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INTRODUCTION 

In t h i s  p a p e r  we would l ike  to r e v i e w  s o m e  r e c e n t  w o r k  on cav i ty  f lows in bounded  
r e g i o n s .  In p a r t i c u l a r  we sha l l  c o n s i d e r  the  e f f e c t s  of so l id  w a l l s  and  f r e e  s u r f a c e s  
on f in i t e  cav i ty  f lows.  Whi le  o u r  d i s c u s s i o n  w i l l  not ,  of c o u r s e ,  be a l l  i n c l u s i v e ,  we 
hope it wi l l  be su f f i c i en t ly  c o m p r e h e n s i v e  to m~ike c e r t a i n  g e n e r a l  c o n c l u s i o n s  about  
b o u n d a r y  e f f ec t s .  ~t 

T h e r e  a r e  t h r e e  m a j o r  p o i n t s  of d i s t i n c t i o n  to be m a d e  in the  g e n e r a l  p r o b l e m  
we have  c h o s e n  to d i s c u s s .  T he  f i r s t  i s  the  g e o m e t r y  of the  flow. It i s  n a t u r a l  to 
d i s t i n g u i s h  be tween  s y m m e t r i c  f lows p a s t  s y m m e t r i c  b o d i e s  and  u n s y m m e t r i c  f lows 
p a s t  s y m m e t r i c  o r  u n s y m m e t r i c  bod i e s .  T he  s e c o n d  point  c o n c e r n s  the  t y p e s  of 
b o u n d a r i e s  to be c o n s i d e r e d .  T he  b o u n d a r i e s  wh ich ,  a r e  of i n t e r e s t  a r e  t h o s e  w h i c h  
c o n f r o n t  the  e x p e r i m e n t a l i s t  in  t e s t i n g  d e v i c e s  -- w a t e r  tunne l  w a l l s  o r  f r e e  j e t  s u r -  
f a c e s  -- and  t h o s e  wh ich  p r o v i d e  i n t e r f e r e n c e  in a c t u a l  a p p l i c a t i o n s .  T h e s e  would  
inc lude  f r e e  s u r f a c e  e f f e c t s  on c a v i t a t i n g  b o d i e s  t r a v e l i n g  n e a r  the  s u r f a c e  and  the  
i n t e r f e r e n c e  of so l i d  b o d i e s  s u c h  as  h u l l s  n e a r  c a v i t a t i n g  bod ie s .  F ina l l y ,  we s h a l l  
e m p h a s i z e  in  t h i s  d i s c u s s i o n  f in i t e  cav i ty  f lows .  T h e r e  i s  a f a m o u s  and  abundan t  
l i t e r a t u r e  d e a l i n g  wi th  c a v i t i e s  o r  w a k e s  of i n f in i t e  l e n g t h .  Obvious ly ,  i n f in i t e  c a v i -  
t i e s  wi l l  s e l d o m  be e n c o u n t e r e d  in t e s t i n g  p r o c e d u r e s  o r a n y w ~ h ~ s - ' g T - .  Th"~-iEfr'-nii'e 
~ a v i t y - t h e - ~ ' b ' ~ d o - - 6 ~ ~ v e r _ a a - - i ~ t e r e s t i ~ g  and  of ten  use fu l  l i m i t i n g  c a s e  and  
it wi l l  he  p e r t i n e n t  to m a k e  r e f e r e n c e  to m a n y  of the  r e s u l t s .  The  need  fo r  a f in i t e  
cav i ty  mode l  i s  obv i ous  f o r  p h y s i c a l  r e a s o n s  and  h a s  b e e n  m e t  in s e v e r a l  ways  m a t h -  
e m a t i c a l l y .  All  of t h e s e  f in i t e  c a v i t y  f low m o d e l s  h a v e  been  e m p l o y e d  in d i s c u s s i n g  
b o u n d a r y  e f f e c t s  and  t h e i r  u s e  wi l l  be  r e l a t e d  h e r e .  

Mos t  of the  d i s c u s s i o n  to fol low d e a l s  wi th  t w o - d i m e n s i o n a l  f lows .  Few s t u d i e s  
h a v e  b e e n  m a d e  of t h r e e - d i m e n s i o n a l  b o u n d a r y  e f f e c t s .  The  t h r e e - d i m e n s i o n a l  
c a v i t y  flow t h e o r i e s  t ha t  have  b e e n  a v a i l a b l e  to the  p r e s e n t  t i m e  have  been  e x t r e m e l y  
d i f f icu l t  to u s e .  The  r e s u l t s  f o r  bounded  f lows  tha t  a r e  a v a i l a b l e ,  wh ich  a r e  r e f e r r e d  
to l a t e r  in  de ta i l ,  a r e  o b t a i n e d  by an i n d i r e c t  m e t h o d .  

F o r  the  c a s e s  r e v i e w e d  and  d i s c u s s e d  in t h i s  p a p e r ,  one of the  m o r e  i n t e r e s t i n g  
c o n c l u s i o n s  s e e m s  to be tha t  the  p r e s e n c e  of b o u n d a r i e s  does  not gr.~_eat_ly a l t e r _ t h e _  
f o r c e  c o e f f i c i e n t s  a c t i n g  on c a v i t a t i n g  bod ies ,  p r o v i d i n g  the  s a m e  c a v i t a t i o n  c o n d i t i o n s  
~ i h ' e - d - - ~ i t h - a n d - w i t h o u t  b~undar ies=*: -  T l ~ i s - s t ~ [ g m e n t - - m u s t  b e  c a r e f u l l y  

Note: The research presented in this "paper was sponsored by the Office of Naval 
Kesearch. 

*This conclusion seems to confirm in part the statement of the Principle of the Sta- 
bility of the Pressure Coefficient suggested by Birkhoff, Plesset, and Simmons (I). 
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u n d e r s t o o d ;  f o r  b o d i e s  p l a c e d  wi th in  so l i d  wal l  b o u n d a r i e s ,  b lockage  e f f e c t s  a r e  o f ten  
v e r y  l a r g e  and  do not  a l low f o r  g r e a t  f r e e d o m  in m o d e l i n g  the  c a v i t a t i o n  c o n d i t i o n s  
in  an  unbounded  m e d i u m .  

Our  d i s c u s s i o n  wi l l  fo l low the  fo l lowing  ou t l i ne :  A g e n e r a l  f o r m u l a t i o n  of the  
bounded  c a v i t y  f low p r o b l e m  i s  g iven .  T he  n e e d  for ,  and  the  p a r t i c u l a r  c h a r a c t e r -  
i s t i c s  of, t he  v a r i o u s  f in i t e  cav i ty  flow m o d e l s  a r e  d i s c u s s e d  and  the  g e n e r a l  l i n e -  
a r i z e d  p r o b l e m  i s  s e t  out .  Also ,  a s tudy  of the  e f f e c t s  of a f r e e  s u r f a c e  on  a wedge  
t r a v e l i n g  p a r a l l e l  to i t ,  g iven  r e c e n t l y  by D i P r i m a  and  Tu, i s  m e n t i o n e d  b r i e f l y  (2). 
T h e  e f f e c t s  of so l i d  w a l l s  a r e  t h e n  t a k e n  up in de t a i l .  The  v a r i o u s  t h e o r e t i c a l  and  
e x p e r i m e n t a l  r e s u l t s  f o r  bo th  s y m m e t r i c  and  u n s y m m e t r i c  f lows a r e  c o m p a r e d .  A 
s i m i l a r  d i s c u s s i o n  of f r e e  j e t s  i s  g iven ,  fo l lowed  by s o m e  c o m p a r i s o n s  of f lows  in 
so l i d  c h a n n e l s ,  j e t s ,  and  in an  u n b o u n d e d  s t r e a m  fo r  the  t w o - d i m e n s i o n a l  c a s e .  
F i n a l l y ,  a b r i e f  d i s c u s s i o n  i s  g i v e n  of bounded,  ax i a l l y  s y m m e t r i c  f lows .  

FORMULATION OF THE TWO-DIMENSIONAL P R O B L E M  

T h e  g e n e r a l  p r o b l e m  u n d e r  c o n s i d e r a t i o n  i s  t ha t  p r e s e n t e d  in r a t h e r  c o m p a c t  
f o r m  in  F ig .  1. T he  so l id  body B i s  l o c a t e d  in the  bounded  r e g i o n  D, w h i c h  c o n t a i n s  
an  i n c o m p r e s s i b l e ,  n o n v i s c o u s  f lu id  w h o s e  v e l o c i t y  at  u p s t r e a m  in f in i ty  (x -. -co) i s  
U~. A t t a c h e d  to B a t  the  known p o i n t s  S 1 and  S 2 i s  a c o n s t a n t - p r e s s u r e  r e g i o n  C, the  
cav i t y .  The  p r e s s u r e  in  the  cav i ty ,  Pc, the  p r e s s u r e ,  p~, c o r r e s p o n d i n g  to U~, and  
the  c o n s t a n t  f lu id  d e n s i t y ,  p ,  de f ine  the  c a v i t a t i o n  n u m b e r  o = (p ,~ -pc ) / (1 /2 )pU~.  
T h e  b o u n d a r y  of the  c o m b i n a t i o n  B and  C i s  a s t r e a m l i n e .  A d i s t a n c e  in the  x d i r e c -  
t i on  m a y  be  a s s o c i a t e d  wi th  e a c h  of B and  C (a cho rd ,  c ,  and  a cav i ty  l eng th ,  4). The  
b o u n d a r i e s  of D a r e  the  s t r e a m l i n e s  ~u and  ¢~. The  l e a d i n g  edge of B i s  a t  d i s t a n c e s  
h u a n d  h,~ f r o m  Cu and  ~ ,  r e s p e c t i v e l y .  B e s i d e s  be ing  s t r e a m l i n e s ,  a s e c o n d  c o n -  
d i t i on  i s  r e q u i r e d  on  Cu and  ~ .  In the  f r e e  j e t  c a s e  the  p r e s s u r e  i s  c o n s t a n t  and  
known;  in  the  so l i d  wal l  c a s e  the  l i n e s  t h e m s e l v e s  a r e  g iven .  

Unfo r tuna t e l y ,  a s  i s  wel l  known,  a s a t i s f a c t o r y  so lu t i on  to the  p r o b l e m  j u s t  
s k e t c h e d  does  not  ex i s t  e x c e p t  u n d e r  s p e c i a l  c o n d i t i o n s ,  even  fo r  h u and  h£ bo th  

i i n f in i t e ly  l a r g e .  If one  i s  w i l l i n g  to a c c e p t  cav i ty  s h a p e s  c o n c a v e  to the  flow wi th  
Pc > P~ o r  to c o n s i d e r  c a v i t i e s  of i n f in i t e  l eng th ,  a so lu t ion  m a y  be  found wi th in  
c l a s s i c a l  p o t e n t i a l  t h e o r y .  T h i s  i s  e s s e n t i a l l y  the  con ten t  of a " n o n - e x i s t e n c e "  
t h e o r e m  of S e r r i n  (3). T h i s  t h e o r e m ,  then ,  i m p l i e s  tha t  f in i t e  c a v i t i e s  of the  s h a p e  
r e q u i r e d  a r e  not  a v a i l a b l e  f r o m  the  c l a s s i c a l  t h e o r y .  The  bounded  in f in i t e  c a v i t y  
c a s e ,  the  K i r c h h o f f - H e l m h o l t z  t h e o r y ,  h a s  b e e n  t a k e n  up at s o m e  l eng th  by v a r i o u s  
a u t h o r s .  T h e  w o r k  of R~thy (4), V a l c o v i c i  (5), and  yon M i s e s  (6) i s  d i s c u s s e d  by 
Bi rkhof f ,  P l e s s e t ,  and  S i m m o n s  (1). Ac tua l ly ,  a c e r t a i n  a m o u n t  of p r i o r  c r e d i t  s e e m s  
to fa l l  to Joukowsky  (7) who c o n s i d e r e d v i r t u a l l y  a l l  of the  c a s e s  t a k e n  up by the  o t h e r  

~u 

hu 

f 

Sl 

Fig. 1 - General two-dimensional 
cavity flow problem 
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authors plus seve ra l  not d iscussed by them. It is important  to observe that as the 
cavity becomes  infinitely long the cavitation number ~ may or may not approach zero.  
If the s t r eaml ines  ~u and ~ represen t  solid walls at downstream infinity, then 
approaches a l imit ing value ~ ,  and the water  tunnel is effectively blocked by the body 
and its infinite downstream appendage. On the other hand, if e i ther  Cu or ~ ,  or both 
of them, represen t  f ree  surfaces  at downstream infinity, ~ approaches ze ro  as the 
cavity length becomes  infinitely long. 

We turn now to a discussion of the finite cavity models.  The fundamental e lement  
supplied by the exact  finite cavity flow models  is a mechanism for explaining diss ipa-  
tion near  the downstream end of the cavity. The Riabouchinsky model achieves  this 
by setting an image body symmet r ica l ly  located downstream f rom the forebody. The 
r e - en t r an t  je t  theory allows the f ree  s t reamline  to r e v e r s e  direct ion at the r e a r  of 
the cavity and flow toward the forebody. The t ransi t ion flow model provides  a gradual 
"diss ipat ion" downstream of a cons tan t -p ressure  region along s t r eaml ines  whose 
direct ion is prescr ibed.  These models all prove to be useful and to give comparable  
resul ts .  An excel lent  descript ion of them and a comparison of their  usefulness  is 
given in a paper by Wu (8). Fur ther  detai ls  will not be re la ted  here. A common dif- 
ficulty of these models is that they are  not very  flexible as to the shape of the fo re -  
bodies which can be handled with enough facility to produce computable data. The 
cases  which have been discussed,  even for unbounded flows, are v i r tua l ly  l imi ted to 
s t ra ight - l ineboundar ies .  Fur the rmore ,  the Riabouchinsky and r e -en t r an t  je t  theor ies  
are  additionally complicated for unsymmetr ica l  problems;  the t ransi t ion flow model 
does not have this difficulty. All of the flow models mentioned have been used to 
descr ibe bounded flows; the resu l t s  of these analyses will be re la ted  in subsequent 
sections. 

Because of the difficult ies associated with these models it would appear useful 
to consider  a non-exact  model. Tulin (9) has applied the ideas of thin a i r foi l  theory 
to finite cavity flows to. obtain a l inear  cavity flow theory. The l inear iza t ion  is in 
t e r m s  of a s lenderness  ra t io  or a small  angle of attack and involves the usual intro-  
duction of per turbat ion veloci t ies .  The conditions along solid contours and constant- 
p r e s su re  surfaces  are  expressed  in t e r m s  of these veloci t ies .  Instead of trying to 
satisfy conditions along the body or the unknown cons tan t -pressure  surfaces ,  the 
boundary conditions are  sat isf ied on a known mean chord line. A condition which 
insures  that the body-cavity combination is c losed and another condition, e i ther  p ro-  
viding a smooth body-cavity juncture or a smooth flow at the t ra i l ing  edge of the foil, 
seem to be sufficient to yield a useful flow theory. 

If the l inear ized theory is  applied to the problem of Fig. 1, the problem becomes  
a mixed analytic function theory problem defined over  the strip bounded by ~u and ~6 
and ex te r ior  to the cut along the x-axis .  (See Fig. 2.) The cut will r ep resen t  the 

l 
y 0=- 

v=O 

/- 'v = ( l+~ )c lU ,~  

v=O 
U= / O" U , ~  

Fig. 2 - Linearized cavity flow for a lifting foil 
between solid walls 

U,=, 
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distance f rom the leading edge to the end of the cavity for the case of fully cavitating 
flow. For par t ia l ly  cavitating flow (the cavity closing on the body), the cut will be the 
mean chord length of the body. It is c lea r  that unless  there is symmet ry  about the 
x-axis  or the cavity is  infinitely long we are  faced with solving a mixed boundary 
value problem in a multiply connected domain. 

The general  problem can be represen ted  as one defined over  the annulus shown 
in Fig. 2 with e i ther  the per turbat ion veloci t ies  u or v p r e sc r i bed  on the inner c i rc le*  
and u and v p re sc r ibed  in al ternate  segments  on the outer c i rc le .  Fu r the rmore ,  c e r -  
tain cohtinuity and singulari ty conditions are  imposed on the complex veloci ty func- 
tion on the outer c i rc le .  It would seem as though this is just  the type of problem to 
be handled in very general  form by the methods of Muskhelishvil i  (10). As it turns  
out, however,  there  are  difficult ies in finding the analytic continuations of the analytic 
functions needed in the Muskhelishvi l imethod.  This is a lso pointed out byWoods (11) 
and in fact, Woods has developed an a l ternat ive  approach to such boundary value 
problems.  The original  cut s tr ip of Fig. 2 may be mapped to a per iodic  a r ray  of 
rec tangles ,  per iodic  in both ver t i ca l  and horizontal  direct ions,  by el l ipt ic  mapping 
functions. Then, using a Cauchy integral  method, Woods (12,13) has given a fo rmula -  
tion for fully wetted foi ls  between porous walls  which can be eas i ly  extended to the 
cavity flow problem. In the l imit ing cases ,  the porous  walls  of the Woods theory 
become solid or cons tan t -p ressure  surfaces .  An examination of this method, n o w  

underway at R.P.L,  for both fully cavitat ing and par t ia l ly  cavitating flows, shows, as  
Woods has warned, that the express ions  obtained for  such requi red  re la t ions  as those 
between ~ and .£ and for C L and a are  very  difficult to handle. However, if the walls  
are  far  f rom the body it appears  possible  to achieve some resul ts .  

Using the same mapping to the per iodical ly  repea ted  rec tangles ,  T imman (14) 
has considered the problem of an osci l la t ing airfoi l  between solid wal ls  by finding 
appropriate  Green ' s  functions. In adopting his method for the bounded cavity flow 
problems,  we find that the par t ia l  cavity flow past  a l if t ing flat plate between solid 
walls  r e q u i r e s  the solution of the following ra ther  in teres t ing  integral  equation: 

2K 
sn~ + 

4K 

f =(f) sn(f) H(f,V) a f  

2K +f 
0 

a ( ~ )  s n ( ~ )  H(~,V)  d ~ t ,  

where K(k) is  the complete el l iptic function of the f i r s t  kind, ~ is the local  incl ina-  
tion of the forebody, and ~ r ep re sen t s  a cavity dimension. The kerne l  H(~,V) is  a 
singular kerne l  with an analytic t e r m  and has the fo rm 

~,  q~ H(~,~) = cot 7r(~-~) + 4K sin m~(~-~7) 
4K 1 1 - qm 2K 

* I f  ~b u a n d  ~b~ r e f e r  to d i f f e r e n t  t y p e s  o f  b o u n d a r i e s ,  u a n d  v w i l l  b e  s p e c i f i e d  o n  s e p a -  
r a t e  p o r t i o n s  o f  t h e  i n n e r  c i r c l e .  
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Here q is  the ell iptic integral  nome, q = e x p ( - ~ K ' / K ) .  The modulus k is  a function 
of channel height and the body and cavity dimensions.  The unknown function, 7(~), is 
r e la ted  to the cavity slope in the cons tan t -pressure  region. This singular integral  
equation may be reduced to a Fredholm equation with regular  kernel  by the methods 
of Car leman and Muskhelishvil i  but this is  not a ve ry  a t t ract ive procedure .  One ma_y~ 
~so-do-a-per turbat~on solution s tar t ing f rom the  case_q = q ,wh ich  corres--~p-~-d~t0 
the w_ails-at-infinity, as  the z e r o - o r d e r  solution. This is, in fact, the method which 
has been adopted-and is  now being_calculate~l.---It-can-be seen that, although analytic 
m~tliod~ are  available and some are  beingused,  the general  l inear ized  boundary value 
problem set  forth above has not  been solved. Fur the rmore ,  it can be anticipated that 
i ts  general  solution will  be of such complexity that usable data will  be hard to obtain. 
The bounded finite cavity p rob lems  that have been t rea ted  successful ly to date by the 
use of the l inear ized  method are  those which can be reduced to a potential  problem 
in a simply connected domain, e i ther  by the use of symmet ry  or the l inear iza t ion  of 
a t ransi t ion flow model. (See for instance 15, 16, 17, 18 & 19.) The resu l t s  obtained 
in these cases  will  be discussed later .  

In this connection, D iP r ima  and Tu have recent ly  used the l inear ized  theory to 
consider  the problem of a fully cavitating symmet r i c  wedge placed under a f ree  sur -  
face or  a solid wail (2). Since the problem is  unsymmetric~ it is  necessa ry  to use a 
distr ibution of vor t ices ,  as well  as sources  and sinks to represen t  the flow potential. 
The distr ibut ions are  coupled by two simultaneous integral  equations. By per turbing 
in t e r m s  of a pa ramete r ,  ~ = chord llengih over  twice the distance f rom the f ree  sur -  
face to the vor tex  of the wedge, it is possible  to find a f i r s t  approximation for c L. 
Fur~the~t~was--obs~rv~-d-th-at-fS~r-small ~ the_effect of the wail or f ree  surface on the 

- ¢~, and c D - ~ re la t ions  was 0(~2). It is in teres t ing to note that m this problem,  
~ o x i m ~ t ~ - b ~ o d y - b o ' - o - u n - ' - d ~ i t i o n  introduced by Tulin is used, the t e r m  of 
o r d e r  ~ in the expansion of C, is identically zero.  It was found that the C D - ~, and 

a%=__~_r_elations_were insensi t ive  t o  the approximate b--ody b ~ - ~ - o f f d i f i o n - - - s , _ ~ u ~ t .  
that L was very  sensi t ive to any changes i n  the approximate conditlo-~g~im--~P-~-ed on 
f l i - ~ o ~ .  The resu l t s  of this anaiysis  a re  more  fully discussed m-Ref. 2. 

SOLID WALL CHANNELS 

E a r l i e r  in this paper,  r e fe rence  has been made to solutions for two-dimensionai  
cavity flows in solid wail tunnels. We would now like to consider  these in detail.  In 
the following discussion,  we adopt the notation: T is the maximum width of the body, 
c is  the chord length, ~ is the cavity length, h is the width of the je t  or channel, ~ is 
half the maximum cavity width, ~, is  the halfwedge angle, and -~ is the angle of attack 
for  lifting foils. Fur ther ,  if D is  the drag per  unit span, the drag coefficient  C D is 
defined as D/ ( I /2 )pU~T,  and if L is the lift  per  unit span, the lift coefficient  c L is 
defined as L/(1/2) pU~c .  

The finite cavity p rob lems  which have been considered theore t ica l ly  are  the flat 
plate set  perpendicular  to the wai ls  and the flow, s lender wedges placed s y m m e t r i -  
cally in the channel, and l i f t ingfoi ls  at smal l  angles of a t tackplaced anywhere between 
the walls.  The f i r s t  of these problems were  considered by Gurevich (20), who made 
use of the r e -en t r an t  je t  model; and by Birkhoff, P lesse t ,  and Simmons (21), who 
employed the Rtabouchinsky model. Slender symmet r i c  bodies have been studied by 
Cohen and Gilbert  (22) using the l inear ized  theory, and lifting foi ls  have been con- 
s idered  by a l inear ized  t ransi t ion flow model in a paper by Cohen, Sutherland, and 
Tu (19). For  all  of thes~ cases  except the last,  there  are  infinite cavity solutions 
given by the exact Kirchhoff-Helmholtz theory. 

+ 
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Fig .  3 The  d e p e n d e n c e  of b l o c k a g e  
c a v i t a t i o n  n u m b e r  on  T/h 

One of the  c e n t r a l  p r o b l e m s  in 
w a t e r  t u n n e l  t e s t i n g  of c a v i t y  f lows 
i s  the  b l o c k a g e  p r o b l e m .  As  the  c a v i -  
t a t i o n  n u m b e r  d e c r e a s e s ,  t he  cav i ty  
l e n g t h e n s  and  e v e n t u a l l y  a l a r g e  p o r -  
t ion  of the  c h a n n e l  d o w n s t r e a m  f r o m  
the  body b e c o m e s  a d e a d w a t e r  r eg ion .  
F o r  a g i v e n  r a t i o  of body  he igh t  to 
c h a n n e l  width ,  T / h ,  c a v i t a t i o n  n u m -  
b e r s  be low a=, the  c a v i t a t i o n  n u m b e r  
a t  wh ich  an  in f in i t e  cav i ty  would  r e -  
sul t ,  a r e  no t  a t t a i n a b l e .  T h u s ,  no t  a l l  
c av i ty  f low c o n d i t i o n s  c a n  b e  m o d e l e d  
in  a w a t e r  tunne l .  

In Fig.  3, ~ h a s  b e e n  p l o t t e d  
a g a i n s t  T/h fo r  the  f l a t  p l a t e  and  fo r  
a 1 5 - d e g r e e  h a l f - a n g l e  wedge.  T h e s e  
c u r v e s  g ive  an  i n d i c a t i o n  of how 
d r a s t i c  the  b l o c k a g e  i s ,  and  one can  

e x p e c t  t h a t  the  wa l l  e f f e c t s  on  cav i ty  l eng th  and  wid th  wi l l  be  s i m i l a r l y  l a r g e .  T h i s  
i s  b o r n e  out  in  the  c a l c u l a t i o n s  m a d e  by G u r e v i c h  and  by  C o h e n  and  G i l b e r t  a s  shown 
in F igs .  4, 5, 6, and  7. 

The  o t h e r  c o n s i d e r a t i o n  of i m p o r t a n c e  i s  the  e f f ec t  of the  t unne l  w id th  on the  
r e l a t i o n  b e t w e e n  d r a g  c o e f f i c i e n t  and  c a v i t a t i o n  n u m b e r .  F o r  the  f l a t  p l a t e ,  G u r e v i c h  
h a s  c a l c u l a t e d  ¢D VS ~ f o r  s m a l l  v a l u e s  of T/h and  f i nds  t ha t  a l l  of the  v a l u e s  l i e  on 
v i r t u a l l y  one c u r v e ,  i n d e p e n d e n t  of T/h (Fig.  9).* Now, fo r  e a c h  va lue  of T / h ,  t h e r e  
wi l l  be  a m i n i m u m  c a v i t a t i o n  n u m b e r ,  a~, c o r r e s p o n d i n g  to an  in f in i t e  c av i t y .  If one 
p l o t s  c D fo r  t h e s e  v a l u e s  of ~= (T/h  i n c r e a s e s  a s  ~= i n c r e a s e s )  e v e n  t h e s e  m i n i m u m  
C D v a l u e s  f a l l  on the  s i n g l e  c u r v e  m e n t i o n e d  above .  

T h e r e  a r e  a t  p r e s e n t  no e x a c t  m o d e l  r e s u l t s  fo r  the  s y m m e t r i c  wedge  in  a so l id  
wa l l  channe l .  The  l i n e a r  t h e o r y  r e s u l t s  of C o h e n  and  G i l b e r t  a r e  shown  in  Fig. 8 and  
wi l l  be  d i s c u s s e d  p r e s e n t l y  in  c o n n e c t i o n  wi th  the  e x p e r i m e n t a l  data .  

T h e r e  a r e  e x p e r i m e n t a l  r e s u l t s  f o r  b o t h  of the  s y m m e t r i c  f lows  m e n t i o n e d  above .  
Wa id  (23) h a s  c a r r i e d  out  a s e t  of t e s t s  wi th  f l a t  p l a t e s  and  s m a l l  ang l e  wedges .  F o r  
the  f l a t  p l a t e  wi th  a T/h r a t i o  of 0.027 the  e x p e r i m e n t a l  p o i n t s  a g r e e  we l l  w i th  the  
c u r v e  g iven  by  P l e s s e t  and  Shaf fe r  (24) who u s e d  the  R i a b o u c h i n s k y  m o d e l  fo r  a f l a t  
p l a t e  in  an  unbounded  s t r e a m  (Fig.  9). A l so  shown  is  the  c u r v e  g iven  by  G u r e v i c h .  
The  r e - e n t r a n t  j e t  t h e o r y  s e e m s  to give a s l i g h t l y  b e t t e r  f i t  t han  the  unbounded  f low 
r e s u l t s  in  the  p a r t i a l  c a v i t a t i o n t  r eg ion .  

The P l e s s e t  and  Shaf fe r  r e s u l t s  a l s o  give an  e x c e l l e n t  f i t  to  the  e x p e r i m e n t a l  
da t a  fo r  the  1 5 - d e g r e e  wedge,  w i th  T/h = 0.027 (Fig.  8). As  can  be  s een ,  the  l i n e a r  
t h e o r y  da t a  l i e  c o n s i s t e n t l y  above  the  exac t  t h e o r y  and,  in  t h i s  c a s e ,  the  e x p e r i m e n t a l  
data .  T h i s  o v e r e s t i m a t i o n  s e e m s  to o c c u r  g e n e r a l l y ,  a s  h a s  b e e n  po in t ed  out  by 
Wu (25). In the  p r e s e n t  c a s e ,  we have  a g a i n  p lo t t ed  a c u r v e  showing  the  va lue  of c D 

~'We have  r e p l o t t e d  G u r e v i c h ' s  c u r v e  u s i n g  da ta  f r o m  the f i g u r e  in h i s  p a p e r ;  h e n c e  
it is  p o s s i b l e  tha t  the c u r v e  in F ig .  9 m a y  be v e r y  s l i g h t l y  i n a c c u r a t e .  

t W a i d u s e s  the t e r m  p a r t i a l  c a v i t a t i o n t o  m e a n  tha t  the c a v i t i e s  a r e  f i l l ed  w i t h a  r a p -  
idly m o v i n g  c o m b i n a t i o n  of , bubb le s  and  w a t e r .  In the  f i g u r e s  s u c h  c a v i t i e s  a r e  
d e n o t e d  by" a so l i d  c i r c l e .  
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F ig .  4 - The d e p e n d e n c e  of cav i ty  l e n g t h  on c a v i t a t i o n  n u m b e r  
fo r  a 1 5 - d e g r e e  wedge 

at  the  ~ c o r r e s p o n d i n g  to any g iven  v a l u e  of T/h, the  i n f in i t e  c a v i t y  c u r v e .  T h e s e  
v a l u e s  of C D wi l l  be  the  m i n i m u m  ' a t t a inab le  fo r  the  'g iven  v a l u e  of ~. We  h a v e  a l s o  
p l o t t e d  c D as  a func t ion  of ~ f o r  T/h = 0, the  unbounded  s t r e a m  r e s u l t .  ' H one  t a k e s  

c o n s t a n t ,  t hen  0nly  t h o s e  v a l u e s  of c D ly ing  b e t w e e n  the  two c u r v e s  c a n  be  o b t a i n e d  
by chang ing  T / h .  If one  t a k e s  T/h constant~ a c u r v e  can  be  d r a w n  b e g i n n i n g  at  the  ~= 
v a l u e  c o r r e s p o n d i n g  to T / h  and  ly ing  a l w a y s  b e t w e e n  the  c u r v e s  f o r  T/h  = 0 and  f o r  
the  i n f in i t e  cav i ty  cond i t ion .  T h u s ,  a l t h o u g h  the  l i n e a r  r e s u l t  d o e s  o v e r e s t i m a t e  the  
d r a g  at  any g iven  v a l u e  of ~, i t  g i v e s  a q u a l i t a t i v e  c o n f i r m a t i o n  to the  i d e a  t h a t  the  
c h a n g e  in f o r c e  coe f f i c i en t  i s  i n d e e d  s m a l l  f o r  f ixed  c a v i t a t i o n  n u m b e r .  

One m u s t  keep  in mind ,  h o w e v e r ,  t ha t  the  b o u n d a r i e s  do invoke  l i m i t a t i o n s  on  
the  c a v i t a t i o n  n u m b e r s .  W a i d  h a s  m e a s u r e d  v a l u e s  f o r  c D j u s t  be low ~ = 0 .2  f o r  the  
1 5 - d e g r e e  wedge  and  t h e s e  m u s t  be  v e r y  long  c a v i t i e s  s i n c e  C o h e n  and  G i l b e r t  
o b t a i n  a= = 0 .212 as  the  b l o c k a g e  c a v i t a t i o n  n u m b e r  fo r  the  1 5 - d e g r e e  w e d g e  w i th  
T/h = 0.026.  

F o r  cav i ty  width ,  G u r e v i c h ' s  r e s u l t s ' o b v i o u s l y  fo l low the  d a t a m o r e  f a i th fu l ly  
t han  the  P l e s s e t  and  Shaf fe r  r e s u l t  f o r  the  unbounded  f low (F, ig.  7). G u r e v i c h  h a s  
c o m p u t e d  w i d t h s  and  l e n g t h s  f o r  r a t h e r  h igh  v a l u e s  of c a v i t a t i o n  n u m b e r  (~ > 0.5) 
w h i c h  i s  s t r a n g e ,  but  i t  a p p e a r s  t ha t  h i s  r e s u l t s  g ive  the  p r o p e r  c o r r e c t i o n  f o r W a i d ' s  
da ta .  F o r  the  1 5 - d e g r e e  wedge ,  the  Cohen  and  G i l b e r t  d a t a  a l so  s e e m  to g ive  the  
p r o p e r  c o r r e c t i o n  (Fig .  6). 
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Fig .  5 - The d e p e n d e n c e  of cav i ty  l e n g t h  on c a v i t a t i o n  n u m b e r  fo r  a f l a t  p l a t e  

Unfo r tuna t e l y ,  G u r e v i c h ' s  c a l c u l a t i o n s  a r e  not  v e r y u s e f u l  f o r  c a v i t y  l e n g t h  c o m -  
p a r i s o n s .  The  v a l u e s  of ~ u s e d  a r e  so  l a r g e  t ha t  they  fa l l  in  the  p a r t i a l  c a v i t a t i o n  
r a n g e  (Fig .  5). G u r e v i c h ' s  r e s u l t s  a r e  g i v e n  in exp l i c i t  f o r m  and  m a y  be  e x t e n d e d  
w i th  s o m e  l a b o r .  T he  P l e s s e t  and  Shaf fe r  u n b o u n d e d  f low r e s u l t s  a r e  c o m p a r e d  wi th  
W a l d ' s  da t a  in  F ig .  5. F o r  t he  1 5 - d e g r e e  wedge ,  the  wa l l  e f fec t  c u r v e s  g i v e n  by 
C o h e n  and  G i l b e r t  a g a i n  s e e m  to g ive  the  r i g h t  c o r r e c t i o n  (Fig .  4). The  m a g n i t u d e  
of the  c o r r e c t i o n  i s  l a r g e  h e r e ;  f o r  u = 0.3, w/h = 0.026,  the  c o r r e c t i o n  to the  P l e s s e t  
and  Sha f fe r  unbounded  f low r e s u l t s  i s  about  50 p e r c e n t  and  b e c o m e s  l a r g e r  a s  ~ 
d e c r e a s e s .  

T h u s  f a r ,  we h a v e  c o n s i d e r e d  on ly  s y m m e t r i c a l  f lows .  When  a th in  foi l  i s  p l a c e d  
i n s i d e  a w a t e r  t unne l  a t  an  a n g l e  of a t t a ck ,  the  f low i s  o b v i o u s l y  no l o n g e r  s y m m e t r i -  
ca l .  In  o r d e r  to avo id  the  m a t h e m a t i c a l  d i f f i c u l t i e s  w h i c h  a r i s e  f o r  the  m u l t i p l y -  
c o n n e c t e d  d o m a i n  i n v o l v e d  in  t h i s  f in i t e  cav i ty  flow, a l i n e a r i z a t i o n  of the  t r a n s i t i o n  
f low m o d e l  w a s  u s e d  by Cohen,  Su t he r l and ,  and  Tu (19). 

The  g e n e r a l  so lu t ion  w a s  o b t a i n e d  f o r  any  r a t i o  of h J h ~  ( see  F ig .  1). T h r e e  
s p e c i a l  c a s e s  w e r e  c o n s i d e r e d  in  d e t a i l  f o r  the  f l a t  p l a t e  foi l .  In  the  f i r s t ,  t he  foi l  i s  
l o c a t e d  m i d w a y  be t w een  w a l l s  ( h  = h~).  T he  l i f t  coe f f i c i en t  i s  o b t a i n e d  a s  a f unc t i on  
of c a v i t a t i o n  n u m b e r  a s  shown in Fig .  I0  f o r  the  p a r t i c u l a r  c a s e ,  a = -6  d e g r e e s ;  
c u r v e s  w e r e  p l o t t ed  f o r  s e v e r a l  v a l u e s  of c / h .  On the  s a m e  g r a p h  we h a v e  shown  
the  r e s u l t  f o r  h~ = h u = h / 2  -* m, and  the  r e s u l t s  f o r  the  c a s e  of the  i n f in i t e  cav i ty .  
F o r  the  r a n g e  of c a v i t a t i o n  n u m b e r s  shown,  the  wa l l  e f f e c t s  w h i c h  l i e  b e t w e e n  the  
two bound ing  c u r v e s  a r e ,  indeed ,  s m a l l .  If a c h o i c e  of c / h  i s  m a d e ,  one  b e g i n s  at  
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Fig.  6 - The dependence  of m a x i m u m  cavi ty  width on cavi ta t ion  
number  for  a 15 -deg ree  wedge i n a  channel  

the p r o p e r  value of a= on the inf in i te  cav i ty  cu rve  and p r o c e e d s  a long the  C L v s  a 
c u r v e  a s  i s  shown in Fig. 10. A l so  shown in Fig. 10 i s  a cu rve  of ~= v s  c /h  fo r  
h , ~  = h u = h , / 2  . 

P a r k i n  (2 6) has  c o n s i d e r e d  l i f t ing  f ia t  p l a t e s  e x p e r i m e n t a l l y .  F o r  the 1 2 - d e g r e e  
f ia t  p la te ,  h i s  data  a r e  g iven in Fig. 11 along wi th  W u ' s  t r a n s i t i o n  m o d e l  t h eo ry  
r e s u l t s  (8) fo r  the unbounded s t r e a m  and the r e s u l t s  fo r  the bounded flow us ing  the 
l i n e a r i z e d  t r a n s i t i o n  mode l  (19). He re  again the l i n e a r  t h eo ry  o v e r e s t i m a t e s  the 
f o r c e  coef f ic ien t ;  however ,  it  does  p r e d i c t  only a s m a l i  change in C L for  f ixed  a wi th  
v a r y i n g  T / h .  

The second  c a s e  c o n s i d e r e d  in Ref. 19 d e s c r i b e s  the flow b e h a v i o r  when  hg + w 
or  h u -. co; i . e . ,  the l i f t ing foil  n e a r  the upper  or  l o w e r  wall .  F o r  inf ini te  cav i t i e s ,  
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F i g .  7 - The  d e p e n d e n c e  of m a x i m u m  c a v i t y  width  on c a v i t a t i o n  n u m b e r  
fo r  a f la t  p la te  in a c h a n n e l  

the  e f f ec t  of the  n e a r n e s s  to one  wal l  i s  show n  in F ig .  12. The  l i f t  c oe f f i c i e n t  fo r  
both  h.~, h u -. co in the  l i n e a r  t h e o r y  i s  ( -  a) n /2 .  In the  c a s e  w h e r e  the  foil  i s  c l o s e  
to the  u p p e r  wa l l ,  t he  l i f t  c o e f f i c i e n t  d e c r e a s e s  a s  the  d i s t a n c e  f r o m  the wal l  d e -  
c r e a s e s .  On the  o t h e r  hand ,  w h e n  the  foil  i s  c l o s e  to a l o w e r  wal l ,  the  l i f t  coe f f i c i en t  
i n c r e a s e s  a s  the  d i s t a n c e  f r o m  the  wal l  d e c r e a s e s .  It s h o u l d  be kept  in mind ,  h o w -  
e v e r ,  t ha t  t h e s e  r e s u l t s  a r e  f o r  the  in f in i t e  c a v i t y  c a s e  wi th  ~ = 0 ( s i nc e  fo r  e i t h e r  
h u o r  h.~ in f in i t e  t h e r e  i s  no b l o c k a g e  c a v i t a t i o n  n u m b e r ) .  T h e  r e l a t i o n  b e t w e e n  C L 
and  a f o r  v a l u e s  of ~ g r e a t e r  t han  z e r o  h a s  be e n  o b t a i n e d  (19) fo r  t h i s  c a s e  but h a s  
not  ye t  b een  c o m p u t e d .  

It wou ld  s e e m  tha t  the  l a t t e r  r e s u l t s  m a y  be of i n t e r e s t  in o b s e r v i n g  the  e f fec t  
of l a r g e r  b o d i e s ,  s u c h  a s  s h i p s '  h u l l s ,  on hyd ro fo i l  c h a r a c t e r i s t i c s .  To  o u r  know le dge  
no e x p e r i m e n t s  h a v e  been  c a r r i e d  out on s u c h  p r o b l e m s .  

THE F R E E  J E T  

F i n i t e  c av i t y  f low in a je t  s e e m s  to p r e s e n t  a m o r e  d i f f icu l t  m a t h e m a t i c a l  p r o b -  
l e m  th an  the  so l i d  wal l  c a s e  j u s t  d i s c u s s e d .  T h e  p r e l i m i n a r y  r e s u l t s  f r o m  the  m e t h o d  
of L .  C . W o o d s  m e n t i o n e d  p r e v i o u s l y  l e a d  to c o m p l i c a t e d  e x p r e s s i o n s  fo r  the  d e s i r e d  
q u a n t i t i e s .  T h e  l i n e a r  t r a n s i t i o n  flow mode l ,  a l t hough  a pp l i c a b l e ,  l e a d s  to h y p e r -  
e l l ip t i c  i n t e g r a l s  wh ich  a r e  c u m b e r s o m e  to u s e  and  e v a l u a t e .  T h e  c a s e s  w h ic h  h a v e  
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Fig. 8 - The dependence of the drag coefficient on 
cavitation number for a 15-degree wedge 

b e e n  s tud ied  t h e o r e t i c a l l y  a r e  the  f la t  p l a t e  p e r p e n d i c u l a r  to the  f low d i r e c t i o n  in 
t e r m s  of the  R i a b o u c h i n s k y  mode l  by Bi rkhof f ,  P l e s s e t ,  and  S i m m o n s  (21), and the  
s l e n d e r  s y m m e t r i c a l  body by Cohen  and  Tu (27) u s i n g  the  l i n e a r i z e d  t h e o r y .  

The  exac t  e x p r e s s i o n s  o b t a i n e d  by Bi rkhof f ,  P l e s s e t ,  and  S i m m o n s  a r e  v e r y  
i nvo lved  and, a s  f a r  as  we know, no c a l c u l a t i o n s  have  b e e n  m a d e  f r o m  t h e m .  As  a 
m a t t e r  of fac t ,  no c u r v e s  o r  da t a  of any k ind  a r e  g iven  in the  p a p e r .  U s i n g  the  
a p p r o x i m a t e  e x p r e s s i o n s  a p p r o p r i a t e  fo r  s m a l l  c a v i t a t i o n  n u m b e r s  a l so  d e r i v e d  in  
the  p a p e r ,  w e  have  c a l c u l a t e d  the  r e l a t i o n s  be t w een  CD, cav i ty  l eng th ,  and  the  c a v i t a -  
t ion  n u m b e r .  T h e s e  a r e  shown in F i g s .  5 and  9 and  fo r  s e v e r a l  v a l u e s  of T /h .  As  
can  be s e e n ,  a b o u n d a r y  c o r r e c t i o n  i s  p r e d i c t e d  h e r e  not only  in the  c a s e  of the  
chang ing  cav i ty  l eng th ,  but a l so  for. the  f o r c e  ~oef f i c i en t .  

Cohen  and  Tu have  u s e d  the  l i n e a r i z e d  t h e o r y  to c a r r y  out  c a l c u l a t i o n s  fo r  the  
c a s e  of a 1 5 - d e g r e e  wedge .  The  e f fec t  on c D of chang ing  ~ in a j e t  w i th  T/h = 0.052 
at in f in i ty  i s  shown in" Fig .  8. T h e s e  r e s u l t s  a r e  c o m p a r e d  wi th  unbounded  flow 
r e s u l t s  fo r  the  wedge  o b t a i n e d  by P l e s s e t  and  Shaf fe r  (24) and  a l so  w i t h . u n b o u n d e d  
flow r e s u l t s  f r o m  the  l i n e a r  t h e o r y .  In addi t ion ,  the  e x p e r i m e n t a l  r e s u l t s  of S i l b e r m a n  
(28) a r e  shown.  The  l i n e a r  t h e o r y  in t h i s  c a s e  s e e m s  to give the  r i g h t  c o r r e c t i o n  
and  the  a g r e e m e n t  wi th  e x p e r i m e n t  i s  good. S i l b e r m a n  was  ab le  to o b t a i n  da t a  at  

= 0 by ven t i ng  the  cav i ty  to the  u p s t r e a m  p r e s s u r e .  H e r e  the  l i n e a r  t h e o r y  f a i l s ,  
hut the  K i r c h h o f f - H e l m h o l t z  t h e o r y  r e s u l t s  of Siao and H u b b a r d  (29) a r e  not f a r  off. 
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c a v i t a t i o n  n u m b e r  fo r  a f la t  p l a t e  

F o r  the  cup (or  scoop  channe l )  and  the  c i r c u l a r  c y l i n d e r  wi th  a r a t i o  of body 
wid th  to j e t  w id th  of 0.0375, the  e x p e r i m e n t a l  r e s u l t s  f o r  c D a r e  in  good a g r e e m e n t  
wi th  the  t h e o r e t i c a l  p r e d i c t i o n s  fo r  an  unbounded  flow (30). F o r  t h i s  v a l u e  of T /h ,  
it a p p e a r s  tha t  the  b o u n d a r y  e f f e c t s , o n  C D fo r  t h e s e  b o d i e s  a r e  neg l i g ib l e .  

In the  c a s e  of the  l i f t ing  f ia t  p l a t e  in  the  je t ,  e x p e r i m e n t a l  da t a  h a v e  b e e n  c o m -  
p a r e d w i t h  unbounded  f low s o l u t i o n s .  The  a g r e e m e n t  be tween  the  e x p e r i m e n t a l  r e s u l t s  
and  the  t h e o r e t i c a l  v a l u e s  o b t a i n e d  by Wu ( 8 ) u s i n g  the  t r a n s i t i o n  flow m o d e l  a r e  qu i t e  
good fo r  c a v i t a t i o n  n u m b e r s  above  0.15.  The  v a l u e s  of c L p r e d i c t e d  by Wu (16) u s i n g  
the  l i n e a r i z e d  t h e o r y  l i e  c S n s i s t e n t l y  above  the  e x p e r i m e n t a l  da ta .  T h e  r e s u l t s  f o r  
the  d r a g  coe f f i c i en t  a r e  not in such  good a g r e e m e n t .  It i s  i m p o s s i b l e  to s ay  w h e t h e r  
t h i s  can  be  a t t r i b u t e d  to a b o u n d a r y  effect ,  s i n c e  t h e r e  a r e  no c o m p u t a t i o n s  fo r  a 
l i f t ing  p l a t e  in  a j e t .  

As  fo r  c a v i t y  d i m e n s i o n s ,  the  j e t  b o u n d a r y  c o r r e c t i o n s  g iven  fo r  the  d e c r e a s e  of 
c a v i t y  l e n g t h  wi th  d i m i n i s h i n g  j e t  w id th  by Cohen  and  Tu fo r  a s y m m e t r i c  wedge  a r e  
c o n f i r m e d  by the  e x p e r i m e n t a l  r e s u l t s  (F ig .  4). The  f i t  i s  not  a s  c l o s e  a s  f o r  the  
f o r c e  coe f f i c i en t  da ta  but shows  c l e a r l y  the  d i r e c t i o n  of the  c o r r e c t i o n .  S i l h e r m a n  
h a s  a l s o  c o m p a r e d  cav i ty  l e n g t h s  f o r  a l i f t ing  foi l  wi th  t h o s e  o b t a i n e d  t h e o r e t i c a l l y  
f o r  the  u n b o u n d e d  s t r e a m  flow by Wu ( 8 ) u s i n g  the  t r a n s i t i o n  m o d e l  and  T u l i n  (15) 
u s i n g  the  l i n e a r  t h e o r y .  Both  t h e o r i e s  g ive  r e a s o n a b l e  a g r e e m e n t  f o r  ~ g r e a t e r  t h a n  
0.1 but a r e  not  c o n s i s t e n t  wi th  the  e x p e r i m e n t a l  da t a  f o r  ~ l e s s  than  t h i s  va lue .  
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SOME COMPARISONS AND OBSERVATIONS 

We have  g iven  s e p a r a t e l y  the  d e t a i l s  of the  e f f e c t s  of so l id  w a l l s  and  of f r e e  je t  
b o u n d a r i e s  o r  f o r c e  c o e f f i c i e n t s  and  cav i ty  d i m e n s i o n s  in s o m e  p a r t i c u l a r  bounded  
flow p r o b l e m s .  In the  p r e s e n t  s e c t i o n  we would l ike  to c o m p a r e  t h e s e  e f f ec t s .  We 
wil l  t hen  d i s c u s s  the  t h e o r e t i c a l  and e x p e r i m e n t a l  da t a  p r e s e n t e d  thus  f a r  on two-  
d i m e n s i o n a l  f lows and  o f fe r  s o m e  o b s e r v a t i o n s  b a s e d  on the  e x a m p l e s  c o n s i d e r e d .  

F o r  the  p u r p o s e  of c o m p a r i s o n  we have  c h o s e n  the  1 5 - d e g r e e  wedge .  If one 
b e g i n s  wi th  an  unbounded  st  r e a m  f lowing p a s t  the  wedge ,  the  cav i ty  l eng th  can  i n c r e a s e  
f r o m  z e r o  to in f in i ty  a s  the  c a v i t a t i o n  n u m b e r  d e c r e a s e s  to z e r o  a s  shown in Fig .  4. 
F o r  a j e t  bounded  by c o n s t a n t - p r e s s u r e  s t r e a m l i n e s ,  the  s a m e  is  t r u e ,  a l t hough  the  
cav i ty  l e n g t h  i s  a lways  s m a l l e r  a t  any g iven  v a l u e  of ~..  On the  o t h e r  hand ,  if t he  flow 
is  bounded  by so l id  w a l l s ,  the  cav i ty  l e n g t h  i n c r e a s e s  at  a m o r e  r a p i d  r a t e  t han  in 
the  unbounded  s t r e a m  and  a t t a i n s  i n f in i t e  l e n g t h  at  the  b lockage  v a l u e  a~. F o r  a 
g iven  c a v i t a t i o n  n u m b e r ,  say  f o r  e x a m p l e  ~ = 0.35, t h e r e  m a y  be a s  m u c h  as  100 p e r -  
cen t  d i f f e r e n c e  in cav i ty  l e n g t h s  fo r  the  s a m e  s i z e  wedge  in a je t  and  a tunne l  of the  
s a m e  he igh t  (T /h  = 0 . 0 5 2 ) .  M o r e  i m p o r t a n t ,  h o w e v e r ,  i s  the  fac t  tha t  c a v i t i e s  of v e r y  
long  l e n g t h s  may  be m o d e l e d  in a so l id  wal l  t unne l  at  h igh  c a v i t a t i o n  n u m b e r s  if 
d e s i r e d  and  at low c a v i t a t i o n  n u m b e r s  in  a j e t  if t h i s  i s  d e s i r a b l e .  
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Wall  E f f e c t s  in  Cav i t a t i on  F l o w s  

C a v i t y  wid th  b e h a v i o r  in  the  j e t  and  so l id  wa l l  c h a n n e l  i s  s i m i l a r  to t ha t  of c a v i t y  
l eng th .  In c h a n n e l s  at  b lockage  c a v i t a t i o n  n u m b e r s ,  t he  cav i ty  w id th  h a s  i t s  m a x i m u m  
v a l u e .  T h e s e ,  of c o u r s e ,  a r e  s t r o n g l y  l i m i t e d  by the  tunne l  h e i g h t  so  t ha t  con t inu i ty  
of flow m a y  be m a i n t a i n e d .  In the  je t ,  the  c a v i t y  m a y h a v e  a n y w i d t h ,  b e c o m i n g  in f in i t e  
a s  ~ a p p r o a c h e s  z e r o .  

In c o m p a r i n g  the  d r a g  c o e f f i c i e n t  f o r  the  wedge  in the  so l i d  wa l l  c h a n n e l  and  in  
a j e t ,  i t  m u s t  be kep t  in  m i n d  t ha t  the  l i n e a r  t h e o r y  s e e m s  c o n s i s t e n t l y  to o v e r -  
e s t i m a t e  the  f o r c e  coe f f i c i en t .  The  v a l u e  of c D p r e d i c t e d  by the  l i n e a r  t h e o r y  fo r  the  
unbounded  flow l i e s  above  t ha t  p r e d i c t e d  by the  R i a b o u c h i n s k y  m o d e l .  If one  r e m a i n s  
w i th in  the  f r a m e w o r k  of the  l i n e a r  t h e o r y ,  h o w e v e r ,  fo r  a g iven  v a l u e  of ~, the  v a l u e  
of C D i s  l o w e r  in  the  j e t  t han  in the  so l i d  wa l l  c h a n n e l  and  bo th  of t h e s e  l i e  be low the  
v a l u e  p r e d i c t e d  by the  l i n e a r  t h e o r y  f o r  the  u n b o u n d e d  s t r e a m  (Fig.  8). Ac tua l ly ,  the  
e x p e r i m e n t a l  v a l u e s  f o r  the  so l i d  wa l l  c h a n n e l  l i e  below t h e s e  l i n e a r  r e s u l t s  and,  i t  
wi l l  be  r e c a l l e d ,  co inc ide  w i th  the  exac t  R i a b o u c h i n s k y  mode l  r e s u l t s  f o r  the  u n b o u n d e d  
s t r e a m .  On the  o t h e r  hand ,  the  e x p e r i m e n t a l  r e s u l t s  f o r  the  wedge  in the  j e t  c o i n c i d e  
wi th  t h o s e  p r e d i c t e d  by the  l i n e a r  t h e o r y .  It  would  a l m o s t  a p p e a r  a s  though  the  s o l i d  
w a l l s  do not  a f fec t  the  d rag ;  w h e r e a s  the  j e t  b o u n d a r i e s  do. The  e f fec t  of the  j e t  
b o u n d a r i e s  f o r  the  f la t  p l a t e  c a s e  (Fig .  9) i s  the  s a m e ,  a l t hough  t h e r e  i s  e x p e r i m e n t a l  
v e r i f i c a t i o n  fo r  the  wedge  only .  It  i s  v e r y  i m p o r t a n t  to k e e p  in  mind ,  h o w e v e r ,  t ha t  
the  so l i d  wa l l  c h a n n e l  does  not  a l low the  m o d e l i n g  of a l l  c a v i t a t i o n  c o n d i t i o n s .  F o r  
the  e x p e r i m e n t a l  c a s e  c i t ed  in t h i s  r e p o r t  w h e r e  T/h = 0 . 0 2 7 ,  t he  m i n i m u m  c a v i t y  
n u m b e r  f o r  the  1 5 - d e g r e e  wedge  i s  0 .212 and  f o r  the  f ia t  p l a t e  i t  i s  0.3.  T h u s  t h e r e  
i s  a r a t h e r  s e v e r e  l i m i t a t i o n  on the  u s e  of so l id  wal l  t u n n e l s  f o r  low c a v i t a t i o n  n u m -  
b e r  t e s t i n g .  

T h e s e  c o m p a r i s o n s  s e r v e  to po in t  up the  m o r e  i n t e r e s t i n g  r e s u l t s  of the  p r e s e n t  
s u r v e y .  F i r s t  of a l l ,  the  e x p e r i m e n t a l  r e s u l t s  of Waid  (23), t o g e t h e r  wi th  the  t h e o r e t i -  
ca l  a n a l y s e s  of G u r e v i c h  (20) and  P l e s s e t  and  Shaf fe r  (24) f o r  the  s y m m e t r i c a l  f lows  
p a s t  f i a t  p l a t e s  and  we dges ,  c o n f i r m  the  i dea  tha t  the  d r a g  coe f f i c i en t  i s  i n s e n s i t i v e  
to b o u n d a r y  c h a n g e s  in so l i d  wal l  c h a n n e l s ,  p r o v i d i n g  a i s  he ld  c o n s t a n t .  The  l i n e a r  
t h e o r y  p r o v i d e s  the  s a m e  r e s u l t  q u a l i t a t i v e l y  fo r  the  wedge  flow and  a l s o  f o r  the  u n -  
s y m m e t r i c a l  flow p a s t  a f la t  p l a t e  foi l  in  a so l i d  wal l  c h a n n e l .  The  l i n e a r  t h e o r y  
r e s u l t s  f o r  t h e s e  c a s e s  s e e m  c h a r a c t e r i s t i c a l l y  to o v e r e s t i m a t e  the  f o r c e  coe f f i c i en t  
when  c o m p a r e d  w i th  the  e x p e r i m e n t s .  F o r  the  l i f t i ng  f la t  p l a t e  foi l  t he  u n b o u n d e d  
s t r e a m  r e s u l t s  g iven  by Wu (8) u s i n g  the  n o n - l i n e a r  t r a n s i t i o n  f low mode l  p r o v i d e  
e x c e l l e n t  a g r e e m e n t  w i th  the  w a t e r  tunne l  da ta ,  f u r t h e r  s t r e n g t h e n i n g  the  r e m a r k s  
m a d e  on the  i n s e n s i t i v i t y  of the  f o r c e  coe f f i c i en t .  T h i s  o b s e r v a t i o n  s e e m s  to c o n -  
f i r m  at  l e a s t  a p o r t i o n  of B i r k h o f f ' s  P r i n c i p l e  of the  S tab i l i ty  of the  p r e s s u r e  C o e f -  
f i c i en t  (1). 

The  t h e o r e t i c a l  and  e x p e r i m e n t a l  r e s u l t s  e x a m i n e d  do not y i e ld  qui te  s u c h  c o n -  
s i s t e n t  r e s u l t s  in  the  c a s e  of the  f r e e  je t .  Smal l  b o u n d a r y  e f f ec t s  on  C D a r e  p r e d i c t e d  
by the  t h e o r y  fo r  the  wedge  and  the  f ia t  p l a t e  and,  in  the  c a s e  of the  1 5 - d e g r e e w e d g e ,  
a r e  o b s e r v e d .  On t h e  o t h e r  hand ,  f a i r l y  good a g r e e m e n t  r e s u l t s  when  unbounded  
s t r e a m  v a l u e s  of C L a r e  c o m p a r e d w i t h  the  e x p e r i m e n t a l  v a l u e s  f o r a  l i f t ing  f i a t  p l a t e  
in  the  je t .  

Thus ,  in only one c a s e  do the  e x p e r i m e n t s  show the  need  fo r  b o u n d a r y  c o r r e c -  
t i o n s  fo r  C D. It m i g h t  be  po in t ed  out,  h o w e v e r ,  t ha t  t h e s e  e x p e r i m e n t s  w e r e  r u n  at  
the  h i g h e s t  va lue  of T/h of a l l  t h o s e  r e v i e w e d .  F u r t h e r m o r e ,  and  e v e n  m o r e  i m p o r -  
t an t ,  t h e s e  C D c o m p a r i s o n s  a r e  m a d e  on the  b a s i s  of c o n s t a n t  c a v i t a t i o n  n u m b e r .  The  
b lockage  c o m p u t a t i o n s  show how d i f f i cu l t  i t  i s  to ob ta in  the  c a v i t a t i o n  c o n d i t i o n s  
n e c e s s a r y  to r e p r o d u c e  the  C D v a l u e s  in  an  unbounded  s t r e a m .  If one  i s  t e m p t e d  to 
d i s c a r d w a l l  e f fec t  c o m p u t a t i o n s  b e c a u s e  of the  e x c e l l e n t  a g r e e m e n t  f o r  C o v a l u e s  wi th  
unbounded  s t r e a m  r e s u l t s ,  i t  i s  i m p o r t a n t  to r e m e m b e r  tha t  one  m u s t  a l so  m e a s u r e  
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blockage  e f f e c t s .  Blockage  f o r m u l a s  m a y  be ob ta ined  which  involve  CD, or, and T/h 
by r a t h e r  e l e m e n t a r y  m e a n s  (see  Ref.  1) but it  i s  m o r e  conven ien t  to have = and T/h 
r e l a t e d  independen t ly  f r o m  C D. Such a r e l a t i o n  r e q u i r e s  the so lu t ion  of the bounded 
flow p r o b l e m .  

B e s i d e s  the f lows  bounded by two f r e e  s t r e a m l i n e s  o r  two wa l l s ,  f lows  n e a r  a 
s ing le  boundary  have  been  d i s c u s s e d .  T h e r e  a p p e a r s  to be no e x p e r i m e n t a l  data  fo r  
t h e s e  c a s e s ,  a l though it would be use fu l .  When the  l i f t ing  foil  i s  n e a r  a so l id  wall  
above the foi l ,  the l i f t  coe f f i c i en t  d e c r e a s e s  a s  the foil  n e a r s  the wall  and i n c r e a s e s  
when the  foil  n e a r s  a so l id  wal l  below the foi l .  F u r t h e r  t h e o r e t i c a l  work  on t h e s e  
s ing le  wall  c a s e s  i s  p robab ly  n e c e s s a r y .  

Note:  Af t e r  t h i s  p a p e r  had been  c o m p l e t e d ,  the a u t h o r s  ob ta ined  a copy of the 
o r i g ina l  S i m m o n s  r e p o r t  (35) f r o m  which  much  of the Bi rkhoff ,  P l e s s e t ,  and S i m m o n s  
p a p e r  (21) has  been  d e r i v e d .  The o r ig ina l  r e p o r t  g ives  the r e s u l t s  of a l i m i t e d  n u m -  
b e r  of n u m e r i c a l  c o m p u t a t i o n s  fo r  the  f iat  p l a t e  in a channe l  o r  a je t  which  a r e  not 
inc luded  in the pub l i shed  p a p e r  (21). In p a r t i c u l a r ,  f o r  the c a s e  of the f lat  p la te  in a 
channe l ,  the  d e p e n d e n c e  of ~ on T/h and C D on ~ g iven by S i m m o n s  v e r i f i e s  the r e s u l t s  
of G urev i ch  (20) m e n t i o n e d  e a r l i e r .  F o r  th i s  s a m e  c a s e ,  in o r d e r  to c o m p a r e  the 
t h e o r e t i c a l  r e s u l t s  wi th  the  e x p e r i m e n t a l  r e s u l t s  of Waid  (23), the fol lowing po in t s  
have been  c o m p u t e d  f r o m  S i m m o n s '  data:  T/h = 0.025, ~ = 0.416, ~/T = 27.5, a/T = 
4.35; and T/h = 0.0295, ~ = 0.578, ~/T = 12, s/T = 3.25. (Due to the complex i t y  of the 
c o m p u t a t i o n s  it i s  i m p r a c t i c a l  to d e t e r m i n e  the c o m p l e t e  d e p e n d e n c e  of a/T and ~/T 
on ~ fo r  n o n - z e r o  va lue s  of T/h.)  T h e s e  po in t s  a r e  i nd i ca t ed  in F i g s .  5 and 7 by 
s m a l l  s q u a r e s ;  they  a g r e e  wel l  wi th  the  e x p e r i m e n t a l  r e s u l t s  f o r  T/h = 0.027. 

AXIALLY SYMMETRIC BODIES 

The l i t e r a t u r e  on boundary  e f f ec t s  on axia l ly  s y m m e t r i c  cavi ty  f lows i s  e x t r e m e l y  
l i m i t e d .  In c o n t r a s t  to the  r e c e n t  ana ly t ic  and n u m e r i c a l  s t u d i e s  that  have  been  m a d e  
of the  unbounded flow p a s t  a d i sk ,*  the t h e o r y  of bounded,  ax ia l ly  s y m m e t r i c  cavi ty  
f lows  r e s t s  on a combina t i on  of p l a u s i b l e  a s s u m p t i o n s  b a s e d  on phys i ca l  o b s e r v a t i o n .  

R e i c h a r d t  (33,34) o b s e r v e d  that  fo r  an unbounded s t r e a m ,  c e r t a i n  cavi ty  c h a r a c -  
t e r i s t i c s  w e r e  a p p r o x i m a t e l y  func t ions  of ~ only; i . e . ,  they w e r e  e s s e n t i a l l y  i n d e -  
penden t  of body shape .  In p a r t i c u l a r ,  the f i n e n e s s  r a t io ,  ~ /2a ,  (a now r e f e r s  to m a x -  
i m u m  cavi ty  r ad ius )  and the  d r a g  coe f f i c i en t  b a s e d  on m a x i m u m  cavi ty  r ad ius ,  
K D = 2 D / p U c o 2 7 r a  2 ,  depend  on ~ only; and f u r t h e r ,  the d r a g  coe f f i c i en t  b a s e d  on w e t t ed  
f ron ta l  a r e a ,  ~b 2, can  be w r i t t e n  as  C D = CD(0)(1 + c~) w h e r e  CD(0 ) i s  the d r a g  c o e f -  
f i c i en t  at ~ = 0. Thus  if CD(0 ) ,  the U a  - ~ r e l a t i on ,  and the  K D - cr r e l a t i o n  a r e  
known, one can compu te  a/b and ~/b f o r  given v a l u e s  of ~. 

The ~/a - ~ r e l a t i on ,  and the K D - G r e l a t i o n  can be ob ta ined  ana ly t i ca l ly  by 
a s s u m i n g  that  the f l o~  a round  a cav i ty  can be r e p r e s e n t e d  by an axial  s o u r c e - s i n k  
d i s t r i b u t i o n .  The cons t an t  p r e s s u r e  condi t ion  on the  c l o s e d  s t r e a m  s u r f a c e  wil l ,  of 
c o u r s e ,  be only a p p r o x i m a t e l y  s a t i s f i e d .  That  such  a me t h o d  wil l  give meaningfu l  
r e s u l t s  i s  a c o n s e q u e n c e  of the " n o n - d e p e n d e n c e "  of ~/a and K D on ch an g es  in the  
body shape .  F o r  an unbounded f low, S i m m o n s  (35) h a s  u s e d  a s o u r c e - s i n k  d i s t r i b u -  
t ion of l i n e a r l y  va ry ing  s t r e n g t h  to d e t e r m i n e  the above r e l a t i o n s .  The value  of CD(0) 
Can be taken  as  the  e x p e r i m e n t a l  value ,  o r  may  be c o m p u t e d  by a s s u m i n g  that  the  
p r e s s u r e  d i s t r i b u t i o n  on the  ax ia l ly  s y m m e t r i c  body i s  the  s a m e  as  on the equivalent  
t w o - d i m e n s i o n a l  body.  

*In p a r t i c u l a r ,  the work  of Garabe  clian (31,32) should  be men t ioned .  
T The l a t t e r  me thod ,  whi le  i n a c c u r a t e ,  does  give va lues  of CD(0 ) which a re  not too 

m u c h  in e r r o r  fo r  the case  of a c i r c u l a r  disk.  
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The m e t h o d s  d i s c u s s e d  above  have  b e e n  
e x t e n d e d  by  C a m p b e l l  and  T h o m a s  ( 3 6 ) t o  
the  ax ia l ly  s y m m e t r i c  cav i ty  f low in a so l i d  
wa l l  t unne l  of r a d i u s  R. In o r d e r  to  c o m -  
pu te  a/b and  Z/b for  t h i s  c a s e ,  i t  i s  n e c e s -  
s a r y  to m a k e  the  a d d i t i o n a l  a s s u m p t i o n  t ha t  
CD/(1 + or) iS i n s e n s i t i v e  not  only to c h a n g e s  
in ~ but  a l so  to the  p r e s e n c e  of b o u n d a r i e s .  
The r e s u l t s  for  the  cav i ty  d i m e n s i o n s  a r e  
s i m i l a r  to  the  t w o - d i m e n s i o n a l  c a s e ;  f o r  a 
g iven  va lue  of ~ > ~= b o t h  a /b  and  ~/b in -  
c r e a s e  a s  b/R i n c r e a s e s .  

A r e l a t i o n  b e t w e e n  ~= and b/R can  b e  
ob t a ined  by s i m p l e  con t inu i ty  and  m o m e n t u m  
c o n s i d e r a t i o n s ,  and  the above  a s s u m p t i o n  on 
c D. T h i s  r e l a t i o n  i s  shown in Fig.  13 f o r  the  
c a s e  of a c i r c u l a r  d isk .  F o r  a g iven  va lue  
of T/h = b/R i t  i s  c l e a r  f r o m  Fig. 13 t h a t  
the  l i m i t i n g  c a v i t a t i o n  n u m b e r  i s  m u c h  l e s s  
f o r  ax ia l ly  s y m m e t r i c  flow t h a n  f o r  two-  
d i m e n s i o n a l  flow. However ,  a b e t t e r  m e a s -  

1.0 

.5  

FL/AT PLATE 

/ 
, •  

/ CIRCULAR DISI 

o l 
O t .O8 .IO .15 

T/h or b/R 

Fig. 13 - The dependence of block- 
age cavitation number on b/R for 
a circular disk 

u r e  of b l o c k a g e  fo r  t h i s  c a s e  i s  the  r a t i o  of body c r o s s - s e c t i o n  a r e a  to t unne l  c r o s s -  
s e c t i o n  a r e a  (b/R)2.  If % i s  p l o t t e d  a g a i n s t  (b /R)2 ,  the  r e s u l t i n g  c u r v e  i s  c l o s e r  to 
the  a= v s  T/h c u r v e  fo r  the  t w o - d i m e n s i o n a l  c a s e .  E v e n  so, ~® fo r  the  ax i a l ly  s y m -  
m e t r i c  c a s e  i s  l e s s  t h a n  f o r  the  t w o - d i m e n s i o n a l  ca se .  

The  c a s e  of an" ax i a l ly  s y m m e t r i c  c a v i t y  in  a c i r c u l a r  f r e e  j e t  o r  tunne l  h a s  b e e n  
c o n s i d e r e d  by A r m s t r o n g  and  T a d m a n  (37) who a l s o  u s e d  the  s o u r c e - s i n k  m e t h o d s  
m e n t i o n e d  e a r l i e r .  One of t h e i r  c o n c l u s i o n s  i s  t h a t  f o r  s m a l l  v a l u e s  of a and  ~/2R the  
f r a c t i o n a l  d e c r e a s e ,  b a s e d  on the  unbounded  flow, in  c a v i t y  l e n g t h  and  wid th  in  a j e t  
and  the  f r a c t i o n a l  i n c r e a s e  in a so l id  wal l  t unne l  due to the  b o u n d a r i e s  a r e  p r o p o r -  
t i o n a l  to  (~/2R) 3 . The  c o r r e c t i o n s  in  a t unne l  a r e  rough ly  four  t i m e s  a s  l a r g e  a s  the  
c o r r e c t i o n  in a f r e e  je t .  

Since t h e s e  a n a l y s e s  a r e  b a s e d  on a s s u m p t i o n s  on the  r o l e  of CD, t hey  do not ,  of 
c o u r s e ,  y i e ld  any i n f o r m a t i o n  abou t  the  d r a g  coe f f i c i en t .  

As  f a r  a s  we could  a s c e r t a i n ,  t h e r e  i s  no e x p e r i m e n t a l  w o r k  on b o u n d a r y  e f f e c t s  
on cav i ty  d i m e n s i o n s  wh ich  could  be  u s e d  to c h e c k  t h e s e  t h e o r i e s ,  w i th  the  e x c e p t i o n  
of the  s tudy of Self and  R ipken  (38) in  a f r e e  j e t  tunne l .  However ,  t h e i r  c o n c l u s i o n s  
a r e  t h a t  the  cav i ty  d i m e n s i o n s  a r e  i n s e n s i t i v e  to  c h a n g e s  in  the  p o s i t i o n  of the  b o u n d -  
a ry .  T h i s  i s  s o m e w h a t  s u r p r i s i n g  in  v iew of the  above  d i s c u s s i o n ,  and  the  known 
l a r g e  e f fec t  t h a t  b o u n d a r i e s  have  on cav i ty  d i m e n s i o n s  in  t w o - d i m e n s i o n a l  flow. 
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DISCUSSION 

E. Si lberman (University of Minnesota) 

I have had the p leasure  of ca r ry ing  on a s t imulat ing correspondence with one of 
the authors, Dr. Cohen, in connection with our two-dimensional  f r ee - j e t  cavity studies 
at the St. Anthony Fal ls  Hydraulic Laboratory of the Universi ty  of Minnesota. The 
comments  in the paper are in agreement  with our own experience and ideas, on the 
whole. However, one point could stand amplification. 

The s ta tement  by the authors that force coefficients appear to be insensi t ive to 
boundary conditions is apparently cor rec t  for blunt bodies at all cavitation numbers .  
The following figures comparing exper imental  data obtained in a free jet  at T/h = 
0.0375 with resu l t s  from unbounded fluid-flow theory and closed-tunnel  data i l lus t ra te  
th ispoint  (these are data r e fe r red  to, but not shown by the authors). Figure D1 is for 
the cup (or scoop) channel and compares  data with theory. Figure D2a is for the c i r -  
cular  cylinder at smal l  cavitat ion numbers ,  comparing data with theory also. Figure 
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F i g .  D1 - E f f e c t  of  c u p  
c h a n n e l  on  d r a g  c o e f -  
f i c i e n t  

D2b is  for the cylinder at l a rger  cavitation numbers ,  
comparing f ree- j  et data with closed-tunnel  data obtained 
by Martyrer .  * 

On the other hand, bodies with sharp leadingedges,  
when operated in a free jet  at smal l  cavitation numbers  
(that is, at cavitat ion numbers  general ly below those 
obtainable in a closed tunnel), experience significantly 
smal le r  force coefficients than in unbounded fluid. The- 
oret ical  r esu l t s  at zero cavitation number,  i l lus t ra ted 
by Fig. D3 for the flat plate, confirm this statement.  

The following three f igures show per t inent  experi -  
mental  data: Fig. D4 presen t s  dragcoeff icient  data for 
the 15-degree semiangle wedge in a free jet;  it contains 
much of the information shown in the authors '  Fig. 8, 
but an exper imental  point obtained at zero cavitation 
number  has been included~ as well as the theoretical  
resu l t  at zero cavitation number  (indicated by an arrow). 
The solid line in the figure represen t s  the l inear  theory 

g=E. M a r t y r e r ,  " K r a . ( t s m e s s u n g e n  an  W i d e r s t a n d s  Kc3 rpe rn  u n d  F l u g e l p r o f i l e n  in  
W a s s e r s t r o m  b e i z  K a v i t a t i o n , "  pp .  2 6 8 - 2 8 6  in  " H y d r o m e c h a n i s c h e  P r o b l e m e  d e s  
S c h i f f s e n t r i e b s , "  E d .  by  G. K e m p f  and  E .  F o e r s t e r ,  H a m b u r g  (1932) .  
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for the free  jet while the broken l ine represents  Wu's l inear theory for infinite fluid 
and the dotted l ine represents  the infinite fluid solution by the Riabouehinsky model.  
Figure D5 gives  s imi lar  information for a 12.5- 
degree semiangle  wedge. The f ree - je t  l inear theory 
is  not available for this  case.  Figure D6 contains 04 
data for  two incl ined flat plates  in a free  jet. The 
unbounded fluid result  i s  represented by the sol id 
l ine taken from Wu's nonlinear theory. This  sol id ~" 

ua 03 l ine also represents  c losed-tunnel  data obtained by 5 
Parkin at cavitation numbers  exceeding the min i -  ~_ 
m u m  for the tunnel (as shown in the authors' Fig. 
11). The arrows again represent  the theoret ical  o o2 
resul ts  for the f ree - je t  flow at z e r o  cavitation num-  
ber. It appears that the free- je t  coeff ic ients  approach 
the unbounded-flow coeff ic ients  only at some  finite oJ 
cavitation number we l l  in e x c e s s  of zero.  o 

A comment  also a p p e a r s i n  order regarding the 
authors' f inal statement referring to experimental  
data for three-d imens ional  cavit ies .  It should not 
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s e e m  s u r p r i s i n g  t h a t  s h a p e  e f f e c t s  on t h r e e - d i m e n s i o n a l  c a v i t i e s  in  a f r e e  j e t  a r e  
v e r y  s m a l l  o r  e v e n  n o n m e a s u r a b l e  a s  c o m p a r e d  to t h o s e  on t w o - d i m e n s i o n a l  c a v i t i e s .  
N e v e r t h e l e s s ,  i t  shou ld  be  no t ed  t h a t  the  e x p e r i m e n t a l  w o r k  by  Self  and  R i p k e n  was  
p e r f o r m e d  in a f r e e - j e t  t u n n e l w i t h  a c o n t a c t  window t o u c h i n g  the  j e t  f o r  i t s  fu l l  l e n g t h  
and  c l o s i n g  a n  e igh th  of the  j e t  c i r c u m f e r e n c e  (45 d e g r e e s ) .  The t u n n e l  m i g h t  t hus  
be  c o n s i d e r e d  s l o t t e d  wa l l  r a t h e r  t h a n  f r e e  je t .  Self and  R i p k e n  p e r f o r m e d  a l i m i t e d  
e x p e r i m e n t  u s i n g  two c o n t a c t  windows  oppos i t e  e a c h  o t h e r  and  e n c l o s i n g  a q u a r t e r  of 
the  c i r c u m f e r e n c e .  C l o s e  i n s p e c t i o n  of t h e i r  da t a  s h o w s  a s m a l l  bu t  s y s t e m a t i c  
i n c r e a s e  in  c a v i t y  l e n g t h  f o r  the  m o r e  c l o s e d  s ec t i on .  T h e r e  a r e ,  i n c i d e n t a l l y ,  s o m e  
i n t e r e s t i n g  p r o b l e m s  a s s o c i a t e d  wi th  c a v i t y  f l ows  in s l o t t e d - w a l l  t u n n e l s ,  b o t h  two-  
and  t h r e e - ' d i m e n s i o n a l .  

A. Silverleaf (National Physical Laboratory) 

In add i t i on  to the  w o r k  d e s c r i b e d  h e r e ,  I a m  p a r t i c u l a r l y  i n t e r e s t e d  in s e v e r a l  
c a s e s  w h i c h  a r e  no t  m e n t i o n e d  and  do not  a p p e a r  to  h a v e  b e e n  s tud ied .  In h y d r o f o i l  
work  in  the  L i thgow T u n n e l  a t  N .P .L .  we have  b e e n  u s i n g  s l o t t e d - w a l l  t e s t  s e c t i o n s ,  
and  I f e e l  t h a t  t h e s e  c o n f i g u r a t i o n s  have  a d v a n t a g e s  ou twe igh ing  the  d i f f i c u l t i e s  they  
i n t r o d u c e .  We a r e  i n t e r e s t e d  in  t h r e e  c a s e s :  f i r s t ,  t he  t w o - d i m e n s i o n a l  fo i l  in  a 
t w o - d i m e n s i o n a l  s l o t t e d - w a l l  s e c t i o n  h a v i n g  so l id  s i d e s  and  s l o t t e d  top and  b o t t o m ;  
second ,  t h r e e - d i m e n s i o n a l  fo i l s ,  o r  wings ,  in  s l o t t e d - w a l l  and  in c l o s e d - t h r o a t  s e c -  
t i o n s ;  t h i r d ,  t w o - d i m e n s i o n a l  f o i l s  in  a s e c t i o n  wi th  so l id  s i d e s ,  s l o t t e d  b o t t o m ,  and  
a f r e e  s u r f a c e ,  s u c h  a s  m i g h t  be  i n c o r p o r a t e d  in a f r e e - s u r f a c e  w a t e r  t u n n e l  o r  c i r -  
c u l a t i n g  w a t e r  channe l .  

At N.P.L. we hope to complete within the next eighteen months some compara- 
tive tests with the same foils in a number of different test sections in a water tunnel 
and in an open towing tank. Using forced or artificial cavitation I think we can obtain 
better experimental data on wall correction coefficients than if the work is carried 
out only in a tunnel. 
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Wall Effects in Cavitation Flows 

W. A. Clayden 

As P r o f e s s o r D i P r i m a  suggested, A. H. Arms t rong  at ARDE extended the work 
of Simmons and computed the cavity size and drag of a f lat  plate as a function of 
cavitation number and blockage ra t io  for  a f ree  jet. In our workwe measured  the cav-  
ity length for var ious  two-dimensional  flat p la tes  in our f r e e - j e t  tunnel. A r m s t r o n g ' s  
boundary cor rec t ions  were  then applied. This had the effect of collapsing the resu l t s  
onto one curve which is in close agreement  with the theore t ica l  curve obtained by 
Pe r ry ,  P les se t  and Shaffer. A s imi la r  resul t  was obtained for the widths of the cavi -  
t ies  as well, although, since the blockage co r rec t ion  is considerably less ,  the effect 
is not so striking. 

M. P. Tulin (Office of Naval Research)  

P ro fe s so r  D iPr ima  has made a general  r e m a r k  about the validity of l inear ized  
theory. It should be stated in defense of such theory that questions of agreement  
between l inear  and non- l inear  theory must  cer ta inly depend upon the angle of attack, 
the camber ,  and the thickness of the bodies producing the flow, as well  as upon their  
shape. For  example,  the force and moment predict ions made by a l inear ized  theory 
for the case of a flat plate hydrofoil become asymptot ical ly exact as the angle of 
attack approaches zero.  At the same t ime the l inear ized theo rybecomes  increas ingly  
awry as the angle of attack is made la rger .  As is well  known then, the case for l ine-  
a r ized  theory may thus be made as br ight  or as gloomy as one wishes,  all  depending 
on the angle-of-at tack ranges chosen for discussion. 

The important  fact exis ts  that l inear ized  theory is proving quite sa t i s fac tory  in an 
increas ing number of important  applications to very  p rac t i ca l  engineering problems.  

R. Timman (Technische Hogeschool, Delft) 

Dr. D iP r ima  mentioned the Winterhal l  co r rec t ion  we had been doing for some 
yea r s  previously.  We got the exact  solution in the integrals .  It turned out, however,  
that if we wanted to have numer ica l  r e su l t s  it was somewhat more  convenient to work 
with integral  equations and do the thing numerical ly .  

Of course,  one can go back one stel~ and introduce integral  equations along the 
walls. I think that would be sufficient unless  the walls are  too close to the hydrofoil. 

Hirsh Cohen and th C. D iP r ima  

In reply to Marshal l  Tulin, we would like to say that we are  in agreement  with 
his remarks .  What we were  trying to point out was simply that the l inear ized  theory 
that has been used to es t imate  boundary effects does give the co r r ec t  quali tat ive 
effects,  but does not, at leas t  in the cases  considered here (the 15-degree,  half angle 
wedge, and the flat plate at angle of attack of 12-degree}, give the accuracy of a non- 
l inear  theory. 

The question of s lot ted-wall  tunnels has been brought up by Dr. Si lver leaf  and by 
Prof.  Silberman. It seems  to us tha t  judging f romthe  re su l t s  presented  in this paper,  
l i t t le effect on force  coefficients  is to be expected. It s eems  reasonable  to expect 
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the r e su l t s  for force coeff icients  to lie between those for solid wall and f r e e - j e t  test  
sections.  On the other hand, blockage effects on cavity dimensions are  of some 
interest .  For  a given model and tunnel size, lower cavitat ion numbers  may be 
obtained with a s lot ted-wall  tunnel. It cer ta inly  s eems  worthwhile to make blockage 
studies for the s lot ted-wall  case. There  s eems  to be need of some caution in using 
such tes t  sect ions as proven by the instabil i ty p rob lems  exper ienced at A.R.L. The 
possibi l i ty  of cavi ty-s lo t ted-wal l  instabil i ty in teract ions  should be looked into. 

P r o f e s s o r  Si lberman has ra i sed  a point which has, indeed, troubled us. He 
r e m a r k s  that for ve ry  low cavitat ion numbers  the drag on the 15-degree and 12.5- 
degree  wedges is  lower in the f ree  je t  than the drag predic ted  in an infinite s t r eam 
by the exact  theory. But this is borne out in his exper iments  only by the single point, 

= 0. The l inear  theory pred ic t s  that the drag in a f ree  je t  will  be lower than in the 
infinite s t r eam at all  cavitat ion numbers.  One fee ls  that this should also appear in 
the expe r imen ta l r e su l t s .  If there  is an abrupt r i se  in the d r a g a s  the cavitation num- 
ber  inQreases f rom zero,  it cer ta inly  should not become g rea te r  than the infinite 
s t r eam value. 
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