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INTRODUCTORY REMARKS

by

H u n t e r  R o u s e  

Iowa Institute of Hydraulic Research

Since the first in its series of triennial conferences, the Iowa In
stitute has selected for each successive meeting a specific technical 
theme. The second, in 1942, stressed the similarities in the prob
lems of different professions dealing with fluid motion ; the third— 
postponed till 1946 because of the war—dealt with peacetime ap
plications of wartime research ; the fourth, held in 1949, involved 
the compilation of a reference book on engineering hydraulics ; and 
the fifth, three years thereafter, was devoted to the transportation 
of sediment. In keeping with this policy, the theme of the Sixth 
Hydraulics Conference was chosen to be the measurement of fluid 
flow.

This theme seemed appropriate for two reasons. On the one 
hand, the previous one and one-half decades had witnessed vast 
changes in the various techniques of measurement, nearly all of 
which had incorporated one form or another of electronic gadgetry. 
New means were thus available for the measurement of depth, ve
locity, rate of flow, pressure, and shear—whether as mean or as 
fluctuating quantities. In addition, electrical methods of recording 
the signals, and of analyzing the records statistically, had been 
brought to a state of considerable refinement. On the other hand, 
the same period had also realized great advances in the theoretical 
analysis of fluid motion, and it seemed timely to assess the role of 
science in the art of measurement, and as well the relationship of 
measurement to analysis itself.

In the early days of hydraulics all accomplishment was neces
sarily empirical, and one heritage of this period in history that per
sisted well into the present century was the belief tha t any phe
nomenon of flow could be understood if only sufficient experimental 
data were obtained. While this may be true in the limit, it is hardly 
conducive to efficiency in research, in particular since emphasis is 
placed upon the quantity at the expense of the quality of the 
measurements. Fortunately, as the a rt and the science have pro
gressed, they have had a most salutary reciprocal effect. Improve-

1
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ment in the mechanical aspects of measuring techniques has been 
paralleled by their more intelligent application in accordance with 
the dictates of theory. Analysis, in turn, has become increasingly 
subject not only to experimental verification and subsequent ampli
fication, but as well to experimental guidance at frequent intermedi
ate stages. No longer, in a word, is either considered sufficient unto 
itself.

A program of fourteen invited papers on the theme of flow meas
urement was arranged for the Sixth Hydraulics Conference, each of 
the speakers selected being not only a specialist in his field but also 
new to the cumulative program roster. Twelve of the papers dealt 
with particular aspects of instrumentation, and most of these pointed 
up the complementary influence of the science and the art. Two, 
however, were purposely directed toward the science rather than 
the art, in the effort to remind the audience at the outset that 
measurement is a means and not an end. All fourteen of the papers 
are presented in full in the following pages. In addition, from a 
tape recording of the discussion following the twelve papers on in
strumentation, the editors have prepared summaries of the essential 
comments, and these are appended to each paper.

In spite of the conflicts resulting from the steadily growing num
ber of technical meetings, the attendance of the conference reached 
a comfortable total of 219 engineers and scientists from 35 dif
ferent states. Twenty-two of them remained at the Institute an 
additional two and one-half weeks to participate in a special course 
on laboratory techniques, the accomplishments of which are being 
published separately.

To avoid any basis for future protests tha t the date of the next 
meeting has not been either well chosen or announced sufficiently 
far ahead of time, let it be noted at this point tha t each must coin
cide with the momentary lull between the spring semester and the 
summer session of the University, and tha t the Seventh Hydraulics 
Conference is hence presently scheduled for June 16-18, 1958.
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EXPERIENCE, THEORY, AND EXPERIMENT

by

C . T r u e s d e l l

Graduate Institute for Mathematics and Mechanics 
Indiana University

Science today is much like government or big business: scientists 
are specialists not only in a single science but even in a single prob
lem, each a senior bureaucrat jealous of interference from the multi
tude of others whose actions are in turn as isolated as his own, and 
the multiplied sciences themselves are self-fecundating compart
ments which reproduce, if at all, by division. Everyone is an expert 
in something. We are accustomed to speaking of every scientist as 
a leader in a particular field, but often it is difficult to discern any 
following. That so many experts turn out so much research that no 
single person can know it all even in a single field is often brought 
forward as proving the progress of science. Rate of working, how
ever, is the product of force by velocity and is not necessarily in
creased if velocity approaches infinity while force approaches zero. 
There are costly efforts to gather and review the totality of the 
literature in various fields, but it might be more appropriate to find 
out who, if anyone, reads the typical paper of today.

Fluid mechanics in its various aspects is divided among several 
types of engineers, a few physicists, and some mathematicians. 
Since first I began to study fluids I have had to lose time listening 
to wrangles among members of these cults, each defending his own 
while condemning the others. The engineer has the right and duty 
of knowing fluids as they are met in life for man’s direct harm or 
use; to him, the physicist sets up situations whose only relevance 
is their ease of study for physicists, while the mathematician is 
lost in abstraction and arid brain games. The physicist drills out 
the true principles of fluids, above both the mere detail and em
piricism of the engineer and the purism of the mathematician, who 
for rigor is ever ready to gloss over essential physical aspects. The 
mathematician has the assurance of correctness and finality; for 
him the results of physicist and engineer are alike suspect, mere 
conjecture and ever subject to possible revision. These views are 
not without their truth in the cellular science of our day. Permit 
me to reset them in words less apt to reassure the engineers,
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physicists, and mathematicians in their respective complacencies. 
The engineer, blinded by the daily need for design or test of this 
or tha t device, will not pause to learn enough of the concepts of 
modern physics or the methods of modern mathematics to find out 
whether they can be applied to his problems. The physicist, blinded 
by the oversimplification and the raw guessing now in vogue, de
spises alike the phenomena which occur in natural, day-to-day 
situations and the logical standards of precise reasoning. The 
mathematician, blinded by a century of ever more abstract pure 
mathematics, has lost the skill and wish to read nature’s book. 
Whether put as praise or put as blame, the foregoing argument, 
which each of us must endure at every meeting, is barren. I should 
like to lay before the community of those who study fluids a motion 
that we hear no more of it. For my part, I promise to try  to speak 
to you not of one of the professions within fluid mechanics today, 
but of fluid mechanics itself.

Knowledge of fluids is gained through experience, theory, and 
experiment. Of these, the first and last are often confused. Ex
perience is sometimes dismissed as the uncomprehending rules of 
thumb of mere artisans, while experiment is exalted as the foun
dation of science. The empiricism of some physicists of the last 
century has been embraced by many philosophers of science and 
educators of our day, particularly those associated with psychology 
and the biological and social sciences. Students in some of these 
doctrines are often given long instruction in the “scientific method,” 
which is said to consist in controlled experiments and their statis
tical evaluation, while theory, if mentioned at all, is subsequent 
curve-fitting. Experience, the straight impress of nature th a t ob
servant and rational man gains through his unaided senses as he 
daily encounters the world and which, by his nowadays all too 
slighted faculty of reason, he puts in verbal generality, is dismissed 
as primitive and below science. Many prefer to mine nature’s darkest 
and deepest entrails, closed except to the dearest experimental appa
ratus or voluminous statistics, while leaving the smiling face of earth 
unheeded. That modern science is experimental science would fol
low also from any poll of the scientists themselves: in the biological 
sciences, little else than experiment exists, while in the physical 
sciences experiments are -often so elaborate that large numbers of 
persons must be employed upon them. Such force of numbers need 
not be compelling. A poll of professional musicians would reveal 
that music today is neither hot jazz nor symphony but sugar stirred 
in soup. While scientists are more apt than musicians to idolize 
the means by which they must earn their daily leisure, nevertheless
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many experimentalists will admit by their actions if not by frank 
confession that theory is the objective of science. The frustrating 
and so far vain struggles of biologists and social scientists to or
ganize their subjects upon a basis of mathematical theory is ap
parent in every conversation among them, while it is the successful 
theories of the physical sciences tha t distinguish them from other 
human endeavors and sometimes cause their enthusiasts to put 
forward thinly disguised claims to the sole possession of knowledge.

The hydraulic engineer is favored in being alike in daily en
counter with experience, theory, and experiment. His tasks and 
problems arise in common experience, which he dares not desert 
for more voluptuous realms deep hidden from human eye and touch. 
The flow of water he describes, understands, and controls in terms 
of the concepts of theory: velocity, pressure, and density, them
selves mathematical ideas expressed in symbols and employed in 
equations. Either to check and correct the results of theory or to 
find answers to specific and detailed questions, he has recourse to 
experimental measurement. For this audience, therefore, I can re
frain from further generalities on morals and philosophy. Instead 
I wish to present you two stories from the history of fluid mechanics. 
These concern the development of two fundamental concepts. The 
first concept is one you all use every day, the static pressure in 
a fluid in motion. Its origin is a part of the story of Bernoulli’s 
Theorem, now more than 200 years old. The second concept, cross- 
viscosity, is one with which few of you are yet likely to be familiar; 
its story begins little more than ten years ago. I will tell you these 
stories, not in the fashion of those text-book writers who manufac
ture historical notices so as to bear out their own views of how 
science ought to have developed, but instead as they really did occur. 
Since one of these stories is from the earliest period of modern 
hydraulics and the other is still continuing today, and since despite 
the lapse of two hundred years between them the general outline 
is much the same, there will be no need for me to add comments or 
to draw a moral.

For the early development of hydraulics, I refer you to the ex
cellent history by Rouse and Ince, the first installments of which 
have now appeared. From it we learn that hydraulic machines are 
of great antiquity and hence that necessarily man’s observation 
of water flow begins with history. From many centuries of ex
perience we have records of keen observation and reasoning on 
matters of principle. For example, Theophrastos realized that water 
waves transport motion, not mass, which suggested to him that 
sound is a similar undulation of the invisible air. Leonardo da
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Vinci made a brilliant comparison between the waves on water 
and the waves which the wind sends travelling across a wheat field. 
He went far beyond these isolated remarks in asserting tha t in 
general the motions of water and of air are of the same kind. This 
assertion was based on experience. Leonardo traced streamlines 
in water by watching small objects cast into the flow, and from his 
pen we have sketches of waterfalls, river surfaces, and vortices as 
accurate as a photograph and more beautiful. To follow the motions 
of air he watched the leaves blown by the wind and even for gentler 
motions injected smoke into the current. It is now often claimed 
that Leonardo founded the experimental sciences, but I believe 
this statement is entirely misleading. Leonardo projected many 
experiments, some of them reasonable and some of them confused, 
but he has left us no record of ever having obtained any numerical 
value by measurement. Rather, he was an observer of undisturbed 
nature. Like none else he seized upon experience, but experiment 
lay many decades past his time. In fluid mechanics, as I mentioned, 
he devised methods for making an existing motion visible, but we 
have from him no numerical values of discharges or pressures. 
Leonardo recorded two quantitative statements in hydraulics. One 
of these is the principle of continuity in its simplest form. The 
other is the distinction between the rotation of a wheel and the 
rotation of a potential vortex. Leonardo’s words, as always, are 
vague; if interpreted as strict proportions, his statements are cor
rect, but it is possible tha t he intended only qualities and in
equalities rather than equations. He gives no indication of how he 
obtained these basic principles, nor does he apply them in any way.

Whether Leonardo’s notebooks through private and unacknowl
edged use influenced the numerous writers on hydraulics who came 
after him, or whether these discovered anew the facts described 
earlier by him, will always remain a question in debate. I have 
described Leonardo’s work so as to make clear the keen and abun
dant experience available before Daniel Rernoulli’s time. In ad
dition to these fundamental observations, we must notice the in
creasing popularity of hydraulic machines from 1500 onward. Roth 
for gainful work and for show or pleasure, pumps, presses, screws, 
fountains, wheels, conduits, and reservoirs were produced in greater 
and greater number.

After the principle of continuity, the next theoretical statement 
made by hydraulic writers was Torricelli’s law of efflux, of little 
use for the design of a pump or wheel. Descartes was the first philos
opher to assert that all nature is one great machine, governed by 
common laws. While nearly all of Descartes’ physics is wrong in
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detail, his grand attempt is the beginning of theory in the modern 
sense, and as a corollary it began in particular a search for a theory 
of hydraulics based on mechanical principles. This insistence on 
generality caused the physicists and geometers to reject all empirical 
rules and resulted in that separation of hydraulic theory from hy
draulic practice, still apparent today, to which Professor Rouse re
ferred in his opening remarks. In nature, the effects of friction, 
roughness, and turbulence can rarely be neglected and may al
together predominate, just as in ballistics neglect of air resistance 
would lead to wretched marksmanship. However, just as Galilei’s 
mental abstraction of the medium in which all earthly bodies exist 
was a necessary forestep to the rational mechanics of solids, a 
similar abstraction of much of the daily circumstances of water was 
a necessary preliminary to the rational mechanics of fluids. This 
abstraction was made by Newton in his celebrated attempt to prove 
Torricelli’s law. While Newton’s fiction of the “cataract” is no 
more than a brilliant course of imagination and hypothesis, it is 
the first example of hydraulic theory, and as such, even though 
entirely faulty, it showed the possibility of the field and induced 
many other savants to attempt the problem. All these later trials 
were likewise failures. The forces exerted by fluids at rest were 
by now well known, but to consider the effect of motion on these 
forces seemed hopelessly difficult.

Such was the scene when Daniel Bernoulli, a young mathema
tician of twenty-five and already world famous, took up the study 
of fluids. Throughout all his life Daniel Bernoulli performed both ex
periments and calculations; while when old he became almost en
tirely an experimenter, at the period we are discussing he was in 
the main a mathematician, working not only in mechanics but also 
in analysis and the theory of numbers. For about five years he gave 
occasional attention to fluids, and during this time he wrote two im
portant papers on hydraulics before attacking the simultaneous de
termination of pressure and velocity. The Bernoulli Theorem itself 
he discovered shortly before 17 July 1730, on which date he wrote 
to Goldbach as follows: “For my part, I am entirely plunged in 
water, which furnishes my sole occupation, the some time past I 
have renounced all tha t is not hydrostatics or hydraulics.. . .  In 
these past days I have made a new discovery which can be.of great 
use for the design of conduits for water, but which above all will 
bring in a new day in physiology: it is to have found the statics 
of running water, which no one before me has considered, so far 
as I know.. . . The problem is to find the effort of water which is 
pushed with an arbitrary force in an arbitrary tube.” He goes on
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F i g . 1 . T h i s  D r a w i n g  i s  n o t  B e r n o u l l i ’s  O r i g i n a l , b u t  O n e  M a d e  a f t e r  i t

W h e n  H i s  L e t t e r  o f  17 J u l y  1730 W a s  P u b l i s h e d  i n  1843

to explain “one of the simplest cases,” the example indicated by 
Figure 1. For the height SF of the stagnant water over the hole 
in the tube of running water he obtains

S F =  (1 — jj2 ) a <

where a is the height of the reservoir and 1 /n  is the ratio of the 
area of the little hole to the area of the tube. This may not look 
familiar, but it is in fact the Bernoulli Theorem for this case, with 
the pressure replaced by the height SF . The advantage of this 
form is tha t to test it no velocities need be measured, all quantities 
being geometric. Bernoulli wrote that an antagonistic senior col
league who belittled his work could not believe the result . .  until
I performed the experiment for him in the presence of other 
academicians. I made the experiments by means of a very polished 
iron cylinder which I had caused to be furnished with different 
covers which had holes of different sizes such as aPM/i ; in the 
middle of the cylinder was welded a little end of tube yRS8 suitable 
for supporting a glass tube CRSD . All experiments succeeded 
perfectly.”

Bernoulli’s letter makes it clear tha t his theorem was discovered 
by theory alone, or, as he put it, a priori. Experimental test came 
afterward. You will note from the diagram tha t the experiment is 
devised so as to favor as much as possible the hypotheses under 
which we now derive Bernoulli’s theorem.

Some explanation is required before we can recognize the equa
tion written by Bernoulli as the modern theorem bearing his name.
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When we turn to the derivation, even in the improved form pub
lished in his often cited but never read Hydrodynamica, still 
more explanation is needed. To repeat Bernoulli’s words here would 
not be helpful. His method is to regard the element EG in Figure
2 as moving down the tube to acdb , where he wishes to find the 
pressure on the wall. The velocity there is related to the velocity 
at the small hole o by the principle of continuity. Bernoulli now 
imagines the tube downstream from ab suddenly to break off or 
dissolve. The element acdb , thus instantly released, suffers an 
impulsive acceleration. By using the principle of conservation of 
energy, Bernoulli calculates this impulse, which in turn he regards 
as proportional to the pressure on the wall when the tube is not 
broken off. The argument is intricate; the hypotheses on which it 
rests are questionable; and the details are confusing.

I have mentioned tha t Daniel Bernoulli set about at once to

P i g . 3
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verify his theorem by experiment. Figure 3 shows the experimental 
possibilities as presented in the Hydrodynamica. It is typical of 
Daniel Bernoulli not only that theory came before experiment but 
also that when the result was once confirmed by experiment, he re
garded his work as finished. It is easy for us today to see tha t in 
fact the equation as written by Bernoulli is not very convenient; 
Bernoulli’s contemporaries saw at once that his derivation was ob
scure and lacking conviction. What is missing from the equation 
itself and from the proof is the internal pressure, not yet invented. 
I t was this same lack which had prevented Newton from giving an 
adequate proof of Torricelli’s law. In his argument, Bernoulli used 
four different words, none of them defined, to express the forces 
exerted by the water upon itself and upon the walls of the tube.

The jealousy of the great Bernoullis among each other is well 
known. When the publication of Daniel Bernoulli’s book in 1738 
brought him redoubled fame, his father, the formidable John Ber
noulli, who was then seventy-one years old, ill, and with but a de
cade still to live, grew furious with envy. The problem of proving 
Torricelli’s law he himself had attacked many years before, in vain. 
All his remaining effort he put out upon the flow of water, and in 
1743 he published his own treatise on hydraulics, dating it 1732 and 
embellishing it with florid and ugly boasting in an effort to steal 
priority from his son’s masterpiece. The details of the controversy 
I cannot pause to repeat here ; let it suffice that while the old man’s 
outrageous procedure would suggest he was a mere thief, in fact his 
treatise created hydraulics anew. John Bernoulli had as great a 
talent for mathematics as any man who ever lived. While less suc
cessful in discovering the physical principles of a new field of ex
perience, to derive by suitable new concepts and irreproachable 
reasoning a result already conjectured was something entirely suited 
to his genius. His innovations were profound. First, he separated 
the kinematic from the dynamic part of the problem. The principle 
of continuity and the principle of momentum he used consciously as 
separate basic postulates, as had none before him. Second, he created 
the idea of hydraulic pressure. In imagination, he isolated a thin 
slice of water in a tube and introduced a symbol for the force ex
erted upon it by the fluid on one side. In this way he achieved a 
differential equation and integrated it to obtain the Bernoulli 
Equation for a tube of arbitrary cross-section and position and for 
not necessarily steady flows. By using the internal pressure he was 
able to give also a correct derivation from the principle of energy.

The foregoing achievements of old John Bernoulli were not 
recognized as due to him until last year. Perhaps the reason is tha t
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he never explained them with any clarity except in a series of 
letters to Euler. John Bernoulli lived in a world of challenges, 
enmities, secret methods, and anagrams. As he wrote to Euler, he 
derived everything from a certain “principle of the eddy,” but even 
in his letters this is very vague, and in the printed treatise he 
abstained from expressing it from fear lest the English accuse him 
of borrowing the “cataract” of Newton. The progress of equations 
is clear, despite unnecessarily elaborate notations and a mathe
matical style which was by then obsolete, but mechanical principle 
is replaced by bombast and boasting.

For Euler, clarity was the hallmark of truth. He saw at once 
the core of old John Bernoulli’s ideas and disrobed them of all 
vagueness. To him we owe the Bernoulli theorem in the form and 
terms today in use. To him we owe also the brilliant imagination 
of the internal pressure in full generality, the pressure field as 
equipollent to the action of the fluid outside any imaginary closed 
diaphragm upon that within. This concept, which has been the 
foundation of all further theory, he achieved ten years after his 
study of John Bernoulli’s hydraulics. To discuss its formation would 
carry me afield from hydraulics, but I remark upon it in emphasis 
of the role of imagination and the importance of quantities which 
can only be thought of and cannot in themselves be measured. 
Neither is there time to discuss Euler’s papers on hydraulic ma
chines, where his grasp of the concept of internal pressure led him 
not only to detailed analysis of pumps and turbines but also to 
criteria for avoiding cavitation. These papers were neglected en
tirely by the hydraulic engineers of the day, and when Euler died 
in 1783 even a famous physicist of a younger generation character
ized his work on fluids as useless in practice and merely exercises 
in pure mathematics. Euler did not perform experiments except 
before he was twenty, and thus he was unable to demonstrate the 
truth of his discoveries to practical men, who in tha t day despised 
calculus as being useless higher mathematics. However, Euler was 
intensely interested in machines, and in 1754 he not only invented 
the guide wheel for a turbine but even calculated a detailed design 
and gave a complete hydraulic analysis for the pressure in the 
rotating machine. Euler wished his turbine to be built, but the 
engineers at Frederick II’s court only reflected the ways of the king 
himself in scoffing at all of higher mathematics. Euler published 
two papers, one in French and one in Latin, making his invention 
free to anyone who paused to read, but in fact it was 190 years before 
his design was tested. In 1944, long after Euler’s guide wheel had 
been rediscovered and adopted in turbine practice, Ackeret found
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that a model following Euler’s plan reached an efficiency of 71%, 
as compared with 78-82% for the best modern turbines of similar 
capacity and head.

It is easy to praise or blame the actions of long ago, since we 
are free of responsibility in them. When we find parallel events 
occurring today, with no lesson learned, we are more ready to find 
excuses. I turn now to the recent discovery of cross-viscosity.

F i g . 4 . A f t e r  M e r r i n g t o n

There are various ways of telling the story, but I prefer to begin 
with a fact of experience which was a by-product of an experiment. 
In 1943 Merrington reported that in the course of some measure
ments of the discharge of rubber solutions or of oils containing 
metallic soaps he noticed that the fluid column swelled on emerging 
from the tube (Figure 4). Such an effect obviously cannot follow 
from any of the classical principles of fluid mechanics. Merrington 
himself asserted tha t the fluids in question are visco-elastic and tha t 
the swelling is due to their residual elasticity, being in fact re
covery from the compression they suffered when forced into the 
tube. He identified the phenomenon with th a t observed by Barus 
in 1893. Barus had cut off perfect cylinders of marine glue extruded 
from a tube and had found tha t when left free of external load 
these cylinders continued to deform and in the end converted them
selves into cups. Now Merrington’s phenomenon occurs in steady 
flow. The spring of a portion of visco-elastic substance becomes 
poorer as time passes. Thus if we compare the swelling of steady 
flows in longer and longer tubes at the same rate of efflux, for a 
visco-elastic substance this swelling should diminish, since the 
portion emerging will then have suffered its compression at more 
and more remote times in the past. If, however, the swelling is in
dependent of the length of the tube, the phenomenon is not visco
elastic. An experiment should not be difficult, but so far as I know 
it has never been proposed until today. To return to the story, 
apparently Merrington did not see any other possible explanation 
and did not pursue either theory or experiment concerning it.

About the same time several English experimenters noticed a 
group of new phenomena occurring in rotating fluids. The simplest 
of these, and the one which really explains all the rest, is tha t if a
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rod is rotated in a cup of certain high-polymer solutions, or oils, the 
fluid climbs up the rod. The results of these experiments were 
collected and represented schematically by Weissenberg in a dia- 
.gram published in 1947 (Figure 5). They were not connected with 
Merrington’s phenomenon. Weissenberg proposed an elastic theory 
which appears to neglect the usual properties of fluids entirely, and 
some of the other investigators gave semi-quantitative explanations 
of a chemical nature.
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Between these two publications, three theorists began to study 
a subject which turned out to be related to these phenomena of 
experience. The subject is non-linear viscosity, and the theorists 
were Reiner, Rivlin, and I. Non-linear viscosity had been studied 
before, in fact long before, from two different points of view. Some 
theorists of the last century proposed some general equations as 
being reasonable, but in fact they did not investigate them suf
ficiently to get any definite conclusions. More recently a professional 
group called rheologists had measured departures from linearity in 
viscometric measurements. The rheologists were accustomed to one 
dimensional theories in which a single stress component is taken as 
a non-linear function of a single rate of deformation, but none of 
this literature could reveal a new phenomenon of a kind not in
cluded in the classical theory of viscosity at all.

Reiner is one of this rheological group and has published much 
work, both theoretical and experimental, of the type described. In 
1945 appeared a paper of his of an entirely different character. In 
it he attempted to apply to fluids the mathematical methods and 
mechanical concepts used in the general theory of three-dimensional 
finite elastic strain, an old though little understood branch of 
mechanics which had been simplified in the previous decade by the 
introduction of tensor analysis. Reiner had in mind the phenomenon 
of dilatancy, which Reynolds long ago observed in granular ma
terials: “a definite change of bulk, consequent on a definite change 
of shape.” For example, when one shears wet sand in walking upon 
it, the footprints are dry, since the volume of the sand mass has 
increased and thus opened greater voids for the water to sink into. 
Reiner was able to show tha t this phenomenon is predicted by the 
general theory of non-linear viscosity. For his elegant and per
spicuous formulation of the general theory itself he acknowledged 
the assistance of the theoretical physicist Racah.

Rivlin was employed by a laboratory investigating the proper
ties of rubber solutions, and it is possible tha t his work was moti
vated by the phenomena published by Merrington and Weissenberg. 
In any case, he successfully and simply explained them by a theory 
of incompressible fluids with non-linear viscosity which he published 
in 1947. This theory is a special case of Reiner’s, but Rivlin’s work 
is distinguished not only by greater definiteness and clarity but 
also by explicit and general solutions for the flow in torsion, tube, 
and parallel plate viscometers. Particularly surprising is the fact 
that Merrington’s swelling, which Merrington himself regarded 
as recovery from compression, follows from Rivlin’s theory of in
compressible fluids. To get the idea behind all these effects it is
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easiest to consider simple shearing flow. To produce such a flow, 
according to the general theory, shearing stress is not enough: 
normal pressures on the shear planes must be supplied as well. 
This phenomenon is called cross-viscosity and is a property al
together independent of shear and bulk viscosity.

Once one has the idea of the general theory of viscosity and a 
little experience in tensor analysis or matrix algebra, the expla
nations are not difficult. Each individual phenomenon can also be 
explained by physical reasoning, but since these physical arguments 
came only after the really rather simple mathematics was all worked 
out, I doubt if they are in fact very enlightening, and I will not try  
to present them.

My own first crude memorandum on non-linear viscosity was 
issued in 1947, when Reiner’s basic paper was already two years 
in print and Rivlin was far ahead of me. I knew neither their work 
nor the phenomena of Merrington and Weissenberg. Explanation, 
though no excuse, for my ignorance may be found in the apathy 
if not hostility of the world of fluid mechanics toward the subject 
of non-linear viscosity: all my mentors and colleagues, a t tha t time 
as now intent upon practical problems and calculations, took no 
more notice of the work of Reiner and Rivlin than of my own a t
tempts. My formal publication was delayed by the rejection of my 
paper by a journal of applied mathematics, on the grounds that no 
one was interested in the subject, the paper would be costly to 
print, and in any case my work was physics rather than applied 
mathematics. The terms used by the anonymous referee were so 
harsh that the only logical alternative to suicide was to give up 
science forever. While my happening to discover the identity of 
the referee prevented me from resort to either of these extremes, 
before arranging for publication abroad I spent eighteen months 
reviewing the fundamentals of mechanics and trying to learn the 
processes by which the classical theories had been derived by their 
discoverers. Priority for non-linear viscosity belongs unquestionably 
to Reiner and Rivlin, but I speak of my work as well because I have 
a better knowledge of my own motives and circumstances than of 
theirs.

For my part, my trouble was that I was employed to study fluids 
but I could not accept the so-called derivations of the Navier-Stokes 
equations given in textbooks. It seemed as unreasonable to suppose 
viscous stress a linear function of rate of deformation as to replace 
every curve by a straight line. I was aware of claims of departures 
from the Navier-Stokes equations in certain extreme conditions, 
but I was more surprised that the Navier-Stokes equations hold at
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all, and I set out to find the reason. Being naturally both slow and 
obstinate, I resisted the pressure to calculate or guess useful ap
proximations within accepted theories and to the great annoyance 
of my superiors and the disgust of my senior colleagues insisted 
on stopping to think. Textbooks hurry the reader on to accept their 
conclusions as quickly as possible, often replacing a logical gap 
by asserting that the result is established by experiment, without 
a reference. Such evasion is not found in original memoirs dealing 
with matters of principle. The discoverer or first proponent not only 
has the task of convincing a skeptical public but also often is close 
to his struggles to convince himself. Moreover, usually there are 
no relevant experiments at the time when the theory is first formu
lated as a plausible model of experience. This statement always 
surprises believers in the “experimental method”. In reply to it 
they often suggest tha t if in the history of mechanics theory has 
usually come before experiment, there must have been many wrong 
theories proposed. In fact, there were few. Without experience, 
no explanation definite enough to be considered a mathematical 
theory is likely to be given; with experience, to expect theorists 
to propose wholly wrong models suggests a rather limited appreci
ation for the brains of theorists. Analysis of the dust pile of me
chanics reveals few wrong theories but a host of “approximate” 
or numerical solutions and experimental measurements concerning 
details and special cases which have lost their interest, as well as 
many mathematically erroneous “solutions” within correct theories. 
Today we are piling up this scrap heap so fast that it is difficult 
to keep the rare cases of fundamental work out from under.

Going back to the great memoir of Stokes on viscosity, I found 
none of the dogmatism of the modern texts, but instead an honest 
hesitancy and search for principle. Taking up Stoke’s definition of 
a fluid, I sought by the aid of tensor analysis to put into mathe
matical form precisely what Stokes had said in words rather than 
the mere approximations which were all that the mathematics avail
able in his day could easily handle. My work was influenced also by 
a study of modern general elasticity theory and its mathematics, 
but while Reiner had attempted to maintain as close a similarity 
as possible, to me it was the basic conceptual differences which 
seemed more important. Some earlier writers had spoken loosely 
of the Navier-Stokes equations as being valid approximately for 
“small” rates of deformation, just as classical linear elasticity is 
valid approximately for small strain. This is plain nonsense. Strain 
is dimensionless and hence can indeed be small, so tha t the position 
of linear elasticity with respect to finite elasticity is clear in this
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formal sense. Not so for fluids, for rate of deformation is of the 
dimension T"1 and hence cannot be absolutely small. It can be 
small with respect to another rate, but what this standard of com
parison should be for a fluid is not obvious. My work on general 
fluids began at this dilemma, faced it, and resolved it by proposing 
a theory in which no material parameter of the dimension T can 
occur. When I learned of the work of Reiner and Rivlin, I found 
tha t they had not considered the role of the time, and I was able 
in some cases to show differences between fluids having a natural 
time and fluids which do not.

I mentioned the phenomena published by Merrington and Weis- 
senberg, which were soon taken up as evidence for the existence 
of cross-viscosity. After awhile it was realized that cross-viscosity 
was not really new. Everyone knows that you cannot stir paint 
with a rotary motion, for the paint climbs up the rotor. In the paint 
industry, other methods of stirring were devised and the phenome
non itself apparently regarded as chemical. Here the experience lay 
before us all, but we were blind to its meaning.

Finally came the time for experiment. All old measurements 
on non-linear viscosity were made obsolete by the theory, since they 
measured only small corrections to classical effects and offered no 
means of detecting even the existence of the new phenomena. The 
old viscometers have walls supplying lateral pressures of any desired 
amount with no means of measuring their magnitude. Moreover, 
it follows very generally from the theory tha t while departures 
from the classical first order linear relation is an effect of third 
order in the rate of deformation, the new phenomena are effects 
of second order. Thus it is quite possible that fluids previously 
believed linear in the range tested are in fact non-linear. Precise 
tests in new instruments designed to show the new effects are 
necessary, first to measure the modulus of cross-viscosity as a 
function of the rate of deformation, and second to test the con
sistency of experiment and theory. Such measurements are now 
coming into print. Some of these appear to confirm the theory of 
non-linear viscosity and others do not. In any case we must re
member that the classical theory of linear viscosity is a first ap
proximation to several different more general theories, so that not 
all fluids which obey the classical laws for slow motion can be ex
pected to obey any one particular theory for rapid ones.

The phenomenon of cross-viscosity is altogether typical of non
linear continuum mechanics. Every more or less plausible theory 
predicts something of this kind. While a few years ago this phe
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nomenon and others like it seemed* outside the domain of me
chanics, with the recent development of many new theories we 
are faced with the opposite difficulty of being unable to use these 
phenomena as confirming any one theory rather than another. In 
fact, as I say, these cross effects are typical of mechanics. Everyone 
knows that if you push a gyroscope, it refuses to move in the 
direction you push it. This illustrates the general case in mechanics: 
only when a material is barely stirred out of its sleep will it answer 
to your wishes and move approximately as you impel it. A century 
of unquestioning acceptance of linear theories in mechanics has 
lulled us into expecting response which is not typical. It appears 
likely that non-linear effects will be discovered in increasing num
ber and may eventually have a greater practical importance than 
is now foreseen.

My two stories are finished, and I have promised to draw no 
moral. I hope you will not consider my promise broken if I let 
Daniel Bernoulli draw a moral. In the quotation which follows, the 
word “mathematician” occurs, but it comes from late in Ber
noulli’s life when he was absorbed in experiment, and it obviously 
refers not to a professional group but to a habit of mind. Here is 
the quotation: . there is no philosophy which is not founded 
upon a knowledge of the phenomena, but to get any profit from 
this knowledge it is absolutely necessary to be a mathematician.”

»Except to the very few persons who knew of certain special results of Poynting 
(1909-1913) and later writers concerning shear and torsion of elastic materials.
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THE LOGIC OF MEASUREMENT

b y

G u s t a v  B e r g m a n n

Departments of Philosophy and Psychology,
State University of Iowa

The logic of measurement is a chapter in the philosophy of 
science. One cannot, therefore, discuss it without possessing a few 
notions that belong to the philosophy of science in general. My first 
task is thus, inevitably, to acquaint you with some such notions. 
In doing this I shall for the most part talk about words, sentences, 
and language in general. Lest tha t mode of presentation leave you 
unnecessarily bewildered, I had better, first of all, say a few words 
about the so-called linguistic turn, which is probably the most im
portant single thing that has happened in analytical philosophy 
in this century. I shall limit myself to science and its philosophy. 
The idea is tha t while the scientist watches the world, the analytical 
philosopher watches the scientist watching the world. Let me un
pack this formula so that we may see exactly where language comes 
in. Using the word thing very broadly, one may say that the 
scientist attends to things, observing them, manipulating them, and 
so on. Having done that for a while he states what he has seen in 
words. His language is thus about things, or, more generally, about 
the world. The analytical philosopher watches and eventually 
speaks about the scientist’s watching and eventually speaking about 
the world. What, then, one may ask, distinguishes the analytical 
philosopher from either a psychological student of linguistic be
havior or a grammarian? The answer is revealing. There is in our 
tradition a group of questions th a t have never ceased to challenge 
intellectual curiosity such as, say, the nature of causation or the 
peculiar certainty of deductive inference. These are, of eourse, the 
classical philosophical questions. The linguistic philosopher believes 
that they are all linguistic questions, not in the sense tha t they are 
mere questions of grammar or of linguistic behavior, but rather in 
the sense that the only commonsensical and therefore safe way of 
answering them begins with an investigation of how language re
flects what it is about. These, to be sure, are but poor hints. But 
I fear that I must let it go at that.

I begin with a dichotomy among words, that is, with a division
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of all words into two kinds such that each word belongs to one and 
only one of the two. One of the two classes is exemplified by, say, 
‘cat’, ‘color’, ‘specific heat’ ; the other, by ‘or’, ‘some’, ‘is’. The words 
of the first kind, that exemplified by ‘cat’ and so on, are called 
descriptive. Those of the second kind, exemplified by ‘or’ and so on, 
are called logical. The two names, descriptive and logical, allude 
to the difference between the two kinds. After it has once been 
pointed out, the difference is, I think, clearly felt. Cats, colors, 
and specific heats are, to be sure, things very different from each 
other. Yet they have something in common. They are all “things” 
or, to put it linguistically, the three words ‘cat’, ‘color’, and ‘specific 
heat’ each refer to something or name something in a sense in 
which logical words such as ‘or’ or ‘some’ could not by any stretch 
of the imagination be said to name anything. What the distinction 
is, is thus clear. To convince one’s self tha t it is worth making one 
merely has to reflect that in spite of this peculiar feature of logical 
words, namely, their not referring to anything, no langauge could 
conceivably get along without them. But let me here add a word 
of caution that applies equally to all further distinctions. The 
illustrations I have chosen are clear-cut. Our natural languages, 
though, English, French, German, and so on, are built for expedi
ency, not for the purpose of exhibiting logical structure. About 
some words of a natural language there may therefore be doubt 
whether they belong to the one kind or to the other or, perhaps, 
depending on how they are used, to both. At this point the ana
lytical philosopher appeals to the schematic languages constructed 
by the mathematical logician. In such schemata the distinctions 
are clear-cut. We had better realize, though, that this method 
raises the question whether one may for the purposes of philo
sophical analysis without loss or violence replace our natural 
languages by those schemata. The question must be argued. The 
answer is affirmative. I shall of course not present the very in
volved argument on this occasion.

The dichotomy we must consider next is one among sentences. 
Take the two sentences ‘Either it is raining or it is not raining’ 
and ‘If everything is green then this is green’. The members of the 
class they exemplify are called analytic. Take next ‘Peter is tall’ 
and ‘Water if heated boils’. These two sentences belong to the 
second class. Its members are called synthetic. The difference 
which makes the difference is that while a synthetic sentence says 
something, an analytical one is tautological or empty. Accordingly, 
whether a synthetic sentence is true or false depends on what is 
the case. An analytic sentence, since it says nothing about the
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world, could not possibly be false. It fits well with this that 
whether or not a sentence is analytic does not depend on the mean
ing of the descriptive words which occur in it. Or, to say the same 
thing positively, whether or not a sentence is analytic depends only 
on its form, that is, on the logical words in it and on the order and 
arrangement of the descriptive words it contains. But then, one 
may wonder why anyone should bother with analytic sentences at 
all. At first sight it would appear that, saying nothing, they are 
merely the pathological limiting case of sentences. To understand 
why the appearance is deceptive, one only needs to remember the 
crucial role of deductive inference. Take Euclidean geometry. 
Every Euclidean theorem, those already known as well as those still 
to be discovered, is a deductive consequence of the Euclidean axioms. 
What holds for geometry holds equally for every scientific theory. 
Deductive inference is thus crucial; and there is only one way to 
explicate what we mean by deductive inference. The conclusion C 
can be deduced from the premiss P if and only if the compound 
sentence ‘If P then C’ is analytic. Presently I shall return to the 
point; but it will pay if we familiarize ourselves with one more 
dichotomy among words.

Assume that a foreigner who does not know English very well 
comes for the first time across the word ‘mare’. If he asks us what 
it means we can do either of two things. If a female horse is at 
hand we can point a t it and say ‘This is a mare’. In this case our 
foreigner learns the meaning of the word directly. Or we could say, 
without pointing at anything, ‘A mare is a female horse’. In this 
case we have provided the questioner with a definition. If he knows 
what ‘horse’ and ‘female’ mean, he will then also know what ‘mare’ 
means. Now it is immediately evident that we could not possibly 
learn the meaning of all words by definition. The meaning of at 
least some descriptive words, for instance, can be acquired only 
by becoming acquainted with their referents. On the other hand, 
it is one of the most important philosophical ideas tha t we could, 
in principle, get along with an amazingly small number of undefined 
words, introducing all others by definitions. Words are thus in 
principle of two kinds, either defined or undefined  (basic). In a 
schematic or artificial language the distinction is again clear-cut. 
To grasp its philosophical significance one merely has to consider 
that, with one exception, to which I shall attend at the end, even 
the most abstract descriptive terms of science, with whose referents 
we are not directly acquainted, can be defined by means of a basic 
descriptive vocabulary with whose referents we are so acquainted. 
At the moment, though, I am more interested in the defined logical
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words. A defined word, by the way, is descriptive if and only if at 
least one basic descriptive word occurs essentially in its definition; 
it is logical if only logical words occur in its definition.

Let me take stock. I have introduced you to three dichotomies. 
Sentences are either analytic or synthetic. Words are either logical 
or descriptive and either defined or undefined, which yields, in the 
familiar fashion, four possibilities. Modest as this apparatus is, 
it permits one to state intelligently and, I hope, intelligibly, one of 
the most fundamental results of recent philosophical analysis. All
arithmetical words, from the integers 1, 2, 3 ........ and the humble
‘+ ’ to the most complicated notions of higher analysis, are logical 
words. All arithmetical truths, from the simple ‘1 +  1 =  2’ to the 
most esoteric theorem about Hilbert spaces are analytic. The de
cisive idea is that, rather surprisingly, the integers themselves and 
the elementary operations among them can be defined in terms of 
indubitably logical words such as ‘and’, ‘or,’ ‘all’ and ‘some’. The 
great names connected with this discovery are Peano, Frege, and 
Russell. The classical document, though of course not the last word, 
is Principia Mathematica  by Russell and Whitehead.

Measurement is the assignment of numbers to objects or events 
according to certain rules. That is why it was necessary to begin 
as I did. Consider the two statements ‘5 +  3 =  8’ and ‘5 feet and
3 feet are 8 feet’. One who understands fully the differences and 
similarities between these two statements has the key to the logic 
of measurement; but even to state these differences and similarities 
one needs our little apparatus. At the moment I shall only mention 
the differences. ‘5 +  3 =  8’ is analytic. The *+’ in it, not naming 
anything, is a logical word of the kind called an operator, that is, it 
is a word that makes out of two or several words, in this case out 
of ‘3’ and ‘5’, an expression, in this case the phrase ‘5 +  3 ’, which 
functions itself in many respects like a word. The second state
ment, ‘5 feet and 3 feet are 8 feet’, is a synthetic sentence of the 
kind called an empirical law. The ‘and’ in it is a descriptive opera
tor. What it names, very elliptically, is what we do when we put 
two straight sticks end to end so that they are in a straight line 
and then, perhaps, either nail or glue them together. But I notice 
that I just used several words tha t need explication.

I shall not undertake to explain what a law is beyond mentioning 
that, as I use them, the word ‘law’ and the phrases ‘empirical law’, 
‘law of nature’, and ‘synthetic generality’ are synonymous. But it 
will be necessary for us to distinguish laws from what analytical 
philosophers call relations. Take Boyle’s law, pv =  c. Scientists 
often say that this law is or establishes a relation between the
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volume and the pressure of a quantity of gas at a constant temper
ature. Thus they use ‘law’ and ‘relation’ more or less synonymously. 
This usage blurs a distinction. Strictly speaking, a relation is a char
acter. Being taller, being contiguous, being later are three simple 
instances of relations. A relation, in other words, is like a property, 
the only difference being that while a property is exemplified by 
one thing, a two-term relation is exemplified by two things, a three- 
term relation, such as betweenness, by three things, and so on. 
Accordingly, relations are referred to either by words or by phrases 
which function like words. Laws are expressed by statements. Let 
‘Peter’ be the name of an adult elephant, ‘Paul’ that of an adult 
chihuahua. The sentence ‘Peter is taller than Paul’ says that a 
certain relation obtains between the individuals Peter and Paul. 
Accordingly, it contains the relational expression ‘is taller than’. 
But, not being a generality, it is not a law. Take next the sentence 
‘All crows are black’. I t is a generality or law. Yet it does not 
mention a relation. Accordingly, none of the four words in it is a 
relation term. ‘Crow’ and ‘black’ are the names of descriptive 
properties; ‘all’ and ‘are’ are nonrelational logical words. Take 
finally ‘An adult elephant is taller than an adult chihuahua’. This 
statement says that every individual of a certain kind stands in a 
certain relation to every individual of a certain other kind. It is 
therefore a generality or law. Also, this particular law does men
tion a relation, as the law ‘All crows are black’ does not. These 
examples should go a long way toward convincing anybody tha t we 
had better be careful about the way we use ‘law’ and ‘relation’1.

Relations are either descriptive or logical. Take two straight 
sticks, put them along side of each other so that one end of the 
one coincides with one end of the other. If in this position stick 
a protrudes beyond stick b, we say tha t a is longer than b. If the 
two ends we have not put together coincide, so that neither stick 
protrudes beyond the other, then we say that a and b are equally 
long. “Longer” and “equally long” are two descriptive relations. As 
it happens, they are also defined relations. I have, in fact, just de
fined them in terms of two other relations, namely, coinciding and 
protruding; nor would it be difficult to define protruding in terms of 
coinciding and thus our two relations in terms of coinciding alone. 
Notice also the following empirical law about straight sticks. Of 
any two sticks, either the first is longer than the second or the

1 I t is worth noticing tha t every empirical law can be construed as a sta te 
ment to the effect tha t the descriptive characters (up to and includins type n) 
mentioned in it satisfy a logical relation (of type » +  1). In this sense 
every empirical law has a “logical structure.” See also footnotes 2 and 3.
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second is longer than the first or they are equally long. Let us 
next provide ourselves with some instances of logical relations. 
Those obtaining among numbers are a very important kind of such 
relations. To be “divisible,” for instance, is a relation that may or 
may not obtain between integers. 6 and 3 exemplify this particular 
relation, 6 and 5 do not. “Sum” is a three-term relation exemplified 
by 5, 3, and 8 in this order and in the order 3, 5, 8 but not in any 
other order nor, say, by 5, 3, and 9. Again, to be “larger” and to 
be “identical” are logical two-term relations among real numbers 
and numerical expressions. Notice finally the following analytical 
truth. Of any two real numbers or numerical expressions either 
the first is larger than the second or the second is larger than the 
first or they are identical.

I just called attention to an empirical law for straight sticks, 
“Of any two (straight) sticks, either the first is longer than the 
second, and so on,” and to an analytic truth, “Of any two (real) 
numbers, either the first is larger than the second, and so on.” 
Clearly, there is some connection between these two generalities; 
the one, synthetic, about things; the other, analytic, about numbers. 
Clearly, this connection is essential for measurement, tha t is, as I 
put it, for the rules by which numbers are assigned to things or 
events. Equally clearly, I think, our task is therefore to state this 
connection both as precisely and as generally as possible. As to 
precision, I can of course not offer much on this occasion. As to 
generality, a few preliminary remarks are necessary.

So far I have spoken as if there were only two kinds of things 
in the world, individuals, whatever that may mean, and characters, 
either properties or relations, such that the characters are ex
emplified by individuals. Now we must rid ourselves of this simpli
fication. Properties and relations do in turn have properties and 
stand in relations to each other. Or, to say the same thing in 
Russell’s words, there are characters of different types. Consider 
the sentence ‘Green is a color’. If, as on this level of abstractness 
one must, we take our cue from grammar, the very fact tha t this 
sentence makes sense (it is even true) indicates that ‘color’ names 
a descriptive character of characters. For our purposes, though, 
the logical characters of characters are of particular interest. 
Transitivity, for instance, is such a character, as may be seen from 
our saying, truly, that the descriptive relation of being longer, 
which obtains among straight sticks, and the logical relation of 
being larger, which obtains among real numbers, are both transi
tive. As everybody knows, a two-term relation is called transitive 
if and only if, for any three things, it obtains between the first and
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the third provided it obtains between the first and the second as 
well as between the second and the third. Since I just defined it, 
transitivity obviously is a defined relation2. As to its being logical, 
one merely has to convince one’s self that the definiens, that is, 
the clause following ‘if and only if’ in the definition I just wrote 
down, contains only logical words. This is indeed so. The only two 
words about which one could have any doubts are ‘thing’ and ‘re
lation’. In a schematism these two words would be represented by 
what are called variables of unlimited range. That such variables 
are logical signs is indeed plausible. Even so, the case must be 
argued; it can of course be argued; but I am sure you will not ex
pect me to expound so subtle a point in the philosophy of logic 
proper on this occasion. I instead call your attention to the fact 
tha t when we say of a descriptive character that it has a certain 
logical character, e.g., that being longer is transitive, then we state 
an empirical law, while when we say the same thing of a logical 
character, then we state an analytic truth.

We notice, then, that the descriptive relation of being longer, 
whose field is the class of (straight) sticks, shares a logical property, 
namely, transitivity, with the logical relation of being larger, whose 
field is the class of (real) numbers. It is easily shown that the same 
holds for the descriptive relation of being equally long in the field 
of sticks and the logical relation of identity in the field of numbers. 
They, too, share some logical properties, e.g., they are both sym
metrical, transitive, and reflexive. Similarly, there are certain 
logical relations exemplified by longer and equally long in the field 
of sticks as well as by larger and identical in the field of numbers3. 
I shall express this state of affairs by saying that the two fields, 
that of sticks and that of numbers, share with respect to these 
two pairs of relations a certain structure, or a certain logical 
structure. This, by the way, is one specific meaning of that desper
ately vague word, structure. I hurry to add that the word field, 
in the sense in which I use it here, also can and must be defined 
precisely. But I trust no harm will be done if, for brevity’s sake, 
I shall continue to use it without further explication.

3 There are no undefined logical relations.

3 Let R  be the logical relation between two relations r  and s that is defined by 
Df.

R (r , s) — {x, y, z) [r (x , y) ■ s(x, z) D s(y,  *)■].

Substitution of ‘equally long’ and ‘longer’ for ‘r’ and ‘s’ respectively yields, 
for the case of length, one of the axioms of rank  order.
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I am now ready to generalize from our example. Consider two 
classes of objects (I use ‘object’ very broadly, really only to fill the
need for a grammatical “object”), a, b, c, ............. and a, p, y,
............. . such tha t the first is the field of 11 relations, ru r2,
.......... , r,„ the second the field of 11 other relations, pi, p2, ps,
................ p„.  Assume that these two groups of relations share a
certain logical structure in which /■, corresponds to pi, r2 to p2, and 
so on, up to and including n, as in our example being longer and 
equally long correspond to being larger and being identical, re
spectively. If this is so, then it will often be possible to coordinate 
to each object a of the first field one and only one object a of the 
second field so that a certain relation r obtains among objects of 
the first field if and only if the corresponding relation P obtains 
among those objects of the second field which are coordinated to 
them. Again I must warn you that all this is not as precise as it 
can and must be made. But again, it will serve our very limited 
purpose. In the case of measurement, the a and the p are of course 
the numbers and the arithmetical relations among them ; the ob
jects a and the relations r are the things we measure and the de
scriptive relations among these things. What makes measure
ment possible is tha t the two fields share a certain logical structure. 
But then, as we just saw, to say that a descriptive relation or a 
group of such has a certain logical structure is the same thing as 
to say that these relations satisfy certain empirical laws. It follows 
that measurement can be introduced into a field if and only if the re
lations which obtain among its things fulfill certain empirical laws.

I am virtually certain that some of you are ready to question 
the value of all this strained and studied generality. Let me antici
pate this sort of criticism. With respect to our example I have, 
roughly speaking, said no more than this. Since any two straight 
sticks are either equally long or one is longer than the other and 
since being longer is transitive, one can to each stick so coordinate 
a number that (1) two sticks are equally long if and only if the 
numbers coordinated to them are identical and that (2) one is longer 
than the other if and only if the number coordinated to the former 
is larger than that coordinated to the latter. (This, by the way, is 
merely a rank order and therefore not yet as desirable a measure
ment as can be established in view of the so-called additivity of 
length.) I grant cheerfully that you have known this before. Yet 
I insist that there was some point to our labors. The example is 
obvious. Naturally; examples ought to be obvious. The point is 
that the formulation I based on it is so general that it comprehends 
everything and anything any scientist, either physical or bio
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logical or behavioral, ever called and, I venture to predict, ever 
will call measurement. If, for instance, some among you wonder 
whether the formulation also comprehends what physicists call 
vectors (behavior scientists speak of multiple scores or profiles), 
let me remind them that what goes for numbers also goes for 
ordered pairs, triples, and n-tuples of numbers, if for no other 
reason than th a t these latter entities are themselves defined in 
terms of numbers. The generality we achieved is thus complete; 
and to have achieved such generality is the same thing as to have 
analyzed or explicated the logical nature of measurement. In what 
follows I shall support this contention by showing tha t some fur
ther comments, which are I think of some interest, all flow from 
our general formulation.

Measurement, I suggested, is the assignment of numbers to 
things according to certain rules. The word rule in this formula 
is ambiguous. Yet I used it deliberately, because I was then not 
ready to dissolve the ambiguity. Now I am. One meaning of ‘rule’ 
is that of convention. Rules in this sense are arbitrary or matters 
of social agreement. Another meaning of ‘rule’ is that of law of 
nature; and there is nothing arbitrary or conventional about laws 
of nature. As to our formula, I now amend it to read tha t measure
ment is the assignment of numbers to things according to both laws 
and conventions. The laws on which measurement is based are of 
two kinds. To distinguish among them, it will be convenient to 
introduce a new term. Instead of always speaking laboriously of 
a field and the descriptive relations within it, I shall, as one usually 
does, speak of a dimension. Measurement may then be based on 
no other laws than those within the dimension, that is, on no other 
laws than those connecting its descriptive relations. Such measure
ment is called fundam ental. This is the only case we have so far 
considered. Or measurement may also utilize laws that connect 
the characters of one dimension with those of others. Such mea
surement is called derived. I shall attend to it presently. As to 
the conventions entering measurement, we often find that even if 
we utilize as many empirical laws as we possibly can, the co
ordination of numbers to things is not yet uniquely determined. 
Consider two obvious examples. If the empirical laws utilized are 
those of a rank order and of nothing else as, for instance, in the 
Mohs hardness scale, then any assignment of numbers tha t pre
serves the order is as good as any other. But even in the case of 
a measurement as desirable as the ordinary measurement of length 
the choice of the so-called unit is still a matter of convention. The 
result of the assignment of numbers to the things of a dimension
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according to certain laws and conventions is called a scale. Thus 
we are led to make another distinction. We had better not confuse 
a dimension with the several scales tha t may be constructed to 
measure it.

Straight sticks can be ranked. In such a rank order a one-inch 
stick may receive rank 1, a seven-inch stick rank 2, a 19.5-inch 
stick rank 3, and so on, quite wildly, provided only that the longer 
stick always receives the higher rank. But sticks can also be 
measured in the ordinary way, say, in inches. Everyone agrees that 
the second measurement is more desirable or better than the first. 
This agreement sets us the task of stating exactly what it is that 
we mean when we express such preferences. The answer is not 
difficult. The essence of measurement is tha t some arithmetical 
relations among the numbers assigned correspond, by virtue of a 
shared logical structure, to descriptive relations among the things 
to which they are assigned. The measurement we prefer to others 
is so constructed that a m axim um  number of arithmetical relations 
has such descriptive correlates or, as one also says, empirical mean
ing. In a mere rank order, for instance, the so-called equality of 
differences has no empirical meaning. Specifically, it makes no 
sense to say that the difference in hardness between two minerals 
of Mohs ranks 2 and 4 is equal to that between two minerals of 
ranks 7 and 9. What holds for a rank-order hardness also holds 
for a rank-order length. In ordinary length measurement, on the 
other hand, the equality of differences has a familiar meaning to 
which I shall presently attend. First, though, I should like to 
make another point. The first one who saw it was, as far as I 
know, the great Helmholtz, in his essay “Ueber Zaehlen und Mes- 
sen.”

It follows from our explication that counting is not a species 
of measuring, or perhaps better, mere counting is not yet measuring. 
The reason is that numerosity, that is, being of a certain number, 
is a logical property of classes, not of things, and tha t the grouping 
of things in classes, in the sense of ‘class’ which is here relevant, 
is arbitrary in a sense in which the grouping of things on the basis 
of the descriptive characters they exemplify is not. This, however, 
is not to deny that counting may be an ingredient of measuring. 
It very often is. If, for instance, we assert that a certain ledge is 
three inches long, we have counted the layings-off of a unit. But 
then, these layings-off are the descriptive relational ingredient 
that is not to be found in mere counting.

The peculiar excellence of ordinary length measurement rests 
on tha t feature of the dimension which is known as additivity.
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Again, I am sure that you know what is involved. To remind your
self, remember the two sentences with which I started, ‘5 +  3 =  8’ 
and ‘5 feet and 3 feet are 8 feet’. I shall again state the matter as 
generally as possible. A dimension is called additive if and only if 
it permits of an operation within it that fulfills two conditions. 
(1) The operation, called “physical adding,” coordinates uniquely 
to any two objects of the dimension a third, called their “physical 
sum.” (2) The descriptive operator has the logical structure of 
arithmetical addition. In the case of length the physical operation 
consists, schematically speaking, in laying two straight sticks end 
to end in a straight line and then either nailing or gluing them 
together. Now for two comments. First: Notice tha t I spoke of 
operations within the dimension. What that excludes is best 
shown by examples. Take temperature, which is a linear but not 
an additive dimension and assume that a rank-order scale for it 
has somehow been constructed. Suppose tha t someone proposes 
to make this rank order additive by defining as the “sum” of ranks 
Tx and T2 the rank T1 T2. We shall point out to him tha t he has 
done nothing of the sort, since in his definition no physical oper
ation is mentioned. All he has said, in a rather misleading manner, 
is that the number 7\ +  7’2 is the arithmetical sum of the numbers 
T i and T2. Assume next tha t someone else proposes as the physical 
sum of temperatures 7\ and T2 the temperature T  tha t prevails 
in two objects, originally of temperatures 7\ and T2, respectively, 
after they have been brought into contact and thermic equilibrium 
has established itself. This time there is a physical operation. Un
fortunately, it does not fulfill our first condition. 7” , as we all 
know, is not uniquely determined by 7\ and T2. This defect, how
ever, can be remedied. If we specify that the two bodies are to be 
of the same weight and of the same chemical composition, then T' 
is uniquely determined by 7\ and T2. Thus, our first condition 
being fulfilled, it would seem that we have at least a candidate for 
a physical sum. Again, we all know that however the rank order 
may have been scaled, this operation does not fulfill our second 
condition, tha t is, it does not have the logical structure of addition. 
This, though, is not the point I want to make. The point is, rather, 
that even if the second condition were fulfilled, the operation 
would still not be one within the dimension since, in order to secure 
the definiteness of T' we had to draw upon extraneous factors,
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namely, the dimension of weight and chemical composition4. Sec
ond: Notice tha t I spoke throughout of the additivity, not of a 
scale, but of a dimension. To grasp this point, consider again 
length, this time scaled logarithmically, that is, the way we actually 
measure it when we use a slide rule. With this scale the number 
assigned to the physical sum is not, as with the ordinary scale, 
the arithmetical sum but, rather, the arithmetical product of the 
numbers assigned to its physical constituents. All one can say, 
therefore, is this. If a dimension is additive, which is an empirical 
matter and not one of scales, then it can always be so scaled that, 
as in the case of ordinary length, the number assigned to the 
physical sum is the arithmetical sum of the numbers assigned to 
its physical constituents.

We have come upon a new question, namely, whether it is merely 
a m atter of habit that we prefer, as we actually do, except for 
some very special purposes, the ordinary foot-rule scale to the slide- 
rule scale of length. The answer, which is again quite general, is 
this. Other circumstances being equal, we prefer tha t scale which 
gives to a maximum number of laws, or, perhaps, to a  certain group 
of laws in which we are specially interested, the simplest mathe
matical form. In a sense there are thus rational grounds for this 
kind of preference, too. If I say “in a sense,” it is because I, for 
one, believe that the notion of simplicity itself is by no means 
simple, or, perhaps better, that it is essentially a psychological 
notion. This, however, is a long story and a rather controversial 
one a t that. So I shall assume that we know what we mean by 
mathematical simplicity and show next how this notion operates 
in the case of derived measurement.

With a few idealizing assumptions it is possible to introduce 
through fundamental measurement a rank order in the dimension 
known as density. In the case of nonmixing liquids, for instance, 
we discover that when we pour any two of them together either one 
always goes to the top or the one poured last, whichever of the two 
it may be, stays at the top. On these two empirical relations a rank 
order can be based. Such a rank order may be quite wild; say, 
olive oil 1, water 2, concentrated sulfuric acid 17, and so on. Assume

* Some might object tha t by analogy with this example even mass and weight 
would not be additive and, perhaps, not even rankable within the dimension 
since, if we use a balance based on the lever principle, we must specify tha t 
its arms are of equal length. I would answer tha t in this case the extraneous 
dimension, length, is not, as in my example, a relevant property of the ob
jects to be scaled. Or, to speak metaphorically, the balance plays the role of 
a parameter, not that of a variable.
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next that we have also discovered the law that connects this
J

dimension with two other ones, namely, weight and volume, each 
of which is additive and already provided with a scale very rich 
in empirical meaning. The law is, of course, that the rank order 
we established by fundamental measurement is identical with that 
produced by the quotient of weight over volume. Under the cir
cumstances we may choose these quotients themselves as the 
numbers of our original rank order. What we achieve by this 
choice is that the law connecting the three dimensions takes the 

W
simple form d — I am sure y°u see how this example hits two

birds with one stone. It shows how arithmetical simplicity enters 
and it also shows what we mean by derived measurement. For de
rived measurement, you remember, is measurement that utilizes 
the laws which connect the characters within a dimension with 
extraneous ones. Ordinary density is thus a derived scale with 
weight and volume as the extraneous dimensions. In the case of 
density, we saw, fundamental measurement within the dimension 
is, a t least in principle, possible. But there is also the possibility 
of defined magnitudes such tha t no scale can be based on any re
lations among them, so that we can in their case no longer strictly 
speak of a dimension. Even in these cases very satisfactory mea
surement may be possible. All tha t is needed is that the defining 
magnitudes be satisfactorily scaled. The definition then yields auto
matically a meaningful scaling of the magnitude defined. That is, 
as it were, the limiting case of derived measurement. The centi- 
meter-gram-second units of theoretical physics are probably the 
most important application of this idea.

I am ready to sum up. Details and some unavoidable prepa
rations apart, I have asked and answered two questions. The first 
question was: How is it possible for arithmetical relations among 
numbers assigned to things to mirror descriptive relations among 
these things themselves? The answer is: By virtue of a shared 
logical structure. The second problem with which I dealt is in both 
question and answer a corollary to the first. The question w as: On 
what rational grounds do we prefer one measurement to another? 
The answer is: We call that measurement best which manages to 
endow a maximum of arithmetical relations with empirical mean
ing. A little reflection will show you that these are the only two 
problems with which, however sketchily, I have dealt. They are 
indeed the logical heart of the matter, although they are not the 
whole of it. In conclusion I shall therefore at least mention four 
further issues that arise in the logical analysis of measurement.
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1. There is an important difference between, say, assigning a 
number to the momentary strength of an electric current in a wire 
and assigning numbers to the momentary position or velocity of an 
electron. The difference is not that in the case of the current we 
read the number directly from a dial while in the other case, that 
of the electron, we obtain it by computation from the number or 
numbers read from one or several dials. The difference is, rather, 
that the strength of a current can be defined in terms of what we 
are directly acquainted with while such entities as electrons belong 
to what is called a model or, more generally, a partially interpreted 
calculus. I t follows that in the case of the electron the numbers 
assigned depend essentially on the features of the model itself as 
well as on the way it is fitted to what we are acquainted with. To 
appreciate the importance of the distinction consider the possibility 
that by the very way the model is constructed and fitted it yields, 
even upon the most accurate measurement, not a definite value of, 
but merely a range for, say, the position of an electron. Clearly, 
such indeterminacy in assignment must be distinguished from what 
could reasonably be meant by a lack of accuracy in measurement. 
As you know, situations whose analysis requires this distinction 
actually occur in modern physics.

2. No measurement yields or ever will yield a real number. In 
the ordinary course of events we are satisfied with two or three 
digits; to ascertain reliably five or six digits is, as every scientist 
knows, a major effort. All we obtain operationally are thus frac
tions. In our computations we nevertheless consider those frac
tions as real numbers or as approximations to such. The advantage 
of this procedure is essentially computational, tha t is, logical. That 
it is advantageous, there is no doubt. The question that arises 
concerns the legitimacy of the jump from the fractions which we 
actually obtain through physical operations to the real numbers 
with which we “operate” verbally. The answer is that whenever 
we do mention real numbers in synthetic statements we have in 
effect introduced a partially interpreted calculus.

3. I just spoke several times of accuracy and once of reliability. 
These words, too, stand in need of elucidation. Reliability is a 
statistical notion, defined by some such terms as, say, the inverse 
standard deviation of a series of successive measurements. What 
I mean by precision is, simply, the number of digits of a given unit 
ascertained in a single measurement. The word accuracy is, I be
lieve, often used very inaccurately. The two clear notions are 
reliability and precision. When we speak of accuracy, we mean
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either the one or the other or, perhaps, some ill-defined compound 
index of both.

4. Imagine a temperature measurement so precise tha t the 
heat exchange between the measuring instrument and the system 
measured cannot be neglected. In this case we do not expect re
peated measurements to yield the same result. Quite to the con
trary, we would be baffled if they did. This shows tha t the ex
plication of reliability I just suggested is not yet as general as it 
could be and, therefore, ought to be. The general issue involved is 
that of the interaction, or possible interaction, between the object 
measured and the yardstick with which we measure it. This issue, 
too, arose in a rather radical form in modern physics. Its analysis 
leads far beyond the limits of this very elementary discussion.*
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INDIRECT METHODS OF RIVER DISCHARGE
MEASUREMENT

b y

J. S. C r a g w a l l , .Jr .

U. S. Geological Survey, Washington, D. C.

I n t r o d u c t i o n

The United States Geological Survey is one of the federal 
agencies designated to collect data pertaining to the water resources 
of this country. Among its responsibilities is measurement of 
stream flow. The determination of peak discharges of floods, no 
small part of the stream-gaging program, becomes an important 
and challenging task.

Stream flow is usually measured by the familiar current-meter 
method. Oftentimes during floods, and for many good reasons, how
ever, current-meter measurements cannot be obtained. For defi
nition of floods under such conditions, peak discharges can fre
quently be measured by so-called indirect methods. It is the pur
pose of this paper to describe these indirect methods of river-dis- 
charge measurement.

B a s i s  o f  I n d i r e c t  M e t h o d s

Discharge in a reach of channel is related to the water-surface 
profile and the hydraulic characteristics of the channel. Definition 
of water-surface profiles from high-water marks, and channel 
characteristics from a survey of channel size, geometry, and rough
ness constitute the basis of indirect methods of river-discharge 
measurement.

The water-surface profile is an important element in an indirect 
measurement. Not only must its elevation be known, but even more 
important, its changes within the reach of channel under con
sideration. These changes in profile are primarily the result of 
(1) energy losses due to bed roughness, eddies, etc., and (2) ac
celeration. For a relatively uniform reach of stream channel, the 
change in water-surface profile results largely from bed roughness. 
At sudden contractions, such as bridges, culverts, and dams, the 
surface profile reacts to the influence of acceleration; tha t is, the 
change in profile reflects primarily a change in energy from potential 
to kinetic.
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N e c e s s i t y  f o r  I n d i r e c t  M e t h o d s

The necessity for indirect methods of measurement becomes 
apparent following any widespread flood of unusual magnitude. 
The great flood of July 1951 in Kansas and Missouri is a striking 
example. That flood reached such extremes of stage and discharge 
that it was found impossible to carry on the normal stream-gaging 
program in the flooded area. Travel during and immediately fol
lowing the flood period was at a standstill. Even had it been 
possible to reach gaging sites, the structures from which measure
ments would normally have been made were, for the most part, 
destroyed, overflowed, or bypassed by wide and swift overbank 
flows, making impossible the measurement of discharge by current 
meter. Because of these and other difficulties, few direct measure
ments of peak, or near-peak, flows were made. For a flood of such 
extreme and widespread proportions, however, it was imperative 
that discharges be adequately defined.

Soon after the recession of the flood, operations were begun to 
determine peak discharges by indirect methods at gaging stations 
and other critical points in the flood area. Engineers from Geologi
cal Survey offices all over the country—men experienced in in
direct methods of measurement—were quickly dispatched to the 
flooded area. This group, with the assistance of some personnel 
from other agencies, State and Federal, manned numerous field 
parties for securing the necessary surveys, computed the flood 
records, and prepared reports thereof.

The magnitude of the task and the coverage obtained are illus
trated on Fig. 1, a map of the Kansas River basin. Shown thereon 
are 88 sites where discharge was determined, most of them at es
tablished gaging stations. At 50 of those sites, peak flows were 
defined by indirect methods. Over the entire area encompassed 
by the flood, discharge was defined at 182 sites, at which, for 68, 
indirect methods of measurement were applied in defining flood 
peaks.

This concerted effort was rewarding. In later basin-wide flow 
comparisons using flood-routing techniques, flood discharges (peaks 
and volumes) were found consistent to an encouraging degree. 
Where possible, comparisons with stage-discharge ratings defined 
by current meter indicated that ratings defined by indirect methods 
were reliable.

The Kansas-Missouri floods of July 1951 are reported in Water- 
Supply Paper 1139 [1]. That the flood data contained therein were, 
to a great extent, based on indirect methods of flow measurement, 
indicates the practical necessity for and the value of indirect
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methods. Unquestionably, the quantitative description of the 
Kansas-Missouri floods of 1951 would not be so complete nor the 
data nearly so reliable had methods of indirect flow measurement 
not been applied.

The foregoing is an outstanding single example of the value 
and necessity for using indirect methods. Their worth can further 
be attested by the fact tha t annually, on the average, the Geological 
Survey makes about 600 determinations of peak discharge by in
direct methods.

I n d i r e c t  M e t h o d s  C l a s s i f i e d

Indirect methods of river-discharge measurement are grouped 
into four major categories for ease of application and reference. 
These are (1) slope area, (2) contracted opening, (8) flow through 
culverts, and (4) flow over dams. The four classifications although 
somewhat arbitrary, have been found convenient in setting up field 
and office procedures. Occasionally an indirect measurement will 
involve a combination of methods or another method of solution 
outside of these general classes.

The slope-area method is the most frequently used, especially 
on the large rivers, primarily because a natural reach of channel 
acceptable as a slope-area reach can usually be found. Contracted- 
opening, culvert, or dam sites are used whenever conditions are 
favorable. The change in water-surface profile through a slope- 
area reach results primarily from channel roughness and, hence, 
the ability to select proper roughness coefficients is a measure of 
the accuracy of the computed discharge. The contracted-opening, 
flow-through-culvert, and flow-over-dam methods involve abrupt 
contractions and, hence, the changes in water-surface profile re
flect mainly changes in energy form, and the value of the roughness 
coefficient becomes less important.

S l o p e - A r e a  M e t h o d

In the slope-area method, discharge is computed on the basis of 
a uniform flow equation involving channel characteristics, water- 
surface profiles, and a roughness or retardation coefficient. The 
change in water-surface profile for a uniform reach of channel 
represents losses caused by bed roughness.

In application of the slope-area method, any one of the well- 
known variations of the Chezy equation might well be used. The 
Geological Survey uses the Manning formula. This formula was 
originally adopted, as it has been by many engineers, because of its
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simplicity of application. Many years of experience in its use have 
now been accumulated. That it has become a medium through 
which reliable results can be obtained, justifies its use.

The Manning formula, written in terms of discharge, is

where

Q =  discharge, in cfs 
A — cross-sectional area, in sq ft 
R =  hydraulic radius in ft 
5 =  energy gradient, or friction slope 
n =  a roughness or retardation coefficient

Manning’s formula, as originally developed, was intended only 
for uniform flow where the water-surface profile is parallel to the 
stream bed and the area and hydraulic radius remain constant 
throughout the reach. In spite of these limitations, since a better 
solution is lacking, the formula is used for the nonuniform reaches 
that are invariably encountered in natural channels. The only justi
fication for such use is tha t of necessity; however, several factors 
in the formula are modified in an attempt to correct for non
uniformity.

A description of the method used in computing river discharge 
by the slope-area method is discussed in conjunction with Fig. 2,

F i g . 2 .  D e f i n i t i o n  S k e t c h  o f  a  T w o - S e c t i o n  S l o p e -A b e a  R e a c h  ( N o t  t o  S c a l e )

(1)

o|
UJ-</>!

-J—
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L
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a definition sketch of a two-section reach which is gradually con
tracting in direction of flow. Cross sections A and B are selected as 
being representative of the channel between A and B. The term 
[ (1.486//?) A7?2/3] contains the several factors descriptive of 
channel characteristics and is labeled “conveyance” K. For the 
reach A-B, because it is not truly uniform, conveyance is expressed 
as the geometric mean of the conveyances of the two sections, in 
this w ay: K =  \ /K A Iiu

For the contracting reach, the drop in water-surface profile 
Ah  is not entirely a result of friction loss hf, but also reflects the 
acceleration between sections A and B. It the S term in Manning’s 
formula is taken to represent friction slope only, then the drop in 
water level Ah must be adjusted by the change in velocity head. 
Friction slope may be expressed as

where K represents the average conveyance of the reach and S the 
energy gradient or friction slope.

In this manner Manning’s formula is applied to gradually-varied 
flow in natural channels. Admittedly, assumptions have been made 
tha t greatly oversimplify the complex functions inherent in non- 
uniform flow. This treatment, however, provides a logical method 
to which experience can be related, and when a given problem is 
within the accumulated experience range, it has been found that 
reliable results can generally be obtained.

Note tha t a moderately contracting reach is illustrated in Fig.
2. The practice of using such reaches—reaches that are contracting 
gradually and to moderate degree in the direction of flow—has be
come standard Survey procedure. Contracting reaches have been 
found to yield a consistent scale of values in the Survey’s rough- 
ness-investigation program. On the other hand, expanding reaches 
have not, probably because of unknown energy losses and velocity 
distributions associated with the diverging flow patterns. Uniform 
reaches are not intentionally avoided, but in reality can rarely be 
found. By searching for slightly contracting reaches, expanding 
reaches can at least be avoided. Contracting reaches also are favored 
for other reasons. For example, any errors involved in estimating 
n affect the discharge result to a lesser degree than in expanding

L

The discharge formula, therefore, may be condensed to 

Q =  KS1'2 (2)
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reaches, owing to the effect of the velocity-head correction involved 
in computing the energy gradient S.

Coefficients

Selection of the roughness coefficient n is a critical step in a 
slope-area measurement, so much so because personal judgment 
cannot be entirely eliminated. Moreover, for a natural channel the 
coefficient is descriptive of losses other than bed roughness. Bank 
irregularities, channel meanders and curvature, overhanging trees, 
and many other retarding influences tha t defy quantitative de
scription are present. Tables of n values as found in many hy
draulic texts provide little assistance to the inexperienced, unless 
very large errors are permissible.

The Geological Survey has attempted to devise a useful and 
reliable reference index of n values. The project has been under
way for several years. For streams representing a wide variety 
of conditions, and where peak discharges are known, slope-area 
measurements are obtained for the purpose of computing 11 values. 
Comprehensive photographic coverage, in three-dimensional color, 
is secured for each definition reach. These pictures are duplicated 
in sufficient quantity to place a reference slide file in each district 
office of the Surface Water Branch. Such a file enables the less 
experienced engineer to select an n value for a channel under con
sideration by a near-realistic and visual comparison of that channel 
with similar channels having defined coefficients. Values of n 
ranging from 0.028 to 0.075 are presently included in this reference 
file; additions to it are continuing.

The roughness-definition program has been limited to simple 
and single channels of approximate trapezoidal shape, sometimes 
referred to as unit channels. As would be expected a multiplicity 
of channel shapes are encountered in the field. Some of these, the 
so-called compound channels, frequently require subdivision to 
account for variations in shape or roughness. The conveyance K 
of a subdivided section is taken as the sum of the conveyances 
Ku K2, . . . .  of each subsection. This procedure focuses attention 
on the treatment given to the velocity head at each cross section. 
As noted on Fig. 2 and in the previous discussion on computing 
friction slope, the velocity-head factor includes the coefficient a. 

This coefficient is arbitrarily taken as unity for channels of unit 
shape. For compound, subdivided channels, a for a cross section is 
estimated by the formula

(AY/Ai2) +  (A23/A22) +
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The foregoing expression, a means of separating the effect of 
velocity distribution, allows the coefficient n to be more nearly 
described as a roughness factor for all channel shapes.

Research

The nationwide program of evaluation of roughness coefficients 
is a continuing one. While the nucleus of a reference slide file is 
presently available and more examples are being processed, a 
broadening of the range of conditions is continually sought. For 
example, definitive studies on extremely rocky and steep channels 
and on sand channels are active field projects. Definition is needed 
for high values of n encountered in heavily brush-covered channels 
such as those encountered in the southeastern sections of this 
country.

The work of other investigators concerning resistance to flow 
in rough channels such as Powell [2, 3], and Robinson and Albert
son [4J, has been studied with interest. Resistance to flow in pipes 
has undergone intensive investigation with considerable success. 
It is hoped that similar treatment of open-channel flow will lead 
eventually to equations of maximum practical usefulness in natural- 
channel work.

C o n t r a c t e d - O p e n i n g  M e t h o d

A highway or railroad crossing of a river channel is generally 
so constructed as to impose an abrupt width constriction upon 
flood flow. At such constrictions the contracted-opening method of 
measuring peak discharge can be applied.

At an abrupt width constriction in a reach of channel, as shown 
in the definition sketch of Fig. 3, the change in water-surface pro
file between an approach section (1) and contracted section (3) re
sults largely from the acceleration within the reach. Because the 
reach is so short, friction loss is of little importance; thus, the 
effect of possible errors in selecting roughness coefficients n is 
greatly minimized.

The drop in water surface between sections 1 and 3 is related 
primarily to the corresponding change in velocity. By writing the 
energy and continuity equations between sections 1 and 3, we 
obtain the discharge formula
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Q = CA3\ / 2 g(ah +  ^ L - h ()

F i g . 3 . D e f i n i t i o n  S k e t c h  o p  a n  O p e n -C h a n n e l  C o n s t r i c t i o n

In this expression,

Q =  discharge, in cfs
Az =  area of section 3, in sq f t
A/i =  difference in water-surface elevation, in ft, be

tween sections 1 and 3
a V  2ai 9 1 =  weighted average-velocity head, in ft, at section 1

hf —  friction loss, in ft, between sections 1 and 3
C =  a discharge coefficient

For many years the contracted-opening method was patterned 
after the methods used by the Miami Conservancy District as re
ported by Ivan E. Houk [5]. The method employed was essentially 
the same as that embodied in Eq. (3)—a form of the combined 
energy and continuity equations. Only limited information was
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available, however, to aid in estimating values of a discharge co
efficient.

In February 1951 the Geological Survey initiated a research 
project at Georgia Institute of Technology on flow through single
opening constrictions. This investigation resulted in a better under
standing of the mechanics of flow through width constrictions in 
open channels and led to development of an improved method for 
computing peak discharge through bridge waterways. The in
vestigation was reported by Kindsvater and Carter [6, 7], and in 
Geological Survey Circular 284 [8],

The applicability of the method in general, as used previously 
and as expressed by Eq. (3) was confirmed. Factors largely deal
ing with the influence of the channel and constriction shapes not 
previously recognized as significant, however, were found to have 
an important bearing upon the discharge coefficient C. Thus, 
emphasis on the experimental evaluation of C for a wide range of 
variables generally encountered in field problems became the pri
mary objective of the latter phase of the investigation.

Discharge Coefficient

In the laboratory investigation, the discharge of coefficient C 
in Eq. (3) was taken to represent the combination of a coefficient 
of contraction, a coefficient accounting for eddy losses due to 
the contraction, and the velocity-head coefficient a3 for the contracted 
section.

The discharge coefficient was found to be a function of certain 
governing geometric and fluid parameters; i.e.

C =  f (degree of channel contraction, geometry of con
striction, Froude num ber)

Of all the factors influencing the coefficient of discharge, the de
gree of channel-contraction m  and the length-width ratio of the 
constriction L /b  were found the most significant.

Perhaps the most important new concept resulting from the 
laboratory investigation was tha t pertaining to definition of channel- 
contraction for channels of irregular shape. I t was found that 
channel contraction could be described as a measure of that part 
of the total flow which is required to enter the contracted stream 
from the sides—from the lateral regions upstream from the em
bankments. Thus m, the channel-contraction ratio, is defined by 
the equation
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m Q  —  q  ! </ 

Q  ~  Q

where Q is the total discharge and q the discharge that could pass 
through the opening without undergoing contraction.

This concept has particular advantage in connection with bridge- 
waterway problems in tha t the degree of channel-contraction for 
irregular, natural channels can be computed as a ratio of hydraulic 
conveyances. Even for considerable variations of depth, alignment, 
and roughness in the approach channel, a procedure for evaluating 
m  is given by

m 1
K„ Ki,

(4)
K q K q

The above notation is explained in the definition sketch of Fig. 4.

Kq Kq + Kb
Is I---Ty" = --- 77------

F i g . 4 . D e f i n i t i o n  S k e t c h  o f  C h a n n e l -C o n t r a c t i o n  R a t i o
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The Froude number F was found to have a relatively minor 
effect upon C for most geometry types over the range of F  tested. 
The investigation was confined to flow within the tranquil range.

The coefficient C was defined for four constriction types simu
lating the most frequently encountered forms of highway bridge- 
opening shapes. These shapes, illustrated in Fig. 5, are classified 
a s :

7U
¡ y -

TYPE I

TYPE n

TY P E  EQ

___c
T Y P E  CZ

P i g . 5. C o n s t r i c t i o n  G e o m e t r i c s  C l a s s i f i e d

Type I — Vertical embankments and abutments 
Type II — Sloping embankments, vertical abutments 
Type III — Sloping embankments, and abutments 
Type IV — Sloping embankments, vertical abutments 

with wing walls

Curves relating C to pertinent variables for each of these four 
types of openings may be found in Geological Survey Circular 284 
(p. 26-34) [8]. Figure 6, for a type III opening only, is included 
herein as an example. Inasmuch as C was found to depend primarily 
upon m  and L /b ,  a standard value, C', was related to these vari
ables (see Fig. 6-A) for fixed values of the secondary variables.
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D ISC H A R G E -CO E FFIC IE N T  CURVES

m>P»fc*at «I cftoMtf contraction
A. B««e c u rv e  f o r  c o e f fic ie n t  of d is c h a r g e

C .  V a r ia t io n  of d is c h a r g e  c o e f f ic ie n t  w ith x_ra tio  
b

P i g . C. T y p e  I I I  O p e n i n g , E m b a n k m e n t  a n d  A b u t m e n t  S l o p e  2 t o  1
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If, in a particular problem, the secondary variables deviate from 
the fixed values shown in the box of Fig 6-A, the value of C' is 
successively adjusted for each deviation from the standard. For 
example, the final discharge coefficient is computed as

C =  C  k 4, k  x

where a given problem departs from the fixed secondary values 
only with respect to angularity (Fig. 6-B) and the x /b  ratio (Fig. 
6-C). Adjustment-coefficient curves for other secondary variables 
such as effect of area of piles and piers, eccentricity, submergence, 
etc., are not shown on Fig. 6.

For any combination of variables the limiting value of C is 
taken as 1.00.

Research

Laboratory investigation of flow through single-opening con
strictions, with minor exceptions, was concluded in 1953. Since then 
a program of field verification of the method has been carried on, 
with favorable results. Twenty-two contracted-opening surveys at 
sites where discharges are known have been obtained to date. These 
cover the wide variety of conditions normally encountered in prac
tice. The following table indicates the comparison of results by 
indirect-method computation, based upon discharge defined by cur- 
rent-meter measurement.

Difference by indirect method 
(percentage range)

Number of 
verifications

+  15 to +20 1
+10 to +15 1
+  5 t o +10 7

0 to +  5 3
Oto — 5 7

_  5 to —10 1
— 10 to —15 1
—15 to —20 1

22 total

It is encouraging to note from the above tabulation that about 
80 percent of the field verifications made to date give results within 
10 percent of the respective known discharges. Considering the 
possibilities of error inherent in the field data and in the discharges 
measured by current meter, this is believed to be remarkably good.

A laboratory investigation of flow through multiple-opening 
constrictions is now underway. It is anticipated that the problems
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and complexities inherent in this more complicated geometrical 
form will be many. Several years, no doubt, will have elapsed be
fore definitive results are forthcoming.

F l o w - T h r o u g h - C u l v e r t  M e t h o d

A culvert often can be used as a convenient device for measure
ment of peak discharge by indirect methods. This is indeed fortu
nate because of the many difficulties involved in making current- 
meter measurements of flood flow on the smaller streams.

The flow-through-culvert method is similar to the contracted- 
opening method in tha t the change in water-surface profile in the 
reach between the approach and constricted sections reflects largely 
the effect of acceleration. Again, friction losses are generally of 
minor importance. A culvert constriction, however, is such tha t it 
may act as a control section; that is, flow may pass through critical 
depth at the culvert entrance or outlet. The method, therefore, 
covers conditions of rapid as well as tranquil flow.

Flow classification

The discharge characteristics of a culvert depend upon an evalu
ation of energy changes between an approach section upstream 
from the culvert and the control section. Depending upon the 
location of the control section and the relative height of headwater 
and tailwater, most culvert flow patterns may be classified in six 
types. These are described below and defined also in the sketches 
of Figs. 7-9.

Type I, critical depth at inlet: As indicated on Fig. 7, flow 
passes through critical depth dc near the culvert entrance. Culvert

j i __ z
barrel flows part full. The headwater-diameter ratio — —----

is limited to a maximum of 1.5. The slope of the culvert barrel S0 
must be greater than the critical slope S and the tailwater ele
vation hi must be less than the elevation of water surface at the 
control section h2.

The discharge equation is

Q =  C A ,.̂  2g (h , -  z +  ^  -  d, - . / i , ,  J  (5)

where A c is the flow area, in sq ft, at the control section. Other 
notation is evident in Fig. 7, or has been previously explained.
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TYPE I  
CRITICAL DEPTH AT INLET

hi~ z < 1.5 s < So h4 < h2

Q -  C Ac y  2 g ^h| z + ¥ l  d -̂ h f ^ y

TYPE H  
CRITICAL DEPTH AT OUTLET

hi -  z < I 5 s > s 0 h4<hs

|
1

h' z 
— ‘l

D ------------- - ^
->

dc h3 | h4

♦
'

Q « CA \Z2 ° (h| dc - hf,_2- h 2-j)

F i g . 7 . C l a s s i f i c a t i o n  o f  C u l v e r t  F l o w , T y p e s  I  a n d  I I

Type II, critical depth at outlet: Flow passes through critical 
depth at culvert outlet (see Pig. 7.) Culvert barrel flows part full. 
The headwater-diameter ratio does not exceed 1.5. Slope of the 
culvert is less than critical. Tailwater elevation does not exceed 
the elevation of water surface a t the control section h 3.

The discharge equation is

Q =  C A ryj2g  (h, +  ^  — de —  hfl 2 — hf2 3) (6)

Type III, tranquil flow throughout: Culvert barrel flows part 
full, with the headwater-diameter ratio less than 1.5 (see Fig. 8). 
The tailwater elevation does not submerge culvert outlet, but does
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type  m
TRANQUIL FLOW THROUGHOUT 

h4 ^  D h jx J c

daTum ‘ '/////y- T p

Q = C A 3 y 2,  (h + ^ L - h 3 - h f|. 2 - h f M )

TYPE ET 
SUBMERGED CULVERT 

^  >'0

I».

.1
DATUM

h<

Q = CA Q\ /Ja. (h' - M
I + 29C2̂ L

F i g . 8 .  C l a s s i f i c a t i o n  o f  C u l v e r t  F l o w , T y p e s  I I I  a n d  IV

exceed the elevation of critical depth at the control section. The 
discharge equation for this condition is

Q — C A j J  2g (/ii + 111 
2 g

(7)

Type IV, submerged culvert—The tailwater elevation is high 
enough to submerge culvert outlet; hence the culvert is submerged 
and flows full (see Fig. 8). The discharge equation is

Q - C A . J S
2g (ht —  /»,)

+
29 C2n2L
R 3/4

where

A„ =  full area, in sq ft, of culvert barrel 
L  —  length, in ft, of culvert barrel
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TYPE 2
RAPID FLOW AT INLET 

>1.5 <1.0

->

Q =C A 0 \/2g (h , -z )

TYPE m
FULL FLOW-FREE OUTFALL

Q CA0 \/ 2 g (h| -  h3 hf2_3)

F i g . 9 . Cl a s s i f i c a t i o n  o f  C u l v e r t  F l o w , T y p e s  V  a n d  V I

Type V, rapid flow at inlet: The headwater-diameter ratio ex
ceeds 1.5 (see Fig. 9). The culvert entrance is such tha t flow is 
contracted in a manner similar to sluice- or orifice-type flow. Cul
vert barrel flows part full and at depth less than critical depth. 
The tailwater elevation does not submerge culvert outlet. The dis
charge equation is

Q =  C A 0 y ' 2.7 (/»■ 7 f  (9)

Type VI, full flow-free outfall: The headwater-diameter ratio 
exceeds 1.5 (see Fig. 9). The culvert barrel flows full under pressure. 
The tailwater elevation does not submerge culvert outlet. The dis
charge equation is

Q =  C A0 V  2g (/?i /?3 - h,2 J  (10)
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For flow-types IV-VI a ponded condition in the headwater pool 
was assumed in writing Eqs: (8) to (10).

During recent years the program of gaging the flow of small 
streams has been expanded greatly. The use of culverts as a 
means of indirect measurement of peak discharge focused attention 
on the need for further research. In problems sometimes en
countered the difficulty of distinguishing between flow-types V and 
VI on basis of field data ordinarily available was apparent. In 
addition, while discharge coefficients applicable to flow-types IV 
and VI had been previously defined by Yarnell [9] and Straub and 
Morris [10, 11], coefficients for flow types I, II, III, and V were 
somewhat uncertain. In order to fill in certain gaps in published 
data, during the past year an investigation of flow through culverts 
has been conducted at the Georgia Institute of Technology by the 
Geological Survey. The laboratory phase of the investigation has 
now been completed. The results of the investigation will soon be 
published in a form suitable for general distribution. The problem 
of distinguishing between types V and VI flow was not completely 
solved. The occurrence of flow-types V and VI, however, can be 
predicted, within range of geometries tested, from a knowledge 
of entrance geometry of the culvert, the length, slope and rough
ness of the culvert barrel, and the headwater-diameter ratio.

Discharge coefficients

The discharge-coefficient phase of the laboratory investigation, 
as previously stated, was confined primarily to flow-types I, II, III, 
and V. It was found that discharge coefficients vary in magnitude 
from 0.40 to 0.98, and are a function of the culvert geometry and 
the degree of channel contraction for any flow type.

Laboratory observation indicated that the discharge coefficients 
could be grouped for certain combinations of flow types. Coefficients 
for flow-types I, II, and III form one group, types IV and VI another, 
and type V, the third. Thus the same form of discharge equation is 
applicable to each group.

Entrance geometries tested were limited to those types most 
commonly used in highway-engineering practice. Tests included 
(1) flush entrances in vertical headwall with varying degrees of 
entrance rounding or beveling, (2) standard wing-wall entrance, 
(3) projecting entrance, and (4) mitered entrance set flush with 
sloping embankments. Results of these tests will be included in 
the forthcoming report.
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Research

The Geological Survey has no immediate plans for further ex
tensive laboratory research on flow through culverts. Other investi
gators, however, are conducting research on culvert hydraulics. 
Many of the continuing investigations are pointed to culvert design, 
the objective being to achieve an entrance form which will insure 
full-barrel flow (type VI) for low degrees of entrance submergence. 
Much of this work, undoubtedly, will enable wider usage of culvert 
structures for indirect methods of flow measurement.

F l o w - O v e r - D a m  M e t h o d

The hydraulics of channel controls and spillways has long been 
a basic tool of the hydraulician and designer. These principles may 
be adapted to indirect computation of discharge over such struc
tures.

A dam forms a control section at which the discharge is related 
to the water-surface elevation upstream. Friction loss between an 
upstream approach section and the control section is generally of 
minor importance.

For computing peak discharges, the method consists simply of 
determining by field survey the head on the spillway from high- 
water profiles, approach-section characteristics, and spillway geome
try. Discharge is computed by the well known weir formula,

Q =  C 6 ( / i + ^ ) W (ID

where

Q =  discharge, in cfs
C —  coefficient of discharge
b =  spillway width, in ft
h = h e a d  on spillway, in ft, adjusted when necessary for 

friction loss between the approach and spillway 
sections

V,~
velocity head, in ft, in approach section

2 g
It is readily apparent that reliability of discharge computed by 

this method depends in large measure upon selection of the proper 
coefficient C. For most determinations this coefficient must be esti
mated by comparison with calibrated spillways of similar shape.

Spillways encountered in the field in indirect-measurement work 
may be sharp-crested, but more generally are broad or round-crested, 
or of ogee or irregular shape. For most problems, therefore, the
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best data available in existing literature must be used in estimating 
C. Among many possible references, the Survey has found most 
frequent use for the published works of R. E. Horton [12], the 
Bureau of Reclamation, [13] and J. N. Bradley [14].

There is frequent need for computing flow over highway em
bankments. The basic broad-crested weir formula is used, with C 
selected on basis of results reported by Yarnell and Nagler [15] 
for flow over railway and highway embankments. The original 
data of Yarnell and Nagler recently have been reanalyzed by the 
Survey (for its own use) to define two dimensionless curves; one 
a curve relating C to the head-breadth ratio for free-fall conditions, 
and a second, relating correction for submergence to degree of 
submergence. This dimensionless treatment is more generally 
applicable than the original method of presentation, insofar as in
direct measurement of flow over highway fills is concerned. The 
weakness of using these relations based on the slightly different 
geometry representative of railway embankments remains.

Research

The U. S. Geological Survey has an interest in the discharge 
characteristics of all forms of weirs, whether they be small V- 
notch plates, masonry mill dams, highway embankments, or major 
dam spillways. Knowledge of the head-discharge relationships 
for weirs of all types is essential to the work of the organization, 
and may occasionally provide the only means of determining an 
important flood-flow magnitude.

In some cases where peak discharges should be known accurately, 
the scarcity of information on the discharge characteristics of many 
forms of weirs and spillways limits the flow-over-dam method to an 
approximation. In general the discharge coefficient must be de
termined by experiment, and fortunately, through the application 
of the principles of dynamic similarity, tests on scale models in the 
laboratory can be applied to the prototype with confidence.

In 1907 the Geological Survey published W ater  Supply Paper  
200 [12] by Robert E. Horton. The importance of Horton’s work is 
demonstrated by the fact tha t the publication has been reprinted 
several times and copies have been widely distributed. Horton’s 
work was a complete summary of theoretical and experimental 
knowledge on the subject as of 1907. In the 48 years since, our 
theoretical knowledge of fluid behavior and, certainly, our store 
of empirical knowledge of the discharge of weirs of all forms have 
increased extensively. But until now, no one has attempted to col
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lect, analyze, correlate, or publish this material in a form which 
will make it available to the engineering profession.

This task is again being undertaken by the Geological Survey. 
The project has been designed by and is being carried on under the 
direction of Professor Carl E. Kindsvater, of the Georgia Institute 
of Technology. As in the first instance, only a limited amount of 
original research will be involved. The greater part of the project 
will consist of collecting, examining, and evaluating all of the data 
which can be located in this country, and, to some extent, abroad. 
One of the significant objectives of the proposed study is to cor
relate these empirical data by methods based on the techniques of 
modern fluid mechanics. It is envisaged tha t several years will be 
required to complete the compilation and research project on co
efficients for dams.

An investigation of coefficients applicable to flow over highway 
embankments is now an active laboratory project at the Georgia 
Institute of Technology. Various phases of the project will be sub
jects for masters’ theses. The current phase is supported by the 
J. Waldo Smith fellowship of the American Society of Civil En
gineers.

S u m m a r y

Indirect methods of measurement offer a practical solution to 
the determination of peak discharges of natural streams where 
current-meter measurements cannot be made. While admittedly 
there are weaknesses and shortcomings in the methods, the neces
sity for their use and the overall reliability of results fully justify 
their being called measurements.

Of the four methods described herein, the slope-area method 
is applied most frequently, with the contracted-opening, flow- 
through-culvert and flow-over-dam methods following in about that 
order. Increased reliability of results by the contracted-opening 
and flow-through-culvert methods is certainly to be expected as a 
consequence of the recent research. All methods give good results 
when applied to channel reaches of acceptable standards. Without 
any doubt it can be said that the overall accuracy of stream flow 
data published today is greater than ever before. A major con
tributing factor has been improvement in and greater use of in
direct methods of river discharge measurement.
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D i s c u s s i o n

Mr. Boyer initiated the discussion by presenting some of his 
own work on the slope-area method for correlating the Manning 
coefficient n with the bed roughness, abstracted from a paper pub
lished in the Transactions of the AGU in December 1954. Two 
figures from his paper, plots of y„/k  against n /y 01/6 and V0 .2 /V 0 . 8  

against n / y 0l/6, were presented as slides. Here k  is the average 
height of bed roughness in the stream and V0. 2 and V0.8 are the 
velocities at 0.2 and 0.8 depth. He stated that Mr. Stevens of the 
Soil Conservation Control Council of New Zealand has verified the 
former plot very well and the latter fairly well, and found that the 
latter may be a satisfactory method of getting n from lower dis
charge measurements than those made at the peak of the flood.

Mr. Albertson asked about methods suitable for application to 
alluvial beds which can continue to scour to equilibrium. Mr. Crag- 
wall replied that the application of indirect methods for computing 
discharge in alluvial streams has not been encouraging. The 
Geological Survey has undertaken some studies of scour, which is 
a difficult problem itself from the instrumentation standpoint, but, 
so far, it appears that the slope-area method must be used with 
caution in erodible channels of any type.

Mr. Laursen pointed out two difficulties in the determination of 
discharge after a flood; first, that the section of an alluvial stream 
has been changed by the flood, and secondly, where a vegetable 
screen is present along the low-water bank, as is often the case, it 
is possible that the water in the overbank is not a t the same ele
vation as the water in the stream. In reply Mr. Cragwall stated 
tha t the interpretation of the signiflance of the high-water marks 
is included in the estimate of the value of n ; tha t in their rough
ness verification program the high-water mark is measured, so that 
the effect of the nature of the bank is taken into account. No un
explainable variations in n due to this cause have arisen.

Mr. Kolupaila observed tha t correction factors for the slope of 
a channel have been mentioned, and inquired as to what is being 
done about estimating the velocity-head factor a , which is a difficult 
problem for open-channels and rivers. Mr. Cragwall pointed out 
that the procedure used in estimating a had been mentioned in the 
paper. Such estimates were made only for compound channels, i.e. 
channels with considerable overbank flow, where roughness varies 
considerably across the channel. In normal channels, a appears to 
vary little between upstream and downstream sections. In com
pound channels, conveyances for 5 or 6 subsections, the number
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depending upon the shape of the section and the variable rough
ness across it, are used to calculate a. Thus an attempt is made to 
incorporate these effects into the estimate of n.

Mr. Barbarossa reported that the Corps of Engineers had mea
sured n values for high flows in alluvial streams as low as 0.013, 
which is of the order of magnitude of tha t for concrete. This was 
attributed to the disappearance of form roughness in such flows. 
This was mentioned because it appeared to contradict a statement 
by Mr. Cragwall that he informed his young engineers that n 
values varied between 0.03 and 0.06. Mr. Cragwall agreed tha t it 
is frequently necessary to choose values outside of the range of n 
from 0.03 to 0.075, and that, in some cases, values as low as 0.012 
have been selected by experienced men.

Mr. Banks remarked tha t there is a recent publication which 
tends to confirm the Einstein sidewall-elimination method which was 
published about 14 years ago. He asked how the U.S.G.S. takes 
sidewall into account in arriving at a final n value. Mr. Cragwall 
replied that it is hard to describe how n is chosen. He indicated 
that he has a mental picture of good natural channel of n =  0.03, 
and if other channels differ he increases or decreases this value 
according to his experience. The method is qualitative, but with 
the help of 3-dimensional slides it is becoming more consistent.

Mr. Izzard asked Mr. Barbarossa whether actual measurements 
of the cross-section were taken when the low values of n had been 
observed, implying that the variation in n might be due to the fact 
that the bed is lower during higher stages. Mr. Barbarossa re
plied that that possibility had already been considered, but tha t the 
amount of sediment that could be transported could not degrade the 
bed sufficiently to account for the total change.
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DEVELOPMENT OF THE ULTRASONIC METHOD 
FOR MEASUREMENT OF FLUID FLOW

by

R. C. S w e n g e l 1, W. B. H e s s 2

I n t r o d u c t io n

Although there are a number of basically different methods 
available for measuring the flow of fluids, there are situations in 
which, for one reason or another, the choice may be limited to a 
very few. One field of application where only a few methods are 
available is the measurement of large quantities of water, and the 
required precision, costs and the physical dimensions of the flow 
passages often preclude the use of these few.

A specific problem, that of measuring hydraulic turbine dis
charge, provided the incentive for the development of the ultra
sonic method of flow measurement. Low-head developments in par
ticular are difficult to measure because the water passages are 
usually short in length and the geometries of the intakes are un
suitable for existing methods. The means for obtaining perform
ance data on these developments, particularly in the United States, 
is to step up laboratory tests on homologous models by utilizing 
formulas derived from basic dimensional relationships plus ex
perience and empirical coefficients to compensate for other less 
tangible factors tha t vary with the size ratio. Index tests using 
combinations of piezometers in the turbine intake have been very 
helpful in extending performance data over a wide range of head 
conditions after the index has been proven reliable and its cali
bration determined from a direct method of field testing. Experi
ence with the use of the scale formulas and index methods have 
convinced the authors that these methods alone do not provide 
sufficiently accurate information to realize maximum economies in 
operations.

When precise performance data are available, economies are 
obtained from preferential operation of the more efficient units and 
loading of machines in accordance with their incremental efficiencies. 
These methods of operation may be applied to a single multiple unit 
station, an inter-connection of several hydro stations, or a system 
of combined hydro and steam generating stations.

’ Consultant, 1133 E. Philadelphia Street, York, Pa.
* Senior Engineer, Safe Harbor Water Power Corp., Conestoga 2, Pa.
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With units of identical design, variations in performance be
tween individual turbines may seem insignificant; however, field 
testing of a station with seven 42,500 hp. machines has shown 
differences of as much as 2 percent in efficiency. The tests in this 
case were made by the two-type current meter method using pro
peller type current meters with different pitch of vanes. The test 
results were very consistent and duplication tests on the same tu r
bine showed a deviation band of less than 0.5 percent.

The scale formula method has been found considerably in error 
a t the higher load points where cavitation begins to influence the 
performance. Model efficiency tests are usually made in the labora
tory at sigma values higher than those existing in prototype oper
ation ; therefore step up of the model data do not reflect the effects 
of cavitation. Incremental operating efficiencies based upon per
formance from the model therefore can be very misleading.

The plant for which the ultrasonic method was originally in
tended is not suitable for current meters or any existing method 
of large flow measurement. The turbines have short and steep in
takes and unguided approaches upstream from the head gate sec
tion. Volumes of flow exceed 3,000 cubic feet per second and it 
was not deemed practical to introduce any mechanical structure in 
these intakes because of the difficulties tha t would be encountered 
due to the obstruction of flow and because of the high cost of such 
an installation.

P ra ctic al  C o n s id e r a t io n s

After establishing the need for a simple and accurate means 
for measuring large volumes of flow a theoretical study was made 
of all the known physical laws which might conceivably be used 
toward this end. In order for any approach to be worth the under
taking, it had to pass the test of two rigorous criteria:

1. Be absolute in method. That is, be capable of use without 
calibration by any other means or method, yet subject to easy 
comparison with known standards of the highest order of accuracy.

2. Be capable of measuring by volume, weight or velocity aver
aged over a prescribed area.

Several methods seemed to offer practical solutions to the above 
conditions but the use of ultrasound transmission seemed most 
adaptable to the measurement of large volumes of flow. None of 
the available literature on ultrasonics made any mention of the 
measurement of fluid velocity although interferometers for the 
measurement of absolute velocities of propagation were discussed
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in detail. Unfortunately, none of these devices could be used to 
measure flow: Both mechanical and optical interferometers, how
ever, contained the basic requirements of high sensitivity so in
herently a part of the new method.

The prerequisite of a high degree of sensitivity arises from the 
small change in velocity being measured. In water the absolute 
propagation velocity is approximately 4800 feet per second. In 
order to measure flow at 1 foot per second to within 1 percent it 
thus becomes necessary to indicate changes in the absolute propa
gation velocity on the order of 1 part in 480,000. An interferometer 
is capable of doing this but only under strict laboratory conditions 
and with special regard to the maintenance of constant temper
atures of both the fluid and the measuring apparatus.

Resolved in practical terms this meant tha t the mechanical parts 
of the interferometer must remain constant in spacing to within 
2 micro-inches per foot of acoustic path.

It was later discovered that maintenance of constant temper
ature on the part of both fluid and mechanical apparatus had been 
considered by workers who had previously been granted patents 
[1-5] but in no other wise published their findings. In spite of their 
excellent efforts, the problem of constant transducer (converters 
of electrical to mechanical or mechanical to electrical energy) spac
ing remained as great as ever although they achieved a measure 
of success in reducing the effects of changing propagation velocities 
with variations in temperature of the fluid. Most of these re
searchers used three or more transducers to obtain these results.

By utilizing a reversal of transmission between two transducers 
it was found that errors introduced into the measurement by 
changes in spacing due to any cause could be kept proportional; i.e. 
a change in the acoustic path length of 1 percent would produce 
only a 1 percent error in the flow determinations.

The method as presently used thus measures the differences in 
the velocities of propagation of compression waves with and against 
the direction of flow between two reversible transducers as a 
measure of the velocity of flow [6]. Using these means it is neces
sary to know the absolute propagation velocity of sound in the 
fluid. A more basic method utilizing absolute transit times has been 
derived [7] whereby the propagation velocity in the liquid need 
not be known.

d/tg - d / t u _ d [  1 _  1 '
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Where v =  velocity of flow
d —  length of measuring section 
td —  absolute transit time for a compression wave 

to travel in the downstream direction the 
length of the measuring section 

tu —  absolute transit time for a compression wave 
to travel in the upstream direction the length 
of the measuring section

It is believed that further development of the electronic and 
physical equipment will make the use of the above formula practical. 
When this is accomplished, the method should find a much wider 
field of application since it would provide a true measure of velocity 
regardless of the nature of the fluid.

The second criteria of area measurement has been overcome to a 
practical degree in the application of the method to rectangular 
water passages.

T e s t s  i n  O n e - F oot- D ia m e t e r  P ip e

Many tests were conducted while the equipment went through 
various stages of development and have shown tha t the effects of 
turbulence, sedimentation, variations in temperature and changing 
contours of flow have but small effects on the accuracy of the 
method [8].

In the first application of the method an attempt was made to 
measure flow in a round or cylindrical section. The transducers

SEGMENT OF RADIATION PATTERN

FLOW NEAR CENTRAL AXIS

F i g . 1 . M e a s u r e m e n t s  i n  R o u n d  P i p e

a — Axial Location Transducers T, - T. 
b — Rod Pattern and Asymmetrical Flow
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were mounted on a streamline form on the central axis of the pipe. 
Ultrasonic energy radiated from the one transducer out to the wall 
in the form of a cone and reflected to converge on the other trans
ducer. A line diagram of this installation in shown in Fig. la .

While this system proved the basic concept, the precision was 
poor when compared to a carefully calibrated venturi. Figure lb 
is an axial view of the round pipe in which the two darker bands 
represent water flowing at the same velocity; a small volume of 
flow near the center but a larger volume of flow at the periphery. 
The lines and arrows depict the radiation area of a small segment 
of the transducer as it radiates waves to the wall tha t converge 
again on the other transducer. I t can be seen tha t the effect on the 
radiated energy would be alike for both the inner and outer bands 
of flow since the segment of radiated energy is narrow when passing 
through the inner flow and broad through the outer flow ring. 
Without knowing the true flow contour an accurate measure of the 
average velocity over the area of the pipe becomes impossible with 
this radiation pattern.

A photograph of this, the first attempt to use the new method, 
is shown in Fig. 2. This photograph is also interesting because it 
shows, in the foreground, an electronic variable frequency meter. 
The instrument was used to measure the differences in frequency 
when transmitting with and against the flow while maintaining a 
constant total number of wavelengths between transducers. Im
agine, for example, tha t the transmission downstream is made 
at a frequency which at any instant produced 100 waves or wave
lengths between the transducer transmitting and that receiving. 
Since the velocity of propagation is higher with than against the 
flow a reversal of the direction of transmission in an upstream di
rection makes necessary a change in the frequency of the power 
source to a lower frequency to maintain the required 100 wave
lengths between transducers. The difference in these two fre
quencies of transmission can be inserted in a variation of the basic 
formula to provide an answer in terms of the velocity of flow. The 
frequency meter reads in cycles per second and serves to establish 
a time standard of high accuracy which can be further extended by 
calibration against the National Bureau of Standards Station WWV. 
Because flow velocities are always related to time the connection 
is obvious.

Many other techniques for utilizing reverse transmission be
tween two transducers as a measure of flow are possible, but re
gardless of the means employed, one must use a direct or indirect
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measure of the absolute transit times or difference in transit times 
as the indication of velocity.

A p p l i c a t i o n  to  R e c t a n g u l a r  W a t e r - P a s s a g e s

Because the most immediate problem for practical solution was 
the measurement of large volume flows in the rectangular intakes 
of low-head hydroelectric turbines a study was made to determine 
the method’s ability to cope with this situation. A two-dimensional 
treatm ent of a rectangular water passage is shown in Fig. 3. The 
points T\ and T,  represent transducers and the circles drawn about 
Ti the ultrasonic waves being radiated in the duct. By locating 
transducers on opposite walls displaced a known projected distance 
on the principal axis the connecting line of radiated energy becomes 
that shown by the dashed line. A mathematical treatm ent [7] as
suming uniform flow proves tha t the effect on the transit time is

F i g . 2 . F i r s t  T e s t  A s s e m b l y  in 1 2 - i n c h  D i a m e t e r  P i p e
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-RECEIVING

FLOW ------* -

F i g . 3 . M e a s u r e m e n t  a t  A n g l e  to  F l o w  A x i s

the same for this condition as that when the transducers are dis
placed the same amount directly on the flow axis.

In crossing the duct a t an angle further analysis indicates tha t 
for flow contours commonly encountered the total transit time will 
be affected by the average of the velocities along the path. Slight 
refraction errors are possible for highly distorted flows. These have 
been investigated and are reported on in detail in reference [7]. 
The maximum distortion where velocities ranged from 7 to 11 feet 
per second produced errors of about 2 percent. The negative or 
positive quantity of these errors were dependent on the physical 
orientation of the distortion relative to the plane of intersection 
of the area measurement.

M e a s u r e m e n t  O ver  a n  A rea

Figure 4 is a three-dimensional sketch of a rectangular duct 
and a block diagram of the electronic equipment used for the labora
tory and full-scale tests. It will be noted that the transducers are 
tilted and displaced on the flow axis. The tilt was utilized as a 
means of overcoming undesired radiation paths which coupled the 
two transducers by reflecting from the top and bottom walls of the 
duct. The reflections would be objectionable in the average concrete 
intake because of dimensional errors in the geometry of the section 
and because the wavelength employed can be short enough for these 
walls to appear as very rough mirrors for reflecting ultrasound.

It will be further noted in Fig. 4 that the recorder compares the 
phase angle of the exciting voltage at the transmitting transducer 
with that from the transducer receiving the ultrasound via the 
water path. The direction of transmission was reversed at 5-second 
intervals by means of the interchanging switch. The difference in 
the two recorded phase angles was used as the measure of flow 
velocity.

-T R A N S M ITT IN G
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INTERCHANGING
SWITCH

- — RECEIVED SIGNAL  

F i g .  4 . B l o c k  D i a g r a m  o f  E q u i p m e n t  U s e d

In order to radiate in even amounts over an area the trans
ducers were designed as physical counterparts of electromagnetic 
antennae [9]. When they are mounted on opposing walls of the 
duct as shown in Fig. 4 the area between them becomes the thin 
invisible curtain affected by the velocities of flow. The transducer 
rod transmitting can be considered as an infinite number of point 
source radiators with an infinite number of receiving counterparts 
on the other transducer rod. A line connecting any one of the point 
sources with its receiving counterpart is lengthened or shortened 
an amount which is an average of the velocities encountered. If 
no flow exists, all transmission paths reach the true transducing 
element, a crystal in this case, simultaneously.

The crystal mentioned is only one of several transducing means 
which can be employed as driving and sensing elements. Com
pression waves in the long rods are created or sensed by these 
transducers in reciprocal fashion.

A sketch showing the solution to another problem is shown in 
Fig. 5. This problem resulted from the fact tha t no material of 
which the rods might be made is lossless to the passage of ultra
sound. This results in a falling off of the intensity of the ultrasonic 
waves as they proceed down the rod and away from the crystal 
transducers. To align two such transducer rods in a parallel fashion 
and with the crystal drivers on the same ends would thus result
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in a very non-uniform distribution of ultrasonic energy over the 
area between the rods. Figure 5 therefore shows the crystal drivers 
and rods aligned in an opposed fashion with the energy paths a, b 
and c all traversing an equal length water path and an equal total 
length of rod. This opposed mounting provides an even distribution 
of ultrasonic energy over the complete area between the rods and 
no errors can possibly occur from this source.

Figure 5 likewise serves to illustrate another point which is a 
test of the measure of parallelism of the transducer rods. This 
measurement is accomplished by observing the power output of 
the receiving transducer as the water in the passage is slowly raised 
or lowered. If the area is uniformly and adequately covered, the 
incremental changes in power output with the height of the water 
will be uniform. An uneven change in received signal would be an 
indication of a faulty installation. The amount of non-parallelism 
that can be tolerated depends upon the frequency used to obtain a 
minimum required degree of sensitivity and accuracy. This some
what limiting condition can be reduced to a negligible degree by 
correlating the area and maximum flow velocities with the design 
of the electronic equipment.

With respect to area measurements another interesting phe
nomenon has been observed which it should be possible to use to 
advantage. This is the change in the power level of the received 
signal with distorted or turbulent flow. Very little was known on 
this subject when the testing was first started, and even to date no 
quantitative data have been recorded. The remarkable fact is that

a ,  b ,  c  —  E q u a l  E n e r g y  P a t h s
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extreme turbulence seemed to have less of an effect on the power 
level of the transmitted signal than highly distorted flow although 
even the latter reduced the output by only a very few percent. With 
precisely controlled conditions it should be possible to establish 
some sort of a distortion index which would be indicative of the 
degree of distortion encountered by the ultrasonic waves. I t would 
not, however, be possible to establish the shape of the contour 
using such data but rather its relation in degree to known flow 
contours.

E le c t r o n ic  E q u i p m e n t

The electronic equipment has very little in its design that is 
unusual. The main consideration is the complete isolation of the 
reference and receiving transducer channels [10]. Any cross 
coupling between these links can produce erroneous results. These 
errors would not be apparent even with zero flow velocity, therefore 
each channel should be appraised separately for pick-up from the 
other.

It is possible to substitute lightly coupled dummy loads for the 
transducers and thus establish the correct functioning of the equip
ment in a zero flow condition. The frequency of operation can be 
easily checked against a frequency standard or the previously men
tioned radio station WWV.

P o t e n t ia l  U se s

A photograph of the first large scale application is included as 
Fig. 6. The intake shown is the middle bay of three which comprise 
the intakes to a 42,500 horsepower adjustable blade-type turbine 
at the Safe Harbor Water Power Corp. plant, Conestoga, R. D. # 2 , 
Pa. The transducer can be seen as a thin line on the wall facing 
one of the authors. It was operated at 25 kilocycles, and flows in 
this single bay reached values of 3,000 cubic feet per second.

At one time experimental transducers were installed in a flume 
for testing the method’s ability to measure in an open channel. A 
drought a t the most inappropriate time prevented any save static 
or no-flow tests from being made, but all indications justified the 
belief that the results would have been the equal of those in the 
closed systems. Several techniques are available and have been 
used to evaluate accurately the correctness of the closed system in
stallations. These same techniques were used to check the open 
flume installation mentioned above.

Dr. Julia Herrick of the Mayo Clinic is working with the method
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in its adaptation to the measurement of blood flow where total flows 
of fractions of a cubic centimeter per second are being investigated.

Dr. F. H. Middleton and Wen-Hsiung Li of Johns Hopkins Uni
versity’s Institute for Cooperative Research have completed the de
velopment of an estuarine current meter using the method. This 
meter was designed to measure from 0.08 fps to 5.1 fps, a  velocity 
ratio of 1 to 64. This instrument is remarkable in th a t only 9 
electronic tubes are used and the flow readings over a long period 
of time are automatically recorded on film for later processing.

It is also understood tha t one large company is investigating 
the method’s adaptation to the measurement of highly viscous flow 
where no other method has ever been completely successful.
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In applying the method to gaseous flow there will probably be 
many new problems to overcome, the most significant anticipated 
being that of changes in the speed of propagation with changes in 
the intensity level of the ultrasound.

A demonstration flowmeter of the utmost simplicity has been 
shown [11] which measures air flow using two quite ordinary loud
speakers as transducers.

A c k n o w l e d g m e n t s

The authors would like to acknowledge the very important as
sistance in the development and testing of this new method so freely 
given by Dr. S. K. Waldorf, Engineer of Research for Pennsylvania 
Water and Power Company, Lancaster, Pennsylvania.

D i s c u s s i o n

Mr. Barron of the U. S. Geological Survey emphasized their 
urgent need for instruments to measure discharges in rivers where 
the usual stage-discharge relationships become grossly inaccurate, 
such as flat-sloped streams and those where backwater affects the 
surface slopes independently of the discharge. As an example he 
cited their problems on the Ohio, where the fall is sometimes only 
a few tenths of a foot between stations 20 miles apart, and errors 
in its determination may easily amount to as much as 20%. Dis
charges below about 20,000 cfs must be estimated under these con
ditions at most Ohio River Gaging Stations. The problem is com
plicated still more by unsteady conditions, in which case a cali
bration of the slope reach will be very complicated, costly, and 
possibly unattainable by the usual methods.

Because most attempts to record stream velocities continuously 
have proved impractical to date, they are intensely interested in 
the ultrasonic method. From their discussions with Mr. Swengel 
and others, they are quite hopeful that this measuring technique 
can be successfully applied in natural stream channels. Their 
present plans are to measure the mean velocity on a line between 
transducers placed on opposite banks of the river, rather than inte
grate across the entire cross-section. Their successful use of ob
servations at a single point in determining total discharge gives 
them confidence in this possibility, since a line-velocity measure
ment across the main portion of the flowing water would be an even 
better parameter of the flow.

The immediate goal of the Geological Survey is to write a 
practical and workable set of specifications leading to a contract
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for the development of ultrasonic velocity-measuring equipment. 
To do this, they need more definite information concerning the fol
lowing characteristics of the ultrasonic method: Maximum range 
of transmission, maximum width-depth ratio attainable, range of 
velocities, practical accuracy over entire range of velocity, long
term stability, and amount of maintenance required.

When an instrument becomes available, the first installation 
may be made in the lower Sacramento River because of the urgent 
need for information to be used in their program to prevent salt
water intrusion. If this test installation is successful, then other 
applications would be numerous.

Mr. Tinney inquired about the cost of a unit, because this would 
be an important factor for a small laboratory. Mr. Swengel’s reply 
was that theirs cost several thousand dollars, but was purely an 
experimental unit. The work at Johns Hopkins indicates that many 
simplifications could probably be made, but he would rather not 
guess at the eventual cost.

Mr. Mitchell asked about applications using hydraulic fluids or 
very small-scale installations. Mr. Swengel knew of one company 
which was now working with highly viscous fluids, and of Dr. 
Herrick’s work at the Mayo Clinic measuring blood flow at velocities 
as low as a fraction of a centimeter per second. From the range of 
these studies, it appears tha t there is not much of a limit to either 
the scale of the systems which can be studied or the velocity range.

Mr. Strasberg wanted to know whether the flow must be uni
form in the direction parallel to the rods. The speaker replied tha t 
the maximum errors occurred when this flow was non-uniform, but 
tha t in rivers the various errors cancelled each other within one-half 
of one percent.

In response to Mr. Shoumatoff’s question concerning the effect 
of turbulence, the speaker stated that no real error was ever as
cribed to turbulence as such, and that its only effect was to lower 
the signal slightly.
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AUTOMATIC INSTRUMENTATION OF THE MISSISSIPPI
BASIN MODEL

fay
H. C. M c G e e

W aterways Experiment Station Suboffice, Jackson, Mississippi 

I n t r o d u c t io n

The automatic instrumentation of the Mississippi Basin Model 
is within itself an engineering feat. It is an outstanding achieve
ment of the combined efforts of engineers of the Waterways Ex
periment Station and instrument manufacturers. From the earliest 
stages of the development of the model, automatic instrumentation 
was considered desirable and necessary. There were skeptics in the 
beginning, and some even who said it could not be done; but today, 
the completed sections of the model (and ultimately the whole 
model) can be operated by automatic instruments synchronized by 
a single timing device. However, to understand thoroughly the 
magnitude of this undertaking, it is first essential to review the 
purpose and development of the Mississippi Basin Model.

The need for some means of developing plans for coordinating 
reservoir operation and integrating other flood-control problems 
throughout the entire Mississippi basin became evident to Major 
General Eugene Reybold while he was District Engineer at Mem
phis during the 1937 flood. Later while Chief of the Corps of Engi
neers, General Reybold initiated the plan which he had earlier en
visioned for a comprehensive model of the Mississippi River and its 
tributaries; thus, the Corps of Engineers began the design and con
struction of the Mississippi Basin Model in August 1943 at the 
Waterways Experiment Station Suboffice, Jackson, Mississippi.

The model will be, when completed, a reproduction to scale of 
the Mississippi River from Hannibal, Missouri, to the Gulf of Mexico 
and its major tributaries (Fig. 1). The streams that have already 
been constructed and are in operable condition are the Missouri 
River from Sioux City, Iowa, to the mouth; the Arkansas River 
from Tulsa, Oklahoma, to Pine Bluff, Arkansas; and the Mississippi 
River from Hannibal, Missouri, to Tiptonville, Tennessee, including 
the Ohio River to the mouth of the Wabash, the Cumberland River 
upstream to Old Hickory Dam, and the Tennessee River upstream 
to Pickwick Dam. The completed sections constitute about 25 per
cent of the streams to be constructed.
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Operating as a unit, the model will be used primarily as originally 
conceived to assist in developing plans for coordinated operation of 
all flood-control works in the basin. The studies will include tests to 
determine how the operation of the existing or proposed systems 
of reservoirs, floodways, and other works can be coordinated, and 
to indicate what alterations or changes are needed in flood-control 
works to accomplish the greatest overall flood reduction and protec
tion. In addition to the basin-wide studies projected for the future, 
studies of local and regional flood-control problems are currently 
being made on the sections of the model tha t are in operable con
dition and will continue to be made when the model is completed. 
The testing programs, both basin-wide and local, will consist princi
pally of tests conducted with flood waves.

In the Mississippi Basin the streams vary from alluvial streams 
with broad valleys and slow flood-moving characteristics of the 
plains and delta to the steep mountain streams subject to flash 
floods in narrow valleys of the Upper Ohio basin. Flood waves in 
the streams of the plains and delta, which sometime extend over a 
period of months, could be reproduced accurately in the model with 
manually operated instruments; but it was considered extremely 
difficult, if not impossible, to introduce flash floods accurately on the 
mountain streams and chart their movements with manual instru
ments. For this reason automatic instrumentation appeared to be a 
requisite for conducting successful tests of flood waves on these 
streams.

The enormous amount of man power required to operate the 
model manually as projected was another factor which made auto
matic instrumentation desirable. A staff of approximately 600 
would have been necessary for total manual operation. Training 
and maintaining a force of this size with the usual rate of turnover 
in personnel would have been a difficult and most expensive oper
ation ; hence, manual operation was considered undesirable from 
the standpoint of labor and cost.

Approximately four years, 1943 to 1947, were devoted to the 
study of the problems of automatic instrumentation and to the 
testing of commercial and pilot instruments. Instrument manu
facturers throughout the United States (about 125) were con
sulted. Instruments, both commercial and pilot models, embodying 
various design principles were considered and tested. Weirs, fixed 
orifices, variable orifices, and rotameters were some of the types 
tested for inflow instruments. The principal unit considered for 
programming flows was a device which follows a chart of the inflow 
hydrograph plotted in electrically-conductive ink. Various types
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of stage measuring devices based on the operating principles of 
float mechanisms, pressure cells or diaphragms, point gages, and 
displacer or bellows units were considered. Most of the stage re
cording devices considered consisted of strip-chart, printed-record, 
and photograph types. The rotameter was considered for use as an 
outflow instrument as well as for inflow.

A thorough investigation of the commercial instrument market 
disclosed tha t instruments available did not have the accuracy of 
measurement or the range required for use on the model. The 
scales of the model imposed rigorous accuracy requirements on the 
instruments. Model scales tha t directly affected the accuracy re
quirements were the vertical, time, and discharge scales which have 
ratios, model to prototype, as follows: vertical 1 to 100, time 1 to 
267, and discharge 1 to 1,500,000. For instance, the range of the 
rotameter for measuring discharge is a ratio of 10 to 1, whereas 
the range of discharge on streams reproduced in the model have a 
ratio of maximum to minimum of 50-1 to 1,000-1. With a tenth of a 
foot in prototype stage represented by 1/1,000 of a foot in the 
model, an hour by 13% seconds, and discharge of a thousand cfs by 
7/10,000 of a cfs, it can readily be seen that instruments must 
possess great precision capabilities to measure accurately such 
minute quantities. In general, the specifications for the model in
struments presented extraordinary problems for the instrument 
companies, and it finally became evident tha t the instruments would 
have to be specially designed to accomplish the required results.

For the sake of economy, instruments tha t could be interchanged 
were considered necessary. Interchangeability of instruments would 
permit flexibility in operation as instruments could be moved from 
one station to another as needed. This stipulation also imposed 
rigid requirements in the manufacture of the instruments as they 
would have to be designed to operate at any gaging station. Com
plete interchangeability was not accomplished in all of the different 
types of instruments, but it was accomplished to a beneficial degree.

Near the end of the fourth year of research enough knowledge 
and information had been acquired to write the specifications for 
the automatic instruments. The manufacturing companies were 
invited to bid on these instruments and to submit designs for in
struments other than those described in the specifications that could 
accomplish the desired results. Consequently, some of the instru
ments acquired and now in use were not described in the speci
fications.

On 20 July 1948, contracts were awarded to Infilco, Inc., Chicago, 
Illinois (now of Tucson, Arizona) for 76 inflow instruments which
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included the inflow controllers and programmers, and to Leupold 
and Stevens Instruments, Portland, Oregon, for 160 stage instru
ments which included the stage transm itters and recorders.

D e s c r i p t i o n  o f  I n s t r u m e n t s  

General

The model is designed and constructed so tha t when it is com
pleted it can be operated as a unit or in sections. A recirculating 
water supply system provides water for the operation. This system 
consists of a large sump, two 2500 gpm pumps, a 50,000 gallon 
water tank, and approximately 22,000 feet of water supply and re
turn lines varying in size from 4 to 14 inches. To operate the model 
as a unit will require a discharge of about 2.2 cfs or 1,000 gpm 
which represents the peak flow required to reproduce the project 
flood in the Lower Mississippi River. To operate separate sections 
simultaneously and independently, the discharge requirements are 
considerably greater and depend on the number of sections in oper
ation at one time and the type of tests being conducted.

Centrally located instrument houses on the major streams pro
vide control centers for the automatic instrumentation (Fig. 2). 
Four of these control houses have been constructed—one at St. 
Louis for the Mississippi River, one at Kansas City for the Missouri 
River, one at Fort Smith for the Arkansas River and one at 
Cincinnati for the Ohio River. Programmers located in the control

P i g . 2 . I n s t r u m e n t a t i o n  f o b  M i s s i s s i p p i  B a s i n  M o d e l
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houses regulate over an underground system of electrical cable the 
introduction of flood waves on the model through the inflow con
trollers; recorders in the control houses make permanent records 
of instantaneous stages received electrically from stage trans
mitters at the gaging stations on the model streams as the move
ment of the flood waves progresses; and the action of motorized 
valves programmed from the control house maintains stages at the 
control gages immediately upstream from the outflows—the points 
of diversion of the water from the model. Stage transm itters mea
sure the head over calibrated weirs a t the outflow points and trans
mit the measurements to recorders in the control houses from 
which the discharges are determined. The operation of the instru
ments in the control houses and on the model are synchronized by 
a master timer, and the month, day, and hour of the flood period 
are accurately registered by calendars also controlled by the master 
timer.

inflow Instruments

The inflow instrument unit consists of a controller at the inflow 
point on the model and a programmer in the control house. The in
flow controller is a multiple orifice device for measuring flows that 
vary in accordance with a predetermined program. The principal 
features of the inflow controller are presented schematically in Fig.
3, and a picture of the controller with the cover and a section of 
the tank removed is shown in Fig. 4. The orifice plate divides the
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T a n k  R e m o v e d

tank into upper and lower sections. An effluent pipe connects the 
upper section to the model inflow point and the lower section is 
connected to the water supply.

The orifice plate contains IB, and in some cases 14, orifices. Each 
orifice is opened and closed by raising and lowering the metal disc 
attached to the valve stem. The discs for the smaller orifices are 
raised by solenoids and lowered by gravity—weights fastened to 
the valve stem seat the discs against the water supply pressure. 
For the larger orifices the discs are raised and lowered by pneu
matic cylinders.

The capacities of the orifices in gallons per minute for the en
tire range in all instruments are as follows:

600 60 6 0.6 0.06 0.006
300 30 3 0.3 0.03 0.003
200 20 2 0.2 0.02
100 10 1 0.1 0.01

From the 22 orifice capacities lifted above, the 13 or 14 orifices 
in each controller are selected consecutively from the lowest to 
the highest required for the range of flows at a particular inflow 
point. The series of integers 1, 2, 3, 6 was selected because a full 
range of integers from 1 to 9 could be obtained by selection of these 
integers or a combination of them. This permits a uniform pro
gression or degression in the selection of orifice capacities.

The two factors, area and pressure, tha t determine the flow

http://ir.uiowa.edu/uisie/36



through the inflow controller are selected to give a workable com
bination. The area of each orifice is fixed and the sizes of the 
orifices vary from 0.0077" to 4.0769" in diameter. With these 
orifice sizes a differential pressure across the orifice plate (difference 
in pressure in the upper and the lower sections of the tank) of 
4 psi, or an equivalent head of 111 inches of water, is required to 
obtain and maintain the orifice flows listed in the above paragraph. 
Since the orifice areas are fixed and are accurately machined, the 
attainment of the desired orifice flows with a minimum of error 
is dependent on the maintenance of the required differential pres
sure across the orifice plate.

The components of the inflow controller (shown in Fig. 3) that 
maintain the required differential pressure are the surge chamber, 
the inlet control valves and valve positioners, piezometers con
nected to the upper and lower sections of the tank and the dif
ferential pressure regulator. The surge chamber dampens the 
momentary fluctuations in the supply pressure and prevents har
monic vibration in the differential pressure control system.

Normally, two inlet control valves are required for each con
troller—one small and one large valve. The number of control 
valves necessary is determined by the range in discharge for the 
particular inflow point. Each valve provides control through a 
portion of the range. The control valves equipped with valve posi
tioners are pneumatically operated diaphragm valves manufactured 
commercially by Fisher Governor Company. The signal pressure 
for the operation of the diaphragm is supplied by the differential 
pressure regulator and varies in intensity from 3 to 18 psi. Usually 
the small valve operates in the signal pressure range of 3 to 5 psi 
and the large valve in the range from 5 to 18 psi. The range 
through which the valve operates is controlled by the force of the 
opposing spring on the diaphragm; the range can be changed by 
changing the tension of this spring.

The valve positioner, which is a bellows-type instrument manu
factured by Moore Products Company, eliminates the non-linear 
characteristics in the operation of the valve components caused by 
friction. Hence, the valve opening is proportional to the intensity 
of signal pressure.

The differential pressure regulator that supplies the signal 
pressure is composed of commercial units also manufactured by 
Moore Products Company and consists of a differential pressure 
transm itter and booster pilot valve, a zero-pressure regulator, a 
control unit, and an inverse derivative unit. Each unit is a bellows-
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type instrument tha t has linear characteristics and that operates 
on the principle of pressure balance.

The transmitter, with the aid of the booster-pilot valve and 
zero-pressure regulator, measures, amplifies, and transmits to the 
control unit in the form of a measured variable pressure the vari
ation in differential pressure from the 111 inches of water. In re
sponse, the control unit compares the measured variable pressure 
to a fixed control-point pressure and provides changes in the signal 
pressure proportional, but in the opposite direction, to the vari
ation in differential pressure. The inverse derivative unit filters 
transitory pulsations and stabilizes the signal pressure.

The inflow programmer is an electrical switch device consisting 
of switches tha t are operated automatically or manually. These 
switches energize or de-energize circuits that actuate the orifice 
valve solenoids and air cylinders in the inflow controller.

A schematic diagram of the programmer is presented in Fig. 5 
and a picture of it with the covers removed in Fig. 6. Leaf switches 
in the switch box which are opened and closed pneumatically as 
a perforated program roll passes over the tracker bar control auto
matic operation; toggle switches on the control panel permit manual 
operation. The automatic feature of the programmer is based on 
the vacuum principle originally used in player pianos th irty  or 
forty years ago and in recent years to operate automatic type
writers for typing form letters.

The tracker bar has a series of identified slots, one for each 
switch, connected by rubber hose to the switch pouches in the
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F i g . 6 . I n f l o w  P r o g r a m m e r  w i t h  C o v e r s  R e m o v e d

switch box. The switch pouches are encased in a vacuum chamber 
in the switch box connected to the leaf switch by a stem; the 
vacuum is provided by an electrically driven vacuum pump consist
ing of four bellows. The bellows work in succession providing con
tinuous action. When a perforation appears over the tracker bar, 
an impulse of air enters the switch pouch; the combination of 
atmospheric pressure on the under side of the pouch and pump 
suction on the upper side causes the pouch to rise, lifting the stem 
and closing the leaf switch. As soon as the perforations cease to 
appear and the opening in the tracker bar is closed, the remaining 
air in the pouch is withdrawn through a small vent to the vacuum 
chamber. The pouch and the stem then return to the normal down 
position breaking the contact of the leaf switch.

The gear transmission for moving the program roll over the 
tracker bar is governed by four “pneumatics.” The word pneumatics 
are used in this sense and for the purpose of this paper is a term 
borrowed from the manufacturer of the programmer, and each 
pneumatic includes an air tube, the pouch, the valve, and bellows 
which operate the gear shifts. These pneumatics place the trans
mission in high speed forward, high speed reverse, neutral or normal 
forward speed, and stop position, as appropriate perforations ap
pear on the tracker bar or as the forward, rewind, or neutral keys 
on the left of the control panel are depressed. By the operation of 
these keys the program roll can be shifted to any set of perfo
rations in the program for starting, or with perforations for the 
high speed forward pneumatic, the program roll can be advanced
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to the beginning set of perforations in the program and rewound 
with appropriate perforations for the high speed reverse pneumatic 
at the end of the program.

In automatic operation of the model, the program roll is ad
vanced from one set of perforations to the next a t the end of each 
13.5 seconds. This is done by an impulse from the master timer 
to the start relay in the programmer, which operates the start 
pneumatic that engages the drive pinion for normal forward speed 
and starts the program roll. Then as the stop perforation in the 
next set of perforations appears on the tracker bar, the stop pneu
matic through its action disengages the drive pinion, stopping the 
program roll; thus, the program roll is advanced to succeeding 
sets of perforations at model intervals corresponding to an hour.

The program roll is a perforated record of an inflow hydrograph 
for a particular inflow point. Each set of perforations on the pro
gram roll represents a special grouping of the orifice openings to 
obtain the model equivalents (gallons per minute) of the prototype 
discharge for a specific hour in a flood hydrograph. There is a 
possible series of perforations for each orifice in the controller, the 
two inlet valves, and the three pneumatic gears—forward, rewind, 
and stop. The lamps on the control panel indicate the leaf switches 
tha t are closed and the brightness of the light denotes whether 
the orifice opened in response.

The perforations are made by a machine resembling a type
writer, shown in Fig. 7. On the right of the perforator, as the ma
chine is termed, there is an indicator panel with a lamp similar to
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the lamps on the control panel of the programmer for each key. 
When the perforator keys are depressed they operate electrical 
switches, which complete circuits to the indicator-panel lighting 
lamps that correspond to the orifices in the inflow controller. Thus, 
the perforations in the program roll can be quickly checked against 
the gallons per minute required for that particular model hour. 
(Correction tabs are provided also for errors made in perforations.) 
The switches remain closed until the perforator feed key is de
pressed and the roll is advanced to the next set of perforations.

Stage Instruments

The stage instrument unit is composed of a transm itter and re
corder with a telemetering circuit consisting of two selsyn motors— 
one in the transm itter and one in the recorder—connected by an 
electrical cable. The stage transm itter is located over the model 
channel at the gaging station corresponding to the gaging station 
on the prototype stream and the recorder is in the control house. 
The transm itter “feels” the water surface with an electronic sensing 
probe and transmits the elevation of the water surface to the re
corder by means of the telemetering circuit. A schematic diagram 
of the transm itter is presented in Fig. 8 and a picture with the 
covers removed is shown in Fig. 9.

The principal features of the transm itter (shown in Fig. 9) are 
a two-phase reversible motor geared to a precision screw and the 
transmitting selsyns, and two electronic circuits tha t control the
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F i g . 9 .  S t a g e  T r a n s m i t t e r  w i t h  C o v e r  R e m o v e d

operation of the motor through the action of the water on the 
sensing probe. The probe head on the lower end of the precision 
screw contains three probes—a rod-like probe that is the common 
ground for the electronic circuits and two needle probes tha t regu
late the electronic circuits; one of the needle probes is 0.004 inch 
longer than the other. Each of the electronic circuits contains a 
twin-triode amplifier tube and a thyratron tube. If the needle probes 
are not touching the water when the instrument is put into oper
ation, the triode in the downward circuit passes current tha t fires 
the thyratron and starts the motor to run the precision screw down. 
As the long needle probe touches the water, a bias is applied to the 
grid of the triode that cuts the voltage applied to the control grid 
of the thyratron, stopping the motor. When the water rises and 
touches the short needle probe the flow of current in the upward 
circuit (the circuit that raises the precision screw) begins firing 
the thyratron in this circuit and starts the motor in the opposite 
direction.

The travel of the precision screw is 0.700 f t ;  this represents a 
prototype range of 70 ft. The maximum rate  of travel is 52 seconds
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F i g . 1 0 .  S t a g e  R e c o r d e r

for the full vertical range of 0.700 f t  in the upward direction and 
57 seconds in the downward direction. The surface of the base 
plate is machined for establishing the zero; bolt heads that can be 
moved up or down for obtaining the desired zero support the base 
plate of the transm itter on the gage mount.

As the precision screw travels up and down with needle probes 
sensing the water surface, the rotor of the transm itting selsyn 
is rotated through certain angles; the rotor of the receiving selsyn 
in the recorder is also rotated through the same angles. A pen on 
the recorder is made to travel vertically with the precision screw 
in the transm itter by a gear train connected to the rotor of the re
ceiving selsyn (Fig. 10). The movement of the pen is recorded in 
ink on a chart fastened to a drum that is rotated horizontally and 
clockwise. Thus the stage hydrograph is drawn on the chart for 
the particular gaging station. The travel of the pen is 14 inches 
for the 0.700 ft travel of the precision screw. The base on which 
the drum rests is driven by electrical clock works rotating the drum. 
The rate of rotation is selective— 1 and 6 inches per hour for some
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of the recorders and 6 and 24 inches per hour for the others. Nor
mally, the rotation speed of 6 inches per hour is used and at this 
rate slightly over 6 hours can be recorded on a chart or a prototype 
period of 70 days. The effective length of the chart is about 31 
inches.

Outflow Instruments

An outflow is provided on the model mainly to measure the dis
charge at a selected point on a stream or to make releases from a 
reservoir. In addition to providing means for measuring the dis
charge, means must also be provided to simulate the control that 
would be supplied by the stream below the outflow. This control is 
usually provided by programming the stages at or near the outflow 
in accordance with a predetermined rating curve (stage versus dis
charge), or in accordance with a predetermined stage hydrograph. 
Both methods of control are used from time to time in the testing 
programs on the Mississippi Basin Model. Releases from reservoirs 
are usually made in accordance with a predetermined stage or dis
charge program.

Originally, and to some extent now, the control a t outflow points 
was maintained by manual manipulation of a tail-gate weir. The 
head over the tail-gate weir was read by means of a hook gage or 
recorded automatically by a stage transm itter and recorder. With 
a previously developed rating curve, the discharges for the outflow 
point were obtained. Recently an automatic control for programming 
either stage or discharge hydrographs has been developed. This con
trol is built around a hydraulic regulator, a commercial device manu
factured by Askania Regulator Company. A schematic diagram of 
the installation for programming both stage and discharge is shown 
in Fig. 11 and a picture of a model installation in Fig. 12.

The nucleus of the hydraulic regulator is an oil je t tha t dis
charges under a pressure of about 100 psi into two closely adjacent 
orifices that are connected by tubes to opposite ends of a double 
acting hydraulic cylinder. The je t pipe from which the oil is dis
charged is pivoted and free to move through a small horizontal 
angle. When the je t is centered on the orifices the pressures on 
the piston in the hydraulic cylinder are balanced and the piston 
is stationary regardless of its position.

The movement of the je t through the horizontal angle is con
trolled by the deflection of a diaphragm. On one side of the dia
phragm is a signal force that is opposed by a counteracting force
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F i g . 1 1 .  S c h e m a t i c  D i a g r a m  o f  t h e  I n s t a l l a t i o n  o f  t h e  
O u t f l o w  I n s t r u m e n t s

developed by a spring. The diaphragm is attached by a shaft to 
the je t pipe which moves with the deflection of the diaphragm.

The signal force is developed by the head over the end of a 
bubble tube set in the channel which discharges an accurately 
measured stream of air; this head at the balance point as used on 
the model is exactly 2 inches. (However, it can be made any reason
able amount by adjusting the spring to balance the signal with the

F i g . 1 2 .  M o d e l  I n s t a l l a t i o n  o f  t h e  H y d r a u l i c  R e g u l a t o r  a n d  C a m  

P r o g r a m m i n g  D e v i c e
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pressures balanced on the piston in the hydraulic cylinder.) Any 
change in the head over the bubble tube from the balance point 
will deflect the diaphragm and move the je t pipe in the direction 
of the greater force; this unbalances the force on the piston in the 
hydraulic cylinder and moves it in the direction of the greater force. 
The piston is attached to the valve stem of a gate valve in the out
flow pipe or to a rod connected to a gate in the model channel (Fig. 
11). The gate is moved in a direction to return the head on the 
end of the bubble tube to the balance position. When the head over 
the end of the bubble tube has been returned to the balance position 
of exactly 2 inches, the je t emanating from the je t pipe is centered 
on the two orifices and the system is in balance again.

The stage or water surface in the model channel, or the head 
over a weir, is 2 inches above the end of the bubble tube. By pro
gramming the elevation of the bubble tube, a program of stage or 
head can be maintained at the bubble-tube point. Two methods 
have been used on the model to program the elevation of the 
bubble tube.

One method used is an oil je t set up with a double acting hy
draulic cylinder and a diaphragm similar to the one described for 
operating the valve gate (portion of diagram on left of Fig. 11). 
The bubble tube is fastened to the piston rod of the hydraulic 
cylinder. A cam follower that is positioned by the top edge of a 
cam cut to the stage hydrograph and tha t furnishes the signal 
pressure to the diaphragm is also fastened to the piston rod. The 
signal pressure on the diaphragm is developed by an air je t im
pinging on an orifice connected by a tube to the diaphragm chamber. 
At the balance point for the two forces, signal pressure and spring, 
the cam is partially cutting the air jet. The cam is circular and is 
driven by electrical clockworks. As the cam rotates, the top edge 
is moved away from the balance point in the air jet. This un
balances the forces acting on the diaphragm moving the oil jet 
away from one orifice and toward the other and in turn unbalancing 
the forces acting on the piston in the hydraulic cylinder, moving it 
in the direction to bring the air je t on the cam back to the balance 
point. In this manner the air je t is made to follow the top edge of 
the cam carrying with it the bubble tube, since they are both rigidly 
connected to the piston rod of the hydraulic cylinder. The move
ment of the bubble tube causes the system controlling the valve 
gate or channel gate to change the water-surface elevation to agree 
with the new elevation of the bubble tube. Thus a head program 
over a weir or a stage program in the channel can be maintained.

Another method of programming stage and discharge is shown
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schematically on the right in Fig. 11. This method makes use of a 
programmer described under inflow instruments, a wheatstone 
bridge, and a bubble tube positioner. On one side of the wheatstone 
bridge are twelve fixed precision resistors tha t can be programmed 
into and out of the circuit by the programmer; on the other side 
is a variable precision resistor, the movable arm of which is con
nected by a gear train to a reversible motor. The output of the 
bridge is amplified and applied to the motor to move the arm of the 
variable resistor to balance the selected fixed resistance in the 
bridge circuit. The motor is geared also to a precision screw to 
which is attached the bubble tube.

The various fixed resistors are selected such that, as they are 
programmed in the circuit, they will cause the motor to move the 
precision screw, in balancing the variable resistance, the following 
vertical distances:

By programming the fixed resistors in the wheatstone-bridge circuit, 
which is done by a perforated program roll in the programmer, the 
elevation of the end of the bubble tube is programmed. In turn, 
through the action of the hydraulic regulator apparatus, the stage 
in a channel or the head over a weir is programmed.

Master Timer and Calendar

The master timer provides the timing functions in accordance 
with the time scale for the entire model and synchronizes the oper
ation of all instruments (Fig. 13). It is an electromechanical device 
tha t consists of a series of cams driven by a synchronous motor with 
suitable reduction gears to produce preselected speeds determined 
by the model-time scale. The teeth on these cams actuate micro
switches which, with their associated relay circuits, furnish three 
timing signals: a 0.25-second signal every 13% seconds for actuating 
the program roll in the inflow programmer; a 2-second signal, also, 
at the end of each 13% seconds for programming the date and hour 
on the calendar; and a 2-second audible signal at the end of each 
model day.

The calendar is a date-hour indicator designed so that the model 
time can be continuously and visually indicated in the control house 
during tests (Fig. 14). It consists of a series of relay circuits tha t 
operate lamps indicating the month, day, and hour on the annunci-

0.6 ft 
0.3 f t  
0.2 f t  
0 .1ft

0.06 f t  
0.03 ft 
0.02 f t  
0.01 ft

0.006 f t  
0.003 f t  
0.002 f t  
0.001 ft
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F i g . 1 3 .  M a s t e r  T i m e r

ator panel. The calendar also relays audible hourly signals to the 
model which are selective for 2, 4, 6, or 12 hour periods.

The operation of all instruments is governed from the control 
house. In preparing for a test the timer, the calendar, the program 
rolls in the inflow programmers, and the recorder charts on the 
stage recorders are set for the month, day, and hour of starting 
time; then, by means of a single switch, all instruments in the con
trol house and on the model can be started simultaneously.

F i g . 1 4 .  Ca l b n d a b  - D a t e  - H o u r  I n d i c a t o r
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A c c u r a c y

It is difficult, if not impossible, to evaluate the absolute accuracy 
of the combined system of instrumentation operating as a unit on 
the model because of the many variables that affect the data ob
tained with the instruments. These data are the results of the 
aggregate effects of the instrumentation and of the model. The 
separate effects of the instruments and the model are difficult to 
isolate and it is possible only in rare instances. However, relative 
accuracy of the instrumentation as a unit and the accuracy of the 
instruments operated individually under controlled conditions are 
more readily obtainable.

Prior to beginning formal testing programs the model streams 
are subjected to a series of verification tests in which the model 
roughness is adjusted to reproduce the relationship between stages

Fie. 15. S t a g e  H y d k o g r a p h s
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and discharges at the various gaging stations for selected floods of 
record. The accuracy with which these floods are reproduced is a 
verification of the composite accuracy of the model, the instru
mentation, and the prototype flood data. Typical model stage and 
discharge hydrographs compared to prototype hydrographs for 
selected verification floods are shown on Figs. 15 and 16. The maxi
mum difference in the model and prototype hydrographs is only 
about five percent. When this difference is apportioned to the in
strumentation, model, and prototype data as errors, the errors be
come comparatively small for each of these factors. The accuracy 
of the majority of the prototype discharge measurements and 
ratings as indicated in the records is within 10 percent. The model 
reproduction of these floods is well within the accuracy of the proto
type data.

P ig . 1 6 .  D i s c h a b g e  H y d r o g r a p h s
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The accuracy with which identical tests can be repeated on the 
model is another indication of the accuracy of the instrumentation 
as a unit. Generally, the differences in these tests do not exceed 
one percent and in numbers of instances the repeated test appears 
to be an identical reproduction of the original test.

Flood-control models of the type of the Mississippi Basin Model 
have been in use at the Waterways Experiment Station for the past 
20 years. The original models of this type were operated manually. 
The relative accuracy of manually operated instruments and auto
matic instruments has been obtained from a comparison of the re
sults of tests on the original models of this type and on the Missis
sippi Basin Model. The reproduction of verification floods by both 
methods of instrumentation was accomplished with approximately 
the same degree of accuracy. However, the accuracy of repeating 
identical tests with automatic instruments is greater than with the 
manually operated instruments. Automatic instruments eliminate 
the human equation which affects the data obtained with the manual 
instruments.

Extensive tests were made with individual instrument units 
under controlled conditions for the purpose of determining the 
accuracy. Sixty-three hydrograph tests were conducted with twelve 
inflow controllers and programmers. Three series of tests were 
conducted: one series consisting of the rising leg of inflow hydro
graphs ; a second series of the falling leg ; and the third series of 
complete hydrographs, both rising and falling legs. The percent of

-FALLING L E G -

-  RISING L E G -

IBgiinpn

_L__1__L_L
NFLOW CONTROLLER NUMBER

-COMPLETE HYDROGRAPH -  RISING AND FALLING LE G S-

J__ L J__ L
11-0 17-A 24-A

| STEEP RISE AND/OR FALL 

| MODERATE RISE AND/OR FALL

F i g . 1 7 . P e r c e n t  o f  E r r o r  i n  T o t a l  V o l u m e  o f  I n f l o w  H y d r o g r a p h s  

P r o g r a m m e d  a n d  M e a s u r e d  b y  I n f l o w  I n s t r u m e n t  U n i t s
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error in total volume measured by the instrument unit in each of 
these tests is shown as a bar in Fig. 17. The rate of rise or fall, 
whether steep or moderate, is shown by the shading of the bars. 
In the tests with hydrographs of the rising leg, the pressure dropped 
momentarily at the beginning of each 13.5-second period as the 
orifice area was increased resulting in a smaller measured volume 
than the programmed volume. The reverse occurred in the tests 
with hydrographs of the falling leg.

Tests, which numbered several hundred, were conducted with 
stage instrument units under laboratory conditions to determine 
the accuracy of these instruments in following a rising and falling 
water surface. These tests indicated that the stage instrument 
units would follow and record hydrographs with maximum errors 
of less than 0.001 f t  under these conditions. The accuracy on the 
model was somewhat less.

In the tests conducted with the outflow instruments, an accuracy 
of maintaining stages in a channel or head over a weir within
0.001 to 0.002 f t  was indicated.

The cost of automatic operation of the Mississippi Basin Model 
compared to the cost of manual operation has been reduced about 
50 percent. It is estimated tha t the cost of the instruments in use 
on the model has been amortized by the saving in salaries that 
would have been required for manual operation.

Additional instruments consisting of 120 inflow controllers and 
programmers, about 300 stage transm itters and recorders, and 102 
hydraulic regulators with the programming device will be required 
for completion of the model. These instruments will provide for 
operating the main stem of the major tributaries and the Mississippi 
River.

D is c u s s i o n

The discussion was initiated by Mr. Murray who asked why a 
vacuum-type of control rather than an electrical one was used. Mr. 
McGee replied that specifications were drawn up and submitted to 
the manufacturers, and the method used was the least costly that 
would satisfy the requirements.

Mr. Wires then inquired whether the 0.004"-probe gap implied 
an accuracy of that magnitude or if this determined the limits of a 
continuous hunting process. Mr. McGee indicated that it is the 
latter and that the maximum error is less than 0.001 foot under 
laboratory conditions, although the accuracy is poorer on the model.

Mr. Rouse requested comment on difficulties encountered due to
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the settlement of the model and means tha t were used to combat 
this. Mr. McGee admitted that there had been difficulty with 
settling of the model due to the fact that the Jackson clay for
mation in that area expands and contracts considerably with 
changes in moisture. It was found that, after the Missouri section 
of the model had been constructed, instead of settling, it rose by 
about 0.03 to 0.07 foot. It has been necessary to insert piles in the 
sub-grade to a depth of about 10 feet, set the slabs on the piles 
with a void of about 0.4" under the slabs and to install screw-jacks 
on top of the slabs that could be adjusted as required. This pro
cedure is being used for the entire model.

Mr. Landweber inquired about the scaling laws which were used 
in setting up the model. Mr. McGee stated that a modified Froude 
law is used. Because they were not able to scale the roughness, 
however, it was necessary to increase the discharge from a ratio 
of 1:2,000,000 as required by the modified Froude law, to a ratio 
of 1:1,500,000. Before testing begins, though, the model is made 
to reproduce a flood of record under the same conditions th a t tha t 
flood occurred. Only bulk movements of flood waters are studied 
with the model, not velocity distributions or other local phenomena.

Mr. Truesdell then asked what is the accuracy of predictions. 
Mr. McGee replied tha t it was about five thousandths of a foot, 
which represents five tenths of a foot in the prototype. In some 
cases they have duplicated floods within 2 or 3 tenths of the proto
type elevations.

Mr. Bauer wished to know what kind of adjustments were made 
on the model in order to reproduce floods of record. In reply Mr. 
McGee said that first the model was molded according to the avail
able hydrographic and topographic surveys. Then roughness is in
stalled in the channel and on the overbank. Screen wire, which 
represents timber, is installed on the basis of aerial photographs, 
and its density adjusted in order to obtain the stage-height versus 
discharge relationships measured at the various gaging stations.

Mr. Mostafa pointed out the change in roughness in some rivers, 
such as the Missouri, when the flood goes out and asked how this 
was taken into account in the model which has a constant rough
ness. Mr. McGee was aware of this phenomenon. He stated tha t 
roughness is put on the bottom of the channel and quite often it is 
observed tha t roughness is not needed on the sides. As the flood 
rises, the roughness of the bottom is sufficient to take care of the 
roughness requirements. In most channels, however, roughness is 
needed all around the wetted perimeter of the cross-section. This 
is adjusted to give the correct stage-discharge relationship at
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various stations. He further went on to say that the procedure 
had been verified on several streams for more than one flood; on the 
upper portion of the Mississippi for ’43, ’44, and ’47 floods, and on 
several floods on the Cumberland River, all a t the same time scale.

Mr. Albertson continued the same line of inquiry as Mr. Mostafa. 
It was his experience also tha t in alluvial rivers the roughness 
changes with the stage because of the change in the pattern of the 
sand dunes, as a result of which, a t higher stages, the river channel 
may appear to be smooth. He asked how this was taken into account 
in the model ? Mr. McGee then essentially repeated his reply to Mr. 
Mostafa’s question, that, by putting fairly large pegs on the bottom 
of the channel and little or none on the sides, the condition of 
diminishing effective roughness with increasing stage is simulated. 
This procedure has been justified by the reasonable degree of 
accuracy with which various floods of record have been reproduced.

Mr. McGee concluded the discussion by showing two hydrographs 
of floods at Muskogee on the Arkansas River with which the model 
was in very close agreement. He admitted however that, with con
siderable movement of the bed load and the formation of , bars, 
which might change the bed level by two or three feet between 
floods, the model, which has a fixed bed, would be able to reproduce 
only one flood. This was the case in the St. Louis area of the 
Mississippi River.
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RECENT DEVELOPMENTS IN ELECTRONIC 
INSTRUMENTATION

by
P h i l i p  G . H u b b a r d

At the Third Hydraulics Conference in 1946, Dr. S. W. Grinnell 
presented a paper [1] in which he discussed the role of electronics 
in hydraulic research and the work of some of the pioneers in the 
field up to that time. He analyzed the particular virtues and de
ficiencies of electronic instruments and reviewed current techniques 
in the field as a guide to those who found it necessary to supple
ment traditional methods of measurement. Nearly a decade has 
passed since that time, and a review of developments during this 
period is considered in order, both as a guide to those who wish 
to take advantage of current knowledge and equipment and as a 
clue to those who intend to participate in future developments 
along this line. For the sake of brevity, the title of this paper has 
been made much broader than the actual subject matter, and limi
tations can now be fully stated: Recent developments are those 
which have arisen or matured within roughly the last decade; only 
instrumentation which is closely related to hydraulic engineering 
will be included; and finally, the topics to be considered are meant 
to be only representative, certainly not exhaustive. In particular, 
instruments and techniques which are being presented in other 
papers of the present conference will be omitted or only mentioned 
briefly, for obvious reasons.

G e n e r a l  O b s e r v a t io n s

For the research worker confronted with the problem of devising 
methods to measure various physical quantities under laboratory 
conditions, the required understanding of the details of electronic 
circuitry has been greatly decreased during the last decade. Be
cause of the demands of industrial research, particularly in the air
craft and flow-process industries, a multiplicity of sensing elements 
which can be applied directly to hydraulic measurements is now 
commercially available. For processing the signals from these 
elements, entire assemblies of electronic components which formerly 
had to be designed and refined in the laboratory can now be pur
chased directly from a choice of manufacturers in a highly reliable 
form. It is therefore possible for an engineer with imagination 
and skill in mechanical design to assemble satisfactory electronic
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systems with little more than a “block-diagram” understanding of 
the electronic components. There are, of course, many problems 
whose solution demands a much deeper understanding of electronic 
principles, and obviously many more which to date have defied 
solution.

A cursory look at available statistics shows that the business of 
developing better sensing elements and simpler-to-operate electronic 
components is a highly-competitive field which has assumed giant 
proportions. From an annual volume of about one and one-half 
billion dollars in 1947, the instrumentation industry has grown until 
it now boasts a volume of more than four billion dollars [2] and 
has produced vigorous branches in computers and automation. Be
cause of the increased use of automatic measuring and controlling 
devices, some even refer to present developments as the second in
dustrial revolution. In 1946, an efficient instrumentalist had to keep 
abreast of the rapid release of a rich but unrefined storehouse of 
information which had developed in the confined atmosphere of 
wartime research. In 1955, an efficient instrumentalist must keep 
abreast of the rapidly increasing array of commercially available 
and highly refined instruments which are the product of the inter
vening years.

The author of a recent technical article surveys the range of 
available instruments and concludes tha t “the most important 
frontier of modern instrumentation is in application” [3], This re
mark is highly significant and applies to a great many of the prob
lems of hydraulics, especially in what may be considered the ex
tremities of the field: the operation of model structures and the 
solution of hydrodynamic and other integro-differential equations.

As typical examples of techniques which are being applied to 
model operation, tidal fluctuations are now being produced auto
matically from a rectangular plot on paper of the desired stage re
lationships versus time, while different parts of a model are sched
uled to reproduce desired conditions by means of feed-back loops 
in which the stage at one point, for example, controls the discharge 
at another [4]. At the measuring end, operations such as aver
aging, integrating or applying correction factors can be handled 
electronically with considerable savings in time and money. Final 
results can be recorded on charts, on magnetic tape, on oscilloscope 
tubes or, in keeping with latest trends, as digital data on punched 
cards, decade counters, or even automatically typed sheets.

For the analyst who has suffered the frustrating experience of 
managing to express the relationships between parameters in 
equation form only to find that useful solutions will require years

http://ir.uiowa.edu/uisie/36



of work, analog and digital computers are now available which 
will quickly provide solutions. The ability of these computers to 
check their own operation and indicate faults automatically has 
improved so that they exhibit a freedom from error hundreds of 
times better than skilled workers. Since large general-purpose 
computers may cost more than a million dollars and produce answers 
at a fantastic rate, they are generally located at convenient centers 
of activity where they can serve many analysts on a rental basis. 
Special-purpose or “small” computers (in the trade, those which 
cost less than $50,000) are often supplied complete with an in
tensive short course on their operation and presumably can be 
kept, like a slide rule, at the analyst’s elbow.

S pe c if ic  A p p l ic a t io n s

In order to discuss some recent developments in more detail, it 
will be necessary to narrow the range of problems considerably. 
Because of the continually recurring need to measure velocity, 
pressure, and vertical displacement of a liquid surface or channel 
bed, these have been chosen as examples. The range will be further 
restricted by considering measurements made under research labora
tory conditions as opposed to routine industrial measurements or 
field work under adverse conditions.

Electronic instruments are used in measuring fluid pressures in 
three categories: very low, rapidly varying, and where a record or 
remote indication is necessary. Several manufacturers supply in
struments which will indicate the instantaneous values of pressures 
above about 1 psi with very fast time response and high accuracy. 
Extreme care has been taken to reduce the size of the sensitive 
portion and insure freedom from errors due to extraneous variables 
such as vibration and temperature variations. For measurements 
in this range, therefore, it is recommended that commercially avail
able devices be considered before starting to design a sensing ele
ment. In Fig. 1, a typical pressure cell of this type is illustrated.

If measurements in the range below 1 psi are to be attempted, 
two alternatives should be considered: to measure only the fluctu
ating component if possible, in which case commercially available 
hydrophones with sensitivities down to background noise can be ob
tained ; or, if small changes in the mean level must also be known, 
to arrange components such as sensitive bellows or diaphragms so 
that they convert pressure differences to linear motion which can 
be detected with displacement detectors which, again, are available 
commercially in several forms. As an example only, a linear variable
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differential transformer which reliably and accurately detects dis
placements of less than 10“ '1 inch is shown in Fig. 2. The prob
lem of recording the results is simply a matter of selecting from a 
wealth of material. A recorder which happens to be available at the 
Institute is shown in Fig. 3.

Lest the conclusion be reached that all pressure measurements 
are now simply routine, a few words of caution concerning possible 
pitfalls should be noted. If the dimensions of the system under 
study are quite small and if fluctuations in pressure are rapid, con
siderable study and design are often necessary to assure freedom 
from inertial and viscous effects which can cause very large errors. 
A complete analysis of the factors which must be considered in this 
regard could well be the subject of a paper many times the length 
of this one, however, and will therefore not be even attempted now.

In the field of measuring liquid surface elevations in gage wells, 
manometers, or open channels (including waves), one recent de-

Fio. 2
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F ig . 3

velopment is the perfection of capacitive-type detectors consisting 
of very fine wires coated with a thin dielectric. When these wires 
are stretched between two points, one beneath and one above 
the surface, the capacitance from the wire to the liquid varies 
linearly with the immersed length. These fine wires usually do not 
create a noticeable disturbance in the system, respond as quickly 
as necessary, and the capacitance can be made nearly independent 
of the ambient temperature or conductivity of the fluid. Their chief 
virtue, of course, is simplicity.

Another liquid-level detector which has been highly developed 
recently is the vibrating-needle device which enjoys considerable 
popularity in Europe [5]. A related European development which 
to the writer’s knowledge has not been employed in this country is 
the “wave-height analyser” of the Hydraulics Research Station in 
England [6]. The sensing element of this analyser is a series of 
vertical wires in graduated lengths which contact the moving water 
surface. When wires are immersed or exposed by the changing 
water surface, resistors connecting the wires are progressively 
shunted or vice versa. If a steady current is passed through the 
system thus formed, the voltage varies in a step pattern which is 
converted to pulses and finally to indications on a counter. It is 
expected that this novel device will enjoy considerable popularity 
because of its basic simplicity and high probable accuracy.

When the surface elevation to be measured is not the liquid-air 
interface but the interface between water-saturated earth and the 
water, the problems of accurate and dependable measurement are 
much farther from satisfactory solution. First, because of the
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heterogeneous nature of the bed material and the possibility of 
partial suspension in flowing water, simply specifying the location 
of the bed becomes a m atter of statistical definition before any 
measurements are attempted. Secondly, practically none of the 
physical characteristics of the surrounding media go through a 
sharply defined change as the point of measurement crosses the 
interface. In the face of these facts, it is not surprising that the 
best available measurements of bed level are only 1/10 to 1/100 as 
precise as corresponding measurements of the liquid surface; never
theless, there is recent progress to report in this field. At the In
stitute, for example, the bed level at a fixed object such as a bridge 
pier or abutment is being measured by means of a series of small 
electrodes embedded in the surface on a vertical line [7], If the 
electrical impedance from each of these electrodes to a large elec
trode fixed in the water is measured, a definite difference is evident 
as the interface is crossed. In keeping with earlier remarks, this 
change is not abrupt, but becomes increasingly sharp as the particle 
size in the bed and the vertical dimension of the electrode decrease. 
When the water is moving, however, the gradually varying con
centration of suspended material complicates the problem of defining 
the bed level.

For another recent development in electronic bed-level detection, 
attention can again be directed to work being done abroad. In both 
England and France, investigators have independently developed 
instruments operating on the change in electrical impedance be
tween two immersed electrodes as they approach the bed [8]. An 
associated pair of electrodes compensates for changes in the con
ductivity of the water and, under favorable conditions, a repro
ducibility of indication less than 1 mm is reported. No mention was 
made of adapting the device to automatic recording, but this should 
be a relatively simple step using modern servo devices.

Of all problems of hydraulic measurement probably none has 
received more attention during the past decade than the measure
ment of velocity, and probably none is farther from satisfactory 
solution throughout the range of normally-encountered conditions. 
With one or two possible exceptions, none of the techniques being 
used is based on an entirely new principle, but several variations 
and improvements on old methods are worthy of notice.

One of the oldest and most direct methods of velocity determi
nation is to inject a neutrally bouyant but optically distinct material 
into the stream and to observe its subsequent motion. At least two 
new methods of introducing the tracer electrically have come to the 
writer’s attention, and are especially useful in observations of the

http://ir.uiowa.edu/uisie/36



boundary layer. Wortmann, in Germany reports on the use of a 
very fine tellurium wire stretched across the stream at a point 
where it can be observed optically [9]. With this wire as the cath
ode and any convenient metal as the anode, a pulse of current last
ing a few milliseconds is passed through the water. This pulse dis
lodges ionized particles of tellurium which are transformed into 
elementary tellurium by a secondary reaction and proceed with the 
flow in what appears to be a dense black line. The distortion of 
this line with passage of time is related to the velocity, of course, 
and can be observed photographically for quantitative results. By 
using due care, the particles produced have fall velocities of less 
than 0.1 mm/second and diffusion velocities of less than 10~:t 
mm/second.

A superficially similar method utilizing an entirely different 
principle to produce similar results has been reported in a thesis 
by Geller a t  Mississippi State College [10]. As in the Wortmann 
method, a fine wire is stretched across the flow and used as the 
cathode to pass a pulse of current through the water. The wire was 
made of platinum, however, and operated by producing a fine line 
of very small bubbles of gas through electrolysis, instead of ionized 
particles. The actuating pulse was provided by discharging a con
denser through the water, and better results were obtained by 
adding salt or acid to the water to increase its conductivity; errors 
due to bubble bouyancy were eliminated by using vertical flow 
past the measuring point. Besides the novel method of introducing 
the line of bubbles, the thesis also described an improved method 
of establishing a time base by repeating the pulses at controlled 
short intervals of time so that a single film exposure included 
several lines of bubbles. Furthermore, by combining the repetitive- 
pulse technique with motion pictures, unsteady flow patterns were 
successfully measured.

The method which is intrinsically most nearly perfect for 
measuring velocities is that of electromagnetic induction. I t is 
capable of indicating over an extremely wide range, has zero lag, 
is practically independent of conductivity, temperature, pressure, 
and gaseous or solid impurities, and indicates the true vector com
ponent of velocity. During the many decades tha t the principle 
has been understood, however, much work by many different in
vestigators has failed to produce a practical instrument for any but 
very limited conditions. Work on the method has been continued, 
however, and several papers describing the results are to be found 
in the literature of the last decade. Two of these are of particular 
interest to hydraulic engineers: One describing a probe-type in
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strument for use in pipes at the University of California [11], and 
one describing several forms of instruments used by Electricite de 
France [12], Their work was significant and produced useful re
sults, but many problems still must be solved before the method 
can find widespread application in hydraulic measurements. The 
principle has been mentioned in the present paper primarily be
cause of its tremendous potential.

Proceeding to a method which is less direct than either of the 
preceding ones, the well-known stagnation tube has come in for its 
share of development through electronic auxiliaries, and has actually 
been used to measure turbulence in several laboratories. At the 
Massachusetts Institute of Technology, for example, a small stag
nation tube has been connected to a variable-capacitance sensing 
element and used to measure turbulence in high-velocity flow at 
shallow depths [13]. At the Iowa Institute, several forms of modi
fied pitot-static tubes have been developed, some of which indicate 
fluctuations in the direction as well as the magnitude of the velocity 
[14]. They have limited application in the laboratory primarily be
cause of the relatively low sensitivity of the fast-response types 
and the difficulty of producing them in sufficiently small sizes.

No discussion of electronic instruments for measuring velocity 
would be complete, of course, without including the hot-wire ane
mometer and its close relative, the hot-film anemometer, which is 
particularly well adapted to measurements in water [15], [16]. Al
though these instruments are less direct indicators of velocity than 
any of those already discussed, they have produced excellent re
sults and are considered most likely to be used soon in general 
laboratory investigations of turbulent flow. Operating techniques 
which minimize the influence of secondary variables have been de
veloped, and long-time stability has been achieved. The size and 
response time are adequate for practically all conditions which 
will be encountered in laboratory work, although their use in field 
studies is limited by the frangibility of the sensing element.

P r o s p e c t s  for t h e  F u t u r e

A discussion of recent developments naturally leads to the con
sideration of future developments either expected or hoped for, a 
task which is pleasant but somewhat hazardous. Firstly, what are 
the major unsolved problems of measurement confronting hydraulic 
engineers? The following list is almost certainly incomplete, but 
represents the writer’s ' assessment of the problem, with no par
ticular signifiance applied to the order of presentation.
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1. An in-place sediment-concentration analyzer.
2. A size-frequency sediment analyzer for use in large-scale 

studies.
3. Improved velocity meters for field use, especially for very 

low velocities and very rapid or very intense fluctuations.
4. A better stage recorder for the field.
5. Instruments to measure pressure and pressure-velocity cor

relation in turbulent flow.

Finally, what current developments in instrumentation are likely 
to have the most influence on future developments in hydraulic 
measurements? The comments made above apply equally well to 
the following list.

1. Increased use of digital-type indicators with a resultant de
crease in operator-judgment factors.

2. Increased use of automatic computing, compensating, and re
cording techniques.

3. Transistorized circuitry for light-weight, long-life field in
struments.

4. Speed-changing recording techniques to make better use of 
standard analyzing equipment.

5. Greatly expanded use of servo-type instruments for control 
and measurement in hydraulic models.

D i s c u s s i o n

Mr. Baines remarked tha t all of the examples cited rely pri
marily on electrical techniques, and that some electrical modi
fications of standard techniques have also been produced. For ex
ample, much work has been done on the midget current meter in 
an effort to reduce friction and record the revolutions remotely. 
Two organizations have developed propeller-type meters, one metal, 
one plastic, and have independently perfected nearly identical elec
trical circuits to detect the speed. A carrier current is passed 
through a wire near the blades, and passage of each blade pro
duces a blip in the carrier. This is converted to a pulse which actu
ates a standard counter. The counters operate for periods up to 
100 seconds and display the total number of pulses during the period.

Mr. Baines then asked about the present status of the hot-film 
anemometer, its frequency response, and temperature-velocity cor
relations. The speaker replied that any desired frequency response 
could be obtained up to at least 50 kilocycles, but tha t 1 kilocycle 
was usually adequate for the conditions encountered in water. He 
then referred the questioner to the recent Ph.D. dissertation by 
S. C. Ling for additional information on frequency response and 
the various correlations which could be measured.
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Mr. Harbeck asked if the speaker eared to evaluate the vi- 
brating-string type of instrument for measuring pressures, and the 
speaker emphasized the advantages of using commercially available 
devices wherever possible. These are available in many forms, but 
he knew of none using the vibrating-string principle. Although 
this principle and many others are well understood and probably 
reliable, most development work involves a great deal of time 
eliminating the effects of extraneous variables.

Mr. Folsom corrected the speaker’s error in displacing Messrs. 
Grossman and Charwat from their true home at the University of 
California in Berkeley. He was also gratified by the favorable refer
ence to the electromagnetic induction method and agreed tha t it 
should be exploited more thoroughly. With regard to the speaker’s 
prediction concerning a shift to digital recording, he has already 
put all of his laboratory manometers on Veeder-Root counters. 
Random errors in the experimental results disappeared as if by 
magic.

Mr. Gent asked if the cloud of bubbles produced by the platinum 
wire could be produced by discharging current directly through 
the water. The speaker said that this was an unlikely possibility, 
but tha t production of cavitation bubbles by producing intense 
standing waves in the water was a possible means of eliminating 
the troublesome wire in the fluid. When intense standing waves 
are produced by a crystal or magnetostriction transducer, the fluid 
actually vaporizes in the pressure loops.

Mr. Shoumatoff was interested in the probable behavior of a 
hot-wire or hot-film anemometer in a fluid containing cellulose 
fibers, and in the precision of the vibrating-needle technique for 
measuring viscosity. The speaker recommended a hot-film ane
mometer with a  conical tip to minimize the tendency to collect 
fibrous material, but was not familiar with the vibrating-needle 
method of measuring viscosity. Mr. Shoumatoff said tha t their a t 
tempts to obtain an instantaneous measure of viscosity with the 
vibrating needle had been unsuccessful.

Mr. DeHaven reported that their experience with the Fiscotron 
at Phillips Petroleum had also been unsatisfactory.
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PHOTOGRAPHIC ANALYSIS OF FLUID FLOW

fay

J o h n  H. W a d d e l l  

Fairchild Camera and Instrum ent Corp., Syosset, L. I., N. Y.

The flow of gases, fluids and solids is a transient phenomenon 
which is extremely difficult to observe with the eye. If the eye is 
replaced with a lens and the rods and cones are replaced by a photo
sensitive material, such as photographic film or paper, a permanent 
record can be made. With the understanding of a few fundamental 
rules, a definite and excellent record can be obtained which then 
can be interpreted.

Before starting a study of flow patterns one must determine 
whether the phenomenon is in a steady or a transitory state. If 
the event occurring is in a steady state, still photography will 
suffice for recording it. If conditions are changing, sequence or 
motion pictures will fill the requirement. If the mechanical action 
(which, of course, includes the flow of liquids, gases and solids) is 
aperiodic, it becomes even more apparent that a photographic 
record is necessary. Obviously, the stroboscope is an ideal instru
ment for the visual observation of periodic events, but for erratic 
or discontinuous phenomena, the stroboscope alone is not sufficient 
for their examination.

Mechanical actions are defined as those which can be seen or 
recorded directly. Electrical actions are those phenomena which 
might be invisible or intangible, such as, pressures, sound, etc. The 
latter can be converted, through a transducer, into electrical energy 
which then can be seen as voltage changes on a cathode-ray oscillo
scope or similar recording mediums. These definitions will become 
more important as the discussion proceeds to simultaneous record
ing of the flow patterns and pressures.

The time interval for an event to take place is the next factor 
to be considered.

A classical story exists concerning the study of the aerodynamic 
characteristics of a guided missile. Schlieren pictures were required 
of a scale model in a wind tunnel. The missile was to go from zero 
velocity to Mach 2.5 in a very short time. One engineer stated that 
one picture should be taken as the velocity became measurable and 
a second picture at Mach 2.5 when steady state was reached; that 
the passage of the missile through Mach 1 was so fast tha t there
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would be no effect on the missile’s behavior. A second engineer felt 
that a continuous record from 0 to 2.5 would be better for a com
plete analysis. A high-speed motion picture was made from Mach 
0 to 2.5. As the missile passed through Mach 1, the violence of its 
passage was so great, it was apparent that the flight of the missile 
would be affected. The film record was such that a good analysis 
was possible and subsequent redesign produced a missile with better 
performance. But what it is important to note is tha t there is 
practically no event occurring which cannot be photographed.

The time of exposure is related to the field size and velocity. 
Especially is it important in the case of a single still picture that it 
be “crystal-clear sharp”. For example, in photographing a moving 
object through two field widths, the first a 1-foot field and the 
second a 10-foot field, the apparent velocity will be ten times greater 
for the first than for the second. Therefore, the exposure time 
would have to be ten times as fast for the first in order to get a 
picture as sharp as the second one. I t is true that the image size 
of the second will be but one-tenth the size of the first and tha t if 
it were enlarged to the same size as the first, the movement dur
ing equal exposures would be the same. The second picture actually 
seems sharper because of its reduced size. In observing Fig. 1, it 
is obvious that BBX —  10 A A U and in any unit time of exposure the 
object will move an equal distance on A A y and BBX.

F ig . l

The reduction factor is 

R=<lfl

where R  is the number of times reduction
d is the distance from subject to film plane 
/  is the focal length of the lens in the same units as used 

in “d ”.
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If the subject was moving at 10 feet per second, the following 
table can be computed for various exposure times:

Exposure time Object movement 
during exposure

Object movement 
during exposure 

at 10 times 
reduction

1 second 10 feet 1 foot
.1 1 foot 1.2 inches
.01 1.2 inches .12
.001 .12 .012
.0001 .012 .0012
.00001 .0012 ” .00012 ”
.000001 .00012 ” .000012 ”

A sharp picture will be obtained if there is image movement of 
less than .001 inch. Therefore, for all practical purposes, an ex
posure time of .00001 second or 10 microseconds will make a sharp 
picture at one-to-one reduction while at ten-to-one reduction, 100 
microseconds would be satisfactory. This same calculation is made 
for still, sequential and motion pictures.

There are times, however, in which pictures are obtained with 
a smeared image along the axis of movement. When measure
ments are to be made by comparing a sequence of two or more 
pictures, the leading edge of the smear should be used.

(In projecting motion pictures as such, the little bit of smear 
adds to the illusion of motion;—those motion pictures having very 
sharp pictures have a tendency to appear stroboscopic.)

The time magnification factor is important in determining 
picture-taking rates for sequential and motion pictures. In silent 
motion pictures, 160 frames or pictures are required for a 10-second 
sequence and 240 pictures are necessary for sound pictures. For 
frame-by-frame analysis, a smaller number of pictures may be re
quired. Therefore, for projection,—we define

where P t is the picture taking rate
P p is the picture projection rate 
M is the time magnification.

At 4800 pictures per second, the time magnification factor will be 
300 times for silent projectors and 200 times for sound projection. 
For time-lapse pictures where 1 picture per second may be taken,
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the time-magnification factor would be .0625 for silent pictures 
and .0417 for sound pictures.

As to field size, the width of the field will be inversely pro
portional to the focal length ol tne lens. Where explosions might 
take place, the longer focal length lenses offer greater protection 
for the equipment. For a rapid approximation for field width or 
distance from the lens to the subject for a given field width, the 
following formula, based on similar triangles, will prove useful:

E i - 1
W,~  cT

where W t is the width of the film 
W s is the width of the field 
f  is the focal length of the lens 
d' is the distance from the lens to the subject

Illumination of the subject plays an extremely important part 
in the study of flow patterns. In the case of liquids and gases, 
transmitted light is the basic method; while for the flow of 
solids, reflected light is generally used. To secure negatives of 
equal background density, the amount of transmitted light re
quired will be about 1/40 tha t required for reflected-light pictures 
when using the camera lens at the same stop and the camera at 
the same picture-taking rate.

Practically there are but few basic lighting schemes for taking 
flow pictures;—though each engineer often modifies the over-all 
system to meet his own needs.

Specular light will give the best results from the standpoint 
of the flow patterns in clear liquids and gases. The specular light 
is light travelling in straight lines—preferably originating from 
a point source.

Diffuse light is scattered light and is best illustrated by light 
coming from a frosted lamp or from opal glass. The light can, or 
may, enter the clear glass in a straight line, but as it strikes the 
diffusing surface, it is broken up and no longer travels in the same 
direction as it entered, as is shown in Fig. 3.
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There are various methods used for producing optical systems 
furnishing specular or quasi-specular light. The more specular the 
light, the sharper the flow pattern. Good observation of the flow 
pattern depends on the variation of the index of refraction in the 
medium due to pressure and/or temperature changes. Since these 
lines of differences may be very small and sharply delineated, the 
straighter the path of the light, the better.

In Fig. 4, the basic systems are illustrated. In A, a point source 
S is placed at some distance from the camera lens which is a t Ci. 
If the subject is placed between the points S and Ci but nearer Ci 
and the lens focused on the plane of subject, a shadowgraph picture 
will be obtained. Such a shadowgraph will show the flow patterns 
in gases and transparent liquids, as well as dispersion of solids in 
liquids and the phenomena of solution and mixing.

Light sources which are generally used for this purpose a re :

1. Ribbon-filament incandescent lamps
2. High pressure mercury-vapor lamps*
3. Zirconiun arc lamps
4. Spark
5. Electronic flash

In B and C lenses or mirrors are placed so that L t and Mi will 
form a collimated beam of light and then L2 and M2 will re-image 
the source at C2 and C3. The subject is placed in the collimated 
beam, and the camera lens focused upon the subject. (A reference 
for this basic optical system will be indicated in the discussion of 
schlieren photography.)

Simplified systems are shown in D and E. D employs a single 
condensing lens. A large diameter lens is usually used so tha t the

* For any picture taking rate above 16 per second, d-c should be used.
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background density is produced uniformly over the negative. The 
subject is usually placed between the condensing lens and the 
camera lens. (Two typical condensing lenses could be the 12" f.l. 
6" diameter and the 21" f.l. 14" diameter.) When the lens is re
placed by a mirror, as in E, the subject is placed between the lamp 
and the camera lens. Field size will determine the diameter of the 
mirror to be used. .

From these basic systems, there will be slight deviations for 
shadowgraph and schlieren photography. In both shadowgraph and 
schlieren, the differences in the index of refraction within the 
medium are recorded. The shadowgraph pictures will show gross 
changes in index which would be produced and could be photo
graphed by one of the five basic specular optical systems. If a 
stop is placed in the focal plane of the subject or a t the principal 
focus of the lens, a schlieren picture is produced which shows 
even minute differences in the index. The stop can be either a 
knife edge or an iris diaphragm at the principal focus of the lens.

The schlieren system can be modified to produce color schlieren 
by introducing a continuous spectrum at the plane of the filament 
or slit. A second slit can be added at the plane of the spectrum to 
produce a narrow band of the color spectrum.

Figure 5 shows the schematic employing the “B” system of 
Fig. 4, but with the 60° prism (P) interposed between S and Si; 
Si is the adjustable slit and K the knife edge at the principle focus 
of the lens.

The diffuse light source or optical system is used both for 
transmitted and reflected light subjects. These s'ystems are easier 
to set up than the specular systems. Typical ones are shown in 
Fig. 6.

A diffuse lighting system was used for the photography of the 
effect of missiles entering water with both still cameras and high
speed motion-picture cameras. The tank used for this purpose is 
about 4 feet high. The back of the tank toward the lights is opal 
glass so that an evenly diffused surface is obtained. Photo-flood 
lamps are used to back-light the tank. The camera is placed in 
such a position tha t the impact point, the splash and the trajectory 
of the missile through the water can be photographed. The sche-

Fig. 5
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matic setup is shown in Fig. 6(a). The missile was photographed 
in silhouette. See Fig. 9.

Front lighting is generally used for the photography of liquid 
and gaseous flow and for the study of cavitation and bubble for
mation,—though occasionally front- and back-lighting will pro
duce better pictures. The front-lighting setup is shown in Fig. 6(b), 
and some examples in Fig. 10.

Where opaque subjects are being photographed, for example, 
the flow of solids, Fig. 6(c) and (d) illustrate the basic methods. 
Figure 6(d) is especially applicable to the photography of small 
areas. In the case tha t mirror surfaces are encountered, the light 
must be brought in on the optical axis of the lens, but most sur
faces are rough enough to permit the lights to be used at an angle. 
No m atter how fine the scratches are, the light will be broken up 
so that the subject can be identified. For the flow of solids, time- 
lapse photography may be resorted to, where the picture-taking 
frequency may be 1 per hour, per day or per week. A typical ex
ample of this would be silver migration through phenol plastic.

In some cases, light sources themselves are photographed. 
Neon and argon glow lamps can be used effectively to study intake 
velocities and patterns into chambers. In the succeeding part of 
this paper describing how specific liquid studies are made, the 
effect of flow may or may not be present. Furthermore, many of 
the techniques described are applicable to gas studies.

The pattern of the flow of a liquid into a partitioned chamber 
could not be seen because of the all metal construction of the 
housing. A board (black) was made up with a number of neon 
lamps mounted on it. One side of the lamp terminals was wired in 
parallel and the other side of the individual lamps connected to 
selected positions in the chamber. With the chamber as shown in
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Fig. 7 (a) and the lamps mounted so that the partitioned chamber 
was clearly outlined, the water would close the circuit on the affected 
lamps as it rushed into the chamber. The schematic of the circuit 
used is shown in Fig. 8. A motion-picture camera taking 16 pictures 
per second photographed the progressive action. In Fig. 7 (b) the 
water flow has started and two air pockets are noted. In 7 (c), 
other pockets have developed and some eliminated, while in 7(d) 
the water has started to flow from the egress. These films were 
analyzed in a film reader, picture-by-picture. Master sheets were 
prepared prior to the reading for easy transcription. From the data 
obtained, the water position could be plotted against elapsed time.

Cavitation studies have always presented many problems from 
the standpoint of ship’s hull and propeller design. In working on 
this project, a number of different techniques have been employed. 
In cavitation, high-speed motion pictures, high-speed still pictures 
and high-speed sequence have been used extensively.

Cavitation and the presence of gas bubbles in liquids or vapor in 
air require similar treatment. Schlieren photography has been used 
as well as shadowgraphy the best to portray these phenomena. The 
ebullition of air in a propeller wake and the formation of vapor 
trails by aircraft are typical of these reactions.

One of the finest examples of this type of work has been done 
by Werner Kraus of the Bayer Chemical Works in Germany. He em
ployed color schlieren to study mixing and stirring processes. He 
used an a-c arc lamp as a source with a prism for creating the 
spectrum. The schlieren slit was placed at the principal focus of 
the objective lens. The mirror scheme shown in Fig. 3(c) was 
applied. This method is known as the Loepler process and was 
pushed to its present valuable state by Dr. Hubert Schardin. He
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used both still cameras and motion-picture cameras to get his 
pictures. In a note from him, he points out that they were interested 
in qualitative results only, but that J. G. Van de Vesse, T. H. 
Delft, Netherlands, has been using this method for quantitative 
measurements.

The Naval Ordnance Laboratory, at Silver Spring, Maryland, 
has been using the method shown in Fig. 6(a) for studying the 
cavitation formed by missiles falling into water and other liquids. 
The missiles are of different shapes and enter the water a t vary
ing velocities. The rotating prism high speed cameras were used 
to photograph these events.

The David Taylor Model Basin has been studying propeller and 
hull design in towing tanks and water tunnels. High-speed micro
flash (electronic flash) is used to get the tip action where the cavi
tation action begins. High-speed motion pictures are made of com
paratively narrow fields (up to five feet) and normal-speed motion 
pictures are made of the gross effects on the full run through the 
towing tank. High-speed motion pictures and micro-flash pictures 
are made by looking through windows into the water tunnel.

One word of caution with respect to looking into windows;— 
plastic windows will cause more trouble than glass. A barium 
crown or “Aquaplate” glass can best be used for windows. This 
glass is clear and not tinted green as is ordinary plate glass. The 
external surface (air side) should be coated by the fluoride, if 
possible. Condensation can also be very troublesome and a double 
window with a dehydrating agent such as silica gel helps in over
coming this problem.

As one is using a camera looking into water, the focusing scale 
is modified because of the difference in index of refraction between 
air and water. The scale distance is multiplied by a factor of .75. 
If the fixed focus on a camera is normally 24 feet in air, the fixed 
focus becomes 18 feet in water.

One window should be kept clear for the camera and other ports 
used for the lights. The ports for the lights should be kept as near 
as possible to the optical axis of the lens. Highly concentrated 
spots are desirable for penetrating the water. Among these lamps 
are:

(a) PH750R
(b) 300 watt
(c) #4560 Airplane landing lamp
(d) General Radio “Microflash” unit

http://ir.uiowa.edu/uisie/36



The California Institute of Technology has used the Edgerton 
electronic-flash unit up to 20,000 flashes per second for cavitation 
studies. In order to secure the high rate, several power supplies 
were used in tandem. A continuously moving film was used and 
hence with a synchronizer on the camera, ribbon-like pictures were 
obtained.

Other typical problems which have been extensively studied a re :
The Waterways Experiment Station at Vicksburg, Tenn., has 

been making motion studies of water flow by normal- and high
speed photography. The flow of water over dams and levees, 
through tunnels and through water courses, such as the Mississippi 
River Basin model, are recorded.

Dr. Paul Fye, now of the Naval Ordnance Laboratory and 
formerly of Woods Hole Oceanographic Institute, has been photo
graphing under-water explosions. In the earlier pictures, high-

F i g . 9 . A i r - W a t e r  E n t r y  o f  a  S p h e r e , C o u r t e s y  o f  N a v a l  O r d n a n c e  
L a b o r a t o r y , W h i t e  O a k , M a r y l a n d

speed rotating-prism cameras were lowered in water-tight bells 
to where the test discharge was to take place. Jigged onto the bell 
was the explosive and also photoflash lamps. The sequence of 
operation was as follows:

1. The camera was started.
2. When the camera was at full speed, the photoflash lamp 

(G.E. # 5 0  or equivalent) was ignited.
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3. As the photoflash lamp was approaching its peak, the 
charge was fired.

4. The camera was stopped with a limiting switch when 
“the fireworks were over.”

A weighted white sheet was generally suspended beyond the charge 
to get better contrast.

(Note: By means of a high-speed oscillographic camera placed on board 
the ship and connected to a transducer, simultaneous recordings of pressure 
and the mechanical effects of the explosion could be made. In order to vali
date the readings, zero time should be placed on both camera films. The 
zero time could be initiated from another pair of contacts on the firing 
switch. A 1,000-cycle oscillator with sufficient power to drive two neon or 
argon lamps (% watt) would furnish “the pips” for timing. When a camera 
is kept in the dark, the timing lights may not fire. In order to overcome 
this, a 28-volt d-c bias which is on all of the time will permit the lamps to 
fire when the 1,000-cycle “pips” come through the circuit.)

Fye later submerged a modified Bowen-Knapp camera to 12,000 feet 
to secure a sequential series of underwater explosions.

With a continuous camera, the film will be running in a vertical 
plane or along the “Y” axis. Therefore, the input to the cathode- 
ray oscilloscope will be on the “X” axis only. (On older oscilloscopes, 
the tube was rotated 90° and the high gain “Y” amplifier was used. 
Newer scopes have equal gain “X” and “Y” amplifiers.) A P l l  
coating on the scope tube with good accelerating voltage will give 
good records.

The effects of water currents on the ocean bed have been studied 
by Dr. Ewing and later Dr. Harold Edgerton. Ewing used an in
candescent source and Edgerton has been using both incandescent 
and electronic flash. Rubicoff has been working off southern France 
with incandescent lights and electronic flash. Edgerton has been 
working at depths up to 16,000 feet and there are plans to go even 
deeper.

In 1943, the question arose as to what happened to a torpedo 
when it became entangled in a net. As an exploratory test, a series 
of high-speed motion pictures was made at Silver Springs, Florida, 
in daylight. At tha t time only Eastman Super XX film was avail
able. At depths down to 10 feet, utilizing the white sandy bottom 
as a reflector, full exposures were obtained at 1,000 pictures per 
second with a rotating-prism camera. A fair exposure was obtained 
at 4,000 pictures per second. With the fast films available today, 
4,000 pictures per second can be obtained in sunlight.

Later Chesterman of the Royal Naval Scientific Service made
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beautiful pictures of propeller cavitation and torpedo ejection from 
the submarine’s torpedo tube. These same types of pictures have 
been made by the United States Navy.

At the Morris Dam installation, the Navy has been studying 
the effect of impact of torpedoes as they strike the water. The 
velocities of the torpedo in air would correspond to tha t of a 
destroyer- or aircraft-launched torpedo. Motion pictures, both 
normal- and high-speed, document the event.

The photographic-instrumentation field is expanding rapidly. 
Cameras are being designed to occupy minimum space and yet be 
extremely rugged. Auxiliary equipment is being designed to work 
with the cameras effectively and efficiently. New light sources 
are being developed. Films are being made that have greater 
speed and finer grain. Color films are coming onto the market 
which may equal the speed of black-and-white film. New film bases 
are being developed which will allow operation of equipment at 65°F.

There is one criticism to be offered, however. The present equip
ment tha t is available for the actual analysis of the films is the 
weakest link of the chain in all these studies.

Motion pictures can be observed qualitatively by projecting them 
in a standard projector. One manufacturer has placed a hand crank 
and a frame counter on the projector which permits the observer 
to advance the pictures one-by-one. They, however, did not cali
brate the focal length of the lens. With the tolerances of manu
facture of the lenses, ± 4 %  error can be introduced unless there is 
a scale in the original picture. This lens should be replaced by a 
calibrated photographic objective—not a projection lens.

For frame-by-frame analysis, film readers are available but 
these are sometimes awkward to use. The magnification factor may 
be some odd number such as 17 or 23 times. These readers were 
designed primarily for microfilm transcription.

One instrument company has designed a 10-times magnification 
reader for 16mm film. Movable cross-hairs for vertical and hori
zontal measurements are read on direct reading dials to the nearest 
.001 inch. The film is observed on a translucent screen.

There is a gap from these to the very elaborate laboratory units 
which cost from $15,000 upward.

In conclusion, photography is playing a very important role in 
the recording of the transient events that occur in fluid flow. As 
is indicated by the papers tha t are presented before the hydraulics
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conferences, many phases of photography are used to illustrate 
practically every paper.

It will be to everyone’s advantage to contact various manu
facturers with his problems. This allows the manufacturer to de
sign equipment which is built for the task at hand and not “jury- 
rigged”. The future needs are not modification of existing equip
ment, but engineering requirements for design.
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USE OF RADIOISOTOPES IN HYDRAULIC STUDIES

by

O sc ar  M. B iz z e l l

Chief, Technical Developments Branch 
Isotopes Division, USAEC

Radioactive tracers provide tools long needed by hydraulic 
engineers. Their powers are unaffected by changing chemical and 
physical conditions and they can be detected in very low concen
trations, much lower than is possible with dye or salt. Radio
tracers give a more accurate picture of actual flow-through curves 
of basins and conduits by bringing out the longer tails of the build
up and fall-off curves which go undetected by other means [1]. 
Also, density effects from radioisotopes are vanishingly small as 
only micro-amounts of the material are required. In most cases 
radiotracers may be followed by taking readings through the pipe 
or tank wall, thus leaving the flow pattern undisturbed. The fol
lowing discussion alludes to hydraulics in its broadest sense, that 
is, the general behavior of all liquids. Although the examples cited 
deal with many different liquids, the basic principles can usually 
be applied to problems in water measurement.

P r in c ip l e s  o f  U s e

It would be difficult to conceive of a more sensitive or versatile 
tool than the radioactive atom. The most familiar use of radio
isotopes is as sources of radiation. Here the type of emitted radi
ation, its energy and the half-life are the principal considerations, 
and generally the right combination of the three can be found to 
meet most needs.

The second principal use of radioisotopes is as tracer atoms. The 
radiation from radioisotopes gives investigators an extremely sensi
tive means of detecting their presence and hence their movement 
through physical or physical-chemical transfer, or in a chemical 
reaction. Here the chemical form of the radiomaterial as well as 
its radiation and half-life determine its usefulness. Since radio
isotopes of most of the elements are available, a suitable tracer 
can be found for most purposes.

The fundamental principles involved may be reduced to three 
major types or modes of use as shown in Fig. 1.
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P r o c e e d i n g s  o f  t h e  S i x t h  H y d r a u l i c s  C o n f e r e n c e  

RADIATION AFFECTS MATERIALS MATERIALS AFFECT RADIATION RADIATION TRACES MATERIALS

I

FOOD I  DRUG STERILIZATION 

STATIC ELECTRICITY ELIMINATION 

TELETHERAPY  

R A D IA T IO N  G EN E T IC S

CLINICAL R A D IO G R A P H Y  

THICKNESS (D 'N S I T Y ) GAGING  

I N D U ST R IA L  R A D IO G R A PH Y  

LIQUID LEVEL A  H ÏIGHT INDICATION

M ETA BO LIC  S T U D IE S  

F L U ID  FLOW  

A BRA SIO N  I  WEAR MEASUKSMENT  

STUDY OF REACTION M ECHANISM S

F i g . 1 . B a s i c  P r i n c i p l e s  o f  R a d i o i s o t o p e  U t i l i z a t i o n

Effect of Radiation on Materials

In the first type of use the radioisotope is used simply as a fixed 
source of radiation much as radium and X-ray machines are used. 
The ability of radiation to alter a material is indeed important in 
many ways. This type of use, however, does not lend itself to a 
testing procedure and will not be discussed further.

Effects of Materials on Radiation

In the second type of use (Fig. 1) the effect of the target ma
terial on the radiation furnishes information about the material. 
Here the application is based on detecting or measuring the radi
ation which penetrates or is reflected from the material. This pre
sents an ideal setup for a testing procedure, especially since the 
amount of radiomaterial used is so small that the radiation does 
not alter the material under test. This type of use is the basis 
for most of the testing procedures now utilizing radioisotopes.

Tracing Materials with Radiation

In the third type of use (Fig. 1) the radioisotope serves as a 
tracer to follow the complicated course of material in bulk or the in
dividual batches of atoms in chemical or biological reactions. The 
thing labeled and traced may be water running through a pipe, 
sugar being utilized in a human being, a raw product for milk pro
duction in a cow’s body, or an atom transferring from one kind of 
molecule to another in a chemical reaction.
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S im p l i c i t y  o f  U s e

These modes of use illustrate the simplicity of the principles 
involved. The basic requirements are a radiation emitter and a 
radiation detector. Lest this be an over-simplification, however, 
it should be emphasized tha t “emitter” and “detector” represent 
concepts which are far from simple. Even so, the materials and 
equipment needed for most applications, such as specially prepared 
sources, radiolabeled organic and inorganic compounds, shielding, 
and electronic circuitry, are readily available from commercial sup
pliers in as convenient forms as the manufacturer can make them. 
Further, the equipment and attendent services are continually being 
improved.

S e n s i t i v i t y  a n d  S p e c if ic it y  o f  R a d io iso to pes

Radioisotopes permit materials to be traced in minute quantities 
—a millionth to a hundred-millionth of the amount detectable by 
other means. I t is easy to detect radiation from isotopes diluted 
with a billion or ten-billion times as much non-radioactive material. 
Some isotopes are detectable after dilutions of more than a trillion.

Even more important than sensitivity is the specificity of radio
active tracer atoms. They can label a specific batch of atoms and 
enable it to be traced through a series of chemical or physical 
processes. This permits the sorting out or untangling of complicated 
processes which can be followed in no other way.

The sensitivity of radioisotope detection, the specificity of the 
tracer method, and the unique radiation characteristics of individual 
radioactive species permit radioisotopes to be used as powerful 
analytical tools in at least three major ways. These may be re
ferred to as “tracer analysis”, “isotope dilution analysis”, and “acti
vation analysis”. The first two analytical techniques, as applied to 
hydraulic problems, are comparable in many ways to the salt- 
velocity method and the salt-dilution method, respectively.

E x a m p l e s  o f  A p p l ic a t io n s

Radioisotopes have been used to determine flow rate, volume, 
flow pattern, efficiency of separation, thoroughness of mixing, leak
age, and other associated hydraulic problems. These determinations 
can often be made quite easily where other methods fail.

In many hydraulic applications of radioisotopes, a sharply de
fined peak in the counting rate must be obtained. I t is essential, 
therefore, that the radioisotopes be injected quickly, in as small
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a volume as practicable and without introducing air into the system. 
The radioisotope injector, shown in Fig. 2, illustrates one type of 
commercially available apparatus that meets these requirements [2]. 
The injector uses small C02 cartridges to inject the tracer and flush
ing liquid into the pipe in less than one second. In one particular 
use, 18 cc of tracer solutions and 36 cc of flushing solution are 
placed in a capsule in a radio-chemical laboratory. At the pipe-line 
site, the operator places the loaded capsule and a C02 cartridge 
into the injector housing on the pipe. By operating a trigger 
handle to release the C02 gas, the tracer may then be injected 
when needed.

SOLUTION
PARTIALLY
INJECTED

USA£C-!D 338A

F i g . 2 . R a d i o i s o t o p e  I n j e c t o r  f o r  P i p e l i n e  F i .o w  P r o b l e m s

Measuring Flow Rates

Two point method:  The general method, illustrated in Fig. 3, 
for measuring liquid- or gas-flow rate is timing a surge of tracer 
between two points separated by a determinable volume [3]. This 
is most easily done on a straight section of pipe of known dimension, 
free from branch connections.' The radioisotope is injected quickly, 
close to the point where it will be timed, in order to obtain a 
sharply defined peak in the counting rate as the tracer passes the 
counter. The counters at the two points are connected to a single 
amplifier so tha t they both record on the same chart. The flow rate 
is equal to the volume between the two counters divided by the 
time between the peaks.

Integrated count method:  Radioisotopes can also be used to 
measure flow rate by recording integral counts [4], This method, 
illustrated in Fig. 4, uses only one detector and eliminates the need 
for determining pipe volume. I t is based on the principle that the 
total number of gamma rays registered by a radiation detector on
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RATEMETER I2 E C O I2 D E R

. . P I P E  C A P A C I T Y  B E T W E E N  C O U N T E R S  IS  V G A L L O N S

. . T I M E  B E T W E E N  C O U N T E R  R E S P O N S E S  IS T  M I N U T E S  

F L O W  R A T E  =  V / T

USAEC-IO J3*A

P i g . 3 . D e t e r m i n i n g  F l o w  R a t e  b y  P e a k  T i m i n g  U s i n g  R a d i o a c t i v e  T b a c e e

a pipe passing a definite quantity of radioisotopes is inversely pro
portional to the flow velocity. Fewer counts are recorded when the 
isotope passes rapidly. The integrated count is independent of the 
variation in isotope concentration along the stream, as long as the 
flow rate is constant. The validity of the method is due to the 
sensitivity of the radioisotope method which permits measuring 
the longer tails of the build-up and fade-out curves tha t are un
detectable with other tracers. To translate the total counts to an 
absolute determination of flow rate, it is necessary to calibrate 
the counting setup on a particular type and size of pipe involved. 
This is done by filling a cut section of pipe with a radiotracer 
solution at known concentration and measuring the counting rate 
under the same conditions as in field measurements. The counting 
rate depends on the concentration and may be expressed a s :

Counts/second =  calibration constant X millicuries/gallon

C O U N T E R

SPR E A D  O F  A C TI V IT Y  'A 'v / 
IS  IM M A T E RI A L  /

COUN TI NG  R A T E  D E P E N D S  O N  C O N C E N T R A T I O N

C O U N T S / S E C  = C O N S T A N T  * M C / G A L L O N  

T O T A L  C O U N T  D E P E N D S  O N  - T I M E  O F  P A S S A G E

C O U N T S  = C O N S T A N T  « S E C  » M C /G A L L O N  

T H E R E F O R E ,  F L O W  R A T E  I S  GIVEN B Y  T O T A L  COUNT 

G A L / S E C  -  C O N S T A N T  « "A* » l / C O U N T S

USAEC-ID-335A

F i g . 4 . M e a s u r i n g  F l o w  R a t e  b y  I n t e g r a t e d  C o u n t  U s i n g  R a d i o i s o t o p e  T r a c e s
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The total count from the passing liquid depends on the time of 
passage and may be expressed by rearranging this equation as:

Counts =  constant X sec X millicuries/gallon

Therefore, the flow rate is given by the total count and may be ex
pressed as:

gallons/sec =  constant X millicuries X 1/counts

Measuring Liquid Volume

Measurement of volume in a closed system under dynamic con
ditions may present difficult problems. However, radioisotopes 
readily lend themselves to these determinations in several different 
ways. They can be used both as external sources of radiation for 
liquid-level gaging and as ratiotracers for calculating individual 
volumes in multiphase systems. In the latter case a mixing action 
either by external circulation or by internal stirring is necessary.

“1

.  .  D R O P  IN LIQUID-LEVEL E X P O S E S  M O R E  RADIATION 

.  .  P R O V I D E S  CO NT IN UO US  M E A S U R E M E N T  

.  .  ACCURATE  LEVEL R E C O R D I N G  WI TH OU T C O N TA C T

USAEC*ID‘ 2?IA

F i g . 5 . L i q u i d  L e v e l  G a g e , a n  I n d u s t r i a l  U s e  o f  R a d i o i s o t o p e s

Liquid level gages, illustrated in Fig. 5, are perhaps the most 
common use of radioactive sources in hydraulic problems. As an 
example, the gamma radiation from radiocobalt has been used to 
determine the height or volume of molten metal in a cupola. The 
source is mounted on one side of the cupola and the radiation de
tector on the other side. By noting the intensity of the measured 
radiation, it can be easily determined whether the height of the 
material inside the cupola is above or below the height a t which 
the source and the detector are set. The same technique has also 
been used to determine, under dynamic conditions, the height of
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materials in high-pressure, high-temperature autoclaves and various 
other fluid systems. The primary advantage of this type of meas
urement is tha t it eliminates the effects of high temperature, 
high pressure, and corrosion on the gage.

Radiotracer dilution method:  Another radioisotope method 
for determining volumes within closed systems is similar to the 
salt-dilution method well known to hydraulic engineers. Volume 
may be found by adding a known quantity of radioisotope to an 
unknown quantity of liquid. Samples are taken from the unknown 
volume after a steady state has been reached. By comparing these 
with standards prepared by dilution, total volume can be readily 
determined. This method, known as the isotope-dilution technique, 
is widely used by radiochemists and physicists. Due to the sensi
tivity of the radioisotope method a very small quantity of radio
activity can be used to determine accurately and economically the 
volume of large amounts of liquid.

Exponential method: Another radiotracer method is used to 
determine volumes within tanks or systems through which there is 
a known constant flow [4]. A radiotracer is put into the incoming 
line and complete mixing of the incoming stream with the vessel 
contents is assumed. Mathematically the tracer concentration in 
the tank falls off exponentially with a rate determined by through
put R and volume V as follows:

d l n C  R  
dt ~  V

where C is the counting rate. The left-hand member is simply 
the slope of the straight-line plot of counting rate vs. time on 
semilog paper. The volume is therefore found from

V =  R / slope

Circulating-loop method: Volume of a circulating-loop sys
tem can be determined by a variation of the method for de
termining flow rate by peak timing, described above [4]. Here, 
however, the flow rates must be known in order to determine the 
total volume in the system. Also, it is essential tha t mixing be 
slow compared to circulation rate. A concentrated slug of radio
activity, quickly injected, is observed in repeated cycles. Time 
between successive tracer-peak appearances, multiplied by circu
lation rate, gives the total volume of the circulating liquid.
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Tracing Flow Patterns

Control of liquid levels: In oil-well operations any means 
of obtaining information regarding conditions in the bore-hole 
has considerable economical significance. As an example, the 
rate of oil production depends to a large extent on the porosity 
of the formation. This porosity is reduced with age as particles 
of limestone are deposited in the interstices. When production 
drops to an uneconomical level, the well can be treated with hydro
chloric acid under pressure to dissolve some of the carbonate and 
reestablish the flow.

If a radiotracer is added to the acid, as illustrated in Fig. 6, 
the operator may determine the depth of the acid level without

1 - PERM ITS CONTROLLING SITE OF ACID ACTION
2  INCREASES EFFICIENCY OF OIL PRODUCTION
3 - SAVES TIME AND MONEY

4  LESS HAZ ARDOUS THAN REMOVING PIPE
USAtC-IOJA

F i g . 6 . R a d i o a c t i v e  I s o t o p e s  f o r  C o n t r o l  o f  O i l - W e l l  A c i d i z i n g

removing the sections of 2-inch pipe through which the acid 
has been pumped into the well. Once the acid has reached the level 
a t which the radiation detector is suspended (at the formation 
to be treated), a signal indicates to the operator that pressure 
should be applied to force the acid through the oil-bearing strata.

W ater flooding operations: In another oil-field use involving 
water flooding, radiotracers are injected into water-input wells 
and, after underground migration, are measured at surrounding oil- 
production wells [6]. These measurements have led to successful 
determination of relative rates and patterns of flow of injected 
water between water-input and oil-production wells and detection 
of zones of excessive water entry into oil-production wells.
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Measuring Efficiency of Separation

Radioisotopes may be used to measure the efficiency of sepa
ration in complex systems [4]. For example, an admixture of 
products A plus B may be separated in an evaporator, as illus
trated in Fig. 7. Radioisotope tracers for either A or B are in
jected into the evaporator feed line. To check for efficiency of 
separation a counter is attached to the pipe carrying the untagged 
separated product and the presence of any radioactivity is mea
sured. Another counter attached to the pipe carrying the tagged 
products shows the radioactivity in tha t stream. By integrating 
the counts on both streams and making corrections for the different 
flow rates, a quantitative measure of the amount of cross-con
tamination of the products may be obtained.

PRODUCT B

Q U A N T I T A T I V E  M E A S U R E M E N T S  W H E N  C A L I B R A T E D  

W I T H  S T A N D A R D  S A M P L E S .

USAEC-ID337A

F i g . 7 . M e a s u r i n g  E f f i c i e n c y  o f  S e p a r a t i o n  U s i n g  R a d i o a c t i v e  T r a c e r

Determining Uniformity of Mixing

Another possible application of the radioactive tracer tech
nique is measuring uniformity of mixing. When large volumes 
of liquids are involved, sampling from all parts of the mixer 
may present many difficulties. By fitting radiation detectors in 
strategic places around the mixing tank and incorporating a 
short-lived gamma-ray-emitting radioisotope into one of the con
stituents, the concentration of that constituent at the various 
places can be compared. With this information, time of mixing 
necessary for a desired degree of uniformity can be determined. 
A simplified diagram of this possible method is illustrated in 
Fig. 8. The method could be readily used in either a continuous 
or a batch process.
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ADVANTAGES:
I - UNIFORMITY OF MIXING EASILY ASSURED 

usAic-iD j«  2 - EXCESSIVE MIXING TIME ELIMINATED

F i g . 8 . R a d i o a c t i v e  I s o t o p e s  f o b  D e t e r m i n i n g  T h o r o u g h n e s s  o f  M i x i n g

Measuring Silt Density in Water

Measuring silt density in large bodies of water often involves 
major difficulties in access and sampling. Such measurements 
have been considerably simplified, however, by an interesting 
application of the radioisotope technique. A device for this par
ticular application was developed jointly by the AEC Isotopes 
Division and the TVA [6],

Even the “softest” rays from available gamma-ray emitters 
penetrated water and water-saturated silt with nearly equal ease 
and thus did not distinguish between them. However, the easily 
absorbed X-rays, or bremsstrahlung, produced in a secondary 
process by beta-emitting isotopes, were found to give a satisfactory 
attenuation ratio between water and silt.

A D V A N T A G E S : , m o r e  a c c u r a te

2 -MEASUREMENTS EASILY AND QUICKLY MADE 

u sA tc iD ? 2 7 A  3 -ELIMINATES COLLECTING SAMPLES
F i g . 9 . B r e m s s t r a h l u n g  G a u g e  f o r  M e a s u r i n g  S i l t  D e n s i t y
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The device which evolved, shown in use in Fig. 9 and detailed 
in Fig. 10, is a 2-pronged probe with a 20-millicurie Strontium 90 
source in one prong and a scintillation counter 12 inches away in 
the other. Beta particles from the source produce the desired 
X-rays as they penetrate a lead disk. The counter is connected, 
through a long cable, to a counting-rate meter in the operator’s 
boat or shore station.

The general principle and approach revealed in this application 
may easily be applied to many other hydraulic problems.

Leak Testing

Leaks of any liquid from one channel to another can be readily 
detected with radiotracers and, under the proper conditions, can 
be measured quantitatively. This technique has been widely used 
in detecting and measuring leaks in heat exchangers and other 
similar closed-liquid systems.

Perhaps the simplest application is the use of radioiodine or 
radiosodium in detecting leaks in buried pipes. In this case, a small 
quantity of radioisotope is introduced into the pipeline and fol
lowed by means of its radiation until it ceases to travel on leaving 
the otherwise closed system. In a number of instances this test 
has made it possible to find and repair leaks in a house or other 
building with a minimum disruption of the structure. Further
more, the test gives quick and reliable results where other tech
niques often fail. A personal experience with a leak location prob
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lem illustrates the simplicity of the technique. A puzzling leak 
developed in a water pipe in an Oak Ridge church just prior to 
Christmas. The leaking pipe, beneath five inches of concrete, was 
spilling three gallons of water per minute into the foundation of 
the building. Cancellation of several Church activities in the build
ing appeared imminent.

Before resorting to more drastic leak-location procedures, it 
was decided to try  the radiotracer technique. A ten-gallon bucket 
of water, as illustrated in Fig. 11, was mounted on a ladder, and 
connected to an outside faucet through a garden hose. After 
closing the system at the water main, 2 y2 millicuries of Iodine 
131 solution were injected into the hose from a lead shielded 
syringe.

The only flow was thus from the elevated bucket to the leak 
and the radioiodine w as,, of course, carried with it. The radi
ation was easily detected and followed above the concrete floor 
until it came to a stop in the men’s lavatory. After the water pipe 
was flushed to dispel any remaining radioactivity, a hole was cut 
into the floor at the indicated spot. The leak was found directly 
beneath it. The entire job cost less than $10, whereas an estimated 
$1000 to $1500 would have been required by conventional methods.

P o s s i b l e  F u t u r e  U s e s  o f  R a d io iso to pes

Recent developments in low-level radiation counting (counting 
just above the natural or background radiation level) hold con
siderable promise for a large number of additional applications. 
Using these very sensitive methods, tracer tests can be carried out 
during actual processing in a plant, and so little radiomaterial need 
be used tha t the products reaching the general public would be 
completely safe.

Special electronic circuits that cancel out the natural radiation 
background permit an easy measurement of harmless levels of 
radioactivity. Samples for measurement are usually placed di
rectly inside the counter or the scintillation fluid.

Nature has herself shown how useful radioisotopes can be. For 
example, it is possible to distinguish recently living wood from 
wood long dead by virtue of radiocarbon produced through the 
action of cosmic rays on nitrogen in the air. Growing things ab
sorb and use the radioisotope along with normal carbon. At death, 
absorption stops. Using the decay of these naturally occurring 
radioisotopes as a timing device, the age of archeological relics 
can be quite accurately determined. In a similar way, rain water
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P i g . 1 1 a .  t o  l o c a t e  a  p u z z l i n g  l e a k  b e n e a t h  t h e  c o n c r e t e  f l o o r  i n  k e r n

M ETHODIST CH URCH , OSCAR BIZZELL IN JE C T S  21/2 M ILLIC U B IES OF IODINE 
1 3 1  FROM A LEAD SHIELDED SYRINGE INTO A GARDEN HOSE SERVING AS A 
PRESSURE HEAD. JA M E S  H IT C H  MONITORS T H E  OPERATION W IT H  A “ CUTIE 

P IE ”  W H IL E  REV. G. W ILSON ELLIOTT W A TCH ES.

P i g . l i b .  h i t c h  w i t h  a  s c i n t i l l a t i o n  c o u n t e r  a n d  b i z z e l l  w i t h  a  g e i g e r

COUNTER TRACK T H E  RADIOACTIVE SIGNAL ACROSS T H E  CONCRETE FLOOR. 
T H E  MORE SEN SIT IV E SCINTILLA TIO N  COUNTER W A S FOUND TO BE BEST 
SUITED FOR T H IS  TY PE OF M EASUREM ENT.

http://ir.uiowa.edu/uisie/36



F i g . 1 1 c . a f t e r  t r a c k i n g  t h e  r a d i a t i o n  t h r o u g h  s e v e r a l  r o o m s  a n d  a r o u n d

BENDS IN T H E  PIPE , TH E SIGNAL CAME TO A STOP IN  A LAVATORY. A BULLS 
EYE ON T H E  FLOOR INDICATES T H E  SPOT ABOVE T H E  LEAK.

can be distinguished from ground water by the radioactivity of 
naturally occurring radiohydrogen, or tritium, also formed by 
cosmic radiation.

Many progressive engineers are already using radioisotopes to 
solve a multitude of difficult problems. Recent developments in 
low-level counting techniques now make it possible to extend the 
use of radioactive tracers to many new problems in which they were 
previously considered too hazardous because of the amounts re
quired. There is no doubt but that radioisotopes hold the key to 
many present-day hydraulic problems.

D i s c u s s i o n

The discussion was initiated by Mr. Bauer who was interested 
in knowing whether the dilution technique, in which a known 
quantity of radioactive fluid is used, could be applied to measure 
discharge in rivers. Mr. Bizzell thought tha t the dilution would be 
so great for such a tremendously large volume of water tha t the 
method would be inaccurate, or tha t so great a quantity would be 
required tha t the cost would be prohibitive. The method should 
be restricted to pipe lines, basins, etc., or to determine dilution in
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a river within a fairly short distance downstream. For example, 
he continued, a t Oak Ridge, the natural waste from the Oak Ridge 
National Laboratory reacter is held for a “cooling” period in a 
settling basin and then dumped into the Clinch River. It is ex
tremely difficult to find any trace of radioactivity in the waste even 
a short distance downstream.

Mr. McLean then remarked tha t a few years ago he had con
sidered using radioactive isotopes in connection with some pump 
tests, but that a t that time these isotopes were not available. He 
inquired whether such isotopes are available now and whether 
they could be used in an 84-inch pipe in which water for cooling 
condensers is being recirculated. In reply, Mr. Bizzell first called 
attention to the fact that one must consider whether or not the 
water is potable. The National Committee on Radiation Pro
tection has rather stringent requirements about how much added 
radioactivity can be present. This is detailed in National Bureau 
of Standards Book 52, which lists the amount of various isotopes. 
Some radioactive isotopes are relatively non-hazardous, such as

F i g . l i d .  a f t e r  t h e  l e a k  i s  r e p a i r e d , w a t e r  s a m p l e s  a r e  a n a l y z e d  t o  a s s u r e  
t h a t  t h e  r a d i o i o d i n e  i s  b e l o w  t h e  m a x i m u m  p e r m i s s i b l e  CONCEiN- 

TRATION f o r  d r i n k i n g  w a t e r , m a x i m u m  p e r m i s s i b l e  c o n c e n t r a t i o n s  
o f  r a d i o i s o t o p e s  i n  w a t e r  a r e  p u b l i s h e d  i n  n a t i o n a l  b u r e a u  o f  
STANDARDS HANDBOOK NO. 52, AVAILABLE FROM T H E  U . S. GOVERNMENT 
PRIN T IN G  OFFICE, W A SHIN G TON , 25, D.C., PRICE 20 CENTS.
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sodium 24 which is widely dispersed in the body and eliminated 
quite rapidly, whereas iodine 131 which goes straight to the thy
roid gland and tends to stay there, is relatively hazardous. One 
could tolerate about 1000 times as much sodium 24 as iodine 131 
in potable water. For Mr. McLean’s application he suggested the 
use of sodium 24. Although radioactive isotopes are now avail
able from the Brookhaven and Argonne laboratories, they are 
primarily available as processed materials from the Oak Ridge 
National Laboratory which can furnish over 100 different radio
active isotopes. He stated, further, that Oak Ridge has the func
tion to license radioactive-isotopes for non-agency uses. The pri
mary criteria for licensing are the experience of the prospective 
user in handling the materials and the safety factors involved. 
The materials can be readily obtained if assurance is given tha t 
the operator is sufficiently well-trained so tha t he will avoid acci
dental exposure, and tha t the precautions are such tha t none 
would be harmed by the radioactive isotopes. The materials are 
quite inexpensive. The material used to trace the leak was $2.25 
worth of radioactive iodine.

Mr. McLean then asked whether the trail-out part of the curve 
is obtained as the radioactive concentration is increased. Mr. 
Bizzell’s reply was in the affirmative, tha t the dilution technique 
with radioactive-isotopes is more sensitive than with salt.

Mr. Bizzell then thought it would be of interest to mention tha t 
there have been recent developments in techniques of low-level 
counting, on which Dr. Libby, a member of the Atomic Energy 
Commission, has done considerable work. This opens up a tre 
mendous field of application where a safe level of radioactive 
isotope is still measurable.

In conclusion, Mr. Bizzell mentioned some additional appli
cations, such as the demarcation of the interfaces of oils in pipe
lines. It is possible, without actually injecting a radioactive tracer 
in a pipeline, to determine the location of an interface with great 
accuracy by using a radioactive source outside of the pipe and 
measuring the radiation reflected from the interface.
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MEASUREMENT OF MICROPRESSURES IN LIQUIDS

by

P h i l l i p  E is e n b e r g ,* J o h n  P .  C r a v e n ,** a n d  J a m e s  A. L u i s t r o ** 

In t r o d u c t io n

The measurement of very small static pressures (of the order of
0.001 inch of water) can be accomplished with instruments tha t are 
essentially uncomplicated. The measurement of pressures of such 
magnitude at low frequencies, i.e., from a fraction of a cycle per 
second to the order of 10 to 20 cycles per second, is, by comparison, 
a formidable problem. In this frequency range, it is generally not 
possible to take advantage of piezoelectric or magnetostrictive 
effects, for example, and the problem reduces to one of detecting 
the (very small) motion of a mechanical system deforming in re
sponse to the applied pressure.

For measurements in the interior of liquids, diaphragms of some 
type must usually be employed in a leak-proof container. The de
sign of the instrument then resolves itself into consideration of 
essentially three elements: the diaphragm and its behavior as 
affected by the transducer system ; the response of the fluid system 
in the container or housing and the feedback to the diaphragm; 
and, the transducer and recording system.

Early in World War II, the David Taylor Model Basin was called 
upon to make such measurements in support of the development of 
countermeasures against pressure mines. The pressure mine is 
actuated by the change in ambient pressure associated with the 
flow field about a ship as it passes in close proximity to the mine. 
Combined with magnetic and acoustic influences, the pressure 
signal required can be coded into the mine mechanism to make a 
particularly vicious and selective weapon which can single out for 
attack a ship of certain size. Some of the history of this type of 
mine warfare and examples of ship and mine characteristics are 
given in reference [1]. A typical example of the pressure “signa
ture” recorded on the bottom of a channel for a ship model moving 
in shallow water is shown in Fig. 1.

Model studies were initiated in 1940 with two objectives: the 
determination of the characteristic pressure signatures of Naval 
and merchant vessels in order to establish safe speeds for transit

* Office of Naval Research.
** David Taylor Model Basin.
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F i g . 1 . T y p i c a l  P r e s s u r e  S i g n a t u r e  o f  a  S h i p  M o d e l  i n  S h a l l o w  W a t e s

1 . C e n t e r l i n e  s i g n a t u r e  o f  a  m o d e l  a p p r o a c h i n g  t h e  r a n g e

2 . C e n t e r l i n e  s i g n a t u r e  o f  a  m o d e l  o v e r  t h e  r a n g e

3. S i g n a t u r e s  a b e a m  o f  t h e  m o d e l  o v e r  t h e  r a n g e

of minefields sown with mines of given firing rules; and, concur
rently, the development of specific devices designed to produce 
pressure fields suitable for sweeping.

In addition to the need for measurements for the above appli
cation, data of this type were also required in the investigation of 
the forces associated with the movement of ships in shallow water 
and restricted channels. Thus, while the early work during World 
War II was carried out with temporary equipment, there existed a 
need of a sufficiently long range nature to lead to the installation 
early in 1944 of an essentially permanent pressure-measuring range.

It is the purpose of this paper to describe the equipment which 
comprises the present DTMB micropressure range and in this con
text discuss the treatment of the various problems mentioned above 
as encountered in developing this installation. Hence, not all pos
sible methods of accomplishing the purpose will be discussed here 
but only those considered as practicable for the DTMB problem.

T h e  R eq u ir e d  In s t r u m e n t  C h a r a c t e r is t ic s

In the installation described here, measurements of pressure 
changes were desired over an operating range of 2 inches of water 
with a resolution of 0.001 inch of water under ambient water heads 
of % to 10 feet. It was required tha t the response of the system be 
insensitive to the absolute magnitude of this ambient head, be 
essentially linear throughout the operating range of pressures, and 
be reasonably flat over a range of 0 to 20 cycles per second.

In addition to the requirements specific to the DTMB installation,
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other general requirements peculiar to systems placed under water 
for appreciable lengths of time are the following. The system must 
be insensitive to temperature changes; in the case of the DTMB in
stallation, in which a closed gas system is used, particular care 
must be taken to eliminate such changes. Provision must be made 
for electrical stability of the transducer and recording system, and 
the gages must be designed to eliminate difficulties due to the 
presence of moisture. Watertight integrity must be maintained 
and, for systems exposed for long periods, noncorrodible materials 
are essential. Finally, for permanent installation of a range con
taining a large number of gages in a basin in which the water level 
is often changed for various experimental purposes, the system 
should be self-monitoring and self-adjusting to balance out the 
ambient head. This is required in order to protect diaphragms from 
damage resulting from excessive pressures and to provide an easy 
means of establishing the reference pressure level.* Consequently, 
such an installation requires a remote means of calibration.

Aside from the instrument and recording problems outlined in 
the foregoing, the measurement of such small pressures requires 
tha t special attention be given to the experimental environment,
i.e., the facility in which the experiment is conducted and the method 
of gage installation. This will be discussed briefly before proceed
ing to the description of the DTMB micropressure range, itself.

P o s s ib l e  E rrors A sso c ia ted  w i t h  t h e  E x p e r i m e n t a l  E n v i r o n m e n t

The facilities employed at DTMB for micropressure measure
ments are two rectangular towing basins. The larger one, in which 
the permanent range is installed, the “Shallow Basin,” is 260 feet 
long by 52 feet wide with a water depth which may be varied from 
0 to 10 feet; the smaller of the two, which is used with portable 
equipment, is 140 feet long by 10 feet wide with a water depth 
variable between 0 and 6 feet.

The possible sources of error associated with the characteristics 
of these facilities are: the modifications to the pressure field as
sociated with flow about the gage housings, the limited distance 
available for the establishment of steady-state conditions, and 
modification of the flow field associated with wall proximity.

The difficulties resulting from flow about the housing may be

*As will be shown, thin diaphragms are required for large sensitivity, so that 
sufficient strength to withstand the maximum possible head may be incompatible 
with sensitivity requirements. Furthermore, the linear range of the system may 
be asymmetrical with respect to the zero position depending upon the operating 
head.
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P i g . 2 . I n s t a l l a t i o n  o f  T r a n s d u c e r s  i n  t h e  D a v i d  T a y l o r  M o d e l  B a s i n

S h a l l o w  B a s i n
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eliminated by flush mounting where possible. In the DTMB in
stallation, this is accomplished by placing the gages in channels cut 
into the basin floor. These gages are covered and held in place with 
heavy brass cover plates as shown in Fig. 2. The cover plates are 
of sufficient weight to prevent their displacement under the forces 
acting during the passage of a model. For use in channels in which 
it is not possible to arrange flush mounting, a number of gages have 
been designed with faired contours to minimize errors due to the 
local flow conditions.

While the model basins at the David Taylor Model Basin have 
hard (concrete) bottoms, and the water level is varied to obtain 
different depths, it may sometimes be necessary to use a false 
bottom to obtain depth variation, as was sometimes done in the 
earliest experiments relating to the mine problem. In this case, 
extreme care must be exercised in assuring rigidity of the bottom 
and in sealing the gaps between the false bottom and the basin 
walls. Under the loading produced by the pressure field of a model, 
deflections large enough to significantly alter the desired pressures 
may be produced if adequate stiffening is not provided. The 
presence of even very small gaps allows flow which again may alter 
the pressure field significantly.

The transducers are arranged on the basin floor in the manner 
shown in Fig. 3. Since three or more transducers are located on the 
basin centerline along the path of the models, comparison of the 
records at successive stations discloses whether steady-state con
ditions have been attained during a given run.

It is, of course, well known tha t wall corrections must often 
be applied to data taken in facilities of the type considered here, 
and it is not the intention to discuss such corrections in detail. 
However, it is well to point out that in measurements of the magni
tudes considered here such corrections assume a much greater im
portance than in the types of measurements ordinarily made in 
model basins. For methods used in correcting pressure field data, 
reference may be made to a report by Borden [2] and references 
therein.

T h e  T r a n s d u c e r  P r o b l e m ; T y p e s  S e l e c t e d  for t h e  D T M B  M ic.ro- 

p r e s s u r e  B a n g e

When applied to an ideal pressure transducer, the pressure 
signal created by the model and the influences of the facility will 
be converted to an electrical signal having an output proportional 
to the applied pressure. Since appreciable distortion, attenuation
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and phase lag may result in liquid-filled instrument lines, it is de
sirable that the sensing element be located at the point of measure
ment. Hence, a diaphragm or bellows whose deflections are detected 
by electrical means was determined to be the most practical method 
for satisfying this requirement and tha t of flush mounting without 
excessive deflections. The design of the diaphragm then becomes a 
problem of finding a suitable compromise between the requirements 
for deflections tha t are easily detectable and high frequency re
sponse. While the latter is compatible with the need for small 
diameters (to obtain measurements representative of conditions at 
a point, i.e., diameters very small compared with the distance over 
which significant changes in pressure may occur), the requirement 
for large deflections is not. Although the actual design is in
fluenced by the method used for detecting the deflections, these 
points may be illustrated by examining the diaphragm alone.

The deflection wc at the center of a thin circular diaphragm or 
plate clamped rigidly around the circumference and loaded uniformly 
by an excess pressure A„ is given by [3]

where E is the modulus of elasticity and v is Poisson’s ratio for the 
material, a is the radius and h the thickness of the diaphragm.

The fundamental frequency <o0 of such a diaphragm is, approxi
mately [4],

where pm is the mass density of the material plus the added mass 
associated with the motion of the ambient fluid. Thus, where high 
sensitivity (large deflection per unit of pressure change) is ob
tained by making a large and li small, just the opposite relation is 
required for high frequencies, i.e., h large and a small.

The first transducer system employed at the Taylor Model 
Basin was based on the change in the natural frequency associated 
with a variation of the inductance in an inductance-capacitance 
circuit. In particular, this system was designed to detect the motion 
of a circular copper diaphragm placed near an inductive coil [5]. 
The motion of the diaphragm under changing pressures induced a 
change in an oscillating signal which was measured as the deviation 
from the tuned frequency. Development of a suitable diaphragm 
and mounting method was a very difficult process. The diaphragm 
finally developed was of 0.004 inch rolled copper, one inch in di-
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ameter, soldered to a steel ring. However, only one diaphragm in 
four was satisfactory in spite of careful preparation and stress re
lieving; buckling due to thermal stresses and hardspots due to the 
rolling process or non-uniform stress relieving accounted for most 
of the failures. Although this system was used essentially as de
scribed in reference [5] throughout the war years of the program, 
the problems of diaphragm fabrication and limitations in linearity 
and stability of the circuits led in 1946 to examination of other 
systems.

Condenser type transducers were considered as an alternate 
solution; such a system had already been used successfully by the 
Admiralty Experiment Works in England [1, 6]*. Variation in 
capacitance due to displacement of the diaphragm acting as one 
plate of a condenser may be used for frequency or amplitude modu
lation of a sharply tuned signal, and very high sensitivity may be 
obtained. However, it was feared that difficulties would arise as 
a result of moisture accumulation in the gap between plates over 
long periods of immersion, non-linearity of output signal over the 
required pressure range, temperature drift, and the problem of the 
capacitance of long cables leading from the gage housing to the 
recording equipment. Since much experience had been gained at 
the Taylor Model Basin with resistance-wire strain gages by this 
time and because of the anticipated difficulties with condenser- 
type gages, the latter were abandoned for the present application. 
Subsequently, however, condenser-type gages were developed for 
other applications [7].

Attention was then turned to the application of resistance-wire 
strain gages for measurement of micropressures. This was moti
vated by the previous successful use of such gages in dynamometer 
and balance equipment and by the availability of a highly sensi
tive and stable carrier-type strain indicator [8]. The first attempts 
centered on the use of gages of the SR-4 type bonded to metal 
strips in various configurations to sense the movement of a dia
phragm. It was soon apparent, however, that the restraints in
troduced by such methods were too large for attainment of the 
sensitivities required. Development was then undertaken of methods 
for mounting unbonded strain wires in suitable configurations. 
Shortly after the latter program began, the Statham Laboratories 
of Los Angeles, California, announced the development of a suc

*Reference 6 is of additional interest since it describes what is evidently one 
of the first successful applications of the hot-wire for practical measurements 
of velocities in water.
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cessful system employing unbonded wires, and early in 1948 it was 
decided to use Statham gages fabricated to TMB specifications.

In addition to the specifications for the gage housing required 
to satisfy requirements for long periods of immersion and for the 
diaphragm to attain the needed frequency response, the following 
specifications were laid down to insure the attainment of required 
sensitivity when used with the DTMB strain indicators:

“1. Each micropressure gage should have two active strain 
sensitive resistance elements arranged so that they form two 
adjacent arms of a Wheatstone bridge. The remaining two arms 
of the bridge are in the recording system and are inactive. If more 
than two active resistance elements are used, they should be wired 
in parallel so as to form effectively the two adjacent arms of a 
bridge. This will permit compensation for temperature variations.

“2. The resistance of one arm of the Wheatstone bridge con
sisting of one element or set of elements should be as near 120 
ohms as is practicable.

“3. The strain sensitive resistance elements should be made 
from an alloy having a low temperature coefficient such as Ad-

F i g . 4 . T o p  V i e w  o f  S t a t h a m  L a b o r a t o r i e s  P - 1 8  P r e s s u r e  T r a n s d u c e r  
F a b r i c a t e d  f o r  t h e  DTMB M i c r o p r e s s u r e  R a n g e
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F i g . 5 . B o t t o m  V i e w  o f  P b e s s u b e  T b a n s d u c e r  w i t h  P b o t e c t i v e  P l a t e s  

R e m o v e d  t o  E x p o s e  t h e  U n b o n d e d  S t r a i n  W i s e s

vance or Constantan and should have a very stable strain-resistance 
coefficient.

“4. A change of resistance of not less than 50 micro-ohms per 
ohm for a pressure change of plus or minus 0.009 pounds per square 
inch is required for each of the two active strain-resistive re
sistance elements.

“5. The variations of the mechanical system due to the hys
teresis, vibration, and thermal variations must not cause a vari
ation in output voltage greater than 2% of the output voltage a t a 
pressure of 0.009 pounds per square inch.”

T h e  R e s is t a n c e - W ir e  S t r a in - S e n s i t i v e  T r a n s d u c e r s  

a n d  t h e  A m p l i f y i n g  a n d  R ecording  E q u i p m e n t

The transducers fabricated to the specifications outlined in the 
foregoing are illustrated in Figures 2 and 4. The corrugated dia
phragm has an active diameter of 2 inches and is formed of tinned 
brass having a thickness of 0.0015 inch. The unbonded strain wires 
may be seen in Fig. 5 which is a photograph of the bottom of the
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transducer with the watertight cover plate removed. These strain 
wires are 0.003 inch in diameter with an electrical resistance of 
approximately 120 ohms per arm wired in a two-arm bridge circuit 
and activated through a mechanical linkage by movement of the 
diaphragm. The natural frequency of the diaphragm-linkage com
bination in water is approximately 23* cycles per second. How
ever, the true resonant frequency of the entire system depends 
not only on the mechanical characteristics of the transducer itself 
but also on the response characteristics of the internal gas system. 
This problem and the measures which must be taken to insure the 
necessary behavior of the gas system are discussed in the appendix.

BUFFER
AMPLIFIER ISOLATOR 

/  _
OSCILLATOR Q — [ ~ ] -----Q

9RIDGE 8
CALIBRATION
CIRCUIT

FULL-W A V E  
RECTIFIERS

OUTPUT METER

RECORDER

H IG H -P A S S  
SHUNT FILTER

F i g . 6.

,__ , NULL DETECTOR

r h  r h  STRAIN GAGE
LJ LJ PAIR

B l o c k  D i a g r a m  o f  t h e  D T M B  T y p e  1-A S t r a i n  I n d i c a t o r  U s e d  w i t h  

t h e  M i c r o p r e s s u r e  T r a n s d u c e r s

Since the characteristics and complete circuits of the DTMB 
strain indicator used with these transducers have been described 
elsewhere [8], only a brief description of the components will be 
given here. A block diagram of the amplifying and recording system 
is shown in Fig. 6. The carrier frequency is generated by a sinu
soidal oscillator which drives the buffer amplifier; the latter fur
nishes power to excite the bridge and also delivers a voltage through 
the isolator, to the mixer circuit. The output or signal voltage from 
the bridge is passed by the preamplifier to the attenuator. The 
output voltage of the attenuator is further amplified by a fixed- 
gain amplifier. The amplified signal voltage is impressed on the 
null detector and also passes through the driver to the mixer circuit, 
which is a polarity discriminating demodulator. The composite 
output voltage from the mixer circuit drives two independent power 
amplifiers, which in turn operate into full-wave rectifiers and thence

* Employed more recently is Statham Model P18-A which has a diaphragm with 
an active diameter of about 2y2". The natural frequency of this model is 35 
c.p.s.—the difference between models being due primarily to differences in the 
linkage systems. The characteristics of Model P18-A are used in the compu
tations in the appendix.
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through a high-pass filter and milliammeter to a multi-channel 
oscillograph.

A typical calibration of the pressure transducers at a single 
gain is shown in Fig. 7. Although the nominal operating range is 
±  2 inches, the output is actually useable over a much wider range 
—heing linear up to ±  8 inches of water. This is also the operating 
limit—stops being provided to prevent further movement of the 
diaphragm under greater pressures and, thus, to prevent damage 
to the diaphragm should there be malfunctioning of the internal 
gas system.

Fro. 7 . T y p i c a l  C a l i b r a t i o n  o f  a  P r e s s u r e  T r a n s d u c e r

T h e  In t e r n a l  G a s  R e f e r e n c e , M o n it o r in g , 

a n d  C a l ib r a t io n  S y s t e m

All of the transducers in the installation described are pressur
ized initially to a pressure equivalent to the ambient, undisturbed 
water head so tha t only the deviations (pressure changes) are de
tected. The internal gas system must accomplish a three-fold pur
pose: provide the static reference level to which the pressure 
changes are referred; be capable of monitoring the internal pres
sure to insure that the ambient head is always balanced; and, be 
useable for in-place calibration. Before the design of the multi
channel micropressure range described here, the early inductance- 
type gages were pressurized with air which was simultaneously fed 
to a submerged bell. The appearance of air bubbles escaping from 
under this bell indicated when the ambient head was balanced.

http://ir.uiowa.edu/uisie/36



P
ig

. 
8.

 
S

c
h

e
m

a
t

ic
 

D
ia

g
r

a
m

 
of

 
t

h
e

 
G

a
s 

P
r

e
s

s
u

r
e

 
R

e
f

e
r

e
n

c
e

, 
M

o
n

it
o

r
in

g
, 

a
n

d
 

C
a

l
ib

r
a

t
io

n
 

S
y

s
t

e
m

http://ir.uiowa.edu/uisie/36



Since the bell was open at the bottom, it was able also to compensate 
for small changes in head. Calibration was accomplished by chang
ing pressure internally by changing the volume of the system with 
a small bellows. It was necessary, of course, to remove this system 
from the basin whenever it was not in use.

For a permanent multi-gage installation to be operated under 
large changes of ambient head and to be left unattended over long 
periods of time, a closed, gas-tight system was required. A sche
matic diagram of the gas reference, monitoring, and calibrating 
system designed for simultaneous operation of ten transducers is 
shown in Fig. 8. The control console from which this system is 
operated is shown in Fig. 9. The control loops for each of the re
quired functions may be identified from the following description.

The control console embodies three major sections: the supply 
and exhaust, the control and calibration, and the transducer feed. 
Each of these sections can be isolated from the others and vented 
to the atmosphere separately, if necessary (thus, making it possible 
to repair or remove any single component without disturbing the 
system). Due to the high humidity prevailing in the basin building 
and the long immersion of the transducers, oil-pumped nitrogen is 
used as the gas in the system rather than air compressed at the 
test site. As added protection for the transducers, the gas is 
passed through a series of silica gel dehydrators. The la tter are
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P i g . 1 0 .  T h e  S u b m e r g e d  A u t o m a t i c  B a l a n c i n g  C h a m b e r  M o u n t e d  i n  L e v e l i n g

S t a n d

required because of the presence of a water surface in the cali
brating manometer.

The hydrostatic head on the basin is compensated by means of 
the automatic balancing supply and exhaust system. Control is 
maintained by a balancing chamber, Fig. 10, submerged in the 
basin. Through a mechanical linkage, Fig. 11, motion of the bel
lows actuates the relays (seen on the backboard of the control 
console in Fig. 9) which in turn activate the appropriate inlet or 
exhaust solenoid valves. Thus, when there is an increase in water 
level, the bellows of the balancing chamber is compressed, the inlet 
solenoid is actuated, and gas is fed into the system until equilibrium 
is restored. Conversely, a falling water level allows the bellows to 
expand as a result of the excess internal pressure, the exhaust 
solenoid is actuated, and the excess nitrogen is exhausted to the 
atmosphere. The nitrogen reservoir pressure is maintained at a 
pressure equivalent to a few feet greater than the maximum water 
depth in the Shallow Basin.

The electrical contacts in the balancing chamber are set so that 
the circuits are made by changes of ±0.07 inch of water head, and 
the pressure lag is just sufficient to return the floating contact to
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a central position between the contacts for the two circuits. Al
though smaller limits of control may be obtained, the value of 
0.07 inch was chosen as compatible with the average roughness of 
the concrete basin floor. Stability of the gas circuit for the bal
ancing chamber was attained by the use of needle valves near the 
inlet and exhaust valves and by proper choice of gas lead from the 
console to the chamber as selected by test. The balancing chamber 
is protected against overpressure by internal and external stops in
corporated into the watertight base and into the protective covering 
for the bellows. During calibration and operation of the range, this 
circuit is isolated from the internal pressure system so that acti
vation (caused by waves, for example) does not occur during a 
test. Since this balancing chamber is inaccessible for quick, emer
gency repair, a less sensitive but easily accessible standby balancing 
chamber has been added. The latter utilizes opposed bellows, one 
carrying internally the full head on the basin by direct com
munication with the water in the basin, the other operated in the 
same manner as tha t of the system described above.

The control console is equipped for in-place static calibration 
of the transducers. Incremental changes in pressure are obtained 
by changing the volume of a bank of small Hydron bellows (shown 
to the right in Fig. 9). The change in pressure is monitored on 
the slant-tube manometer which is connected to the calibrating 
bellows and transducer manifold on one side and to a gas reser
voir or reference volume on the other. Thus, the response of the 
transducers as recorded on an oscillograph record is obtained di
rectly in terms of a pressure change.

F i g . 1 1 .  I n t e r i o r  o f  B a l a n c i n g  C h a m b e r  S h o w i n g  M e c h a n i c a l  L i n k a g e s  

a n d  E l e c t r i c a l  C o n t a c t s
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E rrors A sso c ia t e d  w i t h  t h e  I n t e r n a l  G a s  S y s t e m

Since the gas system is completely closed and limited in over
all size, errors will be introduced if there are temperature fluctu
ations and are inherent as a result of internal volume changes not 
associated with temperature changes. Since the resolution of the 
system is to be of the order of 0.001 inch of water, the maximum 
temperature fluctuation, within the range of temperatures and 
total pressures encountered a t DTMB, must be less than 0.001 °F 
during the course of a test run. To accomplish this, the entire 
gas supply and control console are encased in an enclosure of 
%,-inch plywood and V2-inch Cellotex (not shown in Fig 9). The 
console, together with the amplifiers and recording instruments, are 
further housed in an insulated room in which the temperature 
fluctuation is limited to plus or minus 1°F.

Changes in internal volume not associated with temperature 
fluctuations are associated with the displacement of liquid in the 
slant-tube manometer during calibration. The gas-reference volume 
tends to minimize the error caused by the volumetric change in 
this manometer. In this installation, the reference volume is 3 
cubic feet so that a change of pressure equivalent to 0.1 inch of 
water produces a change in volume of 0.049 cubic inches when the 
manometer is set for a slope of 1/10. This will cause a change in 
the reference tank of approximately 5 percent of the differential 
pressure a t the maximum head of 10 feet in the basin, and all 
calibrations must be corrected for this effect. For smaller total 
heads and smaller manometer magnifications, the error is cor
respondingly less, being negligible for a total head of about 4 feet 
and a magnification of 14, for example.

Errors in frequency response associated with the gas system 
are discussed in detail in the appendix.

C o n c l u d in g  R e m a r k s

The DTMB micropressure range essentially as described here 
has been in operation for the past twelve years with only one 
major overhaul and such inactivation as needed to incorporate im
provements. In spite of the adverse conditions under which many 
of the components operate, the reliability has been most satis
factory.

A portable micropressure range based on this system has also 
been constructed for use primarily in the small basin mentioned 
previously, but suitable for use in any of the DTMB facilities.
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A c k n o w l e d g m e n t s

The early inductance gages were developed by E. Plesset and 
C. Starr and the first gas system by A. Kalinske and J. M. Robert
son. The present multi-transducer micropressure range was de
signed by P. Eisenberg; improvements were added by J. P. Craven 
and J. A. Luistro who also designed the portable range.

D is c u s s i o n

Mr. Robertson, who had been mentioned by Mr. Eisenberg for 
his early work on the micro-pressure system reminisced that when 
he had last heard about the project, in 1942, the system had con
sisted of one unit instead of ten. He re-emphasized the point that 
in a system where small, transient pressures are being measured 
it is necessary to consider the frequency responses of all parts of 
the system, electrical, electronic, and mechanical. If the frequency 
response is poor, the measurements may be deceptive. When he had 
worked on the problem he had made a brief study of other systems 
tha t had been used to study transient pressures. One of the earliest 
ones, he found, was made by Capt. Geeler and reported in his book 
on W hy W ave Action, in which he described pressure measure
ments taken with a diaphragm type pickup. Because of the possi
bility that his transients could have been in tune with the natural 
frequencies of the system, Mr. Robertson questioned the reliability 
of Capt. Geeler’s work. A system where a large volume at the dia
phragm is not available and a limited volume with a long tube is 
used for calibration may lead to difficulty.

Mr. Yih wondered whether fish could actuate a pressure sensi
tive mine, but Mr. Eisenberg had never heard of a fish being blown 
up by one.

Mr. Calehuff then raised the question of hysteresis in the dia
phragm and asked how it had been avoided. Mr. Eisenberg agreed 
that there had been a great deal of difficulty in the early days of 
the project because the gages were made by soldering two steel 
rings. A man at the Taylor Model Basin had developed the skill 
and technique of applying a process of rolling, soldering, and an
nealing for stress relief which on the average yielded a successful 
diaphragm in one of three attempts. With the Statham gage, how
ever, this difficulty does not seem to exist, probably because a cor
rugated diaphragm, screwed onto the gage, is used.

Dr. Craven remarked, a t this point, that a corrugated diaphragm 
is difficult to machine.
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Mr. Ingram then raised the question as to whether the operation 
of the gages with a common back pressure induced any e rro rs ; 
whether there was interaction between the diaphragms. Mr. Eisen- 
berg was of the opinion that in a reach as long as in this system 
the interaction is negligible.

Finally, at the request of Mr. Robertson, Mr. Eisenberg sketched 
and described a corrugated diaphragm.
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A p p e n d ix

The frequency response of the transducer is a function of the 
mechanical impedance of the gage diaphragm and strain-wire sys
tem and of the “acoustic impedance” of the instrument lines and 
reference volume. The gage system shown schematically in Fig. 
12 may be divided into four components, the mechanical elements 
of the transducer, the instrument volume, the instrument gas line, 
and the reference volume.

The diaphragm, its attached strain wires and the mounts for 
the wire form a complex mechanical-spring system such tha t an
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approximation based on diaphragm properties alone is not applic
able. Practically, the problem may be greatly simplified by con
sidering the system as a simple spring whose constants are deter
mined empirically. The equation for such a simple spring system is

(Ap0 — Api) A0 =  k x max yj C o) 

k + 1 m  2
± ---- .—  G>

k
oiiiot — 0 l )

(1)

Here Ap0 is the applied external pressure increment,
Api is the resulting internal pressure increment,
A 0 is the effective area of the diaphragm, 
k  is the spring constant, 
c is the damping coefficient, 

m  is the effective mass of the spring,

<j>! is the phase angle equal to t a n ^ T  Co‘/k
L1 — mos/k  J 

x  is the deflection of the center of the diaphragm.

It is not necessary to determine all of the constants in this ex
pression since the apparent or recorded pressure Apr may be de
termined by a static calibration:

and

k k
—  - -x, 

^0
piwt

Therefore

Aj»o —  A p  

A p r

2 N  m  n ]2

k +
T  ,

ee-Uh

(2)

(3 )

The magnitude of the internal pressure increment Ap x differs 
from zero as a result of the finite geometry of the instrument and
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instrument line and the compressibility and viscosity of the gas. 
Since the surface area to volume ratio of the instrument and line 
is large the process may be considered isothermal and the ideal 
gas law applied. Thus, for the instrument volume

^P± aV  | C' Qdt
Po ~  Vu +  J <4>

— oo

where AV is the change in instrument volume 
V0 is the instrument volume, and
Q is the volume rate of gas flow from the instrument vol

ume into the instrument line.

As the recorded pressure is simply a measure of diaphragm de
flection, we may write

v 7 = h ~F7 (5)

Here k 2 V„/pa is an experimentally determined constant. If we con
sider the pressure increments to vary in a simple harmonic manner 
we may differentiate equation (4) with respect to time and with 
equation (5) determine

----- (6)
A p T

The flow Q through the instrument lines has been determined by 
Iberall (9). He assumed that the flow follows Poiseuille’s law of 
viscous resistance,

where —  is the pressure gradient in the instrument line, 
dx
D is the diameter of the line, and 
H is the dynamic viscosity of the gas.

If it is further assumed tha t the reference volume VR is very large, 
then it can be determined from Iberall’s analysis that
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A p i___ L  (tanh2A/ -f  tan2 A')
128 n Q A' 1 -)- tanh A' tan A' 
irD4

1/2

(8)

where

A'-.
. L  f w/i

D  P o

tan A' — tanh A'l 
tan A' -f  tanh A 'J

1/2

and L  is the length of the instrument line.

Equations (3), (6) and (8) may be solved simultaneously to de
termine the response characteristics of the system.

Ap0_

where

and

A pr

=

: Zi e*'*’1— k2 Po
V,

oe‘(r/2-0a)

0u> O)

Ccl) ^2 m  „ 2
I— -;-  (ji

.  ~k . k

tIP
32 PoU

1/2 1 -f- tanh A' tan A'
( tanh2 A ' -f  tan2 A') u

The response curves for the TMB range are shown in Fig. 13. 
Three conditions are shown

(a) the frequency response of the gage without instru
ment lines,

(b) the frequency response of the system as originally in
stalled, and

(c) the frequency response of the system if modified by re
ducing the length of piping.

The spring constants were determined experimentally by striking 
the gage in water and measuring the resulting natural frequency 
and exponential decay time. The volume coefficient was determined 
by a static calibration with the reference volume sealed. The system 
characteristics employed are listed in Table I. At the present time 
the instrument range has been modified by the addition of a volume 
reservoir at the instrument. This has the effect of reducing the 
length of the instrument line to zero.
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F i g . 1 3 . R e s p o n s e  C h a r a c t e r i s t i c s  o f  DTMB M i c r o p r e s s u r e  R a n g e

TABLE I

RESPONSE CHARACTERISTICS OF DTMB MICROPRESSURE RANGE FOR
p„ =  19 p.s.i.a.

k / m  =  4.8 X 104 
c /m  =  3.22 

L =  100 ft.
Vn =  3 f t .3
V0 (before modification) =  1.37 in3 
k 2 (before modification) =  0.121 
Vo (after modification) =  29.6 in3 
k 2 (after modification) =  0.0056
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POTENTIAL-FLOW ANALOGS AND COMPUTERS

hy

S. C. L ing

In t r o d u c t io n

An analogy is often used to explain an unfamiliar phenomenon 
in terms of a better known counterpart. In particular, if two physi
cal systems are described by the same mathematical relationships, 
quantitative results for one system can be obtained by studying the 
other system as an analog. Consequently, the physical system which 
performs the numerical calculations using analogous variables of 
the prototype system is known as an analog computer.

For inviscid irrotational fluid motion [1], in which the tangential 
stress on a fluid element due to viscous shear is absent, the velocity 
component in any direction can be expressed as the corresponding 
space derivative of a velocity potential <j>. This type of flow, gen
erally known as potential flow, is described mathematically by the 
equation

V 2 <£ =  o (1)

where y 2 represents the Laplacian operator

d2 d2 d2̂  

d x 2 d y 2 dz2

More generally the potential satisfies

div  (k  grad  </>) =  o (2 )

where k  is the permeability coefficient of the flow field, and is taken 
as unity for fluid motion in free space.

Although water, the fluid which is of primary concern to hy
draulic engineers, cannot be considered as inviscid, for many flow 
conditions where the thickness of the laminar or turbulent bound
ary layer due to viscous shear between the fluid and the flow bound
ary is thin as compared to the geometrical size of the flow boundary 
under investigation, it is generally safe to assume tha t the flow 
velocity at the outer edge of this boundary layer is essentially tha t 
due to potential flow, and the pressure on the flow boundary is the 
same as tha t outside the boundary layer [2]. This therefore forms 
the basis upon which potential flow theory can be applied to some 
problems which involve the study of pressure distribution along 
solid boundaries. Examples of fundamental importance in hydraulic
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engineering are: designing boundary profiles that will avoid or 
minimize the destructive phenomena of cavitation, such as the in
vestigation of boundary transitions for flow inlets and contractions ; 
and testing profiles for head forms and hydrofoils. A second 
type of problem that can be treated as potential motion is the seep
age type of flow in which the fluid acceleration is negligible so that 
the velocity potential can be considered as equivalent to the force 
potential; tha t is, 0 is equal to pressure head plus elevation head

y

The gradient of this potential times the permeability coefficient k  
of the soil bed is the flow velocity in the corresponding direction

Un =  —  k - ^ -  (3)
dn

For a number of potential flow problems which involve simple 
boundary values the exact mathematical solutions can be determined, 
but for most problems tha t are of practical interest the boundary 
values are too complicated for obtaining solutions in the orthodox 
manner. Consequently, the integration of Eq. (2) is generally 
carried out by the analog method because of the ease and simplicity 
with which useful solutions can be obtained.

P r in c ip l e  o f  A n a lo g

The mathematical expression of Eq. (2) not only describes the 
potential field of fluid flow but also a number of physical fields 
such as the electric potential field, the magnetic potential field, and 
the thermal potential field in various transmitting media. Any of 
these fields may be used as an analog to study another through 
proper scaling of the physical constants. For example,, the dif
ferential equation for an electric potential field is

div  (g grad E) =  o (4)

where E is the electric potential and g is the conductivity of the 
electrical field. If one lets

E =  A<t> and g — Bk

and substitutes them into Eq. (4), the resultant expression is identi
cal to Eq. (2) for the fluid counterpart with A and B as the scaling 
constants. In most flow problems, the solutions sought can be ex
pressed in dimensionless ratios so tha t an exact knowledge of these
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scaling factors is unnecessary. For instance, the solution can be 
stated in the form of velocity ratio U /U0, where U is the fluid 
velocity at any point of the field and U0  is the reference velocity, 
usually taken as the uniform flow velocity that exists in the flow 
field. If n is the distance normal to the equipotential surface, then

(5)
d<j> BE

u dll dn
Uo = dcj> dE\

dll 0 dn

Hence the velocity ratio U /U 0  of the prototype system is simply 
the ratio of the electric potential gradients a t the respective points 
in the model system.

The corresponding pressure p  of the flow field may be obtained 
from the Bernoulli relationship

P— Po 
PU2 0/2 1 —

BE '

r u  ] dn

[ u 0j
__ ^

IZij
. dn j o ,

(6)

where p 0 is the pressure at the point where the reference velocity 
is U0.

Unlike mathematical solutions which operate upon numerical 
values, the analog method works on physical quantities. Conse
quently, the accuracy of the solutions obtained depends on the pre
cision with which these physical quantities can be set up and 
measured. In consideration of this fact, the electric potential 
analog is used almost exclusively because quantities such as the 
electrical potential, the electrical current and the electrical resistance 
can all be measured with great precision by simple instruments 
tha t are either available commercially or found in most laboratories. 
This paper will therefore be confined to the discussion of various 
electrical analogs which are designed to solve steady-state potential 
flow problems.

The difference in various electrical analogs lies primarily in 
the use of different media for the conducting field. Those most 
commonly used are the conducting paper, the electrolytic tank, 
and the resistance network. The application of each of these 
techniques will be discussed.
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C o n d u c t in g  P aper  a n d  E l e c t r o l y t ic  T a n k  M e t h o d s

Perhaps the oldest known potential analog is the work of Kirch- 
hoff [3] who used thin copper sheet as the electrically conducting 
medium. His work was published in 1845, but only in recent years 
has his technique received increasing attention [4] partly due to 
intensive interest in the application of potential theory in many 
fields of engineering and partly due to the availability of more 
uniform conducting materials. Examples of the latter are the paper 
which is used in making tape resistors and the paper which is made 
for use in teleprinters. In fact laboratory units complete with 
accessories for solving simple two-dimensional flow fields are avail
able commercially from the General Electric Company.

Since a paper conductor is essentially a two-dimensional medium, 
it can solve only flow problems of a similar n a tu re ; i.e., two-dimen
sional flows, which satisfy the equations

\7 2 <p =  o and y 2 i / ,=  o (7)

where ij> is the stream function and y  2 is the Laplacian operator

d2 d2
dy2' ^ nce differential equations for <f> and xp are similar

they can be solved separately by the electrical potential analog. 
As an illustration, consider the solution of a two-dimensional flow- 
inlet problem shown in Fig. 1.

The dark line A-B-C-D-E-F-G represents the outline of the con
ducting paper; the sides A-B and F-G represent the two dimensional 
conduit; B-C the inlet transition; C-D is the wall of reservoir and 
E-F is the floor of reservoir or the centerline of a pipe heading 
from a semi-infinite reservoir. A-G represents an equipotential 
line which should be straight and normal to the velocity vector of 
the uniform flow in the conduit, while D-E represents an equi
potential line at a distance R  from the inlet. The latter line is an 
arc of a circle with radius R centering at F, if R  is large compared 
with the inlet opening C-F. A conducting paint applied to these 
equipotential boundaries may serve as electrodes between which 
an ac voltage is impressed to set up the flow field. The four-dial 
decade potentiometer wrhich is calibrated to read down to 1/10000  
part of the total applied potential, the sensitive null detector such 
as the Ballantine Voltmeter with a sensitivity of .0001 volts and 
the probe P, as indicated in Fig. 1, are typical accessories required 
to trace the equipotential lines <£0, 4>i, — <t>m or to measure the po
tential a t any position in the field. From these readings, velocity
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ratios and pressure ratios of the corresponding fluid systems can 
be obtained through the use of Eqs. (5) and (6). From Eq. (7) it 
is further possible to trace the stream lines <j/u <p2, — «Am by impress
ing the ac potential along <j/0 and instead of along <£0 and <f>m.

The main advantage of using the conducting paper technique 
is its simplicity and low cost. However, due to the fact tha t per
fectly uniform conducting paper is still not readily available, and 
the accuracy of cutting out or setting the boundary profiles is 
somewhat dependent on human factors, the paper technique is not 
considered ideal for precision work.

The other type of electrical analog commonly used [5] is the 
so-called electrolytic tank method, in which an electrolytic solution 
serves as the conducting field. The solution is usually held in a 
glass or plastic tank whose shape and form are dictated by the 
boundary values of the flow problem. Figure 2 shows the picture 
of one such tank built for the study of inlet transitions from an 
infinite reservoir wall to a square or to a circular conduit. The tank 
for holding the electrolyte is made of 5/16" lucite plates glued 
together with chloroform. The transition boundary between the
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reservoir wall and the conduit is made detachable so that different 
transition forms can be tested. This plastic tank is placed on a 
% " plate glass which in turn is set on a rigid wooden frame work 
in a manner tha t permits the tank to lie in a precise horizontal 
plane. When the tank is filled with electrolyte it will represent 
the flow field of a two-dimensional inlet transition, or when tilted 
at a 15° angle from the horizontal position, the electrolyte will 
represent the flow field of a symmetrical sector of a circular-con-

F ig . 2

duit and its inlet transition. With the tank tilted at 45° from the 
horizontal position, as shown in Fig. 2, the electrolyte represents 
the flow field which is a segment between planes of symmetry of 
a square conduit and its inlet transition. Also, varying the liquid 
level in the tank permits various contraction ratios (i.e. the size 
of inlet to the size of conduit) to be studied. Six volts ac at 60 
cycles was impressed between one electrode a t the left end of the 
tank, representing an equipotential plane of uniform flow in the 
conduit, and the other electrode made of wire mesh a t the right 
end of the tank, representing part of an equipotential sphere some 
distance from the inlet opening. The resultant electrical potential 
distribution along the flow boundary is detected by electrodes 
made of No. 36 gage copper wires embedded normal to and flush 
with the boundary surfaces. These electrodes are placed at precisely
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y2-inch center-to-center spacing in an orthogonal pattern, thus 
permitting the total velocity vector Un at any point along the flow 
boundary to be evaluated ; that is

U =  
n ~  dn

' M
2 +

' A<£
2

A x I. A y  .
(8)

where A<t>/ A x  and A<t>/ A y  are the potential gradients measured 
between the corresponding pairs of orthogonal electrodes.

A typical experimental result is shown in Fig. 3 in which the 
dimensionless pressure distribution along the boundary of a square 
conduit with a 3:1 elliptic transition curve is plotted in terms of

dimensionless pressure parameter -  TT „ I t is interesting to note
pUo /  ̂

tha t the lowest pressure always occurs at the corners of the con
duit; it is no coincidence tha t the cavitational erosion found in
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prototype inlet structures of high dams was also located at the 
position predicted by the electric analog.

From the viewpoint of structural economy, the most efficient 
transition curve is of course one that gives the least negative 
pressure with a shortest length of transition, provided tha t a 
complicated curve does not lead to excessive form costs. The 
elliptic transition curves were chosen for the study because of 
their form and functional simplicity. The results obtained by 
electrical analog are shown in Figs. 4, 5 and 6 for two-dimensional-,

F i g . 4

circular-, and square-conduit inlet transitions respectively. The

loci of cavitation parameters a = Po , or the minimum pres-
pU02/ 2

sure ratios tha t exist in a particular elliptic transition geometry, 
are plotted as functions of a /B  and b/B  ratios, where a  and b are 
lengths of the semi-major and the semi-minor axes respectively 
of the ellipses, and B is the width or the diameter of the conduit. 
From these figures one can obtain the required elliptic form and 
size for a given cavitation parameter a. Also one notes that a 
3:1 to 4:1 elliptic transition is the most efficient form to use. 
Elliptic forms with slenderness ratio greater than 3:1 have not 
been investigated, but from the trend of the above figures one can 
see that for higher slenderness ratios longer transition curves 
would be required to provide for the same cavitation number a.

The difficulties tha t arise from the use of an electrolytic solution 
as a conducting medium are many. Among the major problems
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encountered are 1) the necessity of a water-tight tank to hold the 
liquid, 2) the requirement of precision leveling of the tank in case 
the free-liquid surface is used as one of the flow boundaries, and 
3) the presence of errors due to the polarization layer formed on 
the electrodes. However, with due care in designing the equipment, 
inaccuracies due to the first two problems can be effectively elimi
nated. The third problem can be taken care of by the use of con
centrated copper-sulfate solution, in the order of 100 gr. of CuS04-
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'5H20  per liter of water with few drops of concentrated sulfuric acid 
added to stabilize the solution. An electrolyte made in this pro
portion will not only keep the copper electrodes clean and increase 
the conductivity of the solution with resultant better impedance 
matching (or more sensitivity) to the measuring circuits, but, above 
all, it reduces the time required for the polarized film to reach a 
stabilized condition from hours or even days, as in the case of a 
weak electrolytic solution, to the order of a fraction of a second. 
The equivalent circuit for this film can be represented by an un
wanted resistor plus an extra capacitor combined in parallel. This 
extra resistor not only takes time to reach an equilibrium value but 
causes a false increase of potential gradient in the vicinity of the 
electrodes. If ac voltage is used to excite the analog, the electro
lytic condenser effect will cause a quadrature current to flow in 
the field. However, by using an impedance-bridge system as shown 
by the dotted line in Fig. 1, one can balance out the quadrature 
voltages due to this quadrature current and thus permit the desired 
potential distribution in the analog to be measured.

With proper care and selection of model scale the electrolytic 
tank method can be considered as a precision analog for the study 
of 3-dimensional flow problems. Accuracy better than ±  1.0 per
cent in the measurement of velocity ratios and ±  2.0 percent in 
the measurement of pressure ratios can be readily achieved.

R e s i s t a n c e  N e t w o r k  C o m p u t e r

A still more versatile potential-flow analog, which may be con
sidered as an analog computer, is the resistance network [6]. In
stead of using uniform conducting media, a grid system of re 
sistors connected in the form of a net is used as the field. This is 
equivalent to dividing a continuum into a finite grid system of 
flow paths, and if the sizes of these grids are made infinitely small 
compared with the geometry of the field one obtains essentially a 
continuum. Mathematically it is the exact counterpart of the well 
known numerical relaxation method [7] (better known as the 
Hardy Cross Method or the Southwell relaxation method) in which 
the field is usually divided into small square lattices, Fig. 7. The 
basic Eq. (7) of potential flow for the two-dimensional field can 
be written in finite difference form for this lattice as

4>1 “ t" </)2 “ I-  4>3 +  <¿>4 ----- 4</>0
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neglecting the higher order terms one has

V 2 4>
<t>l ~h <t>2 ~|~ <¿>3 <¿>4 --- 4<ft„

ft2 (10)

where h is the lattice size, and </>0, <#>i, </>2, >̂4 are the potentials 
at the node points 0, 1, 2, 3, 4 respectively. Through a tedious 
mathematical accounting system the <f> function at each node 
point is relaxed step by step until it satisfies both the boundary 
values as well as Eq. (10), throughout the field. Suppose that the 
grids of Fig. 7 were to be replaced by resistors whose value R is 
made proportional to h. Then from the law of continuity the total 
electric currents flowing into the node 0 must be equal to zero or

<I>1 ---<t>0 | 4> 2----$0 , <l>3----<Po | <#>4----</>o
R R R R

__ 4>1 +  <t>2 4~ #3 +  <t>4---4</>„ __ o (11)

One notes the identity of Eq. (11) to Eq. (10). Furthermore the re
sistance network represented by Eq. (11) is self-consistent; that
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is once the values of <j>u <j>2, fo, </>4 are given will adjust itself 
to satisfy the equation. In the case of a complete network, the 
potential <f> a t each node point will adjust itself to the correct 
value once the boundary values are fixed. Consequently the solution 
obtained by the resistance network is equivalent to tha t obtained by 
the numerical integration, but without the tedious relaxation proc
esses.

Neither the relaxation method nor the network analog is ab
solutely correct, because both Eqs. (10) and (11) omit the term

h2 
12

dU>
dx4 dy4 and other higher order terms of Eq. (9). How

ever, if due care is taken to provide for sufficiently small nets such 
that the potential distribution is nearly linear within each net, then 
the error due to neglecting these higher order terms will be insig
nificant.

Against this approximation of finite difference operation, the 
advantages gained by using the resistance network are many. First 
of all, the boundary geometry can be represented by simple re 
sistance values, and consequently the human elements involved 
in the construction of models, as in the case of the paper analog 
and the electrolytic tank analog can be eliminated. This ease of 
setting up the flow boundaries permits the solution of many flow 
problems involving previously unknown flow boundaries that will 
satisfy certain preset flow conditions. The free flow surface of an 
overfall under gravitational action, profiles of constant velocity- 
inlet transitions, and the water-table surfaces of seepage flow 
are some of the potential-flow problems tha t can be ideally handled. 
The process involves successive cut and try  steps which quickly 
converge to the correct solution [8, 9]. Second, the structure of 
the network permits any flow fields whose permeability k  is either 
a constant or a function of space to be accurately set up; tha t is, 
the conductivity g{x, y) of the resistance network can be distri
buted in accordance with the permeability k(x , y ) .  For the special 
case of 3-dimensional flow where the flow contains an axis of sym
metry, a sector of such a field can be represented by a two-di- 
mensional network whose conductivity g(r)  is made proportional to 
the radial distance r  from the axis. Third, the accuracy of the resist
ance network analog is inherently high. By using precision resistors 
with a consistency of ±  0.5 percent, one can easily estimate the 
corresponding space distance of each unit net with the same order 
of accuracy. With the same precision provided in the measurement 
of potentials between each node of the network, one can obtain an
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accuracy of ±  1.0 percent in the calculation of potential gradients. 
Consequently the solutions obtained by the resistance network 
are highly reproducible and free from human factors.

In order to set up a network with proper resistance values for 
various boundary forms and permeabilities of flow media, some 
rules or equations are required. The most complete and general 
equations known to the writer are due to Tschiassny [10] who de
rived a basic equation by replacing a triangular element of con
tinuum with an equivalent resistance net. This elementary tr i 
angle is then the basis upon which a flow field with complicated 
boundary geometry can be constructed.

Figure 8 shows an elementary two-dimensional triangular con
tinuum A i A 2A3 which can, in the sense of finite differences, be re
placed by a triangular network of resistors with conductances gu 
g2 and g3.

Let kx'x' and k vy  be the principal conductivities of the continuum, 
where x' and if  are the arbitrary Cartesian coordinates which 
coincide with the principal axes of the conductivity tensor. As
suming only that the continuum considered is so small tha t the po
tential distribution is linear within that region, a general expression 
for the conductance of the resistor element is

1/ T ^V®' “l- ky'v' „ ,  kx'x' ky'y' cos -f- $2) /io \
<73 =  y2 [------- 2~ c0t as + ------- 2------------- sin a3 (12)

The same equation applies to gy and g 2 after proper rotation of the 
indices.

One notes three important characteristics of Eq. (12): First, 
if the field is isotropic, tha t is Ay„' — ky'v =  k, then the equation 
reduces to

y'

A, A,

F i g . 8

x

Qs —  2 c°ttt3 (13)

Second, if angle a is acute, right, and obtuse then the conductance 
of the resistor on the side opposite the angle is positive, zero and

http://ir.uiowa.edu/uisie/36



negative respectively. In order to prevent negative conductances, 
obtuse angles should be avoided. Third, the conductance is indepen
dent of the absolute size of the triangle.

To combine these triangular elements into a complete flow field, 
one notes that there are always two conductances to be added up 
between two nodes unless both nodes are on the boundary. 

k*v . kyy

q = X [ k »* + k yV , , k« v - k,y coste,+ 8,)
* 2 1 2 s 2 sin a.

■ cot a .

<3 = g¡ ♦  gt

R = f

Figure 9 shows two adjacent elements with common nodes A and 
B from which it may be seen tha t the total conductance between 
A and B is g  =  gi +  gk, or the total resistance value is R =  1/g.
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It may be further shown tha t if the angles a4 and ak are right 
angles, the conductance for the diagonal A-B of a square element 
will be zero. Figure 10 depicts a typical square-net system repre
senting a flow field. A coarse network may be joined to a finer one 
by an intermediate network, and the elements in the vicinity of a 
curved boundary may be represented by irregular nets. The fine
ness of network required, of course depends on the linearity of 
potential distribution within each element of net considered. As a 
rule, finer nets are required where the potential distribution is found 
to be nonlinear.

F ig . 11

A computer based on this network principle is shown in Fig. 11. 
The vertical panel contains a grid of sockets into which resistor 
elements may be plugged to form the flow field. The board is di
vided into 70 squares wide and 40 squares high which gives a total 
of 2,800 square nets. A four-pin socket is provided at the center of 
each net, and they are interconnected as shown in Fig. 12. A one- 
pin socket is also provided at each node point for the measurement 
of potentials or for the feeding in of boundary values. The panel 
is made of *4 inch clear Lucite plate, so a to-scale graph can be 
hung on the opposite side of the panel to provide the operator with 
a visual reference to the flow field. For regular square elements,
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four 1000-ohm precision resistors are mounted in a ring on a four- 
pin plug which forms the basic plug-in unit. These units are then 
plugged into alternate sockets on the panel, as shown in Fig. 12, to 
form a network of square nets. For irregular-net elements a special 
board is provided on the table of the computer (see Fig. 11). On 
this board 78 units of irregular nets can be set up. Each irregular 
net may consist of from one to five units of adjustable resistors 
which are special 10,000-ohms 3-dial decades made by the Telex 
Company. Each decade unit is only l 1/^ inches diameter by 3 inches 
high, and is provided with a convenient plug-in base. The necessary 
number of these decade units is plugged into the board on the table 
to form a particular irregular net element, and the precise resistance 
values are then simply dialed out on the decades. A plug-in cable 
connects this irregular unit to the main network on the vertical 
panel.

This liberal use of plug-in units permits a maximum of flexi
bility in the setting up of a problem, as well as a maximum utili
zation of the costly precision resistors and decade elements. Future 
modifications can also be performed with a minimum of alterations 
because all major parts are separated into special units.
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C o n c l u s io n s

Three of the most commonly used analogs for the solution of 
potential-flow problems have been presented. Emphasis is placed 
upon the precision and on the methods of setting up the fields of 
these analogs. Much of the distrust of all forms of analogs in the 
past has been based on inability of providing an absolute check on 
the accuracy of results obtained. It is therefore a primary object 
of this paper to show tha t if proper care and attention are used in 
setting up the analog, and its tolerance and characteristics are 
understood, there is no reason why the results obtained cannot be 
reproducible and accepted with confidence.

The main characteristics of the three analogs are summarized 
in the following table:

Conducting Paper

Advantages Disadvantages

Simple and cheap; applicable 
to complicated boundary geo
metries, especially to cut and 
try  solution for correct bound
ary forms.

Limited to two-dimensional 
problems; accuracy is limited 
by the uniformity of conduct
ing material and the human 
factors.

Electrolytic Tank

Capable of handling three- 
dimensional flow problems in a 
simple manner; reasonably ac
curate if handled properly.

Needs complicated water
tight tan k s ; construction of 
precision boundary forms is 
time consuming; accuracy in
volves human factors.

Resistance Network

High accuracy, and free from 
human factors; extremely flexi
ble in the setting up of bound
ary values and fields.

More expensive; finite dif
ference manner of represent
ing a continuum needs special 
attention.

A literature survey has revealed an intensive progress in the 
a rt of electrical analogs, and the published papers on this subject 
are numerous; most of these papers deal with very specialized 
problems in other fields of engineering. Also there are many other 
forms of analogs and applications which are considered beyond 
the scope of this paper and consequently have had to be omitted.
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D i s c u s s io n

Mr. McNown initiated the discussion by emphasizing the need 
for the solutions of a great many potential-flow problems. He stated 
tha t the analogs probably offered considerably more power in the 
attack on these problems than theoretical methods which, in part 
a t least, have been exhausted. The relaxation approach is nu
merical by nature but it offers serious limitations in the time and 
patience required. However, he warned anyone who wished to use 
the electrolytic tank first to take steps to have a man with the 
dexterity and skill of Mr. Ling to set up the models.

Mr. Murray then inquired if circulation can be superposed in 
the analog. Mr. Ling replied in the affirmative. For the case in 
point the flow would be two-dimensional for which the paper-con- 
ducting technique would be suitable. Circulation is superposed up
on the field by modifying the values of the input potentials on the 
boundaries in accordance with a desired or trial circulation.

Baines pointed out tha t free-streamline problems are the ones 
for which potential flow solutions are most commonly needed in 
practical work, and tha t they are more difficult than problems with 
fixed boundaries to handle by relaxation, and asked which of the 
three techniques is best for this purpose. Mr. Ling thought tha t the 
paper technique is easier for approximate solutions, but tha t the net
work analog is superior because it also does not require the con
struction of special models and it is more precise.

Mr. Baines inquired further about application to problems in
volving gravitational effects. Mr. Ling asserted that this could 
also be done very simply by measuring the current flowing through 
the net, instead of the potential gradient, and determining the 
velocities along a trial boundary from the current readings.

An unidentified discusser commented that the network is not 
necessarily limited to the analysis of potential flows and inquired 
whether analogs have been used to study other problems. He also
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called attention to the fact that M. Germain at the University of 
Brussels had made an electrolytic tank for two-dimensional prob
lems, equipped with an automatic sensing probe and a pantograph 
system, which automatically plotted the field on a sheet of paper. 
Mr. Ling replied that there are many differential equations which 
can be solved by networks, as has been shown by Mr. Kron of 
G.E. who has contributed most to this art. By using network 
principles, time-dependent and other resistance elements can be 
used to solve various types of differential equations, such as for 
the fluttering of a wing. The network described here is a very 
simple type because it is designed to solve only one equation. In 
response to the second remark he stated tha t there are many 
papers describing automatic analog systems, but that these are of 
little interest in connection with the solution of hydraulics prob
lems where interest is focussed upon the velocity and pressure dis
tributions on solid boundaries rather than upon the flow character
istics in the entire field.

Mr. Bauer wished to know the order of magnitude of the time 
required to set up and solve a typical flow problem, such as for a 
two-dimensional inlet, or an analog computer. Mr. Ling indicated 
that problems with a definite boundary form could be solved in less 
than a day, but tha t flow problems for which a trial and error 
procedure is used would take more time; although he estimated 
the analog method to be 20 times faster than the relaxation 
process.

Mr. DeHaven inquired about the adaptability of the analog to 
3-dimensional problems. Mr. Ling assured him that it was appli
cable, but tha t the set-up became much more complicated since 
many more boards are required. Nevertheless such systems have 
been built.

Mr. McPherson called attention to the fact tha t there is a paper 
analog manufactured by G.E. available on the market for about a 
hundred dollars, which includes a rectifier, a voltmeter, a panto
graph, a mounting board, and about a five years’ supply of paper. 
Mr. Calehuff contributed the additional information th a t the G.E. 
computer is now available from Sunshine Electric in Philadelphia.

Finally, Mr. McPherson asked whether, in order to duplicate 
seepage flow studies, it would be necessary to have resistances 
with a squared characteristic. Mr. Ling stated that that was not 
necessary, that in Darcy’s law, the equation for the pressure drop, 
one could operate on the force potential instead of on the velocity 
potential. Mr. McPherson also mentioned that there are many
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electric-power network analyzers throughout the country in all 
metropolitan areas which might be available for the solution of 
potential flow problems.
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INSTRUMENTATION FOR STUDIES OF LOW-VELOCITY
WINDS

by

J o h n  F. R i p k e n  

University of Minnesota

I n t r o d u c t io n

Physical measurement of the magnitude and direction of low 
wind velocities is a problem encountered in a wide variety of 
technical studies.

This paper will attempt to briefly summarize an investigation 
conducted at the St. Anthony Falls Hydraulic Laboratory of the 
University of Minnesota for the purpose of selecting the ane
mometer most suited to a specific end use. The end use in this 
case required a field measuring instrument capable of giving reason
able sensitivity, response, and accuracy for the velocity magnitude 
and direction of winds ranging from 0 to 50 fps. The output signal 
was to be electrical and capable of remote transmission, and the 
sensory instrument was to be capable of operating with a non-rigid 
support or balloon suspension.

The report describes several pertinent existing instruments 
disclosed by a literature survey of the subject, together with the 
physical studies conducted at St. Anthony Falls to modify or adapt 
certain of these instruments to the specific problem.

Although many basic physical phenomena have been employed 
for indicating the character of a wind, the most practical instru
ment developments of the past have in general been motivated by 
either the dynamic pressure or the thermal cooling action of a wind.

This paper is therefore roughly divided into consideration of 
these two systems of motivating anemometers, plus a third more 
recent type represented by the ionization anemometer.

D y n a m i c  P r e s s u r e  A n e m o m e t e r s  

General Considerations

The pressure or force exerted by a wind has been used as a 
basis for wind-velocity measurement since the earliest attempts 
to develop anemometers. The forms of such instruments have 
been widely varied and certain of these today, as in the past, serve
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to give us most of the factual wind knowledge tha t we have. In 
general, these instruments may be assumed to fall into three basic 
classes: those which measure, in effect, the unit dynamic pressure 
of the wind; those which measure the total dynamic force on a 
directly exposed area; and those which measure the speed or fre
quency of a pressure pulse. Devices of the first class are rather 
limited in form and are perhaps best represented by the common 
Pitot tube. Devices of the second class are numerous in form but 
may be considered to have two basic subdivisions, notably: those 
with essentially stationary pressure areas, such as the pressure 
plate or pendulum devices; and those with moving or rotating 
pressure areas, such as the cup or propeller anemometers. The 
third class is a modern type as represented by the vortex trail and 
the sonic anemometers.

No consideration will be given herein to the first class or unit 
pressure type of device because of the very small signal values 
resulting from their use with low-velocity winds and the problems 
involved in accurate measurement of such pressures under field 
conditions.

A number of useful forms of the second and third classes are 
described, including a drag-sphere anemometer development of the 
St. Anthony Falls Hydraulic Laboratory.

Pendulum Force-Measuring Devices

Although a unit pressure type of measurement proves physically 
difficult with low wind values, a consideration of the conventional 
drag-force equation for a wind acting on an exposed body indicates 
tha t the drag-force may be made a measurable value by exposure 
of a sufficient body area.

This principle is recognized in the mechanical pendulum ane
mometer, consisting of a plate so mounted that it rotates about a 
vertical axis to face the wind, while remaining free to swing about 
a horizontal axis above the center of gravity but in the plane of the 
plate. The plate swings upward to permit its weight to balance 
the wind force. An attached arc is calibrated in units of wind 
velocity. The device is undesirable as an accurate velocity instru
ment because of its unstable flutter in turbulent winds, limited 
velocity range, non-linear scale, and confusing sensitivity to the 
vertical wind component. While the instrument is simple and in
expensive, current interest is slight and chiefly academic. Described 
by R. Hook in 1667, it is notable as the oldest of mechanical ane
mometers.
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A modified portable version of this device is manufactured today 
by the Illinois Testing Laboratories of Chicago, Illinois. This instru
ment, known as the “Alnor Velometer”, consists of a small box 
containing a curved duct which is largely obstructed by a pivot- 
mounted, lightweight flat plate with a restoring force supplied by a 
hairspring. The swing of the spring-loaded flat plate, which is due 
to a stream of air entering the box through an orifice, has been 
calibrated on a graduated arc. With proper selection of orifice 
size, the instrument is calibrated to read velocities from 20 to 
24,000 fpm with an accuracy of 3 percent of full scale. The lack 
of an inherent directional signal eliminated this unit from de
velopment in the program.

The Normal Pressure F*late Anem om eter

The normal pressure plate anemometer of Sherlock and Stout 
[1]* is fundamentally similar to the pendulum types in tha t the 
displacement of a spring-loaded pressure plate serves as a cali
brated index of the wind velocity. It differs from the pendulum in 
that the exposed area (and force) is quite large and remains es
sentially normal to the wind, and the area displacement is small 
and is directly and sensitively converted to an electrical output 
signal. A version of this type of instrument is shown in Fig. 1 and 
consists of the 8- by 9-in. pressure plate A which is kept normal 
to the horizontal wind by the weather vane C causing rotation 
about the ball bearing and slip rings at the top of the supporting 
mast. The pressure plate is attached at its lower edge to the sup
port frame through a flexure hinge. The plate pressure is con
veyed through a push rod to a stiff restoring spring D. Armature 
E which is attached to spring D varies the electrical inpedance of 
the coil F  as the air gap or proximity of E varies with the wind 
pressure. The electrical value is applied to an A-C bridge circuit 
so that the resulting out-of-balance current is an index of the 
velocity.

This instrument was designed for the purpose of measuring 
storm gusts with velocities between 30 and 75 mph and proved to 
have a response time of about 1/8 sec. While this excellent instru
ment was designed for high velocity winds, it is conceivable tha t 
appropriate redesign could materially reduce the workable velocity 
range.

•Numbers in brackets in the text refer to the corresponding numbers in the 
Reference List, while numbers in brackets following figure titles similarly 
designate the source if other than the St. Anthony Palls Hydraulic Laboratory.
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F i g . 1 . T h e  N o r m a l  P r e s s u r e  P l a t e  A n e m o m e t e r  o f  S h e r l o c k  a n d  S t o u t  [ 1 ]

The Drag-Sphere A nem om eter

In an attempt to design a drag-area type of anemometer with 
sensitivity to low winds, quick time response, and with a measure 
of direction as well as magnitude, a preliminary design study was 
conducted at the St. Anthony Falls Hydraulic Laboratory. The re
sult is shown in a schematic sketch in Fig. 2 and consisted of a 
6-in. diameter lightweight drag sphere A connected via a plate B 
to flexure rod C which was in turn anchored to D. Since the canti- 
levered flexure rod was of circular section, the magnitude of its 
deflection was a measure of the horizontal wind speed with the dis
placement being determined by the direction of the wind.

The two electrical strain measuring devices employed are shown 
as F  in the figure and were disposed 90 degrees apart in the hori
zontal plane and mounted on a rigid housing tube E. The strain 
units consisted of standard linear variable differential transformers 
and provided an accurate and sensitive way of electrically measur
ing a mechanical motion through push rod G in such a way tha t 
both the magnitude and direction of the applied wind could be 
interpreted from the output electrical signal.

The 6-in. sphere exposed to velocities from 1 to 50 fps operated 
in the fairly constant range of the spherical drag coefficient CD 
lying between the low-end viscosity effects and the high-end flow 
separation criticáis. The 3/16-in. diameter flexure rod permitted 
measurable deflections within the range of the linear transformers.
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Additional studies of this type of device have disclosed similar 
developments by Vershinski [2 ], who employed a very similar unit 
for measuring turbulence pulsations in flowing water; by Knapp 
[3], who used a related form for detecting the direction and magni
tude of water currents near the bottom of a harbor; and by the 
Baldwin-Lima-Hamilton Corporation [4] wind-velocity pickup for 
measurement of air currents to 600 mph. All of these devices pro
duce an electrical output signal.

The drag sphere was not pursued in development because of the 
difficulties associated with its use on a non-rigid mounting.

F i g .  2. D i a g r a m m a t i c  S k f ,t c h  o f  t i i e  S t .  A n t h o n y  F a i . i . s  D r a g - S p h e r e  

A nf ,m o m e t f ,r  ( G , - F j  i s  a t  9 0 °  t o  G 2- F 2)
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The Vortex-Trail Anem om eter

The natural occurrence of audible sounds as a function of the 
wind’s velocity is a common observation. These so-called aeolian 
sounds or pressure phenomena are generally the evidence of the 
pulse period of the flow separation eddies which trail from behind 
various geometries when exposed to a flow. The eddies, which 
periodically form and shed from both downstream sides of a 
cylinder held normal to a wind, are a common form of this. This 
so-called Karman vortex trail has a shedding frequency which is 
usually expressed in a dimensionless quantity known as the Strou- 
hal number S. In this quantity, S — n d /V ,  where n is the shedding 
frequency from one side of the cylinder, d  is the cylinder diameter, 
and V is the stream velocity. The Strouhal number will apparently 
depend on all of those quantities which influence separation, in
cluding body geometry, Reynolds number, stream turbulence, body 
roughness, etc.

Roshko [5], working with a variety of cylinders in a low-turbu- 
lence-wind tunnel found, however, tha t the value of S  was primarily 
dependent on the Reynolds number of the cylinder in the manner 
shown in Fig. 3. From this it may be concluded tha t for a sub
stantial range of selected conditions, S is approximately equal to 
0.2 or that V 5nd. This concept has been utilized by Roshko 
[5], and Liepmann and Skinner [6] in the design of sensitive ane
mometers consisting of a cylinder equipped with a pulse-sensing 
device in the form of a hot-wire anemometer. The unit was used 
for accurate measurement of velocities down to 1 f t  per sec. It 
appears quite possible that extended development of this type of 
instrument might lead to more practical forms.

Sonic Phasemeter Anem om eter

If a sound pressure wave of velocity v is impressed upon a 
moving air stream of velocity V, the wave will travel with the 
stream at a velocity (v +  V) and against the stream a t a velocity 
(v — V). If the transmitted sound wave is compared with the wave 
received at a detector, a fixed distance s from the transmitter, the 
difference in phase of the two waves will yield' a time difference A t.

The wind velocity in such a case will be a function of the velocity 
v of sound in air under the existing conditions, the established 
base line distance s and the time difference A t. Fortunately the 
velocity of sound in air is relatively insensitive to most of the more 
common atmospheric variations with the exception of temperature,
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and since s can be quite easily established to a high order of 
accuracy, only the time difference A t poses a measuring problem.

The value of A t  involved in measuring wind velocities of 1 to 
50 fps over a base line of a few feet may be roughly calculated 
as of the order of 10-3 to 10~5 sec. While this is a minute physical 
value, it can, in the case of repetitive signals, be measured by 
modern electronic devices known as phasemeters. Brief accounts 
of such developments by Corby [7] and Kalmus [8], indicate tha t 
very low velocities can be measured with very good time response, 
and the use of multiple detector stations will permit the measure
ment of the direction as well as the magnitude of a wind.

The sonic phasemeter anemometer appears to have a number of 
attractive possibilities but is in need of extensive further develop
ment and simplification.

i

The Rotational Cap Anem om eter

The cup anemometer consists of a number of cups affixed to the 
ends of light horizontal radial arms which are attached in turn 
to a hub which rotates on a vertical shaft. The differential drag 
force exerted by the wind on the cups varies with the orientation 
of the cup and produces a net torque force on the wheel leading to 
a terminal rotary speed which is a calibrated function of the wind 
speed.

Beginning with the work of Robinson over a hundred years 
ago, the cup anemometer has been subjected to a continual study 
[9], [10], [11], [12], and [13], resulting in the stable, effective 
instrument used today to procure the bulk of our meteorological 
data. Anemometers which are required to energize a mechanical 
counter or electrical generator usually employ large cups of about 
5-in. diameter on a wheel diameter (center to center of cups) of 
about three times this value. Units which are designed for sensi
tive research studies are about 40 percent of the size of the larger 
units and activate but do not energize the counting mechanism.

The lightweight construction of the sensitive units limits their 
speeds to winds of about 90 fps because of centrifugal forces and a 
continual reversal of stresses with each revolution.

When equipped with precision ball or jewel bearings, the start
ing speeds of some of these units are as low as % fps with running 
speeds of %  fps [11], [14], [15], and [16]. The response time of 
the instrument is, however, rather slow requiring that a change in 
wind speed must persist for a travel length of about 20 wheel 
diameters before the wheel acquires the new velocity. The cup
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wheel also tends to over-register in gusty winds. The peripheral 
speed of the wheel a t the cup centerline is usually between 30 and 
50 percent of the wind speed.

Both the large and small cup anemometers are available as 
standard production items by a number of makers. Although cup 
anemometers have been flown from kites with workable results, 
they were not considered an answer to the needs of the program.

The Vane, W indmill, and Propeller Anemometers

This type of anemometer is essentially a windmill consisting of 
blade areas arranged at the end of radial arms which are in turn 
attached at their inner ends to a hub which is free to rotate about 
a bearing spindle. In most cases the plane of the rotor is positioned 
perpendicular to the wind, and the spindle is horizontal and in line 
with the wind. The blades are positioned so the aerodynamic lift 
force of the wind causes rotation about the spindle a t a terminal 
rate which is a linear function of the wind velocity.

The blade a t a mean radius usually moves at a rotary velocity 
about equal to tha t of the wind, thus producing relatively high 
rotary speeds with good sensitivity and readability at low velocities. 
Since the blades run with the wind with only a light and steady 
aerodynamic loading, the blading can be made very light with re
sulting sensitivity to about x/2 fps and responsiveness (to % sec).

Sensitive research units of the windmill type have been de
veloped by Richard [13] and Fergusson [13].

A small portable unit of this type is made by a number of manu
facturers for use in ventilation studies and is sometimes called a 
vane anemometer. These units must be manually oriented in the 
air stream and have a protective cylindrical shroud around the 
blading. They usually have: a horizontal shaft, a shroud diameter 
of about 4 in., about 8 blades, a speed range of about 1 to 50 fps, 
and a mechanical counter dial indicating either the wind velocity 
or the number of feet of wind which has passed through the instru
ment in a given operating period. A quite complete discussion of 
this type of instrument has been given by Ower [17].

A larger modern unit, the “Aerovane” by Bendix-Friez, of 
Baltimore, Maryland is a commercial development of the three- 
bladed propeller type and is capable of being used at permanent 
meteorological stations to provide full velocity and directional in
formation. The large molded plastic propeller drives a directly 
connected electrical generator which transmits a signal for remote 
reading or recording. The generator unit is contained in a stream
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lined housing which serves also as the support for the lightweight, 
aerodynamically stable, responsive, directional vane which keeps 
the propeller oriented in the wind. The vertical spindle also con
tains a self-synchronous motor for transmission of the directional 
signal. The unit has been tested to show a starting speed of about 
2 fps and has sustained wind-tunnel speeds of 300 fps. The mass 
inertia of this rugged generating unit requires tha t a change of wind 
speed must persist for a travel length of about 20 f t  before the 
propeller acquires its new speed.

The characteristics of the unit are described by Conover [IB]. 
This is a relatively heavy unit designed for rigid mounting. Its 
use in the development program was not pursued.

T h e r m a l  A n e m o m e t e r s  

General Considerations

The thermal anemometer is a device which measures wind 
velocity as a function of the rate at which heat is removed from a 
heated body placed in the wind. I t involves no moving mechanical 
parts and is based on the extensive developments found in the field 
of thermal measurements wherein thermal-electrical conversion 
permits ready use of a wide variety of accurate and responsive in
dicating or recording electrical components. The thermal ane
mometer has proved especially adaptable to low-velocity wind 
measurements because of its inherent sensitivity in this range.

In the following discussion we shall consider three of the many 
forms of thermal anemometers th a t have been devised. These 
three are believed to be the most significant and include the hot 
wire, the Thermistor and the heated thermocouple. Emphasis 
will be given to the Thermistor studies conducted at the St. Anthony 
Falls Hydraulic Laboratory.

The Hot-Wire Anem om eter

This instrument consists of a small-diameter, short, cylindrical 
wire which is electrically heated and exposed to a moving air stream 
in such a way that the rate of thermal dissipation from the cylinder 
surface may be electrically indicated through the heating circuit.

Since all electrical systems for detection of thermal change are 
essentially a measurement of electrical resistance, hot-wire instru
ments are usually arranged to maintain either a constant temper
ature (this is equivalent to a constant resistance) or a constant 
current in the exposed member by use of a bridge circuit. King [19]
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established that for a wire placed normal to the wind and with a 
constant temperature operation i2 — i02 +  K y/V ,  where i is the 
electrical heating current, i„ is the current a t zero velocity, V is 
the stream velocity and K is a calibration constant dependent on the 
properties of the wire, the air, and the circuit.

From the equation it is apparent tha t the fourth root relation 
between the current and velocity provides a very high degree of 
sensitivity at low air speeds. This is graphically demonstrated in 
the test data of Fig. 4, as taken from Ower [17].

F i g . 4 . T y p i c a l  C h a r a c t e r i s t i c  C u r v e s  f o r  a  H o t - W i r e  A n e m o m e t e r  P o s i t i o n e d  

N o r m a l  t o  t h e  A i r  S t r e a m  a n d  O p e r a t e d  u n d e r  C o n s t a n t  

T e m p e r a t u r e  C o n d i t i o n s  [ 1 7 ]

The equation constant K has proved to involve a large number 
of variables which cannot be analytically determined and reliance 
must be placed on physical calibrations similar to Fig. 4.

The usual form of the sensory element of the instrument con
sists of a fine wire ranging from 0.0005 to 0.005 in. in diameter 
and a length ranging from about % to %-inch. Since accurate 
measurement of resistance with a Wheatstone bridge circuit in
creases with the magnitude of the resistance, use of a wire of 
minimum diameter and maximum length is desirable. However, in 
practice this selection is a compromise, including consideration of 
structural strength, ruggedness, thermal stability, chemical sta
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bility, electrical stability, etc. Platinum is the most frequent answer 
to these considerations.

The wire is usually heated to a value varying from 400 to 900 
F with the more measurable values and sensitivity associated with 
the higher temperatures. Unfortunately, the higher temperatures 
also involve a high current demand, a structural weakening, and 
danger of melting.

The useful velocity of various designs of this instrument has 
ranged from 14 fps to supersonic values, and because of the small 
sensory mass the units exhibit an unusual rapidity of response to 
velocity fluctuations. This characteristic has been exploited to make 
the instrument the chief tool in the examination of air turbulence, 
and commercial instruments are now available with a time of re
sponse as low as 0.0003 sec. The measuring sensitivity is, un
fortunately, accompanied with a physical delicacy and time insta
bility which limits instrument use to refined laboratory environs 
or research studies.

An additional property of this unique instrument is also found 
in its inherent sensitivity to wind direction. The convective heat 
loss and electrical output of the cylindrical wire are a function of 
the angular orientation of the wire axis with respect to the wind 
direction.

Weske [20], working with a single wire, established good di
rectional sensing within a given quadrant and Ferrari [21], work
ing with two parallel, closely spaced wires extended this to 180 
degrees. Goldstein [22] states that angular values in the latter 
system could be obtained within ±  Y4  degrees.

Ferrari also described a system involving two wires arranged 
as a “V” with a vertex angle of 10 degrees. These wires when 
pointed into the wind by manual rotation were very sensitive to 
asymmetry of position, permitting angular determinations to a 
fraction of one degree.

Additional data on the hot-wire anemometer may be found in 
the summaries of Goldstein [22] and Willis [23]. The fragile nature 
and unstable performance of the hot-wire anemometer did not lend 
itself for use in the development program.

The Thermistor Anem om eter

The Thermistor anemometer measures an electric voltage (or 
resistance) as the result of the convective cooling action of a wind 
on a self-heated proprietary resistance element known as a Thermis
tor. The general nature of the instrument action is quite similar to
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that of the hot-wire anemometer, but the inherent properties of the 
Thermistor produce a greater sensitivity, ruggedness, and signal 
value.

The Thermistor, which is a semiconductor compounded largely 
of metallic oxides, differs from the conventional thermal-electric 
conductor metals in that: (a) the specific resistance is relatively 
very high, (b) the rate of resistance change with temperature is as 
much as 500 times as high as that of the competitive metal platinum, 
and (c) unlike metals, the resistance decreases as the temperature 
increases.

The Thermistor, which has a long history, is only a recent 
commercial offering because of earlier difficulties with production 
quality control. However, it is available today in a variety of shapes, 
sizes, and compoundings.

A tiny spherical bead form of the material has been investigated 
by Hales [24] and Sanford [25] as an anemometer with the con
clusion tha t it provided a meter which was relatively sensitive, 
relatively responsive, stable, simple, compact, reasonably rugged, 
and inexpensive.

Typical fundamental data for a unit of this type is shown in 
Figs. 5 and 6 as measured at the SAF Laboratory.

In Fig. 5 the static resistance-temperature curve was obtained 
by heating the unit in an oven with self-heating being avoided. The 
volt-ampere curve, on the other hand, demonstrates the linear 
Ohm’s law relation in the unheated left end region with a progressive 
deviation as the current becomes sufficient to cause self-heating. 
The temperature values on the latter curve were computed from the 
resistance-temperature curve.

The dynamic data of Fig. 6 was obtained from a whirling boom- 
test facility with the bridge manually balanced to maintain the 
bead at roughly 250 F (the resistance being held constant a t 2000 
ohms). The Thermistor current was measured by a series ammeter 
and the signal voltage calculated therefrom.

Subsequent operations with this unit eliminated the manual 
balancing operation by introduction of the self-balancing bridge 
shown in Fig. 7 and linearization of the output signal was accom
plished as per Fig. 8. Ambient temperature compensation was pro
vided by the battery in the circuit with manual adjustment to cancel 
the zero velocity current flow. All of the above operations em
ployed the constant-temperature type of circuit operation rather 
than constant-current because of certain associated control prob
lems. A constant current circuit was, however, employed in most 
of the directional studies to be discussed.
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F i g . 6 . V e l o c i t y  C a l i b r a t i o n  a t  R o o m  T e m p e r a t u r e  o f  W e s t e r n  E l e c t r i c

D 176980 B e a d  T h e r m i s t o r  f o r  C o n s t a n t - T e m p e r a t u r e  

( o r  R e s i s t a n c e )  O p e r a t i o n

While the bead Thermistor just described proved to be an ade
quate velocity measure, it possessed no directional properties as 
required by the Laboratory program, therefore, concurrent studies 
were conducted on a cylindrical-rod shape. These studies were 
based on King’s [19] finding of directional sensitivity in his hot
wire studies of cylindrical forms.

For this purpose the longest and thinnest form of rod Thermistor 
commercially available was selected for study. This unit was rod 
No. 517613-1 as made by Friez Instrument Division, Bendix Aviation 
Corporation, Baltimore, Maryland, and was 0.018-in. diameter and 
1.5-in. long.

The directional characteristics of a single rod rotated in a plane

Fio. 7. C i r c u i t  D i a g r a m  f o r  S e l f - B a l a n c i n g  B r i d g e  o f  B e a d  T h e r m i s t o r

A n e m o m e t e r
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F i g . 8 . T y p i c a l  C a l i b r a t i o n  o f  L i n e a r i z i n g  C i r c u i t  f o r  B e a d  T h e r m i s t o r

A n e m o m e t e r

parallel to the wind and about an axis perpendicular to the center 
of the rod axis, are shown in Fig. 9. This demonstrates a definite 
ability to measure direction as a voltage sine function for any 90- 
degree quadrant of the horizon but with no discrimination as to 
which of the four quadrants. The discrimination was therefore 
extended by utilizing two parallel rod Thermistors rotated about 
their longitudinal axis of symmetry. The circuit and resulting data 
are shown in Fig. 10. In this, the longitudinal rod axis was vertical 
and normal to the direction of horizontal air flow, and the rods 
were spaced at about 0.06-in. center to center. The introduction of 
a positive and negative voltage signal extended the discrimination 
to 180 degrees.

A correction of the lobe shape to nearly a sine function was 
accomplished by inclining the rod pair to 11 =  15 degrees as shown 
in Fig. 11, and the discrimination was extended to 360 degrees of 
horizon by combining two pair of inclined rods as shown in Fig. 12 
with the circuit as shown in Fig. 13. Tests on this assembly are 
currently under way using a Selsyn output with dial indicator.
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330* 0 * 30*

P i g . 9. D i r e c t i o n a l  C h a r a c t e r i s t i c s  o f  a  S i n g l e  B e n d i x - F r i e z  517613-1 R od  

T h e r m i s t o r  R o t a t e d  i n  a  W i n d  u n d e i s  C o n s t a n t - T e m p e r a t u r e  C o n d i t i o n s

The tests indicate tha t a full 360 degrees of directional sensing 
will be achieved with an angular error of less than 10 degrees.

The foregoing directional studies relate to a field determination 
of the horizontal components of a wind. However, since natural 
winds normally possess some third dimension or vertical com
ponent, it is apparent from the data of Fig. 11 tha t such a vertical 
component will materially obscure the determination of the hori
zontal direction. As a corrective for this, the two rod pairs shown
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F i g .  1 1 .  D i r e c t i o n a l  C h a r a c t e r i s t i c s  a n d  A r r a n g e m e n t  o f  a  T i l t e d  P a i r  o f

R o d  T h e r m i s t o r s
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P i g . 1 2 .  D i r e c t i o n a l  S e n s i n g  A s s e m b l y  U s i n g  T w o  P a i r s  o f  R o d  T h e r m i s t o r s

in Fig. 12 were housed between two parallel horizontal disks. The 
rolled-edge disks were of 5-in. diameter, spaced %-in. apart. Wind- 
tunnel tests of this assembly indicated that vertical wind angles of 
less than ±  30 degrees failed to seriously obscure the determination 
of horizontal direction.

The thermal time response of the bead Thermistor has been 
evaluated at about 1/20 sec while the parallel rod assemblies re
quired from 1 to 7 sec. Some experiments were made to reduce 
the thermal mass of the rod by reducing its size through use of a 
thin metal support core coated with a Thermistor overlay. Pilot 
tests indicated tha t the time-constant might be reduced by 80 per-

4 Bend ix -F riez Rod T h e r m is t o r s  
M o u n t e d  in 2  Par al le l  U n i t s  
90 *  A p a r t  in H o r i z o n t a l  Plane. 
T h e  T h e r m is t o r s  in E a c h  Unit 
Are  I n s u l a t e d  ot  Lo w e r End and 
Are El ec t r i ca l l y  C o n n e c t e d  
a t  Uppe r  End

R eference  

Angle  of 
Wind D irec t ion

V e rt i cal  Axis
of Rotation

P la n e s  of  T he rm istor  
Pai rs  Are  I nc l in e d 

at  is* with t he  H o 
r i z o n ta l  P l a n e

H or iz on ta l  L uc i te

C o n n e c t i o n s  

T h r o u g h  B r a s s  S t u d s

Therm Therm

D ire ct io n al
I n d i c a t o r

115 Volts

S e l s y n
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cent with such means. The Thermistor coating material is a recent 
development giving promise of many useful instrument applications.

Because of the demonstrated ability to answer most of the needs 
of the development program, the Thermistor anemometer has been 
selected afe the final choice for the program.

The Heated-Thermocouple Anem om eter

The thermocouple, long used in the field of thermal measure
ments, depends on the fact that when two selected dissimilar 
metallic wires are fused at their ends, application of heat to the 
fused junction will generate an electromotive force to support a 
flow of current across the junction. Since the total emf generated 
is only a small absolute value, accurate measurement of the tem
perature influence requires accurate measurement of a very small 
voltage. To amplify this voltage for increased accuracy, it is 
customary to arrange a number of thermocouples in series and, 
thus multiply the effect. Such a device with a large number of 
“hot” and “cold” junctions is known as a thermopile.

The special modifications which permit this device to be used for 
air velocity measurements consist basically of heating the hot 
junctions of the thermocouple or pile with a measured supply of 
heat from an external source. Exposure of the heated thermo
couple to the air stream whose velocity is to be measured will re
sult in convective cooling of the heated junction and a consequent 
drop in the emf impressed across the junctions of the pile. This 
relation results in an emf which is inversely proportional to the 
air velocity. The emf may be read as velocity on a suitably cali
brated voltmeter.

In the earlier forms of this instrument the metered heat supply 
for the hot junction was in the indirect form of a selected electric 
current fed into a resistance heating coil which surrounded or 
contacted the hot junction. In the modern form [26] and [27], 
heating is accomplished by superimposing a suitable alternating 
current directly across the thermopile itself while simultaneously 
maintaining a direct current measurement of the developed thermo
couple emf. This simplification and reduction of the sensory probe 
mass reduces the thermal lag and improves the time response of 
the instrument to fluctuating velocities.

The general nature of the calibration curve obtained with a 
heated thermocouple anemometer is demonstrated in Fig. 14, which 
is taken from [27], The velocity equations covering this occurrence 
stem from the relations which King [19] established for the hot-
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F i g . 14. V e l o c i t y  C h a r a c t e r i s t i c s  o f  a  T w o  E l e m e n t  T h e r m o c o u p l e  

A n e m o m e t e r  [27]

wire anemometer and again give a fourth power equation leading 
to high sensitivity in the low velocity range. The instruments 
can be made very versatile in range by simple adjustment of the 
heating current and various forms have been designed for velocities 
varying from 0.08 fps to 600 fps.

The time response of the instrument is among other things a 
function of the wire size and wind velocity and practical field in
struments with a wire of 0.003-in. diameter have established a 
time response of the order of 0.10 sec.

A durable, all-weather, non-directional field instrument is shown 
in Fig. 15. The small blobs on the diagonal wires are the hot-junc
tion thermocouples. This instrument is commercially produced by 
the Hastings Instrument Company of Hampton, Virginia and is 
provided with compensating circuitry making it adaptable to a wide 
range of conditions.

A smaller portable battery operated probe unit for use in air
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conditioning studies is commercially produced by the Illinois Test
ing Laboratories of Chicago, Illinois.

The geometry of the thermocouple affords none of the directional 
sensitivity inherent to the cylindrical form of the hot wire and the 
Thermistor rod anemometers and there is no evidence of thermo
couple research with this objective. This lack of inherent directional 
sensitivity, plus a relatively weak basic signal, eliminated the in
strument from further development in this program.

I o n iz a t io n  A n e m o m e t e r s

The structure of air which has been exposed to certain electrifi
cation processes is said to be ionized if it contains a greater than 
normal number of free ions.

In an ionization anemometer the ionized air particles are used 
as an inherent tracer of relative air motion in much the same

F i g . 1 5 .  N o n d i r e c t i o n a l  A n e m o m e t e r  o f  t h e  H e a t e d  T h e r m o p i l e  T y p e  a s  

M a d e  b y  t h e  H a s t i n g s  I n s t r u m e n t  C o m p a n y
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manner that dye or confetti are used as visual tracers and salt 
brine as an electrical tracer in motion studies in water.

In discussing an anemometer of this type, consideration must 
be given first to the method of ionization or production of the tracer 
material, and second, to the method of detection or measurement of 
this tracer.

A review of the first consideration establishes tha t while 
numerous methods are known for achieving ionization in air, only 
the methods employing bombardment by emissions from natural 
radioactive materials and excitation by an electric field of high 
potential gradient have proved of practical use with anemometers. 
A considerable study [28] and [29] of the latter method has es
tablished tha t production of a powerful field by use of spaced elec
trodes with high voltages (corona, glow and spark devices) can 
produce certain desired effects but a t the expense of hazardous 
conditions and poor relative stability. The most practical low- 
velocity developments have, therefore, employed ionization by radio
active materials.

A review of the methods of measuring the tracer movement in
dicates tha t this may be done either by determining the manner 
in which the wind deflects the steady flow of ions between two ex
posed electrodes, or by marking the progress of a series of drifting 
ionized clouds in the stream. The latter system which is analogous 
to the salt-velocity method in water has been given considerable 
study [30] and [31] with the end conclusion tha t it was quite 
successful a t high velocities, but the inherent mobility and diffusion 
of the ions destroyed the measurable character of the ion cloud if 
the wind velocity was less than about 30 fps. However, evidence [32] 
was found demonstrating tha t low-velocity winds could be measured 
as a function of the manner in which the wind deflected a steady 
stream of ions passing between two electrodes.

An anemometer of this type for measurement of velocity magni
tude in a two dimensional or horizontal wind was evolved by Love
lock and Wasilewska [32] and subjected to an extended study at 
the St. Anthony Falls Hydraulic Laboratory. This unit, as shown 
in Fig. 16, consisted of two parallel, circular disks of about iy 2-in. 
diameter separated by a predetermined gap.

The ionization of the passing air stream was achieved by ex
posure to Alpha-particle emissions from the radioactive coating of 
polonium electroplated on the upper disk. Polonium was selected 
because of its relative availability and low cost, and because it 
emitted a large number of alpha particles with a range of only 
about 1% inch.
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P i g . 16. T h e  P a r a l l e l - P l a t e  I o n i z a t i o n  A n e m o m e t e r

The ionized particles created near the disk were attracted to the 
emitter plate or the opposite disk by the electric field imposed on 
these electrodes from an external source.

In the Laboratory tests the spacing of the disks and the applied 
voltage were varied as the instrument was exposed to various 
velocities in a wind tunnel.

Under these conditions of continuous ion production and mi
gration to the electrodes, a measurable flow of current was sus
tained between the electrodes. Since the passing wind tended to 
sweep some of the ions beyond the attractive range of the elec
trodes and promoted neutralization through increased ion re
combination, a particular selection of ion production, disk spacing, 
applied voltage, and wind speed produced a specific flow of current. 
Typical data for tests of this type with a %-in. disk spacing are 
shown in Figs. 17 and 18. Figure 17 demonstrates tha t if the 
voltage is sufficiently high and the wind speed sufficiently low, 
virtually all of the ions will be attracted to the disks to support a 
stable, limiting current flow. The anemometer may be operated 
with either constant current or constant voltage, but the former 
system exhibits the better linearity of signal shown in Fig. 18.

In parallel with the foregoing velocity measuring studies, an 
attempt was made to provide an ionization instrument with di-
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E l e c t r i c  Po t en t i o l  in Vol t s

F i g . 1 7 . V o l t -A m p e r e  C h a r a c t e r i s t i c s  o f  t h e  P a r a l l e l - P l a t e  I o n i z a t i o n

A n e m o m e t e r

F i g . 1 8 .  V e l o c i t y  C h a r a c t e r i s t i c s  o f  t h e  P a r a l l e l - P l a t e  I o n i z a t i o n  

A n e m o m e t e r  w i t h  C o n s t a n t -C u r r e n t  O p e r a t i o n
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rectional sensitivity. This development was principally based on the 
fact that if the charged electrodes consisted of two parallel perme
able screens placed normal to the plane of a wind, the measured rate 
of collection of ionized particles existent between the screens would 
vary depending on the angular direction of the wind with respect 
to the planes of the screens. A two-screen arrangement of this 
kind produced a directional signal which was roughly analogous to 
that of the single rod Thermistor shown in Fig. 9, and similarly 
was useful only for directional measurement within a quadrant of 
the horizon. This limited discrimination of direction was extended 
to 180 degrees of horizon by addition of a third parallel screen as 
shown in Fig. 19.

In this unit the ionization was produced by the polonium coated 
disk mounted on the top plate and the current meter was connected 
to the center screen, thus receiving ion flow from the two screened 
ion chambers. The current was either positive or negative depend
ing on the excess number of either positive or negative ions reach
ing the screen. The circuit and test data for the three-screen 
arrangement is shown in Fig. 20 which is roughly analogous to the 
paired Thermistor rod data as shown in Fig. 10. It is believed that 
a further extension of unique directional sensing to a full 360 de-

F ig . 19. D i r e c t i o n a l  I o n i z a t i o n  A n e m o m e t e r  w i t h  T h r e e  S c r e e n s
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P r o c e e d i n g s  o f  t h e  S i x t h  H y d r a u l i c s  C o n f e r e n c e  

6 0 °  9 0 °  120°

F i g . 2 0 .  D i r e c t i o n a l  C h a r a c t e r i s t i c s  o f  t h e  T h r e e - S c r e e n  I o n i z a t i o n

A n e m o m e t e r

grees of horizon can be accomplished by orienting two such three- 
screen units 90 degrees apart and providing a suitable circuit in a 
manner similar to the general treatment of the two pair Thermistor 
rod assembly shown in Fig. 12.

Because of the field problems associated with the radiation 
hazard, high operating voltages, and weak inherent signals in 
this device, neither the velocity nor directional possibilities were 
fully pursued in the developments at St. Anthony Falls. The in
herent sensitivity and responsiveness of the device are, however, 
very promising.
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A c k n o w l e d g m e n t

The survey studies discussed herein were initially sponsored by 
the Ballistic Research Laboratories of the Army Ordnance Corps 
with the subsequent research and development studies sponsored 
by the Evans Signal Laboratory of the Army Signal Corps.

Particular credit is due John M. Killen of the St. Anthony Falls 
Laboratory Staff for his contribution to the clarification of the 
electrical aspects of the survey discussions and for his prime con
tributions to all phases of the investigations later conducted at St. 
Anthony Falls.

D i s c u s s i o n

Mr. Craven was impressed by the way in which this paper illus
trated the principles stated in the earlier paper by Mr. Bergmann 
regarding the difference between direct and indirect measurement. 
He cited the ionization and oil-droplet techniques as good examples 
of direct methods in which a particle is identified and its time of 
passage between two known points is measured. When an indirect 
approach is used, it is necessary to know the law involved, such as 
the Bernoulli principle or a combination of the Bernoulli and viscous 
principles as with a drag sphere. Other examples of the indirect 
approach are the utilization of known laws for the travel of sound 
in a fluid or the laws of heat transfer for a thermistor or a hot
wire anemometer. In choosing a velocity-measuring instrument one 
has to decide whether to use a direct method or to use a law, and if 
it is to be the latter, to examine the law and ascertain exactly 
what the instrument indicates. He considered Mr. Ripken’s paper 
an excellent example of the correct approach since he first con
sidered the direct method, then the Bernoulli principle, and finally 
the law of heat transfer and its application in the final instrument.

Mr. Calehuff contributed information concerning the use of 
thermistors in boundary-layer studies at ORL after reading of 
Baines’ work. Bead thermistors were used in circuits similar to 
those of the speaker, and either an oscilloscope or a Ballantine 
voltmeter was used to indicate the change in level of the AC com
ponent of the signals. They noted changes of 30 db in the signal 
level between the free stream and the boundary layer, and similar 
signal changes between the free stream and the wake of a model 
torpedo which was in the 48-inch tunnel at the time. He found 
that the indications of intermittency using this method were an 
interesting supplement to observations of intermittency by other
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methods. They plan still more applications of thermistors to de
termine where the boundary-layer transition occurs on models.

Mr. Ripken expressed approval of the further application of 
thermistors and mentioned the great improvements which had 
been made in their manufacture in recent years. He expects still 
more improvements and more extensive applications to follow soon.

Mr. Baines discussed the problems they had in using the self
heated thermistors to measure turbulence in water, and mentioned 
the speaker’s success in using self heating. His program using ex
ternal heating methods had run down because of the difficulties in
volved in perfecting the proper system, but not before they had 
found British thermistors superior to those of Western Electric 
with regard to quality and cost.

The speaker remarked tha t external heating had been used in a 
great many thermal anemometers with excellent results, but that 
the larger thermal mass in the sensitive head reduced high-fre- 
quency response to a point below what they needed. They generally 
use direct heating and try  to select an optimum temperature which 
is high enough to reduce the influence of ambient temperature 
changes but low enough to avoid erratic operation of the thermistors 
due to their being overheated. They have selected 250° to 350° F. 
as the most workable range.

Mr. Moore asked whether a device consisting of a thermistor 
for magnitude detection and a vane for direction could be used in 
air on the time scale of the speaker’s studies. Mr. Ripken knew of 
commercial and experimental devices using this technique, but had 
found them suitable only when a rigid mounting was available. 
With their non-rigid balloon mounting, the problem of maintaining 
the orientation of a mechanical device was quite severe; similarly, 
a cup anemometer with associated vanes can be used with kites at 
various angles of inclination, but this also poses difficulties.

Mr. Shoumatoff wanted to know how the characteristics of the 
thermistors compared with those of foil-type instruments. The 
speaker replied tha t the response of thermistors is slower, and tha t 
he had experimented with a semi-conductor paint. This was less 
satisfactory than regular thermistors because of insufficient quality 
control, but should yield higher signal levels than platinum because 
of the very high temperature coefficient.

Mr. Toch inquired about the manner in which the direction of the 
non-rigid support was controlled, and the speaker explained it as a 
system of tethers which form essentially a tripod arranged to ob
tain high lift and low drag from the balloons. By mounting the in

http://ir.uiowa.edu/uisie/36



strument at the tether point, its rotation is kept small and stable 
control can be maintained from the ground. It is not perfect for 
rotational or lateral stability, but was considered adequate for the 
studies. s
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ULTRASONIC MEASUREMENT OF DEPTH

by

L a u r e n c e  B a t c h e l d e r  

Baytheon Maunfacturing Company

Echo sounding consists merely in transmitting a short burst of 
sound under water and measuring the time required for the echo 
to return. It is one of the simplest of the products of this electronic 
age.

Soundings used to be taken by hand with a lead line, but this was 
cumbersome and inaccurate. A line might shrink or stretch accord
ing to its wetness, and it would not hang straight unless the ship 
was stopped. In deep water the drag on a long line made it difficult 
or impossible to detect the loss of tension when the sounding weight 
struck bottom. This difficulty led to the invention of many ingenious 
devices in which the maximum hydrostatic pressure would register 
in the lead, but none of these was as accurate as a measurement of 
the time of travel. An expendable sounding bomb was invented in 
Germany and used to some extent in the 1920’s. To take a sounding 
a small bomb was tossed overboard. It would arm itself after it 
was wet and would detonate on contact with the bottom. The sink
ing time of the bomb could be measured by an ordinary stop watch 
and the depth calculated from the supposedly known sinking rate.

Echo sounding by measuring the travel time of sound waves is 
so obvious that it is hard to say when it was first invented. In fact 
the English language seems to have anticipated the invention. We 
have “sound” meaning to measure depth and “sound” meaning 
acoustic energy. These homonyms come from the old French, but 
from different words. Actual echo sounding required instrumen
tation and the courage to experiment. It was first tried about 1912 
in this country by Fessenden and separately in France by Langevin. 
As a result of the Titanic disaster in 1912, Fessenden was con
cerned with detecting icebergs by underwater echoes but he ob
tained far stronger echoes from the sea bottom. Langevin had de
veloped quartz crystals for ultrasonic generators and, since they 
radiate far more efficiently in water than in air, he applied them 
to the problem of depth sounding.

Exploitation of these experiments needed to await development 
of practical means for indicating the echo time which ranges from 
a millisecond to several seconds, according to the depth of water.
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All the mechanical and optical a rt of oscilloscopes and oscillographs 
was reviewed and many ingenious depth indicators were tried. But 
there is a world of difference between a laboratory instrument and 
a practical sea going apparatus. The two most successful solutions 
to the time measurement problem were the red light indicator which 
came in the middle 1920’s and the graphic recorder in the early 
1930’s.

The red light indicator (Fig. 1) contains a neon lamp which 
travels at constant speed around a circular depth scale. The sound 
bursts are transmitted as the neon lamp passes zero on the scale, 
and the lamp flashes at the instant each echo is received. The 
retina of the eye retains the image of the flash long enough for

F i g . 1 .  R e d  L i g h t  D e p t h  I n d i c a t o r  ( R a y t h e o n  T y p e  D E - 1 1 1 )

the observer to read the position on the scale where the flash 
occurred. The recorder (Fig. 2) is essentially the same in principle, 
but the neon lamp is replaced by a stylus which travels across a 
calibrated chart scale. The echo causes the stylus to mark the paper 
electrically, and the mark is permanent. The memory feature of the 
recorder has considerable advantage. It draws a permanent record 
which is easier to interpret than a sequence of momentary flashes. 
However, from the commercial viewpoint the special paper required 
for the recorder is an appreciable expense, and many customers 
still prefer the economy of the red light indicator.

With any indicator or recorder it is possible to expand the scale 
in order to magnify the region of the echo while suppressing the 
range closer to the surface. This is particularly convenient with a
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cathode-ray oscilloscope, which is useful for detailed study of the 
echo structure. However, a cathode-ray tube indicator is seldom 
used because it does not have enough advantage to justify its size 
and cost. Yet it may prove to be the only practical indicator for 
scale model soundings in tanks where the time of travel is very 
short.

Before going further into the details of design and performance

F i g . 2 .  D e p t h  R e c o r d e r  ( R a y t h e o n  T y p e  D E - 1 1 2 )

let us consider briefly the purposes for which depth sounding has 
been developed. It is primarily an aid to navigation. It is ob
viously a protection against running aground, either when a pilot 
does not know where he is or when he has no chart of the shoals 
and rocks. It is particularly useful in finding and following a 
harbor channel in a fog. When out of sight of land, a navigator 
often fixes his position by comparing his soundings with the chart.
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Here a single sounding is of little value, but when the course and 
speed are known and the soundings are tabulated for a brief period, 
they can usually be matched with some unique position on the chart.

Soundings are equally essential to the surveys which provide the 
basis for navigation. The Navy Hydrographic Office and the U. S. 
Coast and Geodetic Survey use echo sounding extensively in pre
paring navigator’s charts. They use essentially the same equipment 
as the navigator but take particular care to maintain precise control 
of the speed of the indicator or recording mechanism. They also 
observe water temperature and salinity since these variables affect 
the velocity of sound. In harbors and inland waters the survey 
function is carried out by the Army Corps of Engineers and the 
U. S. Geological Survey. Here again the equipment is similar except 
that it is designed for relatively shallow water. Increasing attention 
must be paid to the elevation of the water surface which varies 
with the tide and with the flow of streams. Occasionally depth 
sounding locates submerged wrecks, either for protective charting 
or as a preliminary to salvage operation.

Depth sounding is invaluable to the fishing industry, both as a 
navigation instrument and as a means for finding fish. Most fish 
caught commercially swim a few feet above the bottom in depths 
of 50 to 100 fathoms, on the sloping sides of submarine ridges or 
banks. They are caught by trawling parallel to the ridge, maintain
ing constant depth, with a net rigged to drag or just clear the 
bottom. Continuous sounding is almost essential because the fish 
congregate along a contour of constant depth. Unless the fisher
man is lucky enough to find a school of fish he may trawl for hours 
and catch practically nothing. This wastes valuable time on the 
fishing grounds and risks unnecessary damage to the net. However, 
by careful attention to the depth sounder it is often possible to de
tect echoes from the schools of fish or even from individual fish. 
Various fish finding equipments are available commercially. Some 
are essentially depth sounders with a beam of sound directed down
wards. Others search with a horizontal beam, much as naval vessels 
search submarines with sonar. It seems fair to say, however, that 
all fish finders are only marginal in performance, because fish, even 
in schools, reflect very little sound. Better equipments for finding 
fish are being developed but economics pose a major obstacle. It 
is an important endeavor, however, because the world’s population 
is rapidly approaching limitations in the food supply. Oceanogra
phers believe that there are many more fish in the ocean than we 
have yet learned to catch.
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Echo sounding has application also to geology. For different 
kinds of bottom, the reflection coefficient differs not only in its value 
but also in the way it varies as a function of the angle of incidence. 
The reflection of sound is much like that of light. There is specular 
reflection, as with a mirror in optics, where sound is reflected at an 
angle equal to the angle of incidence. There is also diffuse re
flection in which the sound is scattered in all directions from a 
rough surface. Both phenomena occur on the bottom of a waterway, 
partly because the interface is never truly smooth, and partly be
cause the particles which compose the bottom move and interact 
in a random manner. In addition, an appreciable fraction of the 
incident sound is transmitted into the bottom and absorbed. In 
sonar applications, one is generally concerned with specular re
flection at normal incidence, or when incidence is oblique, with the 
component of scattered sound which returns to the source. Re
gardless of the angle of incidence, the intensity of this returning 
sound is proportional to the back scattering coefficient.

The back scattering coefficient is a function of the angle of 
incidence. This has been measured for a variety of harbor bottoms 
which, except for rocks, are comparatively smooth [1]. The re
flection from a rocky bottom tends to produce rather uniformly 
diffuse scattering, either because the rocks are spherical, or if 
jagged, because they are oriented at random. Smooth sand or mud 
bottoms, on the other hand, are characterized by a relatively large 
proportion of specular reflection. There are no data for the rippled 
sandy bottom of a river. Here one would expect an intermediate 
condition, but the reflection coefficient should depend also on the 
direction of the ripples. While sand and mud are alike in producing 
relatively large proportion of specular reflection, mud has a smaller 
coefficient because it absorbs more of the sound. The presently 
available data are nearly enough to permit a classification of the 
bottom by echo sounding providing one takes the trouble to measure 
the reflection for various angles incidences.

Mud reflects less sound than sand because more of the sound 
penetrates the softer material. As long as the mud is homogeneous, 
the sound will propagate through it, but will be rapidly attenuated 
by the viscosity of the mud. If a harder stratum underlies the mud 
some of the sound will be reflected upward. When the mud is not 
too thick this reflected sound gets back into the water with an 
intensity sufficient to cause a discernable second echo. Often the 
underlying stratum is not distinct and the density changes gradu
ally from clear water through soft ooze to hard soil. In such cases 
the echo is stretched out in time. Occasionally the upper ooze is
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so soft tha t it is difficult to define where the bottom really begins, 
and then it is equally difficult to determine with a lead line. The 
softness of the bottom can often be judged by the quality of the 
echo, without resource to quantitative measurements, but this re
quires experience. In a few instances these phenomena have been 
used to study sedimentation with a view to determining the geo
logical age of a body of water. Observations in Lake Michigan 
show acoustic penetration through at least 7 fathoms of clay over- 
lying till [2]. In the Gulf of Maine sediment ranging up to 50 
fathoms of thickness has been found [3]. Both of these studies 
were made with essentially standard commercial equipment. If the 
geologists are interested in pursuing this sort of investigation, 
more basic research is needed, directed particularly toward the 
choice of an optimum frequency of sound for penetrating various 
types of mud and silt.

The application of depth sounding to hydraulic research is the 
one to which this paper is primarily directed. This new application 
poses certain problems which have not occurred before. One is to 
measure the shape of the bottom in detail in order to study scour 
patterns and ripples. Another is to integrate depth over a cross- 
section of a stream in order to facilitate computation of volu
metric flow. Both of these measurements may require greater 
accuracy than has been needed in navigation and even survey ap
plications. Finally the hydraulic engineer wants soundings, not 
only in real streams, but also in small scale laboratory flumes.

In the matter of accuracy, the variations of the velocity of sound 
come immediately to mind. The velocity is a function of temper
ature, salinity, and hydrostatic pressure [4], Hydrostatic pressure 
increases the velocity slightly more than one part per million for 
each meter increase in the depth, so this variation may be ne
glected completely in shallow water. Figure 3 shows how the 
velocity increases with temperature and salinity. The two salinities 
shown are not extreme, but represent the range which is usually 
encountered in ocean waters. The hydraulic engineer works mostly 
with fresh water, where salinity may be neglected. His major con
cern is temperature, which causes a total variation of some 7 per
cent in the working range of natural water.

When there is a vertical temperature gradient in the water, it 
is quite a complicated thing to correct exactly for its effect on the 
depth sounding echo time. The reciprocal of the velocity of sound 
must be calculated as function of depth, and this reciprocal inte
grated along the sounding path to find the total time of travel. In 
oceans and lakes appreciable thermal gradients occur because the
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surface water is warmed by the sun or cooled by winter air. The 
warmer water is less dense and remains at the surface, and any 
surface-cooled water sinks to the bottom. In rivers and streams, 
however, there is probably enough turbulence to stir the water and 
produce a reasonably uniform temperature from surface to bottom. 
When this is true it is sufficient to determine the average temper
ature from a few measurements, and to assume that the average 
velocity exists along the entire path.

One way of overcoming the uncertainty in the velocity of sound

F i g . 3. V e l o c it y  o f  S o u n d  i n  W a t e r  a s  a  F u n c t i o n  o f  S a l i n i t y  a n d

T e m p e r a t u r e

is to calibrate the echo sounder with echoes from a horizontal bar 
lowered on chains to a known depth. This method is used ex
tensively in the survey work of the Army Corps of Engineers. It 
corrects the errors in the time of travel, but does not eliminate 
inaccuracies due to the gradual onset of the echoes.

It is difficult to measure echo time precisely because the echo 
cannot start and stop suddenly. No one has succeeded in building 
an efficient sound projector that is free of resonance. Furthermore, 
the receiving system usually requires electrical tuning, or narrow- 
banding, to exclude much of the noise that is generated by the wash
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of water against the hull of a moving vessel. In any resonant sys
tem, mechanical or electrical, the response is not instantaneous, but 
gradual, as an exponential function of time (Fig. 4). Whatever 
the indicating device, it requires a certain threshold to distinguish 
an echo from the background noise. The indication of the echo 
must be delayed until this threshold level is reached. If the delay 
were constant, it would cause little trouble, but obviously the delay 
varies with the intensity of the echo. A strong echo, arriving at 
time f0 is indicated at ij, but a weaker echo (10 db weaker in Fig. 4) 
is not indicated until t2. Since the echo intensity may vary as much 
as 20 db with the character of the bottom, there is always some 
uncertainty in the delay time.

P i g . 4. R e s p o n s e  a s  a n  E x p o n e n t i a l  f u n c t i o n  o f  T i m e , a n d  D elay '  I n t r o d u c e d

b y  a  F i n i t e  T h r e s h o l d

The amount of delay, and its variability, can be reduced to some 
extent by lowering the threshold, but background noise always im
poses a limitation to this approach. The rise time of a response de
pends on the frequency and on the effective Q value of the system. 
Since a signal attains 95 percent of its final value in Q periods of 
the oscillation the delay increases inversely as the frequency. Errors 
in depth measurement from this cause often amount to 1 percent in 
ordinary echo sounders. In hydraulic research, particularly in the 
laboratory, the problems seem quite different. In shallow water the 
frequency of the sound may be increased, perhaps by an order of 
magnitude, before excessive attenuation limits the performance. 
If operating conditions are relatively quiet, the receiver may be de
signed to accept a much wider band of noise, and consequently con
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tribute little to the Q of the system. These design changes should 
make the uncertainty in depth quite negligible.

Another cause of a gradually rising echo intensity involves the 
geometry illustrated in Fig. 5. The sound is tranmitted downward 
in some sort of a beam with an intensity proportional to the di
rectivity function 8(0). This is a function of the angle 6 from the 
axis. It is assumed for simplicity tha t the bottom is level, and tha t 
the ship is on an even keel, so tha t the normal incidence occurs. 
Traveling with a velocity c, the sound goes down a distance d and 
returns as an echo. At a time

ta =  2d/c  (1)

P i g . 5. G e o m e t r y  o f  E c h o  S o u n d i n g  o ver  a  H o r iz o n t a l  B o t t o m

after the transmission began, the echo starts to appear from the 
nearest point directly beneath the ship. The first sound returns 
from only an infinitesimal area of the bottom and contains only an 
infinitesimal amount of energy. As time continues, a progressively 
larger area of the bottom contributes reflected sound, and the echo 
increases accordingly. At any time t, the instantaneous echo power 
is the resultant of contributions from all of the bottom within a 
cone of angle 6, where

sec d —  t / t0 (2)

To trea t this problem mathematically requires some assumption 
about how the back scattering coefficient of the bottom varies with 
the angle of incidence. One might naturally assume Lambert’s 
cosine law. Actually the reflection from a smooth bottom is more
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specular than that, and from a rocky bottom it is more uniformly 
diffuse. Thus, if one wants to generalize by assuming an average 
bottom, Lambert’s law appears to be a very fair compromise. With 
this assumption it can be shown [5] that the echo power arriving 
a t any instant / is

w =  2tt wo p )  [ l S2 (6) cos5 6 X 10~2ttri dt (3)
k~d~ ¿o J

to

Where w0 = to ta l  power transmitted
p =  reflection factor of the bottom for normal incidence 

A c=  capture area of the transducer 
X — wavelength of sound 
d =  depth
a =  coefficient of attenuation of sound in water

The definite integral is the only factor in equation (3) which varies 
with time. Figure 6 shows how it behaves for a few arbitrarily

T I M E  R A T I O
to

s e c  e

F i g . 6. V a l u e  o f  t h e  D e f i n i t e  I n t e g r a l  i n  E q u a t i o n  ( 3 )  a s  a  F u n c t i o n  o f  

N o r m a l i z e d  T i m e ,  f o r  t h e  C a s e  a d = 0 . 0 1  B e l .  T h e  D i r e c t i v i t y  i s  

T h a t  o f  a  C i r c u l a r  P i s t o n ,  w i t h  t h e  B e a m  W i d t h s  a s  

N o t e d  a t  t h e  ■— 10 d b  L e v e l
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chosen widths of the sound beam 8 (#). and for one moderate value 
of attenuation. The origin represents the time tu when the echo 
begins to arrive, and the abscissa is the normalized time ratio 
t / t0. The time required for the echo to reach any arbitrary value 
is thus proportional to the echo time t(), and the resulting error in 
depth measurement is proportional to the depth itself. Regardless 
of the beam width, all these curves have the same initial slope, 
which is equal to the attenuation factor lO-2"'*. In a sounding 
equipment designed for good accuracy the indicator threshold 
would presumably occur at a level so low tha t this initial slope 
still persists. Figure 6 shows only the time dependent portion of 
expression (3). For the best accuracy we want the fastest rise of 
the echo. Therefore, we should maximize

to
dw
dt =  2np W o- 4 4 l 0 - 2“d (4)

=0 a  a

The reflection factor p is a property of the sea bottom over which 
we have no control. We can always gain by increasing the trans
mitted power Wo, but this is expensive. Also if the size of the pro
jector is fixed, Wo is limited by cavitation to the order of 1 watt per 
square centimeter. Regardless of the transmitting power, the other 
parameters in equation (4) should be chosen wisely. The wave
length X is inversely proportional to the frequency while the a t
tenuation factor a per unit distance increases roughly in proportion 
to the square of the frequency. Obviously, there is an optimum 
frequency for which lQ-'2a,l/ \ 2 is maximum. The optimum frequency 
increases as the depth diminishes. Also, it is considerably higher 
for fresh water than for salt because sea water has more than 50 
times as much attenuation over most of the useful range of fre
quencies [6],

The characteristic rise due to the geometrical effect, shown in 
Fig. 6, was calculated without regard to the transient response of 
resonant systems. Both effects are present, and operate additively 
on the echo. Since resonance causes a truly exponential rise, and 
the geometric effect causes a rise of very similar shape, the echo 
will build up in almost exponential fashion providing the signal 
continues indefinitely as shown at (a) in Fig. 7. Of course, the 
signal does not continue, but has a limited duration, as in Fig. 
7(b). The same causes which contribute to a gradual rise at the 
beginning of the echo also produce a gradual decay, or tail, a t the 
end. This may be demonstrated by considering the limited signal 
of Fig. 7 (b) to be composed of positive and negative unit functions,
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F i g . 7. C o m p o s i t i o n  o f  t h e  T r a n s m i t t e d  S i g n a l  a n d  t h e  C o r r e s p o n d in g

E c h o  R e s p o n s e

displaced in time, as in Fig. 7(c). The responses to these two 
signals are alike, but opposite in sign and displaced in time as in 
Fig. 7(d). The algebraic sum of the two responses is the response 
to the limited signal. While the tail of the echo does not affect 
the accuracy of depth measurement, it may obscure some of the in
formation about the character of the bottom.

The problem of maximizing the rate of rise of the echo is not 
quite as simple as this discussion would imply. The capture area 
A c is related to the wavelength and to the physical area of the 
transducer face. The relationship is rather complicated, and in
volves the directivity of the sound beam which we must consider 
also from other viewpoints. To some extent one can increase A c 
merely by paying the dollar cost of a large transducer. However, 
cost is not the only limitation. The directivity is proportional to 
the ratio A c/ \ 2. If this ratio were too large, the sound beam would 
be too narrow for the roll and pitch of a ship at sea. If a stable 
platform were available, the narrower the beam the better for 
most research applications. In this case there would be some limit 
to the sharpness of a sound beam which could be obtained in prac
tice. Since this problem has not arisen in the past there is no ex
perience to indicate what that limit is.

http://ir.uiowa.edu/uisie/36



A typical transducer beam pattern is shown in Figure 8. Here 
the relative response in decibels is plotted as a function of the 
angle from the transducer axis. The pattern consists of one main 
beam surrounded by several minor lobes. The designer can easily 
control the width of the main beam, but in general, he cannot eli
minate the minor lobes. The pattern shown in Figure 8 applies 
either in transmitting or receiving. The relative intensity of an 
echo would be indicated by doubling the decibel scale of this plot. 
Thus an echo from the direction of the first minor lobe would be 
some 40 db weaker than the echo on the axis. If the bottom is 
smooth and hard, delayed echoes from the minor lobes can oc
casionally be distinguished, but usually they are masked by the 
tail of the earlier echo from the central beam.

Soundings which show the bottom contour in accurate detail 
require a high degree of angular resolution. A depth sounder tends 
always to display the nearest point of the bottom. Suppose the 
bottom has a step, as in Fig. 9, and consider what would happen 
when cruising over it. For a considerable distance, the step is 
nearest to the surface. With a broad sound beam the depth sounder 
would pick up the echo from the step, and would indicate the ap
parent bottom as the hyperbolic curve. The region of true bottom 
beneath this curve would be obscured. If the water were shallower, 
the depth sounder would be closer to the step, and the obscured 
region would be shorter. But in the extreme case the hyperbola 
would degenerate only to a line of 45 degree slope. Of course the 
situation is not as hopeless as Fig. 9 implies. The echo from the

P i g . 8 . D i r e c t i v i t y  P a t t e r n  o f  R a y t h e o n  T y p e  21>55 T r a n s d u c e r  a t  210 k c s
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true bottom would also be present, this would be indicated at its 
proper time, and might be discernible below the hyperbolic trace. 
However, we must remember that every echo has a tail, and that 
the tail of the step echo would probably overlap the true bottom 
echo. A narrow sound beam would help to suppress the undesired 
echo from the step, but complete suppression is never possible be
cause of the minor lobes.

A step such as drawn in Fig. 9 seldom occurs on a natural bot
tom, but it illustrates the difficulty in echo sounding whenever the 
bottom is not level. The fact that the depth sounder measures 
the distance to the nearest point introduces an error in true depth 
of a smooth but sloping bottom [7]. The only sure way to sound

the deepest point of any hollow, such as a scour pattern, is to lower 
the transducer deep enough to be always below the center of curva
ture of the bottom surface. Even then, the sloping sides of the 
hollow will be distorted slightly in the display. If the true bottom 
contour is known, it is easy to calculate the distortion introduced 
in the echo trace. It is very difficult to interpret a given echo 
trace and determine the exact contour of the bottom.

The ripples caused by water flowing on a sandy bottom seem 
much too fine for this sort of geometrical analysis. From this point 
of view, the ripples might be called the microstructure of the bottom. 
If their wavelength is shorter than the width of the sound beam, 
the indicated echo would show only the depth to the crests. While 
an equal amount of sound would return from the intervening valleys, 
this would be obscured in the tail of the earlier echo from the crests.
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The ripples stretch the echo out in time, but in view of the other 
factors which also stretch it out, it does not seem practical to 
measure the average depth of water over a rippled bottom. It is 
possible, however, that useful information about the amplitude 
and wavelength of the ripples might be obtained from a study of 
the back scattering as a function of the angle of incidence.

It is quite another problem to integrate depth on a gross scale 
and calculate the cross section of a stream. Here the recorded 
trace can be integrated with a planimeter, providing the depth of 
water is great enough to make a mechanical recorder practical. A 
recorder mechanism can drive a stylus reliably with a straight-line 
motion at speeds up to 24 inches/second. At this speed the scale 
factor is 1 inch of paper chart for 10 feet of water depth. For a 
more expanded scale, faster recorders have been made in which 
the stylus is mounted on the end of a rigid arm and travels across 
the paper in the arc of a circle. Such instruments produce a valid 
record but the chart is distorted and the depth graduations are 
not uniformly spaced. With a chart of this type the trace would be 
difficult to integrate with a planimeter.

For depths less than 10 feet, as in laboratory flumes, the echo 
time is so short tha t a cathode-ray tube seems far more suitable 
than any mechanical indicator recorder. A cathode-ray tube does 
not supply a permanent record to be integrated, but this function 
could be accomplished photographically. It is also possible to inte
grate a series of soundings electronically in a variety of different 
circuits. As a m atter of fact there are various circuits which 
measure time electronically. Many of these have been used in 
cheaper depth sounding equipments to indicate depth by a simple 
electric meter. They have not been discussed in this paper because, 
in general, they are quite unsuited to research applications. The 
chief difficulty is that an electronic circuit gives a false indication 
whenever it receives a burst of noise which is comparable in in
tensity to an echo. In laboratory flumes, however, there is every 
reason to expect that the background noise would be much quieter 
than on a moving vessel. If so, electronic depth sounders should 
be completely reliable. The accuracy of their time measuring cir
cuits is controlled primarily by economics. Some electronic counter 
circuits are available which, although relatively expensive, are 
capable of greater accuracy than even mechanical instruments. 
These electronic counting circuits are readily adapted to the integra
tion of a sequence of soundings to yield a direct measure of the area 
of a cross section.
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In connection with echo sounding in a small scale flume, it is 
worth noting the existence of another kind of equipment which has 
been developed for quite a different purpose. The performance of a 
radar on a bombing plane can be simulated by ultrasonic echo 
ranging in a tank of water [8]. Radio waves travel roughly
200,000 times as fast as sound waves in water, so simulation re
sults when all distances are scaled down by this factor. The ultra
sonic transducer is transported through the water according to 
the simulated motion of the airplane. A relief map of a target 
area, such as a city, is placed on the bottom of the tank. Ultra
sonic echoes are presented on a cathode-ray tube plan position in
dicator, just as the real radar echoes would appear on a bombing 
mission. This system provides a realistic picture of the target, but 
it suffers from the same limitations as radar when sounding into 
a concave region. The ultrasonic radar simulator is cited here, 
not to imply that the problem of depth sounding in small tanks has 
been solved, but merely to point out that there may be techniques 
in that area which could be useful in the hydraulic laboratory.

C o n c l u s i o n

This review of the current a rt of ultrasonic depth sounding has 
been written in a critical vein in order to emphasize the limitations 
which might concern the hydraulic engineer. Conventional equip
ment designed for general navigation purposes does not appear to 
meet all the requirements of hydraulic research. However, these 
needs could probably be satisfied with appropriate equipment es
pecially designed for the purpose. The most significant departure 
from conventional design would be to increase the ultrasonic 
frequency by an order of magnitude in order to improve the resolu
tion of the echo sounding system. Such a change is made possible 
by the limited depth of the rivers and flumes where the special 
equipment would be used. Cathode-ray tube indicators and elec
tronic counters are worthy of consideration for shoal soundings 
with quiet operating conditions.

D i s c u s s i o n

Mr. Bradley was interested in the accuracy obtainable in the 
range 10 to 40 feet of water, and the cost; the speaker estimated 
2 percent for standard commercial equipment and % percent with 
special equipment. Cost figures should be obtained from a manu
facturer, but elements cost approximately $250.
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Mr. Kolupaila wanted to know if soundings could be made from 
an airplane or if both transm itter and receiver had to be immersed 
in water. The speaker answered that practically all of the energy 
from a transducer in air would be reflected at the water surface 
because of the tremendous difference in acoustic impedances.

Referring to the speaker’s mention of two cases in which a 
firm bottom was detected below alluvial material, Mr. Schneible 
asked if equipment was commercially available for detecting rock 
formations 10 to 50 feet below alluvial stream beds. After as
certaining tha t the question referred to wet beds, Mr. Batchelder 
emphasized his earlier statement concerning better transmission 
in wet soils. He thought that it should be possible to make such 
measurements with commercial equipment, but felt that the ques
tion was one to be answered by a geologist. Mr. Schneible had 
found, in his experience at sites where the depth of rock had already 
been determined by other methods, that the fathometer gave such 
indications, but not consistently. He now wanted to know if special 
equipment was in existence and if the type used in Lake Michigan 
was a secret type developed for the navy. The speaker assured 
him that it was a standard fathometer and was used by the Uni
versity of Illinois. He also referred to a paper by Firstak at the 
University of Chicago.

Mr. Bengal spoke of his experience in using the equipment for 
soundings in San Francisco Bay and along the lower channels of 
the Sacramento and several other rivers. They found that they 
could measure the depth of the very light and porous mud (75 to 
80 lb /f t3) found in San Francisco Bay, with the hard blue clay or 
sand bottom showing up as a very sharp line.

In response to a question by Mr. Liu concerning application of 
the fathometer to detect the movement of dunes, the speaker stated 
that continuous observations at one point would yield the desired 
information.

Referring to slide No. 9, Mr. Shoumatoff recalled a similar in
stance in which a form asserted to be that of a huge lizard was 
observed during soundings in Lock Ness. Mr. Batchelder had been 
assured by a sound expert of the British Admiralty that it could 
be nothing but “the monster.”
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ULTRASONIC INSTRUMENTATION IN CAVITATION
RESEARCH

BY

M. S t k a s h e iu ;

David Taylor Model Basin, W ashington 7, D. C. 

I n t r o d u c t i o n

In the study of cavitation, a problem of fundamental interest 
is an understanding of the conditions required for its onset. The 
conditions to which I refer are the local conditions which must 
exist a t any point in the water, such as the local pressure and 
temperature, for the formation of a cavity at that point in the 
water. This problem is of interest to both the hydraulics engineer 
and the hydrodynamicist, in the design of cavitation-free equip
ment and in determining the conditions and scaling laws for cavi
tation model testing.

At the Taylor Model Basin we are utilizing electro-acoustic 
equipment, operating at ultrasonic frequencies, to investigate the 
influence of undissolved air cavities in the water on the conditions 
required for cavitation. Before describing our equipment, it may 
be useful to review briefly some of the contemporary ideas on cavi
tation inception, to provide the background for an understanding 
of the purpose of our apparatus.

For many years it was assumed tha t cavitation occurred in a 
hydraulic flow when the local pressure dropped to the vapor pressure 
of the water. However, it is now recognized that the cavitation 
inception pressure does not have a fixed value. Indeed, under certain 
circumstances, particularly those found in water tunnels, inception 
may require a negative pressure or tension [1, 2],

Measurements of the inception pressure made under static con
ditions, by applying steady suction or tension to undisturbed water, 
have resulted in an amazing range of values, ranging from vapor 
pressure to minus 300 atmospheres [3]. On the other hand, theo
retical estimates made by the physicists, based on calculations of 
the inherent strength of water, predict negative pressures as large 
as —500 to —10,000 atmospheres for inception. However, such 
large negative values have never been observed experimentally by 
any method.

To explain why the measured inception pressures are so variable 
and yet less negative than the theoretical values, it has been postu-
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lated tha t the onset of cavitation requires the existence of micro
scopic non-homegeneities or nuclei in the water [4], The nuclei are 
generally assumed to be undissolved air cavities whose sizes may 
range from 10~3 to 10~5 inches. The cavitation process is con
sidered to be the growth of these air-filled nuclei to visible size. 
The variation of the inception pressure is attributed to a variation 
in size of the original nuclei.

A ir - F i l l e d  N u c l e i

A nucleus can grow to visible size in two ways: (1) by the 
relatively slow diffusion of dissolved air out of the water into the 
nucleus, or (2) by its sudden explosive expansion into a large 
cavity. The slow growth by diffusion results in a permanent bubble 
filled primarily with air, and is accordingly called “gaseous cavi
tation”. The sudden explosive expansion, on the other hand, re
sults in a cavity filled primarily with water vapor, since diffusion of 
air cannot keep up with the expansion, and is accordingly called 
“vaporous cavitation”. In vaporous cavitation, the cavities collapse 
and disappear, due to the condensation of the water vapor, after 
leaving the low-pressure cavitating region.

Sometimes a  collapsing- vapor cavity does leave a perm anen t a ir  bubble, much 
sm aller than  the o rig inal cavity, as a  resu lt of the diffusion of some a ir  into 
the vapor cavity during  its  short life [5],

If it is assumed tha t these air nuclei are small free bubbles of 
air, it is possible to estimate theoretically the critical pressure 
for inception of either gaseous or vaporous cavitation. Theoretical 
values of the critical pressure are shown in Fig. 1 as a function of 
the radius of the bubble nucleus. The critical pressure for gaseous 
cavitation depends not only on the nucleus size but also on the 
amount of air dissolved in the water; curves are shown for three 
air contents. The critical pressure for vaporous cavitation depends 
only on the size of the nucleus. (It is possible, however, tha t the 
nucleus size itself may depend on the air content of the water.)

If the nuclei are small, both gaseous and vaporous cavitation 
require negative pressures of equal magnitude. If the nucleus 
bubbles are large, gaseous cavitation can occur at pressures above 
the vapor pressure provided the bubble remains at the required 
pressure long enough to accommodate the slow diffusion process. 
Vaporous cavitation, in contrast, always requires pressures below 
vapor pressure, but the growth is rapid.

Photographs of cavities growing rapidly by vaporous cavitation
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B u b b l e  R a d i u s  in c e n t i m e t e r s

F i g . 1 . T h e  C r i t i c a l  P r e s s u r e  t o r  G a s e o u s  a n d  V a p o r o u s  C a v i t a t i o n  a s  a  
F u n c t i o n  o f  t h e  R a d i u s  o f  t h e  A i r - F i l l e d  N u c l e u s . T h e  N u c l e u s  
S i z e  i s  t h e  S i z e  a t  A t m o s p h e r i c  E x t e r n a l  P r e s s u r e . T h e  C r i t i c a l  
P r e s s u r e  i s  G i v e n  R e l a t i v e  t o  t h e  V a p o r  P r e s s u r e . T h e  T h r e e  
C u r v e s  f o r  G a s e o u s  C a v i t a t i o n  a r e  f o r  T h r e e  V a l u e s  o f  A i r  C o n 
t e n t , t h e  S a t u r a t i o n  P r e s s u r e  o f  t h e  D i s s o l v e d  A i r  B e i n g  I n d i c a t e d  

o n  t h e  C u r v e s .

are fairly common, those of Knapp and Hollander [6] being typical. 
Recently, some photographs showing the slow growth typical of 
gaseous cavitation were published by Parkin and Kermeen [3].

The hypothesis tha t water contains air-filled nuclei, whose 
sizes may vary from one batch of water to another, thus ex
plains the observed variations in the measured values of the in
ception pressure. However, there is no direct evidence tha t such 
nuclei actually exist in water. On the contrary, it would ordinarily 
be assumed that air cavities would spontaneously disappear by dis
solving in the water.

According to diffusion theory, an  a ir  bubble of 10-3 cm rad ius should dissolve 
in about 7 seconds, even in  sa tu ra ted  w ater; sm aller bubbles should dissolve 
even fas ter [7].

Accordingly, it is of interest to find some direct method for de
tecting air-filled cavities in water, and for determining their effect 
on the onset of cavitation. The apparatus to be described was de
veloped to perform these functions.
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A p p a r a t u s

The apparatus performs two functions:
1. To detect air-filled nuclei in the water.
2. To determine the critical pressure for cavitation.

In the present form of the apparatus, both of these measurements 
are made on a relatively small sample of undisturbed water. The 
detection of air nuclei and the setting-up of cavitation are both per
formed with high-frequency sound.

Detection of Air Cavities

Air cavities in water absorb sound energy, and it is this property 
that is used to detect them. When an air cavity is in a sound field, 
the cavity pulsates in response to the fluctuating sound pressure. 
The resulting expansion and contraction of the air converts some 
of the sound energy into heat. The quantitative theory of sound 
absorption is well understood [8], and only the results pertinent 
to the apparatus need be discussed here.

The amount of absorption of a body of water containing air 
cavities may be determined by putting some sound energy into the 
water and measuring the rate at which sound energy decays, i.e., 
by observing the reverberation decay. The principle of the method 
may be illustrated by a simple experiment. If a glass of water is 
tapped, it will ring with a clear note of perhaps one-second duration. 
If bubbles are now formed in the water by inserting an “Alka- 
Seltzer” tablet, tapping will only result in a dull thud. The dif
ference is due to the absorption of the sound energy by the bubbles. 
This principle, in refined form, is utilized in our apparatus.

Electro-acoustic apparatus for measuring sound absorption is 
relatively conventional in acoustics, that described by Moen [9] 
being typical. Our equipment is shown schematically in Fig. 2. 
The water sample is contained in a 12-liter spherical Pyrex flask 
about 12 inches in diameter. Two small piezo-electric ceramic 
cylinders, 1,4-inch diameter and 1,4-inch long are cemented to the

The piezo-electric cylinders are  cast ceramics consisting principally  of barium 
ti tan a te . They are  obtainable commercially from sources such as the Brush 
Development Company and the Gulton M anufacturing Company.

outer wall of the sphere. One of these cylinders acts as the sound 
source and is supplied with electrical random noise from a noise 
generator and power amplifier. The second piezo-electric cylinder 
acts as sound receiver. Its output is amplified, passed through an 
attenuator and then rectified into a DC signal by a tuned loga-
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M E T E R ,  M O D I F I E D  S O M E W H A T .

F i g . 2 . B l o c k  D i a g r a m  o f  t h e  E l e c t r o n i c  E q u i p m e n t . T h e  L o w e r  P o r t i o n  
S h o w s  t h e  E q u i p m e n t  f o r  M e a s u r i n g  t h e  A c o u s t i c  A b s o r p t i o n  o f  
t h e  W a t e b , W h e r e a s  t h e  U p p e r  L i n e  S h o w s  t h e  E q u i p m e n t  f o r  
C a u s i n g  C a v i t a t i o n  w i t h  H i g h - I n t e n s i t y  U l t r a s o n i c s . A l l  t h e  
C o m p o n e n t  I n s t r u m e n t s  a r e  C o m m e r c i a l l y  A v a i l a b l e , E x c e p t  f o r  t h e  

T u n e d  L o g a r i t h m i c  A m p l i f i e r  W h i c h  i s  a  S o m e w h a t  M o d i f i e d  I t e m  
o f  N a v y  E q u i p m e n t .

rithmic amplifier. The DC output of this amplifier, which is pro
portional to the logarithm of the AC voltage from the sound re
ceiver, is observed as a trace on a DC cathode-ray oscilloscope. 
Three relay switches are arranged in the circuit so tha t depress
ing a hand key turns on the noise signal to the sound source and 
inserts attenuation into the receiving circuit. Releasing the key 
cuts off the noise source, triggers the horizontal time base of the 
oscilloscope and, after an adjustable time delay, removes the a t
tenuation from the receiving circuit. When the key is released, the 
resulting display on the ’scope shows the decay of the sound in the 
sphere. Since the sound decays exponentially with time, the loga
rithm of the sound amplitude falls linearly with time, so that the 
logarithmic amplifier provides a decay trace on the ’scope which is 
approximately a straight line. The decay rate is given by the slope 
of the trace, in terms of the known sweep rate of the horizontal 
time base and the known logarithmic sensitivity of the vertical axis.

A photograph of the apparatus appears as Fig. 3.
Absorption of sound at a given signal frequency is associated 

primarily with bubbles which resonate near that frequency. The
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resonant frequency f r of an air bubble in water is given by the 
numerical relation

f r R —  330 cm/sec (1)

where R is the radius. Accordingly, by varying the frequency it 
is possible to detect bubbles of different sizes. The rate of sound 
decay caused by gas bubbles resonating at a frequency f r is given 
by the approximate numerical relation

dr -  10-14 Nr/f,2 (2)

where f r is the signal frequency in cycles per second and Nr is the 
number of bubbles per cm3 resonating in the frequency range

F i g .  3 . P h o t o g r a p h  o f  t h e  A p p a r a t u s

% f r to 2f r. It is apparent tha t the smaller the bubbles, the more 
of them are required for a given decay rate. The decay rate d, 
is in decibels per second, an increment of 10 decibels corresponding 
to a factor of 10 in sound energy; e.g., 50 decibels per second 
means tha t the energy drops to 10~5 of its original value in a second.

Sound decay is caused in the apparatus not only by bubbles but 
also by sound absorption inherent to the water itself and in the 
walls of the sphere. Accordingly, the total decay rate d is equal to 
(dr -f d0) , where d„ is the minimum or background decay rate of 
the apparatus in the absence of bubbles. This background decay 
sets a limit to the sensitivity of the apparatus for detection of
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bubbles. The background decay may vary erratically from day to 
day by as much as 20%. To detect bubbles with certainty, enough 
must be present to increase the decay rate by a substantial amount, 
say by 50% over the average background rate. The number of 
bubbles which will cause such an increase can be estimated by 
equating of, in Eq. (2) to % d0. Accordingly, the minimum de
tectable number of bubbles, or threshold of detectability, is given by

(Nr) min — 5 X  10~15 d0 f r2 =  5 X  10"10 d0/R~ (3)

where again Nr is the number of bubbles per cm:i with radii ranging 
from i/2 to 3/2 R, R being in cm, and f r is the resonant frequency 
of the bubble in cycles per second. If fewer bubbles are present than 
the quantity given by Eq. (3), they will not be detected.

Ultrasonic Cavitation

The measurements of cavitation inception are made in the same 
apparatus, simultaneous with the bubble detection. The cavitation 
is induced by setting up a high-intensity sound field in water. If 
the sound pressure has an amplitude ps, the instantaneous total 
pressure is P0 +  p s sin 2 -n ft, where P0 is the static pressure. If 
this oscillating pressure drops to the critical pressure Pc for cavi
tation, cavitation occurs. Accordingly, the critical pressure is 
given in terms of the sound pressure at cavitation by the relation 
Pc —  Po —  Ps-

The sound field is generated by a large driver consisting of a 
1%-inch diameter piezo-electric ceramic cylinder held in the neck 
of the spherical flask. The open bottom end of the driver cylinder 
projects about 1/4 inch below the water surface. The sphere is 
filled with water just to the neck, to keep the shape of the water 
as nearly spherical as possible. The driver receives its electrical 
power from a 30-watt power amplifier excited at a frequency of 
about 25 kc/sec by a controllable oscillator. This section of the 
equipment is similar to that used by Galloway [10] for cavitation 
studies.

By proper choice of the sound frequency, a sound field is gen
erated with maximum sound pressure at the center. This has the 
advantage of causing cavitation only at the center of the sphere, 
away from any solid boundaries. The spherical body of water is 
highly resonant a t these frequencies. The exact frequency is found 
by experiment, slowly tuning the oscillator to resonance. For our 
apparatus, a resonance near 25 kc/sec is. used. The half-power band
width of the resonance is only about 1 c/sec; an extremely stable
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oscillator is necessary to hold the resonance. The large amplification 
at resonance results in high sound pressures with relatively small 
electrical power.

The sound pressure in the water is measured with a sound probe. 
The probe consists of a tiny piezo-electric cylinder TV inch in di
ameter, at the end of a brass tube. The electrical output of the 
probe is measured with an electronic voltmeter and also observed 
on an oscilloscope. The sensitivity of the probe is known from a 
calibration performed by conventional acoustic techniques, so tha t 
its voltage output can be converted to sound pressure. The probe 
is not placed at the center of the sphere, for this would cause the 
cavitation to form on the probe rather than in the water. The 
probe is held several inches off center, and the indicated pressure 
at this point is multiplied by a correction factor to obtain the 
pressure in the cavitation zone at the center.

It may be well to consider how the value of critical pressure for 
ultrasonic cavitation is related to the critical pressure for hydraulic 
cavitation. In hydraulic cavitation the water is a t a low pressure 
for a time which may vary from 1 to 100 milliseconds, depending 
on the velocity and the size of the cavitating region. In ultra
sonic cavitation, on the other hand, the water is a t low pressure 
for very short periods which repeat periodically; a t 25 kc/sec, for 
example, the low pressure exists for periods shorter than 0.012 
milliseconds.

The critical pressure for vaporous cavitation, plotted in the 
previously-discussed Fig. 1, was calculated with the assumption 
that the pressure changes are very slow so that the water is a t the 
low cavitation pressure for a long time. A calculation of the 
critical pressure for ultrasonic cavitation, taking account of the 
rapid fluctuations in pressure, [11] leads to the same values of 
critical pressure as for the slow pressure changes. This is an im
portant result, for it indicates that the critical pressure for vaporous 
cavitation does not depend on the duration of the low pressure.

This is not true, of course, for extrem ely sh o r t durations or extrem ely high 
ultrasonic  frequencies, say durations less than  5 microseconds or frequencies 
over 100 kc/sec.

Accordingly, the critical pressure for ultrasonic vaporous cavi
tation should be equal to the critical pressure for hydraulic cavi
tation.

For gaseous cavitation, however, there is no relation between 
ultrasonic cavitation and hydraulic cavitation. Although gaseous 
cavitation can be induced by ultrasonics, the process is more com
plicated than that of hydraulic gaseous cavitation.
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P r o c e d u r e  a n d  T y p i c a l  R e s u l t s

For a typical set of measurements, tap water is drawn directly 
from the city supply into the spherical flask. The decay measure
ments for bubble detection are made over a period of several days 
as the water stands undisturbed in the sphere. Simultaneously, 
measurements are made of the inception pressure for ultrasonic 
cavitation.

The onset of cavitation is determined by increasing the sound 
pressure in small increments until cavitation starts. The voltage 
from the sound probe, just before the onset of cavitation, in
dicates the inception sound pressure. Both gaseous and vaporous 
cavitation are observed. For gaseous cavitation, the onset is ob
served visually by the appearance of a small bubble at the center 
of the sphere. The onset of vaporous cavitation is apparent by the 
sudden explosive formation of a cavity, accompanied by a “ping” 
which can be heard in the air.

Time After Filling in Hours

P io .  4. T h e  D e c a y  R a t ® a n d  t h e  I n c e p t i o n  P r e s s u r e  f o r  U l t r a s o n ic  C a v i t a t i o n , 

a s  a  F u n c t i o n  o f  t h e  T i m e  A f t e r  F i l l i n g  t h e  S p h e r e  

w i t h  F r e s h  T a p  W a t e r
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Some typical results are shown in Fig. 4. The upper curves

These results were obtained in the course of m easurem ents performed in p a rtia l 
fulfillment of the requ irem ents for the Ph.D. a t the  Catholic U niversity  of 
America.

show the decay rate measured at three frequencies as a function 
of the time after filling. The plotted “Excess Decay Rate” is the 
measured total rate minus the background rate inherent to the 
apparatus. The excess decay falls to zero in several hours. This 
means that the content of air bubbles has become too small to be 
detectable. An upper bound on the number of bubbles which can 
be present and yet avoid detection can be estimated by substituting 
into Eq. (3) the measured background decay rates. Upper bounds 
on the number of bubbles Nr and their volume concentration Vr 
are indicated in the table below. These values may be considered 
to be the thresholds of detectability for our apparatus.

T a b l e  I
Thresholds of Detectability for Bubbles

Background 5 U Number* Volume**
Frequency D| cay R adius ^  ^

Kc/sec db/sec "  per cm3 cm>/cm!

150 20 2.2 X 10-3 0.002 1 X 10-10
250 40 1.3 X 10-* 0.01 1 X lO“10
550 200 6 X 10-‘ 0.3 2 X 10-“

*Nr is the  number of bubbles per cm“ w ith radii ranging from 1/2 to 3/2 R.
**Vr is the to ta l volume per cm8 of bubbles whose rad ii range from 1/2 to 3/2 R.

The lower curve of Fig. 4 shows the sound pressure for cavi
tation, measured with the same sample of water. The inception 
pressure changes with time. The measurements during the first 
few hours resulted in gaseous cavitation, whereas the later measure
ments at negative critical pressure resulted in vaporous cavitation.

These results, showing how the cavitation characteristics of 
the water change as it stands, are only illustrative of the type of 
data obtainable with the apparatus.

For determining the effect of dissolved air, the water can be 
deaerated without removal from the sphere. The sound intensity 
is set at a maximum while applying a vacuum to the water in the 
sphere. This results in violent gaseous cavitation. The appearance 
of the water during deaeration is shown in Fig. 5. The total air 
content after partial deaeration is determined by syphoning a 10 
cm3 sample into the Van Slyke Gas Apparatus visible at the left 
side of Fig. 8.
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F ig .  5. U l t r a s o n ic  D e a e r a t i o n  o f  t h e  W a t e r  w i t h i n  t h e  S p h e r i c a l  F l a s k

F u t u r e  D e v e l o p m e n t

The present apparatus is limited to measurements on a batch of 
water standing undisturbed. For hydraulic applications it would 
be desirable to detect bubbles and measure the cavitation inception 
pressure in a stream of moving water.

For measurements in a stream of water, the spherical resonator 
could be replaced by a cylindrical resonator open at both ends. The 
water could then stream axially through the cylinder. The bubble 
detection and the onset of ultrasonic cavitation could be observed 
in the flowing water. Such a device might be useful for character
izing the water in a water tunnel.
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D is c u s s i o n

Mr. Eisenberg added some comments to clarify the question of 
bubbles and stability, stating tha t bubbles will be in equilibrium 
over a specific range of sizes which are related to the vapor pres
sure and partial pressure (of a ir ) . Bubbles larger than this range of 
sizes will remain, while the smaller ones will dissolve. Those within 
the range will be dynamically unstable so tha t they will grow, and 
when pressure is applied these bubbles are actually in a state of 
equilibrium in which the required pressure is somewhat less than 
vapor pressure. This is demonstrated by the same conditions of 
stability holding. Though the mechanism by which such nuclei are 
stabilized is still an open question, long before Harvey, Herzfeld, 
etc., suggested these mechanisms, people working with problems 
of surface chemistry had pointed out that certain materials such 
as detergents may provide stability. He mentioned the cases where 
air is not needed for stability and stated tha t infinite energies would 
be required to dissolve a vapor on tha t premise even without air.

Regarding the maximum tensions attainable in liquids, he said 
that the value of 10,000 atmospheres mentioned by Mr. Strasberg 
was based on the old theory of a ruptured molecule, while accord
ing to modern theories—he mentioned the “hole theory”—fluctu
ations are possible and explained in terms of the crystal structure. 
In most materials the estimates of 1000 atmospheres which are 
made seem to be more realistic, although, as Mr. Strasberg pointed 
out, even this magnitude has never been experimentally observed.

Mr. Eisenberg mentioned, without wishing to discuss, the experi
ments 3 or 4 years previously by Dr. Glaser a t the University of 
Michigan in which he used a “bubble chamber” to detect sub-atomic 
particles. This is the liquid analog of a cloud chamber, and in it, 
paths of the particles are shown by nuclei tha t open up in super
heated water when it is bombarded. His main point was to express 
the possibility that cosmic radiation in the atmosphere may de
termine the limit of tension attainable in experiments with the 
rotating tube and other devices.

Mr. Strasberg emphasized the fact that the critical pressure in 
his curve was corrected for vapor pressure of the water. With re
gard to the possibility of the cavities containing only water vapor, 
he didn’t  wish to exclude it entirely but stated tha t his data show 
a very definite variation in critical pressure with air content which 
would seem to require tha t the cavity itself contain air which varies 
with air content.

Mr. Ripken expressed the opinion tha t the techniques discussed
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in the paper furnish a good example of the effective use of an in
direct method where the dimensions of the things to be examined 
are extremely minute and apparently direct methods are impossible. 
In view of the indirectness, the good correlation of the data is a 
high tribute to what has been done. It should be noted that the ex
periments described herein more or less describe the static scale 
of things and that there is a broad area of obscurity as to what 
happens when we transfer to dynamic problems, particularly with 
regard to derivations based on surface-tension phenomena which 
have been measured only in the steady case. We have no knowledge 
which would indicate tha t surface tensions could not be drastically 
different as functions of time when fluids are in motion. Mr. Stras- 
berg replied tha t he usually referred to instantaneous variations or 
to the fact that water might be flowing.

Mr. Ripken concluded by saying tha t anything which disturbs 
the rate at which energy can be transferred through the surface is 
important, since surface tension is an energy condition and an 
energy exchange must take place with the bulk of the fluid to 
cause a change at the surface.

Mr. Strasberg stated that the equipment could be redesigned to 
permit its use with flowing water by replacing the sphere with an 
open-ended cylinder. By using the resonant frequency of the cylin
der, exactly the same kind of measurements could be performed and 
the results could be checked using flowing water.
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ELECTROLYTIC MEASUREMENT OF LOW VELOCITIES

IN WATER

by
M. C . B o y e r

I n t r o d u c t io n

There has long been a need for a device to measure low velocities 
in flowing water. Present instruments, including the Pitot tube, 
hot-wire anemometer, and blade or cup meters, are insensitive, 
erratic, or unstable in their response to low velocities, below ap
proximately 0.5 foot per second. The writer began the study of 
electrolytic methods for the measurement of low velocities in 1946. 
In 1947 he presented a thesis [1] which included the results of a 
study of change in resistance of an electrolysis cell formed in water, 
caused by movement of the water. The principle of operation was 
not understood at tha t time and the investigation was continued.

By 1953 a somewhat clearer understanding had been acquired, at 
which time a paper was presented at the Third Midwestern Con
ference on Fluid Mechanics [2], describing the results of the in
vestigation to tha t time. It had been discovered that the apparent 
resistance change of the cell occurred at the cathode and was related 
to the movement of dissolved oxygen molecules past it. This effect 
was observed as a voltage drop between the cathode and anode. 
That voltage drop was related to the velocity of the water by cali
bration in a towing tank, and an instrument was designed.

Further understanding was gained from the literature on polar- 
ography, which is the science of detecting the presence of various 
elements and compounds in an electrolyte by means of characteristic 
shapes of current-voltage curves for electrolysis cells containing 
these materials in solution. On the basis of the knowledge thus 
gained the factors involved in the design and operation of the in
strument were recognized and it was then possible to separate and 
study the variables. The information thus obtained led to the de
velopment of an instrument for the electrolytic measurement of 
low velocities in water which shows promise.

P r i n c i p l e  o f  O p e r a t io n

In order to understand the operation of this device it is neces
sary to have some understanding of an electrolysis cell. When two 
electrodes are immersed in an electrolyte and a direct current from
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an external source passed through the cell, there will be a drop in 
voltage between the electrodes, indicating resistance to the flow of 
current through the cell. This voltage drop occurs in three steps, 
a sharp drop at the anode, where the electrons leave the electrolyte, 
a lesser drop through the electrolyte, and a second sharp drop at 
the cathode, where the electrons enter the electrolyte. Since in this 
study the important voltage change is that at the cathode and for 
reasons of stability, which will be discussed later, the voltage drop 
at that electrode is measured against a standard calomel reference 
electrode. The latter will maintain a constant voltage drop between 
itself and the electrolyte for a wide variation in electrolyte com
position. This reference electrode is formed in a glass container, 
the bottom of which is covered with a pool of mercury. Over the 
surface of the mercury is a layer of calomel, and the container is 
filled with saturated NaCl solution. Connection with the electrolyte 
in which it is immersed is made through a finely perforated glass 
disk in the side of the container. Electrical connection is made with 
the mercury pool through an immersed tungsten wire. The voltage 
drop between the mercury surface and the saturated NaCl solution 
remains constant and since there is no resistance to current flow 
between that solution and the electrolyte no further drop occurs. 
Thus is maintained a constant reference electrode.

Figure 1 shows schematically the voltage drops from anode to 
reference electrode and from the reference electrode to the cathode 
across an electrolysis cell formed in tap water, with the electrode 
materials used in this study. The current through the cell was 200 
microamperes, the temperature 70 deg. F., the water contained

A n o d e

F i q . 1
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approximately 300 parts per million of dissolved solids. For qui
escent water the voltage difference Ea between the anode and refer
ence electrode was 1.2 volts, the potential of the anode being positive 
with respect to the reference electrode. The drop Eco between the 
reference electrode and the cathode was 1.5 volts, the cathode being 
negative with respect to the reference electrode.

If the water is rapidly stirred, the voltage drop between anode 
and reference electrode remains the same, but that between the ref
erence electrode and the cathode (Ecs) became 0.9 volt. This change 
AE is the result of the contact of dissolved oxygen molecules with the 
cathode. These molecules, while electrically neutral in solution, 
will, on contact with a negatively charged surface whose voltage is 
sufficiently below that of the water, take from that surface 4 elec
trons per molecule, thus facilitating the flow of electric current. If 
the total current through the cell remains constant, this easier flow 
will be observed as a smaller voltage drop between the cathode and 
reference electrode. This voltage drop can be related experimentally 
to the velocity of water past the cathode, thus permitting the use 
of the cell as a velocity-measuring device.

The change in voltage at the surface of the cathode with move
ment of the electrolyte past it is a phenomenon of considerable 
complexity. It has found practical usefulness in the determination 
of the presence of various ions in an electrolyte [3]. I t  will proba
bly be best understood from a study of the relation between the 
current passing through the cell and the voltage difference between 
the cathode and the reference electrode. Curves of relation have 
been developed using a conducting film electrode, to be described 
in detail later, in tap water and in sea water, both quiescent and 
stirred. Stirring was accomplished with a magnetic stirring rod 2 
inches in length, rotated at a speed of approximately 10 revolutions 
per second in a container 3 inches in diameter. The data are shown 
in Fig. 2.

At zero current flowing in the cell, the voltage difference between 
the cathode and the reference electrode is 0.35 volt. As current 
flow begins, the water remaining quiescent, the voltage increases 
with increase in current, following the section of the curve AB. All 
ions in the water and the oxygen molecules are participating in 
the current transfer, by the process of ionic migration. The current 
is sufficiently small, so that no concentration gradient is set up 
between the cathode surface and the liquid surrounding it for any 
ion. At a current of 20 microamperes per square centimeter, oxygen, 
which is the most easily reduced of any element at the cathode, 
begins to develop a concentration gradient. This is shown by the
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section BC, which indicates tha t the voltage drop is increasing 
rapidly with small increase in current. Because of the formation 
of a concentration gradient, the oxygen molecules contact the cath
ode in progressively lesser numbers, until the rate of such contact 
is a constant and a function of the diffusion rate in the liquid.

Following the establishment of this diffusion gradient of oxygen, 
the other ions continue to carry the current and the voltage-current 
curve rises again at a rate essentially parallel to the section AB, 
until another ion establishes a diffusion gradient, resulting in a
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second plateau. If the oxygen molecule were the only means of 
transferring electrons from the cathode, the curve would follow CF.

If the electrolyte is rapidly stirred, a different effect is noted. 
With stirring, the oxygen molecules are carried to the cathode more 
rapidly than they are reduced, hence no concentration gradient 
may form and the curve continues at practically the same slope as 
the section AB. With sufficiently high currents, even rapid stirring 
will not supply a surplus of oxygen molecules, and the curve begins 
to flatten, showing the formation of a concentration gradient, at 
E. This voltage difference between quiescence and rapid stirring 
is a function of the velocity of water movement past the cathode 
and can be calibrated experimentally. It is this principle upon which 
the operation of the device described in this paper is based.

I n s t r u m e n t  D e v e l o p m e n t  

Electrode Material

Once the principle of operation of the device was recognized and 
evaluated, the development centered about the determination of an 
electrode material which would be both responsive and stable. Many 
difficulties were encountered. In early experiments the voltage 
across the cell was used, but variations in anode potentials upset 
the readings. Platinum and gold wire were first tried for the cath
ode, while carbon, aluminum, zinc, iron, brass, the calomel reference 
electrode, and the metal of the flume were used as anode. Most 
of these combinations were responsive, but could not be made stable. 
Attention was then directed to aluminum, a material nearly at the 
opposite end of the electromotive series of elements from the noble 
metals, and having a small voltage difference at the liquid-solid 
interface. Somewhat better stability was obtained, but neither s ta 
bility nor response were completely satisfactory [2 ],

The writer took the problem to Dr. Karl Kammermeyer, head of 
the Department of Chemical Engineering, State University of Iowa, 
who has been experimenting with conducting films on non-conduct
ing base materials. These films are highly polished being only 3-5 
angstroms thick, resistant to the action of all the common reagents, 
and have a relatively high voltage drop at the liquid-solid inter
face. These films are available commercially on 14-inch rods, which 
can readily be made into electrodes.

Two probes were used in the tests described in this paper. 
Earlier experiments were made with a probe formed from a single 
rod from which the coating was partly removed by grinding, so

http://ir.uiowa.edu/uisie/36



that opposite quarter surfaces remained. This was used primarily 
to determine the effects of the different variables. It was mounted 
in a glass holder, in a rubber stopper, and placed in a 300-cc bottle, 
in which the water could be magnetically stirred. One surface was 
made the cathode, the other the anode. It was found that an anode 
of this material was stable, so that voltage changes were observed 
directly across the cell for the earlier work. Later, the reference 
electrode was adopted for these studies as well as for the recording 
of velocities in water.

The probe used for the velocity determinations consisted of a 
cathode formed by a semicylindrical conducting film surface, pre
sented to the flow with the cylinder at right angles to it, so that 
the flow would pass over the film surface. The anode was a cylinder 
of the same material, with its axis parallel to the direction of flow 
so that the sweeping action over the surface would be minimized.

Electrical Circuitry

The external electrical circuit may be designed in either of two 
ways: with a low-voltage direct-current source, holding the voltage 
drop across the cell a constant; or with a high-voltage direct-current 
source and a high limiting resistor in series, producing a constant 
current through the cell. In the former, the changes produced by 
the movement of water past the probe are shown as changes in the 
current flow, while in the latter the changes are noted in the volt
age across the cell or with respect to a reference electrode apart 
from the circuit. The method of constant current was adopted, as 
it was much easier to amplify the voltage changes so that they 
could be graphically recorded than to produce a voltage signal from 
the variable current, then to amplify and record.

It was discovered tha t much of the instability in the earlier in
struments was caused by variations in the voltage drop from the 
anode to the water, apparently caused by anodic reactions with dis
solved matter in the water. It was then decided to measure the 
voltage at the cathode against a standard reference electrode, con
sisting of a calomel cell, previously described. This system ma
terially improved the stability of the instrument.

The circuitry selected is shown in Fig. 3. The current to the 
cell is supplied by a 45-volt battery, connected in series with a 
variable resistor covering a range from 0.1 to 2.5 megohms, which 
will give a current range from 450 down to 18 microamperes. The 
current can be held closely constant. A voltmeter and voltage 
change recorder are connected between the cathode and the stand
ard reference electrode, thus completing the recording circuit.
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E f f e c t s  o f  V a r ia b l e s  o f  t h e  W a t e r

There are many variables of the water, in addition to its dis
solved oxygen content, on which this instrument’s operation de
pends. They include the water temperature, hydrogen-ion con
centration, the presence of dissolved solids, salt, principally, in sea 
water. Each was investigated in turn, holding the others as nearly 
constant as possible.

Dissolved Oxygen

Water practically free of oxygen was produced by boiling and 
cooling under a nitrogen atmosphere, which was maintained there
after. For each test oxygen-free water was blended with varying 
ratios of oxygen-saturated water of the same chemical makeup. 
The water contained approximately 500 ppm of NaCl, to provide 
ionization. Dissolved-oxygen concentrations from approximately 1 
to over 8 parts per million by weight, were produced. Voltages 
across the cell were observed when the water was quiescent and 
agitated. The difference is a function of the concentration, as shown 
in Fig. 4. Two anodes were used in these experiments, the coated 
rod and the calomel electrode, the solid curve shows the results of 
the first combination, the dashed curve the second. The dissolved 
oxygen was determined for each sample by chemical titration, fol
lowing the Winkler method. The current density was 60 micro
amperes per square centimeter. It will be noted that above approxi
mately 4 parts per million of dissolved oxygen the effect of oxygen
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on the voltage change is relatively small. This would indicate that 
water a t room temperature, which, if saturated, would contain 
about 8 parts per million of dissolved oxygen, could have a con
siderable variation in actual oxygen content without effect on the 
instrument’s calibration.

Water Temperature

The effect of temperature was investigated under two conditions: 
First, the water was warmed to 116 degrees F., and allowed to cool 
while the readings of volt-change between quiescent and stirred 
water were recorded; second, it was cooled to 32 degrees F. and 
allowed to warm, while the readings were taken. The results of 
these tests are shown in Fig. 5. It will be noted tha t the change 
decreased by 6 percent over the range, a t a rate of 0.075 percent 
per degree. It is not thought that such a change would be serious 
in the calibration of the instrument and could be allowed for. The 
results agree with those of Brdicka [4], who reported that the 
potential usually shifted toward a more positive value (easier re
duction) with increase in temperature. Also, the diffusion rate, 
which measures the change in voltage along the curve BC in Fig. 3, 
will be greater, hence the voltage change will be less with increasing 
temperature.
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Hydrogen-Ion Concentration

The effect of hydrogen-ion concentration was observed in water 
samples made progressively more basic or acid through addition 
of ammonium hydroxide and acetic acid. Determinations were made 
over a range of pH from 5 to 11.5. The results are shown in Fig. 6. 
While the voltage of the cathode relative to the reference electrode 
became larger with increasing pH, for both the quiescent and 
stirred water, the voltage change remained constant. Kolthoff 
and Lingane (Reference [3], p. 405) show polarographic waves of 
oxygen in current-voltage curves for pH concentrations between
3.0 and 12.0 pH, for quiescent water. These also indicate that the 
voltage referred to the reference electrode increased with increasing 
pH.
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Effects of Other Dissolved Substances

Other substances in the water besides dissolved oxygen are re
duced at the cathode. The voltages at which these reductions begin 
are generally more negative than that for oxygen and little dif
ficulty with the interference of those other substances in the oxygen 
reduction is anticipated, with the possible exception of hydrogen. 
The approximate voltages, referred to the standard calomel elec
trode, at which reduction of the more common elements begins is 
shown in Table I.

T a b l e  I

Approximate voltage, referred  to the standard  calomel electrode, a t  which 
reduction in  w ater of common elements will begin, after 

Lingane and Kolthoff [3], Vol. 2.

E lem ent Voltage E lem ent Voltage

Oxygen —0.5 Aluminum —1.8
Lead .6 Calcium 2.2
Copper .6 Magnesium 2.2
Hydrogen 1.0 Sodium 2.2
Manganese 1.5 Potassium 2.4
Iron 1.7

Of considerably more importance is the fact that as the oxygen 
atoms are reduced they combine with water molecules to form hy
droxyl ions in the diffusion layer, according to the equation

0  +  H20  +  2e 2OH~

These ions will react with certain metals in the water and produce 
hydroxides, which, if insoluble, may be deposited on the cathode. 
Principal among these is Ca(OH)2, which is very insoluble, being 
only 2 percent that of Ca(Cl)2 at room temperature. Further, if 
glass is used as the nonconducting support for the electrodes, it 
will be attacked by the hydroxyl ions, with the removal of sodium 
and calcium from the surface. Further investigation of this aspect 
is indicated.

The effect of NaCl was studied. To samples of distilled water 
were added successively greater amounts of NaCl, producing a 
range in salinity from approximately 200 to 350,000 parts per 
million. The results of this are shown in Fig. 7, as voltage across 
the cell versus the salt concentration. As the salt content was in
creased, the voltage drop across the cell decreased for both the 
quiescent and stirred water, while the voltage change increased
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slightly. However the effect was small and not thought to present 
a serious problem. If the device is to be used in sea water it should 
be calibrated in that medium.

I n s t r u m e n t  D e s ig n

The design of the sensing device for the instrument described in 
this paper was limited by the availability of the conducting material, 
which could be obtained only as a coating on a 1,4-inch rod. The 
cathode was made by mounting a short section of the rod at right 
angles to the direction of the water movement, so that the flow 
was across the surface of the conducting film in intimate contact 
with it. The anode was of the same material, mounted to the rear 
of the cathode. The reference electrode consisted of a standard 
calomel electrode, described earlier. This reference electrode was 
mounted between the cathode and anode, so that the ohmic drop 
in the water between the cathode and reference electrode would be 
small.

Following design of this sensing device it was discovered tha t a 
method of putting a highly polished platinum surface on glass was 
available, thus permitting the conducting platinum film to be placed 
on a probe of any desired shape. A glass probe was formed with 
leads to the front and rear ends, which were made hemispherical. 
One end was coated with the shiny platinum to an area of approxi-
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mately one square centimeter, the other with a porous coating of 
several square centimeters, Fig. 8. While this probe was used for 
demonstration, it is not believed tha t the platinum will prove as 
stable as the conducting film previously experimented with. Such 
a film can also be put on a probe of this form.

The electric circuitry has been previously described. The volt
meter can be any standard high-impedance meter. A standard 
direct-current power amplifier and graphic recorder complete the 
circuit for recording. For field use a battery-operated amplifier 
and bridge circuit has been designed. It measures the voltage 
change between cathode and anode and can with little modification 
be adapted to measure that between the cathode and reference 
electrode instead.

C a l ib r a t io n  a n d  S t a b i l it y

The conducting film probe described above was mounted on a 
towing-tank carriage at the Iowa Institute and moved through still 
water a t speeds varying between 0.02 and 2 feet per second. Cali
brations were carried out a t three current densities, 133, 200, and 
267 microamperes per square centimeter. The results are shown in 
Fig. 9. For velocities below 0.4 foot per second the calibration for 
each current density is a straight line on logarithmic plotting, the 
upper range increasing as the current is increased.

Stability was the problem of greatest concern in this study.
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Various combinations of cathode and anode were tried and their 
stability determined by making graphic recordings of the voltage 
behavior under conditions of constant and zero velocity. These 
tests were made at room temperature, using tap water and a probe 
current of 200 microamperes per square centimeter. The results 
are shown in Figs. 10a and 10b. Graph (a) is for the conducting 
film cathode and calomel anode, the voltage across the cell being re
corded. It will be noted that the voltage drop for zero velocity 
drifted slowly, while tha t for constant velocity was nearly constant. 
The voltage after the water motion was stopped returned to a some
what smaller value, indicating some instability. Graphs (b), (c), 
and (d) were for the conducting film (BK) cathode and brass anode, 
aluminum wire cathode and calomel anode, and gold cathode and 
calomel anode. Not only were these combinations unstable, their 
response was not as great as tha t for the BK-calomel electrode 
combination.
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A test for stability of approximately 2 hours duration was then 
run with the BK cathode and anode. The results are shown in Fig.
11. Good stability is indicated. The voltage during agitation re
mained essentially constant, as did tha t during the period of zero 
velocity. More important, the voltage drop returned to its former 
value when the liquid was again agitated after a period of 90
minutes of zero velocity.

Stability tests were also run for the BK cathode and calomel 
reference electrode. Essentially the same results were achieved. 
Using this combination, graphs were made of the action of waves 
in a flume, using a period of 30 seconds between waves, and of 
turbulence downstream from a jet. These are shown in Fig. 12. 
Reasonably good stability was indicated.

F i g . 10 A

C o n c l u s i o n s

It is believed that the instrument described will prove useful in 
the determination of low velocities in flowing water. So far as the 
writer knows, it is a new application of an old principle, and as such 
will require much further study and experimentation before it will 
have reached the stage of development of other velocity measuring 
instruments—the hot-wire anemometer, for example. Since the
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makeup of the water in a closed circuit in a hydraulics laboratory 
can be closely controlled, calibration of the device and its use under 
such conditions should prove satisfactory. So far as its use in the 
field is concerned, only further experimentation and development 
will provide the answer.

D i s c u s s i o n

Mr. Ripken emphasized the importance of Mr. Boyer’s work be
cause nothing is presently available for measuring velocities around
1 or 2 feet per second. He then asked what accuracy could be ex
pected in measuring velocities in the range from 0.01 to 1 foot per 
second after compensating for known sources of error and in
stability. Mr. Boyer replied that he did not yet know the answer 
to this difficult question, but stated that in his measurements 
using tap water in the towing tank, occasional indications were off 
by 15 or 20 percent without any attempt to compensate for various 
things. He hopes that additional work he is now planning will 
improve the accuracy to 5 percent. Since no instrument is presently 
available, one with an accuracy of 5 percent would be a great help.

Mr. Craven discussed the importance of knowing the law govern
ing the indication whenever a measurement is quite indirect. He 
felt that a more detailed study would be necessary to determine 
the extent to which dissolved oxygen and other phenomena affect 
the indications. Mr. Boyer agreed heartily, and emphasized the 
fact that he had looked into the mathematics of the subject and
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found tha t differential equations had been developed for concen
tration gradients near cylinders and spheres. Also, some of the 
work done in Germany was confirmed by his own results.

Mr. Hubbard remarked that the frequency response of 20 cycles 
per second, though low, was probably adequate for the velocity 
range below 1 foot per second where the electrolytic method is 
applicable.

Mr. Gent wanted to know whether the electrodes had to be 
spaced about the instrument or whether they could be built in each 
side of a model so tha t there is no obstruction to the water. Mr. 
Boyer believed that a sweeping action very near the electrodes 
was very important so that any arrangement which placed them 
within a thick boundary layer would not be satisfactory.

It was then asked if any thought had been given to measuring 
the extreme variations in direction which usually accompanied low 
velocities in the field. Mr. Boyer recognized the need for this type 
of indication and felt that it was principally a hydraulic problem 
to make the flow past the sensing element depend upon the angu
larity of the flow.

Mr. Kolupaila asked whether the instrument could be modified 
to work at higher velocities by changing the electrode spacing. In 
reply, Mr. Boyer stated tha t the concentration gradient at the 
cathode was the primary factor in the instrument’s indication, and 
that this gradient reached a limiting condition which did not de
pend on electrode spacing.

Mr. Hubbard commented on the great improvement which has 
resulted from the use of a reference electrode to eliminate the 
undependable anode effect.

Mr. Kalinske stated that this type of instrument is more or less 
a standard for measuring dissolved oxygen in quiescent liquids and 
is widely used by chemists and biologists for this purpose. How
ever, it is also influenced by oxidizing and reducing substances 
which are present, such as chlorine, or any biological organisms 
that may be oxidizing or reducing organic matter, so that there 
are many secondary effects which will influence the readings be
sides the velocity of the fluid.

Mr. Boyer concluded by saying that he has had trouble with 
copper depositing on his cathode and that in polarographic research 
the oxygen is usually removed because it obscures the presence of 
many other substances. Similar problems exist at the anode, and 
chlorine did cause some trouble in the early experimental work.
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