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T h i s  p a p e r  o u t l i n e s  the p r o c e d u r e  w h i c h  h a s  been  d e v e l o p e d  fo r  the 
d e s i g n  of 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  and the p o s s i b l e  r a n g e  of a p p l i c a -  
t ion  in w h i c h  s u c h  p r o p e l l e r s  can  be u s e d .  T h i s  d e s i g n  m e t h o d  has  been  
u s e d  to p r e d i c t  the p e r f o r m a n c e  c h a r a c t e r i s t i c s  of a s e r i e s  of 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  and c o m p a r e d  wi th  s p e c i f i c  e x p e r i m e n t a l  r e s u l t s .  

~TRODUCTION 

The tendency toward increas ing speeds is continuously imposing design l imi ta-  
tions on conventional p rope l l e r s  and is providing the impetus for new types of pro-  
pulsion devices which operate  sa t i s fac tor i ly  at high speeds. A number of propulsion 
mechanisms (pumpjets, shrouded prope l le rs )  have been invest igated with the purpose 
of delaying the inception of cavitation and its associa ted effects of erosion and pe r -  
formance breakdown. It becomes  apparent, however, that for very  high speeds (50 
knots and above) suppress ion of cavitation becomes impossible  and it is then neces-  
sary to invest igate p rope l l e r s  which are  designed to operate at low cavitation numbers.  

Operation in this speed range resu l t s  in the back or suction side of the blade 
sect ions being completely enclosed within a vapor cavity which or iginates  at the 
leading edge of the blade and extends beyond the t rai l ing edge. P rope l l e r s  exhibiting 
this type of flow configuration are  usually known as supercavi tat ing propel le rs .  It 
should be noted that supercavi ta t ing p rope l le r s  operate completely submerged and 
are  to be distinguished f rom conventional speedboat p rope l le rs  which a re  only par -  
t ially submerged.  

It is the purpose of this paper to outline the procedure  which has been developed 
for the design of supercavi ta t ing (SC) p rope l le r s  and indicate the possible  range of 
application in which such prope l le r s  can be used. Certain c r i t e r i a ,  which have been 
der ived f rom exper imental  information, indicate the operating conditions at which 
these prope l le rs  can be efficiently applied. Fur thermore ,  owing to the somewhat 
lengthy design calculat ions and for the purposes of init ial  es t imates  it has been 
deemed des i rable  to invest igate on a theoret ica l  basis  the per formance  cha rac t e r i s -  
t ics of a s e r i e s  of supercavi ta t ing prope l le rs .  These resul ts  can then be compared 
with exper imenta l  resu l t s  of specif ic  p rope l l e r s  in order  to indicate the accuracy and 
usefulness of this se r i e s .  
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DESIGN CONSIDERATIONS 

Range of Application 

The init ial  decis ion which has to be made is  whether  a e o m ~ t i o n a l n o n c a v i t a t i n g  
or  a supercavi ta t ing p rope l le r  is  the most  des i rab le  for  ~ ,ee i f i e  operat ing conditions; 
For  conventional p rope l l e r s  it is des i rable  to have no cavitaticm on the blades,  a con -  
dition which is impossible  beyond a cer ta in  operat ing slmed. Iu ' the e a ~  of SC p r o -  
pe l l e r s  the vapor cavity which or ig inates  at the leading edge of the blade should 
collapse beyond the t ra i l ing  edge in o rder  to p reven t  e ros ion  of the blades.  Exper i -  
mental  r e su l t s  have indicated (1) that in o rde r  to have sa t ia f~c tm7 m~ercav i t a t ing  
operation, the cavitation number* of the blade sect ion at  0.7 of the p rope l l e r  radius,  
should be l e s s  than 0.045; and if the p rope l l e r  ope ra te s  at  mc~lerate speeds  (35 to 50 
knots), this r equ i r e s  a high rotat ional  speed. The high l'~ati¢m~d speed, however,  
will  resu l t  in an inherently low pitch and a correspondingly  low p rope l l e r  efficiency. 

Based on the foregoing considera t ions  it has been  lmsm~le to der ive  a diagram, 
shown in Fig. 1, which indicates the a r ea s  in which SC pI-Opellers become pract ica l .  
This d iagram has H/Vk 2 (which is propor t ional  to the prol~--l]er cavi tat ion index) plotted 
ve r sus  the speed coefficient  J, where 

and 

V. (1) ] = - ~ -  

D -- p rope l le r  d iameter  

H = absolute p r e s s u r e  a t  the shaft center l ine  mimas the cavi ty p r e s s u r e  (in 
feet  of water) 

n = revolut ions per  unit t ime 

V a = speed of advance 

v k = speed of advance in knots. 
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Fig ,  1 - C h a r t  of p r a c t i c a l  a p p l i c a t i o n  of  
s u p e r c a v i t a t  ing p r o p e l l e r s  

*See Eq.  (20).  
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In this f igure the marginal  region (II) above a J of 0.6 is a region of operat ion in 
which par t ia l  cavitation will  probably occur on both conventional and SC propel le rs .  
This same region below a J of 0.6 indicates an area  in which the p rope l le r  efficiency 
will  be low and should be avoided if at all  possible.  

Study of this diagram will indicate that the speed of advance at which super -  
cavitat ing p rope l l e r s  become prac t ica l  is re la t ively  high. Fur ther  work has shown, 
however,  that it is possible  to decrease  the speed of application by ar t i f ic ia l ly  
increas ing the cavity p re s su re ,  thus effect ively decreas ing the section cavitation 
number. This is achieved by providing an air  passage f rom the back of the blade 
through which air  can be sucked or  injected. Such p rope l l e r s  a re  present ly  known 
as venti lated or force-vent i la ted  prope l le rs .  For  a cer ta in  cavitation index, how- 
ever ,  it is immate r i a l  whether the cavity is a vapor or an a i r -cav i ty  and the design 
considerat ions  which are  outlined in this paper  are  expected to hold equally well in 
the cases  of venti lated propel le rs .  The range of application for these p rope l l e r s  is 
then only l imited by the resul t ing p r e s su re  which can be obtained in the cavity and 
the operat ing depth of the propel ler .  

Choice of Design P a r a m e t e r s  

The design of a SC prope l le r  for a given set of design p a r a m e t e r s  leads to a 
ra ther  complex investigation and usually resu l t s  f rom a compromise  between the 
hydrodynamic considerat ions,  the acceptable s t r e s s  l imits  and the p rac t i ca l  l imi ta -  
t ions on prope l le r  diameter .  

The f i r s t  problem considered in connection with the design of the p rope l le r  is 
determining the optimum d i a m e t e r - r p m  relationship.  An es t imate  of this re la t ion-  
ship can be obtained f rom the per formance  curves  which are  presented  i n  this paper.  

A problem of equal importance wRh the d iameter  and rpm is the select ion of the 
number of blades. The choice should be made p r imar i ly  on the bas is  of blade s t r e s s  
and vibration. If possible,  the number of blades should be chosen so that the blade 
frequency fo rces  do not cause resonance with any natural f requencies  of the ship. 
As far  a s  s t r e s s  is concerned (see Appendix A) an individual invest igation may be 
necessa ry  in each case. Decreas ing  the number of blades will  r esu l t  in an increase  
in loading, section lift, and hence section thickness. The resul tant  s t r e s s  may be 
e i ther  l a rge r  or sma l l e r  depending on whether the increase  in loading or  thickness 
predominate.  

For  SC p rope l l e r s  the hub d iameter  may be used, within cer ta in  l imi ts ,  to effec-  
t ively reduce the blade s t ress .  An increase  in hub size will resu l t  in an increase  in 
blade loading, but a dec rease  in bending moment. Since the thickness is  a function 
of blade loading, this increase  in loading will  resul t  in an increase  in thickness and 
a decrease ,  up to a cer ta in  l imit ,  in s t ress .  Therefore ,  the changes in both moment 
and loading will  resu l t  in a decrease  in s t ress .  Hov)ever, the hub size should not be 
increased  to the point where it mate r ia l ly  affects the prope l le r  efficiency. 

Other design p a r a m e t e r s  such as blade chord and section angle of attack are  
also governed by both the hydrodynamic per formance  and the s t ruc tura l  cha rac t e r -  
i s t i cs  of the prope l le r  and must be invest igated for a best  compromise .  

Sections 

A critical feature of the design is governed by the choice of sections which are 
Selected to operate in the supercavitating range. The work done by Tulin (2,3) in 

491. 



A. J. Tachrnindji and W. B. Morgan 

determining the cha rac t e r i s t i c s  of an optimum section within a s e r i e s  of s imi la r  
shapes, has been the foundation for predict ing the cha rac t e r i s t i c s  of SC propel le rs .  
The resu l t s  of this work coupled with the exper imenta l  invest igat ions of the shapes 
of these sect ions  (4,5) have provided information ex t remely  useful to the designer.  

The work of a number of invest igators  such as Wu (6), Hug (7), Cohen (8), 
Johnson (9,10), and others  have also been used in the predict ion of section charac-  
t e r i s t i cs .  Their  resul ts ,  however,  are  essent ia l ly  s imi la r  with Tul in 's  r e su l t s  within 
the l imi t s  of the basic assumptions.  This two-dimensional  work hasfurnished desig~ 
c r i t e r i a  regard ing  angle of attack, optimum lift coefficient,  and expected d rag / l i f t  
ra t ios  which are  extensively used in the predict ion of SC prope l le r  per formance .  
These design considerat ions are  outlined in the par t s  of this paper descr ibing the 
design procedure .  

DESIGN THEORY 

In pr incip le  the operation of the SC prope l le r  d i f fers  f rom a noncavitating p ro-  
pe l l e r  only in the type of sect ions used. Hence, the circulat ion,  or l i f t ing-l ine,  theory 
applies equally well  to these propel le rs .  

Two genera l  methods of approach can be considered.  The f i rs t ,  developed by 
Goldstein (11) and extended by Tachmindji  (12), deals with the optimum lightly-loaded 
p rope l l e r  with a finite number of blades, and the second, developed by Lerbs  (13), 
de te rmines  the c i rcula t ion distribution for modera te ly- loaded  p rope l l e r s  in which 
the condition of normali ty  is not necessa r i ly  assumed. Comparison of the two meth-  
ods has shown (14) that for  the range and load dis tr ibut ions normal ly  encountered in 
p rope l le r  designs,  the di f ferences  between the two are  small.  Design calculat ions in 
the case of SC p rope l l e r s  have been made using both methods. These calculat ions 
have indicated that the c i rcula t ion distribution fac tors  and the induction fac tors  give 
essent ia l ly  the same resul t .  

Based on these two basic  approaches,  a number of calculat ions have been made 
(15-18) which give information direct ly  usable by the designer.  F rom the theory of 
the optimum propel le r ,  the ideal efficiency (~i) has been computed (19,20) and can 
be used in the case of nonoptimum prope l l e r s  as a f i r s t  es t imate  for the hydrody- 
namic pitch angle (ill)" 

The foregoingdiscuss ion  on p rope l le r  theory has been r e s t r i c t ed  to ablade which 
has been rep laced  by a lifting line operat ing in a nonviscous fluid. In applying this 
theory to p rope l l e r  design, the l i f t ing-l ine considera t ions  have to be expanded to 
include lifting surface and viscous  effects.  Ludwieg and Ginzel (21) have examined 
the curvature  of the flow at the midpoint of each section and obtained co r rec t ions  to 
the section camber .  Lerbs  (22) has determined an additional cor rec t ion  in the fo rm 
of an angle of attack due to change in curvature  over  the section chord. 

The viscous  cor rec t ions  for supercavi ta t ing sect ions and their  effect on the ideal 
eff iciency have been der ived by Morgan (23). 

DESIGN PROCEDURE 

Once the p rope l le r  d iameter ,  rpm, and hub size have been determined,  the p ro-  
pe l l e r  can then be calculated. The design can be made e i ther  on the bas is  of thrust  
or  power. Designing on the bas is  of thrust  may be p re fe rab le  since the var ia t ion of 
thrust  between viscous  and nonviscous flow is not as great  as in the case  of power 
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and the speed-resistance relationship is normally more accurately known. The fol- 
lowing nondimensional coefficients are computed: 

and  

o r  

w h e r e  

v. j (2) 

T 
CT - /9 D2~TV: (~) 

8 

27r_____~ = 550 SHP 

-P8 v: (4) 

D = p r o p e l l e r  d i a m e t e r  

n = r e v o l u t i o n s  p e r  un i t  t i m e  

Q = t o r q u e  

s ~  = s h a f t  h o r s e p o w e r  

T = t h r u s t  

v 8 = (1 - wo)V = s p e e d  of  a d v a n c e  of the  p r o p e l l e r  

V = s h i p  s p e e d  

w o = e f f e c t i v e  wake  f r a c t i o n  

p = m a s s  d e n s i t y  of f luid .  

S ince  the  p r o p e l l e r  i s  c a l c u l a t e d  on  the  b a s i s  of  a n o n v i s c o u s  f luid ,  the  v i s c o u s  
t h r u s t  o r  p o w e r  c o e f f i c i e n t  m u s t  be  m o d i f i e d  to  t h e i r  n o n v i s c o u s  v a l u e s .  An a p p r o x -  
i m a t i o n  f o r  the  n o n v i s c o u s  c o e f f i c i e n t s  c a n  be  m a d e  by  a s s u m i n g  tha t  the  h y d r o d y -  
n a m i c  p i t c h  ang l e  (fii) and  the  d r a g / l i f t  r a t i o  (6) a t  0 .7 r a d i u s  a r e  a v e r a g e  v a l u e s  f o r  
the  p r o p e l l e r ,  t h e n  

CT = (1.02 to 1,08)C T (5) 
CTI ~ 1 - 26 (k i )0 .  7 

w h e r e  

Cp 
CP i ~ 2 6 = (0.85 to 0.98)Cp (6) 

1 +--3 

( k i )  ° = 0.7 ( t a n  fli) ° 7 = -  .7 . 9~i 

c = 0.1 as a f i r s t  e s t ima te .  

Wi th  Eq. (2) and CTI o r  Cp i f r o m  Eq.  (5) o r  Eq.  (6}, t he  idea l  e f f i c i e n c y  ~i of an  
o p t i m u m  p r o p e l l e r  can  be  o b t a i n e d  f r o m  Ref s .  19 and  20. U s i n g  t h i s  v a l u e  of  idea l  
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e f f i c i e n c y  the  f i r s t  a p p r o x i m a t i o n  to the  h y d r o d y n a m i c  p i t c h  ang le  i s  c o m p u t e d  u s i n g  
the  r e l a t i o n  

h tan ~ _ Xl (7) 
tan  fli = xV-"-~. = Vi x 

w h e r e  

x = n o n d i m e n s i o n a l  r a d i u s  

fi = a r c t a n  (h /x )  = a d v a n c e  ang le  

~i = ~'/nl ( for  a f r e e - r u n n i n g  o p t i m u m  p r o p e l l e r ) .  

F o r  a n  o p t i m u m  f r e e - r u n n i n g  propeller, the  i dea l  e f f i c i e n c y  vl i s  c o n s t a n t  along 
the blade. If the propeller is not optimum, then vi varies along the blade and the 
assumption is made that the ideal efficiency at 0.7 radius is equal to that obtained 
f r o m  the  c u r v e s .  

In o r d e r  to d e s c r i b e  e a c h  p r o p e l l e r  s e c t i o n ,  i t  i s  n e c e s s a r y  to know the  r a d i a l  
d i s t r i b u t i o n  of h y d r o d y n a m i c  p i t c h  ang le  fii, c i r c u l a t i o n  G, c o e f f i c i e n t  of l i f t  CL, and  
t h r u s t  c o e f f i c i e n t  dCT./dx o r  p o w e r  c o e f f i c i e n t  dCp. /dx.  T h e s e  v a l u e s  a r e  d e r i v e d  
f r o m  the  fo l lowing  e q u a t i o n s :  

G = 2 X K  Ut (8) 
Z 2V a 

C L ~ 2 ~G cos fii 

d%i (_tl u t )  (10)  
d--T = 4ZG an/3  2V a 

dCPi G ( u ) (11) 
- ~ - :  4z ta---n--Z~ z 1 + 2-v-~ 

w h e r e  

u t ( t a n f l  i ) t a n f i i  
= \t----~-fi-~- 1 ( t a n - ~ ) i - +  1) = t a n g e n t i a l  induced v e l o c i t y  

= ~ = axia l  induced ve loc i ty  

= section chord 

z = n u m b e r  of b l a d e s  

= c i r c u l a t i o n  d i s t r i b u t i o n  f a c t o r  f r o m  Ref.  16 o r  G o l d s t e i n  f a c t o r  f r o m  Ref.  
15. 
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It shou ld  b e  no t ed  t ha t  the  i n t e g r a l  of d C T i / d x  o r  d C p i / d x  a long  the  r a d i u s  shou ld  
equa l  the  d e s i g n  v a l u e s  of CTi o r  CPi: 

1 o(1 
CTi "tan fi dx (12) 

x h 

and 
1 

C p i  = 4Z  ~ + d x  ( 1 3 )  

h i 

w h e r e  ×h i s  the  n o n d i m e n s i o n a l  hub r a d i u s .  

H the  p r o p e l l e r  i s  an  o p t i m u m  p r o p e l l e r  the  d i f f e r e n c e  b e t w e e n  cTi f r o m  Eqs .  (5) 
and  (12) and  b e t w e e n  Cp i f r o m  Eqs .  (6) and  (13) wi l l  on ly  b e  wi th in  the  a c c u r a c y  wi th  
w h i c h  ~i can  b e  r e a d  f r o m  the  c h a r t s .  F o r  a n o n o p t i m u m  p r o p e l l e r  the  above  e q u a -  
t i o n s  a r e  equa l ly  va l id ,  bu t  an i t e r a t i o n  p r o c e d u r e  i s  n e c e s s a r y  in o r d e r  to d e t e r m i n e  
the  h y d r o d y n a m i e  p i t ch  angle .  

The  f o r e g o i n g  d i s c u s s i o n  h a s  b e e n  c o n c e r n e d  wi th  f r e e - r u n n i n g  p r o p e l l e r s .  F o r  
w a k e - a d a p t e d  p r o p e l l e r s  the  f ac t  t h a t  the  wake  v a r i e s  w i th  r a d i u s  m u s t  b e  c o n s i d e r e d .  
T h e r e f o r e ,  fo r  the  d e s i g n  of t h e s e  p r o p e l l e r s  the  d i f f e r e n t  c o e f f i c i e n t s  a r e  n o n d i m e n -  
s i o n a l i z e d  on the  b a s i s  of sh ip  s p e e d  i n s t e a d  of s p e e d  of a d v a n c e  (14). 

Once  the  d e s i r e d  CT i o r  Cp i s  ob ta ined ,  the  p r o p e l l e r  s e c t i o n  shape ,  s e c t i o n  
length ,  and  ang le  of a t t a c k  can  ~oe s e l e c t e d .  F o r  8C s e c t i o n s  the  e a m b e r l i n e  i s  the  
p r e s s u r e  s ide  of the  fo i l  and  the  t h i c k n e s s  i s  app l i ed  b e t w e e n  the  c a m b e r l i n e  and  the  
f r e e  s t r e a m l i n e .  The  m a x i m u m  o r d i n a t e  of the  p r e s s u r e  s ide  of T u l i n ' s  s e c t i o n  (2) 
c an  b e  w r i t t e n  a s  fo l lows:  

w h e r e  

Y 

C L 

0 

a i 

( Y / ~ ) m a x  = 0 . 5  s i n  ~ + ( 0 . 1 1 2 8  C L - 0 . 1 1 8 1 7  a )  c o s  O (14) 

= face  o r d i n a t e  m e a s u r e d  p e r p e n d i c u l a r l y  to the  n o s e - t a i l  l i ne  

= d e s i g n  l i f t  c o e f f i c i e n t  

= (a + %1/57.3 = g e o m e t r i c  a n g l e s  of a t t a c k  in r a d i a n s  

= d e s i g n  ang le  of a t t a c k  in  d e g r e e s  

= i d e a l  ang le  of a t t a c k  in  d e g r e e s  

= c h o r d  l eng th .  

F o r  s m a l l  8, s in  8 ~ 0 and  cos 0 ~ 1 and  Eq.  (14) r e d u c e s  to 

(Y / ' ~ ) rnax  = 0 . 5  8 + 0 . 1 1 2 8 C  L - 0 . 0 1 1 8 2 a  

= 0 ,  1553  C L - 0 . 0 0 4 2 6 c t  . ( 1 5 )  

The  d i s t r i b u t i o n  of the  f ace  o r d i n a t e s  a long  the  c h o r d  i s  g iven  in  T a b l e  1. 

The  t h i c k n e s s  of the  s ec t i on ,  m e a s u r e d  n o r m a l  to  the  n o s e - t a l l  l ine ,  i s  g iven  b y  
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Table 1 

Distribution of Face Ordinates  and Coefficients  for 
Calculating Thickness Along the Chord 

x~ Y/Ymax F '  N '  

0.0075 
0.0125 
0.05 
0.I0 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
0.95 
1.0 

0.01888 
0.03244 
0.14189 
0.29150 
0.56636 
0.78458 
0.93187 
1.0 
0.98340 
0.87797 
0.68055 
0.38860 
0.20650 

0 

-0.001326 
-0.002574 
-0.016816 
-0.039520 
-0.078940 
-0.097600 
-0.092870 
-0.071780 
-0.037750 

0.005940 
0.056880 
0.112090 
0.139620 
0.166950 

0.001254 
0.001870 
0.005704 
0.010074 
0.017349 
O.022222 
0.024647 
0.025710 
0.025853 
0.025605 
0.024660 
0.023047 
0.022048 
0.020937 

t 
T = F'CL + N'a (16) 

where the coefficients  F' and N' are  also given in Table 1. This equation gives  a 
section sl ightly th icker  than the theore t ica l  cavity shape as shown in Fig. 2. Exper i -  

mental  resu l t s  (1)have  shown that 
this additional thickness is neces -  
sa ry  in o rde r  to avoid leading edge 
vibrat ion and does not affect i ts 
per formance .  - - - F R O M  TULIN'S THEORY 

. . . . . .  MODIFIED TO INCREASE STRENGTH 

F i g .  Z - C o m p a r i s o n  o f  t h e o r e t i c a l  a n d  
T M B  m o d i f i e d  t h i c k n e s s  d i s t r i b u t i o n  o f  
T u l i n ' s  S C  s e c t i o n  

One difficulty encountered in 
the use of cambered  SC sect ions is 
p r e s s u r e  face cavitation. If the sec -  
tion is operated at too low an angle 
of attack for a given camber ,  face 
cavitation will  occur  and poor pe r -  
formance  and possibly vibrat ion will  
resul t .  In addition, it hasbeen  shown 
(1,24) that a cer ta in  angle of attack 
is  neces sa ry  for the section to have 
adequate strength. By analyzing a 

number  of exper imenta l  resu l t s ,  and noUng that theore t ica l ly  the design angle should 
be as smal l  as possible in o rde r  to obtain minimum drag, the following re la t ionships  
between design angle of attack a and the coefficient of lift c L has resulted: 

= 35.5CL for 0 < C L _-< 0.0548 (17a) 

a = 2 ° f o r  0 . 0 5 4 8  =< C L --< 0 . 2  ( 1 7 b )  

a = 1 0 C  L f o r  0 . 2  -< C L .  ( 1 7 C )  
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D e s i g n  a n d  P e r f o r m a n c e  o f  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  

I t  shou ld  be  n o t e d  t h a t  Eq. (17a) r e s u l t s  in  a f l a t - f a c e  s ec t ion .  

U s i n g  the  above  r e l a t i o n s h i p s  b e t w e e n  C L and  a, c a l c u l a t i o n s  can  b e  m a d e  fo r  
the  d r a g / l i f t  r a t i o  e of T u l i n ' s  s e c t i o n  wi th  p a r t  of the  l i f t  t a k e n  by  a n g l e  of a t t ack .  
T h e s e  c a l c u l a t i o n s  have  a l r e a d y  b e e n  m a d e  (23) and  the  r e s u l t s  i nd i ca t e  t h a t  a n  op t i -  
m u m  l i f t  c o e f f i c i e n t  f o r  t h i s  s e c t i o n  i s  a p p r o x i m a t e l y  0.16. T h i s  v a l u e  c a n  t h e n  be  
u s e d  in Eq. ( 9 ) f o r  e s t i m a t i n g  the  s e c t i o n  c h o r d  B a t  0.7 r a d i u s .  The  b l a d e  ou t l ine  
c a n  t hen  be  c h o s e n  s i m i l a r  to  the  one  g iven  in  T a b l e  2. 

I t  i s  t h e n  n e c e s s a r y  to d e t e r m i n e  the  
s t r e s s  d i s t r i b u t i o n  in the  p r o p e l l e r .  (A 
s i m p l i f i e d  m e t h o d  i s  g iven  in  Append ix  I.) 
In m a n y  c a s e s  i t  m a y  be  found  t h a t  the  
b l a d e  ou t l ine  shou ld  be  a d j u s t e d  u n t i l  a c -  
c e p t a b l e  n o m i n a l  s t r e s s e s  a r e  ob ta ined .  
T h i s  m a y  a l s o  b e  a c c o m p l i s h e d  by  a n  i n -  
c r e a s e  in ang le  of a t t a c k  t o w a r d s  the  roo t .  

Once the  chord ,  c o e f f i c i e n t  of l i f t  and  
ang le  of a t t a c k  have  b e e n  s e l e c t e d  the f ace  
and  t h i c k n e s s  c a n  b e  c a l c u l a t e d  f r o m  Eqs .  
(15) and  (16). The face  o r d i n a t e s ,  how- 
e v e r ,  m u s t  be  c o r r e c t e d  f o r  the  l i f t i ng  
s u r f a c e  e f f e c t s  (14) and  a r e  g iven  by 

( y / Y ~ ) ( c o r r e c t e d )  = k l k  2 ( y / B )  ( 1 8 )  

Table  2 

R a d i a l  D i s t r i b u t i o n  of Sec t ion  C h o r d  

x B/Bo. 7 

0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
0.95 
1.00 

1.088 
1.088 
1.088 
1.085 
1.062 
1.0 
0.871 
0.655 
0.475 

0 

w h e r e  k x and  k 2 a r e  o b t a i n e d f r o m  Fig.  3 and  

A E ? 
2Z / (B/D) dx expanded area r a t i o .  - -  = _ _  

A O 77 

The nex t  s t ep  i s  the  c a l c u l a t i o n  of the  p i t c h  c o r r e c t i o n .  T h e r e  a r e  t h r e e  c o r r e c -  
t i o n s  to be  c o n s i d e r e d ;  f r i c t i o n  c o r r e c t i o n ,  e f f ec t  of f in i t e  c a v i t a t i o n  n u m b e r ,  and  
c o r r e c t i o n  f r o m  l i f t ing  s u r f a c e  e f f e c t  (22). F r o m  the  da ta  a v a i l a b l e ,  i t  a p p e a r s  t h a t  
the  f r i c t i o n  c o r r e c t i o n  i s  s m a l l  fo r  t h e s e  p r o p e l l e r s  and  can  t h e r e f o r e  be  n e g l e c t e d .  
The  e f f ec t  of f in i t e  c a v i t a t i o n  n u m b e r  i s  c o m b i n e d  wi th  bo th  the  d e s i g n  and  the  idea l  
ang le  of a t t a c k  into one a d d i t i o n a l  ang le  of a t t a c k  (a l )  and  i s  g iven  by  

a 1 = 5 7 . 3 K  0 = 5 7 . 3 K ~ ( 0 . 0 8 4 9 C  L + 0 . 0 1 5 1 2 a )  d e g  ( 1 9 )  

w h e r e  Kq i s  o b t a i n e d  f r o m  Fig. (4) and  the  c a v i t a t i o n  n u m b e r  (~x) i s  c o m p u t e d  fo r  
0.7 r a d i u s ,  a s  fo l lows:  

2gH ( sin 2 /3)0 ' 7 ~ 2gHJ 2 

° 0 . 7  : V :  c o s  2 ( f i i  - ~ ) 0 . 7  - V 2 ( J 2  + 4 . 8 4 )  
(20) 

w h e r e  g = a c c e l e r a t i o n  of g r av i t y .  

The c o r r e c t i o n  fo r  the  l i f t ing  s u r f a c e  e f f ec t  r e s u l t s  f r o m  b o t h  f r e e  and  bound  
v o r t i c e s  and  aga in  o c c u r s  a s  an  add i t i ona l  ang le  of a t t a c k  a 2 g iven  by 

I' )11 a 2  = a b  + ( f l i  - •) + COS2f i i  - 1 (21) 
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Design and P e r f o r m a n c e  of Supercav i ta t ing  P r o p e l l e r s  

w h e r e  h is  f r o m  Fig. 5 and 

a b = 57.3 sin /~ - 0.7 cos fii cos ~ h.(F/R)3 

in which 

(P/R) 3 = x 2 + + 0.4q - 2 ~ cos /~ cos ~i + 0.7 sin 

2~ /~ : ~ ÷--~ (m - 1) for m = 1 , 2 , 3 . . .  Z.  

It should  be noted  tha t  in Eq. (21) the va lue s  of ~, f ,  and/~i  a r e  taken  at  the 0.7 
r a d i u s  and c o n s i d e r e d  cons tan t .  Th i s  c o r r e c t i o n  i s  then made  at  t h i s  r a d i u s  and the 
s a m e  p e r c e n t a g e  change  app l ied  to the o t h e r  rad i i .  

1 ~ /~P/D_ tan(ill + ctl + a2)0.7 (22) 

P/D tan(ill  + a l )0 .7  

The f inal  p i t c h  i s  then  given a s  

AP/D / 
P/D = vrx 1 + - - p ~ - /  t an ( f i  + al)"  (2s) 

I..8 

1.7 

1.6 

i.5 

1.4 

1.5 

1.2 

I. I  

I.C 
0 0.2 0.4 0.6 0.8 O.lO 0.i2 

SinfUl L 
X 

0.7 D 

Fig.  5 - P i t c h  c o r r e c t i o n  coef f ic ien t  (11) for  x = 0.7 
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A .  J .  T a c h m i n d j i  a n d  W.  B.  M o r g a n  

With the ca l cu la t ion  of the pi tch,  the des ign  of a p r o p e l l e r  i s  comple t e  excep t  for  
check ing  the r a t i o  of c T to CTi o r  the r a t i o  of c F. to Cp~ and d e t e r m i n i n g  the p r o p e l l e r  
e f f ic iency .  In o r d e r  to make  these  ca l cu l a t i ons  it  i s  n e c e s s a r y  to know the v a l u e s  of 
the d r a g / l i f t  r a t i o  a long the radius .  These  v a l u e s  can be obtained f r o m  t h e o r e t i c a l  
(23) o r  e x p e r i m e n t a l  (4) t w o - d i m e n s i o n a l  r e s u l t s  but  mus t  be ad jus ted  for  appl ica t ion  
to p r o p e l l e r s  (1). Us ing  the fo rego ing  i n fo rma t ion  the fo l lowing equa t ions  fo r  c have 
been  found to give s a t i s f a c t o r y  r e s u l t s :  

0 . 5 6 9  f o r  0 < C L < 0 . 0 5 4 8  
~ = 0 ' 7 9 6 C L +  ( ~ - )  2 ' 5 8 C  L l o g  (24a) 

~ ( 0 . 4  C L + 0 . 0 3 2 8 )  2 
• = (2.14C L + 1 . 1 3 )  I -  1~708~LL 

L 

c = ( 2 . 1 4 C  L + 1 . 1 3 )  

+ 0.455 

• 2025 C L + 2. 58 
C L l o g  -:7. 

w h e r e  

cos (~i - ~) = sec t ion  inflow ve loc i ty  U = V a s i n  

v = k i n e m a t i c  v i s c o s i t y  of the fluid. 

for 0.0548 < C L < 0.2  (24b )  

for O. 2 < = C L (24c) 

It is  now pos s ib l e  to eva lua te  the t h rus t  and power  coe f f i c i en t  for  v i s c o u s  flow. 
This  check,  made  at 0.7 rad ius ,  g ives  good r e s u l t s  but  can be made  m o r e  a c c u r a t e l y  
by taking into account  the d r a g  of each  sect ion.  The fo l lowing equa t ions  give the 
v i s c o u s  t h r u s t  and power  coe f f i c i en t s  as  a funct ion of the r ad ius :  

I [dCTi 1 , ~ t a n  fi dCp i 
C T = f (1 - e t a n  ~ i )  dx = ~ (1  - • t a n  fii ) -~ - -x  dx (25)  

x h x h 

and 

1 dCp f l  ( t a n  fli + e)  dOT, 
dx = t a n  fl dx d x .  (26 )  

x h x h 

C T o r  Cp ca l cu l a t ed  f r o m  the above equa t ions  should c o m p a r e  c lo se ly  wi th  the 
des ign  va lues .  Also,  by us ing  Eq. (25) o r  Eq. (26) the power  o r  t h r u s t  a b s o r b e d  by 
the p r o p e l l e r  can  be ca l cu la t ed  and the p r o p e l l e r  e f f i c i ency  v is  g iven by 

= c~J%. (27) 

SC PROPELLER SERIES 

P r o p e l l e r  s e r i e s  r e s u l t s  a r e  usua l ly  d e t e r m i n e d  by t e s t i ng  a n u m b e r  of s y s -  
t e m a t i c  de s igns  and d e t e r m i n i n g  the i r  c h a r a c t e r i s t i c s .  In the case  of SC p r o p e l l e r s ,  
however ,  th is  p r o c e d u r e  can b e c o m e  e x t r e m e l y  cos t ly  and t ime  consuming ,  s ince  al l  
p r o p e l l e r s  have  to be t e s t ed  o v e r  a r ange  of cav i t a t ion  n u m b e r s  as  we l l  a s  speed  
coef f i c i en t s .  With the ava i lab i l i ty  of h i g h - s p e e d  c o m p u t e r s  such c h a r a c t e r i s t i c s  can 
now be p r e d i c t e d  by m e a n s  of t h e o r e t i c a l  computa t ions ,  thus  subs tan t i a l ly  r educ ing  
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Des ign  and  P e r f o r m a n c e  of 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  

the  n e c e s s a r y  e f f o r t  r e q u i r e d .  The  s t r e n g t h  o r  w e a k n e s s  of s u c h  a m e t h o d  i s  of 
c o u r s e  d e p e n d e n t  on the  p r o p e l l e r  t h e o r y  on  wh ich  i t  i s  b a s e d  and  the  a c c u r a c y  of i t s  
p r e d i c t i o n s .  C a l c u l a t i o n s  of t h i s  c h a r a c t e r  should ,  t h e r e f o r e ,  be  c o n f i r m e d  by  m e a n s  
of e x p e r i m e n t a l  r e s u l t s  in  the  c a s e  of s p e c i f i c  p r o p e l l e r s ,  and  only  t h e n  c a n  t h e i r  
a c c u r a c y  be  c o m p l e t e l y  d e t e r m i n e d .  Howeve r ,  if the  a b s o l u t e  v a l u e  of the  r e s u l t s  i s  
no t  exac t ly  c o r r e c t ,  s u c h  a s e r i e s  does  p r o v i d e  a m e a n s  of r a p i d l y  d e t e r m i n i n g  the  
r e l a t i v e  p e r f o r m a n c e  ga in  o r  l o s s  w h i c h  c a n  be  o b t a i n e d  by  a v a r i a t i o n  of p a r a m e t e r s .  
F u r t h e r m o r e ,  such  a t h e o r e t i c a l  s e r i e s  i s  no t  i n t ended  to r e p l a c e  the  d e s i g n  of i n d i -  
v idua l  p r o p e l l e r s ,  bu t  c an  s e r v e  a s  a guide in  d e t e r m i n i n g  the  d e s i g n  cond i t i ons .  At  
the  p r e s e n t  t i m e ,  i t  i s  c o n t e m p l a t e d  t h a t  a f t e r  s u c h  c o n d i t i o n s  a r e  d e t e r m i n e d  the  
ind iv idua l  d e s i g n  shou ld  s t i l l  be  p e r f o r m e d .  

T h i s  s e r i e s  h a s  b e e n  d e r i v e d  (25) by d e s i g n i n g  t h i r t y  p r o p e l l e r s  to  c o v e r  a r a n g e  
of ;~ f r o m  0.1 to 0.5 and  CT~ f r o m  0.015 to 4 .0  a t  a c a v i t a t i o n  n u m b e r  a of z e r o .  E a c h  
p r o p e l l e r  h a s  t h r e e  b l a d e s ,  an  e x p a n d e d  a r e a  r a t i o  (AE/AO) of 0.5,  a n o n d i m e n s i o n a l  
hub r a d i u s  of 0.2 and  u s e d  T u l i n ' s  s e c t i o n s  wi th  the  r e l a t i o n s h i p  b e t w e e n  c L and  a a s  
g iven  by Eq. (17). The Reyno lds  n u m b e r ,  u s e d  in  c a l c u l a t i n g  the  s e c t i o n  f r i c t i o n  d rag ,  
v a r i e d  b e t w e e n  9.5 × 106 and  5.7 x 107. The  r e s u l t s  of the  c a l c u l a t i o n s ,  a t  a = 0, a r e  
p lo t t ed  in F igs .  6 and  7 a s  the  s q u a r e  r o o t  of the  t h r u s t  coe f f i c i en t  and  the  s q u a r e  
r o o t  of the  p o w e r  c o e f f i c i e n t  v e r s u s  the  s p e e d  c o e f f i c i e n t  J f o r  v a r i o u s  p i t c h  r a t i o s .  
On t h e s e  p l o t s  a r e  i nc luded  c o n t o u r s  of e f f i c i e n c y  and  an  o p t i m u m  e f f i c i e n c y  l ine  fo r  
a g iven  C T o r  Cp. 

Once the  b a s i c  d e s i g n  i s  c o m p l e t e d  fo r  z e r o  c a v i t a t i o n  n u m b e r  the  c a l c u l a t i o n s  
a r e  e x t e n d e d  to inc lude  f in i t e  c a v i t a t i o n  n u m b e r s  (~o, 7) of the  s e c t i o n  a t  0.7 r a d i u s .  
T h e s e  c a l c u l a t i o n s  r e s u l t  in a change  in  p i t c h  and  a r e  p lo t t ed  in F igs .  8 and  9 a s  a 
func t ion  of ¢CT, j ,  and  % .  7" The  f i na l  p i t c h  i s ,  then ,  g iven  by 

w h e r e  

P / D  = ( P / D ) ~ = 0  - & ( P / D )  C~ (2a) 

(P /D)~=0 = p i t c h  r a t i o  f r o m  Fig. 6 o r  7 

&(P/D)  ~- p i t c h  c o r r e c t i o n  c o e f f i c i e n t  f r o m  Fig. 8 

c,:, = p i t c h  c o r r e c t i o n  c o e f f i c i e n t  f r o m  Fig. 9 

~0.7 = c a v i t a t i o n  n u m b e r  a t  0.7 r a d i u s  f r o m  Eq. (20). 

The  m a x i m u m  face  o r d i n a t e  a t  the  0.7 r a d i u s  i s  g iven  in  Fig. 10 a s  a f unc t i on  of 
and  J. Us ing  t h i s  o r d i n a t e  and the  d i s t r i b u t i o n  of f ace  o r d i n a t e s  a l o n g  the  c h o r d  

o b t a i n e d  f r o m  T a b l e  1 i t  i s  p o s s i b l e  to c a l c u l a t e  the  o r d i n a t e s  of t h i s  s ec t i on .  The  
r a d i a l  d i s t r i b u t i o n  of c h o r d  can  be  o b t a i n e d  f r o m  Tab le  2, w h e r e  6/D a t  0 .7  r a d i u s  i s  
0.351, and the  b l ade  t h i c k n e s s  f r a c t i o n  ( B T F )  f o r  t h i s  p r o p e l l e r  s e r i e s  c a n  b e  t a k e n  
f r o m  Fig. 11. Add i t iona l  i n f o r m a t i o n  fo r  o t h e r  r a d i i ,  s i m i l a r  to t h a t  g iven  in Fig.  10, 
i s  a l so  g iven  in Ref. 25. 

A s i m p l i f i e d  m e t h o d  f o r  c a l c u l a t i n g  the  s t r e s s  h a s  b e e n  d e r i v e d  fo r  t h i s p r o p e l l e r  
s e r i e s ,  and  the  m a x i m u m  s t r e s s  ( c o m p r e s s i v e )  in p s i  a t  the  b l a d e  roo t  c a n  be  e s t i -  
m a t e d  by 

o.6s ;c vZ (29) 
0 . 0 0 9 - -  S c = 

144 (BTF) 2 (BTF) 2 " 
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F i g .  6 - C T - J  d i a g r a m  f o r  T M B  SC 3 - b l a d e d  p r o p e l l e r  s e r i e s  

F i g u r e s  6 and  7 can  a l s o  b e  u s e d  to c a l c u l a t e  the  o p t i m u m  r p m  fo r  a g iven  d i a m -  
e t e r  and  the  o p t i m u m  d i a m e t e r  f o r  a g iven  r p m .  A s  an  e x a m p l e ,  the  o p t i m u m  r p m  
fo r  the  fo l lowing  d e s i g n  c o n d i t i o n s  c a n  b e  o b t a i n e d  a s  fo l lows :  

T = 2 5 , 0 0 0  l b s  

V a = 1 0 1 . 2 8  fps  

D = 3 f t .  

F r o m  Eq. (3) 

and 

T 
C T : - -  0 . 3 5  

P~TD 2 V 2 
8 -- - -a  

CYST = 0 . 5 9 1 .  
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0 0.1 0.2 03 0.4 0 5  ~ 0 6  0.7 0.8 0.9 1.0 1.1" 1.2 L3 1,4 t5  16 

J 

Fig.  7 -Cp-J d i a g r a m  for  TMB SC 3 - b l a d e d  p r o p e l l e r  s e r i e s  

F r o m  Fig. 6, the  o p t i m u m  j f o r  t h i s  C¢~w i s  0 .815;  t h e r e f o r e ,  the  o p t i m u m  r p m  i s  
g iven  by 

60V a 
rpm = ~ -  = 2485 . 

The  c a l c u l a t i o n  of o p t i m u m  d i a m e t e r  f o r  a g iven  r p m ,  speed ,  t h r u s t ,  o r  p o w e r  
can  be  p e r f o r m e d  by a s s u m i n g  a d i a m e t e r  and  c a l c u l a t i n g  j and  C¢~T o r  C¢~p. A 
s t r a i g h t  l ine  i s  t hen  d r a w n  t h r o u g h  t h i s  po in t  and  the '  o r i g in ,  and  the  m a x i m u m  
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<3 

0 OJ 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 I.I 1.2 1.3 1.4 

Fig.  8 -  P i t ch  c o r r e c t i o n  coe f f i c i en t  A(P/D) for  f inite c a v i t a -  
t ion n u m b e r s  for  TMB 3 -b l ad ed  SC p r o p e l l e r  s e r i e s  

1.5 

e f f i c i ency  a long th i s  l ine  r e p r e s e n t s  the po in t  at  which  the d i a m e t e r  i s  an op t imum.  
An e x a m p l e ,  fo r  the d e s i g n  cond i t i ons  

T = 18,000 lbs  

V a = 101.28 fps  

n = 36 r p s  

i s  a s  fo l lows .  A s s u m e  tha t  D = 3 fee t .  F r o m  Eq. (3) 

T Va 
cT ~-~D 2v~ o.~s, c ~ : o . s ,  ~d j ~-~ 0 .94  

Thi s  po in t  i s  then  p lo t t ed  on Fig. 6 and a l ine  i s  d r a w n  th rough  th i s  po in t  and the 
o r ig in .  The m a x i m u m  e f f i c i e n c y  a long  t h i s  l ine  o c c u r s  at  a J of 0.9, and the  o p t i m u m  
d i a m e t e r  i s  

V a 
D = ~-~ = 3.13 fee t  . 
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Fig. 9 - Pitch correction coefficient C~ for finite cavi- 
tation number for TMB 3~bladed SC propeller series 
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TMB 3~bladed SC propeller series 
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F i g .  11 - B l a d e  t h i c k -  
n e s s  f r a c t i o n  for  T M B  
3 - b l a d e d  S C  p r o p e l l e r  
s e r i e s  

EXPERIMENTAL RESULTS 

A number of tests  have been conducted on SC prope l l ers  that indicate the ade- 
quacy of the design method and practicabil i ty of using SC sect ions  on prope l l ers  (1). 
Figure 12 g ives  the performance  character i s t ics  for a 3-bladed propel ler  designed 
for 50 knots, 3500 pounds thrust, and 3000 rpm with a diameter  of 18 inches.  Using 
nondimensional  coeff ic ients  these conditions result  in a thrust coeff ic ient  K T of 
0.140, speed coeff ic ient  :l of 1.125, and cavitation number ~ 0  7 of 0.064. The phys i -  
cal  character i s t ics  of this propel ler  are given in Fig. 13. 
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Fig. iZ-Compositeplot of tests on propeller 3509 
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MBER 
~NESS 

Fig.  13 - D r aw i ng  of p r o p e l l e r  3509 

F r o m  Fig .  12 i t  c an  b e  s e e n  t ha t  t h i s  p r o p e l l e r  g i v e s  v e r y  c l o s e  to the  d e s i g n  
t h r u s t  a t  the  d e s i g n  J and  a l s o  d e v e l o p s  an  e f f i c i e n c y  of a p p r o x i m a t e l y  68.5 p e r c e n t .  
T h i s  p r o p e l l e r  h a s  n e a r l y  the  s a m e  c h a r a c t e r i s t i c s  a s  a p r o p e l l e r  o b t a i n e d  f r o m  the  
s e r i e s  p r e v i o u s l y  d i s c u s s e d .  F r o m  t h i s  s e r i e s  f o r  the  above  d e s i g n  cond i t i ons ,  
C T = 0.278 and  J = 1.125, the  p r o p e l l e r  would  have  a P/D of 1.57 and  ~ of 70 p e r c e n t .  
I t  wi l l  b e  no ted  tha t  t h e s e  v a l u e s  a r e  in  s a t i s f a c t o r y  a g r e e m e n t  wi th  the  e x p e r i m e n t a l  
v a l u e s .  

An i n t e r e s t i n g  c h a r a c t e r i s t i c  of p r o p e l l e r s  u s i n g  SC s e c t i o n s  i s  shown in Fig .  14. 
T h i s  f i g u r e  i s  a c r o s s  plot  f r o m  Fig .  12 showing  the  r e l a t i o n s h i p  of t h r u s t  coe f f i c i en t  
Kt, t o r q u e  coe f f i c i en t  Kq, and  e f f i c i e n c y  v t o t h e  c a v i t a t i o n  n u m b e r  ~ at  d e s i g n  3. T h i s  
shows  t ha t  wh i l e  c a v i t a t i o n  h a s  g r e a t  e f fec t  upon the  t h r u s t  and to rque ,  i t  h a s  l i t t l e  
e f fec t  upon e f f i c i ency .  T he  fac t  tha t  t h e r e  i s  a d e c r e a s e  of t h r u s t  wi th  d e c r e a s i n g  
c a v i t a t i o n  n u m b e r  i s  not  i m p o r t a n t  a s  long as  the  e f f i c i e n c y  r e m a i n s  c o n s t a n t  and  i t  
i s  p o s s i b l e  to  m e e t  the  d e s i g n  cond i t i ons .  

C o n f i r m a t i o n  of the  v a l i d i t y  of the  c h a r t s  by  m e a n s  of e x p e r i m e n t a l  r e s u l t s  h a s  
a l so  b e e n  p e r f o r m e d  f o r  o t h e r  p r o p e l l e r s .  T h e s e  p r o p e l l e r s ,  h o w e v e r ,  w e r e  2 - b l a d e d  
and  a c o r r e c t i o n  r e g a r d i n g  the  e f f ec t  of the  n u m b e r  of b l a d e s  m u s t  be  i n t r o d u c e d .  
Al though  such  c o m p a r i s o n s  a r e  no t  a s  d i r e c t  a s  t h a t  p e r f o r m e d  above ,  they  have  
i n d i c a t e d  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  p r e d i c t e d  r e s u l t s  to b e t t e r  t han  
3 p e r c e n t .  

CONCLUDING REMARKS 

The  f e a s i b i l i t y  of 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  in  the  c a s e  of h i g h - s p e e d  a p p l i c a t i o n  
a p p e a r s  qu i te  p r o m i s i n g ,  p a r t i c u l a r l y  w h e r e  they  can  be  u s e d  to the  fu l l  b e n e f i t  of 
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their hydrodynamic performance.  Their range of application may also be extended 
to lower speeds  by the use of ventilated sections.  

The design method which has been presented in this paper appears to give resul ts  
which are ver i f ied  by experimental  confirmation. Improvements  in this method, how- 
ever,  can be anticipated as more  des igns  are accompl ished and test resu l t s  become 
available.  The character i s t i cs  for the SC propel ler  s e r i e s  must  also be conf irmed 
by means  of experimental  resu l t s  for speci f ic  prope l lers  and only then can their 
accuracy be complete ly  determined.  It i s  felt,  however,  that the s e r i e s  work which 
has been accompl ished to date wi l l  provide a method of a s s e s s i n g  the e f fec t iveness  
of the various design parameters .  Furthermore,  it can certainly be used as an 
impetus  for the design of SC prope l l ers  which wi l l  exceed these performance  
characte r ist ic  s. 
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AE/A o expanded blade area ratio 

BTF blade thickness  fraction 

508 



C L 

Cp 

CP i 

CT 

CT i 

Co_ 

D 

F' 

G 

g 

H 

h 

I x 0 ,  I y  0 

J 

K q 

K t 

K o- 

kl,k 2 

,g 

M M 
' Qb' Tb 

Mx0'My 0 

N' 

n 

P/D 

Q 

R 

Design and Performance of'Supercavttating Propel le rs  

section lift coefficient / ~ - ~ 4  / 

nonviscous power coefficient 

thrust  coefficient D2V] ~ 

nonviscous thrust  coefficient 

pitch correct ion coefficient 

propeller  diameter  

coefficient for determining section thickness 

nondimensional  circulat ion per blade 

accelerat ion of gravity 

absolute p ressure  at the shaft center l ine minus the cavity p ressure  (in feet 
of water) 

pitch correct ion coefficient 

b lade-sec t ion-a rea  moments  of iner t ia  

speed coefficient (v Jnp) 

torque coefficient (Q/p n2D s) 

thrust  coefficient (T/pn2D 4) 

correct ion factor for finite cavitation number 

camber correct ion coefficients 

blade-sect ion chord 

bending moments  on blade section 

bending moments  on blade section 

coefficient for determining section thickness 

revolutions per unit t ime 

pitch ratio 

torque 

maximum propel ler  radius  

509 



r 

S c 

SlIP 

T 

t 

U 
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Vk 

W 0 
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x4 

Y 

z 

a 1 

a 2  

a b  

9 

A(P/D) 
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radius  of any propel ler  blade section 

nominal  blade s t r e s s  

shaft horsepower 

thrust  

section thickness 

I_V~c°s ( ~  -~)_] 
inflow velocity to section sin fl 

axial component of induced velocity 

tangential  component of induced velocity 

ship speed 

speed of advance 

speed of advance in knots 

effective wake fract ion 

nondimensional  radius  (r/R) 

fractional  distance along chord measured  from leading edge 

p re s su re  face ordinate 

number of blades 

design angle of attack 

geometric angle of attack corrected for finite cavitation number  

angle of attack from lifting surface effect 

angle of attack for effect of bound vort ices  

ideal angle of attack 

advance angle 

hydrodynamic pitch angle 

pitch correct ion coefficient 

drag/ l i f t  ratio 

propel ler  efficiency 

ideal propel ler  efficiency 

geometric angle of attack 
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K circulation distribution factor or Goldstein factor 

k advance coefficient 

k i x tan  ~i 

k i n e m a t i c  v i s c o s i t y  of the  f lu id  

p dens i t y  of f lu id  

c a v i t a t i o n  n u m b e r  b a s e d  on p r o p e l l e r  s p e e d  of a d v a n c e  (2gH/V a 2 ) 

~x c a v i t a t i o n  n u m b e r  b a s e d  on inf low v e l o c i t y  to the  s e c t i o n  a t  x (2glVU 2) 

p i t c h  angle .  
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APPENDIX A 

STRENGTH ANALYSIS 

At the p r e s e n t  t ime  t he r e  i s  no theory  for  which the s t r e s s  in p r o p e l l e r s  can be 
adequate ly  de t e rmined .  Th i s  fac t  i s  p a r t i c u l a r l y  noted in the des ign  of SC p r o p e l l e r s  
whe re  the sec t ions  a r e  inheren t ly  thin at the l ead ing  edge.  Consequent ly ,  t hese  
p r o p e l l e r s  a r e  subjec t  to lead ing  edge v ib ra t i on  and fat igue fa i lu re .  Fo r  these  
r e a s o n s  it  is  n e c e s s a r y  to use  a h i g h - s t r e n g t h  m a t e r i a l  and a l a rge  f a c t o r  of safety.  
F r o m  Ref. 1 it has  been  concluded that  for  a m a t e r i a l  with a 140,000-psi  t ens i l e  
s t r eng th  the nomina l  s t r e s s  of the SC p r o p e l l e r  should not be ove r  30,000 psi .  

The nomina l  s t r e s s  at any b lade  sec t ion  is  ca l cu la t ed  (26) f r o m  the bending 
m o m e n t s  (Mx o and Myo) , the cen t ro id  (x o and yo), and m o m e n t  of i n e r t i a  (Ixo a n d  Iyo) 
by the fo l lowing equat ions :  

Yl Mx o 
S t r e s s  a t  l e a d i n g  edge  = - I (A1)  

x 0 

Stress  in t r a i l i n g  edge on face = - 
Y2 Mx 0 

Xl My o 

I y  o 

x2 My 0 

I x  0 I y  0 

x3 My 0 

(A2) 

Y3 Mx 0 
S t r e s s  on b a c k  a t  maximum back  o r d i n a t e  = i x  ° i y  0 ( A 3 )  

where ,  as  shown in Fig.  A1, Xl, x2, and x 3 and Yl~ Y2, a n d  Y3 a r e  used  to denote the 
a b s c i s s a s  and o r d i n a t e s  of the lead ing  edge,  face ,  t r a i l i ng  edge,  and point  of m a x i m u m  
back ord ina te ,  r e s p e c t i v e l y ,  m e a s u r e d  f r o m  the cen t ro id  of the sect ion.  In these  
equa t ions  a p o s i t i v e  s t r e s s  denotes  t e n s i o n a n d  a nega t ive  s t r e s s  denotes  c o m p r e s s i o n .  

- x  0 

iql---- x 3 - ~ . - =  

~O 

--t1,+ M yo 

+M ]×o 
+X 0 

~ ' ~  ~ . - -  

I~ -I~'~-NOSE-TAIL LINE 

Fig. AI - Geometric properties of a SC section 

In the fo rego ing  equa t ions  the bending m o m e n t s  Mxo and My 0 a r e  computed  f r o m  
the th rus t  and to rque  m o m e n t s  (MWb and MOB) and the pi tch angle  ~ as  fo l lows:  

Mxo = MTb COS (p + MOb s i n  ¢ ~ MTb cos  /9 i + MOb s i n  /3 i (A4) 
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where 
= sin My 0 MT b - MQb cos ¢ ~ sin fli cos fii MTb - MQb 

(A5)  

1 dCTi 
P R3~ V~ fx (x - Xo) (1 - • tan f l i ) - - ~ - - d x  MT b = 2 Z 

0 

P R3~ fx I dCTi 
= 2 Z V~ (x - X o ) ~ - x  dx 

o 

1 dCpi 
- -  fx tariff dx (A6) ~ R3nz V: (x - Xo) tan fii dx 

o 

MOb P Ray f 2 Z ( e ) d C P i . ~  : VA 2 ( tan fl) (x - Xo) 1 + 
x 0 

dx 

P R3w f f  dCpi 
- 2 Z V~ (tan ~) (x - Xo)-~-x dx 

o 

l dCvl 
: P2 R3~Z V~ fx ( tan fli) (x - Xo)-~--x dx 

o 
(AT) 

and x 0 is the nondimensional radius  of the sect ion being analyzed. 

The assumptions that the pitch angle ~ in Eqs. (A4) and (A5) is  equal to the 
hydrodynamic pitch angle fii and that the d rag / l i f t  ra t io  e is  ze ro  in Eqs. (A6) and 
(A7) will have small  effect on the bending moments  except  for heavily loaded 
prope l le rs .  

By comparing a number of calculations,  it has been shown (24) that the t e r m  
xMyo/Iy 0 in the s t r e s s  equation can be neglected for  most  SC sections.  Therefore ,  
only the moment of iner t ia  IXo and the ordinates  need be considered.  

Also, if the relat ionship between c L and a, as given by Eqs. (17), is assumed,  it 
is possible  to considerably simplify the equations for s t ress .  The equations for a 
f la t - face  section, (see Eq. 17a) are  as follows: 

Stress  at leading edge ~ - - -  
Yl Mx o 8.2 Mxo 

: _ _  (AS)  
I Xo ~3 CL 2 

Stress at t r a i l i n g  edge on face T - - -  
Y2 Mx o 8.2 M~o (A9) 

I~o ~3 C? 

Y3 Mx 0 10.6 Mxo 
Stress at Ymax ~ ---~x 0 = - ~-~-~-' (A10)  
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D e s i g n  and P e r f o r m a n c e  of Supercav i ta t ing  P r o p e l l e r s  

The r e s u l t s  for  the o ther  r e l a t i o n s h i p s  g i v e n  in Eqs .  (17) are  m o r e  c o m p l i c a t e d  
and have  b e e n  c o m b i n e d  into  n o n d i m e n s i o n a l  c o e f f i c i e n t s  ~ 3 y l / I y 0 ,  ~3y2/Ix0 , and 
~3y3/Ix0 and are  p lo t t ed  in F igs .  (A2) and (A3) as  a funct ion  of C L and the c a m b e r  
c o r r e c t i o n s  k 1 and k 2. U s i n g  t h o s e  c o e f f i c i e n t s  and n e g l e c t i n g  the l a s t  t e r m  in Eqs.  
(A1),  (A2),  and (A3),  the c a l c u l a t i o n s  of s t r e s s  for  t h e s e  p a r t i c u l a r  SC s e c t i o n s  a r e  
c o n s i d e r a b l y  s i m p l i f i e d .  

j~3 Y t  

I x  0 

A N D  

Jl3 Y2 " 

I X 
0 

4 0 0 0  

3 5 0 0  - -  

3 0 0 0  - -  

2 5 0 0  - -  

2 0 0 0  - -  

1500 

I000 

K I K z = 2 . 2  
C L - SECTION L IFT  COEFFICIENT 

IX 0 - MOMENT OF INERTIA AROUT 
AN AXIS PARALLEL TO THE 
NOSE-TAIL LINE AND PASS- 
ING THROUGH THE CENTER 
OF GRAVITY 

- SECTION LENGTH 

K l & LERBS C~fBER CORRECTION 
R 2 " COEFFICIENT 

YI - ORDINATE OF LEADING EDGE 
WITH REFERENCE TO AXIS 
THROUGH THE CENTER OF 
GRAVITY 

Y2 - FACE ORDINATE AT TRAIL- 
ING EDGE WITH REFERENCE 
TO AXIS THROUGH THE 
CENTER OF GRAVITY 

5 0 0  
F L A T  F A G E  S E G T I O N  

O ~  
0 0.1 0 . 2  0 . 3  0 .4  0 . 5  

C L 

Fig .  AZ - C o e f f i c i e n t  for d e t e r m i n i n g  the s t r e s s  
of the TMB m o d i f i e d  SC s e c t i o n  
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Fig.  A3 - Coef f ic ien t  for  d e t e r m i n i n g  the s t r e s s  
of the TMB modi f ied  SC sec t ion  

0.6 

DISCUSSION 

H. P. R a d e r  (Vosper ,  Ltd . ,  England)  

The a u t h o r s  of the two p a p e r s  have g iven us  the b en e f i t  of t h e i r  e x p e r i e n c e  with 
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  which  should be m o s t  usefu l  to  t h o s e  i n t e r e s t e d  in h igh-  
s p e e d  m a r i n e  p r o p u l s i o n  p r o b l e m s .  

I would like to take this opportunity to mention a few characteristics of super- 
cavitating propellers which we found during the study of the problem over the last 
five years. 
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D e s i g n  and  P e r f o r m a n c e  of  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  

- 8 0  ° 6 . 0  ° 4 , 0  ° 2 0  ° 0 o 2 . 0  ° 4 0  ° 6 0  ° 8 0  ° + 
BLADE ELEMENT ANGLE OF ATTACK AT 0.7 RADIUS (ao. 7) 

F i g .  D1 - L i f t  c o e f f i c i e n t s  of  p r o p e l l e r  b l a d e  
s e c t i o n s  a t  0.7 r a d i u s  a s  f u n c t i o n  of a n g l e  of  
a t t a c k  (a0.7)  w i t h  l o c a l  c a v i t a t i o n  n u m b e r  (or0.7) 
a s  p a r a m e t e r .  ( T y p i c a l  v a l u e s  f o r  good ,  h i g h -  
s p e e d  p r o p e l l e r s . )  

The advan tages  of c a m b e r e d  b lade  s e c t i o n s  f r o m  the e f f i c i ency  point  of view have 
been  s t r e s s e d  a l r eady  by P r o f e s s o r  L e r b s .  I should  l ike to add that  f l a t - f a c e d  b lade  
s e c t i o n s  a r e  not  only l e s s  e f f i c i en t  but a l so  inadequate  a s  f a r  a s  l if t  p roduc t ion  is  
conce rned .  Le t  me exp la in  th is .  In Fig. D1 the l i f t  c o e f f i c i e n t s  of the equiva len t  
b lade  sec t ion  at  0.7 r a d i u s  fo r  v a r i o u s  loca l  cav i t a t ion  n u m b e r s  b e t w e e n 0 . 0 2  and 0.20 
a r e  p lo t t ed  as  funct ion of angle of a t tack.  The c u r v e s  a r e  ob ta ined  f r o m  the an a l y s i s  
of the r e s u l t s  of cav i t a t ion  tunnel  t e s t s  of a good s u p e r c a v i t a t i n g  p r o p e l l e r  wi th  highly 
c a m b e r e d  b lade  sec t ions .  P l e a s e  note how s m a l l  the g r a d i e n t  of t h e s e  c u r v e s  is  in 
p a r t i c u l a r  at the low cav i t a t ion  n u m b e r s .  Fo r  f l a t - f a c e d  b lade  s e c t i o n s  al l  t h e s e  
c u r v e s  would be lower  and f l a t t e r .  That  m e a n s  tha t  it i s  i m p o s s i b l e  to p ro d u ce  two 
p r o p e l l e r s  of the s a m e  b lade  a r e a  r a t i o  (B.A.R.) ,  one wi th  c a m b e r e d  and one wi th  
f l a t - f a c e d  blade s ec t i ons ,  which wil l  p roduce  the s a m e  t h r u s t  at  the s a m e  r a t e  of 
advance  even  if the p i t ch  of the p r o p e l l e r  wi th  the f l a t - f a c e d  s e c t i o n s  is  i n c r e a s e d  
unti l  it  r e a c h e s  p r a c t i c a l  l imi t s .  The s m a l l  g r a d i e n t  of the l i f t - i n c i d e n c e  c u r v e s  is  
no r e a l  drawback.  On the c o n t r a r y ,  it  p r o v e s  to be a v e r y  use fu l  c h a r a c t e r i s t i c  for  
h i g h - s p e e d  p r o p e l l e r s w h i c h  have to work  in a nonun i fo rm ve loc i ty  f ie ld  or  on a shaf t  
which is  inc l ined  r e l a t i v e  to the inflow d i r ec t ion .  The f luc tua t ions  or  cyc l i c  v a r i a t i o n s  
of the b lade  e l e m e n t  l if t  c o m p o n e n t s  due to i nc idence  c h a n g e s  wi l l  be much  s m a l l e r  
fo r  a c o r r e c t l y  de s igned  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 n f o r  a p r o p e l l e r  des igned  to be 
f r e e  f r o m  cavi ta t ion.  
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F i g .  DZ - D r a g - l i f t  r a t i o s  of  p r o p e l l e r  b l a d e  
s e c t i o n s  a t  0 .7  r a d i u s  a s  f u n c t i o n  o f  a n g l e  
of  a t t a c k  (Co. 7 ) w i t h  l o c a l  c a v i t a t i o n  n u m b e r  
(c~0.7) a s  p a r a m e t e r .  ( T y p i c a l  v a l u e s  f o r  
good ,  h i g h - s p e e d  p r o p e l l e r s . )  

Figure  D2 shows the associa ted 
values  of the drag- l i f t  rat ios.  The 
curves  for the different local  cavi ta-  
tion numbers  show more  or less  
pronounced minima which increase  
with fall ing cavitat ion number and 
move to higher angles of attack. I 
have to add~here that the drag- l i f t  
ra t ios  shown in this and the follow- 
ing f igures  differ f rom the drag- l i f t  
ra t ios  shown by P r o f e s s o r  Lerbs.  
The drag coeff icients  in the drag-  
lift  ra t ios  shown here  include the 
f r ic t ional  losses  and effects  due 
to finite leading edge thickness,  
whereas  the drag- l i f t  ra t ios  shown 
by P r o f e s s o r  Lerbs  allow for p r e s -  
sure drag only. This explains why 
in P ro fe s so r  Lerbs '  graph the drag-  
lift  ra t ios  approach ze ro  as the lift 
coeff icients  approach zero,  whereas  
in my graphs the d rag- l i f t  ra t ios  
have a minimum at a cer ta in  angle 
of attack and approach infinity as 
the lift coeff icients  approach zero.  

In Fig. D3, values  of lift coef-  
f ic ients  and drag- l i f t  ra t ios  of the 
equivalent  blade sect ions at angle of 
attack a0.7 = 2-5°, for twelve geo- 
me t r i ca l ly  s imi la r ,  supercavi ta t ing 

p rope l l e r s ,  a re  plotted as a function of the local cavitat ion number.  The face camber -  
chord ra t ios  for blade sect ions at equal radii  a re  the same,  but the th ickness-chord  
ra t ios  of the blade sect ions at 0.7 radius,  for instance, vary  f rom t /c  = 0.034 for the 
smal l  blade a rea  rat io  p rope l l e r s  to t /c  = 0.016 for the large  blade a rea  ra t io  p ro-  
pe l le rs .  The sca t te r  of the lift  coefficient  values due to inaccurac ies  of model manu- 
facture  and exper imenta l  e r r o r s  is such that one can draw a mean curve with 
reasonable  fit. This p roves  the theore t ica l  predict ion that for  supercavi ta t ing con- 
ditions the lift coefficient of a blade section depends only on cavitation number,  angle 
of attack, and shape of the face, but not on the basic  thickness fo rm of the section. 
The values  of the drag- l i f t  ra t ios ,  however,  show a definite t rend with the thickness-  
chord rat io  of the blade sections.  This is due to the fact  that it is physical ly  impos-  
sible to use infinitely thin leading edges. It appears,  however,  that the drag- l i f t  ra t io  
for a given lift coefficient  and cavitation number is not a function of a represen ta t ive  
leading edge thickness but ra ther  it is a function of the edge th ickness - to -chord  rat io  
which, of course,  is d i rec t ly  proport ional  to the th ickness-chord  ra t io  of the blade 
section. 

Remember ing  that for p rope l l e r s  of the same d iameter  which produce the same 
thrust  at the same ra te  of advance the eff iciency depends only on the drag- l i f t  ratio, 
the p o s s i b i l i t i e s  of fully and super cavitat ing p rope l l e r s  can be a s ses sed  best  by 
comparing their  d rag- l i f t  r a t ios  with those of noncavitating p rope l l e r s  at the same 
sect ion lift coefficient.  Such a compar ison is shown graphical ly in Fig. 124. Values 
for the supercavi tat ing DTMB prope l le r  number 3509, at the design rate  of advance, 
J = 1.125, and the ship cavitat ion numbers ,  o- = 0.30, 0.35 and 0.40, have been added. 
It appears  that in the optimum incidence range the d rag- l i f t  ra t ios  of fully cavitating 
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F i g .  D 3  - L i f t  c o e f f i c i e n t s  and d r a g - l i f t  r a t i o s  
of  e q u i v a l e n t  b l a d e  s e c t i o n s  ( x =  0 . 7 )  a t  ao .  7 
= Z.5 ° f o r  t w e l v e  g e o m e t r i c a l l y  s i m i l a r  s u p e r -  
cavitating propel~ers 

p r o p e l l e r s  are  about the s a m e  as  for noncavi tat ing  p r o p e l l e r s  at the s a m e  l i f t  c o e f -  
f i c ients .  Th i s  i m p l i e s ,  o5 c o u r s e ,  that the l i f t  coe f f i c i en t s  for cavi tat ing  condi t ions  
are  lower  than for noncavi tat ing  condi t ions  at the s a m e  angle of inc idence  or rate of 
advance.  The d r a g - l i f t  ra t io s  for supercav i ta t ing  condi t ions  (a0.7 = 2"5° and DTMB 
p r o p e l l e r  n u m b e r  3509) are h igher  than the absolute  m i n i m a  ach ieved  b e c a u s e  the 
ang le s  of inc idence  requ ired  to obtain shee t  cavi tat ion emanat ing  f r o m  the l eading  
edge are higher than i s  c o n s i s t e n t  with  the r e q u i r e m e n t s  for m i n i m u m  drag. Th i s  
appl i e s ,  in part icu lar ,  to supercav i ta t ing  p r o p e l l e r s  with  narrow b lades  which  require  
higher face c a m b e r  ra t io s  and, there fore ,  h igher  ang les  of inc idence  than s u p e r -  
cavi tat ing  p r o p e l l e r s  wi th  m e d i u m  width or wide  b lades .  

One las t  point. Mr. Tachmindj i  quoted as  the lower  l i m i t  for the appl icat ion of 
supercav i ta t ing  p r o p e l l e r s  a speed  of 50 knots. In my  opinion th i s  l i m i t  i s  much  
lower .  I would  put it at about 35 knots  or even  lower  prov ided  of course  the p r o p e l l e r  
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r e v o l u t i o n s  a r e  h igh  enough  to ob ta in  the  low, l oca l  c a v i t a t i o n  n u m b e r s  r e q u i r e d  for  
s u p e r c a v i t a t i n g  cond i t i ons .  R e c e n t l y  we have  f i t t ed  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  to an  
80-f t ,  p a s s e n g e r  l a u n c h  wi th  a c r u i s i n g  s p e e d  of abou t  35 kno ts .  The p e r f o r m a n c e  i s  
a s  good as  i t  would be  wi th  good n o n c a v i t a t i n g  p r o p e l l e r s .  T h e r e  a r e  no v i b r a t i o n s  
and  so  f a r  the  p r o p e l l e r s  have  not  shown any s i g n s  of c a v i t a t i o n  e r o s i o n  a l t hough  the 
p r o p e l l e r  s h a f t s  a r e  a t  an  ang le  of abou t  12 d e g r e e s  r e l a t i v e  to the  d i r e c t i o n  of flow. 

M. C. E a m e s  (Naval  R e s e a r c h  E s t a b l i s h m e n t ,  Hal i fax)  

I t  i s  c h a r a c t e r i s t i c  of the  r a p i d  and  e f f i c i e n t  m a n n e r  in  wh ich  bo th  the t h e o r y  and  
a p p l i c a t i o n  of s u p e r c a v i t a t i n g  f lows  have  b e e n  p r o g r e s s e d ,  t h a t  a l r e a d y  we have  the  
b e g i n n i n g s  of a s y s t e m a t i c  s e r i e s  of 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 .  The a u t h o r s  a r e  to 
be  c o n g r a t u l a t e d  on t h i s  a c h i e v e m e n t .  

I would l ike  to  add  a w o r d  abou t  s o m e  of the  e x p e r i m e n t a l  r e s u l t s .  The  f i r s t  
o p e n - w a t e r  t e s t s  w e r e  c o n d u c t e d  on the  C a n a d i a n  R-100  h y d r o f o i l  c r a f t  (Fig.  DS) 
u s i n g  DTMB p r o p e l l e r s  n u m b e r  3509 and  3604. 

T h i s  boa t  d i s p l a c e s  8.5 t ons  and  h a s  a l e n g t h  of 45 fee t .  The  p r o p e l l e r s  w e r e  
d e s i g n e d  fo r  a s p e e d  of a d v a n c e  of 5 0 k n o t s  and w e r e  r e q u i r e d  to deve lop  3 5 0 0 p o u n d s  
t h r u s t  a t  3000 r p m .  
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Fig. D5 - Canadian R-100 hydrofoil craft 

The f i r s t  p r o p e l l e r  was  d e s i g n e d  to the t h e o r e t i c a l  cav i ty  shape ,  t ha t  i s  to say,  
wi thou t  the mod i f i ed  t h i c k n e s s  d i s t r i b u t i o n  shown in Fig. D6 of the  p a p e r .  T h i s  
p r o p e l l e r  f a i l ed  f r o m  o v e r s t r e s s i n g  the f i r s t  t i m e  a take  off was  a t t e m p t e d ,  and 
p e r f o r m a n c e  c h a r a c t e r i s t i c s  could not  be obta ined .  The n a t u r e  of the  f a i l u r e  i s  shown 
in Fig. D6. It i s  b e l i e v e d  tha t  a h igh  wake r e g i o n  g e n e r a t e d  by the  s t e r n  h y d r o f o i l s  
of the  c r a f t  was  r e s p o n s i b l e  for  t h i s  f a i l u r e .  

It was  a n t i c i p a t e d  t h a t  the s t r e n g t h  of t h i s  p r o p e l l e r  would be  m a r g i n a l ,  so a 
second  p r o p e l l e r  which  i n c o r p o r a t e d  the  mod i f i ed  t h i c k n e s s  d i s t r i b u t i o n w a s  p rov ided .  
T h i s  s e c o n d p r o p e l l e r  i s  a m e m b e r  of the  new DTMB s e r i e s ;  Fig. D7 shows  it  m o u n t e d  
on the  c ra f t .  The p r o x i m i t y  of the lower  s t e r n  hydro fo i l  i s  a p p a r e n t .  

U n f o r t u n a t e l y  the  e x a c t  d e s i g n  cond i t i ons  could  not  be r e a l i z e d ,  and it  i s  i n t e r e s t -  
ing, in view of Dr.  L e r b s '  c o m m e n t s ,  to note  tha t  he m i g h t  have  a n t i c i p a t e d  th is .  The 
h i g h - s p e e d  l i f t ing  fo i l s  of the  boa t  use  a W a l c h n e r  s ec t ion ,  and it  h a s  b e e n  found t ha t  
c a v i t a t i o n  o c c u r s  on t h e s e  fo i l s  a t  a l ower  s p e e d  than  p r e d i c t e d  f r o m  W a l c h n e r ' s  
e x p e r i m e n t a l  r e s u l t s .  In c o n s e q u e n c e  of t h i s  e a r l y  cav i t a t ion ,  the d r a g  of the c r a f t  
was  s i gn i f i c an t l y  h i g h e r  than  p r e d i c t e d  and  the d e s i g n  t h r u s t  of 3500 pounds  was  
d e m a n d e d  at about  40 k n o t s  i n s t e a d  of 50 knots .  

521 



/k. J. Tachmind j i  and W. B. Morgan  

Fig. D6 - Propeller of theoretical cavity shape, without modified 
thickness, showing wake failure 

Despite the fact  that  the p r o p e l l e r  was  opera t ing  off i t s  des ign condition, the 
r e s u l t s  were  mos t  encouraging.  F igure  D8 shows the ove ra l l  p ropu l s ive  eff iciency,  
defined as t h r u s t  ho r se  power ( t . h .p . ) - to - sha f t  h o r s e  power  (s.h~p.) at  the engine, 
p lot ted on a base  of speed in knots.  The dotted curve  i s  r e p r e s e n t a t i v e  of r e s u l t s  
obtained with a convent ional  p r o p e l l e r  of N.R.E. design,  while the full curve  shows 
the p e r f o r m a n c e  of DTMB p r o p e l l e r  SC 3604. 

Since a hydrofoil  craf t ,  with i ts  i nhe ren t ly  high speed of advance,  i s  a na tu ra l  
app l i ca t ionfo r  the supe rcav i t a t ing  p rope l l e r ,  t he se  r e s u l t s  a r e  of i n t e r e s t  apa r t  f rom 
the i r  ve r i f i ca t i on  of the p r o p e l l e r  des ign i tself .  They point  out the difficulty which 
mus t  be faced under  take-off  condi t ions  where  a high d rag  e x i s t s  in a speed range  of 
low eff ic iency for the supercav i t a t ing  p rope l l e r .  Dur ing these  p a r t i c u l a r  t r i a l s ,  take-  
off was only jus t  achieved.  
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Fig. D7 - Propeller of new DTMB series, mounted on craft 
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D. C. O'Neill  (Bri t ish Admiralty) 

Our thanks are  due to the authors for their  informative and interes t ing papers .  
The p rope l le r  designer  has been concerned with the elimination of cavitation for 
many years .  The effects  of cavitation on prope l le r  efficiency, vibration, erosion,  and 
noise are  well  known. The p resen t  papers  provide a solution to the problem when 
such high speeds are  contemplated that the existence of severe  cavitation becomes  
inevitable. 

To the Naval Architect ,  perhaps the most  d i rec t ly  informative feature of the 
Tachmindj i -Morgan paper is Fig. 1 which indicates the region where the super -  
cavitating design of p rope l le r  is l ikely to be applicable. Inspection of this d iagram 
shows that ve ry  high speeds of advance are  required.  For example, at J = 0.6 the 
corresponding speed for a p rac t ica l  SC prope l le r  is of the order  of 40-50 knots. At 
higher values  of J this minimum speed r i s e s  to 70-80 knots. In each case,  high shaft 
speeds and s m a l l p r o p e l l e r  d iamete rs  are  appropriate.  To attain the high ship speeds 
in other than very  small ,  fast  craft,  a significant increase  in the power~to-weight  
ra t io  of exis t ing machinery would be required.  In this connection, the high shaft speed 
and the possibi l i ty  of dispensing with reduction gearing is at tractive.  

To r e fe r  to points of detail, the authors have s t r e s sed  their  requi rement  for a 
blade section shape having a very thin leading edge in order  to form the optimum 
cavity shape. In uniform flow this condition may well be obtained, but in the inclined 
andnonuniform flow behind the hull of a ship, it appears  likely that fluctuations of the 
cavity shape will  occur,  leading to a reduction of efficiency and an increase  in v ib ra -  
tion and noise. The model t e s t r e s u l t s  shown inthe paper are somewhat disappointing 
as the propel le r ,  although designed for 50 knots speed of advance and running at 3000 
rpm, fal ls  within the margina l  zone in Fig. 1. This se rves ,  indeed, to emphasize the 
l imitat ion of application of SC p rope l l e r s  r e f e r r e d  to previously.  In this marginal  
zone the p rope l le r  cha rac t e r i s t i c s  behave s imi la r  to those of more  conventional 
p rope l l e r s  designed to reduce cavitation. This applies even at a cavitation number 
of 0.3 where one might expect the "marg ina l"  SC design to show an advantage due to 
the decline of the conventional p r o p e l l e r ' s  pe r fo rmance  with increas ing cavitation. 

Fur ther  test  resu l t s  of model p rope l l e r s  designed and operated well  within the 
supercavi ta t ing region will provide a more  informative comparison with conventional 
" reduced cavi tat ion" designs. It is hoped that the authors will extend their  valuable 
r e s e a r c h e s  to include tes t s  of the p rope l l e r s  over a range of shaft inclinations and to 
invest igate the effects  of nonuniform flow. 

J. P. Bres l in  (Stevens Institute of Technology) 

The favorable prospec ts  as outlined by P ro fes so r  Lerbs  should have a two-fold 
effect  on naval engineers:  

1. s t imulate  in te res t  in the application of supercavitat ing p rope l l e r s  to high- 
speed ships, 

2. provide them with the range of values of the control l ing p a r a m e t e r s  to which 
any design must  conform in order  to obtain a t t ract ive eff iciencies .  

In this regard ,  it is to be noted that in order  to achieve high efficiency it is necessa ry  
to design for moderate  values of the thrust - loading coefficient  as in the case of non- 
cavitat ing p rope l le r  s. 
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I t w o u l d  a l so  be  m o s t  i n s t r u c t i v e  to have  a d e s i g n  c h a r t w h i c h  would i nd i ca t e  how 
the  h y d r o d y n a m i c  e f f i c i e n c i e s  of b o t h  n o n c a v i t a t i n g  and  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  
a r e  con f ined  o r  l i m i t e d  by  the  r e s t r a i n t s  i m p o s e d  by  s t r u c t u r a l  r e q u i r e m e n t s .  Such 
a c h a r t  would c l e a r l y  show the  i m p o r t a n c e  of s t r u c t u r a l  l i m i t a t i o n s  and m i g h t  t h e r e b y  
i n c r e a s e  r e s e a r c h  on t h i s  s u b j e c t .  

One f a v o r a b l e  p r o s p e c t  f o r  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  which  h a s  not  b e e n  m e n -  
t i o n e d  l i e s  in  the  ac t ion  of s u c h  p r o p e l l e r s  in p r o d u c i n g  v i b r a t i o n - e x c i t i n g  e f f ec t s .  
In v iew of the  f ac t  t h a t  a s u p e r c a v i t a t i n g  s e c t i o n  h a s  a l i f t - s l o p e  of o n e - q u a r t e r  of 
t h a t  f o r  a fu l ly  w e t t e d  s e c t i o n ,  one m i g h t  e x p e c t  t h a t  the  v i b r a t o r y  t h r u s t  deve loped  
by  an SC p r o p e l l e r  o p e r a t i n g  in a c i r c u m f e r e n t i a l l y v a r i a b l e  wake  would be  s o m e t h i n g  
of the  o r d e r  of o n e - q u a r t e r  of t h a t  p r o d u c e d  by  the  n o n c a v i t a t i n g  p r o p e l l e r  in  the  
s a m e  wake.  In add i t ion ,  h e u r i s t i c a l l y  one  m a y  a t  f i r s t  e x p e c t  t h a t  the  s t r e n g t h  of the  
f l u c t u a t i n g  p r e s s u r e  f i e ld  would a l s o  b e  m i t i g a t e d  by  the  p r e s e n c e  of the  e l o n g a t e d  
c a v i t y  a t  c o n s t a n t  p r e s s u r e ;  h o w e v e r ,  r e c e n t  w o r k  on the  f i e ld  about  n o n c a v i t a t i n g  
p r o p e l l e r s  h a s  i n d i c a t e d  t h a t  the  " t h i c k n e s s  e f f ec t "  of the  b l a d e s  is  not  a t  a l l  n e g l i -  
g ib le ,  so  i t  m a y  be  t ha t  a b l a d e  wi th  a c a v i t y  wi l l  p r o d u c e  a l a r g e  p r e s s u r e  pu l se  by  
v i r t u e  of i t s  e n l a r g e d  " d i s p l a c e m e n t . "  T h i s  f i e ld  c a n  and  shou ld  be  c o m p u t e d  to c h e c k  
the  t r u t h  of s u c h  a gues s .  It  would  c e r t a i n l y  be  an  i m p o r t a n t  a s s e t  of SC p r o p e l l e r s  
if i t  cou ld  be  d e m o n s t r a t e d  t h a t  in add i t i on  to p r o v i d i n g  h igh  e f f i c i e n c i e s  they  a l s o  
p r o v i d e  a l a r g e  r e d u c t i o n  in e x c i t a t i o n  of sh ip  v i b r a t i o n .  

A n o t h e r  a s p e c t  in  r e g a r d  t o v i b r a t i o n  l i e s  in the  f ac t  t h a t  the  app l ied  f r e q u e n c i e s  
wi l l  be  c o n s i d e r a b l y  h i g h e r  t han  now o b t a i n e d  b e c a u s e  of the  h i g h e r  r p m .  T h i s  m a y  
we l l  be  of s i g n i f i c a n c e  a l t hough  i t  m a y  t u r n  out  t h a t  c o m p o n e n t s  w h i c h  a r e  no t  at  
p r e s e n t  e x c i t e d  m a y  be found to be  a t  a r e s o n a n t  cond i t ion  at  s u p e r c a v i t a t i n g  p r o p e l -  
l e r  b l a d e  f r e q u e n c i e s .  

H. E. S a u n d e r s  (Capt . ,  U.S.N. ,  Ret . )  

I would l ike  to po in t  out  t h a t  p e r h a p s  the  low e f f i c i ency ,  which  i s  found w i th  even  
s o m e  of the  m o d e r n  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 ,  i s  not  n e c e s s a r i l y  a d r a w b a c k  to 
t h e i r  u s e  o r  f u r t h e r  d e v e l o p m e n t .  Wi th  the  old, r a c i n g  m o t o r b o a t s  wh ich  u s e d  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 ,  s t a r t i n g  t h i r t y  y e a r s  ago, s p e e d s  of 100 m i l e s  p e r  h o u r  w e r e  
r e a c h e d  d e s p i t e  p r o p u l s i v e  e f f i c i e n c i e s  of only  about  0.25. 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 s  d id  the  job d e s p i t e  t h i s  low e f f i c iency ,  and  p e r h a p s  in m a n y  p r e s e n t  and  
f u t u r e  a p p l i c a t i o n s ,  e f f i c i ency  m a y  not  be  the  p r i m e  c o n s i d e r a t i o n .  

T h e r e  i s  a n o t h e r  po in t  w h i c h  I would l ike  to e m p h a s i z e .  It  was  shown ~md 
e x p l a i n e d  to s o m e  e x t e n t  by  Mr .  E a m e s ,  in c o n n e c t i o n  wi th  the  C a n a d i a n  hyd ro fo i l  

• boa t ,  t h a t  a s t a n d a r d  d e n s i t y  of the  w a t e r  i s  a s s u m e d  in the  inf low j e t  to 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 s .  Howeve r ,  a l l  of us ,  who have  looked t h r o u g h  windows of o u r  
n a v a l v e s s e l s  and  have  s e e n  the  s o - c a l l e d w a t e r  in  wh ich  the  p r o p e l l e r  w o r k s ,  r e a l i z e  
t h a t  the  inf low j e t  wi th  i t s  a i r  b u b b l e s  looked l ike  a howl ing  b l i z z a r d  of snow on the  
w e s t e r n  p l a in s ;  one  c a n  h a r d l y  s e e  the  p r o p e l l e r  fo r  the  e n t r a i n e d  a i r .  A l so  in r e c e n t  
y e a r s ,  we have  found wi th  o u r  l a r g e ,  f a s t  s h i p s ,  f o r  s o m e  r e a s o n  not  a d e q u a t e l y  
exp la ined ,  t ha t  g r e a t e r  and  g r e a t e r  q u a n t i t i e s  of a i r  a r e  e n c o u n t e r e d  in the inflow je t .  
Mr .  E a m e s  po in ted  out  t h a t  he had  c a v i t a t i o n  b e h i n d  one of the  hyd ro fo i l s .  He a l so  
had  s e p a r a t i o n  b e h i n d  t ha t  s lop ing  shaf t .  The  u p p e r  b l a d e s  on h is  p r o p e l l e r  w e r e  
c e r t a i n l y  not  w o r k i n g  in g r e e n  w a t e r .  

Some of the  a i r  in  the  inf low je t  c o m e s  down u n d e r  the  bow of the  sh ip .  Some  of 
i t  i s  pu l led  out  of so lu t i on  due to low p r e s s u r e s  a long  the  s h i p ' s  l ength .  But  j u s t  
w h e r e  a l l  of the  a i r  c o m e s  f r o m ,  we do not  know. T h e r e  a r e  i n d i c a t i o n s  t h a t  on s o m e  
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of our la tes t  and fas tes t  ships we have pockets of a i r  in the izfflow jet  which are  
longer than the pi tch of the p rope l l e r s .  Thus, these are  not bubbles any more  but 
rea l ly  big holes. My feel ing is  that while we should continue our work on the super -  
cavitat ing p rope l l e r s ,  we should also t ry  to find out what to do about more  air  in the 
inflow je t  as we get to higher speeds and perhaps even longer ships. 

F. S. Burt  (Admiralty Resea rch  Laboratory) 

Mr.  Tachmindji  r e f e r r e d  in his paper  to the use of high speed computers  for 
'predic t ing p rope l l e r  cha r ac t e r i s t i c s  for  a p rope l l e r  se r i e s .  We are ve ry  in te res ted  
in this and would like to know if the DTMB has actually p rog rammed  a complete  
p rope l l e r  design for computation on the i r  computer .  This is quite a formidable task 
as p rope l l e r  design involves the use of co r rec t ion  fac tors  such as Goldstein 's  k- fac tor  
and a co r rec t ion  for the l if t ing surface  effect,  which in themselves  requ i re  some 
effort  in programming.  It may be of in te res t  for you to know that at ARL we are  at 
the moment  having Ginzel camber  co r rec t ion  fac tors ,  for  the lifting surface  effect, 
p rog rammed  for  our Pegasus  computer .  

Incidentally, we would take slight issue with DTMB when they seem to use L e r b ' s  
angle-of-a t tack  cor rec t ion  fac tor  in addition to the Ginzel correc t ion .  We would 
argue that these conditions are  equivalent and not complementary .  

The possible  disadvantage with supercavi ta t ing p rope l l e r s  may be in poor pe r -  
formance at off-design conditions. What information is there  available on the pe r -  
formance at low speeds  and at the incipient cavitation stage when the efficiency may 
be r a the r  l e ss  than at the ul t imate ,  fully cavitat ing state ? 

F. H. Todd (National Physical  Laboratory,  England) 

My f i r s t  contact with the problem of supercavi ta t ing p rope l l e r s  was in 1939 when 
an ordinary  mar ine  p rope l le r  was run up to supercavi ta t ing  conditions in the p rope l le r  
water  tunnel at the National Physical  Laboratory,  Teddington. I presented  the resu l t s  
of these exper iments  in a d iscuss ion on a paper  given to the Institution of Naval 
Archi tec ts  in 1944 by V. L. Posdunine, of the Moscow Academy, who developed a 
theore t ica l  model  of the flow picture  and deduced express ions  for the thrust  and ideal 
efficiency.* It is of in te res t  to note that he spoke at this t ime of "wedge-shaped 
blades ,"  and although he did not give any pa r t i cu la r s  of the shapes he had in mind it 
would seem likely that they r e sembled  in genera l  those used in the present  p rope l le r s .  

In these ear ly  NPL exper iments  the eff iciency at the point where supercavi ta t ion 
was just  fully developed was some 49 percent ,  as compared with 61 percent  at the 
same sl ip in the noncavitating condition. At s t i l l  higher sl ips the eff iciency continued 
to fall. This  work was not continued because of the outbreak of war, but the resu l t s  
indicated what could be achieved by running a normal  mar ine  p rope l l e r  under such 
conditions. 

The theore t ica l  analysis  c a r r i e d  out by Mr. Tulin, and f i r s t  presented  at a Sym- 
posium in England in 1955, has shown how, by using specia l ly  designed supercavi ta t ing 

*V. L. P o s d u n i n e ,  "On the Work ing  of 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 , "  p a p e r  p r e s e n t e d  
to the  I n s t i t u t i o n  of Nava l  A r c h i t e c t s ,  1944. 
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sections,  it is possible to regain a great  deal of the loss  in eff iciency and so to 
produce p rope l le r s  which, in supercavi tat ing conditions, are  not great ly  infer ior  in 
eff iciency to the corresponding ordinary mar ine  p rope l l e r  in the noncavitating 
condition.* 

In this paper Mr. Tachmindji  and Mr. Morgan have applied the pioneer  work of 
Tulin to the actual design problem for supercavi ta t ing propel le rs .  By adapting the 
standard prope l le r  design methods developed at the David Taylor  Model Basin to this 
new problem, they have been able to calculate,  on a high-speed computer,  the per -  
formanCe of a large number of p rope l le r s  and so produce the design charts  given in 
their  paper.  The calculated per formance  cha rac t e r i s t i c s  have been checked by a 
l imited number of exper iments .  ~vhich have shown that the char ts  can be re l i ed  upon 
for the design of supercavi ta t ing p rope l l e r s  within the region covered  by the se r ies .  
The authors are to be congratulated on making this approach to the problem,  which 
has enabled them to produce design char ts  ve ry  much more  quickly and cheaply than 
would have been possible if all  the 30 p rope l l e r s  had had to be made and tes ted in the 
tank. Thei r  workwi l l  be of great  in teres t  to all  p rope l le r  des igners  who are  involved 
in the par t icu lar  field in which such supercavi ta t ing p rope l l e r s  may be of value. 

In this respec t  the authors devote considerable  attention to the question of when 
it is des i rable  and possible to use this type of propel le r .  It is in teres t ing to studythe 
char ts  which they give to see just  what the p rac t i ca l  speeds are  in represen ta t ive  
cases  so that we may gain a c l e a r e r  idea of the possible fields of usefulness.  In 
o rder  to do this, I have worked out three examples  - for a f a s t  l iner  (Table 1), a 
des t royer  (Table 2), and a high-speed motorboat  (Table 3). 

For  the l iner  a draft  of 32 feet  has been assumed,  a maximum prope l le r  d i a m e t e r  
of 20 feet, with 7 feet of cover  above the tips and an a tmospher ic  p r e s s u r e  equivalent 
to 33 feet of water ,  giving a total  head, H, of 50 feet. Taking the points marked A, B, 
C, D and E on Fig. D9, Table 1 can be constructed.  The points A and B mark  the 
l imit ing t ime for the use of such prope l le r s ,  and we see that even in this case  the 
speeds are  high - ranging f rom 40 to 85 knots. Perhaps  the most  in teres t ing case is 
that at point A, where the speed is not too far  beyond those at p resent  in use or  
contemplated for  Atlantic l iners .  

Assuming a total  shaft ho r se -  
power of 250,000, es t imates  can be 
made, f rom the char ts  given in the 
paper,  of the efficiency and pitch 
ratio,  and the optimum values are  
also given in Table 1. 

For  convent iona lpropeners ,  the 
quadruple screw ar rangement  using 
p rope l l e r s  of 18.6 feet d iameter  and 
1.23 pitch ratio,  running at 200 rpm, 
might be expected to give an effi-  
c iencyof  the o rder  of 0.68, assuming 
no cavitation. This la t ter  qual if ica-  
tion is, of course ,  the crux of the 
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Fig. D9 - Chart  of prac t ica l  application of 
supe rcavitat ing propel le rs  

SM. P .  T u l i n ,  " S u p e r c a v i t a t i n g  F l o w  P a s t  F o i l s  and  S t r u t s , "  S y m p o s i u m  on  C a v i t a t i o n  
in  H y d r o d y n a m i c s ,  N P L ,  1955.  
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Table 1 

High Speed Liner  
Draft  32 feet,  p rope l le r  d iamete r  20 feet, H = 50 feet  

Point: 

100 a/v  

V k (knots) 

J 

[Diam. (feet) 20 

I rpm 344 

No. of screws* 

Prope l l e r  type 

Diam. (feet) 

rpm 

Pitch rat io  

Efficiency 

A B C D 

3.0 

40.8 

0.6 

15 

458 

10 20 

688 305 

0.7 

84.5 

1.4 

15 

407 

4 

10 

688 

0.96 

0.61 

10 20 

610 713 

0.7 

84.5 

0.6 

15 

950 

10 

1426 

2 

20 

1090 

Supercavitat ing 

15 

407 

0.92 

0.625 

0.3 

129.0 

0.6 

15 

1450 

E 

0.3 

129.0 

10 20 

2180 467 

4 

1.4 

15 10 

623 935 

Conventional 
(assuming no 
cavitation) 

18.6 

200 

1.23 

0.68 

*Shaft horsepower:  Z50,000 

business.  In present  l ine rs  of this c lass ,  cavitat ion is  a l ready a p rob lem and some 
already suffer f rom cavitat ion erosion.  To design conventional p rope l l e r s  to run at 
40 knots or above andabsorb  60,000 to70,000 horsepower  eachwithout  suffering f rom 
cavitation would therefore  be a r ea l  problem,  and the supercavi ta t ing p rope l le r  may 
well be the answer to it. Under such conditions the conventional p rope l l e rwould  lose 
some of its margin of eff iciency and any remaining  difference in this r e spec t  would 
have to be set  against  the absence of erosion.  If we consider  s t i l l  f a s te r  speeds, 
moving along the line f rom A to B, the p rob lem of designing a conventional p rope l le r  
becomes  rapidly more  difficult and the use of supercavi ta t ing p rope l l e r s  more 
at t ract ive.  

For  the des t royer  and high-speed motorboat,  Tables 2 and 3 can be prepared.  
In these two types of ship, it will  be seen that even at the p resen t  top speeds the 
supercavi tat ing p rope l le r  may a l ready be considered as a r iva l  of the conventional 
propel le r ,  and it is in the high-speed motorboats  that it has already been adopted on 
numerous occasions,  although without the benefit  of the new type sections.  

In the past, the supercavi ta t ing p rope l l e r s  used have in general  had normal  
sect ions of the aerofoi l  or  c r e scen t  (hollow-faced) type, and the re la t ive ly  low eff i-  
c iencies  of these p rope l l e r s  under such conditions of operat ion have been accepted 
as par t  of the necessa ry  p r ice  of working in this area.  It has now been shown how, 
with the proper  choice of sections,  this loss  of eff iciency can be avoided to a large 
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~J~!~Table 2 

'.4 
~ e s t r o y e r  

Draft  12 feet, p ropel le r  d iameter  12 feet, cover  6 feet, H = 45 feet  

Point: A B C D E 

H 2 100 /V  k 

V k (knots) 

J 

Diam. (feet) 

rpm 

12 

545 

3.0 

38.7 

0.6 

6 

0.7 

80.2 

1.4 

12 6 

"2 

0.7 

80.2 

0.6 

12 6 

0.3 

122.5 

0.6 

12 10 6 

1090 655 483 966 1t27 2254 1728 3456 

12 

740 

0.3 

122.5 

1.4 

6 

1480 

No. of screws* 2 2 

Conventional 
P rope l l e r  typet Supercavitating (assuming no cavitation) 

12.6 

350 

1.18 

0.66 

Diam. (feet) 

rpm 

Pitch rat io  

Efficiency 

10 

655 

0.94 

0.62 

~aShaft horsepower: i00,000 
~Comparison at 38.7 knots 

extent, and supercav i ta t ingprope l le rs  can be designed to give reasonable eff ic iencies  
under very  advanced design conditions, thus extending the range over  which marine 
p rope l l e r s  may continue to be used for high-speed ship propulsion. 

An inspection of the tables will  also show the wide range of revolut ions possible 
with such propel le rs ,  and this feature may well be of great  in teres t  to the mar ine  
engineer,  enabling him to consider  the adoption of l ighter,  fas te r - running  engines and 
the el imination of gearing. 

Of course,  as in most new developments,  the supercavi tat ing prope l le r  also 
br ings  its own problems,  and one of the most  important  of these will  undoubtedly be 
the need to obtain sufficient strength in the blades, par t icular ly  near  the very  fine 
leading edge. To avoid distortion and vibrat ion in this vicinity will call  for ex t remely  
hard and tough mater ia l .  

Also, it is important to rea l ize  the l imitat ions of this type of propel ler .  Many 
new ideas have been spoiled in the past  because attempts were made to apply them 
indiscr iminately  in fields where their  par t icu lar  mer i t s  could not be real ized.  F rom 
the examples  quoted above, it will be rea l ized  that the essent ia l  condition for the use 
of the supercavitat ing prope l le r  is a re la t ively  high speed. It will  not ass i s t  the 
normal  cargo ship to go faster ,  but in the field of high-speed motorboats  and des t roy-  
e r s  it may be considered as a p rac t ica l  p rope l le r  even with presen t -day  speeds. 
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Table 3 

High Speed Motorboat 
Immers ion  to centr~ 

Point: 

100 H/Vk 2 

v~ (knots) 

J 

Diam. (feet) 4 

rpm 1540 

No. of screws* 

~line shaft assumed 7 f ee t  H = 40 feet  

A D E B C 

0.7 0.7 

75.5 75.5 

1.4 0.6 

4 2 4 

1363 2726 3185 

4 

3.0  

36 .5  

0 .6  

3 2 

2055  3080  

0.3 

115.5 

0.6 

2 4 2 

6370 4875 9750 

4 

0.3 

115.5 

1.4 

4 

2090 

4~, t Conventional P rope l l e r  ~jpe- Supercavitat ing (assuming no cavitation) 

Diam. (feet) 

rpm 

Pitch ra t io  

Efficiency 

2.40 

2570 

0.90 

0.64 

2 

4180 

2.38 

1800 

1.16 

0.67 

*Shaft horsepower:  8000 
~Comparison at 36.5 knots 

It is, indeed, in teres t ing to note that i ts field of useful application begins just  about 
at the point which we have now reached in such high-speed craf t  and even in Atlantic 
l iners ,  and if the demand for s t i l l  higher speeds in these c l a s se s  of ships continues, 
then the supercav i ta t ingprope l le r  has a p romis ing  field in front of it and the designer  
a useful new weapon in his armoury.  

A. Si lver leaI  (National Physical  Laboratory) 

These papers  summar ize  a very  great  amount of work, and the information which 
they give is an immense  aid to those of us who do not yet  have any persona l  expe- 
r ience  with supercavi tat ing prope l le rs .  My f i r s t  react ion to the paper  by Mr. 
Tachmindj i and Mr. Morgan is surpr i se  in that design methods developed for  orthodox 
p rope l l e r s  (in the development of which Prof. Lerbs  has played a major  role) appear 
to work so well for supercavi tat ing conditions. Do the physical  conditions in the wake 
immedia te ly  downstream of a screw with long cavi t ies  over  the backs of i ts  blades 
c losely  r e semble  those postulated for the conventional vor tex- theory  design method 
for p rope l l e r s  ? Prof. L e r b ' s  review of the flow models  for supercavi tat ing propel -  
l e r s  suggests  to me that a more  complicated model may be necessa ry  to understand 
fully the action of supercavi tat ing prope l le rs .  
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The pitch cor rec t ion  factors  presented  by Mr. Tachmindji and Mr. Morgan are  
c lear ly  der ived f rom a very extensive analysis,  but I find them difficult to understand. 
Does the cor rec t ion  for finite cavitation number take account of the very  marked 
radial  var ia t ion in the local cavitat ion number,  which in most  p rope l l e r s  covers  a 
range of about 8 to 1 ? Further ,  can Ludwigg-Ginzel curvature  cor rec t ion  factors ,  
which depend closely on the blade width, apply to supercavitat ing p r o p e l l e r s ?  What 
is the effect ive chord of a blade which has a long cavity extending far  downstream of 
its t ra i l ing edge ? 

• The principle  of car ry ing  out sys temat ic  design calculat ions before indulging in 
the costly, t ime-consuming,  and often disappointing p roce s s  of sys temat ic  model 
exper iments  is an excellent  one, and undoubtedly Mr. Tachmindji and Mr. Morgan 
have applied it most  thoroughly. However, I am not ent i rely c lear  how the curves  of 
his Figs. 6 and 7 are  computed; has the inverse  of a design method been developed to 
calculate the per formance  cha rac t e r i s t i c s  of p rope l l e r s  with specified geometry,  or 
has the design method i tself  been direct ly  applied to determine the geometr ica l  
fea tures  of p rope l l e r s  satisfying a set of specified operating conditions ? If the la t ter  
~nethod has been followed, then presumably  each of the thir ty p rope l l e r s  for which 

i alculations were  made is an optimum design, and thus each curve of constant pitch 
atio in Figs. 6 and 7 embraces  a set of p rope l l e r s  which are  otherwise not geomet-  
ical ly identical,  unlike s imi la r  d iagrams for conventional p rope l le r  ser ies .  

Mr. Tachmindji  and Mr. Morgan c la im sat isfactory agreement  between measured  
~performance values for a number of supercavitat ing p rope l l e r s  and those der ived 
f rom the calculated ser ies .  How were the exper imental  values de te rmined?  If they 
were  based onwater- tunnel  tes t  data, then what tunnel in ter ference  cor rec t ion  factors  
were  used?  It seems  unlikely that s imple cor rec t ions  are  adequate. 

There is a br ief  r e fe rence  to the possibi l i ty  of using forcedvent i la t ion  to operate 
supercavi tat ing p rope l l e r s  at low ship and shaft rotation speeds. How much power 
would be needed to operate the necessa ry  anci l lary gear ? Exper iments  with model 
supercavi tat ing screws  in a towing tank should help to answer such questions. What 
is  the efficiency of supercavi tat ing p rope l l e r s  when rotating in the as tern  direct ion ? 
If it is  low, then I should expect supercavi tat ing p rope l l e r s  to be used for ships with 
shafts rotat ing unldirectionally;  if so, then controllable pitch screws  would be neces -  
sary. How do supercavitat ing sect ions behave over  a wide range of pi tch se t t ings?  
Finally, it is important  to r e m e m b e r  that very  large thrus ts  are  needed to propel  
large  ships; prac t ica l  considerat ions of p rope l le r  blade strength may well be decisive 
fac tors  in the ult imate adoption of supercavi ta t ing p rope l l e r s  for large,  fast  ships. 

H. Lerbs  

One question to which I would like to reply immediately was that by Mr. Burt. 
The question r e f e r s  to the lifting surface effects  of the prope l le r  and the cor rec t ions  
which are  necessa ry  when you take the section proper ty  f rom two-dimensional  flow. 

Now, the lifting surface effect  exhibits i tself  in the curvature  of the s t reaml ines ,  
and if the lifting surface effect  of the p rope l le r  were  such that the curvature  over  the 
chord length would be constant, Ludwig's  cor rec t ion  would suffice. Now, owing to the 
continuous change of the veloci ty  the curvature  of the flow is  sma l l e r  at the leading 
edge and grea te r  at the t ra i l ing  edge, and in order  to compensate for this change of 
curvature  an angle of attack is necessary .  



A. 3-. T a c h r n i n d j i  a n d  W. B. M o r g a n  

A. J.  T a c h m i n d j i  

I ' d  l ike  to r e p l y  b r i e f l y  to a few po in t s .  R e g a r d i n g  Mr.  R a d e r ' s  c o m m e n t s  on 
the  q u e s t i o n  of speed ,  I t h ink  he  h a s  m i s u n d e r s t o o d  the  50 knot  ques t ion .  The i m p o r -  
t an t  th ing,  of c o u r s e ,  i s  c a v i t a t i o n  n u m b e r  and not  speed .  The va lue  of s p e e d  i t s e l f  
i s  i m m a t e r i a l .  

Mr .  O 'Ne i l l  to ld  us  on the  one hand  t h a t  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  was  not  
qui te  c o m p a r a b l e  to the  o n e s  at  AEW and t hen  he  showed  us  v e r y  n i c e l y  t ha t  t h i s  was  
in the  m a r g i n a l  r eg ion .  T h i s  w as  the  b a s i c  r e a s o n  tha t  the  d i a g r a m  of Fig. 1, was  
g iven ,  i . e . ,  to  a n t i c i p a t e  the  c o m p a r i s o n  wi th  a r b i t r a r y  p r o p e l l e r s .  Of c o u r s e ,  i t  h a s  
b e e n  shown tha t  the  e f f i c i ency  of c o n v e n t i o n a l  p r o p e l l e r s  d r o p s  qui te  r a p i d l y  a t  low 
c a v i t a t i o n  n u m b e r s .  

On Mr .  B u r t ' s  c o m m e n t s  abou t  c o m p u t i n g  m a c h i n e s ,  we do have  a t  the  Model  
B a s i n  a c o m p l e t e  p r o g r a m  for  c o m p u t i n g  m a c h i n e s .  The m e t h o d  u s e d  t h e r e  i s  i n d u c -  
t ion  f a c t o r  m e t h o d  r a t h e r  t han  the  G o l d s t e i n  me thod .  I t ' s  a b i t  e a s i e r  to p r o g r a m  
t h i s  p a r t i c u l a r  me thod .  

Dr .  Todd h a s  po in t ed  out the  r a n g e s  and  s p e e d s  of 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 .  

Mr .  S i l v e r l e a f  h a s  g iven  a g l i m m e r  of s o m e  of the work  n e c e s s a r y  to p r o d u c e  
t h i s  d i a g r a m  and  he i s  qu i te  r i g h t  in  s a y i n g  t h e r e  i s  m o r e  to i t  t han  m e e t s  the  eye.  

R e g a r d i n g  the  e s t i m a t e d  p e r f o r m a n c e  of p r o p e l l e r s  in  w a t e r  t u n n e l s ,  the  one 
wh ich  was  g iven  w a s  t e s t e d  in ful l  s c a l e  and  a l s o  t e s t e d  in the  B a s i n  and  m o s t  of the  
w o r k  w h i c h  h a s  b e e n  c a r r i e d  on in the  w a t e r  t u n n e l s  i s  d u p l i c a t e d  in the B a s i n .  

532 


