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ABSTRACT

Experimental and theoretical results are presented for the
non-cavitating and cavitating performances of a plano-caonvex
hydrofoil in both the isolated and cascade configurations,

In the isolated hydrofoil tests special emphasis is placed on
the unsteady region of cavitation separating the partially cavitating
region from the fully cavitating region. The detailed behavior of the
oscillating cavity together with the magnitude of the force vibrations
that occur in this region are investigated from both a qualité,tive and
a quantitative viewpoint. The dependence of the reduced frequéncy of
these oscillations on the angle of attack, cavitation number and flow
velocity is also discussed.

| The performance of the hydrofoil under steady conditions in
both the cavitating and non-cavitating regions is also presented.
Details of the test equipment and procedures used and various data
corrections made are given,

A linearized partially cavitating theory for this plano-convex
hydi'ofoil is also developed which includes camber and thickness
effects. The results from this theory are compared with the experi-
mental data obtained.

In the cascade experiments -a feasibility study is undertaken
to determine the possibility of using the high speed water tunnel at the
California Institute of Technology as a cascade tunnel for investigating

the cavitating performance of compressor and turbine cascades.
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A comprehensive design study is given of the modifications made to
the existing tunnel to achieve this aim. The experimental procedures
used in conducting the experiments are then discussed. Tests are
performed on two compressor cascades of plano-convex hydrofoils
having solidities of 1.25 and 0.625 and cascade angle of 45 degrees,
for all conditions of cavitation from the fully wetted to the fully choked
conditions, A study is also made of a turbine cascade of solidity 1.25
for the same cascade angle in the non-cavitating region only., Compar-
isons of the experimental data with several theories indicate that the
cascade tests are indeed fulfilling their purpose in proving the
methods used in simulating cascade conditions in the tunnel.
Proposqls for modifying the system used to avoid several
experimental difficulties are presented, Finally, a linearized theory
for a cascade of partially cavitating flat plate hydrofoils is developed

which is compared with the data obtained.
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INVESTIGATIONS ON CAVITATING HYDROFOILS

INTRODUCTION

1. Preliminary Remarks - The field of hydrodynamics

abounds in many interesting problems not the least of which is that
of cavitation. This topic deals with the effects caused by the occur-
rence of vapor or gas-filled cavities (bubbles) in a fluid., These
cavities are formed when the pressure in the fluid is lowered to
below a certain critical value (approximately that of the vapor
preésure). The subsequent development of these cavities as the
local pressure is further reduced has a pronounced influence on the
flow field in the vicinity where they occur. These effects lead to a
considerable change in the pressure forces exerted by the fiuid,
causing alterations in the performance characteristics of any
lifting surfaces subjected to this type of phenomenon.

The study of cavitation and its effects on stationary and
rﬁOVing surfaces has, for a long time, been of interest to workers
in the field of hydrodynamics. This interest has been greatly
stimulated over the last few years by the ever-increasing demands
placed on the designer of turbo-machinery, These démands necessi-
tate the operation of pumps and turbines at higher rotational speeds,
thus giving rise to cavitating conditions. The present day interests
in the high speed performance of other types of lifting surfaces,

such as those used in hydrofoil boats and modern ship propellers,



7has further given an impetus to the study of the behavior of such
lifting surfaces under various conditions of cavitation.

.The cavitation occurring on hydrofoils or lifting surfaces is
usually divided into several distinguishable regimes. Incipient
cavitaﬁon occurs when at some point on the hydrofoil section
bubbles first become apparent. On further decrease in local
pressure, which in most practical applications is brought about
by an increase in flow velocity, more bubbles are formed until the
aggregate of these bubbles may be considered as a single cavity
which is frothy in appearance. This cavity starts at the point of
lowest pressure on the foil and terminates on the body at some‘:r
point further doWnstream where the pressure rise in the fluid is
sufficient to collapse the bubbles, This type of cavitation is thus
usually referred to as partial cavitation, since the cavity’ length is
less than the chord length, If the pressure is still further decréased,
the cavity grows in length until it becomes longer than the chord.
Concurrently with this growth the nature of the cavity changes in
that the upstream portion of the cavity becomes clear and glassy in
appéarance and the flow is divided into two distinct regibns by a well-
defined streamline. The rear end of the cavity, however, remains
frothy in nature; a considerable amount of mixing and circulating
flow occurs in this area and in the subsequent region downstream
from the end of the cavity (the wake). This flow regime is referred

to as the fully cavitating region.

All the above types of cavitation may be characterized by the



cavitation number K , which is defined as

« . PP
pVZ/Z

where p 1is the free stream static pressure, P the cavity pressure
and pVZ/Z the dynamic head. This dimensionless parameter is a
measure of the dynamic conditions under which cavitation is taking
place; its physical significance may be seen from the foregoing
discussion - the smaller the cavitation number, the longer is the
cavity obtained. The definition of this cavitation index, however,
depends on the ability of defining a cavity pressure. Experimental
resﬁlts indicate that the pressure throughout the cavity may be
regarded as constant and hence such a pressure has a well-defined
meaning.

As already mentioned the flow field undergoes a significant
change during this process of cavitation and the forces on the hydro-
foil change accordingly. The study of such flows is thus a necessity
and the theoretical treatment of cavitating flows has been dealt with
fa:irly extensively over the last one hundred years. These theoretical
studies, however, have been concerned almost exclusively with
single bodies under cavitating conditions, Techniques developed in
studying these flows have not, until very recently, been applied to the
more general problem of cavitating cascades or multi-vane systems,
The importance of studying cascades lies in their ability to predict

the performance of turbo-machines. The analogy between the flow
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through a cascade and that through an axial flow machine can best be
illustrated as follows: The axial flow machine may be considered as
made uio of two basic components - a rotating impeller, and an outer
casing. For purposes of analysis the flow through this impeller is

. dividevd into three velocity components, viz., a radial component
which causes a radial divergence of the streamlines, an axial com-
ponent responsible for the mass flow through the impeller, and a
tangential flow arising from the rotation of the impeller, Usually the
radial component of flow is small compared with the other two and
the stream surfaces may be assumed to be cylindrical. If,‘ therefore,
the blades of the impeller at any cylindrical stream surface a\re
developed into a plane, one obtains a lattice of lifting surfaces and
the resulting flow pattern is that of a two-dimensional cascade. The
accuracy with which such cascade flows represent the pei'fbrmance
of turbo-machines has been amply brought out in the figld of
classical aerodynamics where the non-cavitating perfoi'mance of
turbines and compressors can be very well predicted by the results
obtained from cascade investigations. Both from a theoretical and
experimental point of view the cascade is far more aménable to
study than is the impeller it is intended to represent. Thus the
development of the design of turbo-machines and the understanding
of the phenomena occurring in such machines has been due to a large
extent to the study and successful application of the cascade concept
to these more complicated flows.

Concurrently with the development of theoretical techniques



for coping with cavitating flows, experimental studies have been
carried out to understand better the mechanics of these flows and
also to check the theories developed. These experimental investi-
gations have again been almost exclusively concerned with the
isolated hydrofoil and have not dealt with the case of the cavitating
cascade. Here again it is most certain that a study of ca\}itating
cascades will lead one to a far better understanding of the mechan-
isms taking place under these conditions in a turbo-machine, than
would otherwise be obtained from a study of an isolated foil. With
these preliminary remarks a survey of the development of cavitation
will now be given. |

2. Historical Development - The concept of flows bounded

partly by solid surfaces and partly by constant pressure surfaces or
f.ree. streamlines was first formulated by Helmholtz (1)* and
Kirchoff (2). Kirchoff considered the potential flow about a flat plate
lamina with an infinite '""dead water'' region occurring behind the
plate. This region was separated from the main flow by two free
streamlines extending from the body out to infinity. This idealized
pictilre of the wake occurring behind an object was the first step in
the development of more physically credible models for representing
- this type of separated or cavitating flow.

The subsequent analytical treatment of cavity flows may be

divided into two types: that of the non-linear theory, and the

“Numbers in parentheses refer to the references at the end of
the text.



linearized techniques. Both these schemes, however, treat the
problem as one in potential flow in which the flow around the body-
cavity system is assumed to be inviscid. The possibility of treating
these problems in this way is directly dependent on choosing a suit-
able potential flow model to reproduce the viscous dissipation which
actually occurs at the end of the cavity and in the subseqﬁent wake,
The fact that it is possible to select certain meaningful physical
models to fulfill this aim is due largely to the observed fact that the
forces on the body are determined in the main by the local flow field
around the body and to a much smaller degree by the detailed
behavior of the ultimate wake.

Several models have been proposed for treating cavity flows
in the non-linear theory., These models all differ from each other in
physical concept and mathematical complexity., In 1921
Riabouchinsky (3) proposed a model wherein the dissipative wake was
replaced by an image body at the rear end of the cavity; The force
exerted on this image body alone was a measure of the drag exper-
ienced by the cavitating fore-body. This proposal was followed by
one.made by several authors, for example, Efros (4) and Kreisel (5),
who considered a "'re-entrant jet'" model for representing the flow.
In this model the free streamlines forming the boundéries of the
cavity turn back on themselves at the end of the cavity to form a jet
which moves in an upstream direction behind the body. The
momentum contained in this jet is then considered as the momentum

loss due to drag. This model is very close to what is observed



-7-

physically and in fact a re-entrant jet structure is frequently
evident in cavitating flows.

Still later, viz. in 1954, Roshko (6) proposed a model in
which the wake is considered bounded by two streamlines parallel
to the flow direction. The pressure along these streamlines
increases from its value in the cavity to that of the free stream.
This model is considerably easier to handle mathematically than
the previous ones. Finally, Wu (7) has proposed a model somewhat
more general than Roshko's in which the wake is again bounded by
two streamlines in which, however, the directions of the latter are
not determined a priori but given from the theory. Here agaiﬁ
pressure recovery occurs along the streamlines. The advantage of
the latter two models over those proposed earlier is the ability of
theée last two to enable one to treat both fully and partially cavitating
flow - that is where the cavity is either longer or shortgr than the
chord length of the body. This then gives the complete'spectrum of
behavior of the forces and the cavity from the fully wetted condition
to the fully cavitating condition.

The mathematical difficulties inherent in these non-linear
theories stimulated the development of a linearized cavity theory.
This linearized technique is due to Tulin (8) and is basically similar
to thin airfoil theory. Here the cavity-body system is considered as
a slender body and the flow field due to this system is considered
as a small perturbation on the main flow. Further, the boundary

conditions are not applied along the actual boundaries, which in the



case of the cavity are unknown, but along a slit representing the
system. In Tulin's linear theory the cavity closure and the dissipa-
tive wake are represented by a point singularity which is placed at
the end of the cavity. The force exerted on this singularity may be
viewed as a measure of the energy dissipation., An excellent review
of this linearized theory has been given by Parkin (9).

From the experimental viewpoint many works have appeared
on the cavitating performance of single hydrofoils, It suffices here
to mention but a few of these., In 1932 Walchner (10) investigated the
cavitating performance of several hydrofoil sections determining
their lift and drag characteristics as a function of the cavitation
number. These profiles, subsequently called "Walchner profiles')
are a close relative of the Karman-Trefftz airfoils. In his investi-
gations cavitation numbers were based on vapor pressure, ‘This
excludes any possible formal comparison with his data at lower
cavitation numbers, since as was pointed out by Reichart (11) the
cavity pressure as measured is the only meaningful pressure on
which to base the cavitation number under these conditions.

Balhan (12) carried out a series of cavitating tests on a
family of Karman-Trefftz hydrofoils. His experiments, however,
were made over a limited range of cavitation numbers and the
region of long cavities or, alternatively, low cavitation numbers,
was not investigated., Some correlations between Balhan's results
and those obtained from the linearized theory of a partially cavitating

flat plate were made by Acosta (13)., Over the range of valid
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comparison fair agreement was obtained.

In 1953 a program of hydrofoil research was undertaken at the
Hydrodynamics Laboratory at the California Institute of Technology.
Several reports resulted from this work, principal of which were
those of Kermeen (14) and Parkin (15). Kermeen undertook a formal
calibration of the then new two-dimensional working section in the
high speed water tunnel and further studied the performance of an
NACA 4412 hydrofoil and also a Walchner type section in both non-
cavitating and cavitating flow. Comparisons made between Kermeen's
results and those of Walchner were sufficiently divergent as to lead
Kermeen to state that: 'If the results obtained in different faciiities
are to be compared, they must be compared on the basis of the
measured cavity pressure wherever possible'. Parkin undertook an
investigation of a flat plate and a circular arc hydrofoil. Comparison
of his results in both cases with a non-linear theory worked out by
Wu (16) using the Roshko model were made. Agreement proved to be
very good over the range of validity of the theory, namely, for fully
cavitating flows.

Some experimental work on partial cavitation was carried out
by Meijer (17), in Holland, on bi-convex and plano-convex hydrofoils
of small thickness ratios. Correlation between his experimental
cavity lengths and those predicted by Geurst (18) using a linearized
theory was found. This correlation, however, was limited to the
bi-convex foil, For the plano-convex shape a systematic discrepancy

was found due no doubt to camber effects, not accounted for in the
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theory. In the linearized theory as has already been mentioned the
cavity is closed by means of a singularity. Meijer made some
measurements of the pressure at the end of the cavity and found that
indeed there was a high pressure zone situated there, but of the

. order vof only half the stagnation pressure and not the full stagnation
pressure as implied by the theory.

In the experimental investigations of Kermeen, Parkin and
Meijer it was found that the transition from partially cavitating flow
to fully cavitating flow was accompanied by extreme vibrations in
the flow and that the cavity itself was not steady. No detaiied investi-
gations were carried out in this regime of cavitation due to thé
inadequacieé of the measuring instrumentation. A somewhat similar
unsteady phenomenon was reported by Knapp (19) in which partial
cavitation was being observed on cylindrical bodies with hemi-
spherical noses and on thick two-dimensional non-lifting bodies with
circular noses. This region of unsteady cavitation, hdwever, is still
far from being understood. All the proposed models for describing
cavitating flows do not account for this phenomekno.n as they are all
formulated on the basis of a steady flow,

In all the above comparisons between theory and experiment
it has generally been borne out that the theory represents a good
description of the actual processes taking place in fully cavitating
flows with the exception of the unsteady regime mentioned. Needless
to say the non-linear theory agrees closer with the experimental

results than does the linearized theory. This latter theory usually
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overestimates the forces, especially for large angles of attack above
about 10 degrees (20). For the smaller angles, though, a fairly good
agreement exists although this agreement between linearized theory
and experiment is adversely affected by camber and thickness effects
of the hydrofoil,

Before reviewing the field of cavitating cascades it is oppor-
tune at this juncture if a brief survey is made of fully wetted cascades.
Theoretical and experimental work in this field has been extremely
comprehensive and only a few relevant works will be mentioned.

Pistolesi (21) dealt with the problem of a cascade of thin
slightly cambered blades by the use of an extension to the method
developed by Glauert in solving the isolated thin airfoil problem. He
established expressions for the lift and moment on the blades by
using the first three terms in the Glauert expansion., He also illus-
trated that a quarter chord point approximation (viz., Weissinger's
approximation) can be set up for predicting the circulaﬁon around
blades of this type in cascade. No numerical work was carried out,
however.

In 1944 Garrick (22) published a paper treating the problem of
the potential flow past a cascade of arbitrary shaped airfoils,
Essentially the method utilized the well-known method of Theodorscn
used in isolated airfoil theory in conjunction with a conformal
mapping. The use of this technique, however, is relatively arduous
and time~-consuming. In an effort to cut down on the numerical labor

Katzoff et al (23) proposed an interference method which breaks the
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problem down into the solution of the flow past an isolated foil
together with an interference flow due to all the other blades of the
cascadé. By the use of certain graphical data the method is made
more tractable than the previous ones. Comparison with Garx;ick‘s
method shows excellent agreement. Although this method achieves
a certain amount of simplification it is still quite cumbersome and
the numerical labor involved is still considerable.

Subsequently, Schlichting (24} developed a method using thin
airfoil theory results which also included thickness effects. The
camber and thickness functions, which are represented by vorticity
and source distributions, were expanded in a Birnbaum serieé and
the coefficients determined by satisfying the boundary conditions at
various points on the profile. By truncating the series after three
Iter.rns and meeting the boundary conditions at three specific points
on the airfoil, he obtained a good and fairly rapid determination of
the cascade lift and pressure distribution on the foil. This procedure
greatly facilitated the computational aspects of cascade work.
Finally in 1959 Mellor (25) obtained the coefficients of the vorticity
and source distributions by making use of the orthogonality of the
trigonometric functions. The coefficients were obtained as double
integrals which were evaluated numerically by means of a very
ingenious method. Results from this method are given in graphical
form, clearly illustrating the relative effects of angle of attack,
camber and thickness on the lift, The effects of solidity and

stagger on each of these parameters is also illustrated. The
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computation is given for circular arc camber and 65-series camber
1ines, but £he results are applicable without alteration to any sym-
metrically cambered airfoil. This paper has indeed reduced the fully
wetted cascade problem to one that is easily handled numerically and
is ideally suited to the designer.

The ability of obtaining reliable experimental data in the field
of cascades has been fraught with many difficulties. The effects of
end-wall and side-wall boundary layers were such that two-
dimensionality of the flow was lost causing erroneous measurements
for pressure distributions and turning angles (26). Methods of
obviating these difficulties were devised by the use of boundary layer
control slots in conjunction with boundary layer suction. This
control enabled flow two-dimensionality to be achieved with corres-
pondingly better experimental results. These techniques are
described in detail in Reference 27. Comparison of results obtained
in this fashion with theory are found to be in very good agreement (28).
With this technique of cascade testing, the National Advisory Commi-
tee of Aeronautics undertook a comprehensive prograni of cascade
tests in 1951 (29) covering a wide variety of 65-series compressor
blades with varying solidities and stagger angles,

All the above theoretical approaches treat the flow as incom-
pressible and inviscid. Real fluid effects, however, are greatly
emphasized in cascade flows, not only with respect to boundary layer
growths on the foils together with their corresponding wakes but in

the form of other secondary flow losses occurring as a consequence
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of the influence of one foil on the other. The real fluid effects
7associateci with the boundary layer growth on the blades has been
treated by Schlichting (30). Comparisons of calculated and measured
loss coefficients show good agreement. Lieblein (31), (32), (33),, (34)
has developed a semi-empirical theory to account for these effects
from either wake measurements near the body or from the maximum
diffusion ratio on the body. The losses associated with the secondary
flows have been considered by many authors. A review article of
these works is given in Reference 35, together with a ComPrehensive
bibliography.

The field of cavitating cascades is in no way nearly as well
covered as that of the fully wetted flows. The work in this area, on
the contrary, is relatively sparse and few analyses have appeared in
the literature. As examples, Betz and Petersohn (36) applied the
model of Helmhotz and Kirchoff to the flow through a series of flat
plates. They conducted a series of experiments at zerb stagger to
verify their theory for these fully choked flows and found fair agree-
ment. The next development in this field was nét untii 1958 when
Cohen and Sutherland (37) treated the case of a cascade of érbitrary
foils by means of Tulin's linearized theory. Their results apply
only to the fully cavitating region. Numerical results for the flat
plate are presented in their paper. Subsequently Acosta and
Hollander (38) dealt with the partial cavitation in a cascade of semi-
infinite flat plates. This problem was recently treated using non-

linear theory with the Roshko model by Stripling and Acosta (39),
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but no formal comparison of the two methods was made. Acosta (40)
also considered the case of the fully choked cascade of circular arc
hydrofoils using linearized techniques, Comparison between this
theory (when camber is zero) and that of Betz and Petersohn are
fairly good for a wide range of solidity and stagger. Again the
linearized theory tends to overestimate the forces.

Experimental work on cavitating cascades has been sparse
indeed and only the work of Numachi (41) is known to the author.
This work covers tests performed in a high speed water tunnel on
various profiles in a quest for an optimum profile from the point of
view of cavitation performance. The tests have been carried.out
for both accelerating and decelerating cascades. The emphasis of
the tests, however, seems to have been mainly concerned with
-arx-'iving at this optimum profile. Detailed investigation of the flow
behavior and a thorough explanation of the experimental techniques
used are not available and make it somewhat difficult to interpret

the results obtained in a systematic and meaningful way.

II. OBJECTIVES OF THE INVESTIGATION

As can be appreciated from the previous section, there exists
a lack of information in the area of cavitating cascade tests. This
regrettable state of affairs is due in large part to two basic factors:
Firstly, very few high speed water tunnel test facilities are available
with the required working section dimensions to accommeodate such

tests without the risks of large wall boundary effects occurring.
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Secondly, the conditions which must be fulfilled under cavitation to
ensure cascade performance are by no means clear. Thus it is
evident that apart from the desirability of obtaining performance
characteristics of hydrofoil sections under cascade conditions; basic
questions have to be answered as to the best methods suitable for
representing these cascade conditions in a water tunnel. " The
questions of the relative effects of side wall boundary layers,
boundary layer interactions, and secondary flow losses are also
completely unanswered under these conditions.

As a preliminary to undertaking a cascade investigation it
was decided to study anew the characteristics of a hydrofoil in the
isolated case. This investigation was motivated by several important
reasons: Since the experimental work on cascades is comparatively
.tirn'e—consuming, it was anticipated that the initial scope of the tests
would be somewhat limited in range and that the study of the flow
characteristics about the isolated foil would provide oné with some
idea of the salient features to expect and look for in the cascade flow,
Moreover tests of this nature are in themselves important in pro-
viding data for the designer. An added incentive in studying the
isolated foil was the opportunity provided for undertaking a study of
the unsteady region of cavitation, as previously mentioned, occurring
in the transition from partial to full cavitation. As the only data
available in this regime of cavitation was that of Knapp (19) it was
deemed a worthwhile endeavor. The results obtained from the

partially cavitating region would provide a check on the applicability
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of a linearized theory developed for this region of cavitation which
accounts for the camber and thickness effects of the profile., Fur-
thermore, this investigation would provide data concerning the
behavior of the cavity length as a function of the cavitation number.
Precise measurements of cavity length have been relatively few,
and these would provide a check for some of the non-linear theories
already developed for the range of full cavitation.

These tests would further provide an opportunity of becoming
familiar with the various test procedures used in water tunnel work
as well as providing a means of developing certain measuring tech-
niques. This phase of the experimental program was thus coﬁsidered
more than just a preliminary investigation to the cascade work but a
study which would produce results in its own right.

| As already mentioned, since little is known about the behavior
of cavitating cascades, these investigations were carried out more as
a feasibility study to determine whether or not a consistent procedure
could be developed to simulate cascade conditions throughout the
entire range of cavitation and to investigate qualitatively and quanti-
tatively the flow behavior under these conditions. The questions
regarding the influence of guiding walls on the downstream conditions
and on the cascade forces were also of importance. The ability to
conduct the tests under fully wetted and fully choked conditions
provided a means of determining whether the test procedure used
was fulfilling the above requirements.

Another feature of importance was the question as to whether



-18-

the unsteady cavitating effects observed in isolated hydrofoils
occurred in cascades and if so, whether the phenomenon had the
same béhavior as the isolated case or would give rise perhaps to a
condition similar to that of propagating stall experienced by tu"rbo—
machines.

The answers to the above questions would no doubt help in
determining a suitable procedure for further work on cavitating
cascade tests and bring to light some unanswered questions in this
field of experimentation. Furthermore, the accuracy and ability of
such tests in predicting machine performance could be gaged, thus
giving the designer a further tool with which to work. |

The present investigation deals mainly with the study of the
non-cavitating and cavitating performance of a hydrofoil section in
Both the isolated and cascade configurations. The model chosen for
these tests was a plano-convex section having a flat pressure side
with a circular arc suction surface. The reason for deciding on such
a model was threefold: Extensive use has been made of this section,
and variations thereon, in propeller work. Furthermore, accurate
foils of this type can be manufactured at relatively low costs with
conventional machines. An added but not essential requirement is
that simple shapes such as this lend themselves more readily to
analytical study. The details of the models used will be taken up in
a later section.

The presentation of the above studies is set out in two

sections: Part I covers the experimental procedure and analysis of
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the isolated tests. This section covers the detailed explanation of the
water tunﬁel together with its ancillary equipment such as the force
measuring equipment and pressure measuring devices. The various
experimental techniques used in conducting the tests and obtaining

the data as well as the corrections applied to these data are pre-
sented. The test results are discussed in three parts: (1) the non-
cavitating performance, (2) the cavitating characteristics, and (3)
the behavior in the unsteady region of cavitation. Conclusions

drawn from these investigations are then presented at the end of the
dissertation,

Part II concerns itself with the experimental program under-
taken to analyze the performance characteristics of cavitating
cascades. The scope of the investigations is somewhat limited by the
necessary procedures adopted. Two compresser cascades.of
different solidities and a turbine cascade are considered. The
emphasis of these tests is placed on determining the feésibility of
using the water tunnel as a cascade tunnel. The alternative methods
considered for modifying the tunnel to accommodate such tests with
the subsequent design and manufacture of the component parts to
effect this modification are presented. The methods used in con-
ducting the tests such that cascade conditions are simulated are then
discussed, as are various procedures used in recording the data
together with necessary corrections made. Comparison of the
results obtained with available theory is then undertaken with the

view of checking whether in fact meaningful results can be expected
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with these procedures, These theoretical results are those taken
Vfrorn the fully wetted cascade theories developed by Schlichting (24)
and Mellor (25) and from the fully choked theory of Betz and
Petersohn (36). For the partially cavitating region a comparison

is made with a linearized cavitating theory previously developed by
the author and presented in Appendix IX. Finally the conclusions to
be drawn from this experiment, including further modifications for
extending the versatility of the experimental set-up and improving the

flow conditions are considered.
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PART I - ISOLATED HYDROFOIL STUDY

III. TEST EQUIPMENT

1. Water Tunnel - The tests were conducted in the high speed

water tunnel in the Hydrodynamics Laboratory of the California
Institute of Technology. The detailed features of this water tunnel,
together with its component parts, are described in Reference 42,
and it therefore suffices to mention but a few of the main character-
istics.

The tunnel is a closed circuit type, the path of travel (Sf the
water being 340 feet. It is provided with a resorber which is essen-
tially a large vertical steel tank 58 feet long by 11 feet 6 inches
.dia.rneter divided into four ducts. The water makes four circuits
through this tank and is thus subjected to large hydrostatic pressures
at the bottom of the tank which is 84 feet below the center line of the
working section. This large pressure assures complete absorption
of any air bubbles in solution before the water reflows through the
working section. The tunnel is powered by a direct current 350
horsepower shunt wound motor. This motor is vertically mounted
and drives a 48 inch propeller pump.

The maximum velocity attainable in the working section used
is approximately 65 feet per second. An added feature of the tunnel
is the ability to control the pressure, independently of the flow

velocity. This is essential for cavitation studies. The range of
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pressure _co.ntrol is from about 100 psi to vapor pressure.

The flow through the working section is made uniform by
passing the water through a honeycomb situated just upstream of the
tunnel nozzle. This nozzle then reduces the flow area to that of the
working section, in this case a reduction of about 67 tol. The
resulting flow distribution entering the working section has been
shown to be quite uniform with small side wall boundary layers (14).
On passing through the working section, the flow energy is recon-
verted into pressure energy in a long diffuser, A diagrammatic
sketch of the general layout of the tunnel is shown in Figure 1.

2. Working Section - The original high speed water tunnel

working section is a 14 inch diameter axially symmetric one. For
the purposes of the present study this section is converted into a two-
dirﬁensional working section by bolting into place in the tunnel two
nozzle castings that convert this circular section into an approx-
imately 14 inch by 3 inch two-dimensional channel. The castings are
continued in the working section by flat vertical brass side walls and
terminated by a short diffusor casting., This modification is illus-
trated in Figure 2 and the inserts are seen in position in Figure 3.
The modified working section is provided with a lucite window 3 inches
wide by 10 inches in length located in one of the brass walls opposite
the model mounting location. Further lucite windows are provided at
the top and bottom of the section giving a three-way view of the model
when it is mounted in the tunnel. The net length of the working

section is 20 7/8 inches.
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3. Force Balance - The forces on the hydrofoil are

measured by means of an external type force balance. This balance
measures the lift force, drag and pitching moment on the model under
test. These forces are transmitted from the model to a force table
which is mounted, by three flexure struts at 120° to one another, to a
base plate fixed to the balance frame. These struts effectively
ground out any yawing and rolling moments on the model. The
required forces are transferred to the balance spindle through three
force transmitting flexure struts connecting this spindle to the force
table., This entire mechanism is mounted in an oil-filled housing
which is always maintained at the tunnel working pressure to avoid
any axial thrusts on the system. The balance spindle is pivoted on a
wire support and the forces are thus transmitted to three hydraulic
force sensing devices. The above is shown schematically in

Figure 4.

The balance is so designed that it can be used 1n a horizontal
or vertical position, For the present study the former set-up was
used as indicated in Figure 5, Means are provided in the balance for
changing the angle of attack of the model by a worm gear drive.

This is made possible as the spindle to which the model is attached
is mounted in two preloaded ball bearings which permit rotation but
hold radial motions to a very small amount, even under maximum
loading conditions. The design loads for the balance are £ 150 lbs
for both 1lift and drag and =560 lbs in for the moment.

The detailed description, construction and calibration of this
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balance is described in Reference 43,

4. Model - As previously mentioned the model was a plano-
convex hydrofoil., This foil, a member of the Karman-Trefftz
airfoil series, has sharp leading and trailing edges with a flat bottom
surface and a circular arc upper surface. The model is integrally
machined with a base-plate as shown in Figure 6 and is manufactured
from stainless steel. It is provided with a pressure tap located 0,2
inches behind the leading edge on the suction surface of the hydrofoil
at approximately mid-span. This orifice enables one to measure the
cavity pressure. A semi-conductor half bridge strain gage is
mounted at the root of the model flush with the flat surface. The
strain gage is located at the center of the hydrofoil and is bonded in
place with an epoxy cement, which also acts as a waterproofing agent.
The strain gage provides a means of recording fluctuating forces on
the hydrofoil which otherwise would be unobtainable by using the
force balance since the response of the latter is far too inadequate
for this purpose. The model has a thickness ratio of 7 percent with
a chord length of 2,77 inches, a span of 2,85 inches ahd a maximum
thickness of 0,19 inches. These dimensions together with the sign
convention used in calculating the forces on the model, are shown
in Figure 6(b).

5. Instrumentation

A. Force Measurements - The forces recorded by the

force sensing elements on the balance are measured by means of

balances which automatically balance the forces applied by the
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hydraulic system. These force balances consist essentially of a
beam supported on a Cardan pivot, with a carriage running along the
beam. The position of this rider is controlled electrically, depending
on whether the beam is balanced or not. The range of each baiance
can be increased by the use of pan weights. The position of the rider
is indicated by a counter which is calibrated to read directly in
pounds for the case of lift and drag and directly in pound inches in
the case of the moment. The least count of these counters is 0,01
pounds (or 0,01 pound inches for the moment).

The readings of these force balances are recorded on film
during a run by photographing the force console using a 35 mm.
recording camera, This system of recording the forces lends itself
to a very rapid method of taking data and enables all the forces on
the >mode1 to be read at the same instant of time,

B. Pressure Measurements - The static and differential

pressures in the tunnel are all recorded by means of mercury mano-
meters, with the exception of the differential pressure across the
tunnel nozzle., In this instance a balance similar to that used for
recording the forces is employed. The hydraulic system is con-
nected to the tunnel through two interface pots where for safety
reasons the oil-water interface may be monitored. This balance is
so calibrated that it reads out the differential pressure in pounds per
square inch with a least count of 0,001 psi, It is recorded photo-
graphically along with the force readings.

The mercury manometers used for differential pressure
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readings are standard two limb type manometers having vernier
scales capable of reading differences of 0.001 feet of mercury. The
static pressure in the tunnel is recorded on a well-type mercury
manometer which records the absolute pressure in the tunnel, again
to within 0,001 feet of mercury.

Measurement of the cavity pressure presents somewhat of a
problem. Due to the frothy nature of the cavity, water tends to enter
the tubing connecting the cavity orifice with the manometer, thus
causing false readings. To ensure correct readings of the cavity
pressure the line is kept clear of water by constant purging with a
small amount of bleed air. The resulting error in pressure uéing
this procedure is always less than 0.8 inches of water, which corres-
ponds to an error of about one percent or less in the worst case in the
detérmination of the cavitation number. This method of measuring
pressure has also been proposed by Gadd (44), but his report was not
available at the time this portion of the work was carried out.

C. Cavity Length Measurements - For each data point

taken the model is photographed both in plan view and from the side,
using two 35 mm. recording cameras. These cameras are remotely
controlled and coupled to the camera recording the forces, thus
ensuring that the cavity length so recorded is taken at the instant

the forces are being recorded. The cavity lengths, both in the
partially and fully cavitating regions, are then determined from these
films by direct measurement.

D. Unsteady Measurements - In the unsteady region of
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cavitatiop the fluctuating force component normal to the hydrofoil
chord is recorded by measuring the output of the solid state strain
gage mounted on the model. This strain gage forms part of a simple
bridge network. The output from this bridge is recorded by a; direct
Writing recording oscillograph, using photosensitive paper, The
strain gage used is a temperature compensated P. N, type silicon
gage, with a total internal mounted resistance of 750 ohms and a gage
factor of 230, The bridge network is so designed that the maximum
energy dissipation in the strain gages is always below the recom-
mended maximum of 0.1 watt, and the current in the gages is
essentially constant over the range of interest. The bridge ’ifnped—
ance is made equal to the correct loading impedance of the recording
galvonometer to achieve critical damping. The galvonometer used
-has‘s a flat response for 0 - 60 cps with a 6.12 microampére/inch
sensitivity, This system behaves extremely well giving good rvesponse
and adequate sensitivity for the unsteady measurement:s taken with
essentially no non-linearity occurring.

For the unsteady runs the cavity oscillations ére also
recorded. This is achieved by the use of a 16 mm. high speed movie
camera., The camera is run at approximately 1900 frames per
second and may be set up to record both plan and side views of the
oscillating cavity. The output of the strain gage may also be
photographed, if desired, by displaying the trace of the galvono-
meter on a small mirror which reflects it into the camera's field

of view,
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Figure 7 shows the working section of the tunnel together with
some of the measuring equipment. To the left of the photograph is
seen the manometer for measuring the cavity pressure. Mounted
below the working section and directly in front of it are the 35 mm.
recording cameras for determining the cavity length. At the right of
the picture can be seen two of the force balances on the force con-
sole.

Figure 8 illustrates one of the test set-ups used in the non-
steady investigation. The 16 mm. high speed camera is seen in the
foreground mounted on a tripod. The recording oscillograph which
houses the galvanometer is seen mounted immediately in frorﬁ of the
working sectioﬁ in a vertical position, Just above the viewing
window the small narrow mirror which deflects the light trace of the
-gal‘v(anometer into the field of the camera can be seen heid at 45
degrées. The mounted model is just visible through the vieWin’g

window.

IV, EXPERIMENTAL PROCEDURE

The model was mounted to the balance spindle b4y means of
three bolts. Shims were used so that the base plate could be set .
flush with the tunnel wall. A circular gap of 0.020 inches was left
between the model attachment piece and the surrounding tunnel wall,
The horizontal mounting of the model was chosen so as to eliminate
hydrostatic pressure gradients along its span which would give rise

to uneven cavitation over the model. No check was made to
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determine the flow direction and uniformity in the tunnel since a
detailed calibration had already been carried out on this section by
Kerme>en (14), indicating that the flow is very uniform.

The end gap between the model and the facing wall of the two-
dimensional test section was adjusted to 0,005 inches and kept at this
value throughout the experiment. This adjustment was rﬁade
possible by loosening or tightening two bolts holding the wall
supporting struts. Although the end gap did vary slightly throughout
the experiment, it was found that the variation of the forces on the
model with end gap for fully wetted flows over a range of 0, 005 inches
to 0,0105 inches was less than 5 percent for the lift and drag and
negligible for the moment. During a run the variation in end gap
was never greater than 0,004 inches, hence this effect was suffi-
ciently small to be considered negligible., Similar results to this
were obtained in Reference 14 although somewhat larger drag
variations were obtained, due probably to the greater fhickness of
the model. These changes in the forces with end gap clearance were
due to flow taking place through the gap from the pressure side of the
hydrofoil to the suction side. The tendency was for the lift to
decrease with increase in end gap, together with an increase in drag.

Since the leading and trailing edges of the hydrofoil are
sharp, an infinitely negative pressure occurred at the leading edge
for positive angles of attack, and normally a cavity would spring
from there. This, however, does not always occur. At low angles

of attack, below 4 degrees for the section tested, the cavity
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appeared down stream of the leading edge on the low pressure
surface. In fact, for some of these lower angles two cavities were
observed simultaneously; one, very short, springing from the leading
edge and the other from a point near the maximum thickness of the
hydrofoil. At and above 4 degrees the cavity started at the leading
edge for all conditions of cavitation. The emphasis of thé present
study was placed on angles of attack larger than 4 degrees. Thus
the cavity detachment point remained fixed at the leading edge giving
a readily anticipated flow pattern and a more straightforward inter-
pretation of the experimental results than would otherwise have been
the case. One outcome of this restriction was that the profile
behaved essentially like a flat plate for cavities larger than the
chord, a configuration previously tested by Parkin (15).

o In general the experiment was conducted in two phasés to
obtain the steady force readings. Fully wetted data were obtained at
constant tunnel speed and pressure by varying the angle.of attack
over the region of interest, in the present case -4°% to 150, in
increments of 15 minutes of arc. This was repeated for several
velocities to give a range of Reynolds numbers. Howeve‘r, the
cavitating experiments were made at constant angle of attack and
tunnel speed, whilst the working section static pressui'e was varied
to obtain the full range of cavitation. These tests covered a range of
angles of attack of 4° to 10° and velocities from 15 to 40 feet per
second,

The readings of the force gages were corrected for no-load
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readings, for the effect of tunnel static pressure variation on these
no-load readings and for the viscous forces exerted on the model
mounting disk, The former corrections were obtained by recording
a series of no-load readings at various pressures over the range of
interest and applying these readings as corrections to the actual
forces. The tare forces on the mounting disk were obtained by
mounting the model from the opposite wall of the tunnel with a blank
disk fastened to the force spindle. The forces on this disk were then
recorded for all conditions covered in the experiment. The details
of this method are described in Reference 14. These tare forces,
although small in the case of lift and negligible in the case of
moment, comprised under certain circumstances as much as 30 per-
cent of the total drag force., The results of these tests are shown in
-Apj;)endix 1I.

The dynamic head pVZ/Z, and hence the tunnel speed V, were
determined by measuring the pressure drop between the piezometer
ring at the 5 foot diameter circular section of the tunnel upstream of
the tunnel nozzle and the two-dimensional section itself, This
pressure difference was recorded on the force read-out console, as
previously mentioned. The cavity pressure was measured with
respect to the working section static pressure with a mercury mano-
meter, The method used was that already described in the previous
section,

Due to the dimensions of the working section all pressure

measurements made in this section were subject to the influence of
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the modelf The question then arose as to what to call the true
Vworking section static pressure or ultimately, what is the pressure
corresponding to a point far away from the model., It is usually
impractical to have a two-dimensional section of sufficient length to
measure the pressure prevailing at an infinite distance upstream -
even though this is what is required in the reduction of the force
coefficients and cavitation numbers. In the present case the static
pressure in the working section was measured at a point 2.25
chords upstream from the center of the model and 1.4 chords above
the level of the hydrofoil. A different orifice only 1.8 chords from
the model center line and on the center line of the flow was uséd as
the working section static pressure reference for the cavity pressure
measurement. It was, therefore, found necessary with the experi-
fneﬁtal procedure used, to correct all the above pressure measure-
ments for the model effects. The method adopted for applying this
model interference correction is given in Appendix III.

The system used for carrying out the unsteady runs was
quite similar to the method used in the cavitating tests. At a con-
stant angle of attack and tunnel speed, the tunnel pressﬁre was
varied. For each setting the force on the hydrofoil was recorded
on the oscillograph. In addition, for the region where the oscilla-
tions occurred, the cavity pulsations were photographically recorded
in conjunction with the strain gage output by means of the 16 mm.
high speed movie camera., This latter reading afforded a means of

obtaining the relationship between the changing cavity geometry and
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the varying force. Several film strips were assembled into a short
gsound motion picture>:< which illustrates this non-steady cavitation
process. The above data were obtained for three angles of attack,
viz., 40, 6° and 80, and for various tunnel speeds.

No attempt was made to analyze separately the effects of
moment, drag and lift force on the output of the strain gage. It was
assumed that this output would be proportional to the lift force and
that this proportionality would be the same for static as well as
dynamic conditions., The strain gage was then calibrated b'y com-

paring its output with the output of the external force balance when

the flow was steady.

V. EXPERIMENTAL RESULTS

For each data point lift, drag and moment coefficienfs were
calculated. Apart from those already mentioned, no corrections
were made for tunnel interference effects such as wall Blockage,
wake blockage and longitudinal pressure gradient. All these effects
are small for the present experiment except possibly for the fully
cavifating flow,

The force coefficients are defined in the usual manner, viz.,

“The film, entitled "Some Non-steady Effects in Cavity Flows',
Report No, E-79.5, is obtainable from the Hydrodynamics Laboratory,
Karman Laboratory of Fluid Mechanics and Jet Propulsion, California
Institute of Technology, Pasadena, California.
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CL= LZ H CD = ])2
ApV©/2 ApV©/2
M
C., = —=—
M Acp VZ/Z

where the sign convention illustrated in Figure 6(b) is adopted. The
cavitation indices, based on measured cavity pressure and on vapor

pressure, are

P-p]:( p-PV
Ks—>>— 1 Ky=——
pvV=/2 pVT/2

respectively. The notation used is given in Appendix I.

1. Fully Wetted Results - First, let us consider the fully

wetted characteristics of the hydrofoil. In Figure 9, the lift, drag
and moment coefficients are plotted versus angle of attéck. The
points are shown for a Reynolds number range of from 0.46 x 106 to
0.75 x 106 based on chord length. Over this range there is very
little significant change.

It is seen that about 1° angle of attack there is a slight
stalling effect in the lift curve with a corresponding increase in the
drag. This effect is characteristic of certain sharp nose aerofoils
and is due to the type of boundary layer separation occurring on the
foil (45, 46, 47). This wave in the lift curve comes about because of

the type of laminar separation of the boundary layer at the leading
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edge and it_s subsequent turbulent reattachment., This hump can be
femoved by increasing the Reynolds number to approximately 6 x 10
or by increasing the nose surface roughness. These effects are dis-
cussed in detail in the above references. According to airfoil theory
the zero lift angle of attack of this foil is —4010' and the lift
coefficient at ¢ = 0 is 0.479. From the experimental curve it will

be seen that although the zero lift angle is very close to the theoretical
one the lift slope is very much lower, being about 83 percent of its
theoretical value. This lift slope, less than 2w below the hump,
decreases further above it,

Figures 10 and 11 show respectively the variation of the lift-
to-drag ratio and the center of pressure location with angle of attack,
the kinks in these curves being due, once again, to the boundary layer
éepération.

2. Cavitating Performance - To determine how consistently

the cavity pressure, or cavitation number, could be recorded and how
this reading compared with that based on vapor pressure, a plot of K
against KV was made for varying velocities and angles of attack., As
is seen in Figure 12, this reading is quite repeatable., The discrep-
ancy between the two readings increases with increasing cavitation
~ number. It will be noted that the cavity pressure is always higher
than the vapor pressure. This result is to be expected as the gases
in solution contribute to the pressure within the cavity.

For cavitating flow the values of the force coefficients as a

function of the measured cavitation number are shown in Figures 13,
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14, 15 and 16, each graph being for a different angle of attack, The
subsequent photographs indicate the degree of cavitation occurring on
the hydrofoil at a few different cavitation numbers which are marked
on the graphs., It will be seen from these graphs that as cavitation
occurs there is an initial increase in lift with a corresponding
decrease in drag for all the angles tested. As the cavity length
approaches the chord length, however, the drag increases sharply
and the lift begins to decrease. On further decrease in cavitation
number both lift and drag decrease. The moment on the hydrofoil
remains fairly constant over the partially cavitating range and
decreases thereafter, The results obtained in the fully cavitafing
regime agree well with those of Parkin (15). The lift curves have
been extrapolated, by dashed lines, to zero cavitation number where
fhe -values of 1lift shown are those given by the well known Rayleigh
formula.

Figures 17, 18, 19 and 20 show graphs of the cavitation
number divided by angle of attack as a function of cavity length.
The solid points are those occurring in the unsteady flow regime.
As can be seen this unsteady region occurs over a range of approx-
imately 0.6 £/c to 1.2 £/c, regardless of the angle of attack. This
region of unsteadiness has been indicated on the graphs of the force
coefficients as well, Here the forces are fluctuating violently and
the points shown plotted are '""average'' forces recorded by the
balance. Although it is believed these average forces are repre-

sentative of the true time average, no systematic investigation of
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this point was made,

7 Theoretical curves obtained from linearized free-streamline
theory in the regions of full cavitation (20) and partial cavitation (13)
on a flat plate hydrofoil are also shown in Figures 17-20. We éee
that for the fully cavitating flow the agreement is better than for the
partial cavitating case. This, however, is to be expected since in the
former case the hydrofoil acts exactly like a flat plate whereas in
partial cavitation, camber and thickness effects play a role. In
order to determine the effects of camber and thickness on the
partially cavitating performance of a hydrofoil of this type, a lin-
earized solution was developed including these effects. The details
of this solution are given in Appendix IV. It will be seen that the
effects of profile shape give rise to even larger discrepancies between
fheéry and experiment, The results of Meijer (17) on 4 percent
thickness ratio hydrofoils show much better agreement with the
present theory., However, his cavitation numbers are Based on
vapor pressure and not on measured values. If this procedure is
adopted in the present case better agreement between theory and
experiment is also found, It is known from airfoil experiments

that if the theoretical lift is arbitrarily adjusted to the experimental
value, the theoretical pressure distribution on the foil agrees with
the experimental one. This artifice achieves two purposes. First,
it endeavors to some extent to account for real fluid effects and
secondly, it affords a means of checking whether the experimental

data are self consistent. This approach was utilized here. The
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theoretical lift coefficient was adjusted to the experimental value
for the same cavity lengths and the corresponding theoretical
cavitation number was adjusted accordingly. These adjusted
cavitation numbers are shown plotted in Figures 17-20 as are the
corresponding uncorrected values. It is seen that the corrected
values are in very good agreement with the experiment,

In Figure 21 the polar diagram for the section is plotted.
Experimental results on a similar section are reported for non-
cavitating and cavitating conditions, for angles of attack of up to 50,
in Reference 10. The cavitation number in these experiments is
based on vapor pressure and hence a direct comparison with t.h‘e
present data cannot be made exactly. The thickness of the profile
is also slightly different., Nevertheless, quite a favorable agreement
ié foﬁnd in the common region covered by both investigations.

3. Non-Steady Cavitation - As mentioned previously

oscillations in cavity length and hydrodynamic force developed when
the cavity was about sixty percent or so of the chord and persisted
until the cavity was at least 1.2 times the chord. A description of
the development of this process seems now in order. The general
behavior for all angles of attack equal to or greater than 4° is
. similar, and the general development of the non-steady process is
the same for all angles.

From the fully wetted condition to a cavity length of sixty
percent chord, the cavities are steady in the mean; the cavity is not

glassy clear, however, but is filled with a frothy mixture of air and
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water and has no definite structure such as a re-entrant jet, for
7exarnp1e. Incidentally, at the very first stages of cavitation when the
cavities are no longer than 2-3 percent of the chord, a relatively
high-pitched oscillation and noise develop with a frequency of kabout
270 cps. This is thought to be associated with one of the fundamental
vibratory modes of the hydrofoil itself, Although audible noise is
generated, the resulting force oscillations are small as measured by
the imbedded strain gage. The cavity retains its frothy character
until just before oscillation commences, at which point the portion of
the cavity near the leading edge becomes clear and glassy. Shortly
thereafter the cavity begins to oscillate. These initial oscillations
are of small magnitude, both in extent and force, and are relatively
high in frequency. For the present tunnel conditions these fre-
Quehcies may range from 50-60 cps. This stage of oscillation seems
to be rather transitory and with a slight decrease in tunnel pressure
the oscillation changes over into a more characteristic low frequency,
large amplitude disturbance. The oscillations then typically have
a.double amplitude of about one-half chord. Typical frequencies

in this stage under the conditions of the tests were about 12 to 25 cps
depending upon velocity and angle of attack, The oscillations would
persist with further lowering of tunnel pressure until the cavity was
about one-fourth longer than the chord. Generally, the amplitude

of the cavity and force oscillation decreased. The flow then became
quite steady with proper full cavitation developed. During this entire

process the forces, average and non-steady, first increased and then
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decreased. The maximum average force and non-steady force
occurred at or near the condition of maximum oscillation in the
cavity.

One cycle of the cavity oscillation is shown in Figure 22.
This figure shows the plan form of the developing cavitation at an
angle of attack of 6°. The flow is from top-to-bottom with the leading
edge being at the top in both rows. The sequence starts at the upper
left and time increases from left-to-right. These are selected from
a test film strip taken at 1200 frames per second. Starting at the
minimum cavity length, the cavity grows smoothly and as it approaches
the end of the hydrofoil a re-entrant jet is seen to form and grédually
fill the rearward portion of the cavity, On reaching the end of the
foil, the cavity surface becomes uneven and irregular and small vor-
ticeé may be shed from the end of the cavity causing small fluctuations
in the force on the hydrofoil, The flow within the cavity appears then
to become unstable and a large volume of cavity is abruptly shed into
the stream and the cycle is then repeated. This sequence of events is
similar to that of non-steady cavitation reported by Knapp (6). How-
ever, there are important differences: The cavity is not completely
filled by the re-entrant jet - although oscillations from incompletely
. filled cavities are reported by him. In the present case, and as can
be seen in Figure 22, there is always a cavity at the leading edge of
the hydrofoil. The general stages of the oscillation are certainly
very much as described by Knapp: '"(a) formation and growth, (b) fill-

ing, and (c) breakoff'. The other difference in our view is that when
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breakoff occurs a large change in force ensues and there is a large
corresponaing change in circulation. This would lead one to suspect
that the dynamics of the present phenomenon are related to the time-
varying circulation,

The traces of the strain gage (to be presently discussed) were
used to measure the frequency of the '"strong'' cavitation oscillations.
These are shown for various angles of attack and tunnel velocities in
Figure 23. The frequencies are reported in terms of a dimensionless
Strouhal number, chord times frequency over tunnel speed. The
range of this parameter is from about 0,07 for 4° angle of attack to
about 0.14 at 8° angle of attack. Although there is some variation
with speed at the lowest angle, the reduced frequency is relatively
constant at the highest angle. This would suggest that the frequency
of oscillation is not strongly dependent on the rigidity of the surround-
ing tunnel structure. There is the basic question, however, of the
effect of the tunnel and flow '"compliance' on such trans:ient cavity
flows as described herein. For example, if the tunnel were perfectly
rigid and if there were no free surfaces other than that of the cavity
itself, then an infinite pressure difference (in an incompressible
medium) would be required to create the changing cavity volume,

The tunnel is compliant, however; numerous pockets of vapor collect
in the diffusor and from the photographs of Figures 13(b) to 16(b) it
can be seen that there are entrained vapor-air bubbles in the flow.
All of these effects evidently provide a cushion for the fluctuating

cavity volume.
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It is interesting to note that the frequencies observed by
Knapp are much higher than those of the present work; in his work
they ranged from 51 to 200 cps. Calculations of the reduced fre-
quency based on the length of the cavity of these oscillations ar.e
about twice the present values, Again, the reduced frequency of his
observations is substantially independent of tunnel speed.

It was mentioned that the output of the strain gage was photo-
graphed on the motion picture film such as shown in Figure 22. Un-
fortunately, the trace was too dim to be reproduced in this sequence
of prints from the 16 mm. film. Measurements could be readily
made from the original film, however, by projecting the film frame
by frame on a screen. By this means measurements of force and
cavity length were made and a typical example of such a measure-
fneﬁt is shown in Figure 24, There it is seen that the double ampli-
tude of the force oscillation is about 20 percent of the mean. The
maximum force occurs at the maximum cavity length and the minimum
force at the minimum cavity length, Generally speaking there is no
substantial phase change between the oscillations of cavity length
and the oscillations of force. The lack of an appreciable phase change
between the force and cavity oscillations suggests that possible
inertial effects of the fluid in the tunnel circuit are not large, as has
been already indicated, and that the tunnel boundaries are in effect
not rigid.

In Figure 25, these effects are presented in a slightly different

form. There the percentage force change, from its minimum value
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during the oscillation is presented as a function of cavity length to
chord ratio for an angle of attack of 6°. The arrows indicate the
direction in which the curve is traversed during a cycle. The outer
loop represents the main cycle of events while the inner loop cerres-
ponds to a secondary oscillation which sometimes occurs as the cavity
grows.

Oscillograph recordings of the force are shown in Figure 25
for one angle of attack (60) and varying tunnel pressure at constant
speed. The sequence of events previously described is borne out by
this figure. For example, the high frequency oscillations can just be
discerned in the top trace and as the pressure is lowered the ‘small
amplitude faet‘oscillations develop., These lead into the char‘acter-
istic large oscillation shown in the fourth trace. This trace is near
the point of maximum oscillation and maximum lift force as>can ’be
verified from Figure 14. Finally, the oscillations die away with
further reduction in pressure. |

We have already mentioned the relative independence of
reduced frequency upon tunnel speed for the large oscillatione. The
higher frequency oscillations (the second and third traces in Figure 26)
are, however, more or less independent of tunnel speed. This
raises the possibility that they are related to the dynafnics of the
force balance or of the tunnel. To investigate this point the force
balance with model attached was shock excited but no evidence of the
50-60 cps oscillations seen in Figure 25 were observed. In fact, the

lowest well defined structural frequency observed was about 100 cps.
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Typical traces of the decay of the vibration when the balance was
excited in this way are shown in Figure 27.

The unsteady cavitation behavior is by no means restricted to
single hydrofoils. A similar phenomenon occurs in the case of

cavitating cascades as borne out by experiments described in Part II.
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PART II - CASCADE STUDY

Vi. BASIC DESIGN

1. Introduction - With the installation of a recently completed

two-dimensional working section in the high speed water funnel, the
possibility of conducting cascade tests became a reality. One of the
basic requirements necessary for undertaking such tests is that of
having a large enough working section in which to operate the cascade
so that the flow turning induced by the hydrofoils can be accommodated.
Prior to the completion of the new section the tunnel was incapable of
being used for such an investigation.

The dimensions of the new two-dimensional working section
are -30 inches high by 6 inches wide. The length of the section is
50 inches. A large”picture window' made of lucite forms one wall of
the channel thus ensuring excellent visualization of the flow. The
working section is so designed that it can be used in both vertical and
horizontal positions. For the present tests the horizontal poéition was
used, This orientation was decided upon to avoid the hydrostatic
pressure gradient that would exist across the cascade blades if a
. vertical position were used, causing uneven cavitation of the various
foil surfaces. The horizontal position means, however, a necessary
pressure gradient across the span of each blade and possible uneven
cavitation occurring, but it was felt that this effect was more tolerable

than the alternative set-up.
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The basic tunnel circuit remains unchanged except for the
installation of a new transition nozzle, the working section, and a
new diffuser section. This new leg of the water tunnel is shown in
Figure 28. The design and installation of this addition to the high
speed facility together with a few preliminary calibrations is
described in Reference 48,

Certain modifications had to be made to the tunnel working
section in order to accomplish a suitable set up for carrying out
cascade tests. These modifications and the basic design and con-
struction involved in achieving them will now be considered:

One of the basic problems to be faced in cascade tests \is how
one should cope with the flow turning. Clearly, if the cascade is
tested in a straight channel, large reaction forces will be experienced
By fhe walls due to this flow turning. Direct measurement of the
forces on the foils then becomes impossible as does the ability to
obtain uniform cavitation on each blade. In airfoil cascade experi-
ments the exit stream is usually simply discharged to atmosphere
and no serious problems arise. However, in water tunnel work dis-
charging the flow into a large reservoir, although not unfeasible, is
somewhat impractical. This is particularly true with the existing
tunnel configuration. Two alternative methods of treating thedischarge
flow were considered. Both of these methods involve the installation
of inserts in the tunnel contracting nozzle to reduce the working
section inlet height. These inserts are extended into the working

section forming an inlet channel to the cascade. They are then
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terminated at the cascade axis. The flow through the cascade can
fhen be allowed to exit as a submerged jet, or alternatively, movable
side walls hinged at the ends of the insert pieces can be used to guide
the exit flow,

To investigate the relative merits of each of these systems a
test was conducted on a one-sixth scale replica of the tunnel nozzle,
working section and diffuser, motivated by the fact that the submerged
jet - similar to air tests - would be very cheap.

2. Model Tests (One-Sixth Scale) - The tests on the sub-scale

nozzle and working section assembly were conducted in the Hydraulic
Machinery Laboratory of the California Institute of Technology; The
test model was. connected to one of the supply pumps through a 10-inch
diameter pipeline, and the discharge from the working section was
g.uid.ed into one of the collecting sumps available. Manometers were
provided for recording the differential pressure across the nozzle and
recording the static pressures at various locations in the working
section on the side and horizontal walls., The model working section
was made of lucite and flow observation was possible using a dye
solution as a tracer fluid. Nozzle inserts were mounted in the test
nozzle converting the one-sixth scale model ¥ (six-inch by one-inch

. throat dimensions) to a 3,05 inch by one inch rectangular section,
corresponding to a six inch by 18, 3 -inch section in the actual tunnel.

These nozzle inserts were so contoured to give a smooth transition

ol

"‘Incidentally, this was the same test section as used to proof the
original tunnel design. '
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from the nozzle to the straight working section. The inserts were
continued in the working section for distances of 3. 84 inches and

0. 84 inches corresponding approximately to the anticipated geometry
to be used in the main tunnel. The line through the termination
points of these inserts was at 45 degrees to the flow direction repre-
senting a planned 45 degree cascade axis. Two views of this
experimental arrangement are illustrated in Figure 29,

The first test conducted in the model experiments was aimed
at determining the behavior of the flow through the working section
with the inserts terminating abrui)tly to form a submerged jet of the
working stream. These tests were conducted at flow speeds of the
order of 10 to 20 feet per second. It was found that under these con-
ditions an extremely irregular flow pattern was obtained - the stream-
lines were not stationary and large differential pressures of the order
of 14 percent of the dynamic head occurred across the jet. In
addition to these adverse effects, it was found that the r'egions immed-
iately downstream of the inserts were stagnant areas where air
bubbles had a tendency to collect. At lower pressures, as would arise
under tunnel test conditions, these regions would doubtlessly cavitate
causing greater distortion of the flow. In an effort to achieve some
- control of these effects it was decided to install several water inlet
lines just downstream of the inserts along the vertical sides of the
working section. The flow in these lines could be monitored on a flow
rator, By adjusting the relative flow rates of the water in these

lines, it was hoped that a uniform flow could be achieved with no
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differential pressures occurring across the jet. Although it was found
that the pressure distributions across the working section could indeed
be controlled in this way, the volume flow necessary to obtain the
above conditions was far too great to make this procedure feasible

in the main tunnel, The required flow injection was found to be
approximately 1/30th of the main flow volume. Furthermore, and
more importantly, although the reattachment points of the jet were
controllable by injection of external fluid, the main stream direction
could not be made very uniform. At the higher speeds it was noticed
that some instability occurred in the flow causing a fluctuation in the
main flow direction similar to the phenomenon of the stall ariéing in
wide angle diffusers. The drawback regarding the possibility of
cavitation occurring behind each insert, at lower pressures, was

5156 still present. In view of these results this method was deemed
to be inadequate.

The alternative technique of having guide walls hinged at the
termination points of the inserts was next investigated for various
wall angles. The length of these walls was made such that they
ended at the entrance to the diffuser. This arrangement gave a range
of turning of = 10 degrees. From these tests it would found that a very
uniform flow was obtained even downstream of the walls. No vibra-
tions in the working portion of the test section were apparent due to
any kind of vortex shedding or mixing occurring from the end of the
walls in the diffuser. This result was not surprising as the flow

speeds were low, At higher speeds, however, this effect would no



doubt become apparent. The spaces behind these walls were filled
with stagnant water and very little flow, if any, was observed in

these regions. The pressure difference across the guiding walls was
quite substantial, being of the order of 0.1 of the dynamic head.

Thus fairly large forces could be expected to act on these walls in

the actual tests. The results of this study, however, were sufficiently
encouraging to make it acceptable for use in the main tunnel,

3. General Aspects of the Design - The basic geometry and

general dimensions of the cascade configuration are determined by
several factors. Some of the more important ones are the consid-
eration of the dimensions and size of the working section, the éost and
ease of manufacture of the component parts and the requirement that
the cascade parameters chosen are, to some extent, representative
éf the values likely to occur in practice. With these basic concepts

in mind the general design of the cascade was undertaken,

The primary problem presenting itself was the determination
of the size of the models to be used and the method most suitable for
mounting them in the tunnel. Furthermore the number of blades to be
utilized was also undetermined. The forces in the cascade were to be
measured on the center foil, as the force balance was located on the
center line of the tunnel. The force readings obtained by this method
would also be less subject to the possible effects of the end walls,

The center foil was, therefore, to be mounted on the force balance.
The manner of mounting the remaining foils, however, was still

unresolved. Numerous methods were considered, but finally it was
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decided to support the foils as cantilever beams from the lucite
\%findow. This method presented itself as the simplest and most
easily achieved with the least modification to the tunnel. This
arrangement necessitated drilling a number of holes in the lucite
window and the design of a system for holding and locking the hydro-
foils, together with a simple but effective angle-of-attack-changing
mechanism. As the foils were to be mounted as cantilevers, there
was a problem regarding the bending strength of the models. Due
to the high cost of vane manufacture, the idea of fabricating the
models from stainless steel was abandoned and instead a high strength
heat-treated aluminum (7570 T651) was employed. It was required
that the models have basically the same geometry as the isolated
hydrofoil, However, due to the use of aluminum and to the mounting
'téchrﬁque finally used (to be discussed in a later section), the hydro-
foil thickness ratio was increased from 7 percent (the value of the
isolated foil) to 8 percent., This thickness ratio was required to
achieve the necessary strength, when the basic chord length of four
inches was adopted. The choice of a 4-inch chord was ioartly dictated
by the above considerations and partly by the solidity ratio required.
The cascade parameters, viz., the cascade angle (the angle
 between the cascade axis and the oncoming flow direction), and the
solidity (the chord to spacing ratio) were chosen to give a configuration
within the range frequently used in practical applications. Further,
the choice of these parameters was dictated by the physical limita-

tions of the working section and the versatility of the set up. After
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considerable thought a basic solidity of 1,25 and a cascade angle of

45 degrees were chosen. With these values it was possible to arrange
a cascade having five blades in the tunnel with sufficient space avail-
able for the installation of inserts and guiding walls. A conseqﬁence
of having five blades was the ability to alter the solidity of the cascade
by one half by simply removing two of the foils, thus giving added
scope to the experiment.

It was not known at the beginning what the influence of the
guiding walls would be on the cascade performance of a 1imited number
of blades, and hence it was not clear where to locate the walls with
respect to the hydrofoils. Placing these walls a full spacing from the
outer foils would require them to simulate a hydrofoil. Alternatively,
they could be located on a stream line surface. Since under cavitating
conditions these walls would not behave as a foil, the latter arrange-
ment would have been preferred; however, due to space limitations
the former was used. In the case of half solidity, though, they became
streamline surfaces. The walls were arranged to have a maximum
turning angle of = 10 degrees. It was thus possible to i’un the cascade
in both the compressor and turbine configurations by simply rotating
the hydrofoils 180 degrees. These movable walls were hinged to the
tunnel inserts and were actuated by two jack screws passing through
the tunnel side walls and attached to the guiding walls by means of a
two-pin pivot system.

This entire layout is shown schematically in Figure 30. With

this brief outline of the general aspects of the cascade design a few of
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the more specific details can now be discussed.

4., Design Details

A. Models and Mounting Technique - The manufacture

of the hydrofoil sections did not present too great a difficulty since
circular arc surfaces are easily generated., Each foil was machined
from an aluminum plate one and one-half inches thick. This plate
was mounted on a bracket attached to the face plate of a lathe and the
circular arc top side was machined, The radius of this arc was made
6.817 inches., The lower flat side was then milled, For .fhe blades
mounted from the lucite window, the design required (for reasons of
strength) that they be integrally machined from the plate with a shaft
one and one-quarter inches diameter. This shaft was 6 15/64 inches
long and it provided the mounting fixture. The shaft passed through
a nickel-plated brass bushing which was attached to the lucite window.
The shaft was sealed with an "O" ring so that a differential pressure
could occur across the window. A step in the shaft waé provided to
make an axial bearing, to adjust the model end-gap clearance and
absorb axial thrust. The details of the foil manufactu:re are shown in
Figure 31. The clearance-adjusting device is shown in Figure 32,
Alignment of the shaft was provided by a tapered keyway which was
referenced to the flat surface of the blade. This keyway provided
a means of indexing the zero angle of attack position of the blades and
made it possible to rotate the b.lades 180 degrees.

An advantage of machining the surfaces of the vanes in the

fashion described is that once the machine is set up and tooled the
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process can be repeated identically on several blades without further
set up time, which increases the speed of production, lowers the
costs involved in the manufacture of the blades, and provides a set
of geometrically similar blades. The machining properties of 'the
aluminum alloy used were such that the leading and trailing edges of
the foils were somewhat rough., This was overcome by providing the
foils with a small leading and trailing edge radius, viz., one-half
percent of the chord,

As the center hydrofoil was mounted to the balance spindle
it was not necessary to have it machined with an integral shaft as
were the cantilevered blades, but simply with a rectangular bése
which was then bolted to a base plate and finally potted in position
by means of a low-temperature-melting alloy., This foil was also
provided with a pressure tap located at center span and just behind
the leading and in front of the trailing edges to enable measurements
to be made of the cavity pressure. The orifice at the ti’ailing edge
was used when the models were inverted and utilized in the turbine
configuration. When either orifice was being used, thé one at the
trailing edge was sealed off with wax.

The span of the hydrofoils was made so that a nominal end-gap
clearance of 0.020 inches was provided with the facing wall. The
blades mounted from the lucite window also had end clearances at
the root of the foil. These were kept to a very small value, however,
viz., 0,002 inches. No noticeable flow could be seen through these

end gaps during the course of the experiment. All the foils were



_55-

anodized after machining to minimize the corrosion effects of the
water,

B. Angle Changing Mechanism - This component of the

design was made as simply and directly as possible. Radius bars
were clamped on the ends of the shafts of each of the foils. This
clamping located the final axial position of the models. The angular
position of the radius bars was fixed with respect to the flat surface
of the foils by means of the keyway previously mentioned located in
the shaft. The radius bars were rotated by two bolts which were
located on a metal plate bolted to the window frame of the tunnel,
Attached to this metal plate were graduations for measuring the angle
of the radius bars, Pointers fixed to the ends of these bars facilitated
the readings of the angles. This assembly system is shown in
Figﬁre 32, which also shows clearly the method of locating the axial
position of the models and the push-pull device for adjusting the end
gaps. .

C. Nozzle Inserts - The throat dimensions of the working

section were reduced from a 6 inch by 30 inch section to the required
6 inch by 13,58 inch by the two inserts, as mentioned. These inserts
were so designed that they gave a smooth transition from the existing
nozzle to the new working section, and were contoured to a cubic
equation with a small parallel segment leading into the working
section., A cubic equation was chosen since it has a zero second
derivative at its origin, hence zero curvature there. This choice of

contour, it was hoped, would avoid having a pressure undershoot at



Vthe entrance to the working section. It was important that no large
undershoot occur, as then cavitation would occur at the nozzle throat
and not .on the blades.,

The inserts were manufactured in three steps: Firstly, four
pieces of one-eighth inch aluminum sheet were hand filed to the
desired contour to form four templates. These were theﬁ mounted to
an aluminum base forming the supporting structure as seen in
Figure 33(a). These backbone frames were bolted to the tunnel and
used as skeletons around which high density polyurethane foam was
poured, This process was done in situ as shown in Figure 33(b).
Polyethelene sheet was used to protect the nozzle surface and to form
a parting agent. On setting, the inserts were withdrawn and excess
foam was sanded off to a final level of approximately one-eighth inch
below the template line as can be seen in Figure 33(c). The surface
of the inserts was then coated with fiber glass which was sanded
down to the contour of the templates. The final finish c‘onsisted of
several coats of polyester resin sanded down with wet and dry paper.
The completed inserts were then fitted into the nozzle and waxed
into place. This set up is shown in Figure 33(d).

The nozzle inserts were terminated at the nozzle throat and
were continued in the working section by two lucite blocks 8.21 inches
by 18.79 inches, and 8,21 inches by 5.21 inches, as shown in the
schematic diagram, Figure 30. These blocks were machined and
bolted in place. The joint between the nozzle insert pieces and the

continuations were waxed. Two piano hinges for pivoting the movable
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guide walls were recessed one-eighth inch below the surface at the
downstream edges of the lucite blocks,

D. Guide Walls - The movable walls were fabricated
from extruded aluminum 5 by 2 inch rectangular box section, to give
the walls rigidity against twisting. The walls were widened to
6 inches by the addition of two strips of lucite one-half inch thick
along the edges of the aluminum structure. A groove running the
entire length of the walls was milled into the lucite to house a rubber
O-ring. This O-ring served both as a sliding contact surface and as
a seal, and also proved to be essential in preventing wall vibrations.

The actuating mechanism used was a very simple devicé.
A link which consisted of two stainless steel pins mounted in teflon
bearings housed in a fork-shaped aluminum connecting piece,
aftaéhed the end of a one-inch diameter stainless steel rod to a
housing bolted in the walls, as seen in Figure 34, This stainless
steel rod passed through an O-ring seal in a bushing mounted on the
side walls of the working section. This rod was an integral piece of
the jack screw. The movement of this rod was effected by revolving
a nut which was housed in a steel tube. This nut was retained by two
ground steel washers fixed to the steel tube and provided bearing
. areas to which were fitted teflon pads. A locking nut was provided for
locking the system once the wall angle had been set.

The downstream end of the walls were tapered to allow a
maximum angle of turning of + 10 degrees to be obtained. The lengths

of these walls were 44 3/4 inches and 19 1/2 inches respectively. The
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walls were hinged to the inserts by the two piano hinges already
mentioned. The hinges were covered by one-eighth inch neoprene
rubber pads which were cemented into place, These pads had a two-
fold purpose as they not only provided a smooth surface over the
hinges at all wall angles but also eliminated any leakage flow through
the hinge joints.

5. Concluding Remarks - The above description of the

design aspects is necessarily brief, but an endeavor has been made

to stress the main features of interest. The final arrangement of the
cascade and the various components described above is best illus-
trated in Figures 35 and 36, Figure 35 shows the center foil 01;11y
mounted on the balance spindle., The lucite inserts and the movable
walls can also be seen together with the pin-jointed links of the
aétuéting mechanism. Figure 36 illustrates the four foils mounted
from the lucite window before the latter has been installed in the tunnel.
The final photograph, Figure 37, shows the entire assenﬁbly in position
with the tunnel filled. The angle of attack mechanism can be clearly

secen in this view.

VII. INSTRUMENTATION

1. Force Measurements - The forces on the center hydrofoil

only were recorded. The force balance previously described in Part I
was used, the only difference being that it was now mounted in a
vertical position. No serious problems arose from having the

balance in this orientation, as it was originally designed for vertical
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mounting. The same readout equipment was used for recording the
forces and the same technique of recording the data on film was
adopted.

2. Pressure Measurements - The differential pressure and

the static pressure of the tunnel working section were recorded at a
pressure orifice located in the tunnel nozzle., This orifice was cali-
brated prior to the main experiment., The details of this calibration
will be dealt with later. The static pressure was recorded on a well-
type mercury manometer, as before, with readings obtainable to
within 0, 001 feet of mercury. The nozzle differential pressure was
recorded by a seven-foot 0il manometer. The manometer flﬁid was
a synthetic oil having a nominal specific gravity of 2. 00. This type
of manometer was used as the pressure drops recorded at the nozzle
(‘)rifbice were always less than 0.5 feet of mercury, therefore the
percentage error in reading this manometer would be reduced by a
factor of approximately 13 from that obtained in reading the available
mercury manometers. This manometer was calibrated against a
mercury manometer to ensure that the nominal specific gravity
quoted by the manufacturers was accurate, and not affected by
temperature change. From this calibration it was found that this
figure was indeed accurate over the range of temperatures likely to
be encountered in the tunnel,

A multi-tube mercury manometer was used to measure static
pressures in the calibration tests of the modified working section.

This multi-tube manometer was referenced to the static pressure in
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the settling chamber of the tunnel just prior to the honeycomb. The
scale of the manometer was illuminated from behind a ground glass
screen e.nabling the manometer to be photographically recorded. The
quality of the recording film was such that readings could be obtained
to within 0, 002 feet of mercury., During the cascade tests this mano-
meter was left in circuit and recorded the static pressures at various
orifices in the tunnel working section.

The same method of cavity measurement was again used with
one important modification, The cavity pressure was recoi‘ded with
respect to atmospheric pressure. The barometric pressure was also
recorded and the difference in these two readings gave the cavity
pressure.

3. Turning Angle Measurements - The angle of the exit flow

from the cascade was obtained in two ways. Since the walls were set
according to a scheme based on the theoretical turning from cascade
equations, this angle was a measure of the flow direction, The
geometric angle of the walls was in turn obtained by a calibration
measurement carried out on the actuating mechanism. These angles
were related to the distance between the end of the jack screws and a
reference point fixed on the tunnel. By measurement of this distance
the angles of the walls to the upstream flow could be obtained. This
calibration was carried out for both walls since they are not identical.

The second method of measuring the downstream flow direction
was by using a Conrad type directional probe. This probe was

mounted on the center line of the tunnel 24 inches or six chord lengths
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downstream from the axis of the center foil. The probe was held in
a probe holder mounted to the tunnel which was capable of measuring
the probe angle to the nearest 5 minutes of arc. The two sides of the
probe were connected across a sensitive differential pressure frans—
ducer (£ 1.0 psid); which in turn was connected to a Baldwin amplifier
and bridge network, The flow direction was obtained by rotating the
probe until a nul reading was obtained. To obtain the zero reference
angle of the probe, a six inch chord flat plate hydrofoil was mounted
in the tunnel with the walls parallel. The angle of attack of the plate
was varied from +2 degrees to -2 degrees by increments of 15 minutes
of arc. The probe reading was taken for each point, as was th‘e‘ lift on
the plate. This procedure was repeated for several tunnel speeds.
Two items of information were gained from this test. IFrom a
plot‘of the 1ift coefficient versus the angle of attack of the plate as
determined by the angle setting mechanism on the balance, it was
found that the zero lift point did indeed correspond to zero indicated
angle of attack. Thus it was confirmed that the flow direction through
the modified section was parallel to the tunnel axis (and therefore that
the inserts were symmetric), This result held for all the velocities
tested. The probe angle at zero lift was also plotted as a function
of the tunnel speed. It was found that this angle varied slightly with
Reynolds number. The tendency was for the zero angle to decrease
with increase in speed. This decrease was slightly less than one
percent or 20 minutes of arc for a range of tunnel speeds from

15 ft/sec to 35 ft/sec,
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The use of the probe as a flow direction indicator, however,
was limited to the fully wetted and partially cavitating regions. When
full cavitation develops, the probe stem begins to cavitate, thus
affecting the probe reading and on further decreasing the pressure,
the cavities from the foils enveloped the probe and rendered its
reading meaningless.

4, Cavity Length Measurements - Cavity lengths were

recorded for each data point. These cavity lengths were recorded
by a remote controlled 35 mm. recording camera. Since the tunnel
working section was horizontally mounted these cavity length
readings were photographed through a first-surface mirror méunted
above the tunnel, This mirror was held at approximately 45 degrees
enabling the camera to be fixed in a horizontal position, This
horizontal mounting was necessary since the field of the camera was
inadequate to cover the flow region when it was positioned directly
above the lucite window. The mirror was rigidly attached to an over-
head cross beam, thus also é.ffording a means of seeing the cascade
in operation without having to climb onto the tunnel. The cavity
lengths so recorded were then determined from the films, Due to
the obstruction of the view of the hydrofoils by the angle-changing
mechanism, only cavity lengths greater than the chord were obtain-
able in this way. For the partially cavitating region cavity lengths
were measured by direct observation at the time of the test,

5. Unsteady Measurements - No extensive measurements

were made in this region of cavitation. However, the frequencies
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of the ﬂucj:uations together with the growth and collapse of the cavity
were recorded. As in the case of the isolated hydrofoil study, a high
speed sound movie was taken of the oscillating cavity with a high speed
movie camera mounted directly above the tunnel. Sequences were
taken at speeds of 65 frames per second and 1500 frames per second.

During this phase of cavitation the outputs of several differen-
tial pressure transducers were recorded on a recording oscillograph.
These transducers were connected at various points in the tunnel both
upstream and downstream from the cascade. One side of each trans-
ducer was referenced to a common manifold maintained at a suitable
reference pressure.

The general layout of the working area is shown in Figure 38.
Figure 39 illustrates the force balances and readout equipment and
fo the right of the picture is the multi~tube manometer, Mounted on
the left hand side of this manometer is the oil-water manometer for
measuring the differential pressure in the nozzle. Figure 40 shows
the cavity pressure manometer to the bottom left together with the
Baldwin bridge and differential pressure transducer for the probe.

The force balance is also seen to the right of the photograph.

VIII. EXPERIMENTAL PROCEDURE

As was pointed out before in Part I, one of the problems to be
faced in conducting tests of this nature is in obtaining a correct
reading for the working section static pressure that is independent

of model effects, The dimensions of the present nozzle made it
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possible to measure this pressure at a point well upstream of the
cascade. An orifice was located within the nozzle eight chord lengths
from thé center line of the balance spindle. It was used to record the
static pressure in the tunnel as well as the differential pres sur‘e. To
relate these readings to the working section a calibration was con-
ducted in the clear tunnel prior to the main tests, The details of

this calibration are given in Appendix V.

One of the fundamental points to be established in the cascade
tests, if meaningful results were to be obtained, was the question of
how best the cascade conditions could be simulated, i.e., what
criterion must be used to determine the turning angle of the céscade
under test conditions. In aerodynamic cascade work, the use of side
wall boundary layer suction and boundary layer slots has been shown
fo improve the two-dimensionality of the flow through the cascade.
The amount of suction to apply, however, is determined by matching
the measured lift with the measuring turning angles according to
simple two-dimensional theory. Here, therefore, the controlling
influence is the boundary layer control. In the present tests,
boundary layer control was not possible; however, the effects arising
from these boundary layers were deemed to be much less than those
occurring in aerodynamic cascades. The ability to guide the flow
with the movable walls afforded a mecans of adjusting the turning
angle to match that of the measured lift. This procedure, though,
necessarily involves errors arising from neglecting the above real

fluid effects, The method, however, provides a direct and simple
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way of conducting the tests, and details are given in Appendix VI.
Essentially the method is based on an iteration procedure dependent
on matching successive measured lift coefficients with turning angles
obtained from theory. In the final iteration the drag effect is
accounfed for as well, This method is essentially the same as that
devised by Numachi (41) in conducting his cascade eXperirhents.

Since the flow turning is purely a function of the circulation
around each foil it was justifiable to extend this method of determining
the wall angles to the partially cavitating region as well, For the
fully cavitating region, however, this system could not be used,
since it was observed experimentally that the lift force there W‘a’s
fairly independent of the wall setting, Furthermore, the 1ift in this
region is not determined by circulation, It was therefore decided to
a.dju;s;t the wall angles until the cavities from all the foils were of
equal length, thus ensuring an even pressure distributiop across‘ the
downstream working section, It was felt that this criterion was
fairly well founded. The walls were consequently maintained at one
setting for the fully cavitating region, Completeijustification‘of the
above procedures could only be obtained by comparing thé results of
the experiment with those of a theory which would exactly and
. correctly model the real flow. This will be taken up in the following
section,

The initial program of tests was intended to cover the fully
wetted and cavitating performance of the cascade arranged as a

compressor for both 1.25 and 0,625 solidity ratios. These tests
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would cover the complete range of angles of attack attainable., The
furbine configuration was likewise intended to be tested in the same
detail. However, due to some difficulties experienced with one of the
nozzle inserts, the program of testing was delayed and the scope of
the experiments had to be reduced. Consequently, only the case of
the compressor of solidity 1.25 was fully investigated. For the
0.625 solidity, two complete tests were conducted at 8° and 9° angles
of attack. For the turbine configuration only fully wetted results
were obtained at a solidity of 1.25. |

The procedure adopted for carrying out the tests in the steady
regime was as follows: The cascade was set in the particular con-
figuration desired and fully wetted data was taken at a constant tunnel
speed and pressure by changing the angle of attack of the hydrofoils.
For each data point the wall angles were set according to the scheme
already described. For the compressor of 1.25 solidity, the range
of angles of attack varied from -2 degrees to 6 degrees:. The angle
of attack referred to here is the angle between the chord and the up-
stream flow direction. For this solidity larger angles of attack
were not possible due to the limitation of the wall angles. The above
tests were conducted at two tunnel speeds to gage the effects of
Reynolds number.

For cavitating runs, the angle of attack was held fixed and
the tunnel static pressure varied at constant tunnel speed to cover the
range of cavitation from inception to the fully choked case. There,

once again, the walls were adjusted to suit the measured lift and
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drag for the partially cavitating region., In the fully cavitating region
the procedure mentioned earlier was used. These tests were
repeated for all the angles of attack.

Apart from the forces acting on the hydrofoil, the probc—:‘- angle
and the various relevant pressures were recorded for each data point.
To account for any experimental errors arising in the readings an
average of three independent readings was taken for each point.

The force coefficients measured on the hydrofoil were
corrected for the viscous tare forces experienced by the supporting
disk, These tare forces were obtained in an identical fashion to that
used in the isolated hydrofoil study. The results of this investigation
are given in Appendix VII. Corrections for the zero shifts of the force
balance with tunnel pressure were also accounted for. The dynamic
preésure obtained from the differential pressure reading, recorded
by the oil manometer and the static pressure measured by a well-type
mercury manometer were converted to the working section readings
by the method explained in Appendix V. As the basic assumption in
this system of measuring pressures was that the pressure orifice
is unaffected by model effects, further corrections for the pressures
were not necessary.

Unlike the isolated hydrofoil case, the points of detachment
of the cavities in cascade were not predictable, even for angles of
attack larger than 4 degrees. For the lower angles of attack from
-2 degrees to approximately 6 degrees the cavities sprang from the

leading edge of the foils on the under or flat surface., As these
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qavities became long, however, some cavitation on the top of the
hydrofoils occurred., The various ways in which cavitation occurred
on the fo>ils will be studied in the following section. However, it may
be mentioned here that, as in the case of fully wetted cascades, the
mean fiow angle is the correct angle on which to base these effects,
rather than the above mentioned angle of attack. Values of mean-
flow angle of attack equal to and larger than 4 degrees were not
possible for the 1.25 solidity due again to the limitations on turning
angle. It should be mentioned in this connection that in all the cascade
tests conducted the stagger angle of the cascade varies with change in
angle of attack. Hence when evaluating the results this fact shoﬁld
be borne in mind.

Since, for the angles of attack investigated, the cavity detach-
ment points were such that the cavity pressure could not be measured
for most of the tests conducted, it was decided for consistency té base
all cavitation numbers on vapor pressure,

The unsteady tests were conducted at the compressor solidity
of 0,625 and at a single angle of attack of 9 degrées. The rveésons for
using the lower solidity was to enable a larger angle of aftack to be
used so that leading edge cavitation was obtained on the top surface
. of the foils. In these tests the tunnel speed was kept constant and the
static pressure lowered through the region of unsteadiness in pro-
gressive steps. At each pressure the outputs of the pressure trans-
ducers were recorded by a direct print out recording oscillograph.

From these outputs the basic frequency of the oscillations was
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determined. From the pressure fluctuations an analysis was made of
the flow behavior in the tunnel nozzle during this phase of cavitation.
The detaﬁls are given in Appendix VIII. Calibration of these trans-
ducers was carried out by varying the tunnel static pressure at:zero
tunnel épeed and recording the output of each instrument at the various
pressures. The cavity fluctuations were also recorded with the high
speed movie camera enabling the behavior of the cavities on each of
the foils to be observed in relation to one another. These sequences
were formed into a short sound movie,

During the course of the experiment several limitations of the
apparatus became evident, These limitations and their conseqﬁences
will be reviewed in a later section. Possible remedies and improve-

ments of the apparatus will also be discussed.

IX. EXPERIMENTAL RESULTS

The experimental results from the cascade tests‘. will be
reviewed in four parts., Firstly, the fully wetted data will be pre-
sented for both the compressor and turbine configuratibns. The
fully choked case of the compressor will then be given fdllo{)ved by
the cavitating performance of the compresser cascade, and finally
. the results from the unsteady region of cavitation will be presented.

Before doing this, however,/ it is in order to define a few of
the parameters to be used. The definitions of various variables
arising from these tests are illustrated in Figure 41, Appendix VIII

gives the required formulae for reducing the data. The lift, drag and
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moment cqefficients based on upstream tunnel velocity are defined in
rexactly the same way as with the isolated hydrofoil study.

As is well known from cascade theory, the mean flow velocity
is of special importance as it assumes the same role as that of the
free stream velocity in wing theory. It is therefore usual in fully
wetted cascade theory to present results in terms of the mean force
coefficients, based on this velocity and on the forces perpendicular
and parallel to it. Both presentations will be used in the present case,
For the cavitating flow data, however, only the former representation
will be used as it is deemed more useful in this case, insofar as the
downstream flow conditions are not known a priori. The mean force
coefficients may be expressed in terms of the measured coefficients
from the experiment as shown in Appendix VIII,

Only one cavitation parameter is used in the preséntation of the
data; namely, that based on vapor pressure. The reason for this has
been previously explained (see last section). The defin:ition of this
cavitation parameter is also given in Appendix VIII.

1. Fully Wetted Results

A. Compressor Cascade, Solidity ¢ = 1.25: Figure 42

illustrates the force coefficients as a function of the angle of attacka ,
for two values of the Reynolds number. It will be noticed from this
graph that there is an apparently large Reynolds number effect on

the drag. This effect may be somewhat exaggerated since the drag
associated with the cavity pressure orifice will have some influence

on these results. This orifice was not sealed with wax during the
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fully wetted runs as it perhaps should have been, in order to obviate
the necessity of shutting down the tunnel and removing the lucite
window before conducting the cavitation runs. Apart from this effect
the results exhibit very little scatter and small Reynolds nmnbef
effects for the lift and moment, Figure 43 shows the same results
in terms of the mean force coefficients and the mean flow angle of
attack. In this figure a shift with Reynolds number occurs in the lift
curve. This is partly the effect of the drag variation, which is now
incorporated in this mean lift coefficient. It is seen from the graph
that the zero lift angle of attack is approximately —2045' and the lift
at zero mean angle of attack 0.235, much smaller than the isolated
hydrofoil values. The lift curves are curved and not straight lines
as the stagger angle is not constant through the test and changes with
ang1e>of attack,

One of the aims of these cascade tests was to determine the
feasibility of performing such tests in the water tunnel. To judge
whether or not cascade conditions were being simulated, comparison
of the experimental results was made with theory Where.ver possible,
and the fully wetted experiment provides such an opportunity.
Consequently, the data were compared with theoretical results
obtained using Schlichting's three point method (24) and Mellor's
more accurate theory (25). The outcome of this comparison for the
compressor of solidity 1.25 is shown in Figure 44. From this graph
it is seen that the experimental results fall below those of Mellor's

theory by about 11 percent at zero mean angle of attack., When



72~

account is taken of the varying stagger the curves are almost parallel;
that is, thé lift slopes are the same for both experiment and theory
over the range tested. The discrepancy between theory and experi-
ment is almost certainly due to real fluid effects. For example, it is
known that the boundary layer growth on the foil will decrease the lift
but not affect the lift slope which is borne out here. Furthermore,
real fluid effects arise from boundary layer growth on the walls of the
tunnel itself. These boundary layers cause the velocity through the
cascade to accelerate, thus causing an effect on the perfor;rﬁance
characteristics of the cascade. Although some work has been done
(50, 51) on this problem of flow acceleration, few conclusive results
have yet been obtained as to the effects of this acceleration, and con-
sequently its magnitude is not precisely known.

The comparison with the less exact theory of Schlichting
indicates a slightly larger discrepamcy but the general features are
again similar. This result is plotted for a constant stagger of 45
degrees. A comparison of a few of the more important values of
the characteristics of the cascade from the two theories and from

experiment are given in Table I below.

TABLE 1
c=1.25, v = 45° Schlichting Mellor Experiment
Constant f Varying B
C ata_ =0 0.2704 0,2660 0.2652 0.233
ILm m

1 t 1
Zero Lift Angle -3%44 -3°36 -3°28 -2°45
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In the light of the many real fluid effects unaccounted for by the
theory, the above agreement is considered to be quite satisfactory.
Figure 45 illustrates the lift-drag ratio based on upstream
conditions, the turning angle as measured from the wall angles, and
the leaving angle as functions of the angle of attack e. Here again a
large Reynolds number effect is apparent in the lift-drag ratio being
due once more to the effect previously mentioned, Over the range
tested the turning angle is almost a linear function of the angle of
attack. The leaving angle is very nearly a constant except for the
negative angles of attack. Since the pattern of flow over the hydrofoils
changes somewhat when passing through the zero angle of attack this
result is not too surprising. Application of a modified Constant's rule
devised by Carter (52) for circular arc mean lines expresses the
d.evi.ation angle as
5 . m
v
where § = the deviation angle measured between the velocity
leaving the blade and the tangent to the mean camber
line at the trailing edge
@ = angle subtended by the tangents to the mean camber line
at the leading and trailing edges

o = solidity ratio

m = a function of B, the stagger angle.
From Reference 52 the value of m for § = 45° is given to be

1
0.31. The deviation angle for this case thus becomes 4°46 . Since
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B 1
6 = 17°10 for the hydrofoil in question, the mean deviation angle is
given by’

_6 _O' O'_O"
5 = 5 - a, = 8%35 - 3%4 = 5°11 .

Hence there is good agreement between the two values,

The final graph in this section, Figure 46, illustrates -how well
the iteration method used for setting the walls, accomplished its
purpose. Here we have plotted the mean lift coefficient as a function
of the turning angle. The theoretical value obtained from tWo-
dimensional momentum considerations is also shown plotted. Very
gooa agreement is obtained. Also in the figure are the turning angles
as measured by the probe downstream of the cascade. This data is
shown plotted as the flagged points on the graph. It is generally seen
that the probe measures a larger turning than is obtained from the
lift force. This effect can probably be attributed to the acceleration
caused by the side wall boundary layers on the flow through the
cascade, which can give rise to this effect.

B. Compressor Cascade, Solidity ¢ = 0.625: Only two

angles of attack were studied at this solidity, hence very limited
results were obtained. However, comparison with Mellor's theory
" for this case shows the same type of agreement as for the larger

solidity, Comparison of these results is given in Table II below:
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TABLE II
o= 0.625, v= 45° Mellor, Varying 3 Experiment
fo) !
Crm 2t e, = 3751 0.7399 0. 655
o =80
C,,, at o = 4°35' 0.8074 0. 690
« =900

Application of the modified Constant's rule referred to above
yields a deviation angle of 60441 in this case. Experimentally, an
average deviation angle of 7053' is obtained. Hence, once mofe
reasonably good correlation is obtained between experiment and
theory.

C. Turbine Cascade, Solidity ¢ = 1.25: The pei‘formance

of the cascade in the turbine configuration is illustrated in Figures 47
to 50. Figure 47 shows the behavior of the force coefficients as a
function of the angle of attack. For this configuration only one
Reéynolds number was investigated. Figure 48 shows these values

in terms of the mean quantities. Here again the stagger angle varies
with angle of attack. The experimental zero lift angle is —6030' .

- Shown on the graph is the theoretical curve obtained from Schlichting's
three point method. In this case the theoretical zero lift angle of
attack is -60361 which is very close to the experimental value. It

will be seen that much better agreement exists between the theoretical

and experimental curves for the turbine. This result is to be
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expected as the boundary layer effects in this case are not as severe
as in the case of the compresser due to the favorable pressure
gradient across a turbine.

In Figure 49 the lift-to-drag ratio, turning angle g, and
leaving angle a, are illustrated as functions of the angle of attack «a.
Applying the modified Constant's rule for the deviation angle in this
case will again give 4.046'. From the experimental results the value
5°05 is obtained.

The final Figure 50 shows the accuracy with which the wall
settings were obtained. Here again the probe readings have been
plotted as flagged points. Although there is some tendency for these
values to be larger than the wall angles, this effect is somewhat
reduced, indicating the fact that boundary layer effects are not as
?reiralent in this case. The theoretical curve is again obtained from
simple two-dimensional momentum considerations.

2. Fully Choked Results - The data from the fully choked flow

conditions provide a further means of checking the validity of the
experimental results obtained, This fully choked condition corres-
ponds essentially to the case of having infinitely long cavities

trailing from the hydrofoils. This problem has been treated theoreti-
cally by Betz and Petersohn (36) using a hodograph method of solution.
Their results were used to calcul;,te the normal force coefficient CN
and turning angle ¢ for the two cases of the compressor configu-
rations, The normal force coefficient referred to is the normal force

acting on the hydrofoils referred to the upstream dynamic head.
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Figure 51 illustrates the comparison of these two quantities obtained
from theofy and from the experiment for the solidity of 1,25, The
values of 0,625 solidity are shown in the insert,

Firstly, let us consider the values of CN. At the lower angles
of attack there is a large discrepancy between the two results, but as
the angle of attack increases a fairly good agreement is reached for
both solidities. This behavior, however, is entirely justified since
at angles of attack below 6 degrees cavitation on the hydrofoils
commences at the leading edge but on the flat side of the hy.drofoil.
Under choked conditions, as will be discussed in the following section,
the _cavities originate from the under side leading edge on the one
hand and from a point three quarters of the chord downstream from the
leading edge on the upper surface. The net effect of this type of cavi-
tation would be to decrease the lift force as is indeed the fact., At
angles of attack larger than 6 degrees, normal cavitation occurs in
that the cavities spring from the leading edge on the top surface of the
hydrofoils and from the trailing edge.

Due to the excessive blockage occurring in the tunnel working
section under these choked conditions at the higher angles of attack,
one would expect the lift coefficients to be larger than those pre-
dicted by the theory. It seems that this is the tendency for the high
solidity case and is definitely true for the lower solidity.

As has been previously explained the wall angles in the fully
cavitating region were set to have uniiorm .Cavitation. It is therefore

not too surprising that some scatter should occur in these values,
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Surprisingly enough, though, the experimental values tend to distri-
bute themselves about the theoretical value. At the higher angles
there seems to be a definite tendency for the experimental values to
be much less than the theory even for the 0.625 solidity case, the
maximum difference being about two and one-half degrees. The
reason for this behavior is not entirely clear.

Although it cannot be said that very good agreement exists, it
seems reassuring that the values were of the right orders of magnitude
and that the trend in these results would lead one to suspect that in the
valid region of comparison where the cavity separation points are
fixed and the cavity occurs from the top surface of the foils, a ‘good
correlation would be obtained. Due to the limitations of the apparatus,
however, it was not possible to investigate this region further.

3. Cavitating Performance

A. Compresser Configuration, Solidity ¢ = 1.25: The

cavitating performance of the cascade is given in Figures 52 to 59,
Each of these figures shows the behavior of the force coefficient with
the cavitation parameter Kv for a given angle of attack «. The photo-
graphs illustrate the type of cavitation occurring on the hydrofoils at
various cavitation numbers.

The general behavior of all the graphs is seen to be similar.
During the region of partial cavitation very little happens to the force
coefficients and they virtually réemain constant. On decreasing the
cavitation parameter further, however, there is a gradual drop in the

lift coefficient, with a corresponding rise in drag and a change in
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moment. As the angle of attack is increased, these changes in the
force coefficients become more sudden. The experimental fully
wetted values are shown on these graphs as is the point of cavitation
inception and the point where the cavity becomes equal to the ch‘ord
length.

Comparing this behavior with the isolated hydrofoil study it is
seen that the initial increase in lift coefficient with corresponding
decrease in drag obtained in this latter case no longer holds. An
explanation for this may be found in the fact that at this rather high
solidity the pressure field of the neighboring blade effectively removes
any advantage gained from the initial cavitation. If this is the éase it
would be anticipated that at lower solidities some lift increase will be
apparent; this in fact occurs as will be seen later.

o Shown plotted in the graphs for a = 5% and 6° are theoretical
curves obtained from a linearized theory by the author of a cavitating
cascade of flat plate hydrofoils given in Reference 53 and reproduced in
Appendix IX., Only these two angles have been presented since at
lower angles of attack cavitation occurs on the bottom éide of the foil
making a formal comparison with the theory invalid. At 5% in fact this
type of cavitation takes place; however, the comparison is extended to
_include this borderline case. It will be seen that the experimental
values are above the theoretical ones by about thirty percent, Apart
from the linearization, this discrepancy is also due to the effects of
camber and thickness not accounted for in the theory. Note further

that in the theory the stagger is 45° whereas the experimental values
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are 40° and 39° respectively,

In Figure 60 a graph illustrating the types of cavitation occur-
ring on the hydrofoils is shown. The different regions are clea‘rly
illustrated in this figure. It will be seen that lower than 6° angle of
attack the cavitation passes through two distinct phases, whereas
above this angle the normal leading edge type cavitation is obtained.
The line of minimum Kv obtainable in the present tunnel arrangement
is also shown on the graph. The shaded area indicated in the figure
represents the unsteady regime of cavitation bridging the partially
and fully cavitating flow regions,

From 35 mm. data photographs similar to those showﬁ in
Figures 55(b) and 58(b) cavity length measurements were obtained.
E‘iggre 61 illustrates the behavior of the cavitation parameter KV with
cavity length to chord ratio for a few angles of attack. The region
spanning the chord length has been dotted to represent the unsteédy
region. From these graphs one of the basic experimenfal difficulties
in carrying out these cavitating cascade tests is brought out. It will
be noticed that for angles of attack larger than 2° the cavitatibn para-
meter reaches an asymptotic value fairly rapidly, usually before
£/c = 0,5, From then on the smallest change in tunnel pressure
will cause the cavity lengths to grow enormously. As can be
imagined it is extremely difficult t6 obtain repeatable data in this
region as the cavity lengths are quite hard to control. To obtain good
results many readings have to be taken.

No comparison is made with theory for the cavity lengths for
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two specific reasons. Firstly, the values of cavity length in the
partially cavitating region are obtained by judgment based on obser-
vation of the cavities and are therefore not extremely accurate.
Secondly, as already mentioned the cavities occur on the bottofn side
of the hydrofoils for all the angles of attack excepting 6°. A valid
comparison is therefore not justifiable in this instance.

B. Compressor Configuration, Solidity ¢ = 0.625:

Figures 62 and 63 represent the behavior of the cascade force
coefficients with cavitation. With reference to a previous remark, it
is seen that some initial increase in lift occurs with cavitation. As
the cavity approaches the chord length there is a corresponding
increase in the drag. This behavior closely resembles that of the
isolated hydrofoil case., The photographs again illustrate the type of
cavitation that occurs.

In Figure 62 the theoretical curve obtained from Appendix IX
of CL as a function of cavitation number is included for: a cascade of
0. 5 solidity and 45° stagger. The values are obtained at an angle of
attack of 6°. These cascade parameters were the closest to the
experimental ones available from Reference 53,

Figure 64 illustrates somec values of cavity length measure-~
ments obtained from the photographs. The values obtained from the
linearized theory presented in Appendix IX are also shown plotted for
the case of 0.5 solidity and angle of attack of 6°. Although the
cascade parameters are not the same and therefore a comparison is

really not justified, it is interesting to note that these values are of
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the same order of magnitude. Values of the theory for the exact
cascade values tested were not available from the computed data
obtained from Reference 53,

4, Unsteady Flow Results - From the traces on the printouts

from fhe oscillograph the frequency of the pressure pulsations in the
tunnel caused by the fluctuating cavity could be determined. It was
found that in general although there was a phase shift in the pressure
responses, the basic frequencies at all the pressure points were the
same and corresponded to that of the cavity fluctuation as observed by
a high speed movie camera. For the region of maximum oscillations
the frequency of vibration was again found to be a function of v\elocity
as previously obtained in the isolated hydrofoil case. These runs |
were taken at an angle of attack of 9° with the 0.625 solidity com-

pressor, The results are shown in Table III

TABLE III

Velocity ft/sec | Frequency c.p.s. | Reduced Frequency cf/V

31.55 12,62 0.13
27.90 11.79 0.14

A sample of one of these traces is shown in Figure 65.

Following the procedure outlined in Appendix VIII, the
fluctuation in velocity was determi./ned at the plane of the nozzle
orifice, 30 inches upstream from the balance center line. It was

found that during the period of maximum oscillation at a nominal



_83-

tunnel speed of 31,58 ft/sec and a cavitation parameter of 0. 63 the
velocity at this plane could be represented as

VN =21.73 + 1.12 cos (wt + ¥) ft/sec

where ¥ = 73022', the phase of the velocity with respect to the
pressure fluctuations. From this result it is seen that the amplitude
of the fluctuating velocity component is about 5 percent of the mean
flow velocity. This somewhat surprising result would indicate that
the fluctuation in velocity is not only due to the cavity volume change,
which would only account for about three percent of the abéve value
(estimated from approximate cavity size measurements taken from
the high speed movie), but must arise as a consequence of the
dynamic respohse of parts of the tunnel itself,

It is entirely likely that the nozzle inserts, which, ii; may be
recalled, are manufactured from polyurethane, are susceptible to
dynamic response. In point of fact, some delays were caused in the
initial phases qf the experiment due to these inserts "breathing'.
Since the nozzle orifice was located in a plane containing both these
inée_rts, they may have contributed to this fluctuation. However, it
would seem worthwhile to investigate this point further since if the
effects are inherent in the tunnel, the running of unsteady flow experi-
ments would be subject to these effects,

The behavior of the cavity (iuring this period of oscillation is
very similar to that occurring in the single hydrofoil case. Further-

more, a close examination from the movie strips of the relative
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" behaviors pf such cavity lengths on each hydrofoil indicates that no
?ropagation of the cavity occurs along the cascade. However, these
results were obtained from the low solidity compressor having only
three blades. It had been thought that perhaps the unsteady cavitation
would propagate along the cascade axis in a similar fashion to the
phenomenon of propagating stall experienced in many turbo-machines.
This observation would necessarily have tb be taken as a preliminary
one until the apparatus is modified so as to accommodate more blades
at a lower solidity than is at present possible. These modifications
of the apparatus for extending its versatility will be discussed in the

following section.,
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X. CONCLUSIONS

PART I - Isolated Hydrofoil Study

The characteristics of a plano-convex hydrofoil have been
described for non-cavitating and cavitating flows. It was found that
the cavitation behavior can be divided into three regimes: a partially
cavitating region, a fully cavitating region, and a region separating
these two in which the flow is always unsteady.

In the partial and fully-cavitating regions the forces are steady
and well defined in terms of the cavitation number and angle of attack.
In the unsteady zone, however, the forces fluctuate and the cavity
oscillates violently. The fluctuating normal force on the hydrofoil
measured in the present experiments has an amplitude variation of
+ 10 percent of its mean value. The reduced frequency of the force
oscillations appears principally to be a function of the angle of attack,
Reduced frequencies based on chord length and tunnel velocity are in
the range of 0,10 to 0,20 for angles of attack of 10° or less and for
the tunnel velocities used., For the present tests the cavity fluctu-
ations are in phase with the force oscillations and the variation in
cavity leﬁgth is of the order of 60 percent of the chord.

The present investigations of the unsteady region of cavitation
on an isolated hydrofoil were carried out with the aim of acquiring
some information on the processes involved and to obtain a general
qualitative and quantitative picture of the unsteady phenomenon.

Clearly much work has still to be carried out before a complete



-86-

understanding of this region of cavitation is fully realized. Experi-
mental and theoretical studies to determine the effects of tunnel

boundaries and possible free surfaces are also necessary.

PART II - Cascade Study

During the course of this investigation several limitations of
the experimental configuration used became apparent. Although the
design requirements of the modifications to the existing working
section were entirely satisfied, it was found that for the basic solidity
used larger turning angles than could be accommodated were required
in order to obtain a comprehensive survey of the performancebof the
cascade. Furthermore in the turbine configuration the blockage
effects of the cascade and the movable walls were too large to enable
éupércavitating performance of the cascade to be realized. For the
0.625 solidity these effects were greatly reduced and the scope of the
experiment in this case was increased, in that larger ahgles of attack
can be considered while still being able to cope with the flow turning.

A remedy for this situation is to decrease the chord size of the
models used in the test., This, however, would necessitate manu-
facturing models from high grade stainless steels. With this modi-
fication lower solidities could be achieved. The shortening of the
movable walls would further help in extending the range of turning
angles obtainable.

It was previously pointed out that in the region of full cavitation

a constant bubble length is extremely hard to maintain. It is thought
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that this effect is partly due to the unsteadiness in the flow through the
;Norking section due to the sudden discharge of water into the diffuser
section; The installation of some form of exit flow guidance at this
point would help in alleviating this effect. It is contemplated a§:
‘pres ent to install a honeycomb at this section in order to achieve this
purpose. This addition has not, as yet, been undertaken as it
requires some changes in the basic tunnel design.

The results obtained in the present tests include the perfor-
mance characteristics of two compressor cascades of solidity 1.25
and 0,625 under varying conditions of cavitation from non-cavitating
to fully cavitating flow, Also presented is the fully wetted performance
of a turbine cascade of 1,25 solidity. It isfound that as in the casek of
the isolated hydrofoil the cavitation can be divided into the three
l;egions, those of partial cavitation, full cavitation and anv unsteady
region separating these two. Comparison of the experimental résults
with those of existing theories shows fair agreement. The questions
of real fluid effects such as side wall boundary la_yer gvrowth and
secondary flow losses occurring in the cascade were n‘ot investigated.
These losses contribute greatly to the discrepancies exiéting between
experimental and theoretical results. However, it is found from the
results of the present investigations that these discrepancies are not
as large as those found in aerodynamic cascade tests when no
account is made for the above viscous effects.

The data obtained from the cascades investigated are sufficient-

ly encouraging to state definitely that the basic design and procedures
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used in conducting the present tests have proved the feasibility of using
the water tunnel as a cascade tunnel, Certain modifications, as those
previously mentioned, are necessary to ensure greater adaptability

of the apparatus, but meaningful results have been obtained with the

present configuration.
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Fig. 6(a) - Isolated hydrofoil model

4{@7)——
\

Fig. 6(b) - Definition of positive sense of torces and moments,
The model dimensions are: ¢ = 2.77 in., t= 0.19 in.,
R=>5in., S=2.8b5 in.



-99.

Fig. 7 - General test set up for steady force runs showing
manometers, force balances and recording cameras

Fig. 8 - Test set up for oscillating runs showing high speed movie
camera and recording oscillograph in vertical position
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B. K =0.480

Fig. 13(b) - Cavitation occurring on a plano-convex hydrofoil at an
angle of attack of 4~ at various cavitation numbers, K.
The letters are those referred to in Fig. 13(a).
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A, K=0.183

Fig. 14(b) - Cavitation occurring on a plano-convex hydrofoil at an
angle of attack of 6© at various cavitation numbers, K.
The letters are those referred to in Fig. 14(a).
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C. K=0.730

o S WYL ’g.j_w;i“'ﬂ‘ ks ':“E g

E, K= ;890

Fig. 14(b) - Cavitation occurring on a plano-convex hydrofoil at an
angle of attack of 6© at various cavitation numbers, K.
The letters are those referred to in Fig. 14(a).
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B. K= 0.522

Fig. 15(b) - Cavitation occurring on a plano-convex hydrofoil at an
angle of attack of 8% at various cavitation numbers, K.
The letters are those referred to in Fig. 15(a).
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A, K =0,331

B. K = 0,56l

Fig. 16(b) - Cavitation occurring on a plano-convex hydrofoil at an
angle of attack of 109 at various cavitation numbers, K.
The letters are those referred to in Fig. 16(a).
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Fig., 26 - Traces of the oscillating force as recorded from the strain
gage output as a function of time. Each time division
represents 0.1 seconds. The zero force datum is also
illustrated at the bottom of each picture. The tunnel speed
is 31,4 ft/sec at an angle of attack of 6°. The sequence
begins with the top trace taken at a cavitation number of
1.69 and proceeds downward with corresponding cavitation
numbers of 0.18, 1.03, 0.93 and 0,48, The point of
maximum oscillation is given by the fourth trace.
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lift

moment

Fig. 27 - Response of balance system to shock excitation in the lift,
drag and moment directions respectively. The time base
is 10 msec/div.
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PART 1I

Figures 28 - 65
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Fig. 29 - Experimental set-up for 1/6th model tests.
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Fig. 34 - View of the actuating mechanism mounted in the tunnel for
for changing the downstream wall angles.

-

Fig. 35 - View of the tunnel working section with the center foil
mounted to the balance spindle.
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Fig. 36 - The lucite window with four hydrofoils mounted ready for
assembly in water tunnel.

Fig. 37 - The final arrangement of the cascade in the water tunnel.
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Fig. 38 - Views of general working area.,
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Fig. 40 - View of manometer for measuring cavity pressure and
balancing bridge network for directional probe and the force
balance.
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Fig. 41 - Definition of cascade parameters and other
notation used. ‘
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Fig. 55(b) - Cavitation occurring in a compressor cascade of solidity
g =1.25 for various cavitation parameters Kv at an angle
of attack of 2°, ’ '
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fo) I
K =20.13 0= 424
v

Fig. 58(b) - Cavitation occurring in a compressor cascade of solidity
o = 1,25 for various cavitation parameters KV at an angle
of attack of 5°. ' '
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K =0 o3¢
,=0.15 o = 5°30

Fig. 62(b) - Cavitation occurring in a compressor cascade of solidity
o = 0.625 for various cavitation parameters K_ at an angle
of attack of 8°, : v :
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o, 4!
K =0.19 6=530
v

Fig. 63(b) - Cavitation occurring in a compressor cascade of solidity
o= 0,625 for various cavitation parameters KV at an angle
of attack of 9°,



*G79°0 = 0 £31p1[OS Jo °prOSED .WOmmm.HQEoo ' Ul XOBI}E JO
so78ue om} 107 oI PIOYd 03 A11A®D JO Y3SUS[ oyl JO UOIIdUNF B se 3] xojowexed uvoljeirae) - § wﬂm
9 joy T°U3l ;¥ m 9

Ay *Y43ILINVHEVL NOILVLIIAVD

7 ‘0ILVd - QHOHD - 0L — ALIAVD
2 22 02 _ 8| 9l T 21 o'l 80 90 t'0 20 o)
T .
_
e | .
1% ——— | lbm |
N
om // _
h e N 0
N =
/+ ~N~
& o~
n _I B E—— :
— t N 9'0
_ —_— N
_ " //Ok
| // o8
_ \
\ o'l
I ‘
| 00,9=7 ,Gv=g ‘0650=20 ,
_Gu XION3ddV) ANO3H1 LN3S3Hd \
A 2
: _ \
g290:=0 _ \
_ \
vl




-160-

.uom\moﬂ;o G°Z1 st »oﬂmﬁ@onm Tejudwepuny oYL °‘,6 JO O®IIe jo 9[Fur U Je SI [9poW
oYL °¢9°0 = 3 J93owered UOIIRIIABD ® UYIIM D9S/1F 8G *I¢ ST paads [suunj ay[,
'G29°0 =

= 0 A3TpP1[OS JO 9peosed 105591dW0D B 10 SUOTIBI[IOSO WNWIXBUW JO SUOTIIIPUOD

Iopun [ouunj oyj ut sjutod sSnNoOlIeA Je poinseaw sainssaxd wnﬁ.mﬁpu.pﬂ 2Yyj1 JOo s9d®IT ~ 69 .mﬂm




-161-

APPENDIX 1

NOTATION AND SYMBOLS

A, B, C constants
A plan form area = (s x c)
C chord length
CD drag coefficient = ———D—z—
ApV~T/2
. . . L
CL lift coefficient = ——
ApV©T/2
C moment coefficient = ————2—-M
M AcpV~/2
CP : : pressure coefficient = AIZ)
' pVvV—/2
I drag force on model
f frequency of oscillations
i ' V-1 -
P - pk
K corrected cavitation number —
pVT/2

Kv cavitation number based on vapor pressure

P-P,

pVe/2
1 cavity length
L lift force on model
M moment on model about center of section
P tunnel static pressure

Py measured cavity pressure
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vapor pressure of water
radius of circular surface of model

Reynolds number = -‘-;-‘3—

span

thickness of hydrofoil

tunnel velocity

velocity components in x, y directions
u - iv, complex velocity function

x + iy, complex physical plane

angle of attack measured from chord line

stagger angle, angle between normal to chord
line and cascade axis

cascade angle, angle between axis of cascade
and normal to upstream velocity

deviation angle, angle between exit flow
direction and tangent to circular surface
at the trailing edge

distance of center of pressure from leading
edge

kinematic viscosity of water

turning angle measured between upstream flow
and downstream flow directions

transformation parameters, defined in text

auxiliary functions, defined in text -
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density of water
solidity, ratio of chord to spacing

¢ + in, auxiliary complex plane

denotes upstream conditions
downstream conditions
mean conditions
homogeneous solution
perturbation components

complex conjugate quantity
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APPENDIX II

TARE FORCE CORRECTIONS FOR ISOLATED HYDROFOIL
TESTS

Presented here are the results of the tests carried out to
determine the tare forces acting on the hydrofoil mounting disk.
The results have been reduced to coefficient form to facilitate
their application to the test data.

Fig. A2.1 shows the lift force acting on the disk as a
function of the cavitation number for different angles of attack.
Fig. A2.2 indicates the behavior of the drag force and Fig. A2.3
illustrates the tare force corrections for lift, drag and morﬁent
in fully wetted flow, as a function of angle of attack.

The detailed method for obtaining these results, as

previously mentioned, is reported in Reference 14.
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0.09

0.08"

FULLY WETTED

0.07

0.06

0.05

0.04 4

/LIFT

"0.03 /

0.02 -
v

0.0l
B i

DRAG

.=0.01

\LMOMENT

—=0.02

—4 -2 0 2 4 6

ANGLE OF ATTACK, a

Fig. A2.3 - Tare force coefficients as a function of angle of attack

for non-cavitating flow.
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APPENDIX III

CORRECTIONS FOR MODEL INTERFERENCE
EFFECTS FOR ISOLATED EXPERIMENTS

The method of correcting for the model interference effects
is presented in this appendix. Before proceeding with the method used
it must be stated that this correction endeavors only to account for the
induced circulation by the model and does not deal with other tunnel
effects such as the wall effects and static pressure gradient effects.

The notation to be used is illustrated in the following Figure.

Ap

=
o
)
m
~
©

Fig. A3.1 Diagrammatic sketch illustrating notation used in
applying model interference corrections.
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Th¢ method is designed so as to apply the corrections to the
results in coefficient form. The procedure used is as follows: The
static p.ressure was measured at all the pressure taps in the wprking
section (pO ) pok)’ as was the differential pressure used in cal:culating
the dyhamic head Ap, for the entire range of velocities used in the
experiment,

All conditions of cavitation on the model at various angles of
attack were considered. The differential pressure across j:he main
nozzle Ap, was recorded and this reading used as a reference, it beihg
relatively insensitive to the circulation effect. The lift force on the
model was also recorded, this being a measure of the induced‘gii'cu—
lation around the hydrofoil.

" The ratio

Py = Py
AP

_4p
Ap

T T

e
b

is then plotted as a function of CL , the lift coefficient based on the
uncorrected dynamic head Ap. This ratio is a function of CL’ say

h(CL). The value of this function at zero lift is defined as

h(0) =  (a3.1)

where we now define p as the true working section static pressure.
From these results the following correction procedure can be

evolved. From equation (A3.1) we find
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P - P, p, - h{O)ap . - p
AP ) AP
h(Cy) - h(0)

hence

The force coefficients obtained directly from the experiment
are defined as (in suitable units)

c, F

_ F
£ 7 Ap, - p,) Ap

The corrected force coefficient, however, is

C. = F
£ B, - P
hence we obtain
Ce= rTC T '

2 L Py

_ P

S Ae {1 -G ’
c. _-

i.e. cle_:_ﬂq)— (A3.2)

Thus the corrected force coefficient may be calculated from the
force coefficient obtained from direct measurement, once the

‘function f(CL) has been determined.

In a similar way, the cavitation number can be corrected.
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Since the measured cavitation number is given by

w* - Dok~ Pk
Ap 3

the corrected cavitation number can be expressed as
(P - py)
K =
(PZ -p)

HCp)ap + py - Py
pz - f(CL)Ap - pO ’

HCp AP + Py - Py - Py T Py |
CTTE [T - o] |

£Cp) + K - 6Py
1 - f(CL) 1 - f(CL) Ap { 1 - f(CL)} ’
1 sk 6pk
K = 1 - K +{f(cL) -_&5-} . (A3.3)

All the functions in equations (A3,2) and (A3.3) can be deter-
mined from the calibration tests, hence the corrected force coeffi-
cients and cavitation numbers can be found.

The functions

1
T e (e -5

are shown plotted in Fig. A3.2.

The results show quite a large scatter particularly in the

latter function. This is due to the fact that the pressure differences
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5pk.being measured are quite small and due to the normal surging in
the pressure lines to the manometers this difference is extremely
difficult fo obtain with accuracy, thus giving rise to the large scatter.
This effect is also apparent in the graph for the function 1/ {1 - f(CL)}
although here the effect is relatively much smaller and a definite
trend in the correction with lift coefficient is evident, At a lift
coefficient of 1.0 this correction is approximately 3 percent.

The corrections have been presented as functions of lift only,
This is not to say that there is no drag effect on the measuréments,
A drag effect was looked for in the results but this, it is felt,. was
lost in the scatter as the drag effect at the angles of attack inves‘tvi-‘ ‘
gated are of the same order of magnitude as the scatter obtained.

It seems, therefore, that short of improving the accuracy of
thé nérmal measuring techniques the drag effect is unobtainable at
these low angles of attack. However, at larger angles of battack, bf
the order of 250, this effect should be apparent.

The points shown plotted, as mentioned, cover all the experi-
mental conditions investigated. However, no endeavor is madé to
distinguish these points as no definite dependence was observed on
velocity, static pressure, etc.

It would seem, at first glance, that no correction would be
necessary to the data at zero lift, This is indeed the case for the

factor 1/ {1 - f(CL)} which is unity at zero lift., The factor

P
{f(CL) - ——A—_gf} , however, incorporates in it a correction which

accounts for the use of two different pressure taps Pok and P,
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in the working section for the determination of the cavitation number,
At zero lift we see that, since £(0) is zero, -5pk/Ap has the value

0.02, approximat ely,

P, - P
ie. o ok ~ 0,02 .

AP
This pressure difference arises from the boundary layer effect and
its value, in fact, checks with calibration results of the two-
dimensional working section obtained in Reference 14.
The corrections were applied to the results in the following
manner. The force coefficients and cavitation number are calculated

from the experimental readings. For each data point the corrections

oP
1/ {l - f(CL)} and {f(CL) - F}{—} for the given lift is read off

Fig; A3.2, and applied to the results. The tare force correction is

then applied and these final results are the ones shown plotted.
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APPENDIX IV

LINEARIZED THEORY OF PARTIALLY CAVITATING
PLANO-CONVEX HYDROFOIL INCLUDING THE
EFFECTS OF CAMBER AND THICKNESS

The present appendix deals with the linearized treatment of the
flow over a single hydrofoil having a flat pressure surface and a
circular arc suction side. The flow is treated as a two-dimensional,
steady, inviscid flow. Further assumptions made are thoée of incom-
pressibility and irrotationality.

Formulation of Problem - The hydrofoil is held at an angle of

attack, ¢ to the free stream velocity, V as illustrated in Fig. A4.1.
For the present problem it is assumed that a cavity forms on the top
side of the hydrofoil starting at the leading edge. The cavity then
terminates on the upper surface. The angle subtended by the tangents
to the circular surface at the leading and trailing edges, £, is
assumed to be small as is the angle of attack, ¢. These assumptions
a‘re in keeping with the linearized theory (9).

With these assumptions it is possible to consider the velocity
field as a perturbation on the free stream velocity V, allowing one to
write the velocity at any point in the fluid as

g = Vl+u,v) = V(u v)

1 1
where u, v are the perturbation components. Furthermore the

equation for the circular arc suction surface can be written in the form
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g_xﬂ_= %(1-zx) .

The boundary conditions on the velocity function, within the
framework of the linearized theory, are therefore, with the help of
Bernoulli's equation,

v -Ve + \Q—Q (1 - 2x), for the top wetted surface

i

v = -Va , for the bottom wetted surface

(=]
1

= V(1 + E{Z) ’ on the cavity surface,

K is the cavitation number defined as

p-p

where
= pressure at infinity

P
p, = cavity pressure ,

These boundary conditions are applied along a slit representing fhe
body in the physical plane, as illustrated in Fig, A4.2. ' |
From the initial assumptions that the velocity is incompres-
sible and irrotational, the function
W(z) = u-iv
is therefore an analytic function of the complex variable z.

The transformation

where
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transforms the slit in the =z-plane into the upper half {-plane, such
that the entire real axis of the {-plane becomes the surface of the
foil, Fﬁrthermore the region 0 < ¢ < 1 becomes the cavity surface.
With this transformation the point of infinity in the z-plane‘is trans-
_formed> into the point ia in the ¢ - plane as seen in Fig., A4.3. The
relevant boundary conditions are also shown in this figure;

Further conditions to be satisfied are that the velocity at
infinity be equal to the free stream velocity V, i.e.,

lim w(z) = V
zZ —>®©

and that the cavity-hydrofoil system form a closed body, Thisv‘
requirement may be expressed as
/dh = 0
body

where h represents the ordinates of points on the body-cavify system.

Furthermore, é,t the trailing edge, due to the finite trailing
edge angle of the »hydrofoil, the velocity must behave logarithmically
there, This replaces the usual Kutta condition at the trailing edge.

Considering the function

w(z) = W(z) - V(1+ 2)-iVa,

~in the {-plane, we have:

]
o

Imaginary part w -0 < £ <0

Real part w = 0 0 <¢ <1

- %Sl-[l -zx(g)] 1<g <o

If we continue w(z) analytically through the interval 0 < £ < 1 into

Imaginary part w
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the lower half plane, such that

W(Z) = W(l;) ’
then the real part of w is an uneven function of N and the imaginary
part of w is an even function of 7, We can thus formulate the

following boundary value problem in the ¢-plane.

w +w =0 -2 < g <0
wi-w = 0 0<g <1
wl ot w =

. VQ
—21—2—[1—2)(({;)] 1 <.g < @
where the superscripts refer to the value of w(¢) as n—>% 0,

The problem thus reduces to a Hilbert problem the solution of which

can be found by applying the procedures given in Reference 49,

Solution of Problem

Let us first consider the homogeneous problem

H 4 H = 0 @ <E <O
HY - H = 0 0 <& <1
HY +H = 0 1 <g <o

It can be seeﬁ that H(¢) is continuous for 0 < £ <1 __but has a jump
for ¢ outside of this range. A function satisfying these gohditions is
S Py
where we take the branch cuts of H to be along the real axis outside
the interval 0 < ¢ < 1, and we further require that
H ~ ¢ as {—
We now consider the function, G(¢) = %7(—8 . The boundary

conditions for this function are



+ -

G+_G._=_“_’+_ _.\_N___=(W++W-)/H+=O - @ < §<O
H H

+ - w' v + - +

G_Gz__r_____=(w_w)/H=0 0 < g < 1
H H .

+ - w' W + - + : ‘

G -G = T - —_ = (W +W)/H = -iVQ [l—ZX(E)]
H

" VEE-1)

1 < £ <@
Now, by means of Plemelj's formula, we can express an analytic
function in the upper half plane by its values along the entire real axis

according to the formula

dx

R

-0
+ -
where f(x) = { {x}) -1 (x).
Accordingly, we obtain
Gly / Lo2x(E) g
‘/g(g - 1) (g -8)
This solution represents a particular solution of the problem; the

general solution is given by

w(t) Jc(c-lfl—lﬁ‘—‘g)—— dg + PL) gLt - 1)
EE - 1) (£ - L) J

where P({) is a rational function of f which can have poles only at
the points £ = 0, 1. Since the trailing edge is at infinity in the

¢ -plane, w({) can at most behave logarithmically there. This
behavior is a consequence of the linearized thickness effect. Hence

P({) can only be of the form
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AL + B
£ +1)
where A, B are real constants. We finally get for our solution
@D
vQ 1-2 A B
wit) = - P2y - 1) x(£) s

1#ag-1>@-4) Jc@-l) ”

where x(£) can be obtained from the transformation equatlon as
2
x(g) =
£ + a
The constants A and B can be evaluated from the condition that

w{) = V at { = ia.

As we will only be concerned with evaluating the above

integral at { = ia, we can write the above integral as
’ 2 2
I = f&__: g )2 5= 1af ) dg
X E(E - 1) (£7 +a") e(e - 1) (£ +a)

For purposes of computation it is more convenient to change the

limits of integration to a finite interval. By successively substituting

£ = 1/t and t = 1 - XZ, the above integrals reduce to
1 1
2.2 2.2
[ = 2 (""—t:_lf)-z- dx + i 2a f -(a—f—-%-%)—z dx
(1+a"th) (1 +a"t™)"
o o

or, I = Il+ iIZ,

where Il and I2 are functions of a only., The integrals are repre-

sented in this fashion as it simplifies the numerical integration
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process. It is possible to evaluate these integrals in closed form but
this leads to a very complicated and messy expression which is not
very useful,

As mentioned these integrals will give a logarithmic beilavior
at infinity in the ¢-plane - corresponding to the trailing edge in the
physical plane - due to the finite angle subtended there. 'The constants

A and B can now be evaluated. After some manipulation we obtain

1
2.4 , :
A= -VQ-I-—a)— [—Ié—sin%- + acosl‘b_l

7}

2z
+lz/';r£(1+a2) [Il sin¥ + I, cos ¢/]

2
and 1 %
B = -Va-Z (1 + az) [%{-— cos % - @ sin %i\
1
+ ’ZVTr—Q a {1+ az)-z |:I1 cos ¥ - .12 sin q’/]
where ¥ = 7w + tan”! 1/a. These expressions express the constants

A and B in terms of the parameter a only. The first terms in the
above expressions correspond to the flat plate solution and the
camber and thickness effects are incorporated in the second terms.
The relationship between the cavitation number K and the
cavity length £ is obtained by applying the closure condition. This

condition may be written in the following form

fdh: fvdx:O

body body
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or

Im f W(g)_j{-dr, -0
body

where Im denotes the imaginary part of the integral. Furthermore,
we are interested in the lift on the body. Within the limitations of

thin airfoil theory this is given by

CL = —%% ./r u dx
body
or
2 dz
CL = - Re fW(g)at dg
body

where Re denotes the real part of the integral., Since the body is now

the entire real axis in the {-plane, we have to evaluate the integral

K = fwm)%g- dt
4

2
where dz _ 2a%

E " ia)P(L + i)

Since dz L as { 7> %® there is no contribution to the integral
T £

by completing the contour by a large circle R and letting R — o .

The value of the integral is then given by the residue of the integrand

~ at the double pole { = ia. Since the integral traverses the body in

a counter-clockwise fashion in the =z-plane which corresponds to a

clockwise sense in the {-plane, we have

K = -2mi [Residue at L = ia]
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which reduces to

K= -ma dw
B dC | ia °
Carrying out the indicated procedure and separating the result into

real and imaginary parts we obtain, after considerable algebra, the

following expressions for the closure condition and for the lift

coefficient
1TrA 3 cos-—3z¢—/ + 31TB 3 [sin—?%[/-+2asin§r(p]
ZVaZ(l + aZ)Z 2Va2—(l + az)Z
1 1
+ 92— aZ (1 + a.z)Z [(% IZ - 14) sin(-é/- + I3 cos-lg-:l
+ —S'42— T—-——l——I 1[11 (sin-‘é + 2a COS%}- )
. aé-(l + az')4
- 12 (cos-—zl'{{ - 2a sin%)] = 0
and 1
CL = .._-TTAE._3 sin%l-p—{- T ™8 3 [cos%{’y:— 2asin-§-qi:l
V(1 + aZ)Z Va-z(l + az)Z
3 1
-Qa-z(l+a) (-é--I2 - 14)cos%- 13 sin%]
1
2z /
+—S23————-i-——1_ I1 (cos% -Zasin%)
(1 + aZ)

+ 12 (sin% + 2a cos-(éj-)]

where
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1
2, 2,2
I3=4aft(at ‘é) dx
2.2
o (1 4+a"t")
1
3, 2,2
_ 2 t7(a"t” - 1)
14—43. 3 dx

1+ aztz)

From these results the graphs shown in Figs., A4.4 -A4,17
were obtained., The computations were carried out on the 70_94 IBM
computer. The range of values investigated was for angles of attack
from 2% to 10° and values of Q, or alternatively thickness ratios from
2 percent to 10 percent.

Limiting Cases:

If we consider the case where 2 = 0 then we are dealing with
a flat plate, The solution of this problem has already been given by

Acosta (13) and Geurst (18). On carrying out the above procedures with

Q2 = 0 we obtain
1
K 1 2 2 z
(/e - 1)% 2 2
and
C. = 1+ 1
1, = Te 1
0 -2y

which are the results previously obtained by the above authors. Note

that as £— 0 in the above we obtain
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C. — 2ma

L
which is the fully wetted result for the flat plate.
Discussion:

The effect of angle of attack on lift coefficient for a given
thickness ratio is shown in Figs. A4.4 to A4,10as a function of
cavitation number. As would be expected the lift coefficient
increases with increase in the angle of attack, In the linearized
theory the validity of the results is usually restricted to a certain
range of cavitation numbers due to the type of cavity closufe used.
For the present case this range of validity holds for values of cavity
length-to-chord ratio less than about 0.75. This is apparent from
Figs, A4,11to A4,17 where it is seen that the cavitation number
reaches a minimum value at this point, Values outside this range
would give rise to the possibility of two cavity lengths for any given
cavitation ‘number.

It will be noticed from the curves in Figs, A4l to A4.17 that
as the angle of attack increases the cavity behavior approaches that
of\the flat plate case, t/c = 0. This trend can be interpreted as the
fact that at the higher angles of attack the profile section has little
effect on the cavity shape, a conclusion that may easily be reached
 from geometrical considerations of the cavity-body system.

Figs, A4.18 to A4.21 are cross plots of the above results
illustrating the effect of profile contour on the performance of the
hydrofoil under cavitating conditions., Only curves for two angles of

attack a = 60 and 100 are shown., It is seen that the effects of
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camber and thickness are to increase lift at any given cavitation
number with a corresponding increase in cavity length,

It should be noted that the above calculations are based on the
assumption that the cavity arises from the leading edge at all times.
Under certain configurations of angle of attack and thickness ratio this
assumption may not be physically possible, as brought out by the
findings of the present experimental investigation where at lower
angles of attack a cavity starts downstream of the leading edge at the
point of maximum thickness. This should therefore be kept in mind
when applying the above results,

It may be noted that the fully wetted results obtained frorﬁ this
linearized theory for a hydrofoil of 7 percent thickness ratio give a
zero lift angle of attack of -4018‘ with a corresponding lift coefficient
of 0.442 at zero angle of attack. This compares with values of -4010I

and 0,479 obtained by conformal mapping techniques.
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Fig, A4.1 - Partially cavitating plano-convex hydrofoil.

iy

z - PLANE

Fig., A4.2 - Linearized problem in physical z-plane

v=—-Va _U:\i(lj'_-g—_) v=-Va+%z[l—2x(i)3
0 +1 ¢
[ - PLANE

Fig. A4,3 - Transform {-plane.
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Fig. A4.4 - Lift coefficient versus cavitation number K at
various angles of attack ¢ for a thickness ratio
of 0%.
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0.5 1.0 1.5 2.0 ' 2.5

Fig. A4,5 - Lift coefficient versus cavitation number K at

various angles of attack «¢ for a thickness ratio
Of 270.
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Fig. A4.6 - Lift coefficient versus cavitation number K at
various angles of attack ¢ for a thickness ratio

of 4%,
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Fig. A4.11 - Ratio of cavitation number to twice the angle
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a thickness ratio of 0%,
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Fig. A4.12 - Ratio of cavitation number to twice the angle
of attack a as a function of cavity length-to-
chord ratio at various angles of attack « for
a thickness ratio of 2%.

1.2



|=

N
Q

-197-

~
5
N
v
)
~

o
K;
\

\
N
<

A & |7
N
t loo
5
0 0.2 0.4 0.6 0.8 1.0

Ol
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Fig. A4.15 - Ratio of cavitation number to twice the angle
of attack @ as a function of cavity length-to-
chord ratio at various angles of attack « for
a thickness ratio of 7%. '
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Fig. A4.17 - Ratio of cavitation number to twice the angle
of attack @ as a function of cavity length-to-
chord ratio at various angles of attack « for
a thickness ratio of 10%. '
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Fig. A4.20 - Ratio of cavitation number to twice the angle of

attack as a function of cavity length-to-chord
ratio for various thickness ratios at a flxed
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APPENDIX V

CALIBRATION OF MODIFIED TWO-DIMENSIONAL
WORKING SECTION '

The calibration of the modified working section was undertaken
with several aims in view. Since this particular arrangement had
never been run before it was of interest to determine whether the
design was performing as anticipated and to obtain some idea of the
flow characteristics and boundary layer effects. The influence of the
movable walls on the pressure distribution in the tunnel was alsé
investigated. The main purpose of the calibration, however, was to
correlate the readings of static pressure and differential pressure
obtained at the measuring orifice in the nozzle with those measured
at a pressure tap located 6 inches upstream of the balance center line.
This correlation would enable all static pressures and differential
pressures during the tests to be taken at the nozzle orifi_ce, thus
obviating any model influences on these readings. The ﬁozzle orifice
was deemed to be sufficiently far upstream from the cascade that
effects due to circulation and drag would be of negligible importance,

The tests were conducted in the following manner: For constant
tunnel speed, static pressure readings were taken at 6 inch intervals
along the center line of the tunnel over the entire length of the working
section. These readings were recorded with respect to the pressure

in the settling chamber with the multi-tube mercury manometer., The
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static pressure at the nozzle orifice was recorded on a well-type
mercury manometer and the differential pressure across the nozzle

to this péint was recorded on the oil manometer. From these rgadiﬁgs
the static pressure distribution along the tunnel center line was found.
These feadings were repeated for several tunnel speeds,

At each tunnel speed the tunnel ambient pressure wé.s changed
and the tests repeated for various pressures to determine if any effect
was discernable on the correlation function between the nozzle orifice
and the working section orifice, These runs were all carried out with
the walls parallel. The effects of changing the wall angles on the
pressure distribution in the tunnel were also investigated.

Fig. A5.1 illustrates the pressure distributions in tunnel
working section together with the effects of varying wall angle for the
threé tunnel speeds investigated, viz., 15 ft/sec, 25 ft/sec and
35 ft/sec., The pressure coefficients are referred to the static
pressure at the orifice 6 inches upstream from the balanée center
line. The nozzle orifice reading is shown at -24 inches__. It will be
noticed that the pressure coefficient at this pressure point is little
affected by change in wall angle. Furthermore, it is seen that there
is very little pressure undershoot at the nozzle throat which confirms
‘the expectations of the design. Thus little chance exists for cavitation
to occur here. This was further confirmed by running the clear tunnel
at very low pressures. The general behavior of the curves is fully as
expected. The boundary layer effects in the parallel walls are quite

reasonable, being 4 percent of the dynamic head 30 inches downstream
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from the reference point.

Fig. A5.2 gives the correlation function, f, essentially as a
function ‘of tunnel speed represented here by the differential pressure
Hl’ across the nozzle to the nozzle orifice. The results shown repre-
sent the averages of many readings, However, extremely little
scatter occurred in these readings. The function f is defined as the
ratio of the differential pressure, HZ’ across the tunnel nozzle to the
working section to the differential pressure, H1 . It will be seen that
this ratio is very nearly constant over the range of velocities
examined, indicating that there are virtually no Reynolds number
effects on this reading,

The evaluation of this function enables the true dynamic head
and the tunnel static pressure in the working section to be determined
ffoﬁ readings of these quantities at the nozzle orifice, These are

obtained simply as follows. Since

H

1 = Py-pPy and Hy = py-pg
and since
| f .2
Hy
we thus have
H, = H,f(H)) (A5.1)
and
Pp = Py - [f(Hl) - 1] Hp (A5.2)

Therefore, knowing f, Hl’ and Py One can determine HZ and Prpe
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Under test conditions therefore we obtain from equations A5, 1
and A5.2 the dynamic head and tunnel static pressure that would exist

in the clear working section.
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APPENDIX VI

METHOD OF SETTING THE DOWNSTREAM WALL ANGLES

The iteration procedure used for setting the wall angles in the
fully wetted and partially cavitating regions is presented here. Before
describing the method the relevant formulae used will be derived for

both the compressor and turbine configurations.

Compressor Configuration - With reference to Flg 41, we

have

(Lm = Lcoserr1 + Ds1n9m

where L and D are the measured lift and drag on the force balance.

Defining the force coefficients in the following way

c _ I'Jrn . C _ L . C _ D
~“Lm . 2 ..’ L -~ 2 D~ ~ 2 5
PV, c/2 PV, c/2 A c/2
we obtain
CA‘ = (C, cos + C, si )VZ/-'\/'2
Lm - (©p©°% 6, D S O Vy Ny

However, from the velocity triangles in Fig. 41 we have the following

relationship
2 2 2 T

Vo, = vV, +u - ZVlu cos (—2- -7)
ic€e, sz u2 a -

-7 = 1 + 7 - 2 -.v— cOSs (—2— —Y)

Vv A% 1

1 1

but Vlsin9=2usin(%-7/ + 0)
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sin @

or Zcos (V- @ <~ * e

cu
Vi
From this equation we have X =X (7, 8), hence this quantity is

only a function of the turning angle g once the cascade geometry is

known, | We therefore havé that

m 2 .
7 = l + X - 2 X sS1in 7/
which in turn is only a function of 4.
As an initial approximation we neglect the drag term in the
expression for the lift coefficient above. This is certainly justifiable

since under most circumstances C., sin @ <<C, cos g . Doing
: D m L m

this we obtain

2 2
CLm = CL cos 6 V1 / Vm
or 5
c . __ Sim
L cos @ Vv 2 )
- m 1

Now, from the Kutta-Joukowski law for the cascade, we have that

Lm’ = me]_“ = me(Zus)
hence
4u
CLm Y
m
where ¢ = % , the solidity ratio.
Therefore
c 4 La . m
Im g COS em Vm V1
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Again, from the velocity triangles, we find that

T
V1 - 1u cos (7 -Y) = Vm cos Gm
or
V1 u
cos em = = [1 - sin 7/]
m 1
cos @ = 1 [ 1 si -7]
= ) - ¥ sin .

1+ y2 - 2ysin?)?
We can therefore finally write
4 2

Ci, == x - (1 +x - 2 x sin?)
o (l—XSinY)

This expression is purely a function of the turning angle, ¢ fof any
given cascade geometry.

In the above formulation the approximation made was in
néglécting the drag term. 1If this term is considered as a correction
term to the above expression, we have as error the term -CDtan em

which can be written as

. Cco . Xcos7/

(1 - x sinv )

This error term is known as a function of g provided the drag coeffi-
cient is known for the particular lift conditions,
Based on the above formulae the following iteraﬁon for setting
the walls is adopted.
Step 1l - For any given angle of attack ¢ the walls are adjusted
while monitoring the lift balance until a rough setting ié obtained.

Step 2 - The lift coefficient is then obtained from the balance and
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differential pressure reading and the corresponding turning is read
off the CL versus § curve in Fig, A6.1, obtained from the above
equations. The walls are then readjusted to this value.

Step 3 - The new lift is calculated and the procedure rei)eatéd, if
necessary. When thé values are in close agreement the drag is also
determined and from the tan 6., versus g curve a value of fan Gm is
read off and the correction term is thus obtainable, This gives a new
value for CL from which a more accurate value of g can be found.

Step 4 - This last process may be repeated until no further change
occurs,

Usually the method converges very rapidly., After two iterations,
in fact, a fair\ly'accurate angle is obtained. One correction for drag is
all that is necessary to achieve final convergence to within experimental

values,

Turbine Configuration: The procedure used here is identical
with the preceding one. The relevant formulae are

. (1+x2 + 2 X sin7/)
L P (I + x siny”)

and for the correction term we obtain

X cos 7

- CDtan em = - CD

(1 + x sin¥y )

These formulae are simply obtained by replacing ’}/va - 7 in the

previous formulae. These functions are plotted in Fig. A6.2.
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APPENDIX VII

TARE FORCE CORRECTIONS FOR CASCADE EXPERIMENTS

The tare forces acting on the fairing plate were obtained by
remounting the center foil of the cascade from the lucite windéw and
inserting a blank disk on the balance spindle. An extra model had been
manufactured for this purpose. The procedure used was then identical
with that for the isolated hydrofoil, Further details may aléo be
obtained from Reference 14,

The results of this test are presented in graphical form in

Figs. A7.1 - A7.3 for the compressor of 1,25 solidity.
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APPENDIX VIII

DATA REDUCTION FOR CASCADE TESTS

1. Calculation of Force Coefficients

Two systems of representation are used in the fully wetted
data - the force coefficients based on upstream flow velocity and
those based on the mean conditions. These two systems are inter-

related. From Fig. 41 we obtain the following equations

L
m

Licos em + Dsin Bm

D
m

-Lsin em + Dcos Qm

defining the lift and drag coefficient as

C _ _Llm . CDm - Dm
Lm meZA/z pvm7A/2
C _ L C _ D
v PV, A2 b pvle/z
we obtain from above 2
| c - [c C.sing | M
Lm = Lcos Hm + Dsm em_] - >
- m
- VlZ
CDm = —CLsm em + CDcos Qm] \7—2 .
m

where L and D are the measured lift and drag from the force balance,

The moment coefficient is defined as
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Cyr = M C M
M~ 2, ’ Mm ~ . 2, .
le Ac/2

where the same convention is used as in Part I.

The mean force coefficients can therefore be obtained fr‘om the
measured ones provided em and Vl/vm can be determined
experimentally.,

2. Calculation of Flow Angles

From Fig. 41 we see that
VlcosY = Vzcos (7 -0) = Vmcos (7 - Gm) (A8.1)

Further

Vlsin'y = 2 [Vmsin (’)/- em) - stin ( '}/— 9):'

+ stin (7 - 8)

or

Vmsin (7 - em) = —;— [Vlsiny + V2 sin ()/- 9)]

hence we obtain
tan (- 6.,) = % l:tan7/+ tan (7"~ 9):|-‘  (A8.2)

If we compare these equations with those usually used in
cascade work using the angles a, Qs @ s and B as defined in Fig. 41,

then we obtain

or



-226-

B=(YV-a)h o, = (@ -0.) a, = (@~ 0

where a is the angle of attack, Furthermore from equation (AS8,2),
Qm can be determined from the measured value of § which is the wall
angle. Hence @ and a, are also determined.

3. Velocity Ratios

The velocity ratios can be obtained from equation (A8,1).

They are given by

Vl _ cos (’)/- em)

v cos Yy
and

V1 _ Ccos (7/— 9)

V2 cos y

4, Cavitation Parameter

The cavitation parameter used in all of the cascade tests is

based on vapor pressure and upstream velocity, i.e.,

5. Unsteady Measurements

From the unsteady measurements taken in the cascade
experiments it was hoped, apart from obtaining the basic frequencies
of oscillation and the cavity behavior, to obtain more information
concerning the influence of these oscillations on the main tunnel flow.
To achieve this the outputs of the transducers were utilized, The

general procedure used will now be presented.
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Considering the time dependent Bernoulli equation

0 1 2
P o+ 5oV + () = Cl),

and applying this equation at two points in the flow (N, H) we obtain

2

9 2
Pap (P50 - 10 %p Vg - Yy )+ pylt) - pylt) = 0 (A8. 3}
N

Furthermore, from the continuity equation, we have that

AV = AgVy = alx)u(x) C(A8.4)

where a(x), u(x) are the area and velocity at any point x in the tunnel.

Now
_ 9o¢
v s T
or
Y = /‘PdX + C
hence N
(PN - (pH = / udx -

H

But from equation (A8, 4) we have
A
N
therefore N
o= [ A v (A8. 5)
N~ %m T N'NZR) y
H

To evaluate this integral a plot was made of the area distribution in
the modified nozzle as a function of x, This curve was then integrated

numerically, This value can be expressed as
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O - Por
NTH = K Vg | (A8. 6)

Furthermore, from equation (A8, 4) we have

2 2
v A
1 H 2 1 N 2 2
7Pl - =) Vy = zrl-—5) Vg = KVy (A8.7)
v A
N o
where 2
1 AN
K, = 2—9(1——2—) .
Ay

If we write G(t) = pH(t) - pN(t) then equation (A8.3) can be writtenas

N K,V 2 =
17dx 2'N T

K G(t). (A8, 8)

As an approximate solution to this non-linear equation, we consider

the velocity to be made up of a mean component VN independent of time

!

) ) 1 —
and a fluctuating component VN such that VN <<VN. Substituting in

the equation yields

av '
N 2|5 2 = ' 1 = '
-3z T v [VN + ZVNVN] = % [G + G]

— 1
where wz = and G(t) = G + G (t).

AN
N

Separating this equation into the time independent and time dependent

parts, gives 2
= A
S 2 G ;1 N
VN = g T g opy/z PA- )
_ 2 AH

which is Bernoulli's equation, as expected, applied to the mean

conditions. The second equation is
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T

2

! p— 1 1
dt
1
assuming G (t) is of the form
1
G (t) = A cos ¢t
the solution of this equation is
!
VN = A lcos (ot + ¢ )

where

Hence we find that due to the oscillations in pressure between the
points Py and PN there is a fluctuating velocity which is out of phase
with the pressure field and whose amplitude is attenuated. The phase
and attenuation depend on the nozzle shape.

From a Fourier analysis of the fluctuating pressures at the
nozzle point and a point in the settling chamber of the tunnel, the above
equations were solved for the fluctuating velocity. A typical result

is given in Section IX.
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APPENDIX IX

LINEARIZED THEORY OF PARTIALLY CAVITATING
CASCADE OF FLAT PLATE HYDROFOILS

This appendix deals with the non-viscous steady cavitating flow
through a cascade of flat plate hydrofoils in two dimensions. The
usual assumptions of incompressibility and irrotationality are made.
In dealing with cavitating cascade flows, hodograph methods become
somewhat unwieldy, and hence linearized methods are used for solving
these problems. This method, first used by Tulin (8) assumes‘ that
the cavity-body system forms a slender body and that a perturbation
technique similar to that used in thin airfoil theory may be used. The
u.se éf the linearized method leads to the solution of a mixed boundary
value problem.

Formulation of the Problem

As illustrated in Fig. A9.1, the cascade consists of an infinite
array of flat plate hydrofoils having a stagger angle 8. The chord
length of each blade is c¢ and the spacing of the hydrofoils in the
direction of the stagger angle is taken as 2m. Hence the solidity,

o =c/2m.

The flow approaches the cascade with velocity V1 at an angle of

attack a. The flow is turned by the cascade so that far downstream

the flow velocity VZ is at an angle a, to the blade chord. The cavities

spring from the leading edge and terminate on the upper surface of each
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hydrofoil. In keeping with the linearized theory the thickness of the
cavity is assumed small compared with the blade spacing 2w. The
boundary conditions on the free streamline of the cavity are then applied
along the real axis, as are the conditions on the wetted surface ;)f the
hydrofoils.

The velocity field is now considered as a perturbation about the
velocity V1 . Although in the neighborhood of the cascade a more
natural characteristic velocity would be the vector mean velocity Vm,
it is found more convenient to adopt Vl’ as Vm is undetermined a
priori, since it depends on V2 . In the calculation of the lift coefficient
however, the angle which the vector mean Vm makes with the blades,
viz., a s is used so0 as to bring it in line with fully wetted cascade
flows.

The governing parameter in cavity flows is the cavitafion

number K defined as
K = P17 P
2

(A9.1)

7 PV
where Py is the pressure at upstream infinity and P is the cavity
pressure, which is a constant. Since the velocity is defined at any
point as

Vs (wov) = (V] Fu, V) (A9.2)

! 1
where u, v are perturbation components assumed small, compared

to V, we obtain by the use of Bernoulli's equation

1
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!

, .
However, neglecting the squares of u, v compared with Vlz, this

becomes .
ZuC

R

\ KV1

Ye = 72—

On the wetted portion of the hydrofoils, v = 0, i.e., there is no flow
through the blades. A further condition that has to be met, is the
closure condition, which requires that the cavity-body system form a
closed body. This condition can be expressed as

dy = 0 (A9. 3)
body

The above conditions, together with the requirement that the
velocity be finite at the trailing edge, enable a unique solution for the
problem to be determined.

Hence the conditions to be satisfied are:

{a) v = 0 on the wetted portion of the hydrofoil
K .

{b) u, = Vl(l t > ) on the cavity

(c) V = Vle-ml at upstream infinity

(d) the closure condition, viz.,

dy = 0
body

(e} V is finite at the trailing edge.
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These conditions are sufficient to determine the velocity
function at every point including the downstream conditions where

~-ia
2
V = V2e .

Before proceeding to solve the boundary value problem we
derive the following simple relations from continuity considerations.

The velocity triangle is as follows

From this diagram we obtain
. 1 . .
Vms1n (am + B) = > I:Vlsm (a1 + B) + V, sin (a2 + ﬁ):l
Vmcos (am +B) = V1 cos (cz1 + B) = Vzcos (az_ + B) (A9. 4)

from which we get

tan (am+ B) = %. [tan (a1 + B) + tan (a2 + B):I (A9, 5)

Transformation Functions

Consider the transformation function

1 - & ] e
Bpp— 1 | A9. 6
—Tl_ + e n1 (A9.6)
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This function maps the multiple-connected region in the
z-plane onto the { -plane, as shown in Figs. A9.2 and A9.3. The
function has branch points at ?;1 and C’Z in the {-plane, corresponding
to the points z = * o, respectively. There is a branch cut between
C,l and QZ . Hence when either point is encircled once, the argument

1(-rr/2-p). The sign depends on whether the branch

of z changes by £2we
point is encircled clockwise or counter-clockwise. Each Riemann
sheet of the {-plane corresponds to the flow region over a different
hydrofoil. Since the flow is periodic, however, the function is
continuous across the cut.

The point { = 0 corresponds to the point z = 0, as seen from

equation A9.6. Further, when { is real, z must also be real, as it

consists of the sum of complex conjugates., When { tends to infinity,

we have _
z—»e-iﬁfn-z—z- beifon 2 (49.7)
1 41
which is a real number.
Since { = 0 is a singular point of the transformaﬁon,
dz/d{ = 0 at{ = 0, i.e.,
e—iﬁ 41-42 + eiﬁ c'l-t"Z -0 (A9. 8)

:1 ;2 CICZ
If we require that the trailing edge of the hydrofoil map into the point
at infinity, then we must have dz/d{ = 0 at { = oco. However,

g’-g- must—=0 as —1? at  { —=»

4
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This condition therefore gives

P -ty e, -1, = 0 (9. 9)
Now let -
161 1(_2' -gol)
gl = r].e = I‘le
E’Z = r,e = r,e

O+ 6, = - (9 -95)

With this notation, equations A9.8 and A9.9 reduce to

) cos(% - B+ ‘Pl)
2 cos(Z =B - 9, (A9. 8a)
T cos(%r - B.-l- <P2)
2 cos(3 - B - #)) | (A9. 9a)

Fo‘r these two equations to be compatible, we take ? = P = ¥5 hence
6+ 6, = T
6, - 6, = -2¢
- With these values, either equation A9.8a or A9.9a pro;vides an
equation for rllrz. Since the ratio of the moduli is the unknown, we
are free to fix one of the moduli arbitrarily. Hence, we let

|§,1| = 1) = 1 and ILZI = r, = a where a > 1, Then from either

A9,.8a or A9,9a, we get
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tan ¢ = 2_*_% tan B (A9.10)

The transformation is now completely specified.
Since the trailing edge corresponds to the point at infinit?, we
get from equation A9.7
c=2cosPBidna + 4¢sinf ' (A9.11)

and hence the solidity ¢ is given by

o = }—cosﬁﬂna +2—(P—Sinf3 _ (A9.12)
™ ™
The point z = .@C corresponding to the end of the cavity is

mapped into a point on the positive real axis in the { -plane, § ;. L.

Thus, using the above notation together with equation A9.6, we get

n
£ = 4 cos B!nl:—l]+2 sin .7 (A9.13)
c n,
where
nl4= 144220 sine
n 4 1-!—,22/3,2 +2§sin¢

2':

2 .
v = tan'l (a-1) £ cos ¢ + ¢ ;m 2@
a-(a-1)4 sine+ £~ cos 2 ¢

We now transform the upper half ¢ -plane into the half circle t-plane,

" Fig. A9.4. To achieve this, we use the well-known Joukowski trans-

formation in the following form:

(é—%)=-’i—(t+%—). (A9.14)

In the t-plane the semi unit circle represents the constant
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pressure cavity surface and the real axis outside the unit circle
represents the wetted portions of the hydrofoil. The leading edge is
at the point t = -1, and the trailing edge at t = co.

The t-plane is used, since the velocity function for the given
boundary conditions shown in Fig. A9.4 can be written down by

inspection,

Solution of the Boundary Value Problem

The velocity function

A B
tF T T

=T + C (A9.15)

w = u-iv =
where A, B, and C are real constants, satisfies the boundary con-
ditions for suitable values of A, B and C. This function corresponds

to sources (or sinks) placed at the leading edge and at the end of the

cavity, We now apply conditions (a) through (d).

. . _ig B 1 1
On the cavity, viz., t=e 7, (uc, VC) = (V1 tu,, v ), there-
fore
. _A ; 0 . B o .
u_ - iv, —-2—[1—1tan-z] -1-2-[cot7 -1] + C
hence
A-B
U = —3— + C
but
, _ K
'L'I.C = V1(1+-2-)
thus
K A-B
V1(1+2-)._—T—+ C (A9.16)

Condition (a) is satisfied by equation A9,15 since when t is

real, v= 0. Further, condition (e) is obviously satisfied.
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To apply the remaining conditions, it is more convenient to
transform equation A9.15 back into the {-plane, by use of the trans-

formation function A9.14, Inverting equation A9.14 we get

t = %—[(é—%) + \/z;(z;-ﬂ.)]

The positive root is taken because t tends to infinity as { tends to
infinity. On substitution of this expression into equation A9.15, one
obtains

W(é):——z—-——A-B-FC'f'% Zi_z—-%—'g—i—i (A9.17)

Now
-ial
‘W(l;l) = Vle
Applying this condition to equation A9.17, and separating the resulting

expression into real and imaginary parts, gives

[A _B :I cos__rl_ -
V,cos a, = + C| + B - An (A9.18a)
1 1 2 _'Z_—[n— | 1]

1
. ‘101
Vv sina; :.iI;.Z [_nB_l_ + An1:l _ (A9.18b)
where
vy o= tan—l%
nl4 -1 +4% . 2 fsine | (A9, 18c)

Now, applying the condition

-ia
wlt,) = Vye °
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we get
wZ
Vycosa, =255 4 c| +°° 7 B _an | (a9.19a)
2 2 2 —_——s— | n 2
2 2
sin wz )
. 2z B

V231n a, = > [nz + An2:| (A9.19b)

where
-1 £ cos g
¢2 = tan at+f sing
n24 = 1+ 1£%/2% +240/a sing . (A9.19¢)

We finally have the closure condition, viz.,

dy = 0
body
which reduces to

IInpt—l— / w(z)dz = 0

V1
body
Since w(z) is an analytic function in the flow region around the hydro-

foils, we can deform the contour in the z-plane to the contour T

shown in Fig. A9.5. Then, symbolically we have

fw(z)d j D/:r lim + lim fvvdz: 0
r body ¢ —>0 62—>0 €

2
'The contributions from the other parts of the contour cancel due to the
periodicity of w(z), while the contributions from the last two integrals

in the above expression, are zero, Now
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4 “ifa,+ B)
/W(z)dz = ZTl‘Vlie
H

E -i(a, + B)
/W(Z)dz = _ZTrVZie

w(z) dz = %1—; [Vzcos(a2 + B) - Vlcos (a1 + [S)jl =0

Vlcos (cz1 +B) = Vzcos (a2 + B) | (A9.20)

This is the same result as already obtained by continuity con-

siderations in equation A9.4. Finally we have the following equations

to solve:
2B e viaes) ,
cos 7y
V,cos a; = —A——2——1—3-+C+—T——T— EE;— B Anl:l
sin_w_l
Vlsina1 = > 2 [El + Anl-
coswz-
Vzcos a, = AZ_ B + C + 2—2— [?12 - Anz]
sin de
stin a5 = ZT [11132 + Anz]

Vlcos(a1 +B) = V,cos (az + B)

After considerable manipulation these equations reduce to the
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following:
(1 + 2-) = cos a1+ B sin e (A9. 21)
tan a = E :
2 D(1 + I';) (A9.22)
G +
8in ¢,
\ sin a
2 E 1
7. D sha, (A9.23)
1 2 _
where

7 n Y W n n .
D =Hl~ +—n—2 sin—zl— cos?g - siny, - ﬁl' - n—Z- sin!'/jl sin V2 tan B
2 1 2 1 2z Z

—

=

nl +I12 cos—é—-—"[/1 s'nl/jz - - n2 si Wl si (pztnﬁ
Z—Hé Fl- 1 T - 2 ]-_’—]_”1_ 11].7 ln-z— a

n., n 7 1 n n
1 2 1 2 . 1 2
F= l:?z - q] cOS —- cOs -+ sin lPltan B - I:H— + —]

2 ™M
1//1 /%
—5 8in - tan @
cos — sin —
n n n n
G = sinll/ztanﬁ- 1.2 cos wl cos ‘//2 1L + 2
| z z 12 ™
7
s:.n—zl cos _WZ_Z_ tan B

Equation A9.21 gives us a relation between the cavitation number and

the cavity length ﬂc. If we consider the limit as the solidity tends to

infinity, this equation reduces to the expression obtained by Acosta
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and Hollander (38) for the case of semi-infinite flat plates. Further
details are given later.

We now calculate the lift force acting on the hydrofoil. As
mentioned previously, we will here adopt a slightly different perturba-
tion procedure, so that a comparison may be made with the fully
wetted case. We use the vector mean velocity Vm as reference
velocity.

The element of force acting on the blade is

dF = (p-p, ) dx

F = f(p-pm)dx
body

Defining the pressure coefficient Cp as

P - P,
Cp = — (A9, 24)
pvV_"/2
m
and the lift coefficient as
c. = ¥ (A9. 24a)
L= T2, | -eda
PV “c/2
m
we obtain
1
CL = 'C— CPdX
body

" Using Bernoulli's equation, this becomes

1 2
Cp = -= v (- V_)dx

body m

which reduces to
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C = -——E— Re pt fw(z)dz

L cV
m body

on the body. Carrying out the indicated procedure in an identical

way as previously performed for the closure condition we obtain

C; = T%— [Vlsin (¢, + B) - V,sin (g, + ﬁ):]

By the use of equations A9.5, A9.20 and A9.23, we can eliminate

ay and a, in the above expression, and deduce the following:

D 1
C =4 1 E - sin a
L ~ 5 <cosB _EI? 1 m (A9.25)

As D, E are functions of £, the cavity length in the {-plane, this
expression can be used to obtain the limiting case for the fully wetted
c'asckade, i.e., when { tends to zero. This is carried out in a later
section. The result reduces to that of the well-known, fully wetted

solution, viz.,

. 4 1 |—a-1 .
Cp = o <cosp La+1] sinan

(A9. 26)
A further limiting assumption in the linearized theory is that the angle
of attack ¢, is small. If second order powers of ¢ are neglected,

equations A9.21 through A9.24 reduce to

K F .
Tq = —]:—)— (A9.21a)
E
e, = (A9. 22a)
2 G+ IZ—- (1 + %)
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2/Vy =5 ° = (A9.23a)

a (A9.25a)

From these equations, the results shown in Figs. A9, 6 through A9,.28

were obtained,

Computational Procedure

The numerical calculations were conducted oﬁ a digital
computer and the general method of computation is outlined below,
For a given cascade geometry, viz., ¢ and B, the value of
a and ¢ were determined by the simultaneous numerical solution of
equations A9,10 and A9.12, With these values, the functions D, E,
F, and G were evaluated, for values of {, ranging from zero to
approximately two hundred; this latter figure giving a value of 0,99
for P.C/c . | The ratio fc/c can be found from equation A9.13. Having
determined these gquantities, the values of K/Zal, @5 VZ/VI and CL

are found for various angles of attack ¢ The process is repeated

1 .
for various stagger angles 8, holding ¢ constant. This final para-

meter ¢ is then varied and the above procedure repeated. The range

of values considered is given below in Table A9.1.
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cos (//1 _ 1 ;Zz sin B ,
1
and
sin v, . Jnlz -1+ fcospB
2 > n,

(¢]
o}
()]
y
|
4
‘_F

Substituting in A9, 21 gives

K .
(1+—T)-cos a1+sma1 .

2
(n1 -1) {nlz +1-£sinf +\’2 £ sin B

2 2 .
(n1 + 1) Jnl -14+4 sinfB -\’2 £ cos B
If we now change notation to that of Acosta and Hollander, such that

nlzi; { =~ b; pr v; e R a

and we further replace

(1+5) by 1+ K

\’1+E = cosa-sina(l_’ez) #£2+1-bsin'y- 2 b sinY
(1+!22) sz—l-i-bsin‘)’— 2 b cosY

‘After some manipulation this reduces to

\’1 + K=cos ¢ - sin « b2C057 X

£7 - 1+b sin?
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(1 -1%) cosy -4J2 2 ‘/1 4 ‘:;im sinY
(1 +£2)cos‘Y -\’2 J/ w + 1 -Lozsin‘Y cos?Y

which is the expression given by Acosta and Hollander (38).

Further, we see from equation A9, 22 that since E — 0 as

¢ —o we get a, = 0 for all aj.

(b) For the case when the cavity length tends to zero or

equivalently £ — 0, we can expand each term in the expressions

for D and E in powers of £, up to and including O0({ 3). Hence

n n

!—1 2 1 1 1 . 2 2 4
= e~ gt gyt ) st el 00,
2 1 4a

=

n n

1 2 1 . 1 . 2
_ﬁé__n_l_,v-(l+ -é-)s1n¢£+(2--sm§0)

(1-—)2%+0u%)
a .

2 _ (coszfp

. . . &
[s1n¢1:|~cos¢£ + sin ¢ cos ¢! —~—— - sin ¢ )

cos §0ﬂ3+0(£4) T,

. 2 :
I:Sinlﬂ :|~ cc;s ? 4 51n(P(2:os<P £2 _ co; ¢ sinztp )
a

cos ¢ 3
—?—— +O(£) ,

a

v v .

[sin 1 2]~ co; (e . sin ¢ cos ¢ 22

2 cos2 cos(p 3 4
2y +0(£7),

+ (sin2 QY - ‘533' cos  @-
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v, v 2 : 2
L1 L T2 cos ¢ ,2 1, sing cos" ¢ ,3 4
‘}‘111—2—5111731 ~ Iz £+ (1 —;)—T—— £7 4+ 0(127) s
Ipl "2 cos i
f & @ sin ¢ cos ¢ 2
|}°S Z—sn 2]‘” 72 - Z !
2a
2 2 2
cos @ 3cos ¢ sin"¢ , cos¢ ,3 4
==t =) 5 o).
8a a
Utilizing these expressions we obtain
1 1 1 . 2 1 1 3
D= [(§-+ 1 T ) sin" ¢ cos 90+(§——2)cos @
8a 8a
1
F L+ 2) 41a sing cosZ e tanﬁj|£3 r o

E=[— (-glg +L2- +—£-3—)sin Zcp cos¢ + (-%a -—l?)cos3qo

4a 8a 8a
1,1 . 2 3 4
ol pe L
+ (1 + a)4a sing cos”¢ tanﬁjl 27+ 0(L™)
therefore D ~
E

1,1 1 2 11 3 1, 1 . 2
[<§ gt g-;z—) sin ¢ cose +('§ —gz- ) cosTo + (1 + E)ESHW cos gvtanﬁ]

a' =
1, 1 1 .2 1
[—-(-g'r ZE + S—az) Sin Y cCos@ + (g -

1 )cos390 + {1 + l)l siancosZ(ptanﬁ
83.2 a' 4 i

+ 0(2)

Now substituting for tanf = : ; i tan ¢ in the above, gives

%~a+0(z) as g —0 ,
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_ _ 4 1 a -1 .
_thus, CL"? o5 P [a+1] 51nam as f — 0

which is the classical linearized fully wetted cascade flow result.
Now, whenpP =0, a=¢ T then

C =2 tanh (gw/2)

sin a .
1. o m

For the isolated hydrofoil as ¢ —> 0 this reduces to

CL= ZTram

Discussion of Results

Figs. A9.6 to A9,10 illustrate the relation between £he cavity
length and the cavitation number, for various geometries. The case
of the isolated, partially cavitating flat plate is also shown on each
graph. The values for this case were obtained from Reference 13.

It is> of interest to note that a feature of the linearized theory is the
fact that after a certain value of EC/C the theory predicts two different
cavity lengths for each cavitation number., This is appa;rent from
Figs. A9.6 - A9,10, Since, in any case, the linearized assumption
that the cavity-hydrofoil system forms a slender. body would not be
met for large values of { C/c, it is assumed that the va.liciity of the
theory only holds good for values of £ Je<t C/c minimum.

This behavior is to be expected due to the .cavify model chosen,
which places a singularity at the end of the cavity. However, com-
paring the results with that of the isolated hydrofoil, we see that
this range of validity is increased in the case of the cascade, It

would seem that the cascade effect has the property of reducing the
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effect of the singular behavior at the cavity end. This is further
illustrated by the fact that as the solidity increases the range is
extende'd, until at solidities greater than 0.75, a single valued
function is obta:jmed over almost the entire chord length for pos‘fttive
values of stagger angle. In the case of negative stagger angles,
corresponding to the case of a turbine, as distinct from positive
values of P which correspond to a pump, we see that there is still
a region where the function is double valued. Physically, this is to
be expected, since the effect of the neighboring blades is now no
longer as effective near the cavity end.

It is seen that there is a large difference between the C‘avity
geometry in cascade, compared with that of the isolated case, even
for small solidities. However, this comparison is not entirely

'jusfified as the value of K/Z.a1 is based on the upstream angle of
incidence, In the case of the cascade, a more natural angle to adopt
is that of the mean velocity vector Vm.

Further, the curves at first glance seem to indicate that the
cavity length for a given cavitation number at negative‘ stagger angles
is less than that of an isolated hydrofoil, even at low solidity. This
surprising effect, however, is due once again to the choice of the
upstream conditions as a reference., If the mean conditions are
taken as reference, the curves for negative stagger angles will be
raised above that for the isolated case and those corresponding to
positive stagger angles remain below it as would be expected. If the

curves are based on this angle, therefore, a better comparison is
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achieved. This is clearly illustrated in Figs. A9.11 and A9.12
where the cavitation number is referred to the mean angle a -

There is still a significant difference for all values of [3”
having solidities of 0.5 and greater. It therefore seems that the
cascade effect is not very pronounced for solidities up to 0.5 pro-
vided the stagger angle is within the range -30° to +60°,

Figs. A9.13 and A9.14 illustrate a further representation.
Here the value of KmIZam is plotted against C/c » where K is

defined as

pm—pc

K = —
m PV, /2

which to first order, reduces to

Km = K + (1 + K) (al-az)tanﬁ

with‘ the help of Bernoulli's equation.

It is seen from these graphs, that for low solidity the curves
lie very close to that of the isolated case, for all values of B. This
representation, however, indicates the opposite effect to that using
K/Zal, viz., that cavity lengths, for constant cavitation number, are
longer for positive stagger angles than the isolated hydréfoil, even
at low solidity., Consequently, it seems that the parameter K/Zam
. is the most natural one to use.

A disadvantage of using these alternative forms is the fact
that they depend on a, whereas the value of K/Zcz1 is independent of
the angle of attack ay and thus facilitates presentation immensely.

Figs. A9.15 to A9.22 show the variation of force coefficient
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with cavitation number for varying cascade geometry. It is signifi-
cant that the force coefficient is little changed over the range

-30% < B < +30° for a constant solidity. As shown in the curves,
the force coefficient for the isolated hydrofoil is approached as the
solidify decreases, However, once again, we see that for solidities
of 0,5 and larger, the cascade effect is prominent. The curves as
plotted are terminated at the points where ﬂ.c/c is a minimum.

In the remaining curves, Figs. A9.23 to A9,28, the behavior
of the downstream conditions is illustrated. Here again, the curves
are terminated at the point of minimum ¢ C/c. It may be pbinted out
that at B = 0° the theory gives VZ/VI as unity, but shows that ¢, is
still variable and not equal to a. This apparently is a violation of
the continuity equation which would necessitate a; = ay . This
dis«:;repancy is due to the linearization procedure which neglects

quadratic terms.
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Fig. A9.2 - Linearized boundary conditions in physical
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