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EXPERIMENTAL AND THEORETICAL INVESTIGATIONS OF 

A SUPERCAVITATING HYDROFOIL 

ABSTRACT 

An experimental  investigation of the two-dimensional hydrodynamic 

cha rac te r i s t i c s  of a thin, supercavitating hydrofoil i s  described. The 

effects of twist and vibration of the thin hydrofoil model a r e  considered, 

and experimental  techniques for  investigating spanwise twist  and leading 

edge vibration and data cor rec t ion  methods a r e  described. The theory 

of Wu for  the f o r c e s  on fully cavitating hydrofoils was  used to calculate 

the fo rces  on this profile. The calculated lift is in good agreement  with 

the experimental  r e su l t s ;  however, the m e a s u r e d  drag  differs  appre -  
' 

ciably f r o m  the theoret ical  values. 

INTRODUCTION 

Extremely  high-speed operat ion of a conventional hydrofoil may  

make the occurrence of cavitation on the hydrofoil unavoidable with a r e -  

sulting inc rease  in d r a g  and dec rease  in lift. If the hydrofoil is to opera te  .. 
successfully a t  high speeds,  i t  is usually desirable  for  stable operation 

ei ther  to suppress  the cavity formation ent i rely or  to design the hydrofoil 

to have acceptable charac ter i s t ics  in the cavilating condition. In ex t r eme  

operating conditions i t  may be neCRSSary to opera te  the hydrofoil in a 

super  cavita ting state.  

Theore t ica l  " 2 y  and experiments$ investigations of the hydrody- 

namicforcesonsharp-edged,f lat  p l a t e a n d c i r c u l a r a r c h y d r o f o i l s i n f u l l  

cavity flow have been reported. The present  t e s t s  a r e  a n  extension of 

this  investigation to a m o r e  complex super  cavitating hydrofoil profile. 

The r e su l t s  of experiments  in the two-dimensional tes t  section of the 

High Speed Water Tunnel a r e  presented and  compared with the theoret ical  

values. Detai ls  of the mathematical  procedure a r e  presented together 

with the calculated lift and d rag  coefficients in  fully cavitating flow. 



APPARATUS AND TEST PROCEDURE 

A. Model 

The  hydrofoil  model (cf. Fig.  1) tes ted has  a 3.00-in. chord and  

2.90-in. span. The  coordinates of the profile, a s  specified by the 

David Taylor  Model Basin,  a r e  given i n  Table I; Fig.  2a shows a sketch 

of the profile. 

The  hydrofoil t es ted  differed slightly f r o m  the specified profile 

due to e r r o r s  in fabrication. Sihce the hydrofoil was  designed for full  

cavity operation, the contour of the lower surface is of p r imary  impor-  

tance. The principal e r r o r s  on the lower surface occur red  a t  the lead- 

ing edge where the profile was  approximately . 001 in, too thick, and at  
the t rai l ing edge where the profile was  flattened by the r emova l  of ap -  

proximately .003 in. excess  m a t e r i a l  in the final finishing process .  

These  differences between the prescr ibed  profile and  the model  a r e  

show11 in the sketches given in  F igs .  2b, c ,  and d. The  model was  la te r  

modified to obtain a m o r e  nearly c o r r e c t  profile;  s e v e r a l  r epea t  t e s t s ,  

however, showed the differences in the r e s u l t s  to be insignificant. 

The model  and mounting disk were  machined f r o m  a single piece 

of s ta in less  s tee l  (17-4 PH). After the model  had been finished to i t s  

f inal  contour, i t  was  heat t rea ted  to inc rease  i t s  yield s t rength to 
" 

176,000 psi, T h i s  high s t rength w a s  n e c e s s a r y  in o r d e r  to t e s t  the thin 

hydrofoil a t  high velocities with sufficiently high angles  of attack. 

B. Experimental  P rocedures  

The  exper iments  were  conducted in the two-dimensional t e s t  
5 section of the High Speed Water Tunnel. During the t e s t s  the water  

tempera ture  var ied  between 74.6 and 77. ZOF. The vapor p r e s s u r e s  of 

water  fo r  these tempera tures  a r e  0.42 and 0.46 psia. The a i r  content 

of the water ,  a s  measured  with a Van Slyke gas  content ana lyzer ,  was  

approximately seven pa r t s  of air per mill ion pa r t s  of water  throughout 

the tests .  The measured  cavity p res su re  fo r  vapor  cavitation was  a p -  

proximately 0. 5 psia. The e x c e s s  p r e s s u r e  above vapor p r e s s u r e  of 

the water  was caused  by diffusion of a i r  into the cavity. The methods 



of mounting the hydrofoil and disk, ta re  correct ions,  and testing and 

data recording techniques a r e  described in Refs. 4 and 5. 

Because of the thinness of the hydrofoil, sizeable deflections oc- 

cur red  under hydrodynamic loading. Since i t  was impract ical  to compute 

this angular twist f rom the hydrodynamic forces ,  the deflections were  

determined experimentally for each data point by means of a catheto- 

meter  telescope mounted outside the test  section window. The vert ical  

position of the leading and trailing edges of the tip were measured 

( ~ i ~ .  3) and the twist angle determined to + 0. 05O by this method when 

the foil was reasonably steady. Vibration of the leading edge of the foil 

often made i t  impossible to make accurate measurements  a t  the leading 

edge; therefore, a third measurement near  the center of the model chord, 

where there was essentially no vibration, provided twist data which were  - - 
0 also accurate to 5 0.05 . 

Photographs of the cavitating hydrofoil were taken a t  each data 

point. F igures  3 and 4 a r e  typical examples of these pictures which 

were taken with a 1/30-second exposure and show the extent of the cavi- 

tation on the hydrofoil. The chordwise bending of the model can be de- 

tected in these photographs a s  well a s  the tip twist. 

F igure  3 shows the location of the cavity pressure  probe and a i r  

feed line with respect  to the hydrofoil. The a i r  line was used during 

some of the runs to inject a i r  into the cavities in o rder  to obtain lower 

cavitation numbers than could be obtained with vapor cavities. The 

cavity pressure ,  pk , was measured whenever the cavity was sufficiently 

f ree  of water to obtain valid manometer readings. The f ree  s t r e am 

static pressure  and the nozzle differential pressure  for  velocity deter -  

mination were also read  from manometers  fo r  each data point. 4 

Two cavitation numbers,  "k and o;, a r e  used in this report.  The 

cavitation number, '?k ' was based on the cavity pressure ,  a, whenever 

i t  could be measured. When it  was impossible to measure  the cavity 

pressure ,  the cavitation number was based on the vapor pressure ,  pv , of 

water and is called the vapor pressure  cavitation number cr . These v 
cavitation numbers a r e  defined a s  follows, 



and 

where 

Po is the f r ee  s t r e a m  s ta t ic  p res su re ,  1b/ftL 

pk is the measured  cavity p r e s s u r e ,  lb/ft 
2 

pV is the water  vapor p r e s s u r e  a t  the tempera ture  of the 

test ,  ib/ft2 

V is the f r e e  s t r e a m  velocity, f t /sec 

and 
3 

p is the density of the water ,  slugs/ft  . 
The exper imenta l  p rogram was  begun with fo rce  t e s t s  in fully 

wetted flow a t  a tunnel velocity of 20 f p s  in  o r d e r  to check the data  sys -  

tem and to verify the t ip twist and vibration qharac ter i s t ics  of the hydro- 

foil. The  model  was  tested a t  angles  of a t tack  f r o m  -so to + 12O with 

a sufficient working section sta'tic p r e s s u r e  to suppress  all cavitation. 

Most of the cavitation t e s t s  were  made a t  a f r e e  s t r e a m  velocity 
0 

of 30 fps  a t  twelve a t tack  angles  f r o m  -2 to + lo0, including the design 

angle of 2.722O. At each  angle of a t tack the working section s ta t ic  - 
pressu re  was var ied  to obtain data over  the range f r o m  noncavitating, 

a =  3.0, to full cavity flow. Air  was  injected into the cavity during some 

of the t e s t s  in a n  at tempt  to d e c r e a s e  crk ( see  Appendix B). A few t e s t  

runs  were  a l so  made a t  a f r e e  s t r e a m  velocity of 40 fps a t  angles  of 

attack of 2. 72f, 3O, and 4O. During mos t  of the t e s t s  a t  40 fps  and 

g rea te r ,  the leading edge of the foil  vibrated so  violexltly that the ver t i -  

c a l  position of the leading edge could not be measured.  The ver t ica l  

measuremen t  a t  the midchord of the foil  was used during these runs.  

Additional t e s t  runs  were  made a t  a f r e e  s t r e a m  velocity of 45 fps  

for  a t tack angles  f r o m  2.722O to 6O. T o  avoid violent fo rce  fluctuations 

which occur  while developing a full  cavity a t  this  higher speed, the full 

cavity was  produced a t  a lower velocity and  maintained while the f r e e  

s t r e a m  velocity was  increased  to 45 fps. There fo re  only the fully 



cavitating regime, with cavitation numbers between 0.082 and 0. 200, 

was investigated in these tests .  Air  -suppox- ted cavities were also 

used in some of the tes ts  a t  45 fps. 

A final se r ies  of test runs were made for the purpose of observing 

the instantaneous cavitation patterns. The thin leading edge of the model 

had been observed to vibrate considerably during most of the previously 

described force tests.  Single flash (15 microsecond duration) photographs 

were taken of the hydrofoil a t  tunnel velocities of 30 and 40 fps for various 

attack angles ahd cavitation numbers. The only data recorded for these 

tests  were the pressures  necessary to compute cr . v 

C. Data Analysis Procedure 

The measured force and moment data were corrected for balance 

pressure sensitivity and the tare forces  on the mounting disk, .as de - 
scribed in Ref. 5. The data were  then reduced to coefficient fo rm a s  

follows : 

Lift = Drag Moment 

"D ' sVZA ' 
C = 

M o  ~ V ~ A C  

where 

V is the f ree  s t ream velocity, ft/sec 
3 

p i s  the density of the water, slugs/ft 
" 

2 A i s  the plan a r ea  of the hydrofoil model, f t  (chord x span )  

c is the hydrofoil chord, ft. 

The moment coefficients a r e  re fe r red  to the leading edge of the hydrofoil. 

The model coefficients, computed directly f rom the force data, do 

not represent  the section characterist ics of the profile because of de- 

flection of the hydrofoil. The chordwise deflection (or uncambering) has 

been estimated to have only a smal l  influence on the measured lift co- 

efficient, and although this effect on the drag coefficient can become 

appreciable, no attempt has been made to cor rec t  for it. Leading edge 

vibration undoubtedly has some effect on the model coefficients, but i t  

was beyond the scope of the present investigation to evaluate it. The 

spanwise twist has a definite and predictable effect on the forces  and 



moments.  The model  coefficients were  co r rec ted  for  twist so that the 

resul t ing coefficients would represent  the cha rac te r i s t i c s  of the un- 

twisted hydrofoil section. These  a r e  called the section c h a r a c t e r i s t i c ~  

and a r e  different f r o m  the model charac ter i s t ics .  

The  twist  cor rec t ions  which were  applied to the data were  based 

on a f i r s t  o r d e r  approximation that the en t i re  hydrofoil was  operating 

a t  a n  effective angle of a t tack which was  g r e a t e r  than the angle of 

attack a t  the spindle end of the foil. A numer ica l  cor rec t ion  of the 

coefficients would entai l  a tedious operat ion involving the coefficients, 

the r a t e  of change of the coefficients with a t tack  angle,  and the ef- 

fective twist  angle,  all of which va ry  with the base angle,  the velocity, 

and the cavitation number.  Therefore ,  i t  was expedient to c o r r e c t  the 

data by a graphical  method. 

The model  coefficients and the effective a t tack  angles  for  each  

spindle a t tack  angle and tunnel velocity were  plotted as  functions of the 

cavitation numbers ,  and cu rves  fa i red  through the data. F r o m  these 

curves ,  graphs  then were  made of the coefficients as functions of the 

effective at tack angle a t  constant 'cavitation number.  The coefficients 

for  each  data point were  then co r rec ted  by plotting the model  coeffi- 

cients a t  the effective at tack angle and t ranslat ing them to the base angle 

a t  a constant cavitation number.  The  twist-corrected data have been 

designated CD, CL, and C . None of the data waa co r rec ted  for  
Mo 

tunnel blockage o r  other  wall effects. 

Table  I1 presents  the data, including the cavitation numbers ,  the . 

model coefficients,  the twist angle measuremen t s ,  the hydrofoil section 

coefficients, and Ihe l if t-drag rat ios .  The data a r e  r e f e r r e d  to by data 

numbers  which cor respond to the numbers  of the re ference  photographs. 

The data for  the exper iments  in  which a i r  was  injected into the cavi t ies  

w not plotted i n  any  of the f igures .  

D. Experimental  Resul t s  

F o r c e  coefficients in noncavitating flow. The  section lift, drag,  

and m o m e n t  coefficients of the hydrofoil in noncavitating flow a t  20, 

30 and 40 fps  a r e  shown a s  functions of the a t tack  angle in Fig.  5. 



F o r c e  coefficients in cavitating flow (V=30 f p s ) .  The  section coef- 

f ic ients  in fully wetted to fully cavitating, flow a t  30 fps a r e  presented i n  

F igs .  6 through 9. The solid symbols in these f igures  denote data fo r  

which only the vapor p res su re  cavitation number,  w could be obtained. v '  
Whenever i t  was  possible, the measured  cavity p res su re  cavitation num- 

b e r  was  used to plot the data (open symbols). A discussion of this method 

of presenting cavitating force data is given in  Ref. 4. With the exception 

of the data a t  fully wetted conditions (vv 3 3 .  O), a l l  of the other  data 

points r ep resen t  cavitating flow. P a r t i a l  cavitation on the upper surface 

and trail ing edge of the hydrofoil had only a sma l l  effect on the force  and 

moment coefficients. The maximum values of the coefficients occur red  

when the upper surface of the cavity became long enough to join the wake 

cavity f r o m  the blunt t ra i l ing edge. A s  the cavity extended beyond the 
0 

hydrofoil in the full  cavity region, the fo rces  steadily decreased.1 At -2 

and o0 the leading edge cavity fo rmed  on the lower surface of the foil  

and thus produced negative lift forces .  Although the leading edge cavity 

was a l s o  formed on the lower surface a t  + l o  angle of attack, the.cavity 

was too shor t  to enclose the en t i r e  lower surface,  and the positive lift 

fo.rce was  maintained. At a n  a t tack  angle of 2O the upper surface of the 

foil  showed some cavitation, but i t  was  not completely enclosed by a 

cavity a t  even the minimum attainable cavitation number.  
- 

The hydrofoil section coefficients in the fully cavitating region 

(cr ( 0 . 6 )  a r e  presented in F igs .  10 through 13. Orlly the data for  the 

a t tack  angles  which produced positive l if t  f o r c e s  a r e  shown in these 

f igures .  The dashed portions of the fa i red  c u r v e s  join the region of data 

(open symbols) for  measured  cavitation numbers  
"k and the region of 

the data of vapor cavitation numbers  cr (sol id  symbols). The dashed 
v 

l ines a r e  used to indicate the portions of the data in which different 

methods of determining the cavitation number were  used. 4 

Much of the data fo r  cavitating conditions a t  a t tack angles  l e s s  than 
0 4 was taken with only a portion of the upper surface of the foil  covered 

by cavities.  Often only 50 per cent  of the upper surface was  wetted as  

the cavitation formed numerous unjoined finger -like cavi t ies  a t  the  lead- 

ing edge which partially collapsed nea r  midchord and  then redeveloped 



nea r  the t rai l ing edge. These  cavities were uniform in  s ize and  were  

distributed along the leading edge of the model  leaving sizeable wet ted 

regions between them. At 4O at tack angle,  the upper sur face  of the 

hydrofoil was  sufficiently below the full  cavity contour so  that the s u r -  

face of the model did not in te r fere  with the formation of long uninter- 

rupted cavities. 

Cross-p lo ts  of the fa i red  cu rves  of F igs .  6 through 13 were  made 

a t  selected u values in o r d e r  to show the coefficients a s  functions of 

the angle of a t tack,  a s  shown i n  F igs .  14 through 17. F igure  18 i s  a 

polar d iagram of section lift and d r a g  coefficients at constant cavitation 

numbers.  The symbols used in  these f igures  a r e  not experimental  data 

points, but a r e  used to denote regions of measured  and vapor cavitation 

number,  as  in  F igs .  6 through 13. 

Effect of velocity on full cavity fo rce  coefficients. The  exper i -  

mental  t e s t s  a t  tunnel velocities of 40 and 50 fps  were  made to at ta in 

lower cavitation numbers  (Appendix B) and to es tab l i sh  the velocity 

dependence, i f  any, of the force  coefficients in full  cavity flow. F i g u r e s  

19 and 20 present  the data obtained with vapor cavi t ies  a t  tunnel velocities 

of 40 and 45 fps  a s  compared with the r e s u l t s  obtained a t  30 fps  (faired 

curves  f r o m  F igs .  6 and 7). The  lift coefficients, Fig.  19, show no 

veloci tyeffect .  T h e s h i f t o f s o m e o f t h e g r o u p s o f d a t a i s d u e t o t h e  - 
slight differences in  the actual  a t tack  angle a s  i s  noted on the figures.  

The d rag  coefficients, F ig .  20, a r e  in fa i r  ag reemen t  a t  low a t tack  

angles. The data for  3O at tack angle a t  45 fps,  where .09  <IF <. 10, 

show s m a l l e r  d rag  coefficients than the 30 and 40 fps  data a t  2.8 degrees.  

A review of the data f i lm showed that these low d rag  points were  ob- 

tained without the leading edge vibration which resu l ted  i r o m  the absence 

of the tip cavity. The interaction bet  en  a cavity extending over  the Y 
full  span and the leading edge vibration was  noted s e v e r a l  t imes  during 

the tes t s .  It was  observed that when the cavity nea r  the tip gap of the 
I 

model  was absent ,  the frequency of the leading edge vibration was 

changed significantly (Fig. 29) and in some c a s e s  the vibration was  

eliminated ent i rely ( ~ i g ,  28). The  shedding of the t ip end of the cavity 

appeared  to be random. Th i s  phenomenon w a s  responsible for the 



observed 8 per cent decrease  in the d rag  coefficient, Fig.  20, without a 

significant dec rease  in the lift coefficient, F ig .  19. It i s  not known 

whether the observed change in d r a g  can  be at t r ibuted to the absence of 

vibration, the los s  of the cavity o r  a combination of both. The drag 

coefficients for  large at tack angles  a t  45 fps a r e  significantly different 

f r o m  those a t  30 fps. T h i s  discrepancy may be due to the fact  that the 

uncambering effect becomes m o r e  seve re  with a n  inc rease  in  velocity 

and at tack angle. The  chordwise deflection i s  concentrated nea r  the 

leading edge of the foil so  that i t  should not have a n  appreciable effect on 

the lift coefficients. On the o ther  hand, this deflection should have a 

m o r e  pronounced effect on the d rag  coefficients. T h i s  view s e e m s  to be 

verified by the experimental  data ( ~ i ~ s .  19 and 20) and the theoret ical  

calculations ( see  Sec. B of "Theoret ical  Calculations" for  the effects  of 

camber  and ent ry  on the fo rce  coefficients). It should be noted that, in 

addition to the uncambering effect  produced by high velocities,  the 

amplitude of the leading edge vibration appeared  to inc rease  with an in- 

c r e a s e  in velocity. The  amplitude of this vibration fo r  a n  at tack angle 

of 4 O  and a tunnel velocity of 45 fps has  been es t imated  f r o m  the data 

photographs to be 0.025 inch, 

F o r c e  coefficients for  the modified model. The section lift and 

d rag  coefficients for  the hydrofoil with the modified Leading edge a r e  g r e -  

sented in Fig.  21. The symbols r ep resen t  the data points while the 

cu rves  a r e  interpolated f r o m  those shown in F igs .  6 and 7. 'The dis -  

c repancies  between the data for  the two models  were  not considered sig- 

nificant enough to r equ i re  m o r e  extensive testing. The  differences in  

the data for  fully wetted flow a r e  s m a l l  and the par t ia l  cavitating data a r e  

i n  reasonable ag reemen t  considering the violent force  fluctuations which 

occur  in  that region. The data in  the full  cavity region a t  a n  at tack angle 

of 3 . 8  degrees  were  taken without a t ip cavity and  without leading edge 

vibration, which caused a difference only in the d rag  coefficient. 

Photographs of cavities f r o m  the vibrating leading edge. Most of 

the experimental  data were  taken with the leading edge o r  the ent i re  model 

vibrating. A s e r i e s  of single f lash  photographs were  taken of the modi- 

fied model  a t  tunnel velocities of 30 and 40 f p s  in  o r d e r  to study this 



vibration. F i g u r e s  22 through 25 show an oblique view looking f rom 

the tip of the hydrofoil toward the mounting disk. The tip cavitation can 

be seen a s  a sheet  of cavitation caused by the flow through the tip c l ea r -  

ance gap. This  cavity par tially obscures  the cavity on the hydrofoil; 

however, the wave -like surface of the main cavity can s t i l l  be seen in 

the photograph. A s imi lar  though smal le r  sheet-type cavity f o r m s  a t  

the intersection of the foil and the mounting disk. 

P lan  view photographs of the cavitation pattern a r e  shown in Figs .  

26 .through 33. The leading edge of the foil  is nea r  the right side of the 

photographs and the trail ing edge near  the center  with the f ree  tip a t  the 

bottom of the photographs. 

F i g u r e s  26 through 30 a r e  for  a tunnel velocity of 30 fps and an  

attack angle of 2. 73O. A variety of flow patterns is produced by the 

model a t  this at tack angle. Finger- l ike cavities a r e  seen in Figs.  28, 

29 and 30 which show extensive wetted regions between the cavities. The 

wave-like cavi t ies  in Fig.  27 show a node in the vibrating leading edge 

which causes  the cavities on ei ther  side of i t  to be phase displaced. This  

node is located a t  the two-thirds span position. A check of twenty photo- 

graphs indicates that when the cavitation extends to the tip of the foil the 

node appears  in this same  span position. The frequency of shedding of 

the wave-like cavi t ies  is approximately 800 cps (range 740-930 cps)_as 

long a s  the single node exists.  This  frequency s e e m s  to be independent 

of the angle of attack. When there is no tip cavitation, there is usually 

no node and the frequency of shedding is increased.  Only one good photo- 

graph, Fig.  29, was obtained without t ip  cavitation. The wave frequency 

for this photograph is approximately 1400 cps. 

F i g u r e s  31 and 32 show the wave-like cavities with full cavity flow 

a t  a n  attack angle of 5.73 degrees  and a velocity of 30 fps. The front 

half of the upper surface of the foil  is intermittently wetted. The shed- 

ding frequency in these f igures i s  750 and 800 cps  respectively. The 

frequency calculations a r e  based on the assumption that the cavity s u r -  

face disturbance is moving a t  the velocity of the cavity wall, [vo(l  +o) l I2 ] .  

Large  at tack angles,  8 and lo0, produced cavities which separated 

smoothly f r o m  the leading edge of the foil without detectable upper 



surface waves. The wave pattern of the lower surface of these cavities 

can be seen through the clear  upper cavity surfaces  in  Figs, 34 and 35. 

These waves developed on the cavity wall approximately 1/4-inch down- 

s t ream f rom the trailing edge of the foil with a frequency of approxi- 

mately 15,000 cps  and a wave length of 0.025 inch which is severa l  

t imes the est imated boundary layer displacement thickness. I t  has been 

suggested that these lower surface waves might be surface tension waves, 

o r  be associated with Tollmein-Schlichting laminar boundary layer 

oscillations. 

Simple tes ts  were made to determine the approximate natural  f r e -  

quencies of vibration of the hydrofoil in a i r .  Resonance occurred  a t  f r e  - 
quencies between 750 and 850 cps, a t  1000 cps, and at higher multiples 

of these frequencies. e - 

THEORETICAL CALCULATIONS 

A. Application of the   on linear Theory to the General  Case 

A significant part of the present program i s  a comparison of the 

experimental resul ts  with Wuts nonlinear theory for  two-dimensional 

fully cavitated hydrofoils.' The equations for these calculations a r e  

derived here  on the basis  of this theory. 

The theoretical calculdtions a r e  based on the assumption that the 

foil has sharp  leading and trailing edges which a r e  the separation lines 

of the f ree  s treamlines.  Therefore,  in  full  cavity flow the upper su r -  

face may have any profile which l ies  below the upper f r e e  streamline. In - 
addition, i t  i s  also assumed that the lower surface of the foil is concave 

with a continuous, slowly changing slope (a nearly constant curvature in  

the center region and smal l  changes in curvature a t  the leading and t ra i l -  

ing edges). 

With the points A and B a t  the leading and trailing edges respec-  

tively (cf. Fig. 3 6 ) ,  the following boundary conditions a r e  specified: 



ii) BB = -(a + 'p2) 

3/2 
-0 +T;) 

iii) Radius of curvature at  A = RA= - 1 - - - (9) K~ 

A 

Radius of curvature at 

Applying these boundary conditions in the same manner as  i s  done in  de-  

riving Eqs. (4. 3) - (4.6) of Ref. 1 ,  we obtain 

and 

2 K ~  A1-4A2+9A3 = - J ( 1  - cos p) , 

The quantity J appearing in the above equations is 

which is the same a s  given in Eq. (3.18) of.Ref. 1 .  In solving for  P, 
A l l  AZ, and A3 in Eqs. (1) - (41, i t  is necessary  to make a n  approxi- 

mation of 3. 



When a is small ,  then f~ is small ,  and we can make the approxi- 

mations 

Solving Eqs. (1) - (4), we obtain 

and 

where < -- . 

and 

Since $ and A1 a r e  small ,  we can now obtain a usable approximation 

of J to solve for  P, A A2 and Ag by substituting the f i r s t  two t e r m s  1' 
in the equation for f5 and the f i r s t  t e r m  in the equation for  Al into 

Eq. (6) to obtain 

J Z' 4+nsin(atq2p2) = )i . 
Now solving Eqs. (1)-(4) and substituting h for  J, we obtain 



A discussion of the accuracy  of this  procedure may be found in  Ref. 1, 

sec.  IV. 

With B, A1, A2, and A3 given by Eqs.  (7)-(10) and J by Eq. ( S ) ,  

we can now calculate CD and CL by a slight modification of Eqs.  (4.12) 

and (4. 13) of Ref. 1. Replacing y2  by [(ql+ cp2)/2I2# we obtain 

c 2  c o s p  + 
( s i n ~ + ~ ~ / 2 )  

w 

tk t $ A ~ +  A) (sin.+ >)] s i n . }  (12) 

It should be pointed out that,  in  o r d e r  to avoid the m o r e  tedious 

computation which would r e su l t  f r o m  taking m o r e  t e r m s  in the expansion 

of Eq. (3 .  3) of Ref. 1, the above express ions  f o r  CL and CD a r e  ca l -  

culated by taking only three  t e r m s ,  as was  done in Ref.  l .  The four un- 

known coefficients $, Al,  A and A a r e  then determined a s  shown 
2 3 

above by applying boundary conditions (i) to (iv). They a s s e r t  that the 

s t r eaml ines  leaving the leading and t rai l ing edges should have the same  

slopes and cu rva tu res  a s  those of the wetted surface a t  the two edges. 

The solution s o  obtained in turn de te rmines  the whole flow field and  the 



cavity boundary a s  a function of cavitation number u and a t tack  angle a. 

However, i t  must  be determined whether o r  not the resul t ing flow sa t i s -  

f i e s  the boundary conditions a t  o ther  points on  the wetted surface.  F o r  

example,  since i t  i s  a s sumed  that the s t reaml ine  on the wetted side of 

the hydrofoil does not separa te  f r o m  the sur face  between the two edges,  

i t  would be of in t e re s t  to see  how well  the curva ture  of the theoretically 

determined s t reaml ine  a g r e e s  with the curva ture  of the profile a t  some 

point. F o r  simplicity,  we shal l  choose in  par t icular  the point q = a/2, 

a point somewhere nea r  the ,midchord section. By using the definitions 

and notations adopted in Ref. 1, the rad ius  of curva ture  of the s t r e a m -  

line a t  q = sr/2 is given by 

where 

by neglecting the t e r m  in  c this  re lat ion becomes  

In the present  case  the range of applicability of cr is likely to be l e s s  

than cr = 0. 3.  The experimental  tes t s  showed that a full  cavity was  

not developed fo r  u = 0. 3, consequently r = 1/2 In (1 tu) is l e s s  than 

0 .  135 and thus the t e r m  neglected i s  ve ry  small .  I t  then follows that 

0 = - @ = - ( ~ + A l ~ o ~ ~ + A 2 ~ o s 2 q + A g c o s 3 ~ )  * 



= - ( - A 1  s i n ?  - 2A2 sin 2 1  - 3A3 s in  31)  
3, = "/2 

= A1 - 3A3 , 

and 

V - 1 + sin ('I1 = n/2 - (-'Iq Za/2 ( I  1 - sin p + A l - A 3 ) .  

From Eqs. (13>(15) 

where 

Therefore, 

R z 2  - - ( 1  + sin p)2 1 
s 5 cos JT 1 - sin p + A I - A 3 )  A l -  ?A3 

which reduces to 

For the circular arc  ( see  Fig.  37a) 

s = R ( 2 y )  , 

and therefore 

For  the supercavitating hydrofoil for r ( 0. 3 , 



K,12 in Eq. (16) is not the exact  curva ture  of the profile s t reaml ine ,  

but for  s m a l l  rp 1' V Z ,  %/2 and cr i t  i s  a good approximation ( ~ i g .  37b). 

I t  may be used a s  a check to see i f  the boundary conditions a t  A and B 

as applied in der iving Eqs.  (7)-(12) produce a n  approximate curva ture  a t  

q = n/2 which is near  that of the profile a t  q = ~ / 2 .  When this  process  of 

checking, along with some of the approximation methods adopted in 

choosing 9 's and Kts ,  fa i l s  to yield a K ~ / 2  
within a reasonable de-  

g ree  of accuracy ,  i t  may imply that m o r e  t e r m s  in  the expansion, Eq. 

(33)  of Ref. 1, should be taken and that m o r e  points should be suitably 

chosen on the profile to which the boundary conditions a r e  to be applied. 

B. Theore t ica l  F o r c e  Coefficients for  the Supercavitating Hydrofoil 

The  application of Wuf s theoret ical  equations to this  complex 

hydrofoil p resents  m o r e  difficult problems than the geometr ical ly  s imple 

c a s e s  presented in  Ref. 1. cpl  .and qZ were  s m a l l  and therefore were  

a s sumed  to be equal to the slopes a t  A and B. The s lopes of the lower 

surface of the foil  were  measured  f r o m  the enlarged graph f r o m  which 

the model  offsets  were  obtained. These  s lopes were  then plotted to a 

la rge  scale  and a curve of the second derivative was  obtained f r o m  thein. 

Neither the prescr ibed  nor the model  profile had contours  nea r  the lead- 

ing edge which satisfied the conditions specified in  the derivation of the 

equations. The s lopes changed rapidly in this region and consequently 

the curva tures  were  la rge  for both profiles ( ~ i ~ .  38).  A fur ther  compli- 

cation was  the fact  that the curva tures  became negative nea r  the leading 

edge. This  occur red  for  approximately the f i r s t  . 0 3  chord of the pre-  

scr ibed  profile and for  approximately the fir s t  . 0 6  chord of the model 

profile. The t rai l ing edge contour of the prescr ibed  profile was  a s  

specified. The model profile nea r  the t ra i l ing edge deviated f r o m  the 

specified contour in a manner  s imi l a r  to that a t  the leading edge. 

The rapidly changing s lopes and  l a rge  negative cu rva tu res  near 

the leading and trail ing edges presented a considerable problem in 



choosing the values of the cpf s and Kr s which should be substituted into 

Wu's equations. I t  was  suggested that s e t s  of cpts and K T s  be .approxi- 

mated by a root  mean square average  where they deviated f r o m  the speci- 

f ied contours. Root mean square  cplrs and  K 's were  computed over  A 
the f i r s t  0. 05 chord for  both the prescr ibed  and model  profiles and r m s 

q2 
and Kg computed over  the l a s t  0. 10 chord fo r  the model  profile. 

This  method s t i l l  gave negative curva tures  a t  these points. These cpls 

and Kts ,  Table IIIa, were  then substi tuted into Eqs.  (5), (7)-(12), and  

(16) to calculate CL, CD and Table IIIb. T h e r e  were  large dif- 

f e rences  in these values,  and fuGthermore the negative curva ture  a t  the 

trail ing edge produced a s t reaml ine  curva ture  a t  the midchord which was  

a lmost  twice that of the profile. Since these conditions were  unsatisfac- 

tory, i t  was  proposed by Dr .  Wu that geometr ic  mean and r m s curva-  

tu res  over  the f i r s t  and l a s t  halves of the profiles be determined. The 

two methods of averaging over  the l a s t  half of the prescr ibed  profile gave 

the same  re su l t  to two dec imal  places,  Table IIIa, and this  differed f r o m  

the measured  curvature a t  -jE = 1.0 chord by 0.01. The model  profile 

average  curva tures  over  the l a s t  half differed by 0.01, the geometr ic  

mean being la rger .  However, these  average  curva tures  of the model  

profile a t  the t ra i l ing edge were  only a little m o r e  than half a s  la rge  

a s  those computed in the s a m e  region for the prescr ibed  profile. The 

agreement  of the two methods of averaging over  the f i r s t  half of the .pro- 

file was  poor f o r  both the prescr ibed  a n d  model  profiles, Table ILIa. 

A sys temat ic  variation of the values of cp's and Kts  obtained f r o m  

the averaging methods along with the maximum and minimum cpts was  

made to discover  the effect of each  of these pa ramete r s  on CIA, CD and 

for  o = 3O and r = 0. I t  was  concluded f ronl  Table IIIb and Fig. 

39 tllat 

1. fo r  increas ing  q l ,  CL i n c r e a s e s  and CD d e c r e a s e s  ; 

2. for  increas ing  q z ,  both CL and  CD i nc rease  ; 

3. f o r  increasing K both CL and CD dec rease  ; B' 

4. KA had a negligible effect on CL and C,, . 
An interest ing point shown by Fig.  39 is that CL and CD a r e  



apparently l inear  functions of the p a r a m e t e r s  cP1' '92 and Kg fo r  the 

ranges  calculated for  this repor t .  T h i s  fact  could possibly be helpful 

in  designing other  hydrofoils of a s imi l a r  nature.  

The pa ramete r s  chosen for  computing the coefficients of the pre-  

scr ibed  model were  

and 

and for  the model profile 

q1 = '058, 92 
= -079,  K~ = 0, and  Kg = 0 1 3  . 

The lpls chosen in both c a s e s  were  r m s idy/dF I f r o m  Z = 0 to - x = - 0 5  chord. The prescr ibed  profile 9 w a s  1 d y / f i  ( a t  ; = 1.0 chord 2 
s ince the crj~/dji: curve, Fig. 38a, had no inflections in this  region. 

'P2 fo r  the model  profile w a s  a r rn s I e/dZ I f r o m  P = . 9  chord to - 
x = 1.0 chord. Th i s  decision w a s  a r b i t r a r y ,  but i t  was  considered to be 

the mos t  rea l i s t ic  approximation. KA was  chosen to be equal to z e r o  

because i t  appeared  to have a negligible effect on the coefficients. The re  

was no problem in choosing K fo r  the prescr ibed  profile since i t s  B 
d?/dx2 behaved properly a t  the t ra i l ing edge. The Kg chosen for  the 

model  was  a rb i t r a r i ly  the geometr ic  mean ove r  the last . 50 chord. 

F i g u r e s  40-42 show the calculated CL, CD and L/D plotted a s  a func- 

tion of cr for  both profiles a t  a t tack  angles  f r o m  1 to lo0. ' 

C. Experimental  Comparison 

Graphical  compar isons  of the experimental ly  determined section 

lift and d rag  coefficients and the l if t-drag ra t io  with the theore t ica l  com- 

putations for  the model profile a r e  shown in  F igs .  43-45. The  open data 

symbolsderlote cr whichisbasedonmeasuredcavitypressure .  When K' 
the cavity p res su re  could not be measured  and  o (sol id  symbols) was  v 
computed, the cavity was  usually too shor t  and  frothy to provide valid 

0 0 0 comparison with the theory. The  theore t ica l  cu rves  shown a r e  f o r  3 , 4  , 6  
and lo0 a t tack  angle, while the exper imenta l  data a r e  f o r  3O, 4.z0, 6O ;nd 

lo0, 

The theoret ical  lift coefficients, Fig.  43, a r e  in  ve ry  good 



agreement  with the experimental data in the region of comparable flow 

conditions (open symbols). At s m a l l  a t tack angles, 3O and 4O, the 

experimental data a r e  l e s s  than 3 per cent higher than the theoretical 

curves. A t  an  attack angle of lo0, the theory i s  l e s s  than 5 per cent 

higher than the experimental data. 

The comparison of the d rag  coefficients, Fig. 44, shows marked 
0 

discrepancies between the theory and the data. F o r  at tack angles of 3 

and 4O,  the discrepancy can be explained by the lack of consideration 

of the viscous drag  force in the theoret ical  calculations. The experi-  

mental drag  coefficients a t  3O a r e  about .003 (28 per cent) higher than 
5 

the theoretical curve. At the Reynolds number of these data (7;5 x 10 ) 
the laminar skin friction d rag  coefficient is .0015 while the turbulent 

skin friction drag coefficient i s  .0046.  h he dashed curves  in Fig. 44 

represen t  the theoretical drag  with the fr ict ion drags  included). Thus 

the comparison a t  smal l  a t tack angles appears  to be quite reasonable 

when the ent ire  lower surface and s m a l l  portions of the upper surface 

of the foil a r e  wetted. Hydrofoil attack angles of 6 and 10 degrees,  

however, show experimental  d rag  coefficients which a r e  a s  much a s  

11 per cent smal le r  than the theoretical d rag  coefficients without con- 

sidering the skin friction drag in the theory. The addition of the skin 

friction drag  would increase  this discrepancy to about 15-20 per cent 
* 

of the experimental values. 

F igure  45 shows a comparison of the experimental  and theoretical 

lift-drag ratios.  The trends of the theoretical curves  a r e  opposite to 

those of the experimental data. 

The poor agreement  between experiment and theory for  drag  sug- 

ges ts  that ei ther  the leading and trailing edge approximations which were 

used in the theoretical calculations, o r  the two point theoretical analysis  

which was made, did not provide an adequate representation of the model  

that was  tested. Although this statement appears  to be contradicted by 

the good lift agreement,  i t  must  be remembered that the leading edge 

angle of the lower surface of the foil, q l ,  has  a g rea te r  effect on drag  

than i t  does on lift, (Fig. 39). The slope of the profile deviated f rom 

the assumed (continuous slowly changing) slope of the theory by a l a rge r  



amount nea r  the leading edge than i t  did near  the t ra i l ing edge, Fig.  

38a. Therefore ,  the approximation for  cp was probably l e s s  valid 1 
than the approximations for  ip and Kg.  I t  is possible that the end 2 
condition approximations could be adjusted to provide a better over -a l l  

agreement  between the exper imenta l  data and the theory and between the 

calculated curva ture ,  KSI/2, and the model contour. The  experimental  

and theoret ical  agreement  may be improved by this type of manipulation, 

but the fac t  r ema ins  that the end condition approximations which were  

used in the theoret ical  computations were  based on reasonable methods 

of approximation. The  necessi ty  of adjusting these approximations sug- 

ges ts  the desirabi l i ty  for  e i ther  a different method of approximating the 

end conditions o r  the use  of m o r e  points on the wetted contour to bet ter  

es tabl ish the ful l  cavity flow field. 

The  foregoing discussion h a s  been based  on the assumption that 

the theoret ical  r e s u l t s  a r e  valid if the ac tua l  flow conditions can be well  

represented  by the theory. park in4  h a s  observed  that in spite of the 

fine ag reemen t  between the lift and  d r a g  data for  f la t  plate and c i r cu la r  

a r c  hydrofoils and the theory, the exper imenta l  l if t-drag rat io  has  a n  

en t i re ly  different t rend  than the theory predicts.  The supercavitating 

hydrofoil l if t-drag ra t io  r e s u l t s  show s imi la r  discrepancies .  It does 

not appear  that these differences in t rend a r e  a r e su l t  of the a p p r o d -  
* 

mations which were  made for the cp's and K's. The two s e t s  of boun- 

da ry  conditions (p resc r ibed  and model  profiles) for  which lift a n d  d rag  

coefficients were  computed produced cu rves  which were  very  s imi l a r  to 

each  o ther  i n  shape (F'igs. 40 and 41). Therefore ,  the l i f t -drag r a t ios  

of the two profiles have s imi l a r  t rends.  I t  a p p e a r s  f r o m  these t e s t s  and 

f r o m  those made by Pa rk in  that the extension of W u t s  theory to m o r e  

points on the profile of the wetted surface would be necessa ry  before a 

r igorous evaluation of the theoret ical  and exper imenta l  data can  be made. 

However, the computations for  this  expanded theory would only be prac-  

t ical  if they could be done on a high-speed computing device. 

The above discussion a s s u m e s  that  the theoret ical  and  experimental  

r e su l t s  a r e  direct ly  comparable.  Pa rk in  has  suggested that the dis-  

crepancie  s between the theory and the exper iments  may be due to tunnel 



wall effects. blrucs analysis  is for  a hydrofoil operating in a n  infinite 

f ree  s t ream,  while in the experimental  case this situation does not 
5 

exist. Tunnel wall  effects surely exist ;  however, they have not been 

fully investigated either theoretically o r  experimentally for  fully cavita- 

ting hydrofoils except a t  zero cavitation number with a l inearized theory. 
6 

CONCLUSIONS 

The theoretical calculations of lift coefficient compared very 

favorably with the experimental data. There  was reasonable agreement 

between the drag  data and theory a t  low angles of at tack (a c 5'). How- 

ever ,  drag  data at high attack angles and a l l  lift-drag rat io data were  

decidedly different f r o m  the theory. The over-a l l  agreement  between the 

theoretical and experimental r e su l t s  might be improved by extending Wu's 

analysis  to more  boundary points on the wetted profile and by adapting 

the theoretical computations to high- speed computing devices. 

In addition, further  studies, both theoretical and experimental,  of 

tunnel wall  effects in  cavitating flow would be useful in  understanding the 

discrepancies between the experimental and  theoretical l ift-drag rat ios .  



APPENDIX A 

Approximations and Corrections for Spanwise Twist 

of the Model Hydrofoil 

A simplified approximation of the spanwise twist.of the model 

hydrofoil and i t s  effects on the experimental force measurements a r e  

described in this section. 

The model i s  considered to be a cantilever beam of the prescribed 

profile. The hydrodynamic forces  a r e  assumed to act  a s  two distributed 

loads on this beam ( ~ i ~ .  46). One load, the drag, ac ts  in the direction 

of the f ree  s t ream velocity and to a fir s t  approximation, has a negligible 

contribution to the twisting of the hydrofoil. The other load, the lift, 

ac t s  normal to the flow direction. This distributed load i s  assumed to 

be a linear function of the section attack angle and to be applied a t  the 

center of pressure of the section, which for  this profile i s  significantly 

displaced f rom the center of twist. F o r  the purpose of this simplified 

analysis the cantilever beam i s  considered to be composed of a number 

of spanwise elements. Because of the cantilever construction each 

element is assumed to be twisted in proportion to the integrated span- 

wise torque a t  that element. Then 
* 

where a is the elemental attack angle 

x i s  the spanwise position of the element 

1 h . is the elastic constant = - 
a ,  

KG 
1 z p V' is the dynamic pressure of the fluid 

c is the hydrofoil chord 

k c  is the distance from the elemental center of pressure 

to the section center of twist 

G is the lift coefficient a t  zero  attack angle. 
Lo 
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The equation can  be solved fo r  the e lementa l  twist  angle. Upon ex-  

pansion of the e lementa l  lift a s  a l inear  function of the elemental  a t tack 

angle, the total  lift of the twisted foil  can be computed. A comparison 

of the total  lift of the twisted foil  with that  of an  untwisted foil  yields  a 

t r igonometr ic  relat ion which can be expanded i n  the f o r m  

untwisted l i f t  2 7 2 
twisted lift = 1 - T p t  15 iJ. + ... 

where 

C = lift coefficient at  the a t tack  angle of the t ip of 
LT 

the foil, 

C = lift coefficient a t  the a t tack  angle of the base  of 
La 

the foil. 

With neglect of the higher o r d e r  t e r m s ,  the twisted foi l  can  be con- 

s ide red  to have opera ted  a t  an  effective angle  of a t tack  (ae) which is equal  

to the base angle of a t tack  (aa) plus two th i rds  of the t ip twist  angle (aT ). 
e 

The lift coefficients were  co r rec ted  fo r  the contribution of the effective 

twist  angle to the lifting force.  F u l l  cavi ty operat ion resu l ted  in approximate-  

ly a 1 per cent  cor rec t ion  to the lift coefficients,  while in  par t ia l ly  cavitating 

flow the cor rec t ion  approached 10 per cent. 

T h i s  cor rec t ion  procedure was  a l s o  applied to the d r a g  coefficieilts 

although they actually involve a slightly m o r e  c o ~ n p l e x  analysis .  The addi-  

tional considerat ions a r e  not warranted  because of the o ther  approximatiolls 

which were  made. The  d r a g  coefficient co r rec t ions  amounted to s e v e r a l  

per  cent in  full  cavity operat ion and up to 15 to 20 per cent  in  fully wetted flow. 

I t  appeared  that the uncambering effect  a t  20 and 30 fps  was  s m a l l  

enough that the twist angle co r rec t ions  could be applied on the bas is  of the 

leading- to-trail ing edge twist angle (aT ). The  uncambering effect became 
LE 

so  g rea t  a t  40 and  45 fps  that the leading- to- t ra i l ing edge twist  angle could 



not adequately r ep resen t  the average  twist  of the ent i re  model. T h e r e -  

fo re ,  the midchord-to-trail ing edge angle (aT ) was used in the twist 
M 

correct ions a t  these velocities. The spanwise twist correct ions d is -  

cussed here  were applied to all of the experimental  data r ega rd le s s  of 

the flow conditions. T h i s  was done for the simple reason  that there is 

no existing procedure fo r  cor rec t ing  hydrofoil data for spanwise twist 

throughout the en t i re  cavitating flow regime.  The only established 

cor rec t ions  a t  the present  t i m e  a r e  those f o r  the fully wetted case ,  which 

consider not only the geometr ic  twisting of the foil but a l so  the induced 

effects  of the spanwise twist  upon the en t i re  flow field. Since these in- 

duced effects have not, a s  yet,  been evaluated for  full  cavity flow, i t  i s  

imprac t ica l  to at tempt  to make cor rec t ions  f o r  anything but the geometr ic  

twisting a s  outlined above. 



A P P E N D I X  B 

Minimum Experimental  Cavitation Number 

I t  was desirable  with this supercavitating hydrofoil to extend the 

experiments  to the minimum attainable cavitation number.  The High 

Speed Water Tunnel tes t  procedure for  obtaining s m a l l  cavitation num- 

b e r s  is to reduce the working section p r e s s u r e  a t  constant f r e e  s t r e a m  

velocity until the tunnel diffuser cavitation produces tunnel blockage. 

This  r e s u l t s  in a large drop  in  the f r e e  s t r e a m  velocity and an  increase  

i n  p res su re .  This  velocity dec rease ,  which o c c u r s  while the pump motor 

speed control  i s  maintaining constant rotating speed, i s  accompanied by 

a n  unstable flow condition which makes  i t  difficult to obtain data. Severa l  

methods of reducing the minimum attainable cavitation number were  

t r ied.  The principal methods at tempted w e r e  high-speed operat ion and 

a i r  injection to inc rease  cavity p res su re .  Smal l e r  cavitation numbers  

can generally be obtained with s m a l l  models ;  however, this approach 

was  imprac t i ca l  in these tes t s .  

A comparison of F igs .  10 and 18 shows that the minimum cavita- 

tion numbers  which were  obtain'ed with vapor cavi t ies  occur red  during the ' 

lower velocity (30 fps) tes ts .  

A i r  injection had two different effects. I t  was  found that by inject-  

ing a i r  into the cavity, the cavitation number could be reduced a p p r o x i  

mately 0. 01 below i t s  value without a i r  injection. However , ,  the external-  

ly supplied a i r  collected in the high regions of the tunnel a f te r  being en-  

t ra ined f r o m  the cavity. These  a i r  pockc t s  allowed the s tat ic  p res su re  

of the en t i re  water  tunnel c i rcu i t  to fluctuate causing the cavity to 'pulsate 

and the fo rces  to osci l la te .  Thus,  i t  was  difficult to obtain simultaneous 

groups of force and p res su re  data.  The added cornplications assoc ia ted  

with the a i r  injection method were  not warranted ,  since the minimum 

cavitation number could be reduced only 0.0 10. 

The  r e s u l t s  of these t e s t s  show that the useful  minimum cavitation 

number in the High Speed Water Tunnel can bes t  be obtained a t  a low 

tunnel velocity and an  ext remely  low stat ic  p r e s s u r e  without the addition 

of a i r  to the cavity region. The minimum cavitation number fo r  these 

conditions with the supercavitating hydrofoil was  0. 052. 
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Fig. 2 Prof i les  of prescr ibed  and model hydrofoil. 
a. 1 by 1 scale  
b. 5 by 1 scale  
c .  Bottom surface  de ta i l  a t  t rai l ing edge, 1 by 1 scale 
d. Leading edge detail, 1 by 1 sca le  
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Fig .  3 Photograph of model in working section showing sign conventions. 

Fig. 4 Typical data record photographs. V = 30 fps, a = 5' 
a. wv = 1.604 V = 30.7 
b. uv = , 657  V = 3 0 . 9  
c .  u, = . 126, crk = .  117 V = 2 9 . 2  
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Fig. 5 Lift, drag, and moment coefficients for hydrofoil 
in noncavitating flow. 
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Fig. 7 Drag coefficient v s  cavitation number. V = 30 fps  



Fig. 8 Moment coefficient about leading edge vs  cavitation number.  
V = 30 fps  
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CAVITATION NUMBER , a 

Fig .  9 ~ i f t / d r a ~  ratio vs cavitation number. V = 30 f p s  



' CAVITATION NUMBER, a 

Fig. 10 Lift coefficients at small cavitation numbers. V = 30 fps 
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Fig. 1 1  Drag coefficients at small cavitation numbers. V = 30 f p s  
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Fig. 12  Moment coefficient a t  small cavitation numbers .  V = 30 fps  



CAVITATION NUMBER , cr 

Fig. 13 ~ i f t / d r a ~  r a t io  a t  small cavitation numbers. V = 30 fps  



A T T A C K  ANGLE,aa 

Fig. 14 Lift coefficient v s  attack angle a t  constant cavitation numbers. 
V = 30 f p s  
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Fig .  15 Drag coefficient v s  a t tack  angle at constant  cavitation numoers. 
V = 30 fps  



ATTACK ANGLE, a .  

Fig. 16 Moment coefficient v s  a t tack  angle  a t  constant  cavitation numbers .  
V = 30 f p s  



ATTACK ANGLE, a, 

Fig. 17 ~ i f t / d r a ~  rat io vs  attack angle a t  constant cavitation numbers.  
V = 30 f p s  



SECTION DRAG COEFFICIENT,  C, 

Fig. 18 Polar  diagram a t  constant cavitation numbers.  V = 30 f p s  



CAVITATION NUMBER, a- 

Fig. 19 Lift  coefficients vs  cavitation numbers  at  30, 40, and 45  f p s .  



GAVlTATlON NUMBER, a 

Fig. 20 Drag coefficients vs cavitation numbers  a t  30, 4q, and 45 fps. 
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Fig. 21a Lift coefficient of modified and original models. V = 30 fps. 

I 
CAVITATION NUMBER , o- 

Fig. 21b Drag coefficient of modified and original models. V = 30 f p s  



Fig.  22 Oblique view of wave-like cavitation. oa = 2.73O, ow= . 37. V =  31.0  fp :  

0 
Fig.  23 Oblique view of wave -like cavitation. a, = 2.73  , rv =. 29, V =  30.9  f p s  

0 
Fig. 24 Oblique view of wave -like cavitation. a, = 3 .73  , uv = . 4 7 ,  V = 30.9 f p s  

0 
Fig.  25 Oblique view of wave -like cavitation. a, = 5. 73 , ov = . 20 ,  V = 30.8 f p s  



Fig. 26 Plan view of upper surface of supercavitating 

- - 

Fig. 28 Upper surface cavitation for 
hydrofoil showing the cavitation pattern. o 
aa =2.730,  av = .38 ,  V = 3 0 . 9  fps aa = 2.73 , wv =.  19, V = 31 .0  fps. 

Fig. 27 Upper  surface cavitation for 

a, = 2.73O. r V = . 3 7 ,  V =  31.0 fps. 

Fig. 29 Upper surface cavitation for 
0 a = 2 . 7 3  , tr = . 1 9 ,  V=31.0 fps. a v 



Fig .  30 Upper surface cavitation for  F ig .  32 Upper surface cavitation for  
0 0 a = 2 . 7 3  , cr =.  07, V =  30 .0  fps.  a aa ~ 5 . 7 3  , av=.  12, V = 2 9 . 2 f p s .  v 

Fig .  3 1 Upper surface cavitation, for  F ig .  33 Upper surface cavitation for  

0 a = 5 . 7 3  , av= .20 ,  V =  30 .8  fps. a aa =2.456O, a = . 2 8 ,  V=41 .O  fps.  
v 



Fig,  34 Lower cavity surface waves as seen through upper cavity wall, 
a = 7. 73'. o-,=. 22, V =  30.6 fps  a 

Fig. 35 Lower cavity surface waves a s  seen through upper cavity wall. 
a = 9.73" rv = .  24, V =  30.4 f p s  
3 



Fig.  36 Lower (wetted) surface of the supercavitating hydrofoil 
with definition of the boundary conditions. 

(a)  CIRCULAR ARC (b )  SUPERCAVITATING HYDROFOIL 

Fig. 37 Radius of curvature definitions: 
(a) c i rcular  a r c ,  (b) supercavitating hydrofoil. 



Fig. 38 Derivatives of the lower surfaces of the prescribed and model profiles: 
d2- 

(a) f i r s t  derivative 3 ,  (b) second derivative 2 
dX fi 2 

- 
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( 0 )  PRESCRIBED ( b )  PRESCRIBED KB 

Fig. 39 Effec ts  of the theoretical pa ramete r s  9,  qz and K on lift and 
d rag  coefficients for the prescribed ( a , b )  and m o d 3  ((c, d) 
profiles; (a)  variations with 01, (b) variations with K g ,  
( c )  variations with qll, (d) variations with q 2 .  



CAVlTAT l ON NUMBER, u 

Fig. 40 Theoret ical  lift coefficient vs cavitation number for  
the prescr ibed  and model profiles. 



CAVITATION NUMBER, a 

Fig. 41 Theoretical drag coefficient vs cavitation number for 
the prescribed and model profiles. 



GAVITATION NUMBER, cr 

Fig. 42 Theoretical lift-drag rat io vs cavitation number for  
the prescribed and model profiles. 
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Fig. 43 Comparison of the experimental and theoretical 
section lift coefficients a t  low cavitation numbers. 
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Fig. 44 Comparison of the experimental  and theoret ical  
section d rag  coefficients a t  low cavitation numbers.  
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Fig. 45 Comparison of the experimental  and theoretical 
section lift-drag ra t ios  a t  low cavitation numbers.  





. 
TABLE I - Ordinates  for  Supercavitating Hydrofoil 

0 (L. E. ) 
0.0075 
0.0125 
0.0500 
0.1000 
0. 15,OO 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0. 7000 
0. 7500 
0.8000 
0.8500 
0.9000 
0.9500 
1.oooo (T.E.) 

'= 2 ( p r e s s u r e  side) Yc/c (cavity s ide)  



TABLE I1  - Data for Supcrcavitating Hydrofoil 

V.20 Ips (fully wetted) .  Run 1 

Data aV 
NO. "k C8 Cd Cmo a ~ L E  a ~ M  0% cL cD c M~ L/D 

V r 3 0  ips. a =  -2'. aa= -2 .0 .  R u n  16 

0.0.  R u n  I5 

Vs3O fys .  a =  lo. oms 1 .0 ,  R u n  14 

V =  30 Ips. a =  2O, am= 2.0. R u n  13 

-0.  1540 0.164 0 .110  

V 30 fps.  a= 2. 7 ~ 2 ~ .  oa= 2.722. Run 12 



TABLE U (Continued) 

D.t. r, u* 
No. 

V 1 4 0  fpa, a = 2.  722'. a== 2 .8 .  Run 23 

V =4O ips. a =  2 . 7 2 ~ ~ .  a,= 2.8,  Run 24 

Y ~ 4 0 f p s .  0 = 2 . 7 2 2 ~ .  a,=2.9. Run 29 

V = 4 5 f p s .  0 ~ 2 . 7 2 2 ~ .  a,= 2.8.  Run 37 

-0.178 11.1 
-0.  173 11.2 
-0.  169 LO. 6 
-0. I68 11. 3 
-0 .  LO2 10 .6  
-0. I70 18 .2  
-0. 120 15.6 
-0.097 14.8 

r Added a i r  to cavity. 



TABLE I1 (Continued) 

Data ",. ck 
NO. 

V  = 30 fpa. n  = 3'. a,= 3 . 2 ,  Run 1 I 

V = 3Ofps. a = 3O. p= 3.0,  Run 40 

v s 3 0 f p s ,  a =  3O. 1 ~ ~ 1 3 . 2 .  Run 41 

V = 4 0 f p s .  a =  3O. %=3.2,  Run 25 

Run 5 

U I n r p c  t l p  c l r a r s n r e .  



TABLE I1 (Conlmued) 

Data Uv wk 
No. 5 cd Cma a ~ L E  a ~ M  aTe C~ CD CM, L/D 

V=4Ofps ,  a=4O. ma:+. 2. Run 26 

V=4Ofps.  0 =4O, a,=(. 3. Run 27 

V.40 fps, a=4O, 4. 4.1. Run 28 

V = 45  fp., a *  4O. p= 4.0. Run 32 

0 0 
0 0 

0.046 0.030 
-0.022 -0.015 

0.147 0.098 
0.012 0.007 

-0.011 -0.007 
0.023 0.015 
0,068 0.045 

a1=4.0. Run 34 V.45 fp.. .,=do. 

' Added air to cavity 



TABLE I1 (Continued) 

Dat. ", tlr 
No. 

l a =  5 . 0 .  Run 6 

-0.124 12.0 
-0.102 12.0 
-0. LOO 12.0 
-0.264 14. 5 
-0 .101 12.4 
-0.117 11.7 
-0.095 10.7 

V r  45 fps, a= 5'. a r 5.2.  Run 38 

V = 30 fps, a= 6O, p r 6 . 0 .  Run 7 

V.45 Ips. a=6O. aa=6. 2 .  Run 39 

oa= 7 . 2 .  Run 8 

0.527 
0.558 
0.580 
0.641 
0 .629  
0 .599  
0.561 
0.440 
0.383 
0.353 
0 .216  

Added air  Lo cavity 



TABLE I1 (Continued) 

Data 
No. 

mk 

-0.329 10.0 
-0. 307 10.4 
-0.305 10.0 
-0.305 LO. l 
-0. 316 9.8 
-0.351 10.3 
-0.382 9.9 
-0.429 9.4 
-0.452 9.4 
-0.410 8.7 
-0.387 8.9 
-0.348 8 . 3  
-0.302 8.0 
-0.248 7.6 
-0.211 7.6 
-0.174 7.7 
-0. 144 7.6 
-0. 139 7.7 
-0.136 7.6 
-0.139 7.7 
-0.138 7.7 

V = 30 i p s .  a= lo0. %= 10.3. R u n  10 

V = 3 0  i p s .  o= 2 . 7 2 ~ ~ .  na=2.456. Run 51 

V = 30 i p s .  a =4O, a,,= 3.833, R u n  52 

V = 30 fps .  a= 4'. R u n  53 

Added air to cavity 
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