focused on practical problems [444].

More than half of the presentations at this “Géttingen hydraulics meeting,”
as it was called, dealt with cavitation. Seldom before was the broad range of
phenomena related to cavitation exposed in such detail: “The sound of cavita-
tion from turbine propellers is somewhat similar to the simultaneous beats of
hundreds of bad piston pumps,” Hermann Foéttinger, for example, described
the extent of the noise problem. In a steam ship propelled by rapidly rotat-
ing turbines, this noise was so unbearable “that the stewards were driven
from their nearby rooms. Noise of this sort is often observed with larger
water turbines, centrifugal pumps, dam valves, etc.” Fottinger also reported
on experiments in which cavitation eroded 15-mm-thick glass plates. This
damage could not be explained, like the rusting of metal, as a chemical ero-
sion. “A heretofore unknown and therefore unaccounted phenomenon of far
greater strength must be taken into account — the mechanical effect of cavita-
tion” [445].
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During the discussion of these phenomena, it became clear that an under-
standing of cavitation called for new research efforts, and that Prandtl and his
collaborators had already begun to jump on the bandwagon. Ackeret reported
in response to Fottinger’s paper on experiments in progress about the flow
of water through Laval nozzles, where foam bands emerged at the narrowest
part of the nozzle and extended along the nozzle walls into the diverging part.
The formation of bubbles, Ackeret believed, was caused by the small uneven-
ness of the wall; if this was the case, it should be possible to evoke this process
by artificial obstacles like thin wires so that the site of bubble formation can be
precisely localized. A similar line of reasoning had resulted in the discovery
of the turbulent boundary layer 12 years earlier with the trip-wire experiment
(Chapter 2), and scratches inside Laval nozzles were used almost 20 years ear-
lier in order to generate Mach waves as proof of the supersonic speed of the
jet in such nozzles. Based on his prior experience with gas dynamics, Ackeret
must have noticed immediately that some phenomena involved with cavita-
tion were akin to supersonic phenomena: The water pressure in the divergent
part of the nozzle, for example, was similar to the steam pressure of a jet in
the diverging part of a Laval nozzle. “Obviously, we have to deal with a com-
pression shock,” Ackeret concluded. “The band of foam must be regarded as
a highly compressible fluid.” Based on this reasoning, he argued that the col-
lapse of the bubbles causes shock waves, which can give rise to pressures of
about 1,000 atmospheres in narrowly localized regions. This confirmed Fot-
tinger’s conjecture that the damage due to cavitation had a mechanical rather
than a chemical cause [446].

Research on cavitation, as pursued in Prandtl’s institute, did not require en-
tirely new methods and devices. In dire economic times Prandtl made it a
virtue “to achieve as much as possible with limited funds” [436, p. 1543]. Both
the experiments on gas dynamics and on cavitation made use of large tanks
that were either evacuated for gas dynamic experiments or used as “wind-
kessel” for investigations on cavitation (i.e., partly filled with water). In the
latter case, the water was circulated by a pump through conduits with a test
chamber. By lowering the air pressure over the water in the tank, the flow
speed could be varied so that the onset of cavitation in the test chamber could
be controlled.

As far as the study of cavitation damage was concerned, new experimental
techniques were called for. An early attempt to describe the bubble collapse
was made by Lord Rayleigh in 1917 with a theoretical investigation of the
behavior of a spherical cavity in a fluid [448]. Unlike Rayleigh, Ackeret did not
assume a given pressure drop at the wall of the bubble but assumed a shock
wave as the cause of a rapid change of external pressure, which then results
in the bubble collapse. But it was left to prove experimentally whether the
damage really happened at the site of the bubble collapse. In contrast to the
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Fig. 7.7 Cross-section of Géttingen’s cavitation tunnel [447, p. 472].

stationary shock waves observed in the flow of gas through Laval nozzles, the
collapse of bubbles in the test chamber of a cavitation tunnel was an extremely
ephemeral phenomenon, happening within a few millionths of a second. In
order to photograph the bubble collapse Ackeret experimented with a high-
voltage device, which was able to deliver a series of sparks at a frequency of
100 Hz. Exposures were recorded on a film attached to the rim of a bicycle
wheel, which was rotated by a motor. The developed pictures showed the
collapse of bubbles like a slow-motion movie [449].

By the early 1930s, the technique was so refined that the collapse of bub-
bles could be pictured in unprecedented detail. The images also confirmed
Ackeret’s assumption (based upon his shock-wave theory) that the collapse
happens within a narrow zone of compression [450]. However, an individ-
ual bubble did not collapse in a concentric manner as Rayleigh’s and Ack-
eret’s theories had assumed; the collapse happened mainly in a longitudinal
direction such that "in a compression shock the rear wall bumps into the front
wall,” as Ackeret described it [451]. Such shocks, however, could only ac-
count for pressures of several hundred atmospheres, not thousands as in a
concentric collapse. With this result, it was again an open question whether
the damage due to cavitation was a mechanical effect only.

Beyond the physics of bubble collapse, which eluded the usual methods of
hydraulic engineering, cavitation became the subject matter of routine testing
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in the 1930s. Like the wind tunnels measurements which had begun a decade
earlier, by 1930, systematic measurements of profiles for ship propellers and
turbine vanes were pursued in cavitation tunnels in the Géttingen (see Fig. 7.7)
and in hydraulic research establishments elsewhere. The results of such mea-
surements were presented in cavitation diagrams similar to the polars of wing
profiles: lift and drag coefficients were displayed as a function of the angle
of attack, with additional information of how far the zones of cavitation ex-
tended on both sides of a profile [452]. Like the wind tunnel testing of profiles,
which was usually performed under contracts from airplane manufacturers,
cavitation was a matter of utmost practical concern for ship-building and hy-
draulic engineering. Gottingen research on cavitation, for example, found im-
mediate application in the design of ship propellers for high-speed boats and
destroyers for the navy, Betz proudly reported in a review [403].

When Ackeret reviewed the state of the art in 1931 for the Handbuch der
Experimentalphysik, he noticed that despite the obvious practical importance
of cavitation, there was a lack of scientific investigation into the nature of its
damaging effects. When dealt with more from a physicist’s than an engineer’s
perspective, the treatment became highly complex because it involved a num-
ber of different processes, such as heat conduction and capillarity. “Fortu-
nately,” wrote Ackeret, from an engineer’s point of view, it is only impor-
tant to know how to avoid cavitation. An engineer would not need to know
the details of fully developed cavitation but “simple rules” concerning its on-
set [447, pp. 463-464]. Thus, after only few years of cavitation research, the
dual nature of this specialty as a topic for practical engineering versus physics
was made explicit. Decades later, despite tremendous research activity, little
has changed in this regard: engineering monographs (e.g., [454]) and physical
treatises (e.g., [455]) on cavitation are divided into different camps with little
overlap.

7.3
Meteorological and Geophysical Fluid Dynamics

In his inaugural speech at the opening of the new Kaiser Wilhelm Institute
in 1925, Prandtl mentioned meteorology as another topic “with which we are
already dealing theoretically” and which he intended to explore in more detail
both theoretically and experimentally. In particular, he planned to study the
impact of the motion of the earth on ocean currents and wind. In order to
investigate fluid motion in a rotating frame of reference on a laboratory scale,
he planned the installation of a “rotating room,” where all experiments on
fluid motion could be performed from the vantage point of a rotating observer
[278, p. 1543].
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Prandtl’s plan to study meteorological and geophysical fluid dynamics took
shape in 1922. His interest was kindled by Vilhelm Bjerknes, who was at
that time revolutionizing meteorology by the so-called “polar front theory,”
a catchword for new concepts according to which weather was explained in
terms of cold and warm fronts produced by cyclones at the boundary of polar
air masses and warmer air from more moderate latitudes (see Fig. 7.8) [62].
According to Bjerknes, the polar front was an extended and unstable surface
of discontinuity between warm and cold air masses; due to its intrinsic insta-
bility, this polar front assumes a wavy contour; cyclones were interpreted as
breaking waves of this front — the steeper the waves, the more variable and
stormy the weather: “Along the polar front we have the most pronounced op-
posites of weather, the strongest winds, the sudden jumps of wind, the rapid
temperature changes, along this line the formation of fog, clouds, and precip-
itation is happening” [457].

Prandtl was particularly interested in having a discussion with Bjerknes
“about the vortical and wavy motions and about the circulation of the at-
mosphere” [456]. In unpublished calculations he checked Bjerknes’s theory
and arrived at different conclusions about the origin of cyclones. He found
that the boundary between warm and cold air masses along the polar front
was rather stable. If he chose the parameters so that adjacent layers of air be-
came unstable, the instability was limited to small regions only, “giving rise
to April weather but not to growing cyclones” [458, p. 38]. In other words,
the system of cyclones could not be explained by Bjerknes’s theory; Prandtl
assumed that cyclone formation did not result from an intrinsic instability
of the polar front but rather from vortical motion in the warmer air layer,
which deformed the boundary when it came into contact with the polar air
masses. Prandtl presented his objection in 1922 at a meeting of the German
Physical Society which published only an abstract of the talk [459], but it im-
mediately stirred the interest of meteorologists. The editor of the Meteorol-
ogische Zeitschrift asked Prandtl whether he would consider elaborating on
the theory in greater detail [460]. The Meteorological Office in London sent
Prandtl a request for a reprint. His response, however, shows that he was
not certain whether his conclusions were justified. Further development of
this conjecture would “possibly” confirm Bjerknes’s theory, Prandtl wrote to
London [461]. Under headings such as “Flows on the rotating earth,” “At-
mospheric circulation,” or “Two fluids superposed on rotating disk,” he filled
numerous pages of manuscript with detailed calculations, but did not arrive
at a final conclusion on the question of cyclone formation in Bjerknes’s polar
front theory [458].

At first sight, it seems astonishing that the short write-up on Prandtl’s talk
presented to an audience of physicists would arouse such interest among me-
teorologists. Bjerknes’s polar front theory, however, signaled the advent of a
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Fig. 7.8 Bjerknes’s polar front theory [457, p. 496].

new era of meteorology. While meteorology had previously been regarded
more as an empirical science with little relation to fluid dynamics, Bjerknes’s
theory of cyclone formation made it a science based on the physics of vortices
and other flow phenomena. From that point forward, fluid dynamics was
regarded as a crucial element of meteorology.
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Another convergence of meteorology and aerodynamics was brought about
by the rise of aviation during and after the First World War. Bjerknes’s own
disciplinary move from hydrodynamics to meteorological fluid dynamics was
to a large extent motivated by the aeronautical interest in meteorological fore-
casting. In the 1920s, particularly in Germany, the glider obsession further
added to the mutual convergence of meteorology and aerodynamics. Even
more than motorized flight, successful glider flight was dependent on me-
teorological knowledge. The quest for “dynamic soaring” (see Chapter 6),
for example, naturally called for an understanding of atmospheric flow phe-
nomena: “Under certain local conditions, the rising current of air becomes
detached from a mountain and keeps rising,” Prandtl argued at the first Rhon
glider contest, “until it is brought to a halt by meteorological causes. It does
not seem unlikely that, after one has attained some height over the summit,
it is possible to fly over larger distances in this rising air current.” Glider pi-
lots, meteorologists, and fluid dynamicists like Prandtl joined in the challenge
to achieve that goal. First of all, however, it called for better knowledge of
atmospheric flow phenomena. “From the edges of mountains and rock pro-
trusions, very unpleasant vortical eddies can emerge and extend in a tube-
like shape in the direction of the wind,” Prandtl wrote after the Rhon contest.
“Martens reported about a maelstrom which turned him in the opposite di-
rection to which he was steering with fully flung out rudder. These things
require thorough study, and it is also necessary that the empirical material on
these phenomena is carefully collected and processed; when the knowledge
of the good lifting wind zones is sufficiently advanced, long-distance flights
without motors in mountainous regions, from mountain to mountain, seem
to become possible indeed” [354]. Harald Koschmieder, a meteorologist at
the Geophysical Institute Frankfurt, was charged with collecting the empiri-
cal data of the Rhon glider contests. Koschmieder assessed and published this
material in detailed reports in the Zeitschrift fiir Flugtechnik und Motorluftschif-
fahrt [462]. He also corresponded with Prandtl on data-gathering at the Rhén
contests and various aspects of meteorological fluid dynamics [463].

Other motivations for the study of meteorological and geophysical appli-
cations of fluid dynamics were presented at the Innsbruck conference in 1922
(see Chapter 4), where a pupil under Bjerknes, Vagn Walfrid Ekman, reviewed
what was known on ocean currents. In particular, Ekman dealt with the flow
caused by wind at the surface of the sea: the rotation of the earth deflects the
flow direction with increasing depth from the wind direction in a characteris-
tic manner (“Ekman spiral”); at a certain depth (“Ekman depth”), it is antipar-
allel to the wind direction (see Fig. 7.9). A striking property of this flow is that
at the surface, its direction already deviates by 45 degrees from the direction of
the wind [464]. At the Innsbruck meeting, Ekman reviewed experiences from
more than two decades of geophysical hydrodynamics in Norway and else-
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where. His first encounter with the problems of ocean currents dated back to
Fridtjof Nansen’s legendary polar expedition with the Fram from 1893-1896,
when Nansen noticed that the floes always drifted by his boat at an angle to
the right of the direction of the wind. “When Nansen visited us in Stockholm
in 1900, we discussed the drift currents observed during his voyage,” Bjerk-
nes later recalled how he chose this theme as a subject matter for Ekman’s
doctoral work. “He was called in and confronted with Nansen'’s discussion of
the problem; the same evening he had already found the distribution of the
current according to the Ekman spiral” [465].

Fig. 7.9 Ekman spiral for drift flow; the arrows indicate the flow vectors
with increasing depth [464, p. 101].

In principle, Ekman’s reasoning concerning the currents in the sea should
also be applicable to air motion over the rotating earth, Prandtl thought after
the Innsbruck conference. He wrote to Ekman that it should be possible to
arrive at a theory along these lines about “the general circulation of the atmo-
sphere” and that he intends to explore the behavior of rotating fluids to this
end “both theoretically and by experiment.” However, in case Ekman had
also envisioned extending his theory to atmospheric circulation, he was eager
to avoid sentiments of competition [466]. But Ekman reassured Prandtl that
he was “extraordinarily delighted that you will tackle the problem of flows in
rotating systems” [467].
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Prandtl’s interest in atmospheric circulation met with another plan: Ek-
man’s theory was based on simplifying assumptions; for example, he dis-
regarded turbulence because, as he argued in Innsbruck, little progress was
achieved in this matter. In Gottingen, however, turbulence ranged quite high
on the agenda of research topics (see Chapter 5), and Prandt]l hoped he could
advance Ekman’s theory by adding new insights from turbulence research.
“The recently improved knowledge concerning the flow through pipes with a
rough wall make it possible, by means of certain analogies, to arrive at details
about the motion of wind over the rough surface of the earth,” Prandtl and
his doctoral student, Walter Tollmien, argued in an article published in 1925 in
Zeitschrift fiir Geophysik, the first public record of the new orientation of Gottin-
gen fluid dynamics towards meteorological and geophysical problems [468].
Based on the 1/7 wall law derived from the mixing length concept, Prandtl
and Tollmien derived formulae for how wind speed and direction varied with
increasing height over the surface of the earth. Furthermore, they were able
to account for the frictional force exerted by the wind at the surface, which
was required, for example, for a quantitative calculation of the drift of floes.
High above the surface, the analogy with pipe friction was no longer applica-
ble. The “wall law” for turbulent friction had to be refined a few years later
(Chapter 5), but that did not change the fact that Prandtl and Tollmien had
achieved a breakthrough for a meteorological problem by analogy with a hy-
draulic problem. The lower atmospheric boundary layer with a thickness of
about 100 m, where this analogy holds, became designated as “Prandtl layer”
in meteorology [469].

Prandtl and his collaborators, however, did not follow up on this triumph
for several years with more publications on meteorological fluid dynamics,
although Prandtl’s manuscripts reveal a persistent interest in this matter. Pre-
sumably he hoped to gain new insight from experiments with “fluids on the
rotating disk,” on which he made extensive calculations [458, pp. 58-61]. For
example, Prandtl prepared an experiment with a pond filled with water which
was to be kept at a low temperature in the center and heated at the perimeter.
When rotated, it should allow one to study “what kind of current results, how
large the exchange of heat is, etc.” The same rotating pond could also be used
“to imitate a cyclone,” Prandtl explained in a letter to a meteorologist [471].
But the operation of the rotating laboratory caused unforeseen problems. Ex-
perimenters often suffered from a loss of balance as in seasickness [470]. What
was a nuisance for the progress of experimental research, however, was a plea-
sure for Prandtl’s daughter, who used the new facility together with friends
from school as a merry-go-round [228, p. 95]. The first experiments from the
“rotating laboratory — henceforth carousel — for short” were reported in 1933;
they dealt with the flow in rotating channels, a problem of interest for hy-
draulic engineering rather than meteorology or geophysics [472].
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The idea to simulate atmospheric circulation in the laboratory by experi-
ments with rotating fluids was not new. The Viennese meteorologist Felix M.
Exner had performed such experiments and described them in a meteorolog-
ical textbook, as Wilhelm Schmidt, another Viennese meteorologist, informed
Prandtl in 1926; Schmidt also alerted Prandtl to how precise such experiments
had to be in order to justify extrapolations from the laboratory scale to real
atmospheric and geophysical phenomena [474]. Perhaps Prandtl delayed his
own experiments for this reason, but the correspondence with the Viennese
meteorologist provided him also with valuable suggestions in another regard:
Schmidt had just published a monograph on mass exchange as a basic process
of atmospheric phenomena [473]; Prandtl pursued this line of reasoning “with
vivid interest,” as he wrote to Schmidt, because it also appeared pertinent to
him “for turbulent friction and heat exchange” [471]. In his mixing length the-
ory, he made the concept of exchange central to the description of turbulence
(Chapter 5). For the time being, until the rotating laboratory became opera-
tional, Prandtl limited his meteorological studies to the exploration of adjacent
fluids at different temperatures and densities without rotation [475]. In 1929,
he published a paper on the stabilizing forces between adjacent layers of air
at different temperatures: Turbulence may be prevented when cold air is cov-
ered over with warm air, a phenomenon that may be observed in the evening
when heat radiates away from the ground and the air at some distance above
the ground is warmer than the air underneath; “a smoke trail from a potato
fire,” Prandtl explained, “moves away horizontally without any formation of
cloudlike shapes,” because a laminar flow of warm air is sliding over a layer
of cold air underneath without a noticeable exchange between the adjacent
layers. In the opposite case, when cold air is on top of a layer of warm air, a
rapid exchange takes place. A similar phenomenon happens with ocean cur-
rents, for example when freshwater covers salt water, as may be observed in
the polar sea [476].

A year later, Prandtl was ready to explore this phenomenon experimen-
tally: “Air will be blown between two 8-m-long and 1-m-wide iron plates,
each with a double wall so that one can be heated with steam and the other
cooled with water,” he explained the planned device. “If the upper plate is
heated and the lower plate is cooled, one obtains a current of air layered in a
similar stable manner as the atmospheric wind, and therefore turbulence must
be reduced. If the lower plate is heated and the upper one cooled, the striation
will be unstable in contrast to the preceding case, and an amplification of tur-
bulence must take place. The experimental installation is accomplished, but
we cannot yet report definitive results” [477]. A similar investigation of the
stability of superposed fluids at different densities was chosen as a research
topic for Sydney Goldstein, who by this time spent a one-year sojourn as a
Rockefeller fellow in Prandtl’s institute [478]. “Remarkably soon after this,
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Goldstein was to become recognized as one among the enterprising new in-
ternational group, drawing its prime inspiration from the pioneering work
of Prandtl,” a colleague of Goldstein later remarked [479]. Prandtl also cor-
responded on this topic with Geoffrey I. Taylor, Great Britain’s leading fluid
dynamicist, and suggested that he should pay particular attention to the phe-
nomenon of stratified flows in a salt lake when a river flows in: “Since you like
to undertake extended voyages, wouldn’t that perhaps be a suitable problem
for you?” [480].

In 1932, Prandtl published some remarks on meteorological fluid dynamics
in a Festschrift dedicated to Vilhelm Bjerknes at the occasion of Bjerknes’s 70th
birthday. He still had “nothing in store which is really accomplished,” Prandtl
admitted, but he indicated lines of research he intended to explore in the near
future. He suggested the mixing length concept as an appropriate approach
for studying turbulent atmospheric flow; for example, with an inversion sit-
uation, when superposed layers of air do not become mixed. He related the
energy difference resulting from the different temperatures in both layers to
the energy of turbulent friction between the layers and derived formulae for
the velocity profile of the wind with increasing height over ground. Prandtl
also addressed the problem of the earth’s rotation and sketched the various
mechanisms that had to be taken into account for a theory of the “general cir-
culation in the earth’s atmosphere,” for which he hoped to present results “in
a not too distant time” [297].

7.4
The Scope of Fluid Dynamics by the Early 1930s

Although meteorological applications of fluid dynamics were not yet as nu-
merous as traditional applications in hydraulics or flight-related aerodynam-
ics, Prandtl’s contribution to Bjerknes’s Festschrift hinted at a rise of atmo-
spheric and geophysical applications. The case of meteorology also shows
that the number of publications alone is not sufficient for evaluating the im-
portance of a research field. On the other hand, the focus on programs such
as that indicated in Prandtl’s correspondence and manuscripts on meteorol-
ogy has to be complemented by quantitative records in order to arrive at a
balanced view of the scope of fluid dynamics in Prandtl’'s KWI by the early
1930s. An appraisal of publications and personnel as annually reported in
the Naturwissenschaften for each Kaiser Wilhelm Institute reveals for Prandtl’s
institute a total rate of about 25 publications per year from the institute’s in-
auguration in 1925 to the year 1933; the number of “scientific employees” rose
during these years from 20 to 37 in 1931, with a subsequent decline to 27 in
1933 as a consequence of the economic crisis. The total of 230 publications



7.4 The Scope of Fluid Dynamics by the Early 1930s

may be roughly sorted into these categories (with due regard to the problems
such retrospective classifications bring about):

* aerodynamics (85)

e turbulence, boundary layer, vortex formation (64)
* gas dynamics (15)

e cavitation (12)

¢ experimental techniques (22)

e other (34)

Among the 85 publications classified under aerodynamics, 14 dealt with
problems unrelated to aeronautics: “How to find the best shape of vehicles,”
for example, a 1922 article in the Berliner Illustrirte Zeitung, in which Prandtl
emphasized the importance of streamlining to reduce fuel costs. The article
was illustrated with images of wind tunnel tests on models of locomotives
and the legendary “drop car” developed by the former airplane designer Ed-
mund Rumpler. The addressees of such advertising efforts were car and rail-
way manufacturers from whom the AVA hoped to acquire research contracts
during a period of dire economic circumstances. Other non-aeronautical ap-
plications of aerodynamics concerned the wind pressure on buildings or the
practical use of so-called Flettner rotors — rotating cylinders installed on ships
instead of the masts of sails as an alternative means to exploit wind power
for ship propulsion. It was long known from ballistics that a rotating cylinder
experiences a force perpendicular to its axis and to the direction of flow — the
so-called Magnus force. In 1923, Anton Flettner, an inventor and ship de-
signer, had assigned a research contract to the AVA in order to analyze the
practical uses of this effect. Flettner rotors were studied both with models
in the wind tunnel and with an experimental ship [67, pp. 221-222, 287-290].
What makes these studies noteworthy, however, is less their importance for
contemporary technological innovation (both the “drop car” and the “Flet-
tner rotor” remained curiosities) than their wide scope — to secure contracts
from public administrations, industrial firms, or other organizations like the
Studiengesellschaft fiir die Rheinisch-Westfiilische Schnellbahn (for a study on air
resistance of trains in tunnels [482]). As a consequence, applications of aero-
dynamics were widely scattered and found entrance into new areas, like the
studies of wind pressure on buildings which became pertinent for architecture
and civil engineering [483].

In order to finance such broad research activity, more money was neces-
sary than available from the regular budget of the Kaiser Wilhelm Institute
alone. Additional funds came from ministries, industry, and other sources.
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Research related to aeronautical applications was funded to a large extent by
the Reich’s Ministry of Transport (Reichsverkehrsministerium); the German
Research Community (Deutsche Forschungsgemeinschaft, or DFG) funded a
broad range of fluid dynamics projects; special research on cavitation, for ex-
ample, were supported by the large Bavarian hydropower company “Bay-
ernwerk”; research on wind pressure on buildings and other architectural
structures was funded by the Prussian Ministry of Finance, the German So-
ciety of Civil Engineering (Deutsche Gesellschaft fiir Bauingenieurwesen),
and the Association of German Engineers (Verein Deutscher Ingenieure) [484,
p- 433], [485, p. 418-419]. Meteorological fluid dynamics was also financed
within a new framework of the DFG’s research policy with which collabora-
tive research among several institutes was fostered and oriented toward spe-
cial goals [486].

The broad spectrum of fluid dynamics is also illustrated by the organs of
publication in which the Gottingen research results were communicated to the
public. Aerodynamic papers related to aviation were traditionally published
in the Zeitschrift fiir Flugtechnik und Motorluftschiffahrt, the journal of the Ger-
man Scientific Aeronautical Society. Articles with a predominant theoretical
orientation appeared in the Zeitschrift fiir angewandte Mathematik und Mechanik
(ZAMM). If a theme was considered interesting for general consideration, it
was published in Die Naturwissenschaften; engineering topics were published
in the Zeitschrift des Vereins Deutscher Ingenieure or the Ingenieur-Archiv; in-
dividual special subjects were published in special journals like Messtechnik,
Metallwirtschaft, Kinotechnik, or Bauwelt. Besides these technical journals the
Gottingen fluid dynamicists also occasionally published in physics journals
like the Anmnalen der Physik, Physikalische Zeitschrift, Zeitschrift fiir Physik and
Zeitschrift fiir technische Physik; fellows from abroad addressed their papers to
their domestic journals, like the Proceedings of the Royal Society. Apart from
these journals, conference reports were another channel for communicating
most recent research results to a variety of engineering specialties [444,453].
The list would not be complete without mentioning reviews, textbooks and
encyclopedias, like the Miiller-Pouillet’s Lehrbuch der Physik (1929), Hiitte, des
Ingenieurs Taschenbuch (1931) or the multivolume Handbuch der Experimental-
physik. Prandtl and his pupils contributed to this Handbuch from 1930 to 1932
with 15 authoritative articles; no other single publication better illustrates the
leading role of Prandtl and his school in the rise of fluid dynamics and its
broad scope.
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Prandtl, Fluid Dynamics and National Socialism

Hitler’s rise to power had immediate and disastrous consequences for German
society as a whole and for science and engineering in particular. Universities
and state establishments, like the Kaiser Wilhelm Institutes, were purged of
employees whose race was defined as “non-Aryan” or who were considered
politically hostile to the new regime. In Goéttingen the purge was most ex-
treme: Max Born, James Franck, Hermann Weyl, and Richard Courant, for ex-
ample, emigrated — but they were only the most prominent scientists driven
out of the country; a list of emigrated mathematicians contains 23 names ex-
pelled from Gottingen [487, pp. 292-298]. After the purge, Gottingen’s most
famous mathematician David Hilbert was asked during a banquet by the Nazi
minister of science: “And how is mathematics in Gottingen now that it has
been freed of the Jewish influence?” Hilbert replied: “Mathematics in Géttin-
gen? There is really none anymore” in [488, p. 36]. (A detailed account of the
Nazi impact on mathematics and physics in Gottingen is presented in [489]
and [490]).

Prandtl could not ignore the clear-cutting of the neighboring institutes of
mathematics and theoretical physics. Although his primary institutional affil-
iation was the directorship of the Kaiser Wilhelm Institute for Fluid Dynamics
and the associated AVA, he was also director of the university’s institute for
applied mechanics and in many ways was connected with university affairs.
What was Prandtl’s attitude regarding the purge among his colleagues, and
how was fluid dynamics in Gottingen, both at the university and the Kaiser
Wilhelm Institute, affected by the Nazi regime?

The question of how fluid dynamics fared under the new regime cannot be
answered without closer inspection of Prandtl’s own political attitude. Such
inspection brings to the fore a most ambivalent relationship between science
and politics. Prandtl was a well-established and widely respected member
of the German scientific community as a whole and the Gottingen academic
milieu in particular. When 28 mathematicians and physicists, among them
such prominent names as Max Planck and Arnold Sommerfeld, drafted a let-
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ter of protest against the dismissal of Courant, they asked Prandtl to submit
this protest to the president of the Gottingen university [491, pp. 144-152].
Prandtl also tried to avert the dismissal of less renowned colleagues. Most of
these initiatives were to no avail. Some of them meant that Prandtl himself be-
came involved in political disputes. In 1934, after internal quarrels, Prandtl re-
signed from the directorship of the institute for applied mechanics. In another
incident against his research collaborator Johann Nikuradse at the Kaiser Wil-
helm Institute, who was accused to be a spy by a group of National Socialists
at his institute, Prandtl first took sides with Nikuradse. The incident became
an affair among rivaling National Socialist factions, because Nikuradse him-
self had close ties to the SS. At the request of the ministry of science, Prandtl
had to fire Nikuradse’s enemies; later on, he also fired Nikuradse, whom he
grew to consider unreliable. As a consequence, an SS captain accused Prandtl
that he had fired Nikuradse because of his National Socialist views [492,493].

Prandtl’s daughter portrayed her father as hostile to the new regime: he
never became a member of the Nazi party, she recalled, and he refused to
put a portrait of Hitler on the wall of his director’s office. She reports an in-
cidence when Prandtl’s assistant joined the Nazi party in order to promote
his career rather than because of an inner conviction — and her father found
such an attitude as “nothing short of outrageous.” As further evidence for
his hostility towards the Nazi regime, she cites letters that Prandtl wrote in
favor of Heisenberg, who became the target of fanatics who regarded modern
theoretical physics as “Jewish” and prevented Heisenberg’s call to Munich
as Sommerfeld’s successor. Prandtl also participated in a campaign against
these fanatics launched by the German Physical Society in 1941 [228, pp. 123-
151,210-214]. As chair of the Society for Applied Mathematics and Mechanics
(Gesellschaft fiir angewandte Mathematik und Mechanik, or GAMM), Prandtl
is also credited as a “humanistically minded” scholar, who did not readily ex-
ecute the regime’s doctrines: Prandtl did not reorganize the GAMM according
to the “Fiihrerprinzip,” and he expressed sympathy for colleagues who had
been forced to emigrate [227].

These accounts, however, have to be balanced against other documented ev-
idence. It is not justified to infer Prandtl’s general political views from these
examples and portray Prandtl’s attitude toward the new regime as hostile. In
November 1933, Prandtl expressed in a private letter to his brother-in-law his
satisfaction that one can now “as a German carry the head higher again” [493,
p. 497]. At least in one case — the dismissal of Ludwig Hopf at the Technical
University Aachen — Prandtl’s response to the issue of whether Hopf’s mer-
its in aerodynamics are great enough to make an exception to termination
was so lukewarm that the Nazi authorities saw no reason to withdraw Hopf’s
dismissal [494, p. 131]. As we will see shortly, Prandtl was more than will-
ing to place his capabilities and his institute at the regime’s disposal, and the
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regime appreciated and honored Prandtl for this service. This is not to say that
Prandtl’s attitude was regarded by all Nazi authorities in the same manner. In
1937, the local bureau of the Nazi party in Gottingen characterized Prandtl
as “the type of worldly innocent scientist” with little enthusiasm for “even
the simplest political contexts as long as they have no impact whatsoever on
his scientific activity.” In order to characterize Prandtl’s right-wing, but not
pro-Nazi tendencies, the local Nazi representative remarked that Prandtl had
pleaded in 1930 for a prolongation of Hindenburg’s term as the Reich’s pres-
ident, and he described Prandtl as “the type of honorable, sedulous scholar
of the old time, who is anxious about his integrity and reputability, whom,
however, we cannot and should not spare with regard to his extraordinary
valuable scientific accomplishments for the set-up of the air force” [495].

8.1
Preparing for War: Increased Funding for Prandtl’s Institute

In contrast to physics and mathematics, which experienced a decline as a re-
sult of Nazi politics, fluid dynamics flourished in the Third Reich. Among
the first measures of the new regime was the foundation of a “Reichskom-
missariat” for aeronautics under Hermann Goring; in April 1933 it was of-
ficially designated as the Reich’s Air Ministry (Reichsluftfahrtministerium,
RLM). Prandtl hoped, as he wrote to the chairman of the Kaiser Wilhelm So-
ciety, that now the importance of research was more appreciated than before
and not hindered by “wrong austerity” and that Germany would emerge from
behind and catch up to other countries [496].

In 1933, Prandtl was still suffering from the shortages due to the recent
world’s economic crisis. At the AVA, research was financed only to a small
extent by the Kaiser Wilhelm Society — despite its nominal affiliation with the
Kaiser Wilhelm Institute for Fluid Dynamics. In fact, its funding came largely
from contracts from industry, where there were considerable cutbacks. Even
at the Kaiser Wilhelm Institute, however, which was less dependent on con-
tractual research, research funds were frozen. Already the first signals from
the nascent Air Ministry, however, indicated that change was in sight. Adolf
Baeumker, who had previously administrated the Reich’s Ministry of Traffic
research funding, moved to the new Air Ministry and became Goring’s ad-
visor for aeronautical research planning. Baeumker was well-known and ap-
preciated among German aeronautical scientists as a man who always had an
open ear for their concerns. In the new capacity as the Air Ministry’s research
administrator, Baeumker immediately addressed a letter to Gottingen: “The
organizational changes are in full swing,” he wrote in February 1933, and an-
nounced a “boom” for future industrial aeronautics. “You cannot know how
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closely the bigwigs of aviation industry and traffic are collaborating. All the
more I feel painfully concerned that in the area of research (...) there is only
little connection with the responsible powers.” Baeumker was eager to se-
cure Prandtl’s cooperation as a first step to achieving closer contact between
research and politics [497].

The regime’s interest in aerodynamic research soon manifested itself in
terms of generous financial support: since 1928 the AVA had applied in vain
for funds to build a new wind tunnel; in 1933, after a visit with Erhard Milch,
Goring’s undersecretary in the Air Ministry, Prandtl was informed that these
funds were made available via a new “employment program” of the Nazi
government. On 30 May 1933, the Gottingen aerodynamicists celebrated the
AVA’s 25th birthday in the presence of Milch and were elated that their estab-
lishment finally received the interest it deserved [120, p. 200]. Prandtl and his
colleagues in Gottingen were not the only beneficiaries. Other aeronautical re-
search institutes, particularly the DVL in Berlin-Adlershof, were also allotted
funds to build new facilities. And this was only the beginning. Aeronauti-
cal research experienced a boom which was believed to be impossible before
1933. “Goring gave me the order in 1934,” Baeumker recalled many years
later, “that by 1939 Germany should catch up with the level of the big pow-
ers” [498, p. 29]. But Goring’s official for aeronautical research planning did
not need an order to bring his regime’s goals to fruition. After the Versailles
Treaty, Baeumker was “under an inner vow,” he wrote in a letter in 1941, “to
dedicate my future life to the German rearmament” [499, p. 14].

In March 1935 the Nazi regime publicly announced the existence of an Air
Force — after years of clandestine rearmament [500]. Afterwards, the Air Min-
istry’s measures for aeronautical research planning, too, were more vigor-
ously advanced. Baeumker was granted the far-reaching authority of decid-
ing on the resources needed in order to reach the goal of Germany’s rising to
supreme power in aeronautics. He used this authority to create new institu-
tions. In July 1936 Baeumker established the German Academy of Aeronau-
tical Research (Deutsche Akademie fiir Luftfahrtforschung), with Goring as
president, Milch as vice-president, and himself as chancellor. The academy’s
purpose was announced to the public as “nurturing the pure intellectual rela-
tions among the leading scientists and engineers by voluntary common work
in the same sense as the activity of members of the old classical academies.”
By that point, Baeumker had founded another organization under Goring’s
immediate aegis — the Lilienthal Society for Aeronautical Research (Lilienthal-
Gesellschaft fiir Luftfahrtforschung), with himself, Prandtl, and Carl Bosch as
presidents. This triumvir was meant to express the determined effort of poli-
tics, science, and industry to collaborate in making Germany a leading nation
in aeronautics [501, pp. 179-182 and 237-238].
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To what extent Goring’s Ministry fostered aeronautical research becomes
apparent from an article dedicated to Prandtl, “the old master of German fluid
dynamics,” by Baeumker at the occasion of Prandtl’s 70th birthday. Baeumker
displayed the growth of financial support for the German aeronautical re-
search intuitions with a diagram (see Fig. 8.1) [502]:
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Fig. 8.1 Expenditures for aeronautical research in Germany during the
1930s.
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The published activity reports of Prandtl’s Kaiser Wilhelm Institute and the
affiliated AVA (which was nominally part of the KWI before 1937, but in prac-
tice was directed by Betz as a separate institution) reveal the consequences of
the growing esteem of the Air Ministry: The AVA was to “an ever-increasing
measure engaged with contractual work for the aircraft industry,” it was re-
ported for the period from April 1933 to March 1934; unfortunately “this fa-
vorable situation could not be fully exploited because due to the preceding
long crisis the manpower and the facilities of the establishment were no longer
sufficient for the strongly increased demands.” The report of the following
year mentioned again an increased demand for aeronautics, and this tenor
prevailed in the subsequent years until 1937, when the AVA officially became
a separate establishment at the request of the Air Ministry [503].

The primary role model for Germany’s expansion in aeronautical research
was the USA. As early as in 1925 Baeumker had returned from America
“deeply moved” by the pace of technological progress. The occasion for this
voyage was a “Mission of Goodwill,” which Baeumker had undertaken as
an official of the Ministry of Traffic together with officers from the Reich’s
Army. “Since then I have become a frequent visitor of the American Embassy
in Berlin — until 1940, even,” he recalled in his autobiography. For his research
planning in Goring’s Ministry, “the image of the USA with the development
of the NACA” had always been before his eyes [498, pp. 10-11 and 29].

In Gottingen, too, the NACA was held in great esteem. As a result of the
friendly relations with the NACA’s emissaries from the Paris Office, William
Knight and John Jay Ide, Prandtl and his collaborators were kept informed of
international aeronautical research after the First World War (see Chapter 4).
In 1929, Prandtl had used an invitation to Japan as an opportunity to voy-
age around the world, which he accomplished with an extended lecture trip
through the USA [228, pp. 105-115]. In 1933, Prandtl was elected as a member
of the Institute of the Aeronautical Sciences, an academy under the presidency
of Jerome Hunsaker based in New York City, and as such, Prandtl’s ties to
America’s aeronautical research community were even formalized [504].

The public was kept informed of foreign aeronautics through three new
journals, issued by the Reich Air Ministry beginning in 1934 and addressed
to specific audiences: The Luftwelt addressed those interested in aviation as a
sport; the Luftwehr reported on the air forces of other countries; and Luftwissen
informed on international progress in aeronautical research. The overall mes-
sage was clear: What was allowed to the international aviation community
should not be denied to Germany any longer. In regard to aeronautical re-
search, Luftwissen presented to its readers as early as in the first issue a series
of articles on foreign research institutions, which revealed a clear trend to-
wards ever larger facilities. The record was held by the “Full Scale Tunnel”
of the NACA'’s Langley Laboratory, which became operational in 1931-a giant



8.1 Preparing for War: Increased Funding for Pranditl’s Institute

wind tunnel powered by two 2,800 kW propellers, which created an airstream
at a speed of 190 km/h in a test chamber big enough to measure the flow
around entire airplanes rather than models. The second largest wind tunnel
of the world was built in Chalais-Meudon in France; its test chamber had a
cross-section of 8 m x 16 m and enabled tests at a wind speed of 180 km/h.
Another new wind tunnel was planned at the NACA in 1934 for testing at high
speeds up to 800 km/h. Such reports signaled to the readers of Luftwissen
that in America and other countries, aerodynamics was entering the age of
big science. The NACA'’s annual reports were translated into German, and
comments praised the success of “methodical common research” in the USA
and the “determination with which the N.A.C.A limits itself to the work it
has been assigned, the fundamental research” [505, pp. 1, 31], [506, pp. 14-16,
41-44,152-159] and [501, pp. 101-104]).

The trend towards big science went hand in hand with technical changes
in airplane design. Systematic drag reduction by streamlining enabled the
construction of larger and faster airplanes. In 1929, the NACA'’s Langley Lab-
oratory received the Collier Trophy, the highest distinction of American avi-
ation, for its drag reduction research, which resulted in streamlined cowling
shapes, with the side-effect that airplane engines could be cooled more ef-
ficiently [233, Chapter 5]. Aerodynamic improvements like low drag cowl-
ing and retractable landing gear, combined with more powerful engines, ac-
counted for flight speeds over 700 km/h, which in turn posed new challenges
for aerodynamics. In 1935, an international congress in Rome was dedicated
to the theme “The high velocity in aviation” [507]. The trend towards higher
velocities also posed great challenges for the design of wind tunnels. The
power required to propel the air through a tunnel of test-section diameter d at
a speed v grows proportional to d?0>. The Gottingen wind tunnel from 1917,
for example, with a diameter of 2.25 m and a speed of airflow of 210 km/h
was driven by a motor with a power of 315 kW; to double the diameter and
the speed meant a 32-fold power increase to roughly 10 MW, approximately
the power supplied to a whole city [508]!

At the NACA, both the small high-pressure Variable Density Tunnel (VDT)
and the Full Scale Tunnel (FST) allowed Reynolds numbers that came close
to those of real flight to be reached. When plans were made for a new wind
tunnel in Gottingen, a VDT concept at a medium size was given preference
because it avoided the enormous power demand of a larger tunnel. Nev-
ertheless, the dimensions of the new Gottingen “high pressure” tunnel (see
Fig. 8.2), which became operational in 1936, were giant: The diameter of the
fan was 7.5 m; by interchangeable elliptic nozzles the size of the cross-section
in the test chamber could be varied (4.7 m X 7 m or 4 m x 5.4 m); when op-
erated under routine conditions, the airspeed was 198 km/h and 237 km/h
in the larger and smaller test section, respectively. The pressure could be in-
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creased to 4 atmospheres, but the tunnel could also be used for experiments at
very low pressures less than 1 atmosphere. The required power of 1,800 kW
was considerably less than that of the American and French full-scale tunnels
(5,600 kW and 4,400 kW, respectively). Together with these tunnels abroad
and a new wind tunnel at the DVL in Berlin with a test section of 5m X 7 m
and a power of 2,000 kW, the new Gottingen tunnel ranked among the world’s
largest and most powerful wind tunnels [509,510].

Big science in aerodynamics did not only mean that the spatial dimensions
and power requirements for wind tunnels were increased. It also involved
specialization and diversification. By the mid 1930s, further experimental fa-
cilities at the AVA were built in order to investigate special problems. Non-
stationary fluid phenomena, such as those caused by rudder movements, were
studied in special water channels. A wind tunnel with an airstream directed
vertically upwards was used to investigate the tailspin behavior of airplanes
in free fall (“spinning tunnel”). With new tunnels in which air pressure, hu-
midity, and temperature could be varied (“cold wind tunnels”) the problem of
icing was analyzed. A high-speed tunnel was built for research issued by the
Air Force, Navy, and Army; it was intended mainly for ballistics, but also for
the first investigations dedicated to airplane design for sonic and supersonic
speed (see Chapter 10). By 1938, the AVA had grown into one of the world’s
largest research facilities with eight specialized institutes for wind tunnels,
flight operations, low-temperature research, theoretical aerodynamics, flow
machinery, non-stationary processes, high-speed problems, and instrument
development. Each institute had its own director; the overall executive also
was split into a technical (Albert Betz) and an administrative directorship
(Walter Engelbrecht). The total number of personnel grew from fewer than
100 in 1933 to more than 700 in 1940 (see Fig. 8.3) [403].

In 1937, the AVA was formally separated from Prandtl’s Kaiser Wilhelm In-
stitute, although Prandtl remained chairman of the AVA’s Executive Board.
The growth of the AVA, where the bulk of aerodynamic research was concen-
trated, left no doubt as to what extent Goring’s ministry regarded this insti-
tute as important for the preparation of war. By comparison, Prandtl’s KWI
without the AVA appeared small. However, such an impression is biased by
the enormous expansion of the AVA. When judged by its own budget, the
Prandtl’s remaining institute also underwent a phase of growth during the
years before the Second World War. The need for a budget increase is “in the
general interest of the state,” Prandtl explained to the administration of the
Kaiser Wilhelm Society in 1935, “particularly in the interest of the defense of
the country.” Although the Kaiser Wilhelm Society raised the annual bud-
get of Prandtl’s KWI only slightly between 1933 to 1939, from about 50,000 to
77,000 Reichsmarks, its total budget tripled as a consequence of contributions
from other ministries and industrial contracts from about 80,000 to 235,000
Reichsmarks [511, pp. 12 and 19].
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Fig. 8.2 Vertical section and plan view of the Géttingen high-pressure
tunnel; it was housed in a 50 m x 30 m building with a height of 20 m
[509].

A closer inspection of the projects funded at the KWI after 1933 shows that
despite Prandtl’s primary interest in basic research in fluid dynamics, he was
not merely a beneficiary of the regime’s interest in research with some possible
applications to war technologies. Research on the influence of roughness, for
example, illustrates that its funding by the Navy and by the Air Ministry was
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until 1941: (a) leading employees, (b) engineers and other employees,
(c) skilled workers and other wage-earners [403, p. 166].

)

more than a generous support of fundamental research. From the perspective
of the Navy, it was part of a program to reduce the drag of ship hulls and
submarines. In March 1935, Schlichting negotiated the details of this program
with officers at Navy headquarters in Kiel. As a result, a new water channel
was built for the investigation of surface roughness as pertinent in naval uses
(special rivets, superposed ship planks etc). The transfer of research results
from these investigations into the practice of naval ship-building was ensured
by the participation of shipyards. In 1938 the project was extended in order
to account for aerodynamical roughness as well. A special wind tunnel was
used in which one tunnel wall was composed of movable parts so that a pre-
scribed field of pressure could be generated along the surface of an inserted
test model. From a scientific perspective, the roughness program was part
of Prandtl’s working program on turbulence; “basic” scientific and “applied”
technological research were inextricably intertwined. From an epistemologi-
cal perspective, this was portrayed as an example of a “linkage of heterony-
mous (military) and autonomous knowledge interests” [511, p. 24].

Despite the formal separation between the AVA and the KWI after 1937,
it would be misleading to assume that both institutions were related to one
another by nothing more than Prandtl’s authority, and that war-related re-
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search was centered at the AVA while the KWI’s main interest was basic sci-
ence. When Baeumker complained after a visit in 1940 that a connecting
door between both institutes was left open in violation of security regula-
tions, Prandtl responded that “there is a strong need” for close communi-
cation because “KWI-people and AVA people collaborate in many cases in
common tasks,” and thus, he decided to leave this door open during daytime.
He did not regard it as a violation of security because the personnel of the
KWI and the AVA were checked in the same manner by the Hanover counter-
intelligence office—"man by man”—and because foreign researchers were no
longer granted access since the outbreak of war [512]. Although the AVA was
involved in military projects to a much larger extent than the KWI because
of its more direct relationship with the development of new military aircraft,
the Air Ministry did not foster fluid dynamics at the KWI merely as an after-
thought. Science should be regarded with an eye for war-related applications,
Goring declared in 1939 to the congregated scientists in an address at a meet-
ing of the German Academy of Aeronautical Research: “Fluid dynamics has to
combine with Air Force research in order to clear the basic laws for application
to the Air Force and to guide the development along new paths” [513, p. 132—
133].

8.2
Aeronautical Science as an Instrument of Nazi Propaganda

Goring and his ministry also made use of Prandtl’s reputation for propaganda
purposes. His reputation both at home and abroad served to portray Nazi
Germany as a country where science was still in high esteem, despite occa-
sional ideological derailments and the purge of the Jewish scientists from the
universities. There are no indications that Prandtl felt uncomfortable with
this role. He also saw no contradiction between his frustrated efforts to pre-
vent the dismissal of his Jewish colleagues and his own propagandistic mis-
sion. When Jerome Hunsaker confided to Prandtl in a letter in 1934 that he
was “distressed by the news we get here of internal difficulties in Germany,”
Prandtl declared that the foreign press reported “very ugly falsehoods about
Germany” and expressed his disappointment that Hunsaker should accept
such reports as truth. “You should rather have written: ‘I am pleased that
now in Germany, all things are becoming better and better,”” he wrote in his
response [514]. When Goring congratulated Prandtl in 1935 on his sixtieth
birthday, Prandtl thanked the Air Minister with the assurance that he “will
do everything for the further advancement of German aeronautics by my re-
search and that of the institute that I direct” [515]. Shortly before, on 1 March
1935, Goring had announced publicly that Germany possesses an Air Force
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and declared this “day of freedom of German aviation” as a national holiday.
The German Academy of Aeronautical Research chose this day for its annual
meetings which were celebrated in a most grandiose manner [501, p. 181].
Prandtl must have been aware that this new “freedom” would conjure up the
risk of war, because he informed Goring in a letter in December 1936 of the
measures that will be taken in his institute “for the conversion of research at a
beginning of war” [516].

Fig. 8.4 Goring opens a Meeting of the German Academy of Aeronau-
tical Research on 1 March 1938, the “day of the German Air Force.”
Prandtl is seated in the first row, the second from the right, next to the
Minister of Science and Education, Bernhard Rust, and the Undersecre-
tary of the Air Ministry, Erhard Milch, both in uniform [518, p. 75].

Prandtl, like many other strongly nationally minded Germans, was im-
pressed by the Nazis’ determination to free Germany from what they consid-
ered the manacle of Versailles. Aeronautics was particularly affected by the
restrictions of the Versailles Treaty, and the Air Ministry could count on broad
consent among aeronautical scientists and engineers. At the public confer-
ences of the German Academy of Aeronautical Research and the Lilienthal
Society, aeronautical celebrities like Prandtl were courted like never before
and recruited for the national cause. Their activity before the First World War
had already brought German aeronautical research to international renown,
Goring praised them when he opened a meeting of the German Academy of
Aeronautical Research in April 1937, but “the collapse of our empire after the
end of the war has prevented this good tradition of our aeronautical research
from being continued.” Only “the resolution of our Fiihrer, to restore for Ger-



8.2 Aeronautical Science as an Instrument of Nazi Propaganda

many the military authority robbed by the Versailles dictate” made it possible
to follow this tradition once again. Goring urged the assembled members of
the academy to focus on the challenge ahead in the spirit of “a Lilienthal and
Zeppelin,” a task that was “worth the highest efforts for decades and cen-
turies” [517, pp. 139-142].

At such occasions, Prandtl often sat in the first row next to the highest
authorities of the Nazi regime (see Fig. 8.4). As a member of the Executive
Committee of the German Academy of Aeronautical Research and as one of
the presidents (together with Baeumker and Bosch) of the Lilienthal Society,
he shared responsibility for the agenda and activities of these organizations.
Although it was obvious from Goring’s aegis that they were directly under
the purview of the Air Ministry, both the Academy and the Lilienthal Society
were not immediately regarded as mere Nazi propaganda — not least because
Prandtl and other renowned academics lent them an aura of apolitical sci-
entific prominence. At Baeumker’s request, Prandtl proposed a number of
foreign scientists for election as “corresponding members” into the German
Academy of Aeronautical Research and as “foreign members” of the Lilien-
thal Society. He did so fully aware of the propagandistic role of such foreign
membership because in addition to the list of names, he gave the following
advice: “The political attitude towards the present Germany remains to be
checked in some cases” [519]. He also wrote personal letters to foreign col-
leagues — for example to the most senior among American aeronautical scien-
tists, William Frederick Durand—in order to ask for their consent before they
were officially elected as members. In the case that the honor was declined for
political reasons, the matter would remain private and not result in a politi-
cally embarrassing issue for Goring who would officially nominate the foreign
members in his capacity as the Reich’s Air Minister [520].

The propagandistic role of these societies, particularly with regard to for-
eign countries, was similar to the role played by the 1936 Olympic games
in Berlin. When Goring opened the annual general meeting of the Lilien-
thal Society in 1936, he first addressed “all our foreign guests,” among them
John Jay Ide from the NACA'’s Paris Office, Clark Millikan from the Califor-
nia Institute of Technology, and the Military and Air Attachés assigned to the
Berlin embassies of the USA, China, England, France, Finland, Italy, Japan,
Austria, Hungary, Czechoslovakia, and Sweden. The gathering of national
and international political and scientific prominence illustrated to the readers
of Luftwissen that Germany’s aeronautical efforts were not only tolerated but
even admired abroad. In 1937, the Lilienthal Society held its annual meeting
in Munich, the “capital of the [Nazi] movement,” again with the participa-
tion of international celebrities like Charles Lindbergh and Jerome Hunsaker
from the USA. When the German Academy of Aeronautical Research meton 1
March 1939, Prandtl was awarded in the presence of numerous foreign celebri-
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ties the “Hermann Goring medal,” the Nazis” highest distinction for scientific
merit in aeronautics. Goring praised Prandtl as a scientist whose merits are
widely acknowledged “not only in our country but also in all other coun-
tries of the world which pursue aeronautics.” Few other events revealed such
a close encounter of science and Nazi propaganda [501, pp. 268-276], [517,
pp. 294-333], [518, pp. 389-410] and [513, pp. 133-134].

However, the facade began to crumble a few years after it was erected. In
April 1938 Edward Warner addressed a letter to Baeumker in which he de-
clared his resignation from foreign membership in the Lilienthal Society [521].
In December 1938, Durand resigned from the German Academy of Aeronau-
tical Research, because this academy, as he explained in a letter to Pranditl,
is “organized under the direct auspices of the German Government, and the
present Governmental theory in Germany regarding social and political or-
ganization for the good of humanity is so remote from my own, that I do
not feel I should longer remain in relation with an organization of which the
titular head [i.e., Goring] is one of the highest exponents of this theory.” Du-
rand hoped nevertheless to retain Prandtl’s friendship and emphasized that
he would not have declared his resignation if the academy meant a sincere
association “with high German scientific culture” [522].

8.3
Goodwill Ambassador

Prandtl cannot have remained naive about his propaganda mission for
Goring’s ministry. In view of “the Durand case” Baeumker asked Prandtl to
use his friendship to foreign scientists once more in order to learn in advance
who would be willing to accept an invitation to participate in a forthcoming
meeting: “The Academy wants to avoid being turned down under all cir-
cumstances” [523]. In a letter to the NACA'’s research director, George Lewis,
Prandtl subsequently asked for a list of “suitable names” who would not be
afraid “to participate in a meeting in which official personalities of the Ger-
man government are also present, which is portrayed as horrible in the USA.”
Before he sent this letter he asked the Secretary of the Aeronautical Research
Academy in the Air Ministry for his consent — adding that he knew “that Dr.
Lewis does not like the Jews and therefore will understand my remark at the
end of the letter in the proper manner” [524].

If Prandtl was hostile towards the Nazi regime in the beginning, as his
daughter claimed, that attitude had changed completely after few years. In
May 1937 he wrote to William Knight, the former NACA representative in
Paris (see Chapter 4): “I believe that Fascism in Italy and National Socialism
in Germany represent very good beginnings of new thinking and economics,”
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and suggested that “states that do not want to fall victim to Bolshevism should
start to follow similar paths, the sooner the better” [525]. Moderate sympathy,
as expressed in this attitude, was better suited to perform a goodwill mis-
sion for his regime than fanatic adherence to the Nazi party doctrine. Other
German scholars performed similar missions abroad as Germany’s goodwill
ambassadors [526,527].

Since 1936, German scientists had to apply to the Reich’s Ministry for
Science and Education in order to receive permission to attend conferences
abroad. Furthermore, an office was established in Berlin, the Deutsche Kon-
gresszentrale, to deal with foreign exchange and other bureaucratic affairs.
Attendance in conferences abroad, therefore, was not possible without the
involvement of political authorities. In Prandtl’s case, the permission to at-
tend foreign congresses was not disputed. The International Congress for Ap-
plied Mechanics in 1938 in Cambridge, Massachusetts, became an outstand-
ing opportunity for Prandtl to excel in the role as goodwill ambassador. He
requested the permission to participate as early as November 1936 and was
granted it by the Science Ministry in July 1937—with the suggestion that he
contact the German Embassy in America and the local party office [528]. The
Air Ministry explicitly wished that Prandtl act as the leader of the German
participants [529]. Furthermore, Prandtl was authorized to present an offi-
cial invitation to hold the next Congress in 1942 in Germany [530]. To this end
the Kongresszentrale sent Prandtl a confidential “Leitfaden” in which detailed
recommendations were formulated in order to make the proposed Congress
in Germany “an instrument of German cultural propaganda” [531].

Prandtl, however, was fighting a lost cause, because the other members
of the International Congress Committee, among them his exiled colleagues
Richard von Mises and Theodore von Karman, did everything to prevent
Germany from being chosen as the site for the next Congress. Mises, who
had emigrated in 1933 to Turkey, announced that he would bring an invita-
tion from the Turkish government so that a German invitation could be voted
down [532]. Karmdn responded that “an invitation from Istanbul would be
very desirable, and has a fifty—fifty chance of being accepted.” He was not
sure how the American members in the Committee would vote: “The people
at Harvard are on our side; however, M.LT. has a somewhat pro-Nazi lean-
ing” [533]. The latter remark hinted at Hunsaker, who argued “that a Congress
in Turkey would not be well-attended, but one in Germany would be.” How-
ever, an invitation to France was also an option to which Hunsaker had no
objections [534]. “After a full discussion, the Committee decided to accept the
invitation of the French members,” the minutes reported about the final de-
bate. “The invitations from Prof. Prandtl and Professor von Mises were kept
on file to be transmitted to the Secretary for the next Congress in the hope that
these invitations would be renewed” [535].
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Off the record there must have been considerable irritation about Prandtl’s
behavior as a goodwill ambassador for the Nazi cause — at a time when war
seemed imminent because of the crisis concerning Hitler’s annexation of the
Sudetenland. Even Hunsaker, whom Karman counted among those with “a
somewhat pro-Nazi leaning,” wrote to Prandtl after the Congress to say that
he “was more disturbed than I cared to admit, by the evidence reaching us
of serious war preparations” [536]. Others reacted with stronger emotions.
G.I. Taylor wrote to Prandtl on 27 September 1938, three days before the Mu-
nich Agreement, in which the British Prime Minister, Neville Chamberlain,
together with the French and Italian leaders, appeased
IDXP[Hitler, Adolf]Hitler by signing the annexation of the Sudetenland: “I
realized that you know nothing of what the criminal lunatic, who rules your
country, has been doing, and so you would not be able to understand the
hatred of Germany which has been growing for some years in every nation,
which has a free press” [537]. Prandtl responded a month later: “You will
not really believe that, if our Fiihrer were as portrayed by the foreign press,
which is in the hands of Jews, your Prime Minister Chamberlain would have
concluded the [Munich] agreement with Hitler, according to which all differ-
ences in the future should not be handled by arms but by meetings. In case
the American press in its hatred sabotaged this document, I enclose a photo-
graphic reproduction of the original (exhibit No. 1).” Prandtl also enclosed,
as exhibit No. 2, a speech given by Hitler, whom he described as a “man of
tremendous nerve” who admittedly “made himself a million people as his bit-
ter enemies, but on the other side eighty million as his most faithful and ardent
followers.” With regard to the “Jewish question” he argued: “The struggle,
which Germany unfortunately had to fight against the Jews, was necessary
for its self-preservation.” He added to this five-page letter a number of press
reports about a Hitler’s visit to “the freed Sudetenland” so that Taylor could
“recognize the enthusiasm of the people” [538]. When war was imminent in
August 1939, Prandtl wrote to Taylor’s wife: “If there will be war, the guilt
to have caused it by political measures is this time unequivocally on the side
of England.” He defended Hitler’s political goals as an attempt “to remove
the final remains of the treaty of Versailles” and included more newspaper
clippings [539].

Even after the attack against Poland, which provoked the outbreak of war,
Prandtl attempted to persuade his foreign colleagues that Hitler’s motives
were sincere. On 3 November 1939, he wrote to Hunsaker: “According to
England’s will, unfortunately, the last action of the German government to
repair the damages of the Versailles Treaty led to war. Every good German
is now concerned with making known abroad the true trains of thought of
the German government, which are often reproduced by the foreign press in
a heavily distorted manner. I seize the opportunity to send you an English
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translation of a speech of the Fiihrer in which he reports on the results of the
Polish war and his plans for a new order of Europe after this campaign.” He
also asked Hunsaker to forward copies of Hitler’s speech to other colleagues
at MIT and Harvard university [540]. What Prandtl did not tell Hunsaker and
other recipients of Hitler’s speech was that the department of foreign affairs of
the Deutsche Kongresszentrale had explicitly asked him and other goodwill
ambassadors to spread Hitler’s speech to their foreign colleagues, particularly
to those “who possess in their country renown and influence and who are
able by their own attitude and objectivity to understand the Fiihrer’s trains of
thought and to spread them in their circle.” Names of addressees were sent
back and forth. Prandtl even requested additional copies of Hitler’s speech
translated to English and French. He was neither naive nor forced against his
will to participate in this “propaganda mission,” as he called it himself [541].
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Despite his pro-Nazi leanings, which most of Prandtl’s friends and colleagues
abroad interpreted as a result of political naivety, Prandtl was regarded as
the intellectual leader of the nascent international community of fluid dynam-
ics. G.I Taylor would not have challenged Prandtl’s believe in Hitler if they
had not been on such friendly terms. He introduced the passage in which he
called Hitler a “criminal lunatic” by expressing his hope “that whatever hap-
pens between our countries the friendship and admiration which I, in com-
mon with aerodynamical people in other countries, feel for you will be un-
changed” [537]. A few years earlier he had confided to Prandtl how much he
wished that he succeeded in nominating him for the Nobel prize. However,
he doubted whether “the existing method of nomination by past Nobelprize-
men will ever produce a ‘non atomic’ prizeman” and felt “very strongly that
if the Nobel Prize is open to non-atomic physicists it is definitely insulting to
us that our chief — and I think that in England and USA at any rate means
you — should not have been rewarded in this way” [542].

Prandtl’s esteem as “our chief” was more than a recognition of personal
scientific merits; it also accounted for a tradition founded by Prandtl and
exported to new centers by Prandtl’s pupils. By the 1930s, Gottingen was
no longer the only center of modern fluid dynamics. Theodore von Karman
spread the gospel of his teacher first to Aachen and then to America, where
he made the Guggenheim Aeronautical Laboratory of the California Institute
of Technology (GALCIT) in Pasadena a center of world renown. Another
branch was flourishing in Switzerland, where Jacob Ackeret directed a new
institute for aerodynamics at the Technical University (Eidgendssische Tech-
nische Hochschule, or ETH) in Zurich.

The example of these new centers illustrates how local research traditions
spread and grow beyond cultural and national borders — and partially fuse
with other local traditions and practices. Although fluid dynamics in Aachen,
Pasadena and Zurich, as in other new centers emerging in the 1930s, became
institutionalized as an engineering discipline, interest in fundamental prob-
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lems did not fade away. Practical problems often became an incentive for new
efforts to study fundamental riddles. Kdrman acquired the roots for this re-
search mentality in Géttingen; he once wrote to Ackeret that “both you and
I were exposed to the inspiring influence of Ludwig Prandtl, whom I con-
sider as a great master in combining simple mathematical formulation and
a clear physical picture in solving problems important for technical applica-
tions” [543]. Both Karman and Ackeret felt the same tendency to combine
science and engineering in the Géttingen tradition and to educate their stu-
dents in Aachen, Pasadena, and Zurich in this spirit. Beyond this common
research mentality, there is also more tangible evidence for the spread of Got-
tingen traditions: most new centers also introduced the experimental tech-
niques employed in Goéttingen, particularly the Géttingen closed-circuit-type
wind tunnels. Like the fundamental mentality, research techniques and prac-
tices did not spread by themselves but were actively propagated by Prandtl’s
pupils. This fact was documented in one chapter of Kairmdn’s autobiography,
titled “Trailing the wind around the world” [85, p. 184].

9.1
Aachen

The first offshoot of Prandtl’s school grew at the Technical University Aachen.
The seeds of Aachen’s research in aerodynamics were planted in 1909 by the
professors of machine construction and mechanics, Hugo Junkers and Hans
Reissner, whose joint efforts also resulted in the foundation of an institute for
aerodynamics in 1913. When Kérman succeeded Reissner as professor of me-
chanics in Aachen in the same year, he did not have to start from scratch, but
the First World War prevented a smooth expansion. The institutes personnel
was called to arms. Karman himself, as a native Hungarian, was drafted into
the Austro-Hungarian army. His only aerodynamic research from this period
was a theoretical paper co-authored with his Aachen assistant, Erich Trefftz,
about how Joukowsky’s method of conformal mapping could be extended to
account for a broader variety of wing profiles [544]. When he returned to
Aachen after the war in November 1919, his laboratory was in a “deplorable
condition,” as he recalled many years later. “The French and Belgian troops,
who were quartered in the university, hadn’t bothered to do much cleaning
before they left. Empty bottles were strewn on the floor. Paint was peeling
from the walls. In the towing tank, which we had built to test models of hy-
droplanes, I found the remains of two drowned cats. I came away from my
first inspection not feeling too kindly disposed toward the victorious Allied
soldiers” [85, p. 96].

After these unpromising beginnings, it was initially the glider obsession
from which Karman and his students drew the motivation to proceed with
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research in aerodynamics. The Aachen Aeronautical Association (Flugwis-
senschaftliche Vereinigung), founded by Karméan and his students, was
among the first academic glider clubs, which then emerged at many tech-
nical universities in Germany. Karman’s assistant, Werner Klemperer, won
Rhén contests with aerodynamically refined gliders (see Chapter 6) and thus
brought international renown to the Technical University Aachen and Kar-
man’s institute for aerodynamics. Among the more theoretically minded
colleagues, the “Karman-Pohlhausen method” for the calculation of bound-
ary layers (see Chapter 5) signaled that this institute was budding as a new
center of fluid dynamics. It also followed the Géttingen model by publish-
ing its research results in a regular series, the Abhandlungen aus dem Aero-
dynamischen Institut an der Technischen Hochschule Aachen. In 1925, the old
wind tunnel built in 1912 on the institute’s roof was enlarged and modified
into a Gottingen-type closed-circuit tunnel (see Fig. 9.1). Three years later,
the institute was expanded with a new building, so that a broad scope of
experimental research in fluid dynamics could be undertaken. In addition
to the aerodynamic wind tunnel investigations, precautions were taken to
perform experiments on gas dynamics and hydraulics with a 30-m-long tow-
ing tank and a 40 m® windkessel. In 1929, Kdrmén invited his national and
international colleagues to Aachen for a conference in order to celebrate the
institute’s expansion and underline his claim that from that point on, Géttin-
gen would not be the only place in Germany where modern fluid dynamics
flourished [545]. In the following year Kdrman succeeded in establishing a
new chair for Applied Mathematics and Fluid Mechanics, to which another
Prandtl pupil, Carl Wieselsberger, was called. With Karmén, Ludwig Hopf,
and Wieselsberger, the Technical University Aachen boasted Germany’s most
distinguished experts in fluid dynamics next to Gottingen [305].
Internationally, both Kdrman and Wieselsberger were most coveted consul-
tants for the design of wind tunnels. Before he was called to Aachen, Wiesels-
berger spent several years in Japan advising the Japanese government in mat-
ters of aeronautical research. “I am hired by the university and the navy, he
wrote to Karman in 1925 from Amimura, but he asked him to keep this infor-
mation confidential “because according to the Peace Treaty a Reich’s German
is not allowed to be employed at one of the winning powers for military pur-
poses. Here, I build wind tunnels, a propeller testing facility, a water towing
tank including the required measurement instruments, and I have to deliver
talks from time to time.” He confided that the Japanese also wished to invite
Kérman as a consultant [547]. Kérman asked his university for a one-year
leave of absence in 1926/27 in order to travel to Pasadena, where the plans for
GALCIT took shape, and then to Japan, where he served in Kobe as an advi-
sor for the design of wind tunnels of the Goéttingen closed-circuit-type at the
Kawanishi Works, Japan’s most important airplane manufacturer. Wiesels-
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Fig. 9.1 The institute for aerodynamics of the Technical University
Aachen with its new Géttingen-type wind tunnel on the roof [546].

berger later benefited from his contacts with Japanese industries when he pro-
vided the new Aachen wind tunnel with novel measuring devices he had first
introduced in Japan [548].

With regard to research planning in aeronautics in Germany, too, Aachen
became a new center next to Berlin and Géttingen. In 1928, Prandtl and Kar-
man established the German Research Council for Aeronautics (Deutscher
Forschungsrat fiir Luftfahrt), an advisory board for the department of aero-
nautics in the Reich’s Ministry of Traffic administrated by Adolf Baeumker
[120, pp. 146-149]. Kdirmén and Baeumker came to know one another through
this council so well that they kept in contact even after Kirman’s emigration to
America in 1933. In his autobiography Karman recalled how Baeumker, even
after he became the head of aeronautical research in the new Air Ministry un-
der Goring, “kept in touch with me. On one of my return trips to Germany
he even took me on a tour of the air facilities. This was in 1934, during the
early Hitler period. Baeumker let me know that since the situation for non-
Aryans at the universities was, ‘to say the least, delicate,” Goring’s office had
suggested that I join the Air Ministry as a consultant. It is known that Goring
once said: “Who is or is not a Jew is up to me to decide.” I had a good laugh and
remained in Pasadena” [85, p. 146]. Although Kdrman'’s recollections should
not be read as a primary historical account, the friendship Baeumker felt for
Kérman is also evident from their preserved correspondence. “We will al-
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ways regard you as one of these friendly-minded year-long collaborators,”
Baeumker closed a long letter to Karman in December 1934 [549]. Karman
responded warmly and hoped for an opportunity to visit him in Germany in
the summer of 1935. However, Baeumker cannot have overlooked Karman’s
sarcasm when in November 1935, he read about how Karman reacted to a talk
presented by a visiting colleague about the progress of German aeronautics:
“He also reported about the subterranean hangars and the three thousand
rooms in the Air Ministry. I see that I have to visit Germany soon in order to
watch all these wonders. I am particularly curious to learn where the three
thousand brains for the three thousand rooms will come from” [550].

Kérman, an avowed enemy of the Nazis, was already ready to leave Ger-
many before 1933. In 1929, the California Institute of Technology (CalTech)
offered him the directorship of the newly founded GALCIT, which Karman ac-
cepted first as a half-time position. The Technical University Aachen agreed to
the arrangement that Karman lecture during the summer semesters in Aachen
and spend the winter terms at CalTech. In order to keep him in Germany, the
Science Ministry also offered Karman a professorship in Berlin. Even the Nazi
purge of the universities in April 1933 did not affect Kairman like other Jewish
professors. Otto Blumenthal, professor of mathematics at Technical University
Aachen, was dismissed despite his status as a “front fighter” of the First World
War, which was granted as an exception clause for the purge. Hopf, who usu-
ally replaced Karman during his leaves of absence, was dismissed, despite
his expert knowledge in aerodynamics. Kdrman, in contrast, was granted an
extended leave of absence during the purge. In January 1934, however, the
Reich Science Ministry denied a further extension and ultimately demanded
his return. But in May 1933, Karman had already applied for the American
citizenship and resigned from his Aachen position [494, pp. 130-132], [551].

The Nazi seizure of power, therefore, severely damaged the rise of Aachen
as a new center of modern fluid dynamics in Germany. Aachen’s prominence
in aerodynamics and applied mathematics was gone with Karman, Hopf, and
Blumenthal. Hopf was replaced by Wilhelm Miiller, an ardent anti-Semite
who could hardly compete with his predecessor in fluid dynamics. He be-
came most infamous as Johannes Stark’s ally in their struggle against modern
theoretical physics as a Jewish bluff. Prandtl testified that Miiller’s work was
“mathematically in order” but “uninteresting because he consequently avoids
all non-linearities and only tackles problems where one succeeds with classi-
cal mathematics” [552]. The occasion of this evaluation was Miiller’s call as
Sommerfeld’s successor to Munich in 1939, a blatant scandal which mobilized
the death-blow against the so-called Aryan physics fanatics [488,553,554]. In
Aachen, however, Miiller’s call to Munich was welcomed because it made the
chair vacant for another Prandtl pupil, Fritz Schultz-Grunow [305].
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Fig. 9.2 The enormous windkessel in the institute for aerodynamics of
the Technical University Aachen could be evacuated for transient airflow
at supersonic speed [546].

Although the Aachen Institute for Aerodynamics was less prominent than
it was during the 1920s under Karman'’s charismatic direction, particularly re-
garding fundamental theoretical work, Wieselsberger was able to maintain a
high standard of experimental research. Practically all published Aachen re-
ports after 1933 addressed wind tunnel investigations. A particular focus was
experimental high-speed aerodynamics. At the International Volta Congress
in 1935 in Rome, Wieselsberger reported on the first Aachen supersonic mea-
surements. He alerted the assembled experts to a phenomenon caused by con-
densation of water vapor which become known as “spirit” in supersonic wind
tunnels. After that point, special precautions were taken to reduce the humid-
ity in supersonic wind tunnels to a minimum [555, p. 558], [305, p. 257]. In
1937, at a meeting of the Lilienthal Society, Wieselsberger presented a review
of Aachen’s supersonic facility. It consisted of two tubes, equipped with Laval
nozzles and test chambers of 10 cm x 10 cm, and 20 cm x 20 c¢m, respectively,
through which air was sucked by evacuating the enormous windkessel of the
institute (see Fig. 9.2). It was possible to create supersonic air flows at a speed
of 3.16 Mach for periods of 6 s in the larger test chamber, and 25 s in the smaller
test chamber. Wieselsberger and his assistant, Rudolph Hermann, made a par-
ticular effort to develop new measurement techniques: the forces upon the
models in the test chamber were measured by a novel method based on elec-
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tromagnetic induction rather than mechanically as in traditional wind tunnels;
optical observations were enabled by a refined and sophisticated Schlieren
technology [556]. Hermann moved in 1937 to the Army’s secret rocket devel-
opment center, Peenemiinde, where he directed a new aerodynamic institute
for supersonic tests on models of rockets. Preliminary tests of the stability of
rockets had also been performed in the Aachen supersonic facility. At Peen-
emiinde, both Hermann himself and the employed measurement techniques
were manifestations of a direct continuation of Aachen’s high-speed aerody-
namics [557].

Shortly before the beginning of the Second World War, the work reports
of the Aachen Institute for Aerodynamics communicated measurements on
the drag of propellers in addition to investigations of supersonic phenomena,
which were important, as the report revealed, “for the problem how to re-
duce the final speed of modern airplanes in dives,” and on thermal problems
like the thawing of frozen oil coolers, performed at the request of the Airforce
Testing Facility Rechlin. Most of the institute’s research was probably kept
secret, because the annual work report of 1938/39 contains only three publi-
cations [558].

9.2
Pasadena

The California Institute of Technology (CalTech) rose to prominence when
Robert A. Millikan was called to Pasadena in 1921 as new university presi-
dent. Millikan was known for his far-reaching ambitions both as a physicist
and as a science manager. He put CalTech on the map as a top university by
inviting the world’s most renowned scientists for guest lectures and by hiring
internationally distinguished scientists to new chairs. With theoretical physi-
cist Paul Epstein, a pupil of Sommerfeld’s, Millikan brought modern atomic
physics to CalTech in the early 1920s, and with Karméan, he pursued the same
strategy a few years later in order to lure the best available aerodynamicist
from Europe to Pasadena. In Kdrman’'s case, the transfer was enabled by the
lavish Daniel Guggenheim Fund, which provided a number of American uni-
versities with the means to catch up with Europe in aeronautical research. By
1926, Millikan had negotiated a plan with Daniel and Harry Guggenheim for
the foundation of a new aerodynamic institute at CalTech [551,559].

The new “Guggenheim Aero Laboratory at the California Institute of Tech-
nology” (GALCIT), as it was first called, should be equipped with a large
wind tunnel and meet the highest standards of teaching and research in aero-
nautical science. The following six goals were formulated: CalTech’s theo-
rists — the mathematicians Harry Bateman, E.T. Bell, and theoretical physi-
cist Paul Epstein—were charged with presenting theoretical courses in “aero-
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and hydrodynamics”; practical exercises should be organized in collaboration
with Californian airplane manufacturer, the Douglas Company; the institute
should also pursue a “comprehensive program of research on airplane and
motor design”; as a practical engineering task, a novel airplane concept (the
“stagger-decalage, tailless airplane”) should be further developed; a number
of research fellowships in aeronautics should be established; and the insti-
tute’s wind tunnel should be used in addition to regular model testing for
measurements of “full size experimental gliders and power planes for free
flight” [560, pp. 1-2]. In order to bring such an ambitious plan to fruition,
Millikan at first planned “to get Prandtl for a short time.” G.I. Taylor, too,
was named as a possible candidate, but he ranked under Prandtl and Kar-
man on Millikan’s list who regarded Prandtl’s institute as a role model for
GALCIT. Epstein was a friend of Karman’s and often served as Millikan’s ad-
visor when it came to European candidates; he strongly recommended that
Kérman be invited instead of Prandtl. There were also more practical reasons
which spoke against Prandtl: he was older than Karman; his avowed commit-
ment to the German cause could make negotiations with American industrial
and military contractors difficult, while no such concerns were to be expected
with Karman; and Prandtl appeared less approacheable and too academic. In
the end, after discussions with Epstein, Millikan concluded “that in view of
Prandtl’s advanced age and his somewhat impractical personality he would
be far less useful to us than v. Karman.” Harry Guggenheim shared Millikan’s
view that “Dr. Prandtl of course stands alone in the aeronautical world,” but
he also agreed with him “that for a practical visit such as you have in mind
and which will fit in very nicely with our plans, Professor v. Kirmén is the
right man” [551, pp. 94, 99].

Epstein was asked to forward an invitation to his friend in Aachen. In
September 1926 Karman traveled to Pasadena for further negotiations. From
the very beginning, Millikan planned to hire Kairmén as a consultant and fu-
ture director of the planned GALCIT, but he did not yet offer him a perma-
nent position. They first arranged an exchange program between Aachen and
Pasadena: Epstein would teach one semester each year in Aachen, while Kar-
man would come for one semester to Pasadena. In 1928 /29 Karman combined
this arrangement with a voyage around the world. For the first three years af-
ter 1926, the bulk of the work involved with building GALCIT was performed
by Robert Millikan’s son, Clark Millikan, who soon made himself a name as
one of America’s outstanding aeronautical scientists. Only in 1929 did the
plan to call Kirman permanently to Pasadena and to entrust him with the di-
rectorship of GALCIT get put into action. By that time, Kdrmédn was a widely
coveted aerodynamical consultant and candidate for new chairs. Stanford
University, for example, also offered to hire Kdrman. CalTech, in the mean-
time, planned to establish, together with the University of Akron in Ohio, a
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common Daniel Guggenheim Airship Institute, also to be directed by Karméan.
To make the offer more tempting, Harry Guggenheim and Robert Millikan re-
assured Karman that it would only occasionally require his personal presence
in Akron, but nevertheless would have an advantageous effect on his salary.
Kéarman’s total income in America would be three times as high as in Ger-
many. Kédrman did not immediately accept, but he used this offer in order
to negotiate with the Prussian Science Ministry about the expansion of his
Aachen institute. Wieselsberger’s call to Aachen was one result of these talks.
Karman arranged with the CalTech president to assume his directorship on
a half-time basis. Harry Guggenheim remarked in a letter to Millikan, “ob-
viously your friend goes into the water inch by inch.” Karmén'’s decision to
move permanently to the USA, however, was largely influenced by private
considerations, because he would no go without his mother, who was only
“gradually getting used to the idea of Pasadena,” as Kdrman wrote to a friend
in December 1929 [551, p. 131].

As we have seen, Kdrmdn only resigned from his Aachen position in 1934.
When the Nazi Science Ministry did not seem to extend Karman’s leave of
absence from Aachen beyond the winter semester 1933/34, he could no longer
defer the decision to make his American sojourn permanent. “I got a short
letter from Berlin suggesting that I take up my activities over there in the fall,”
Karman responded a letter from Prandtl in August 1933, choosing English as
his language for the first time in their correspondence, I do not think I will
do this; I find my situation here quite satisfactory. The German academic life
has some advantages, for instance a definitively better beer than here, but I
think you will agree with me that this is not sufficient reason for me to neglect
the disadvantages” [551, p. 133]. In his autobiography Kédrman quotes from
the original letter with which he declared his resignation to the official in the
Berlin Ministry: “I hope that you will be able to do for German science in the
next years as much as you accomplished in this year for foreign science” [85,
p. 146].

By that time, GALCIT was already fully active. The new institute building
was completed in 1928. With a ground surface of 1,000 m? and five storeys, it
was one of the university’s largest buildings. It housed a wind tunnel, whose
design was changed upon Karman’s advice from the original Eiffel-type into a
closed-circuit Gottingen-type (see Fig. 9.3). Its dimensions were comparable to
the largest wind tunnels of the epoch, with a maximal diameter of almost 7 m
(20 feet) and a narrowest diameter of more than 3 m (10 feet). The building was
designed so that the tunnel occupied three of the five storeys; on the first floor
were the workshops for the model construction and the observation room;
the tunnel walls were made from concrete and carefully insulated from the
building so that the vibrations of the tunnel had no impact on the institute’s
rooms. The inner tunnel wall was painted with an asphalt emulsion in order
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to keep the airflow smooth and free from dust. The guiding vanes were made
from steel and formed according to a design by Betz for the Gottingen wind
tunnel. With the exception of a novel closed measuring room adjusted to the
circular cross-section of the tunnel, it was obvious that Gottingen was also the
model for GALCIT with regard to the tunnel design [561].

[

Fig. 9.3 GALCIT’s wind tunnel followed the role model of Géttingen-
type wind tunnels [562, p. 283].

Gottingen traditions entered Pasadena in many ways. As formulated by
Millikan in 1926, one of the six main items on GALCIT’s agenda addressed re-
search fellowships. In 1930, Karman used the fellowship as an opportunity to
offer two of Prandtl’s pupils, Walter Tollmien and Rudolf Seiferth, the oppor-
tunity for extended research sojourns in Pasadena. Prandtl even asked Kar-
man to keep them as long as possible, because at the height of the economic
crisis, they were better off in Karman’s institute than in his own institute in
Gottingen. Tollmien stayed until 1933. “He was of invaluable assistance to
graduate students and researchers at GALCIT,” Karman later wrote about
Tollmien’s visit. During the early years the focus in Pasadena was on practice
rather than theory, and Karman felt there was a need for more fundamental
research when he took over the directorship in 1930. Tollmien was the right
man at the right time to present to his students an “integrated approach to the
technical problems”—a characteristic of Prandtl’s school in Gottingen—"“i.e.,,
consider the physical ideas behind the mathematical operations and always
visualize the relation between theoretical and experimental research (...) it ap-
peared to me that we needed a person, at least in the first period, who would
help to transplant some elements of the Gottingen approach to the new insti-
tution” [563].
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Seiferth’s sojourn, too, was long remembered. He had forged a reputation
as an expert on wind tunnels, and Karméan hoped Seiferth could transmit a
feel for the practical aspects of the Gottingen tradition to his students. This he
did - although not necessarily in the way that Kairméan had wished: “Seiferth
told me,” Karman recalled in his autobiography, “that in Géttingen he and
his colleagues had developed a model out of plaster of Paris, and that it was
easier to form and much better than wood in low velocity tests. He wanted
to try to make such a model for us at CalTech. (...) When he was finished,
I invited the class to watch the wind-tunnel experiment with the first model
made of plaster of Paris. I could not have created a worse demonstration if
I had tried. As the class crowded around the tunnel, the first gust of wind
smashed the plaster of Paris model into tiny bits. Particles were scattered all
over the machinery. It took us two days to clean it out. Seiferth, the expert,
of course had forgotten to tell me that he himself had had no experience in
making wind-tunnel models. In Germany this kind of work was done by
glassblowers, cabinetmakers, and other skilled mechanics, not by professors”
[85, p. 154].

By the mid 1930s, CalTech ranked among the leading technical universities
in the USA, with aeronautical science as its prime asset. Among the seven
American Schools for Aeronautics funded by Guggenheim, GALCIT had the
highest score in terms of publications. By 1939, GALCIT’s scientific productiv-
ity was expressed by 122 publications and 51 unpublished dissertations; dur-
ing the first decade after its official opening in 1929, a total of 162 engineering
students had completed their study there, among them 73 with an M.S. degree
in mechanical engineering, 68 with an M.S. degree in aeronautical engineer-
ing, and 21 with a Ph.D. in Aeronautics. 31 Navy and Army officers were
trained in special one-year courses as aeronautical engineers. Eighty-seven
students, among them also many soldiers, finished their study with an M.S.
degree in meteorology, a discipline with close ties to fluid dynamics. That
both mechanical engineering and meteorology were counted among GAL-
CIT’s specialties shows that Karman considerably expanded Millikan’s ini-
tial program and pursued aeronautical research and teaching in a very broad
sense: “Theoretical and experimental investigations were directed both to-
ward the solution of fundamental basic problems in Elasticity and Fluid Me-
chanics, and toward results that could be applied immediately to aircraft de-
sign,” GALCIT’s history comments on the wide range of topics [560, pp. 6-7].
Meteorology had at first been a sub-discipline of earth physics in the geol-
ogy department, but in 1933 it was integrated into aeronautical engineering
because of its importance for aviation [564].

The wide scope of themes appears unusual for an institute whose primary
focus was to train aeronautical engineers, but Karman’s agenda during his
first years as director of GALCIT was less dictated by comparisons with other
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American engineering schools than by his own experiences from Gottingen
and Aachen. He also brought with him the competitive spirit in which he
attempted to catch up with or outstrip his role model at Prandl’s institute.
GALCIT is “one of the centers of the modern ‘turbulence research,” stimu-
lated by friendly competition with other centers”—the institutional history
mirrors Karman’s personal rivalry with Prandtl [560, p. 7]. Besides turbu-
lence, research in fluid dynamics included investigations of boundary layer
phenomena, gas dynamics, and a host of other themes. As in Goéttingen and
in Aachen, basic and applied research proceeded hand in hand, as the list of
GALCIT’s research themes illustrates. They ranged from lubrication studies
for the support of the new 5-m-telescope at the Mount Palomar Observatory
to the design of steam turbine blades for General Electric. Within few years,
GALCIT became a top resource for governmental, military, industrial, and
academic contractors for research in fluid dynamics. In 1938, for example, the
Soil Conservation Service of the Department of Agriculture charged Karman
with an investigation of soil erosion, a problem of particular importance for
the southwestern parts of the USA where sand storms resulted in grave losses
of farmland. By planting rows of trees, one hoped to reduce the damage, but
the efficiency of such shelterbelts was disputed and required further investi-
gation. Kdrman's student Frank J. Malina reviewed the available evidence of
this problem in a report on “Experimental Methods for the Study of the Fun-
damentals of the Wind Erosion Process Under Controlled Conditions,” and
Kéarman designed a movable outdoor wind tunnel in which sand grains of
variable size could be blown over different agricultural surfaces and the re-
sulting deposit of sand could be measured [560, p. 23].

Despite the wide scope of research themes the GALCIT’s primary orienta-
tion was on aerodynamics related to aeronautics, with a focus on the Califor-
nian aviation industry. GALCIT played a similar role for the West Coast firms
as the NACA'’s Langley Laboratory did for the aviation industry on the East
Coast or the Gottingen AVA for German firms. Investigations for an industrial
contractor usually took one, two or three weeks; an aviation firm would first
make a scale model of the planned airplane with a maximal span of 3 m in the
institute’s model workshop and subject it to tests in the GALCIT’s wind tun-
nel; the data were summarized in a report, compared with the corresponding
data derived from theory, and sent to the manufacturer together with sug-
gestions on how to improve the design. The performance of these tests was
entrusted to advanced students, who thereby not only became familiar with
aerodynamics as applied to practical problems but also became acquainted
with aviation firms. After their graduation they often became hired by for-
mer GALCIT contractors. William Rees Sears, for example, who completed
his Ph.D. under Kérman's supervision in 1938, was employed as chief aero-
dynamicist at Northrop Aircraft Inc., then a new aviation manufacturer with
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close ties to the GALCIT aerodynamicists [565]. For industrialists in Aachen
like Georg Talbot or Hugo Junkers, Kdirman was already an approachable aca-
demic — but these were humble beginnings compared to his relationships with
governmental, military, and industrial circles in America. In the 1930s, air-
plane manufacturers in the USA and elsewhere usually did not yet posses
their own wind tunnels, and thus, GALCIT’s role as an external testing facil-
ity for the Californian aircraft industry can hardly be overstated. “Every ma-
jor military or commercial airplane produced in Southern California within
the past several years has been designed on the basis of wind tunnel tests car-
ried out at GALCIT,” the institute’s history proudly reported in 1939: “Well
known examples of such planes are the Douglas DC-2, DC-3, DC-4, and DC-
5, the Douglas B-18 and B-23 Bombers, the new Douglas (Northrop) Attack
Bombers built for the French and U.S. governments, the Lockheed Model 12
and 14 Transports and P-38 high-motored Pursuit, the Consolidated 4-engine
Patrol Boat and the new Model 31 long range flying Boat, the North American
Observation, Basic Combat and Bomber planes, the Boeing B-17 Bomber, the
Vultee Attack Bomber, the Hughes Racer, the Curtiss-Wright Model 20 Trans-
port, etc. etc. At present the tunnel is operating 75 hours per week with two
complete shifts of workers and has an operating staff of about 20 persons. Its
facilities are completely engaged 6 months in advance” [560, p. 20].

9.3
Zurich

In small countries like Switzerland, the circumstances for the emergence of
aeronautical engineering with its concomitant growth of fluid dynamics as a
new engineering discipline were different from those in the larger industrial
countries, where this growth happened largely in the wake of the boom of
aviation after the First World War. Until the mid-1930s, Switzerland had no
wind tunnel, let alone a national aeronautical research center. But in view
of the rapid developments in the , , ,, and other countries, Swiss politicians,
industrialists, and academics did not want to be left aloof and made mere
bystanders of their neighbors” booming aeronautical capacities. As in other
countries, military interests were most predominant. In 1928 the Department
of War Technology (Kriegstechnische Abteilung) of the Swiss War Ministry
(Eidgenossisches Militardepartment) and the Minister of Education (Schulrat-
spresident) decided to establish the foundation for a national Swiss aviation.
The ETH Zurich, renowned as one of the world’s leading technical universi-
ties, was chosen as the site of a national aerodynamical testing establishment.
However, it took a few more years before this decision resulted in tangible
measures. In March 1930, representatives of the War Ministry, the Ministry
for Mail and Railway, and the ETH convened in order to decide the next
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steps. They suggested that the ETH’s laboratory for mechanical engineering
(Maschinenlaboratorium), which was already slated for a major renovation,
assume the role of the central Swiss aerodynamic research laboratory. Jacob
Ackeret, who had recently returned from Prandtl’s institute and appointed
professor at the ETH, was to be entrusted with the directorship of this labora-
tory. Ackeret pointed out that the laboratory would need “first of all a wind
tunnel”; furthermore, the new institute should be equipped with “a facility for
very high air speeds” so that “important problems of ballistics” could be in-
vestigated. “In this regard the ETH can gain a lead over other centers abroad,”
Ackeret advised the ministerial representatives [566].

Ackeret was also to chair a new Scientific Commission for Aeronautics (Wis-
senschaftlichen Komission fiir das Flugwesen, or WKF) which was to coor-
dinate the various Swiss civil and military interests in flight. For the time
being, however, this commission produced no results “because of personal
divergences among the leading men,” as the minutes reported in September
1932 [567]. But this did not prevent the construction of the new laboratory
at the ETH. The institute for aerodynamics, which accounted for the larger
part of the laboratory, was furnished largely according to Ackeret’s wishes.
Although Ackeret’s own teacher, Aurel Stodola, did not agree with his for-
mer student’s plan of a novel closed-circuit supersonic wind tunnel, a design
which had not materialized in even the most advanced aeronautical research
laboratories abroad, Ackeret’s plan was given the blessing of the authori-
ties [568]. His institute should first serve the interest of the ETH for teaching
and research, Ackeret explained in a budget report in 1934; research for gov-
ernment agencies and private users came second. Although the main focus
was on “aeronautical research,” Ackeret explicitly emphasized investigations
“on fluid dynamics related to mechanical engineering, physics, and meteorol-
ogy”; as an example, he mentioned “tests of wind pressure for building and
railways.” [569].

Ackeret had worked for several years after his return from Géttingen as an
engineer at the Escher-Wyss AG, the leading Swiss turbine manufacturer, be-
fore he became the director of the ETH’s new institute of aerodynamics. He
always kept strong ties with his former employer and other Swiss machine
manufacturers. Escher-Wyss, for example, designed a novel axial blower for
the wind tunnel of Ackeret’s institute and supported the first experiments “by
providing materials and personnel at their own costs” [570]. The supersonic
wind tunnel was also equipped with a newly developed turbine from Brown
Boveri and Cie. (BBC); Escher-Wyss could not yet offer a comparable tur-
bine, and therefore, Ackeret trusted his former employer’s competitor with
this project. BBC’s “axial turbo blower” could suck in large volumes of air
and compress the air in several stages to the required extent so that the tunnel
could be operated in a closed circuit. Ackeret used his industrial contacts to
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competing firms so that he was always able to furnish his institute with the
newest available technology [571-573].

Ackeret’s institute immediately ranked among the best aerodynamic re-
search centers of the world when it became operational in 1934. The large
wind tunnel had a cross-section of 3 m x 2.1 m and allowed tests at an air-
speed of 90 m/s (324 km/h). The supersonic closed-circuit wind tunnel was
unparalleled. “This wind tunnel is at present the only one of this kind in the
world,” the German journal Luftwissen announced the news of its construction
in January 1934, “it will be used not only for aerodynamic tests but also for the
investigation of steam and gas flow through turbines.” In view of a maximal
air speed higher than Mach two, it was correctly assumed that “it will be par-
ticularly valuable for ballistic investigations and rocket tests” [505, p. 24]. In
Italy the supersonic tunnel attracted such interest that Ackeret was hired as a
consultant for the construction of an almost identical copy at the central aero-
nautical research facility, Guidonia, in Rome [507, pp. 537-542], [574]. In 1935
Ackeret was particularly proud that he could add to his congratulatory letter
for Prandtl’s 60th birthday the news that his institute was now operational.
That both Zurich wind tunnels followed the Géttingen closed-circuit princi-
ple was hardly worth mentioning because at that time this principle had won
recognition all around the world [561,575].

There are more parallels between the new aerodynamic center in Zurich
and the Gottingen model. Since 1934, a series of communications, the Mit-
teilungen aus dem Institut fiir Aerodynamik an der ETH, was published, following
the example of the Ergebnisse der Aerodynamischen Versuchsanstalt zu Gottingen
and a similar series from the aerodynamic institute in Aachen. Already the
first issues showed that the fluid dynamicists in Zurich were also following
a broad scope of research themes, ranging from investigations about wings
close to the ground (G. Datwyler, 1934) or axial blowers seen from the per-
spective of airfoil theory (C. Keller, 1934) to investigations of boundary layer
suction (A. Gerber, 1938) and the application of gas dynamical methods to
free-surface water flow (E. Preiswerk, 1938). If we include Ackeret’s own pub-
lications from the 1930s, the thematic variety becomes even broader: three
papers deal with wind pressure against chimneys and gas containers; five ar-
ticles are concerned with the design of turbines, particularly steam turbines;
six with cavitation; and several papers are dedicated to the equipment of his
institute, particularly the measurement technique involved with the wind tun-
nel tests [576]. Although it is not possible to overlook the parallels between
Zurich’s and Gottingen’s research programs (for example, wind pressure ex-
periments were on the agenda of Prandtl’s institute at the same time — see
Chapter 7), Ackeret’s institute did not simply follow the Gottingen model
but developed its own characteristic profile. It had a stronger emphasis on
mechanical engineering than other aerodynamical research centers, which is
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perhaps not astonishing in view of the institute’s affiliation with the labora-
tory of mechanical engineering and the tradition founded by Stodola. Prandtl
teased Ackeret in 1939 that “you apparently apostatized aerodynamics related
to aeronautics” [577]. Besides Ackeret’s contribution to the Prandtl Festschrift
in the ZAMM in 1935, where he tackled the fundamental problem of vortex
generation, many of Ackeret’s papers appeared in journals like the Schweiz-
erische Bauzeitung or the Escher-Wyss-Mitteilungen and dealt with applied en-
gineering problems. But if we examine the period beyond the 1930s, when the
construction of his institute no longer required Ackeret’s exclusive attention,
it becomes apparent that aeronautical research had not faded away from the
agenda. By and large, Ackeret displayed a similar breadth of research interests
as other Prandtl pupils: “I always felt that our ways of thinking are similar,”
Kéarman reminded Ackeret of their common roots in Prandtl’s institute when
he congratulated Ackeret on his 60th birthday [576, p. 55].

Kéarman was not merely flattering. He had displayed great interest in Ack-
eret’s institute as early as in 1935 and expressed his intent to send students
to Europe for further study: “Both Millikan (who visited your institution last
year) and I found that the best place for them to go would be your depart-
ment in Zurich,” he wrote in a letter to Ackeret. “We were both very much
impressed, not only by the laboratory but also by the manner in which you are
conducting your work.” Karman envisioned a student exchange between his
and Ackeret’s institutes, so that both universities would share the costs [578].
In the end, the plan failed for financial reasons [579], but the mere intent is
evidence for his high esteem of Zurich as a new center of modern fluid dy-
namics next to Gottingen and Aachen. On the other hand, Pasadena was also
regarded as a most attractive center from the European perspective. Gottfried
Datwyler, for example, a student of Ackeret’s, spent several years at GAL-
CIT at his own expense after he had finished his dissertation in Zurich in
1933 [580]. There were also close relationships between Zurich and Prandtl’s
pupils in Germany. Ackeret’s colleague and friend during his employment
at Escher-Wyss, Fritz Schultz-Grunow, went to Gottingen for further studies
and became Prandtl’s closest collaborator for research on turbulence, before he
was called to Aachen [581]. By the end of the 1930s, many of Prandtl’s former
pupils were themselves professors and spread the gospel of their greatly re-
spected teacher to new generations of engineers both in Germany and abroad.

A particular occasion to cultivate the relationship among Prandtl’s pupils
came in 1935 with the Volta Congress on high-speed aerodynamics in Rome.
Ackeret used this opportunity to present to his colleagues the concept of
the new supersonic wind tunnel (see Fig. 9.4) which had become opera-
tional shortly before [507, pp. 487-537]. Prandtl met there with his most
outstanding former students, all of them representatives of the elite of fluid
dynamics: Ackeret, Busemann, Kdrmén, and Wieselsberger. The enthusiasm
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about the progress of their field of research was stronger than the irritation
which some of them must have felt about the propaganda role this conference
played for Italy’s Fascist government. “Mussolini chose the opportunity to
announce the invasion in Ethiopia,” Karman recalled. “This bold announce-
ment stirred some spirited discussion among my colleagues — especially in
view of Mussolini’s use of high-speed bombing planes against the poorly
equipped Abyssinians.” Although it was obvious how pertinent high-speed
aerodynamics — the theme of this conference — was for this and future wars,
the collective excitement about the newest experimental and theoretical re-
sults was stronger than the dissenting views on Mussolini’s politics. Kairman,
certainly no friend of Fascism, was fully aware of the propaganda role which
was attributed to him and his colleagues, but accepted its call without hesita-
tion [85, pp. 218-222]. Ackeret, for his part, also had no fears of contact with
Nazi Germany. Invitations to the annual meetings of the Lilienthal Society
offered him a welcome opportunity to meet his former Géttingen colleagues
and friends. In 1939, such invitations were no longer regarded as apolitical
abroad, as we have seen (see Chapter 8): when Prandtl offered Ackeret an
invitation that year to the meeting to be held in the Reich’s capital of Berlin,
he also forwarded an argument of how Ackeret could respond to criticism
of Swiss compatriots: “After the through and through peaceful tendency of
yesterday’s declaration of our Fiihrer and Reich’s Chancellor,” Prandtl wrote
on 29 April 1939 to Zurich, “there should hardly arise political problems for
you if you participate in a German conference by hinting at your former close
collaboration with us” [582].

Even during the Second World War, the contact between Ackeret and his
German colleagues was not interrupted. In 1941, Ackeret, together with two
researchers at his institute and a representative from each of Escher-Wyss and
BBC, traveled to the AVA in Gottingen, where great interest was expressed
to acquire the newest technology of supersonic wind tunnels. After this visit,
Ackeret wrote in a report to his authorities: “Besides the Gottingen gentlemen,
in particular Prof. Prandtl and Prof. Betz, there were gentlemen present from
the Reich’s Air Ministry and the German Testing Facility Adlershof; in fact,
only people who are directly involved with the special questions. It may be
said that on the part of the Germans very rich material was presented with
great candor; for example, extended test series with artillery and infantry
shells and new types of aircraft. The material which we presented was largely
composed from results which are now prepared for publication or which has
already recently been presented in Basle. By and large we can say with grat-
ification that our work was very esteemed, which is also evident from the
fact that contracts for one or two supersonic wind tunnels from BBC are now
very likely” [583]. In December 1942, Ackeret traveled again to Germany in
order to present a talk on gas turbines before the German Academy of Aero-
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Fig. 9.4 At the Volta Congress in Rome Ackeret presented the novel
scheme of the Zurich closed-circuit supersonic wind tunnel. The air was
circulated by a 900 horsepower axial blower produced by the Swiss
turbine manufacturer BBC [507, p. 529].

nautical Research. Ackeret played a similar role for the development of fluid
dynamics in Switzerland as Prandtl in Germany and Karman in the USA -
particularly with regard to the military applications and as an advisor in the
political, industrial and military arena. Although it is beyond the scope of this
book it seems apt to mention that in the Second World War, Prandtl served
as the chair of a high-ranking advisory board (“Forschungsfiihrung”) for the
Air Ministry [120, pp. 246-260]; Karman became famous as General “Hap”
Arnold’s advisor for the foundation of the research establishments of the U.S.
Air Force [584]; Ackeret was busy as an advisor for the Swiss War Ministry
(Eidgenossisches Militardepartment) [585, 586].



10
Fluid Dynamics on the Eve of the Second World War

The emergence of new centers in Aachen, Pasadena, and Zurich, directed by
Prandtl’s pupils Kdrman, Wieselsberger, and Ackeret, shows how Prandtl’s
school began to spread its influence outside Gottingen in the course of the
1930s. We can easily find examples of other Prandtl pupils who became
professors at other technical universities or at new aeronautical research fa-
cilities, like Busemann, who became the director of an institute for gas dy-
namics at the Aeronautical Research Establishment Hermann Goring (Luft-
fahrtforschungsanstalt Hermann Goring, LFA). The extent of Prandtl and his
school’s influence on the course of fluid dynamics becomes even more appar-
ent if we examine, in addition to the emergence of new institutions, the burst
of new theoretical and practical applications, which resulted in quite a differ-
ent outlook for this discipline compared to its beginnings three or four decades
earlier. On the eve of the Second World War, fluid dynamics was an engineer-
ing science in which applied mathematicians and practical engineers found
ample opportunity to display their virtuosity with ever new applied theories
and practical applications. This is not to say that the proverbial schism be-
tween theory and practice had been completely resolved. A closer look at
three major subject areas—airfoil theory, turbulence, and gas dynamics — will
illustrate how closely science and practice in fluid dynamics had approached
one another, and yet remained separate with distinct interests and diverging
tendencies.

10.1
Airfoil Theory

“An engineer needs successful design materials that enable him to oversee
the effect of his measures quickly and safely.” This is how, in 1936, Betz intro-
duced an article on the “Tasks and Prospects of Theory in Fluid Dynamics.”
Ideally, theoretical research would make the required knowledge available
in the form of diagrams and formulae, from which everything an engineer
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would need for his design could be obtained. Depending on the specific sub-
ject matter, however, this ideal goal was more or less within reach. To describe
how close theory came to practical application, Betz defined four levels. On
the lowest level, theory was not advanced enough to offer solutions for all
practical cases. He named turbulence as an example, where theory was still
unable to offer practical methods for engineering. Not only mathematical vir-
tuosity but also “sensitive guessing of the physical processes” were required
in order to make use of the theory, and the prospects of success were uncertain.
On the second level, the physical mechanism was well-understood in theory,
but the mathematical development was not yet advanced enough. Progress in
this phase required “the work of highly talented people,” but also depended
to some extent on chance. An example of such progress was propeller theory
in the 1920s, a field to which Betz himself had made pioneering contributions.
On the third level, the solution of a problem was possible both from the un-
derlying physics and the mathematical analysis, but the latter involved such
a tremendous amount of effort that it was still beyond the reach of practi-
cal design; airfoil theory was on that level. Only on the fourth level physics,
mathematics and the procedures of analysis were all in place so that a prac-
titioner could use them; Betz placed the theory of the induced drag in this
category [587].

Betz had airplane design in mind as he reflected on the use of fluid dynam-
ics theory for practical applications. His favorite example was airfoil theory,
which he placed “at about level three or four” with regard to its utility for
airplane design. Prandtl’s airfoil theory, however, was based on ideal fluid
theory, an approximation that was only useful for the calculation of lift and
induced drag. Many practical problems, such as the theoretical determination
of the angle of attack at which the air flow detaches from the wing such that
it stalls, were beyond its reach. Here, Prandtl’s boundary layer theory offered
the prospect “to find the laws which make it possible to pursue the processes
by theory at least approximately (level one and two),” Betz argued. “With the
airfoil, one has the impression that not much is lacking before we can deter-
mine theoretically all we need to know.” Conceptually, airfoil theory was com-
posed of two parts: profile theory, which could be treated mathematically as a
two-dimensional problem; and the spatial part of the theory, which addressed
all questions related to the finite span and the planform of a wing. Both had
been the subject of considerable mathematical effort and resulted in sophis-
ticated methods and procedures, but could not surmount the final hurdle to
become practical tools for the industrial airplane designer (Chapter 6). Betz
rated the various profile theories as level-three theories, with a good chance
of proceeding to the fourth level. Regarding the three-dimensional problem,
two groups of problems were discerned: first, determining the planform and
the induced drag from a given distribution of lift over the span; and second,
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the more difficult inverse problem of calculating the distribution of lift over
the span for a given planform. The first problem had already reached level
four after the First World War; the second approached the third level with
Irmgard Lotz’s theory by the early 1930s [587].

Betz had good reasons for why he regarded profile theories close to the
fourth level. For thin profiles Munk, Glauert and others had developed the
method of singularities far enough such that the flow over an almost arbi-
trary profile could be calculated from potential theory by substituting the pro-
file with a suitable distribution of sources and sinks. Thicker profiles were
treated using the method of conformal mapping, either according to the orig-
inal Kutta—Joukowsky method or a modification introduced by Karméan and
Trefftz [544]; the latter avoided the problem of an infinitely sharp rear edge
as assumed with Joukowsky profiles. However, both the Joukowsky and
Kéarman-Trefftz profiles assumed a circular mean line, which involved the
unfavorable consequence that the location of minimal pressure moved back-
wards with increasing angle of attack. Practical wing shapes avoided this with
a stronger curvature in the front part compared to the rear part of the profile.
In 1937, Betz and his collaborator Fritz Keune generalized the Kairman-Trefftz
procedure by superposing an S-shaped line to the circular mean line, so that
the theoretical profile shapes became further adjusted to the needs of practi-
cal wing design (see Fig. 10.1). However, the calculation required some effort:
“By the use of supplementary constructions which address recurring steps,
the construction of such profiles and the calculation of the pressure distribu-
tion can be accomplished in about one day,” the authors commented on the
practical use of this procedure [588].

In a survey on the state of profile research from summer 1939 a researcher
at the AVA listed 52 publications, yet he was unable to “sufficiently answer all
pertinent questions” of this specialty. He limited his study to simple profiles,
excluding investigations on profiles with flaps and other details that compli-
cated theory but were nevertheless very important for the practical design of
wings. Regarding the procedures based on conformal mapping, he concluded
that it was possible now to determine the distribution of pressure around “ar-
bitrarily shaped profiles with sufficient precision.” The published catalogs of
Gottingen and NACA profiles provided enough data to check the theoretical
results with wind tunnel data. However, skin friction and wind tunnel tur-
bulence required further tests before the experimental results could be com-
pared with theory. A comparison of test results from Munk’s Variable-Density
Tunnel (VDT) with corresponding measurements from the NACA'’s Full-Scale
Tunnel (FST) showed, for example, that the profile drag coefficients as mea-
sured in the VDT were systematically higher than those from the FST. Nev-
ertheless, the reviewer concluded his survey of profile investigations with a
positive assessment: tangible progress resulted from comparisons of results
obtained in different wind tunnels [589].
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Fig. 10.1 Betz—Keune profiles account for pressure distributions as
required for practical wing design [588, p. |-46].

From the perspective of the practical airplane designer, the greatest benefit
could be gleaned from theory if it was able to guide systematic profile inves-
tigations. This was the opinion of Kurt Tank, for example, who had gath-
ered accounts of practical design at two aircraft factories, Messerschmitt and
Focke-Wulf, and who counted himself among the new breed of “scientifically
minded airplane designers” [590]. The boom of aeronautics in the wake of
the Nazi war preparation resulted in the establishment of research labora-
tories at the various airplane factories themselves, in addition to the central
aeronautical research facilities like the AVA and the institutes at the technical
universities. In 1941, Tank introduced an issue of Luftfahrt-Forschung with re-
flections about the role of industrial research in the rapid progress of German
airplane production. “The speed with which the development of German air-
plane production has been pushed forward was possible because the industry
could do their own research to a very large extent.” The “hard constraint” of
finding solutions to very special problems by certain deadlines implied differ-
ent research strategies than at the central aeronautical research laboratories,
where systematical research prevailed. “Both types are necessary and will
be fruitful for the development as a whole,” Tank argued, “if a vivid mutual
exchange of theoretical and practical research results takes place as much as
possible” [591].

Compared with profile theory, other parts of airfoil theory were less ad-
vanced. The director of the Institute for Flight Research and Aeronautics at the
AVA wrote in 1937 that “up to now about 70 methods” had been developed
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for the problem of determining the lift distribution over the span of a wing
with a given planform, but all of them “fairly intricate, and not every design
bureau has the required experience and the necessary instruments” [592].

Kanalversuche

Erster Flugel: 3« 0 Zweiter Flugel:3= 0

Fig. 10.2 Comparison of Ju-86 wing models in wind tunnel tests with
respect to tip-over controllability. The shaded areas indicate flow sepa-
ration [593, p. 166].

An aerodynamicist at Junkers, August Quick, illustrated with the case of
the wing of the Ju-86 why it was so desirable to know the theoretical distribu-
tion of lift in advance. An early test version of the Ju-86 showed a tendency
to tip over sideways quite rapidly. The cause for this behavior was that the
flow separated sooner from the wing along the outer parts rather than closer
to the fuselage (see Fig. 10.2). In this situation, the designer was confronted
with the task of improving the controllability, such that with an increasing
angle of attack, flow separation would proceed along the span from the fuse-
lage outwards rather than the other way around. Without prior knowledge of
the distribution of lift, it was impossible to predict such wing behavior, and
a large number of wind tunnel testing was necessary in order to determine
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the optimal profile and wing planform by trial and error. Even at a firm like
Junkers, which by the end of the 1930s already had a long tradition of wind
tunnel testing, one found it “enjoyable that in this regard progress may be
expected for the next time” [593].

Aerodynamicists from the academic and central research laboratories wel-
comed the information on the firms’ own research results, such as in the case
of the Ju-86 wing design, because it offered them a new look at the practical
problems involved with aeronautical engineering. Previously they obtained
only complete wing designs for wind tunnel tests without further informa-
tion on the specific goals that motivated one development or another, as the
director of the Berlin DVL once complained [594]. As a consequence of closer
contact between theorists and practitioners, airfoil theory became more practi-
cal by the end of the 1930s. In 1938, Hans Multhopp, a theoretical aerodynam-
icist from the AVA, published a method to determine the lift distribution over
the span of a wing, which “already stood the test both in industry and at vari-
ous German research establishments” [595]. Multhopp’s method represented
the final stage of a development, which had begun with Betz’s dissertation in
1919 and which aimed at a solution to the lift distribution problem in terms
of Prandtl’s “lifting line” concept. At the core of the problem was the integral
equation from Prandtl’s theory, which expressed the relationship between lift
and angle of attack. Reviews like Durand’s encyclopedia reported numerous
attempts to solve this problem [596,597], but Multhopp’s method was the first
one which stood the test of practical utility in industry. It transformed the
integral equation into a system of equations, corresponding to a set of pre-
determined points along the “lifting line,” which was solved iteratively. It
was crucial for practical use that the coefficients of the system of equations
only depended on the total number of pre-determined points, so that certain
data could be calculated in advance and presented in the form of tables for
the final calculation of a specific wing. If the number of points was chosen as
7, for example, the calculation of the lift distribution could be executed in half
an hour; with 15 points it took two hours, and with 31 four to five hours [598].
If the lift distribution had to be determined only for small angles of attack
(i.e., as long as lift varies linearly with the angle of attack), the effort could be
further reduced [599].

Multhopp’s method considerably narrowed the gap between theory and
practice in the design of airplanes. “Today, such calculations, particularly
along Multhopp’s procedure, have also become standard in industry,” Betz
wrote in a review in 1941 [403, p. 44]. Multhopp himself pursued his career
at Focke-Wulf, where he focused, for example, on calculating the lift of the
fuselage of airplanes [600]. Other former theorists of the AVA also became
employed in design offices of airplane manufacturers: Heinrich Helmbold,
Friedrich Keune, and Oskar Schrenk at Heinkel, and Hans Winter at Messer-
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schmitt. Their publications after 1939 illustrate how much theory these “sci-
entifically minded airplane designers” brought to industry. In 1940, for exam-
ple, Schrenk published an approximation procedure which made it possible
to calculate the distribution of lift “within a few minutes” and which could
be used when it was more important to obtain data upon which a first design
could be founded rather than to reach high degrees of precision for later de-
sign phases. A comparison of these data with the more precise data obtained
from Multhopp’s method showed only minor differences [601]. In 1941, Helm-
bold published formulae with which it was possible to account for variations
of a wing’s planform and twist in a simple manner [602].

The lifting line concept, however, failed in a number of practically impor-
tant cases. Short wings, for example, could not be treated with this theory. In
the late 1930s Prandtl published a new airfoil theory, based on earlier work
by his pupils, Walter Ackermann and Walter Birnbaum—the “lifting surface”
concept [603]. Once more, Karman was his rival. A year before Prandtl’s first
paper on the lifting surface concept was published in the ZAMM, Karmén
had published a similar theory in the same journal [604]. Although Prandtl
was able to present more developed theoretical results for the lift of spherical
and square plates, for example — cases that were beyond the applicability of
the lifting line theories — the new concept still had a long way to go before it
reached a level of practical utility for wing design comparable to those theo-
ries based on the lifting line concept. Nevertheless, it was important from a
practical perspective, because it served to prove the applicability of the lifting
line concept. Similarly, airfoil theory could not account for wing flutter and
other phenomena that implied non-stationary flow. Here, too, Birnbaum and
others had paved the way as early as the 1920s, but these theories were lim-
ited to idealizations (such as the two-dimensional case of plane flow); further-
more, wind tunnel experiments were more difficult for non-stationary flow
problems, such that theoretical results could not easily be compared to exper-
imental data [605-607].

Apart from these cases, however, airfoil theory according to the lifting line
concept yielded satisfactory solutions in most cases involving the calculation
of lift. Multhopp’s method placed airfoil theory on the fourth level of Betz’s
scale of practical utility. In view of the unrealistic assumption of ideal flow,
upon which Prandtl’s airfoil theory was based, the far-reaching applicability
of this theory is astonishing. Even the drag of a wing was not entirely beyond
its reach. The induced drag or wingtip resistance due to the wing's finite span
resulted from the lifting line theory without additional assumptions. Only
profile drag, due to skin friction and eddy formation in the wake of each wing
section, required additional knowledge involving assumptions regarding the
boundary layer and vortex-shedding. The development of approximate so-
lutions for the drag problem, however, required more than practical methods
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to solve the boundary layer equations. Whenever skin friction and vortex-
shedding played a role, the aeronautical engineers became aware that a com-
plete mastery of theoretical wing design was hindered by the unsolved riddle
of turbulence. In contrast to procedures like Multhopp’s method, where ap-
plied mathematics bridged the gap between theory and practice, turbulence
was still to a large extent a physical problem.

10.2
Turbulence

During the 1930s, the drag problem was as a major challenge for airplane de-
sign. The quest for high speed involved systematic research into all possible
sources of drag. Apart from the wing itself, other parts of an airplane were
subjected to scrutiny with regard to the possibility of drag reduction. The
period between the First and Second World Wars is regarded in the history of
airplane design as the epoch of “streamlining” and “drag clean-up” [42, Chap-
ter 8], [233, Chapter 5]—a period of “reinventing the airplane” [608, p. 41]. As
a consequence of streamlining, airplane design was subject to additional con-
straints. In 1936, Clark Millikan remarked before the Lilienthal Society in his
talk on aerodynamical research and its consequence for airplane design that
for this reason “almost all new American airplanes have surprisingly simi-
lar shapes” [562]. In Germany, too, the drag problem was a recurring theme
throughout this period. The DVL published a scheme for estimating how
much the actual drag of an airplane exceeded the minimal theoretical drag.
The ratio between minimal and actual drag was designated as the “aerody-
namical efficiency number,” from which one could estimate to what extent
the speed could be further increased by additional “aerodynamical refine-
ment” [609]. In 1938, Ernst Heinkel called the further increase of speed, pos-
sibly beyond the speed of sound, the “crucial problem” of airplane design in
Germany and argued that in the pursuit of this goal, overall progress will be
fostered most efficiently. Among the various drag contributions, skin friction
was most significant. He estimated that for a high-speed airplane, 50 percent
of the total drag was caused by skin friction. Its reduction involved an im-
provement of the airplane’s surface. He communicated test results according
to which polished surfaces and the use of rivets with immersed heads reduced
the drag of an airplane’s surface by 27 percent, compared to surfaces with nor-
mal rivets and conventional paint [610].

Solving the skin friction problem involved the solution of the boundary
layer equations for both laminar and turbulent flow (see Fig. 10.3). Betz placed
turbulence on the lowest level on his scale of practical utility, as we have seen,
where “sensitive guessing of the physical processes” was required in order to
make use of the theory, and the prospects of success were uncertain. Turbu-
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Fig. 10.3 The theoretical determination of skin friction requires knowl-
edge of the boundary layer, in particular on the ranges of the laminar
and turbulent boundary layers. At higher Reynolds numbers, the tran-
sition point from laminar to turbulent boundary layer flow moves up-
stream [612, p. 60].

lent skin friction, however, had found such extensive treatment in the semi-
empirical approaches developed by Prandtl, Kirmén, Nikuradse, Schlichting,
Tollmien, and others since the 1920s (see Chapter 5) that Betz exempted this
case from his general evaluation of the turbulence problem and placed bound-
ary layer turbulence on the third and certain special cases even on the fourth
level [587]. The DVL’s “aerodynamical efficiency number” for high-speed air-
planes, for example, contained a coefficient for skin friction based on theoret-
ical work published by Prandtl and Schlichting in 1934 [611]. However, their
formula for turbulent skin friction applied to the case of a flat plate rather than
wings with different profiles. Upstream from the leading edge along the up-
per side of a profile the pressure decreases to a minimum from where it rises
again as the flow approaches the rear end of the wing. At some point along
this passage the laminar boundary layer becomes turbulent; as the flow in the
turbulent boundary layer experiences an increasing pressure towards the rear
end of the wing, it detaches from the surfaces. In other words, to calculate
the drag of curved surfaces, it was crucial to know how the boundary layer
behaved under varying pressure.

In 1930 Prandtl suggested this problem to Eugen Gruschwitz as the theme of
a doctoral dissertation. Gruschwitz built a special wind tunnel (see Fig. 10.4)
in which the pressure in the air flow along a flat plate could be varied in a
controlled manner. In order to compare the measured data with theoretical
results, Gruschwitz derived an approximate procedure to determine the tur-
bulent boundary layer under the influence of given pressure gradients [613].
The result was in Betz’s judgment a “physically unfounded but usable prac-
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Fig. 10.4 Gruschwitz’s wind tunnel for measuring turbulent boundary
layers [613, p. 324].

tical calculation procedure” for the turbulent boundary layer: “Gruschwitz’s
method is relatively simple, and there is now the strange situation that with
this method the calculation of the turbulent friction layer, which in reality is
much more intricate, becomes easier than the calculation of the laminar fric-
tion layer according to the Pohlhausen method” [403, p. 48]. The Pohlhausen
method (see Chapter 5) was also made the subject of further study. In 1940,
Betz’s fellow researcher at the AVA derived a graphical method for the deter-
mination of laminar boundary layers [614]. With these procedures, laminar
and turbulent boundary layers could be calculated for curved surfaces, and it
became possible to derive formulae for the drag due to skin friction in each
case; however, it was not possible to determine without additional informa-
tion the point of transition where the laminar boundary layer became turbu-
lent. That deficiency was solved empirically after evaluating Gruschwitz’s
diagrams [609].

The theory of skin friction of wings shows how far academic turbulence re-
search approached the practical problems involved with airplane design. This
convergence was enabled by supplementing empirical results derived from
wind tunnel experiments. However, the unsolved riddle of wind tunnel tur-
bulence made such empirical foundations of dubious value. Measurements
of skin friction in a wind tunnel were critically dependent on the amount of
turbulence present in the air stream of the specific tunnel. Karman and Clark
Millikan illustrated this dependence in 1934 with a diagram (see Fig. 10.5) in
which they compared the drag coefficients of a sphere determined at differ-
ent levels of wind tunnel turbulence (controlled by inserting a grid at various
positions upstream the test model).

“No theory is advanced enough that the distribution of mean velocity and
of the turbulence level can be predicted or calculated in such cases,” Karméan
concluded in 1937 at the end of a lecture on turbulence before the Royal Aero-
nautical Society in London. Turbulence should not be regarded “merely as an
interesting chapter of mathematical physics,” because “if we meet a practical
question in aerodynamic design which we are unable to answer, the reason
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Fig. 10.5 The drag curve of a sphere (cp at 20.5 inches, and (d) with a grid at 10.5
versus Reynolds number) depends on wind inches upstream from the sphere; for com-
tunnel turbulence. The solid curves refer to parison, equivalent results from the NACA’s
the GALCIT wind tunnel (a) without a grid, VDT and the Géttingen wind tunnel are shown
(b) with a grid at 48 inches, (c) with a grid as dashed curves [612, p. 57].

that we are unable to give a definitive answer is almost certainly that it in-
volves turbulence.” But he also expressed optimism: “I believe that in spite
of the complex mathematical and physical aspects of the problem of turbu-
lence, the scientist is justified in saying to the practical engineer: Tua res agitur
(your case is on trial)” [615]. Kd&rman's optimism was sparked by G.I. Taylor’s
recent attempt to solve the turbulence problem with a new theory [616]. Al-
though the title of Taylor’s treatise, “Statistical Theory of Turbulence,” did not
at first sight raise high expectations for a practitioner engaged in aeronautical
engineering, the theory was of immediate pertinence for aviation because, as
Kéarman explained at a conference of the Institute of Aeronautical Sciences,
“it is concerned with the important problem of wind-tunnel turbulence and
its results could be compared directly with experimental work” [617]. For
Karman himself Taylor’s work served as an enticement to focus on turbulence
again [618]. Another practically minded fluid dynamicist, Hugh Dryden, took
the new theory as an opportunity to pursue new experimental work on tur-
bulence at the National Bureau of Standards. At the request of the NACA,
Dryden and his colleagues made a new effort to investigate wind tunnel tur-
bulence with an improved hot-wire technique [619]. The reliability of wind
tunnel data hinged on solid knowledge about wind tunnel turbulence. No
aeronautical testing facility or industrial airplane designer could afford to ig-
nore the problem of how wind tunnel turbulence affected the measured data
for long. In Gottingen, too, Taylor’s theory was received with great inter-
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est: “The recent statistical theory of turbulence which mainly was developed
in England and America, has procured valuable results on these relations,”
a colleague of Prandtl’s remarked in 1941 in a summary review for Luftfahrt-
forschung—a journal which would hardly have had room at that time to review
such a theory if it were not pertinent for practical aeronautics [620].
Disregarding the specific type of wind tunnel, the stream of air usually ar-
rives in the test chamber after it is “calmed” by a honeycomb or a grid, where
major flow inhomogeneities are leveled out. The passage through the meshes
causes new vortical motion, but this intentionally imposed turbulence de-
creases downstream such that a largely homogeneous stream of air arrives
at the model in the test chamber. From a theoretical perspective, it is impor-
tant that the turbulence caused by the meshes of the honeycomb or grid be
largely isotropic, i.e., the mean deviation from the speed of the airflow is the
same in all directions. By correlating the deviations to one another at points
separated by various distances, one obtains so-called correlation coefficients
which could be directly measured by the hot-wire technique. Taylor’s the-
ory predicted a “scale of turbulence” (a length related to the mesh size) and
another characteristic length, defined by the dissipation of turbulent energy
(i.e., the kinetic energy derived from the deviations from the mean velocity
of the air stream). Dimensional analysis revealed a relationship between both
characteristic lengths, which predicted a linear decrease of turbulence with in-
creasing distance downstream from the grid — a result that could be verified
experimentally for a wide range of air speeds and mesh sizes [616, p. 314].
The physical concept underlying Taylor’s “statistical theory” was akin to
Prandtl’s idea of a “mixing length.” As early as 1915, in the context of a study
on turbulent mixing in the atmosphere, Taylor had suggested focusing the
mathematical analysis on the mean vortical motion rather than studying the
hopelessly complex individual motion of single vortices; his model was ki-
netic gas theory, where one also does not consider the collision of individual
molecules but only the mean motion that results from many such collisions.
Taylor attempted to describe the turbulent transfer of energy in a fluid as a
diffusion process [621]. In 1921, Taylor further pursued the parallel between a
statistical description of gases and turbulent diffusion, aiming at a calculation
of the correlation function of the velocities fluid particle assumes at a given po-
sition at different times. The extent by which the correlation decreased with
increasing time served him as a quantitative measure of turbulence [622].
Prandtl’s mixing length hypothesis (Chapter 5) was motivated by similar
ideas — except for one important difference: Taylor imagined that turbulent
mixing in a fluid resulted from diffusion of vorticity, while Prandtl’s concept
envisioned a diffusion of momentum. In 1932, Taylor published a paper on
turbulent heat transport in which he further stressed vorticity as the domi-
nant exchange mechanism; a recent wind tunnel experiment at the National
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Physical Laboratory, in which the heat exchange in the wake of a heated cylin-
der exposed to a stream of air was measured, seemed to confirm Taylor’s as-
sertion [623]. Prandtl, however, regarded the experimental result only as evi-
dence “that there are two different forms of turbulence, one belonging to the
fluid motions along walls and the other belonging to a mixture of free jets.”
For the former, he insisted that turbulence involved a transfer of momentum
as described in his mixing length theory; in free flow Taylor’s concept might
be correct, he agreed: “In the meantime we have experimentally studied the
flow of a cold jet of air through a warm room, and found that in this case, the
turbulence is of your kind.” Prandtl had not known of Taylor’s “old papers of
1915 and 1922,” he regretted in a postscript, “I think that if I had known about
these papers,  would have found the way to turbulence earlier” [624].

Taylor also had not taken notice of Prandtl’s turbulence theory for a long
time, as he admitted in his paper in 1932 [623, p. 254]. Although they met
during Prandtl’s visit to England in 1927 and corresponded with one another
since that time, their mutual relationship was at first prone to misunderstand-
ings. Taylor wrote in English and in a handwriting that caused Prandtl some
pain to decipher. Only when they became better known to one another in the
course of the International Congress for Applied Mechanics in 1934 in Cam-
bridge did their relationship turn from distant respect into collegial friend-
ship. Taylor invited Prandtl to live in his house, which was an “enjoyable
surprise” for Prandtl. “If we now become engaged again in scientific debates
it will work better than in 1927,” he wrote to Taylor, “because since then I
have been in America for three months and therefore understand English bet-
ter than then” [625]. After the Congress they kept in close contact and coor-
dinated their research on turbulence. Prandtl remarked in the annual report
of his institute for the year 1935: “The experimental investigations about the
properties of turbulent fluctuations have been pursued and resulted in a col-
laboration with Professor G.I. Taylor in Cambridge (England), who develops
this field theoretically” [626]. In the same year, Taylor presented a first result
of this division of labor between Cambridge and Goéttingen in the form of an
article to the Festschrift for Prandtl’s 60th birthday. Although it dealt with a
specific case, the turbulence in the convergent part of wind tunnel nozzles, the
paper may be regarded as a direct prelude to Taylor’s burgeoning statistical
theory. This contribution shows, to a better extent than the subsequent pub-
lications, how closely theorizing was based on experimental experience. Tay-
lor’s study addressed the specific problem of how the air in the contracting
passage of a wind tunnel upstream from the measuring chamber is calmed
and how the remaining fluctuations of velocity in the air stream can be as-
sessed theoretically and compared with experimental data [627].

The correspondence between Prandtl and Taylor provides further evidence
of how heavily Taylor’s statistical theory relied on wind tunnel experiments
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in Gottingen and elsewhere. Taylor was particularly interested to calculate the
“rate of decay of turbulent energy in a wind stream,” he explained to Prandtl;
among the experimental data with which he compared his theoretical results
were “Schlichting’s measurements of the spreading of a wake,” obtained in
1930 in Prandtl’s institute [284, 628]. Prandtl sent Taylor a more recent exper-
imental study motivated by his interest in meteorology, in which a student of
Prandtl’s analyzed with a refined hot-wire technique the correlation of veloc-
ity fluctuations in a wind tunnel whose walls were kept at different tempera-
tures, so that turbulence was influenced by a temperature gradient transverse
to the direction of flow [629]. “Your paper with Dr. Reichardt shows me once
again how difficult it is to suggest to people research work that is worth do-
ing and yet has not been tried at Géttingen,” Taylor responded [630]. Karman
may have had the same thought when Prandtl reported to him on “beautiful
progress” made with these experiments [631]. The old rivalry with his for-
mer teacher, which was a recurring feeling for Karman, especially when the
turbulence riddle was concerned, enticed him to new efforts. He invited Dry-
den’s collaborator Arnold Kuethe from the National Bureau of Standards, an
expert of the hot-wire measurement technique, to the GALCIT. Subsequently,
Kuethe and Karman'’s assistant, Frank Wattendorf, investigated the velocity
fluctuations in GALCIT’s wind tunnel using this technique [560]. When Tay-
lor informed Prandtl in April 1935 about the progress of his theory, he added
the recent measurements from Pasadena to those from Gottingen as a confir-
mation of his results: “It gives, of course, exactly the data which I wanted to
for comparison with my theory of energy dissipation,” Taylor triumphed, “the
agreement is very good indeed” [630].

Although Taylor’s theory involved sophisticated mathematical and phys-
ical arguments and appeared by its title rather as a contribution to theoreti-
cal physics than to applied fluid dynamics, it primarily addressed the engi-
neering community: “The study of turbulence is not only of direct interest
to aeronautics, but is indispensable for the advance of the sciences of mete-
orology and oceanography. But the chief incentive to explore such problems
in recent years has been provided by the study of the practical problems of
flight.” In this manner turbulence was presented in 1938, for example, as a
pertinent specialty for practical engineering in the two-volume textbook Mod-
ern Developments in Fluid Dynamics. This treatise became a standard text for
several decades. Composed by a panel of the British Aeronautical Research
Committee and edited by Sydney Goldstein, it was addressed to a broad au-
dience of theorists and practitioners — to all “who are primarily interested in
the physical and engineering aspects of fluid flow, as well as those who are
engaged on its mathematical study” [632]. Kdrman, too, elaborated and prop-
agated the new theory in wider circles, from the academic members of the
American National Academy of Sciences to the practical-minded readership
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of the reports of The Royal Aeronautical Society in England or L’ Aerotecnica
in Italy [615,617,618,633].

At the Fifth International Congress for Applied Mechanics in Cambridge,
Massachusetts, USA, turbulence ranked high on the agenda. Karman, who
served as one of the main organizers, invited Taylor to present a general lec-
ture on turbulence. “I have told him of our plan to have an afternoon dis-
cussion of turbulence in which the various workers on the problem might
come together and report progress,” Karman informed Prandtl. “Professor
Taylor thought it most appropriate for you to preside and to lead the discus-
sion” [634]. Prandtl accepted the role as chair of the symposium on turbu-
lence; he, therefore, became more an arbiter than a pleader for his own cause.
He made no effort to present the mixing-length approach to the turbulence
problem — based on the exchange of momentum — as superior to others, par-
ticularly to those of Taylor and Karman. “We are forced to discern different
kinds of turbulence for which the rules of calculation are different,” Prandtl
argued. “In addition to the older kinds, wall turbulence and free turbulence,
there has been added in the meantime the turbulence of stratified flows and
recently the isotropic turbulence, which decays in time.” He mentioned work
in progress at his institute, such as investigations of wall flows from smooth to
rough surfaces and about the spectral distribution of turbulent velocity fluc-
tuations [635]. Besides Prandtl, Taylor, and Karman, the participants of the
turbulence symposium comprised the elite of theoretical and experimental re-
search on turbulence. More than 20 talks were held on various aspects of
turbulence, with applications from aeronautics to meteorology [636].

Prandtl’s own contribution to the advancement of turbulence theory in the
1930s is less visible from his published record. His Collected Papers con-
tain six publications in the section “Turbulence and Vortex Formation” for
the years from 1925 to 1929, seven for the subsequent five-year period, but
just one with only 5 printed pages between 1935 and 1942. It would be wrong,
however, to infer a fading interest in turbulence research on the part of Prandtl
from this record; one sees from the work of Prandtl’s pupils (Hans Reichardt,
Fritz Schultz-Grunow, Henry Gortler) that turbulence remained a major re-
search topic throughout the 1930s and beyond. Although Prandtl did not
himself contribute to a new theory, he attempted to define new goals of tur-
bulence research and to consolidate those areas where theory had been con-
firmed by experiment. This tendency may be clearly seen in his Fiilrer durch
die Stromungslehre which appeared as a first edition in 1942 and became a stan-
dard textbook for the German-speaking countries. Originally conceived as an
updated edition of the Abriss der Stromungslehre, which appeared in two edi-
tions in 1931 and 1935, the 1942 edition turned into a thoroughly revised new
textbook. In the preface Prandtl explicitly referred to the new sections on tur-
bulence. However, in contrast to the English textbook counterpart, Modern
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Developments in Fluid Dynamics, the theoretical derivations of the new statis-
tical turbulence theory were reduced to a minimum and, where unavoidable,
were relegated to small-print passages which “may conveniently be skipped
at first reading” according to the preface. Beyond such differences, however,
Prandtl’s Fiihrer durch die Stromungslehre shared an emphasis on practical ap-
plications [637, preface and pp. 119-121].

10.3
Gas Dynamics

In contrast to turbulence, which addressed both practical and theoretical in-
terests, gas dynamics was a concern of engineers without noticeable ramifica-
tions in pure science. Gas dynamics found practical application “in the flow
in steam turbines and similar machines, as well as in the motion of projectiles
and fast airplanes, and furthermore with fast rotating propellers,” such was
Prandtl’s portrayal of the practical importance of gas dynamics, a specialty
which could simply be characterized as “fluid dynamics for high speeds”
from the vantage point of the late 1930s [637, p. 233]. In terms of the phys-
ical principles, “high speeds” meant that the gas could no longer be assumed
as incompressible. This change of premise involved modifications of the flow
equations; although compressibility effects involved new phenomena which
could not easily be accounted for by the theoretical and experimental methods
of incompressible fluid dynamics, there were no fundamental physical riddles
comparable to those in turbulence research. Gas dynamics in the 1930s called
for the development of sophisticated mathematical methods and experimen-
tal techniques rather than the discovery of new physical mechanisms. Nev-
ertheless, the relationship between theory and practice in gas dynamics was
different from other aerodynamic specialties like airfoil theory, for example,
where the underlying physics was also solved in principle: first, because tech-
nical applications and, consequently, practical interests were more multifari-
ous and far exceeded the realm of aeronautics; second, because there was a
lack of experience with trans- and supersonic phenomena so that despite a
basic knowledge of the involved physical processes, the further development
of gas dynamics had to await the availability of highly sophisticated experi-
mental facilities such as supersonic wind tunnels and Schlieren optics.

It is particularly interesting to consider the role of theory in supersonic
flight. Compared to the early years of aviation around 1900, the relationship
between theory and experiment in supersonic flight was reversed. Prandtl’s
airfoil theory had arrived at an explanation of the basics of lift and induced
drag for finite wings only after airplanes were already in the sky for more
than a decade. But the principles of lift and drag in the supersonic velocity
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range were largely known long before 1947, the year in which the first air-
plane flew faster than sound. The first approaches were proposed in the 1920s
with Prandtl, Ackeret, and Glauert’s “rule” (see Chapter 7). These theories
addressed the case of plane flow only (i.e., the wing of infinite span), but the
analog of Prandtl’s lifting line theory for a finite wing span followed soon af-
ter; the principles of a finite wing theory for supersonic flight were published
in 1936 by Prandtl and Schlichting [638, 639]. Theory, therefore, preceded
practical experience with supersonic flight. New phenomena that would be
encountered beyond the sound barrier, in particular, the new kind of air re-
sistance due to the creation of shock waves (“wave drag”), were known in
principle from these theories. This does not mean, however, that theory had
that much to offer practical engineering before supersonic flight became a re-
ality. The development of a successful engineering design for the transonic
speed range involved more than the derivation of basic principles. This did
not happen before airplanes were really flying at such speeds [640].

The special problems of high speed fluid dynamics first became clearly ex-
plained in 1935 at the Volta Congress in Rome. Although gas dynamics had
been dealt with in earlier review articles (see Chapter 7), the 1935 Congress as-
sembled for the first time a group of international researchers concerned with
this field for an exchange of ideas and experiences. A provisional list of main
lecturers, which the organizer Arturo Crocco, a general and renowned aero-
dynamicist, circulated in preparation of the meeting, contained these names
and topics [641]:

“1. Prof. L. Prandtl (Gottingen): A survey of the theory of current incom-
pressible fluids.

2. Prof. J. Ackeret (Zurich): Aerodynamic lift at supersonic velocities.

3. Prof. E. Pistolesi (Pisa): Aerodynamic lift at speeds approaching that of
sound.

4. Prof. Th. v. Karman (Pasadena): The problem of resistance in compress-
ible fluids.

5. Prof. M. Panetti (Torino): Problems with experimental techniques at high
speeds.

6. Prof. A. Busemann (Dresden): High speed wind tunnels.

7. Prof. G.I. Taylor (Cambridge): Well-established results of high-speed re-
searchers.

8. Prof. G. Douglas (Farnborough): Results of research on high-speed
airscrews.”
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The list of speakers and themes was further modified, but this draft shows
more clearly than the final program what problems “The high velocity in avi-
ation,” as the theme of the Volta Congress was chosen, had to tackle [507].
Prandtl’s talk was originally to close “the persisting gap” between theories of
lift for velocities below and above the speed of sound. However, Prandtl re-
sponded that there was no new theory for the intermediate range of velocities,
so the gap further persisted [642]. Busemann chose the theory of lift for super-
sonic velocities as his theme — in contrast to Crocco’s proposal. He was obvi-
ously urged by Baeumker to focus “more on the scientific side” because others,
like Ackeret, “are far ahead of us regarding the practical side.” Baeumker’s in-
volvement behind the scene indicates that the theme of the Volta Congress was
not without political ramifications. “Here, too, I recommend for various rea-
sons to be guarded,” he wrote to Prandtl with respect to Busemann’s presen-
tation. “Perhaps you can give him a little hint in Rome” [643]. In his talk at the
Volta Congress, Busemann derived from a simple theoretical argument “that
the effective Mach numbers may be reduced by arranging the wings in a di-
hedral form,” in other words, that V-shaped wings are more advantageous for
supersonic flight than the traditional straight wing arrangement. “The arrow-
like wing arrangement is more advantageous,” Busemann argued, “because
the actions of the pressure are fully active in the direction of the lift, while they
act in the direction of the resistance only with the component parallel to the
direction of flight” [507, p. 343].

The example of the swept-back wing shows how short the path from the-
ory to practice could be even in the absence of prior experience and elabora-
tions of airfoil theory for supersonic speeds. Busemann’s talk was reprinted
in Germany in the journal Luftfahrtforschung [644]. The airplane manufac-
turer Messerschmitt showed an interest and awarded a contract to the AVA
for wind tunnel tests on swept-back wings; it turned out that this wing ar-
rangement is already advantageous at high velocities below the sound bar-
rier [645]. Outside Germany, however, Busemann’s suggestion went by un-
noticed — although the proceedings of the Volta Congress were published and
Kérman himself had chaired the session in which Busemann presented his
talk. In retrospect, he wondered why he paid no attention: “My direction of
effort at this time was not in design, but in developing supersonic theory,”
Kérmadn argued in his autobiography about his research interests in the mid-
1930s [85, p. 219].

In Germany, after the Rome Congress, Busemann was called to be the di-
rector of an institute for gas dynamics at the new Aeronautical Research Es-
tablishment Hermann Goring (Luftfahrtforschungsanstalt Hermann Goring,
or LFA) at Volkenrode near Brunswick, a secret facility directed by Prandtl’s
pupil Hermann Blenk [646]. Karman was taken by complete surprise when
he visited the Vélkenrode facility after the war as head of an American intel-
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ligence unit (“Operation Lusty”): “The whole thing was incredible. Over a
thousand people worked there, yet not a whisper of this institute had reached
the ears of the Allies” [85, p. 274]. If K&rman’s recollection is correct, this re-
veals a blatant failure of Allied intelligence, because it would have sufficed
to study what was published on gas dynamics in Germany before the war to
infer that Volkenrode would become a major center for advanced aeronauti-
cal research. Although the bulk of the LFA’s work was kept secret, a number
of theoretical papers from Busemann’s institute was presented at meetings of
the Lilienthal Society and published in the Schriften der deutschen Akademie fiir
Luftfahrtforschung or the ZAMM, and therefore, this research activity was not
entirely concealed from observers abroad. (See the list of publications in [646]
and, for example, Busemann’s outline of [647]).

Nevertheless, it is obvious that from the vantage point of the Volta Congress
in 1935 that the concern about supersonic flight appeared in a different light
than in retrospective accounts from the period following the Second World
War. Other presentations attracted more interest because they addressed cur-
rent rather than future problems, including Karman’s talk on the resistance in
compressible flow, which was of immediate relevance for ballistics. Together
with his pupil, Norton B. Moore, Kdrman had already published a first pa-
per on this subject in 1932 [648]. His Rome talk was an elaboration of the
same theme [507, pp. 222-276]. Ackeret’s presentation on wind tunnels for
high speeds also addressed the interests of the assembled researchers because
there was an urgent need to compare theoretical results of gas dynamics with
experimental data. Ackeret could offer images and plans from his institute in
Zurich, where he operated the first closed-circuit supersonic wind tunnel with
a continuous air stream in the world [507, pp. 460-537]. Luigi Crocco, the gen-
eral’s son, presented the concept of the supersonic wind tunnel at Guidonia
based on the blueprint of the Zurich tunnel [507, pp. 542-562]. The primary
research goal with these tunnels was ballistics, not supersonic flight, as Ack-
eret pointed out, although he also envisioned aeronautical investigations. He
thought of rotating propeller blades, whose tips came close to the speed of
sound, and military airplanes “which reach extraordinary high speeds in nose
dives.” For all of these applications, compressibility effects played an impor-
tant role. Theory had been successfully developed during the past years to
cope with these effects, but phenomena such as heat conduction were still ne-
glected. “For the time being, only experimental research can close this gap,”
Ackeret argued [507, pp. 488-490].

A major problem for the application of theoretical gas dynamics to ballistics
was the extension of two-dimensional flow theory to the three-dimensional
configurations pertinent for projectiles. A first attempt to this end was Buse-
mann’s calculation of pressures against “conical tips moving at supersonic
velocity,” published in 1929 [420]. Conical supersonic flow was not only im-
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portant for ballistics; beyond the sound barrier, wingtips would also become
the source of conical flow, as Busemann mentioned in his talk at the Volta
Congress [507, pp. 345-356]. In a memorial issue of Luftfahrtforschung at the
occasion of Wieselsberger’s death in 1941, Busemann published an article on
conical supersonic flow, which demonstrates the effort dedicated to this spe-
cial problem: The resulting flow was obtained graphically by the method of
characteristics; in addition, two researchers at Busemann’s institute, working
in a special “computer office,” integrated the differential equations for conical
flow via the Runge-Kutta method — with the result that the graphical solu-
tion was verified and the accuracy of the result further improved. The aim
was to integrate the dynamic gas flow equations with such a fine mesh that
a complete survey of all possible conical angles and Mach numbers could be
obtained. The result was a catalog of solutions for supersonic conical flow,
which became useful not only in order to account for the shock waves around
the tips of projectiles but also, for example, in supersonic wind tunnels, where
conical shock waves emerged from the nozzle wall [649, 650].

Theoretical gas dynamics also found applications in new areas far from
ballistics and aviation. A striking cross-over relation emerged between hy-
draulics and gas dynamics. Due to a formal analogy between the differential
equations of two-dimensional gas flow and the flow of water in a shallow
horizontal channel, certain quantities of both cases could be compared to one
another: so-called hydraulic jumps, i.e., sudden changes of the water level at
flow speeds faster than the speed of (gravitational) water waves, correspond
to shock waves in gas flow. The analogy between water depth and pressure
change is not perfect (because it would require a gas having a ratio of spe-
cific heats ¢, /c, = 2, which does not exist) but yields qualitatively analogous
results, so that a number of supersonic phenomena may be conveniently stud-
ied in water tables. Ackeret made this hydraulic analogy, as it became known,
the subject of a doctoral dissertation at his institute [652,653]. Karman, too,
made some effort to study this analogy in collaboration with colleagues from
the hydraulics department at CalTech [654].

Gas dynamics was also important for turbo-machinery —a technology
whose emergence accelerated at the turn of the century, as we have seen (see
Chapter 7). In the 1930s, gas turbines and axial compressors provided new
challenges. Both in Ackeret’s institute at the ETH Zurich and in the Gottin-
gen AVA, this technology was regarded with great interest — not only as new
targets of fluid dynamics research but in particular because axial compressors
were used as blowers in supersonic wind tunnels. In the course of the “tur-
bojet revolution,” axial compressors evolved into turbojet fan engines [651].
The transition from propeller-driven to jet-powered aircraft opened a new era
of flight — and new modes of science-technology interactions. However, these
are beyond the scope of our focus here.
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On 1 March 1939—a few months before Hitler's Army invaded Poland and
thus started the Second World War — at the annual meeting of the German
Academy of Aeronautical Research, Goring congratulated its members for
their contribution to make “the German Air Force superior to the Air Force of
every other country.” Goring explicitly praised “the exemplary collaboration
of aeronautical science and technology in the past years which substantially
contributed to the rebuilding of our political situation.” At the same occa-
sion, Prandtl was awarded with the Hermann-Géring-medal, the Academy’s
highest distinction, “in view of his extraordinary merits for the scientific foun-
dations of fluid dynamics,” as the lauding argument declared [513, pp. 131-
134]. Beyond the rituals of Nazi propaganda, with which such events were
celebrated and communicated to the broader public (see Chapter 8), both the
award and the emphasis of collaborative scientific and technological efforts
indicate that fluid dynamics had reached a climax. No other science had flour-
ished under the Nazi regime to such an extent, and few other scientists found
themselves so highly esteemed by a regime, which was regarded as rather
hostile towards science in general.

Outside Germany, too, fluid dynamics was considered as a science that
opened the door to ever new applications, from hydraulics to aeronautics.
Fluid dynamics benefited from the high expectations with which patrons in
government and philanthropic foundations, at the armed forces and in indus-
try, regarded this science. The International Congresses for Applied Mechan-
ics, which became a forum for the community of fluid dynamicists all over the
world, clearly illustrated this appreciation. Between the “zeroth” Innsbruck
meeting in 1922 and the Fifth Congress for Applied Mechanics in 1938 in Cam-
bridge, Massachusetts, fluid dynamics had acquired considerable weight as a
fledgling discipline, with dozens of spokespersons from all over the world
who represented hundreds of practitioners in academic, industrial, and gov-
ernmental research institutes. The community of international fluid dynam-
icists was a mix of practical engineers and academic scientists whose insti-
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tutional affiliation varied from country to country and whose specializations
ranged from applied mathematics to mechanical engineering. Despite this
heterogeneous composition, however, they regarded Prandtl as the founding
father of their discipline. G.I. Taylor addressed him as “our chief” who de-
served a Nobel prize [542].

The heterogeneous mix of practical engineering and academic science
calls for further reflection. Prandtl raised no hopes to receive the Nobel
prize because he regarded fluid dynamics as part of mechanics, a discipline
“which nowadays is no longer regarded as part of physics, but stands as
a self-contained field between mathematics and engineering science” [655].
Prandtl’s master pupil and rival, Kdirman, who was still regarded in 1920
as a candidate for a professorship in theoretical physics, displayed a similar
attitude. On 27 December 1939, for example, he presented the 15th Josiah
Willard Gibbs Lecture in Columbus, Ohio, on the question of how “The En-
gineer Grapples with Nonlinear Problems.” Karman left no doubt that his
attitude was closer to that of practical engineers than abstract scientists. He
distanced himself and his presentation from what his audience might asso-
ciate with the name of Gibbs, whose main interest he described as “certainly
centered on basic conceptions of mathematical physics,” while Kirman’s own
interest was focused on “practical applications of applied mathematics” [656].
It is impossible to overlook the aversion of fluid dynamicists like Karmén,
Prandtl, or Taylor against abstract science. They favored intuition and visual
thinking over the more formal attitude of “pure” mathematics; rather, they
focused on the tangible problems mechanics offered so generously in contrast
to the remote problems to which theoretical physics sometimes paid so much
effort. That is not to say that they abhorred theory. Turbulence is a blatant
example to the contrary. But even when intricate problems such as those in
turbulence theory were involved, visual thinking prevailed over abstract the-
orizing. Prandtl confessed to a preference of this approach, for example, when
he explained in 1947 to an audience of physicists: “When faced with problems
in mechanics, I slowly became accustomed to ‘see” forces and accelerations in
the equations or to ‘sense’ them by tactile feeling” [68].

But personal recollections often tend to embellish and mystify scientific dis-
coveries and technological innovations, such that the complex processes be-
hind them are portrayed as mere individual acts of creativity. We find similar
characterizations elsewhere: “I try to identify myself with the atoms,” Linus
Pauling described his approach in structural chemistry. “I ask what I would
do if I were a carbon atom or a sodium atom under these circumstances” [658,
p. 706]. There should be no doubt that “feeling and intuition” are important
aspects of a researcher’s creativity, but for an evaluation of fluid dynamics as a
discipline between practical engineering and academic science, we need other
criteria.
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For the past decades, historians of science and technology took great pains
to consider the territory between science and technology. In 1985, the editor of
Technology and Culture reviewed some of these efforts in his book, Technology’s
Storytellers, without arriving at a general framework for evaluating scientific
or technological developments. He quoted an article in this journal on “The
science-technology relationship as a historiographic problem,” in which the
inherent problems behind the science-technology distinction were expounded
with the result that all efforts to pinpoint that distinction with historical case-
studies were doomed to failure. “Indeed, such inquiries can be, and perhaps
should be, conducted under complete avoidance of the terms ‘science” and
‘technology,”” the author of this study (Otto Mayr) suggested. “Instead, we
should recognize that the concepts of science and technology themselves are
subject to historical change; that different epochs and cultures had different
names for them, interpreted their relationship differently, and as a result, took
different practical actions” [659], [660, p. 95].

Since then, a number of studies have shed further light on the problematic
relationship. The old linear model, conceived by Vannevar Bush shortly af-
ter the Second World War, which portrayed basic science as the pacesetter of
technological progress and which seemed at first sight plausible in view of the
host of new technologies obtained as a result of “scientific” war projects like
radar and the atom bomb, was demystified as a strategic postwar paradigm
of U.S. science policy in the Cold War: “This sort of dynamic linear-model
thinking gave rise to the Department of Defense’s categories for R & D, which
soon accounted for the major share of postwar federal spending on research.”
The linear model falsely assumed a one-way flow from scientific discovery to
technological innovation and that science is exogenous to technology. “The
annals of science suggest that this premise has always been false to the his-
tory of science and technology,” one study argued [661, pp. 11 and 20]. In
the meantime, a broad consensus among historians of science and technol-
ogy has been reached about the demise of simplistic models of the science-
technology relationship. A new rhetoric supersedes the older discourse. Con-
temporary analysts of science and technology address their subject matter as
“technoscience” [662], “mode-2-science” [663], or more recently and with par-
ticular regard of research policy, as a “triple-helix” [664], indicating a tran-
scendence of boundaries between formerly distinct (or imagined as distinct)
scientific/technological, social, and political realms. The consensus about the
demise of the linear model, however, does not imply a new synthesis. Recent
science studies raise little hope that the disputed question will find an answer
to which most analysts would agree [665-668].

Even in the absence of a generally accepted framework, however, it is pos-
sible to draw from the preceding narrative on the emergence of modern fluid
dynamics some lessons concerning the science-technology debate. It has been
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argued, for example, that the “mysterious harmony between science and tech-
nology” may be explained as an inherent tendency of science to be oriented
towards externally determined goals. The thesis of this “finalization” concept
was that “science reacts to external control institutions,” such that “external
goals become an integral part of its cognitive content, and the development
of theories and methods becomes modified accordingly.” The concept is of
particular concern here because its proponents chose fluid dynamics as an ex-
ample for finalization. In a nutshell, they argued that classical hydrodynami-
cal theory was complete by the mid-nineteenth century with the formulation
of the Navier-Stokes equations; what followed only served external goals,
i.e., the adaptation towards technical applications. Prandtl’s boundary layer
and the mixing length theories were regarded as manifestations of the tran-
sition from fundamental theory towards special applications. Airfoil theory
and the theory of fluid resistance were ranked among the latter — fully di-
rected towards technological ends, in total contrast to the general, but still
useless, basic hydrodynamical theory of the nineteenth century from which
they emerged. Boundary layer theory, like every other theory that mediates
the transition from the fundamental to the applied, was called “basic appli-
cation theory.” Theories at this intermediate level are not by themselves ap-
plied to technology and may appear as basic or fundamental science. They
are celebrated as scientific breakthroughs because they render more funda-
mental principles practical. “These are the cognitive prerequisites for final-
ization: it is the external goals, here in the realm of technology, which deter-
mine the further development of theories. Scientists are constantly on the heel
of technological development. The ‘research frontier” is always shifting in a
direction where technical progress makes the application of theory interest-
ing” [669, pp. 72, 96, 113-114].

Although there was widespread attention paid to the debate in the 1970s,
the finalization thesis gradually vanished from the stage of science studies in
the 1980s after critical reviews. The concept was largely dismissed on episte-
mological grounds [670]. I do not attempt to revive a defunct thesis, but be-
yond its epistemological deficiencies (for example concerning the claim that
hydrodynamical theory was “complete” after the formulation of the Navier—
Stokes equations), it serves as a useful starting point for further reflection. In
view of the historical development of fluid dynamics in the first decades of
the twentieth century, as described in this book, there can be little doubt about
the role of technical goals as a sort of direction-finder for the scientific and
technological research front of fluid dynamics, and this major tenet of the fi-
nalization concept should not be dismissed just because the overall argument
is flawed (or too simplistic) for other reasons.

The overall orientation towards external goals is not incompatible with in-
herent “scientific” goals emerging in the pursuit of a certain path of research,
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and a good deal of fluid dynamics may even appear as “knowledge for its own
sake.” Turbulence research is a good example. Isolated from its context, the
statistical theory of isotropic turbulence appears as pure fundamental physics.
“It was Taylor’s fortunate idea to simplify the problem by the consideration
of a uniform and isotropic field of turbulent fluctuation,” Karman remarked
in a review in 1948. That such a condition is satisfied “approximately in the
wind tunnel” was mentioned just in passing in order to indicate how the the-
ory could be subjected to experimental tests. Otherwise, the review reported
on the recent theories of Kolmogorov, Heisenberg, and Weizsacker, names not
usually associated with technology. Only the form of its publication — in the
Journal of Marine Research—reminded a reader that this review was a report on
progress in the pursuit of goals set by technological demands [671].

In a study of the research activities at Prandtl’s institute in the Second
World War the notion of “epistemic things” was used to characterize this type
of research, which appears fundamental despite its underlying technological
goals. Epistemic things were originally defined in a different context [672]
but were adapted as “the problem-generating, future-oriented elements of re-
search.” On the agenda for Prandtl’s Kaiser Wilhelm Institute for Fluid Dy-
namics in the Second World War were epistemic things like “the ‘boundary
layers’ of aerodynamic flow around bodies or the phenomena of ‘turbulence’
and ‘cavitation.” All of them dealt with a more or less precisely defined set
of research topics, which involved more unsolved than understood aspects; in
particular, they were all related both to questions concerning the ‘fundamental
laws’ of fluid mechanics and the design of a host of technological objects (air-
planes, wind tunnels, projectiles,. . .). We are concerned here with a branch of
research whose epistemic things have been from the very beginning in touch
with useful military technology” [511, p. 41]. Karmén expressed the same in
less sophisticated language when he discerned in 1943 a host of fluid mechan-
ics problems suggested “by needs of our war effort. It is a dire necessity to
tackle these problems, whether or not they are interesting from the general
point of view of science and engineering, and whether they are relatively easy
or so complex that there is little hope for their fundamental solution. How-
ever, it is a comforting idea to the engineer and scientist that most of the prob-
lems connected with needs of warfare are also fascinating from the viewpoint
of the progress of science and art, and have attracted and fascinated a great
many noble minds in the past” [673, p. 205].

If fluid dynamics, by and large, is goal-oriented, why not simply designate it
as applied science? Most of its new research results were presented under the
label of applied mechanics or mathematics, such as at the International Con-
gresses of Applied Mechanics, or in the issues of ZAMM. Labeling for confer-
ences and journals, however, serves other purposes and should not relieve us
from the effort of analyzing the peculiar practices of research and the nature
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of knowledge from the perspective of social studies of science and technology.
The question of whether technology in general may be regarded as applied
science has often been debated in philosophical, sociological, and historio-
graphic papers. Most analysts tend to refute the applied science model and
insist that “technological knowledge is irreducibly distinct” and that “science
cannot claim the role as technology’s sole source of knowledge,” as reviewed
in Technology’s Storytellers [660, pp. 95-103].

The question, then, is what characterizes technological knowledge as
unique and distinct from other forms of knowledge; or more precisely, coined
for the epoch considered in this narrative — the age of Prandtl—What is the
difference between engineering and science? “The predominance of graphic
description of airfoil characteristics in NACA reports seems to reflect the
power of nonverbal thought in the engineering mind. Unlike scientists who
tend to think in mathematical or verbal terms, engineers work principally
from learned mechanical alphabets, models, and curves,” the historian of
NACA'’s Langley laboratory distinguished engineering from scientific knowl-
edge, alluding to reflections of Eugene S. Ferguson on the “mind’s eye” as
the most important organ of an engineer for successful theorizing in technol-
ogy [233, chapter 4], [674], [675]. The visual and intuitive approach has also
been contrasted against more abstract theorizing in other cases such as the
development of gyro-technology. “I feel that the mechanical and graphical
side is very enlightening and has true cultural and educational value to a very
much wider group than the more abstruse and purely mathematical aspect,”
gyroscope inventor Elmar Sperry is quoted as saying in a historical study
of this technology [676, p. 131]. Walter Vincenti, a historian of aeronautics
and former NACA engineer, presented a variety of cases for this peculiar
mode of engineering thought and discerned design as the decisive criterion
for analyzing engineering knowledge [677]. Pursuing this argument, John D.
Anderson, Jr., a distinguished textbook author and historian of aerodynam-
ics, titled a recent article “The evolution of aerodynamics in the twentieth
century: engineering or science?” and employed this definition: “Science: A
study of the physical nature of the world and universe, where the desired
end product is simply the acquisition of new knowledge for its own sake.
Engineering: The art of applying an autonomous form of knowledge for the
purpose of designing and constructing an artifice to meet some recognized
need. Engineering Science: The acquisition of new knowledge for the specific
purpose of qualitatively or quantitatively enhancing the process of design-
ing and constructing an artifice.” In conclusion, he argued that our modern
understanding of aerodynamics was achieved “through an intellectual pro-
cess that blended the disciplines of science, engineering science, and pure
engineering” [678].
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But if the “mysterious harmony between science and technology” noticed
by finalization analysts, aviation historians, and many others may really be
described as a blending of various forms of knowledge, where does it come
from? Historians of technology resorted to biology in order to account for the
dynamics with which science and technology evolved hand in hand. “Trans-
posed to technology, the concept of co-evolution implies that the development
of one set of devices may be linked intimately to the development of other de-
vices within the same macrosystem, and that the two sets of devices may exert
powerful, mutual selective pressure on each other.” This concept of “techno-
logical co-evolution” was originally conceived in order to explain how within
larger technological systems a given technology, say steam engines, becomes
linked to others, say power transmission. With the additional concept of “pre-
sumptive anomaly” it was further developed into a model of scientific and
technological co-evolution. Presumptive anomaly occurs “when assumptions
derived from science indicate either that under some future conditions the
conventional system will fail (or function badly) or that a radically different
system will do a much better job.” Within this conceptual framework, Edward
W. Constant described the “turbojet revolution” as a preeminent example in
which developments that were originally quite disparate came together and
resulted in a radical technological change [651, pp. 14-15].

It is not accidental that the analogy of biological evolution was found at-
tractive by historians of technology, particularly those concerned with the
airplane, the “defining technology” of the twentieth century [608]. Vincenti,
for example, used the “variation-selection model” inferred from his aeronau-
tical case-studies in order to explain other cases, like the spectacular wind-
induced collapse of the Tacoma Narrows bridge as an example of “Darwinian
selection” of technological evolution [164]. Anderson recommended that the
“evolution of aerodynamics” be used as a role model for studies of scientific
engineering in the twentieth century: “Perhaps, within the scope of the his-
tory of technology, aerodynamics is one of the best examples of such blend-
ing.” [678]. This view finds ample endorsement in the preceding narrative.
The advancement of airplane design and airfoil theory in the First World
War, for example, may well be regarded as an evolutionary process — with
Prandtl’s Gottingen facility as playing a major role as the variation-selection
mechanism (Chapter 3). Theory, however, was a beneficiary rather than a
pacesetter of this process, or, as aviation historian Richard K. Smith once re-
marked, “The airplane did more for science than science ever did for the air-
plane” [678, p. 256]. Problems from the technology of steam turbines and the
need to account for compressibility effects in the airflow of fast-rotating pro-
pellers contributed to the rise of gas dynamics (Chapter 7) and are appropri-
ately described within Constant’s framework of “presumptive anomaly” and
“technological co-evolution.” The development of airfoil theory between the
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First and Second World Wars, from the first formulation of the “lifting line”
concept into a multitude of procedures appropriate for practical wing design
(Chapter 10), is also appropriately described as an evolutionary process. Here,
too, the airplane shaped the “variation-selection” processes.

Nevertheless, the growth of modern fluid dynamics should not be regarded
as a mere corollary of the evolution of aerodynamics in the twentieth century.
Although it is true that fluid dynamics emerged as a modern engineering dis-
cipline mainly in the wake of the airplane, this “defining technology” cannot
account for the entire scope of specialties beyond aerodynamics, such as hy-
draulics, ballistics, or meteorology. Although “technological co-evolution” is
a powerful concept and includes other engineering specialties besides aero-
dynamics, it cannot explain the full extent of fluid dynamics. In particular,
it is not clear how this discipline is related to physics. We have to recall the
history of fluid dynamics before the age of Prandtl, and examine its develop-
ment in the second half of the twentieth century, in order to better appreciate
its multifaceted history.

From the Renaissance to the seventeenth century, the flow of air and water
was a fundamental problem, both in practice and in theory. For Leonardo da
Vinci, Galileo Galilei, Isaac Newton and others with whom we associate the
rise of the modern era, or the Scientific Revolution, problems of fluid flow
were inseparably connected with the abstractions that gave rise to classical
mechanics — the pillars of classical physics. Newton himself failed to account
for fluid motion. Only in the post-Newtonian age did it become possible to
add “ideal flow” to the discussion. We celebrate Johann and Daniel Bernoulli,
Leonard Euler, and others for this breakthrough. However, in view of the non-
ideal reality, they were also blamed for this idealization, because it paved the
way of two diverging avenues. For Euler and the Bernoullis, hydraulics and
hydrodynamics were still synonymous; for their successors in the nineteenth
century, these terms became expressions for an ever-increasing gap between
practice and theory.

In this book, we have described to what extent the gap was bridged in the
age of Prandtl. Surprisingly, physics showed little interest in fluid dynam-
ics. This is most clearly illustrated in Prandtl’s own sphere of activity, Gottin-
gen. Although his first professorship in Géttingen was designated as technical
physics, it was separate from the physics institute. In 1907 Prandtl’s professor-
ship was renamed from technical physics to applied mechanics; in the 1920s
the Society for Applied Mathematics and Mechanics (GAMM, founded in 1922
and chaired by Prandtl as its first president) became his true professional com-
munity. Kurt Magnus, an assistant of Prandtl’s successor at the institute of
applied mechanics, described Prandtl’s affiliations in Gottingen as a “kind
of shell model,” with the Kaiser Wilhelm Institute of Fluid Dynamics as the
inner-most shell, followed by Betz’s AVA as the second shell; next came the
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colleagues from the institute of applied mechanics; the other colleagues from
Gottingen university were arranged in the periphery. Little direct contact ex-
isted with the Géttingen physicists, Max Born, James Franck, Robert Wiechard
Pohl, and their assistants and students. “However,” Magnus concluded with
some irony, “the outstanding importance of Prandtl did not remain concealed
from the physicists. In 1947 they offered him an honorary membership to the
German Physical Society” [679, p. 290].

Most of Prandtl’s students made a career in engineering rather than physics.
Internationally, too, fluid dynamics during the first half of the twentieth cen-
tury was closer to engineering and applied mathematics than physics. It will
be the subject of another book to extend the history of fluid dynamics beyond
the age of Prandtl, when the interest of physics in fluid dynamics finally awak-
ened. The foundation of new journals corroborates this process: in 1958, for
example, the American Institute of Physics (AIP) announced the foundation
of Physics of Fluids, a journal devoted to a broad spectrum of physical sub-
disciplines: “The scope of these fields of physics includes magneto-fluid dy-
namics, ionized fluid and plasma physics, shock and detonation phenomena,
hypersonic physics, rarefied gases and upper atmosphere phenomena, liquid
state physics and superfluidity, as well as certain basic aspects of physics of
fluids bordering geophysics, astrophysics, biophysics, and other fields of sci-
ence” [680]. Other fluid flow problems — in particular, turbulence and insta-
bilities — gave rise to an avalanche of studies about nonlinear dynamics and
complex systems, often included since the 1980s under the label of chaos the-
ory. When a renowned expert of nonlinear dynamics was asked in 2001 where
he saw the largest deficits in the past development of physics, he answered:
“We have neglected, for example, applied mathematics or the physics of fluids
including hydrodynamics” [681].

The renewed interest of physicists in the second half of the twentieth cen-
tury does not mean that fluid dynamics moved from engineering towards sci-
ence. Fluid dynamics remained a discipline of utmost importance in many
engineering branches. Engineering fluid mechanics did not cease to further
evolve as a discipline for practitioners. “The science of fluid mechanics is de-
veloping at a rapid rate,” we are informed, and yet many problems “still rely
heavily on empiricism,” like the “flow of multiphase mixtures such as solids
in a liquid (slurries)” or “oil recovery operations” [682, p. 7]. At the same
time, physicists began to become better acquainted with fluid dynamics from
the vantage point of their own discipline. For a physicist, fluid dynamics is
of interest not only because of its technical applications, argued the author of
the textbook Fluid Dynamics for Physicists in 1995, but also “because most other
subjects in the physics curriculum are almost exclusively concerned with linear
processes, whereas fluid dynamics leads one into the non-linear domain. And,
lastly, because there are so many curious and beautiful natural phenomena,
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Epilog

visible every day in the world about us, which a physicist with no knowledge
of fluid mechanics is unable to appreciate to the full” [683, p. 1].

Is fluid dynamics at the beginning of the twenty-first century still the same
twin-discipline as it was a hundred years ago? Is what was then labeled as
hydrodynamics versus hydraulics, reappearing as physical versus engineering
fluid dynamics? Are we witnessing merely the old schism between theory
and practice in a new guise?

If we are entitled to extrapolate from the decades before the Second World
War the ensuing course of fluid dynamics, we have little reason to conclude
that the present science-technology dichotomy is still the same old gap be-
tween theory and practice. Know-how in fluid dynamics, whether it is la-
beled as engineering or physical, transformed technologies of war and peace
to such an extent that there is little resemblance with the situation at the end
of the nineteenth century. No other discipline was closer to the heart of the
military—-industrial-academic complex of the Cold War than fluid dynamics.
Although physicists and engineers regard it from their own perspectives with
their own specific and sometimes diverging interests, this divergence is differ-
ent from the gap between theory and practice a hundred years ago. However,
only a closer historical inspection of fluid dynamics beyond the age of Prandtl
can tell us how.
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Abbreviations

AEG
AIP
APK
AVA
BBC
CalTech
CWTK

DFG
DLR
DMA
DMV
DPG
DVL
ETHA

ETH
FLZ

FST
GALCIT

GAMM
GOAR

HSPS
IEB

Allgemeine Elektricitaets-Gesellschaft (Corporate name).
American Institute of Physics.

Artillerie-Priifungs-Kommission.

Aerodynamische Versuchsanstalt.

Brown Boveri and Cie. (Corporate name).

California Institute of Technology.

Collected Works of Theodore von Karman, 5 volumes. London:
Butterworths, 1956.

Deutsche Forschungsgemeinschaft.

Deutsche Gesellschaft fiir Luft- und Raumfahrt.

Deutsches Museum, Archive, Miinchen.

Deutsche Mathematiker-Vereinigung.

Deutsche Physikalische Gesellschaft.

Deutsche Versuchsanstalt fiir Luftfahrt.

Zirich, Archiv der Eidgenossischen Technischen Hochschule
(ETH).

Eidgendssische Technische Hochschule Ziirich
Flugzeugmeisterei.

Full Scale Tunnel.

Guggenheim Aeronautical Laboratory of the California Institute
of Technology.

Gesellschaft fiir angewandte Mathematik und Mechanik.
Gottingen Archive of the Deutsche Gesellschaft fiir Luft- und
Raumfahrt (DLR).

Historical Studies in the Physical Sciences.

International Education Board.
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Appendix: Abbreviations

IRC
IUTAM
JSTG
KWG
KWI
LFA
LMAL
LPGA

MAN
MIT
MPGA
MVA
NACA
NACP
NaPhil
NPL
NRC
NSUB
RLM
RVM
RWTH
Sef
SPGIT

SVK
TB

TKC

VDI
VDT
WAF
WGL
WKF
ZAMM
ZFM
ZVDI

International Research Council.

International Union of Theoretical and Applied Mechanics.
Jahrbuch der Schiffbau-Technischen Gesellschaft.
Kaiser-Wilhelm-Gesellschaft zur Forderung der Wissenschaften.
Kaiser Wilhelm Institut.

Luftfahrtforschungsanstalt.

Langley Memorial Aeronautical Laboratory.

Ludwig Prandtl Gesammelte Abhandlungen, 3 volumes. Wal-
ter Tollmien, Hermann Schlichting, Henry Gortler (eds.) Berlin:
Springer, 1961.

Maschinenfabrik Augsburg-Niirnberg AG.

Massachusetts Institute of Technology.

Archiv zur Geschichte der Max-Planck-Gesellschaft, Berlin.
Modellversuchsanstalt.

National Advisory Committee for Aeronautics.

National Archives II, College Park, Maryland.

National Archives, Philadelphia.

National Physical Laboratory (Great Britain).

National Research Council.

Niedersachsische Staats- und Universitatsbibliothek, Gottingen.
Reichsluftfahrtministerium.

Reichsverkehrsministerium.

Rheinisch-Westfélische Technische Hochschule Aachen.
Segelflugzeugbau G.m.b.H. Aachen.

The Scientific Papers of Sir Geoffrey Ingram Taylor. Volume
II: Meteorology, Oceanography and Turbulence. G.K. Batchelor
(ed.) Cambridge: Cambridge University Press, 1960.
Seeflugzeug-Versuchskommando.

Technische Berichte, edited by the Flugzeugmeisterei der Inspek-
tion der Fliegertruppen, Berlin-Charlottenburg.

Theodore von Karmdan-Collection, California Institute of Tech-
nology Archives. There are microfiche copies available at the
Smithsonian Air and Space Museum in Washington, DC, and the
Institute for Philosophy at the University of Berne, Switzerland.
Verein Deutscher Ingenieure.

Variable Density Tunnel.

Wissenschaftliche Auskunftei fiir Flugwesen.

Wissenschaftliche Gesellschaft fiir Luftfahrt.

Wissenschaftlichen Komission fiir das Flugwesen.

Zeitschrift fiir Angewandte Mathematik und Mechanik.
Zeitschrift fiir Flugtechnik und Motorluftschifffahrt.

Zeitschrift des Vereins Deutscher Ingenieure.
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