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INTRODUCT ION

Research on cavity flows uptil now is confined mostly into incompressible
flow field. For the strong demand of the high performance of hydraulic machinery,
particularly to attaining the speed increase of blade elements of rocket pumps in
liquid, it has began to enter not only into subsonic but also to transonic and
supersonic flows. Therefore the effects of compressibility on flow pattern and
cavity charaecteristics of supercavitating hydrofoil elements need to be investigated
in minute .

In order to attain this goal, the simplest and most versatile approximate method is
one based on a uniform linearization of governing equations which stem from the
pioneering work of Prandtl-Glauert. Although this linearized theory of comprssible

cavity flows has been developed in recent applications, it cannot ascertain the



local features peculier to a compressible perturbed flow field. Further the
linearized theory yields infinite perturbed velocity and fluid forces at Mach
number 1 and in general requires that the freestream Mach number be

suf ficiently removed from unity such that the flow is either purely subsonic
or purely supersonic, If both subsonic and supersonic flows occur in the flow
field, then no unified theory which can yield reliable results in transonic and
supersonic cavity flows is presently available to fill up the needs.

Thus the problem of practical importance being considered in the thesis is
that of finding the cavity flow characteristics, in particular the cavity length
and drag which results when a two-dimensional wedge, symmetric with respect
to flow direction, is immerged in a compressible liquid. The thesis is presented
in eight chapters showing detail derivations and elaborate discussions for various
flows. Two types of liquid of particular interest considered are!i) compressibls
pure water based on Tait’s equation of state and ii) water with air content ie
bubbly water.

The main objectives of presenting this thesis are two f lds: 1) to give an
approximation of a two- dimensional steady nonlinear potential equation for a
supercavitating wedge in compressible pure water and bubbly water flows based
on the concept of local linearization. And then 2) to examine the effects of
compressibility and the local behavior of the perturbed flow field throughout
the whole Mach number range with a better accuraecy than the existing lineari~

zed theory. The chapter-wise discussions are as follows:

CHAPTER—WISE DISCUSSION

A two- dimensional steady nonlinear potential equation for both compressible
pure water and bubbly water flows are derived. The details of these derivations
and the clarifications of pressure waves in a supersonic liquid flow are given
in chapters 2 and 3. Some notable features of normal and oblique shock waves,
their comparative study and the basic differences between supersonic liquid and
gas flows are shown, Also the close relations of cavity streamline to the flow
turning by expansion waves are pointed out.

The range of freestream Mach numbers is defined for the subsonic, transoniec
and supersonic cavity flows from both local linearization and shock wave theory.
Fig. 1 shows the range of subsonic cavity flows for both compressible pure
water and bubbly water. It is found that the range of subsonic Mach number

flows decreases with an increase of cavitation number and for a bubbly water
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it further decreases with the decrease of air volume ratio The range of transonic
and supersonic Mach number flows with wedge half apex angle 6 is shown in Fig,
2. The range of transonic flows in a bubbly water -is greater than that of
compressible pure water and substantially differs with a decrease of air volume
ratio. This signifies that the local flow behind a detached or attached shock in
bubbly water remains subsonic even at a high supersonic Mach number than that
of compressible pure water due to a serious effect of air contents.

The solution and its derivation for a subsonic pufe water flow are given in
chapters 4 and 5. The governing equation of elliptic type for velocity potential
is solved and then a simple correspondency between subsonic and incompressible
pure water flows are shown, Hence, one can find with a better accuracy than
the uniform linearization the data for a subsonic pure water flow by correcting
the corresponding one in an incompressible flow,

An analysis for wall correction on cavity characteristics in a subsonic pure
water flow through channel is given and discussed in chapter 5 For a small
cavitation number, a better accuracy than the uniform linearization is shown
through numerical examples. Fig. 3 shows the corresponding wall hight in an
incompressible flow in comparison with that of uniform linearization., In uniform
lineariz ation the corresponding wall hight in an incompressible flow is independent
of cavitation number whereas in local linearization it depends on cavitation

number whereas showing the local features of the compressible perturbed flow,



The model- wise variation of cavity
drag is shown in Fig.4. In a closed
and a semiclosed model the cavity
drag decreases while in an open one
it increases with the decrease of channel
hight. This is mainly due to a model-
wise variation of cavity length which
with the decreases of channel hight
increases sharply in a closed and a
semiclosed model than an open one.
The wall effect on cavity drag and
length is shown in Fig. 5 in compa-
rison with that of uniform lineari-
zation. The wall effect on cavity
drag decreases while on cavity length
it increases with an increase of

Mach number. Also the chocking Mach
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Fig. 3 Correspondence between two-—
dimensional subsonic and
incompressible channel cavity
flowsffor channel hight.
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Fig. 4 Cavity drag of a supercavitating wedge at subsonic
speeds through channel and its model-wise variation,
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Fig. 5 Comparison of wall effect on cavity drag and
length with that of uniform linearization.
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Chapter 6 is concerned with tran- Fig.6 Chocking cavity drag versus choek-
ing cavitation and Mach numbers:

sonic and supersonic supercavitating semiclosed model, wedge of apex
flows. The method of approximations angle fifteen degrees.

are based on solving the nonlinear

potential equation for compressible pure water flows given in chapter 2 by using
the standard form of Green’s theorem along with the concept of local lineari -
zation. In a transonic flow the result of cavity drag is in a closed analytical
form. In a supersonic one the result is compared with the results of uniform
linearization by Ackeret and exact theory, the later theory being derived from
oblique shock relations given in chapter 2. The variation of cavity length with
freestream Mach number is shown in Fig. 7. In transonic supercavitating flows
the cavity length decreases very fast with an increase of freestream Mach

number while in supersonic ones it decreases but slowly. Fig. 8 shows the

variation of cavity drag with freestream Mach and cavitation numbers. It is seen
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and freestream Mach numbers, and freestream Mach numbers,
that, for a particular cavitation number, the cavity drag grows sharply with an
increase of freestream Mach numbers from high subsonic speed and reaches a
maximum at Mceoer,u. after which it decreases at first discontinuously at the
Mocer,u. and then slowly and continuously as should be usual in purely supersonic
flows, This increment in cavity drag is mainly due to formation of a local sub-
sonic zone around the wedge formed by a detached shock wave ahead of the
wedge nose at 1 {Mco{Mooer,u.* With a gradual in freestream Mach number this
detached shock wave turn weaker in strength and comes closer to the wedge
nose, finally attaching itself to the wedge nose at Mooer,u.2and forming the whole
flow field as purely supersonic ones. As a result the cavity drag ceases to
increase with a further little increment in freestream Mach number at the
upper critical.

A comparative study between compressible pure water flows and bubbly water
flows past a steady two- dimensional supercavitating wedge is given in chapter
7. The clarifications of compressibility effects by local linearization which
preserved the local features of air contents in the flow field with unified
approach higher accuracy than the former linearized one are given, The vari-
ation of cavity length and drag with freestream Mach number in bubbly water
flows are shown in Figs. 9 and 10. In purely subsonic flows the cavity drag

is a little smaller while the cavity length is larger than that in compressible



pure water. In transonic and purely low supersonic flows both cavity drag and
length are less than those in compressible pure water and depend substantially

on the air contents.

//
/ //i
JA A
I/ Il |
02 -**,/rﬂ
—Bupbly Water I/ !
~—Compressile Pure Water| [ / |
Magert ~<dill = Four Degree Wedge // Mger ‘i
100 g 947 [
—Bubbly Water S 015
~—Compressiole Pure  fil R
< Water if g
= Four Degreeo Wedge la
g (08=4°) ! B
>
- | 0=003 g
S0 e
8 o =0.05 %)
S o =005
Model Closed,Semiclosed 005—?5(33/:7' e i
195 05 10 15 0 a5 10 5
\ ) M | (B e Me
a Subsonic Flow Transonic Flow Subsonic Fiow Transonic Flow
Fig.9 Camparisons between cavity Fig.10 Comparisons between cavity
length in bubbly and comp - drag in bubbly and comp-
ressible pure water flows ressible pure water flows
for various cavitation and for various Mach and cavi-
freestream Mach numbers, tation numbers,

CONCLUDING REMARKS

The flow patterns over a two-dimensional supercavitating wedge at subsonic,
transonic and supersonic speeds are clarified by a local linearization concept.
The range of freestream Mach numbers is defined for the subsonic, transonic
and supersonic liquid flows. The effect of compressibility and its local fea-
tures on cavity characteristics are shown to be minute. Some notable features
of pressure waves in supersonic liquid flows are clarified and also the close
relations of cavity streamline to the flow turning by expansion waves are
pointed out. The main results may be summarized as follows :

i) The correspondences between the steady two- dimensional supercavitating
wedge in a subsonic and in an incompressible liquid flows are explained within
the frame—-work of local linearization technique. Hence, one can find with a
better accuracy than the uniform linearization the data for a compressible

liquid flow by correcting the corresponding one in an incompressible flow,



i) The dependence of compressibility correction to cavity drag on flow models
is shown to be minute., For a small cavitation number the present theory yields
less effect of compressibility on cavity drag than the former uniformly
linearized one, Also comparisons of the proposed theoretical results with
experimental ones appear to indicate the appropriateness of the semiclosed mndel
in a subsonic cavity flow,

i) The method of analysis of a subsonic channel cavity flow in liquid past a
wedge is proposed. This gives with a better accuracy than the uniform lineari-
zation the necessary wall correction on cavity characteristics of a supercavita-
ting wedge by correcting the corresponding one in an unbounded flow. Also the
chocking Mach number, drag and the contraction on the jet at chocking condi-
tion which depend on flow models are determined.

iv) In a transonic supercavitating flow the cavity drag is expressed in a simple
closed analytical form and in a purely low supersonic one the present theory
gives results much more precise than the uniform linearization does.In general,
the cavity drag in a transonic supercavitating flow increases while the length
decreases sharply with an increase in cavitation and freestream Mach numbers.
In a purely supersonic one both cavity drag and length decrease with an increase
of freestream Mach number.

V) A comparative study for compressibility effect on cavity characteristics bet-
ween pure water and bubbly water flows past a supercavitating wedge at subso-
nic, transonic and supersonic speeds is made. The analysis preserved the local
features of air contents in the flow with a better accuracy than the uniform
linearization does. In essence, the cavity drag in a subsonic bubbly water flow
is a little smaller while the cavity length is larger than that in a compressible
pure water, In transonic and supersonic flows both cavity drag and length are
shown to be less than those in a compressible pure water and depend subs-

tantially with air contents.
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