
ON SUPERCAVITATING PROPELLERS 

H . W .  L e r b s  
Hamburgische Sch i f fbau  Versuch sans ta l t  

Hamburg 

T h i s  l i t t l e  p a p e r  i s  a n  a t t e m p t  to  a n s w e r  the  q u e s t i o n  a s  to the  e f f i c i ency  of a 
s u p e r c a v i t a t i n g  p r o p e l l e r ,  t h a t  i s ,  of a p r o p e l l e r  which  i s  i n t e n t i o n a l l y  d e s i g n e d  for  
ful l  c a v i t y  f low wi th  f r e e  s t r e a m l i n e s  f r o m  the  l e ad i ng  and  t r a i l i n g  e d g e s  of the s e c -  
t i o n s .  T h i s  q u e s t i o u  a r o s e  f r o m  t i m e  to t i m e  d u r i n g  m y  s t ay  at  the  David  T a y l o r  
Mode l  B a s i n  (DTMB} in  r e l a t i o u  w i th  the  p r o p u l s i o n  of f a s t  s h i p s .  One a d v a n t a g e  of 
s u c h  p r o p e l l e r s  w a s  i m m e d i a t e l y  s e e n  in r e d u c t i o n  of e r o s i o n  and t h e r e  w e r e  a l so  
s o m e  i n d i c a t i o n s  t h a t  t he  n o i s e  c h a r a c t e r i s t i c s  m i g h t  be  i m p r o v e d  wi th  s u p e r c a v i t a t i n g  
p r o p e l l e r s .  An o p e n  q u e s ~ o n  t h a t  r e m a i n e d  w as  the  magn i tude  of the  e f f i c i e n c y  of 
s u c h  a p r o p e l l e r .  I t  i s  w e l l  known  t h a t  the  e f f i c i e n c y  of a c o n v e n t i o n a l  p r o p e l l e r ,  i . e . ,  
of a p r o p e l l e r  d e s i g n e d  f o r  o p e r a t i o n  n e a r  the  l i m i t  of o n s e t  of c av i t a t i on ,  d e c r e a s e s  
fo r  ful ly  d e v e l o p e d  cavi t~t icm.  T h i s  r e d u c t i o n  b e c o m e s ,  in g e n e r a l ,  g r e a t e r  the  
s m a l l e r  the  c a v i t a t i o n  n u m b e r  i s .  T he  q u e s t i o n  we w e r e  m a i n l y  c o n f r o n t e d  wi th  was ,  
t h e r e f o r e , w h e t h e r  o r  n o t  the  e f f i c i e n c y  of a p r o p e l l e r  which  i s  i n t e n t i o n a l l y  d e s i g n e d  
for  s u p e r c a v i t a U u g  c o n d i t i o n s  m i g h t  be  g r e a t e r  than  t h a t  of a c o n v e n t i o n a l  p r o p e l l e r .  
I t  m i g h t  be  s a i d  b e f o r e h a n d  t h a t  t he  p r o s p e c t  for  a s u p e r c a v i t a t i n g  p r o p e l l e r  was  
u n f a v o r a b l e  on  a c c m m t  of  t h o s e  t h e o r e t i c a l  c o n s i d e r a t i o n s  which  could  be m a d e  
b e f o r e  the  p a p e r s  by  T u l i n  {1} and  Wu (2) on the  f r e e  s t r e a m l i n e  t h e o r y  of ful ly 
c a v i t a t i n g  h y d r o f o i l s  w e r e  a v a i l a b l e .  H o w e v e r ,  t h i s  s i t u a t i o n  b e c a m e  d i f f e r e n t  when  
r e s u l t s  f r o m  the  p a p e r s  j u s t  c i t e d  w e r e  app l i ed  to the  p r o p e l l e r  flow. T h e s e  r e s u l t s  
h a v e  m a d e  p o s s i b l e  a s u c c e s s f u l  s o l u t i o n  of t h i s  p a r t i c u l a r  p r o p e l l e r  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 .  

In the  fo l lowing  c o a t r i b ~ o u  I w i s h  f i r s t  to ou t l i ne  b r i e f l y  the  s t a t e m e n t s  on the  
e f f i c i e n c y  of  a fu l ly  c a v i t a t i n g  p r o p e l l e r  w h i c h w e r e  p o s s i b l e p r i o r  to T u l i n ' s  and  W u ' s  
w o r k  an d  t h e n  g ive  a few r e s u l t s  when  t h e i r  f ind ings  a r e  app l i ed  on ful ly c a v i t a t i n g  
s e c t i o n s  to  a p r o p e l l e r .  

The  o l d e r  p a p e r s  a r e  c o n n e c t e d  wi th  the  n a m e s  of P o s d u n i n e  and  Bae in ,  Be tz ,  
and  W a l c h n e r .  Of  t h e s e  t h e  f i r s t  two a r e  of R u s s i a n  o r i g i n .  T h e s e  two p a p e r s  a r e  
r e l a t e d  s i n c e  t he  p r o b l e m  i s  t r e a t e d  in  bo th  of t h e m  by m e a n s  of m e t h o d s  of m o m e n -  
t u m  t h e o r y .  T o  c h a r a c t e r i z e  t h e  a p p l i c a t i o n  of t h i s  m e t h o d  to ou r  p r o b l e m  we wi l l  
r e s t r i c t  o u r s e l v e s  to  t he  p a p e r  b y  B a e i n ,  wh ich  i s  the  m o r e  c o m p l e t e  one (3). In t h i s  
p a p e r  a f low m o d e l  o f  a c a v i t a t i n g  p r o p e l l e r  i s  a s s u m e d  c o r r e s p o n d i n g  to Fig.  1. 

The  e s s e n t i a l  f e a t u r e  of  t h i s  m o d e l  i s  t ha t  the  d e n s i t y  of the f lu id  b e h i n d  the  
s c r e w  Pl i s  a s s u m e d  s m a l l e r  t h a n  t he  d e n s i t y  P0 in f r o n t  of the  s c r e w .  On a c c o u n t  
of  the  s u d d e n  c h a n g e  of  t i le d e n s i t y a t  t h e  d i s c  not  o n l y t h e  p r e s s u r e  but  a l s o t h e  s p e e d  
wi l l  c h a n g e  a b r u p t l y  a t  t he  d i s c .  T h e  r e s u l t s  wh ich  a r e  o b t a i n e d  fo r  t h i s  mode l  when  
app ly ing  t he  l a w s  of  e n e r g y ,  con t inu i ty ,  and  m o m e n t u m  a r e  i n t e r e s t i n g .  F o r  i n s t a n c e ,  
when  s u c h  a f low i s  r e a l i z e d ,  a p o s i t i v e  t h r u s t  m i g h t  be g e n e r a t e d  u n d e r  c e r t a i n  
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cond i t ions  wi th  a nega t ive  p r e s s u r e  jump at the d i sc .  F o r  the  e f f i c i ency  vi, i . e . ,  the 
e f f i c i ency  in n o n v i s c o u s  flow, it fo l lows  that  
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w h e r e  e T = T/(p/2)Fpv 2 i s  the t h r u s t  loading  coe f f i c i en t .  It should  be no ted  tha t  t h i s  
e x p r e s s i o n  c h a n g e s  o v e r  into that  given by the  F r o u d e - R a n k i n e  t h e o r y  if P0 = Pl-  
F u r t h e r  it i s  s e e n t h a t  vi d e c r e a s e s  if po/p~ i n c r e a s e s  and that  vl--> 0 if po/Pl ---> co. 

The a n s w e r  of th i s  t h e o r y  to our  p r o b l e m s  is  i n c o m p l e t e  fo r  two r e a s o n s .  It i s  
f i r s t l y  n o t p o s s i b l e  to e s t a b l i s h  a r e l a t i o n  be tw een  po/p] and the  cav i t a t ion  n u m b e r  a. 
Howeve r ,  one might  g u e s s  that  the r a t i o  po/pl b e c o m e s  g r e a t  if the cav i t a t ion  n u m b e r  
b e c o m e s  s m a l l .  One would then  conc lude  tha t  the e f f i c i ency  b e c o m e s  s m a l l  if the 
cav i t a t ion  n u m b e r  is  s m a l l  and g o e s  p r o b a b l y  to z e r o  if  c~ goes  to  z e r o .  T h e r e  a r e ,  
f u r t h e r ,  no ind ica t ions  that  a s u p e r c a v i t a t i n g  p r o p e l l e r  a s  def ined  at the beg inn ing  
b e h a v e s  d i f f e r e n t l y  f r o m  a convent iona l  p r o p e l l e r .  H o w e v e r ,  such  ind ica t ions  migh t  
not be e x p e c t e d  f r o m  m o m e n t u m  t h e o r y  b e c a u s e  of the i n h e r e n t  a s s u m p t i o n s  on the 
g e o m e t r y  of the p r o p e l l e r  c o m m o n  to al l  m o m e n t u m  t h e o r i e s .  

It i s  t h e r e f o r e  n e c e s s a r y  to c o n s i d e r  a s u p e r c a v i t a t i n g  p r o p e l l e r  f r o m  the point  
of v iew of a i r fo i l  t h e o r y  which r e q u i r e s  the p o l a r  c u r v e s  of s u p e r c a v i t a t i n g  s e c t i o n s  
to be known. An a p p r o x i m a t e  t h e o r y  for  the  l if t  and d r a g  a s  func t ions  of the  cav i t a t ion  
n u m b e r  a and the angle  of a t t ack  a i s  deve loped  in the a f o r e m e n t i o n e d  p a p e r  by 
Betz  (4). He s t a r t s  out f r o m  the f r e e  s t r e a m l i n e  flow of a f lat  p la te  a c c o r d i n g  to 
He lmho l t z  and Ki rchhof f .  F r o m  th i s  t h e o r y  the l if t  coe f f i c i en t  i s  a p p r o x i m a t e d  by 
e L ~ ~a /2 ,  which  i s  only 1/4 the l if t  in the usua l  f low without  f r e e  s t r e a m l i n e s .  In a 
cav i t a t ing  flow, the  l if t  i s  g r e a t e r ,  s i nce  the p r e s s u r e  of the fluid b e t w een  the f r e e  
s t r e a m l i n e s  is  a s s u m e d  in the t h e o r y  by He lmho l t z  and K i r chho f f  to equa l  the p r e s -  
s u r e  of the u n d i s t u r b e d  flow, Po- When the f r e e  s t r e a m l i n e s  f o r m  the  bounda ry  of a 
cavi ty  the p r e s s u r e  is  s m a l l e r  than Po and equa l s  the cavi ty  p r e s s u r e .  F r o m  th i s  
fo l lows  an addi t iona l  l if t  of o r d e r  a so tha t  

77 CL ~ o. +~. 

Then the p r e s s u r e  d r a g  coef f i c i en t  for  a f lat  p la te  is  
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Fig .  1 - F low mode l  of a 
cav i t a t ing  p r o p e l l e r  
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and the total drag coefficient is 

% = ( % )  + cf  P 
w h e r e  c f i s  the f r i c t i o n a l  r e s i s t a n c e  coe f f i c i en t  
of the p r e s s u r e  s ide  of the p la t e .  F u r t h e r ,  the 
d r a g / l i f t  r a t i o  s i s  r e p r e s e n t e d  by 

E = Cd/C L = a + (Cf/CL) . 
With t h e s e  r e l a t i o n s  fo r  a ful ly cav i t a t ing  p la t e ,  
one i s  able  to e s t i m a t e  the e f f i c i e n c y  of a fully 
cavitat~ing p r o p e l l e r .  It fo l lows f r o m  p r o p e l l e r  
t h e o r y  that  the e f f i c i e n c y  i s  
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~7 = 7) i ~ 

where nl represents the losses which arise from the kinetic energy of the slipstream 
and ne those from the dragof the sections. The first factor is for optimum propellers 
a known function of number of blades, advance coefficient, and loading coefficient. 
The second factor may be written 

~?e ~ (1 - 2g ~.i ) 1 + ~  

w.here E i s  the e f fec t ive  m e a n  of the  d r a g / l i f t  c o e f f i c i e n t s  o f  the  s e c t i o n s  and X i = K/vi .  

C o m p a r i s o n  of the  e f f i c i ency  of two p r o p e l l e r s ,  both d e s i g n e d  fo r  the s a m e  con-  
d i t ions ,  the one as  a convent iona l  p r o p e l l e r  at the l imi t  of o n s e t  of cav i t a t ion  and the  
o t h e r  one as  a s u p e r c a v i t a t i n g  p r o p e l l e r ,  amoun t s  e s s e n t i a l l y  to a c o m p a r i s o n  of v~. 
F o r  the p r o p e l l e r  of an MTB (moto r  t o r p e d o  boat) of 43.5 kno t s  the conven t iona l  
des ign  gave the fol lowing r e s u l t s :  ~i = 0.84, ~ = 0.080, ~i = 0.444, ~e = 0.837, and 

= 0.703. Des ign ing  t h i s p r o p e l l e r  fo r  equal  cond i t ions  as  a s u p e r c a v i t a t i n g p r o p e l l e r  
on a b a s i s  of B e t z ' s  t h e o r y ,  one ob ta ins  ~ = 0.125 and ~e = 0.745. T h e s e l a t t e r  f i g u r e s  
depend  s o m e w h a t  on the choice  of the l if t  c o e f f i c i e n t s  and may  be c o n s i d e r e d  a s  an 
o r d e r  of magni tude .  T h i s  m e a n s  then  a l o s s  of e f f i c i e n c y  fo r  the s u p e r c a v i t a t i n g  
de s ign  of about  12 p e r c e n t .  Since n u m e r o u s  o t h e r  n u m e r i c a l  r e s u l t s  w e r e  in about 
the s a m e  r ange ,  one i s  led  to conclude that  a s u p e r c a v i t a t i n g  p r o p e l l e r  i s ,  in g e n e r a l ,  
connec ted  with an a p p r e c i a b l e  l o s s  of p o w e r  input.  

Th i s  conc lus ion ,  depends ,  of c o u r s e ,  to a g r e a t  dea l  on the a c c u r a c y  of B e t z ' s  
t h e o r y  of fully cav i t a t ing  h y d r o f o i l s .  Howeve r ,  t h e r e  was  not  much  r e a s o n  to c o n s i d e r  
t h i s  t h e o r y  inadequa te  s ince  t e s t s  by W a l c h n e r  showed  s a t i s f a c t o r y  a g r e e m e n t .  
W a l c h n e r  conduc ted  cavi ta t ion  t e s t s  on s e r i e s  of both ogival  (5) and mo d i f i ed  ogival  
s e c t i o n s  (6). The modi f i ed  s e c t i o n s  had a c i r c u l a r - a r c  suc t ion  s u r f a c e  and a flat  
p r e s s u r e  s u r f a c e  with rounded  leading  and t r a i l i n g  ed g es .  With  t h e s e  modi f i ed  
s e c t i o n s  the m e a s u r e m e n t s  have been  r e c e n t l y  r e p e a t e d  by K e r m e e n  (7). His  r e s u l t s  
for  cav i t a t ing  flow show poor  a g r e e m e n t  with t hose  ob ta ined  by W a l c h n e r .  T h e r e  was  
in g e n e r a l  m o r e  cav i ta t ion  in K e r m e e n ' s  t e s t s  at  a l l  cav i ta t ion  n u m b e r s ,  so  that  the  
l o s s  in l if t  in the l a t t e r  t e s t s  i s  g r e a t e r  for  the s a m e  cav i ta t ion  n u m b e r .  The d i f -  
f e r e n c e  in f o r c e s  a m o u n t s  to a change 
in cavi ta t ion  n u m b e r  of about 0.1. 
B e c a u s e  o f  t h e s e  d i s c r e p a n c i e s  
be tween  the e x p e r i m e n t a l  r e s u l t s ,  the 
a p p r o x i m a t i o n s  by Betz  do not a p p e a r  
suf f ic ien t  for  a g e n e r a l  app l ica t ion .  

The same conclusion is reached 
bythe work of Tulin and Wu. It is not 
the purpose of this paper to enter into 
these theories; only a few numerical 
r e s u l t s  which a r e  of i n t e r e s t  for  the 
p r o p e l l e r  des ign  wil l  be g iven h e r e .  
In Fig.  2 the p r e s s u r e  d r a g / l i f t  coe f -  
f ic ien t  is  shown as  a funct ion of the 
lift  coe f f i c i en t  for  both the fiat  p la te  
and a c i r c u l a r - a r c  p la te  as  fol low 
f r o m  W u ' s  t h e o r y  (8). The f igure  i s  
r e s t r i c t e d  to the l imi t  c~ = 0. F o r  t h i s  
l imi t  the r e s u l t  for  the fiat  p la te  
p a s s e s  ove r  into that  f r o m  R a l e i g h ' s  
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t h e o r y  of the  ob l ique  l a m i n a .  The  
f i g u r e  shows  c l e a r l y t h e  c o n s i d e r -  
ab le  e f fec t  of the  s e c t i o n  c a m b e r  
on the  d r a g / l i f t  coe f f i c i en t  in ful ly 
c a v i t a t i n g  flow. F o r  a c o m p a r i s o n ,  
the  r e s u l t  of B e t z ' s  a p p r o x i m a t i o n s  
i s  inc luded .  I t  i s  s e e n  t h a t  t h e r e  
i s  s a t i s f a c t o r y  a g r e e m e n t  on ly  for  
s m a l l  a n g l e s  of a t t a c k  of a f la t  
p l a t e .  T h i s  i s  to  be  e x p e c t e d ,  
w h e r e a s  the  e f f ec t  of c a m b e r  does  
no t  fo l low f r o m  the  a p p r o x i m a t i o n  
b e c a u s e  of the  i n h e r e n t  a s s u m p -  
t i o n s .  

F ig .  3 - Ef fec t  of c a m b e r  I t  i s  t h i s  l a t t e r  e f fec t ,  wh ich  
on p r o p e l l e r  e f f i c i ency  h a s  m a d e  i t p o s s i b l e  to  s u c c e s s f u l l y  

d e s i g n  a s u p e r c a v i t a t i n g p r o p e l l e r .  
T a k i n g  the  s a m e  e x a m p l e  of the  

M T B  p r o p e l l e r  a s  b e f o r e  and  c a l c u l a t i n g  the  e f f i c i e n c y  fo r  equa l  v a l u e s  of bo th  loca l  
l i f t  coe f f i c i en t  and  loca l  c a v i t a t i o n  n u m b e r ,  one  o b t a i n s  fo r  ful ly  c a v i t a t i n g  c i r c u l a r -  
a r c  p l a t e s  a m e a n  e f f e c t i v e  d r a g / l i f t  r a t i o  ~ = 0 .055 and  c o r r e s p o n d i n g l y  ve = 0.87.  
As  c o m p a r e d  to the  c o n v e n t i o n a l  p r o p e l l e r  the  s u p e r c a v i t a t i n g  p r o p e l l e r  d e s i g n e d  
f r o m  c i r c u l a r  a r c  p l a t e s  shows  in t h i s  p a r t i c u l a r  c a s e  a ga in  in e f f i c i e n c y  of about  
4 p e r c e n t .  

The  e f fec t  of the  c a m b e r  of fu l ly  c a v i t a t i n g  s e c t i o n s  on  the  p r o p e l l e r  e f f i c i e n c y  
i s  shown in a m o r e  g e n e r a l  way on Fig .  3 (9). On the  le f t  s ide  of the  d i a g r a m ,  the  
e f f i c i e n c y  of 3 - b l a d e d  p r o p e l l e r s  i s  r e p r e s e n t e d  fo r  f la t  p l a t e  s e c t i o n s ,  on the  r i g h t  
s ide  f o r  c i r c u l a r  s e c t i o n s  a s  func t ion  of the  a d v a n c e  c o e f f i c i e n t  and  the  t h r u s t  load ing  
coe f f i c i en t .  To s i m p l i f y ,  t he  l i m i t i n g  c a s e  ~ = 0 h a s  b e e n  c o n s i d e r e d  and  a l s o  the  l i f t  
coe f f i c i en t  h a s  b e e n  a s s u m e d  to equa l  0.3.  S i m i l a r  d i a g r a m s  h a v e  been  c a l c u l a t e d  fo r  
d i f f e r e n t  l i f t  c o e f f i c i e n t s .  B e c a u s e  of the  f i r s t  a s s u m p t i o n ,  v i z . ,  a = 0 the  d i a g r a m  
g i v e s  the  l o w e r  l i m i t  of the  p r o p e l l e r  e f f i c i e n c y  wh ich  m a y b e  o b t a i n e d  u n d e r  e x t r e m e  
c o n d i t i o n s  of c a v i t a t i o n .  F o r  c a m b e r e d  s e c t i o n s  t h i s  l i m i t  i s  c o n s i d e r a b l y  g r e a t e r  
t han  was  f o r m e r l y  expec t ed .  As  a c o n s e q u e n c e  I t h i n k  I a m  r i g h t  in s a y i n g  t h a t  the  
p o s s i b i l i t y  i s  i n d i c a t e d  fo r  e f f i c i en t  p r o p u l s i o n  of n a v a l  v e s s e l s  a t  u n l i m i t e d  s p e e d  by 
m e a n s  of a s c r e w  p r o p e l l e r .  

S ince  t h e s e  n u m e r i c a l  r e s u l t s  on the  p r o p e l l e r  e f f i c i e n c y  depend  on an  emper i -  
m e n t a l  v e r i f i c a t i o n  of the  f r e e  s t r e a m l i n e  t h e o r i e s  of ful ly  c a v i t a t i n g  s e c t i o n s ,  the  
p a p e r s  by P a r k i n  (10) and  by Waid  and  L i n d b e r g  (11) a r e  of g r e a t  i n t e r e s t .  In the  
f i r s t  p a p e r  a f la t  p l a t e  and  a c i r c u l a r - a r c  s e c t i o n  a r e  t e s t e d ;  in the  s e c o n d  one a 
c u r v e d  w e d g e - s h a p e d  s e c t i o n  d e s i g n e d  f o r  ful l  c a v i t y  o p e r a t i o n  by D T M B  o n t h e  b a s i s  
of T u l i n ' s  t h e o r y .  In bo th  of t he~e  i n v e s t i g a t i o n s  good a g r e e m e n t  b e t w e e n  the  e x p e r i -  
m e n t a l  and  t h e o r e t i c a l  l i f t  c o e f f i c i e n t s  i s  found.  The  d r a g  c o e f f i c i e n t s  a s  m e a s u r e d  
in the  l a t t e r  p a p e r ,  h o w e v e r ,  d i f f e r  if  ~ > 0.2 and  a > 5 °.  A l though  the  d r a g  l i f t  r a t i o  
and  i t s  t r e n d  a r e  a f f ec t ed  by the  d i s c r e p a n c i e s ,  t h e r e  i s  f a i r l y  s a t i s f a c t o r y  a g r e e m e n t  
for  ful l  c a v i t y  flow if  the  c a v i t a t i o n  n u m b e r  i s  l e s s  t h a n  0.2.  T h i s  c o v e r s  t he  r a n g e  
of  c a v i t a t i o n  n u m b e r s  which  i s  of i n t e r e s t  fo r  h i g h - s p e e d  p r o p e l l e r s .  I t  shou ld  be 
m e n t i o n e d  t h a t  the  d i s c r e p a n c i e s  a r e  no t  c o n s i d e r e d  i m p e r f e c t i o n s  of the  t h e o r e t i c a l  
w o r k  but  a r e  a t t r i b u t e d  e i t h e r  to t u n n e l  wa l l  e f fec t  o r  to  an  i n c o m p l e t e  e v a l u a t i o n  of 
the  t h e o r y .  

T h e  a f o r e s t a t e d  r e s u l t s  f o r  the  e f f i c i e n c y  of  ful ly  c a v i t a t i n g  p r o p e l l e r s ,  d e s i g n e d  
f r o m  p r o p e r  l o w - d r a g  s e c t i o n s ,  m a d e  i t  w o r t h  whi l e  to  e n t e r  in to  the  p r o b l e m  of 
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developing such propel lers .  When this decision was made, the method of propel ler  
design on a basis  of circulat ion theory was well advanced at DTMB. This method has 
been applied to fully cavitating propel lers .  Without going into details I only wish to 
mention that circulat ion theory has re l iably  worked also in this case. Many difficulties 
arose frqm the necess i ty  to satisfy both hydrodynamic and strength conditions. Since 
most of the work to overcome these difficulties has been done after I had left DTMB, 
I hope that Mr. Tachmindji  and Mr. Morgan are going to report  in their  paper  on the 
furthei" progress  on this problem. 
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EDITOR' S NOTE: 

The Symposium discussion of Dr. Le rb ' s  paper was deferred until  the nextpaper  
onthe same subject had been read. The joint discussion appears after the nextpaper.  

* * * * * 
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