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PRELIMIZ?ARP TESTS IN THE NBCA TAHK TO INVESTIGATE 

THE ~UITD~LMEBTAL CHARACTEX1 ST1 CS OF HPDROYOILS 

By Kenneth E,  Ward and Norman S. Land 

The present preliminary investigation was made to 
study the hydrodynamic properties and general behavior of 
simple hydrofoils, Six 5- by 30-inch plain, rectangular 
hydrofoils were tested in the BACA tank at various speeds, 
angles of attack, and depths below the water surface. TPIO 
of thc hydrofoils had scctions rspresen$ing the sections 
of commonly used airfoils, one had n section similar to 
one developed by Guidoni for use with hydrofoil-equipped 
seapli?.nc floats, and t h r e o  had sections designed to have 
constant chordwisc pressure distributions at given values 
of th? lift cocfficicnt for thc purpose of delaying tho 
spccd at which cavitation begins, 

Ths i?::pcrimenta.l results are presented as curves of 
thc lift sad drag cocfficionts plotted against speed for 
the various angles of attack and depths for which the 
hydrofoils were tested. L!! nunber of derived curves are 
included for the purpose of b e t t o r  conpGring the chcrac- 
teristics of tho hydrofoils and to show tha cffects of 
depth. Scvera1 rcprasentative photographs show the dovol- 
op~cnt'of cavltstion on the upper surface of the hydrofoils. 

The results indicate that properlz designed hydrofoil 
sections v:ill have excellent characteristics and that the 
speed at which cavitation occurs nay be delayed to an aI3- 
preciable extent by the use of suitable sections. 

A hydrofoil is, by definition, any surface designed 
to obtain reaction from tha water through which it moves. 
One of the first to use hydrofoils was forlaaini in Italy 
in 1898 for the 2urposc of supporting high-speed boats on 
the water with a mininun rmount of resisting force. A 
numbcy of later dovolo~nonts were nzdc by Crocco, Bell, 
and others for the same general purpose. 



The l i r s t  p r a c t i c z l  3 , p p i i c a t i o n  of t h e  u s e  of hydro-  
f o i l s  t o  e s s i s t  t h e  t a k e - o f f  of a s e a p l a n e  from t h e  w a t e r  
was by Gnidoni  i n  I t c l g  and h i s  f i r s t  s u c c e s s f u l  f l i g h t  
was made i~ 1911 .  G u i d o i ~ i  .~on?~ .uc t e i ?  a c o n p r o h e n s i v e  i n -  
v e s t i g a t i o n  of h y d r o f o i l s  and of s e a p l a n e s  equ ipped  w i t h  
h y d r o f o i l s ,  The S6A so r tp l anc ,  d e v e i o p c ?  by G u i d o l i  i n  
1 5 1 7 ,  i s  p e r h a p s  t h e  b e s t  knovn example of a s e a p l a n e  
h a v i n g  f l o a t s  p r o v i d e d  ~ 5 t h  h y d r o f o i l s .  

There  h a s  boen a r c c c n t  r z v i v a l  of i n t e r e s t  i n  hy- 
d r o f o i l s ,  w i t h  p a r t i c u l a r  r e s p e c t  t o  t h e i r  u s e  i n  a s s i s t -  
i i i g  t h e  t a k e - o f f  of l ong - rangc  f l y i n g  b o n t s .  The u s e  of 
h g d r o f  o i l s  p r o ~ i d e s  t ho  p o s s i b i l i t y  of 2. g r e a t l y  i n p r o v e d  
a . c r o d y n m ~ i c  form f o r  t h e  f l y i n g  b o a t  w i t h  t h o  r e s u l t i n g  
i a c r a a s n  I n  p c r f o r a n r c c  i n  t h c  cir.  E y d r o f o i l s  a l s o  are 
knov2 t o  hzvc good rough-water  c h a r a c t c r i s t i c s  and  t h e i r  
u s c  n a y  r e s u l t  i n  n s u b s t a o t i n i  d c c r c a s c  i n  t h c  s t r u c t u r a l  
w e i s k t  of t h e  h u l l .  

L * "licrc i s  3 p r e s c n t  need  f o r  f u n d a n e n t o l  s t u d i e s  r e -  
g a r d i i l g  t h c  p r o p c r t 5 e s  of h y d r o f o i l s .  Thc a l m o s t  compleLc 

B 

l a c k  of d e s i g n  d a t z  Lns p r o b a b l g  b c c c  a d e t e r r e n t  t o  t h e  
u s e  of k y d r o f o i l s  i x  s o d c r n  ? p p l i c n t i o n s .  Any f u n d a n c n t a l  
s t u d i e s  s h o u ~ d  inc lu f i e  t z s t o  of h y d r o f o i l s  of lz i rge s i z e s ,  
n a i n l g  becz.use of t h c  sca3.c o f f c c t  on c a v i t a t i o u ,  i n  o r d e r  
t o  o b t a i l  r c l i n b l c  d ~ . t a  rcga,rclini; t h e  n o s t  p r a c t i c a l  s ec -  
t i o l c  2,2d- n r rnn t ; ene :~ t s  t o  he used .  

T l i s  2 r c a e n t  p r o l i s i a a r g  i n v e s t i g a t i o n  v!as nade  t o  
s tud>-  t h e  g e n e r a l  b e h a v i o r  of s i n p l e  h y d r o f o i l s .  S i x  hy- 
d r o f o i l s ,  r e c t a n g u l a r  i n  y l a n  f o r 2  and ~ ~ 5 t h  c o n s t a a t  s ec -  
t i o a s ,  Tarers t s s t e d  i n  t h e  XACB tan!: d . u r i i ~ g  Povai;ber and 
D a c c ~ b c r  1938. F i v e  of t h o s e  h y d r o f o i l s  a r c  s i m i l a r  t o  
a i r l o i l s  t h a t  havc  been  t e s t a d  i n  t h c  BACA v a r i a b l e - d e n -  
s i t y  v i z d  t u n n o l .  The s i x t h  r e p r e s e n t s ,  a s  n e r - r l y  a s  
f e a s i b l e ,  one of t h e  s o c t i o n s  d e s c r i b e d  by GuiLoni i n  
r c f e r e l c c  5. I k e y  v c r e  suspended  i n  t h c  v a t c s  below a 
b ~ * l c n c e  s c c u r z d  t o  tF.c t o w i n g  c 2 , r r i a g c  a a d  t h e  l i f t ,  d r a g ,  
ail& p i t c h i n g  n o r ~ e n  '; wzro r;oasi.rred n t v v a r i o u s  s p e e d s ,  an- 
g l e s ,  n i ~ d  d c 2 t h s  of sub-xcrs fon ,  

A C c s c r i p t i o a  o f  t h e  XACB t a n k  a n 6 . t h . o  t owing  c a r -  - d  

~ i a g ~  i s  g i v c n  i n  r c f c r s a c c  1. Th2 ba l a f i ce ,  which i s  su-p- 
p o r t c d  on t h e  n a i n  s t r u - c t u r a l  n o n b a r s  o f  t h e  t owing  c a r -  



r i a g c ,  i s  shown d i a g r a m x a t i c a l l y  i n  f i g u r e  1. I t  i s  de- 
s i g n e d  t o  measure  t h e  l i f t ,  d r a g ,  and  p i t c h i n g  moment of 
t h e  h y d r o f o i l .  B a s i c a l l y  t h e  b a l a n c e  c o n s i s t s  of n heavy  
f l o a t i n g  f r ame  c o n n e c t e d  by meons of l i n k a g e s  t o  c a n t i -  
l e v e r  s p r i n g s  a t t a c h e d  t o  t h e  main f r a m e ,  and  t o  t h e  regu-  
l a r  r e s i s t a s c e  dynamomenter of t h e  c a r r i a g e .  The f l o n t -  
i n g  f r ame  c o n t a i n s  a movable u n i t  i n c l u d i n g  two s t r u t s  a ~ d  
t h e  h y d r o f o i l  which can  be a d j u s t e d  t o  change  t h e  a n g l e  of 
a t t a c k  and t h e  d e p t h  o f  submers ion  of t h e  h y d r o f o i l .  Thc 
s t r u t s  a r e  t a p e r e d  and  h a v e  b i -convex  s e c t i o n s  w i t h  con- 
s t z n t  r z d i i  of  5 - 5 / 8  i n c h e s  and s h a r p  l e a d i n g  and t r a i l i n g  
e d g e s ,  They a r e  s p a c e d  16-1/8 i n c h e s  be tween  c e n t e r s  and  
a r e  a t t a c h e d  t o  t h e  u g p e r  s u r f a c e  of  t h o  h y d r o f o i l  w i t h  
t h e  c e n t e r  l i n c  of t h e  s t r u t s  a t  t h e  h a l f - c h o r d  p o s i t i o n  
a n  t h c  h y d r o f o i l .  T h o  c h o r d  of t h e  s t r u t  a t  t h e  s t t a c h -  
ment y o i n t  i s  2.9 i n c h e s .  The c h o r d  l i n c  o f  t h e  h y d r o f o i l  
h a s  an  i n i t i a l  a n g l e  of a t t a c k  of 6O when t h e  s t r u t s  a r e  
v e r t i c a l .  I t  i s  i n t o r c s t i r g  t o  n o t e  t h a t  t h e  s p a c i n g  be- 
tween  s t r u t s  o f  16-1 /8  i n c h e s ,  which  was computed t o  g i v e  
e q u a l  b e n d i n g  l o a d s  on e a c h  s i d e  of a s t r u t ,  was f o u n d  t o  
b c  j u s t i f  i e d  when ono h y d r o f o i l  was a c c i d . c : ~ t o l l y  o v c r -  
s t r e s s e d  and  d e f o r n e d  d u r i n g  a t e s t  a t  h i g h  s p e e d s .  

Tho h y d r o f o i l s  a r o  a l l  rectangular i n  p l a n  form w i t h  
s q u a r c  L ips  and  c c n s t s n t  s e c t i o n s .  They have  a  c h o r d  of 
5  i n c h c s  and n span  of 30 i n c h e s  a n d ,  c x c c p t  f o r  t h o  
Gu idon i  s e c t i o n  rrhich i s  s t c c l ,  a r c  machined from h a r d  
b r a s s .  The method of c c n s t r u c t i o n  i s  t h c  s a n e  a s  t h a t  do- 
s c r i b e d  i a  r e f e r e n c e  2 f o r  c o n s t r u c t i o n  of t h e  a i r f o i l s  
t e s t e d  i n  t h c  v z r i a b l e - d e z s i t g  wind t u n a e l  and t h o y  a r c  
f i i ~ i s j i e d  w i t h  t h c  same d e g r e e  o f  s u r f a c e  smoothness .  

S i x  h y d r o ? o i l s  were  t c s t e d  i n  t h i s  p r e l i m i n a r y  i n v e s -  
t i g a t i o n ,  two h a v i n g  s e c t i o n s  commonly u s e d  f o r  a i r f o i l - s ,  
ooe  h a v i n g  2" s c c t i o n  d e v e l o p e d  by Gu idon i ,  and  t h r o e  hav- 
i n g  s c c t i o i ~ s  d e s i g n e d  f o r  u n i f o r n  cho rdwise  p r e s s u r e  d i s -  
t r i b u t i o n s .  Thc p r o f i l e s  of t h e s e  s e c t i o n s  n r c  shown i n  
f i g u r c  2. The BACA 23012 ( r e f e r a n c e  3)  was chosen  a s  rcp-  
r c s 2 n t i i i g  c c o a n o n l y  u s e d  a i r f o i l  s e c t i o n  f o r  which  con- 
s i d e r a b l e  d a t a  a r e  z v ~ " i l a b l e  f r o n  wind.- tunnel  and f r e e -  
f l i g h t  t e s t s .  The NkCA 23006-35 (0006-33 t h i c k n e s s  d i s  t r i -  
b u t i o n  ( r a f e r e x c c  4) d i s p o s c d  on t h e  230 n c z n  l i n e  ( r e f e r -  
e n c e  3 ) )  w a s  chosen  t o  r e p r e s e n t  a t h i n  a i r f o i l  s e c t i o n  
h a v i n g  a s s a l l  leadin[;-edge r a d i u s .  

Thc Guidoni  r e p r e s e n t s  n s e c t i o n  u s e d  by Guidoni  i n  
n p r n c t i ~ 3 ~ 1 -  c p p l i c n t i o n .  ( s e e  r e f e r e n c e  5. ) The o r d i -  
n a t e s  f o r  t h i s  s o o t i o n  were d a t o r n i n e d  f r o n  t h e  i l l u s t r 2 , -  



tion published i-1 reference 5 and may not exactly dupli- 
cate the original section. 

The sections for uniform chordwise pressure distri- 
butions are represented by the NBCA 25 B 09-46, the XhCA 
16-509, and the 2TflCA 16-1009. In choosing these sections, 
it was recognized that the cavitation phenomenon is assoG 
ciated with the low prcssurzs developed on the lifting 
aucface of the hydrofoil. Pressure-distribution investi- 
gations show that the usual oirfoil shape results in a 
very irregular distribution along the chord. For all but 
the lowest values of the lift coefficient, sharp peak 
pressnres develop near the leasing edge due to very rapid 
accclarc,tion of the air. 3ecnuso of the association be- 
t w ~ c i ~  the low pressures on the section of a hydrofoil and 
the developnent of cavitation, it was- apparent that if 2, 

soctioz could be dcvcloped which had n uniformly constant 
pressuye along the chord, much higher normal forces could 
be obtained without reducing the yressure at any point be- 
low the vapor pressure of the water an$- thus causing cevi- 
tation of the flow, Philo investigating the shapes of e 

sec:bions which would give the desirecl distribution, it was 
found that such sections viere Seing developed for high- 
speed airfoils. The NBCd 25 303-46 (reference 6) repre- 
Sents one of the earlier dcvclo?ment forms. The NACA 
16-509 and l?ACA 16-1005 arc later sections developed as 
described in references 6 and 7 and subsequcntly tested 
in the 24-inch high-speed tunnel. These sectioas are de- 
sig~cd to have a. uniform chordwise pressure distribution 
at gircn valucs of tle lift coefficient (CL = 0.5 for 
the 16-509 and CL = 1.0 for the 16-1009). 

In makins tests of the hydrofoils, the strut pivot is 
bolted in a position which places the hydrofoil at a chosen 
nominal. depth and angle of attack. The carriage is then 
operated at constant speeds and the forces are observed 
throughout tho range of speeds within the Limits of the 
streagth of the hydrofoil. or of the apparatus, (Lift 
forces of over one ton per square foot were measured in 
the prcsont investigctioa.) The speed at which cavitation 
first 2,ppcars is noted and representative photographs of 
tho phenomenon arc taken. The procedure is repeated for 
various anglcs of attcck and. for various nominal depths. 
Ihc temperature and level of the water in the tcnk arc do- 
termined for anch test. 



RESULTS 

Ex~criment~~l results.- The experimantal results are 
presented as curves of lift and drag coefficients plotted 
agcinst speed in figures 5 to 8. Each set of curves 
shows the variations of the coefficients with changc in 
speed for constant values of the angle of attack and for 
seveyal representative depths of submersion, The forces 
?.re reduced to coeff icicnts of the usual aerodynamic form, 

Lift coefficient CL = L /  1/2 pvl Y2 S 

arag coefficient CD = D / 1/2 p, V2 S 

where L total lift force, 1% 

i): drag force, lb 

P 11 mass density of water, 1,968 slugs/cu ft for 
these tests 

S area of hydrofoil, sq ft 

The drag coefficient is based on the total drag of the 
hydrofoil and strut system which is submerged. Windage 
corrections have been applied for the balance and that 
portion of the struts above the water line, These correc- 
tions were determined by measuring tha forces using scc- 
tions of dummy struts on the balance running Just clear 
of the water surface, 

Pitching moments arc not included in t h e  results be- 
cause the seasitivity and operation of the balance were not 
sufficiently good to ~ i v e  consistent and reliable data for 
tho moments, In practical applications the pitching mo- 
ment of the hgdrofoil 1.1rill b e  negligible compared with the 
momsnts resulsbing from the lift and drag forces, 

Speeds nre prcscntcd in dinensional units because it 
is not considered feasible at the present tine to estab- 
lfsh s nondimensionsl forn. In high-speed cfrfoil work 
the speed of souad, which. represents the rat3 at which 
pressures arc propagated through the fluid, provides a 
convonicnt valus upon which to base a nondimcnsional speed 
ratio. In working with hydrofoils, a logicnl choice for 



a s i m i l a r  r o . t i o  r.rould p r o b a b l y  be t h e  speed  a t  which  
c z v i t s t i o n  b e g i n s .  Th i s  speed. i s  m a i n l y  a f u n c t i o n  of 
t h e  vapor  p r e s s u r e  of t h c  f l . u i d ,  a n 6  t h o  n i n i n u n  p r e s s u r e  
d e v e l o p e d  by  t h e  h y d r o f o i l  v h i c h  i s  a f u n c t i o n  of  t h e  
s i z e ,  s h a p ~ ,  and  n t t i t u g e  0 3  t h e  s e c t i o n .  I t  i s  p o s s i b l e  
t h a t ,  w i t h  : ? u r t h e r  s t u d y ,  a s a t i s f a c t o r y  method of d o t e r -  
m i n i n g  a c a v i t a t i o n  s p e e d  mag be found  and t h i s  speed  
u s e d  t o  g i v e  a nondimens io i la l  r a t i o  of s p e e d s  which n a y  
h a v e  some a d v a n t a g e  o v e r  t h e  d i m e n s i o n a l  q u a n t i t i e s .  For  
t h o s e  i n t z r e s t e d  i n  u s i n g  t h e  Reynolds  number i n  connec- 
t i o n  t ~ i t h  t h e  p r e s e n t  r e s u l t s ,  t h e  v a l u e  of t h e  k i n e m a t i c  
v i s c o s i t y  of t h e  w a t e r  i n  t h e  t a n k  may be found  from t h e  
e n y i z i c a l  r e l a t i o n  

wherc t i s  t h e  t e n p c r a t u r c  of t h e  w a t e r  i n  d e g r e e s  
F a h r e n h e i t .  

The d c p t h  of submergence of t h e  h y d r o f o i l  i s  g e n e r -  
a l l y  g i v s n  i i ~  t h e  T e r u . l t s  a s  t h e  nomina l  d.epth d  of t h e  
q u a ~ t e r - c h o r d  o f  t h e  s e c t i o n  i n  te rms  of t h e  cho rd  c .  
The nomius l  d e p t h  represents 3 f i x e d  p o s i L i o u  o f  t h e  p i v o t  
on t h e  b a l a n c e  and d i f f e r s  from t h e  a c t u a l  d e p t h  b e c a u s e  
of  t h e  a n g u l a r  change and  , t h e  sn ; a l l  d a i l y  v a r i a t i o n  i n  
t h e   rater lev<:]-. ?he a c t u a l  d e p t h  i s  of i m p o r t a n c e  o n l y  
ivhen tile h x d r o f o i l  i s  n e a r  t h e  s u r f a c e  because  of t h e  
r e l u t i v e l g  s m a l l  changas  i n  t h e  h y d r o f o i l  c h a r s c t e r i s t i c s  
w i t h  d p ~ t h s  below two c h o r d s .  The a c t u a l  d e p t h  may b e  
r o a d i l g  o b t a i n e d  f o r  any s p e c i f i c  r e q u i r e n e n t  from t h e  r e -  
l a t i o n  

where  d,/c a c t u a l  d e p t h  of qnc t r tc r -chord  p o i n t  i n  t e r m s  
of t h e  c h o r d  

a a n g l e  of a t t a c k ,  d e g r o a s  

k t r i m ,  i n c l u d i n g  t h c  nomina l  d e p t h ,  w a t e r  l e v e l ,  
and  correction f o r  t h e  t h i c k n e s s  of t h e  
h y d r o f o i l  ( v a l u e s  o f  k a r o  i n c l u d e d  w i t h  
t h e  f igz?.?=cs) 

The r e s u l t s  ;&re g i ~ e n  r ' o r ' n o m i n a l  d c p t h s  of l c ,  2 c ,  
5c  f o r  311 of t h e  h y d r o f o i l s  .tested and, i n  a d - d i t i o n ,  

t h e  r e s u l t s  f o r  a  nominc l  4 e p t h  of 1 / 4 c  a r c  i n c l u d e d  f o r  
t h e  NdCA 23012 2nd t h e  Guidoni .  Some t e s t s  wera made f o r '  



a nominal depth of 3c, but tke results are not included 
because they differ so little from the results obtained 
for the depths of 5c. 

The speed at which cavitation begins, Vc, is indi- 
cated by smnlL arrows on tho curves. These speeds repre- 
ssnt the speeds at which cavitation first nppearod on the 
upper surface of the hydrofoil. There v~as some evidence 
of cavitation on the lover surface of the hydrofoil, at 
low vzlues of the angle of attzck, from observations of 
the wake behind tlie hydrofoil, but the speeds at which it 
first appeared were not recorded because they did not 
represent tho start ol cavitation. 

Derived results.- Several series of curves are de- 
rived from the experimental results and are given in fig- 
uses 9 to 17. The first series of curves (figs, 9 to 14) 
show the variations of the drag coefficient, lift-drag 
ratio, and cavitation spead, which are plotted against 
lift coefficient with speed as the parameter. Theso 
curves are given for two representative depths, lc and 5 ~ .  

The cffect of depth is shown in figures 15 and 16, 
Only the results for the NdCh 23012 are giv3n because these 
data are tho most complatc. The curves of lift and drag 
coefficients plotted   gain st depth (fig. 15) are derived 
from ~ h s  dnta given in figure 3, using the straight part 
of the curve, extrapolated where necessary. The drag co -  
efficient and the angle of attack are plotted against the 
lift coefficient in figurc 16 and compare thcse character- 
istics for four different depths. The drag coefficient 
C$ in this figure is based on the drag of the hydrofoil 

less the drag of th% struts. Inclnded in the figure are 
corresponding curves for a similar NACH 23012 airfoil. 
The curves for tho airfoil were obtained from the data 
published in reference 8 nad corrected to aspect ratio 6 
by the usual method. All of the curves of figure 16 are 
given lor a Reynolds avmbcr of 654,000 corresponding to a 
spacd of 20 fps in the tank, 

The drag of thc strut; w a s  obtained from tests of 
the struts with the hydrofoil removed and does not take 
into a c c o u ~ ~ t  tilo interf crz:lca effects. The drag coeffi- 
cient for tile submergacl. portion of the struts, based on 
the area of tha hydrofoil, nay bc expressed 3y the rela- 
ti02 



This se1;:tion is fadepeadent of the angle of attack, within -? 

the limits of accuracy of the tests*, and holds for speeds 
belov 50 fps at which speed the struts begin to cavitate 
when attached to the hydrofoil. It is interesting to note 
that the struts cavitated much later when tested without 
the l~yd-rofoil and that thc drag of the struts increased 
considerably when cavitation occurred. Corresponding meas- 
ureii~cnts of the lift of the struts showed small, inconsist- 
ent values which are considered negligible within the Iim- 
its of accuracy of the tests. a 

A comparison between tho observed speeds at which 
cavitation began on the >?SC.A 23012 hgdrof oi 1 and co~puted 
spocds based on the pressure dist~ibution (obtained from 
wind-tunnel results by the methods of references 12 and 13) 
is sho~:~n in figure 17. 

Seveyal representative photographs showing the cavi- 
tation on tho hydrofoil are given in figure 18. In taking 
thcsc photographs, a strong light was placed above the 
surf ace  of ths water a i ~ d  the reflections were eliminated 
by thc use of a polaroid filter in front of the canera 
leas. 

Accuracy.- Tho accuracy of the experimental results, 
for an individual test, is insicated by the sccttering of 
thc test poiats on the curves. Check tests of the same 
hydrofoil., hotrevor, showec?' appreciable diff crances beyond 
the cavitation speeds with reasonably good checks at lower 
spccds. The later tests indicated that the drag was gen- 
erallg higher and the, lift was inconsis tently higher or 
lower than for the origind test. The reasons for these 
differences are as yet unexplainable. It appears probable 
that small differences in the alinement of the balance may 
have caused the differences in the results. Every effort 
was made to Beep the balance in proper alinenent and to 
keep all operating conditions as noarly the same as prnc- 
ticablc during tho invostigation. AnoLher possible cause 
of the differences in the results may 3 0  due to a critical 
nature of the flow after cavitation has developed. The 
results as presented in this report ara believed to be the 
most reliable of those obtained and give the correct order 
of the forces. 

The speeds for each test point were accurately measured 
by thc usual method of recording the time and aistance for 
tests in thc NACA tank. Tho speeds at ahich cavitation 
first appeared arc probably n little high because of the 



method and difficulty of observation. Check observations 
of the cavitation speed during the same test, however, 
agreed very cl.ossljr. The observed -values are believed to 
be correct within -1-5 and -0 fps. 

The depths of the hydrofoils were accurately meas- 
ured with respect to the still-water level at the begin- 
ning of each day of testing. d small reduction in water 
level occurred while a test was in progress through leak- 
age of water fron the tank but this reduction is considcred 
negligible. Other sources of error are a constant dopres- 
sion of the water level under the carriage of about 1/8 
inch caused by the pressure field arouna the moving car- 
riage, and an irregular surge of the water in the tank of 
from zero to 2 3/8 inch. 

There was no accurate control for setting the angle 
of ettnck of the hydrofoil and small errors were introduced 
fron deflections of the balance structure under locd. The 
probable limits of accuracy are believed to be within 
-I-0.2O and -O.SO. 

Hydrofoil Characteristics 

Ex-oerimental results.- The experimental results (figs. 
3 to 8) in general show marked changes in the values of the 
coefficients with cha~ge in speed for constant angles of 
attack. Also, the differeat types of sections show consid- 
erable diffcreaces. The cavitation phenomena apparently 
have the largest effec%, particularly for the hydrofoils 
having the usual airfoil sections. With the exception of 
some of the v2riations of drag, the usually smooth curves 
indicate that there are no sudden changes in the forces 
resulting from cavitation. The general shapes of the 
curves for any one hydrofoil are unaffected by the depth 
of the hydrofoil below the water surface, as may be seen 
by conpariag the curves for different depths, 

An interesting foature of the variation of the lift 
coefficient is the apparent approach to a limiting enve- 
lope which corresponds to a constant ralue of the total 
lift force as illustrated bx the curvss of figure 3d. 
This tendency is even more pronounced in the curves of 
some of the other figures, A possible explanation may be 



in a limiting valus for the change in momentum of tho 
, fiuid acted on by the hydrofoil, owing to cavitation or 
other causes, 

The hydrofoils having sections of the usual airfoil 
type (figs, 3 and 4) show the closest relntion betwccn 
the cavitation speed and the departure of the force coef- 
ficicnts from constant values. For these hydrofoils tho 
lift coefficient decreases and the drag coefficient in- 
creases near the cavitation speed. The decrease in lift 
cocfficicnt is relatively small but, at high angles of 
attack, ths increase in drag coefficient is quite large, 

Thn hydrofoils having sections dcsigncd for reduced 
cavitation (figs, 5 to 7) are of particular interest when 
operating near the design value of the lift coefficient. 
For these hydrofoils thc lift coefficient falls off ~ i t h  
increase in speed, at constant angles of attack, as for 
the 0 t h ~ ~  hydrofoils, but there was a large reduction in 
tho drag coefficient to a minimum value which is agpnr- 
cntly inilepeadcnt of the cavitation speed. This roduc- 
tion in the drag coefficient with increase in speed is 
compayablc with the res.~llt,s give1 ir, refarencc 6 ~11ierc 
simila~  characteristic^ were found from tests of airfoils 
of this type, i ' i hen th3 hydrofoils are operating at an- 
gles of attack above thi~t giving the design value of the 
lift cocfficicnt, the lift and drag coefficients both in- 
cxeasz, with increzsc in spccd, to a maximum and then de- 
crease quite rapidly. 

The? incrcase in lift coefficient is pro3ably d.uc t o  
a defornztion in the effective profile of the section 
caused by separation in the cavitsting area which results 
in an increase in the,effectivc camber, This is one con- 
clusion reachcd by Walcl~ner (ref ereace LO), 

Thc Guidoni hydrofoil (fig. 8) shows thc same general 
characteristics as the hydrofoils sFecially designed for 
reduced cavltntion. It is of interest to note that the 
Guid.oni sections, developed so many years ago, are still 
praatical sections having good characteristics. The 
Guidoni sections ara generally thin, however, with corre- 
sponding limitations in the load-carrying ability. The 
sections developed by the NBCA arc much thicker and permit 
a reducetion in t h e  number of supporting .struts required 
for a given installation. Further tasts arc required to *, 
investigate the effects of a $harp or slightly rounded 
leading edgo. Some bricf qualitative tests indicate that 



t h e  small l s a d i n g - o d ~ c  r a d i i  of t h e  NACA s e c t i o n s  a r e  
. s a t i s f a c t o r y  f o r  b r e a k i n s  t h e  w a t e r  s u r f a c e  when a  s e t  

of  h g d ~ o f o i l s  h a v i n g  d i h o d r a l  emerges ,  a s  f o r  a p r a c -  
. t i c a l  i n s t 2 1 1 n t i o n .  

Dcr ivcd  r e s u l t s . -  The c u r v e s  o l  d r a g  c o o f f i c i c n t s  
a n d  l i i ' t - d r a g  r a t i o s  ( f i g s .  9 t o  1 4 )  a r e  u s e f u l  f o r  com- 
p a r i n g  t h e  c h n r a c t e r i s t i c s  g i v e n  by t h e  d i f f s r c n t  s e e -  
t i o n s  f o r  e q u a l  v a l u e s  o: t h e  l i f t  c o e f f i c i e n t ,  These 
cuI tves  a r e  dependen t  on t h e  f a i r i n g  of  t h e  b a s i c  c u r v e s  
b u t  show t h s  r e l a t i v e  o r d e r s  of t h e  r e s u l t s .  The c u r v e s  
f o r  t h c  u s u a l  a i r f o i l  s e c t i o n s  ( f i g s .  9 and 1 0 )  f a i l  
w i t h i n  r e a s o n a b l y  u n i f o r m  e n v e l o p e s ,  w i t h  t h e  i n d i v i d u a l  
c u r v e  f o r  a g i v e n  speed  l o a v i n g  t h e  e n v e l o p e  when c a v i -  
t a t i o n  o c c u r s .  The v a r i a t i o n s  of t h e  d r a g  c o e f f i c i e n t  
and  t112 l i f t - d r a g  r a t i o  w i t h  change i n  l i f t  c o e f f i c i e n t  
a r e  a b o u t  normal  f o r  t h c  e n v e l o p e  c u r v e s  when compared 
w i t h  s i m i l a r  r e s u l t s  f rom wind- tunno l  t e s t s .  

The c o r r e s p o n d i n g  c u r v a s  f o r  t h e  h y d r o f o i l s  h a v i n g  
t h e  o t h s r  s c c t i o n s  ( f i g s .  11 t o  1 4 )  show c o n s i d e r a b l e  
d i f f e r a n c e s  i n  t h e  v a r i a t i o n s  f o r  t h e  d i f f e r e n t  s p e e d s ,  
a s  migh t  b e  e x p e c t s 6  from t h ~  d i f f e r e n c e s  shown by t h e  
o r i g i n a l  c u r y c s .  Thc c u r v e s  f o r  t h e  NBCd 16-509 h y d r o f o i l  
shov~n  i n  f i g u r c  1221, b e s t  i l l u s t r a t e  t h o  v a r i a t i o n s  f o r  
t h e  s e c t l o n s  d e s i g n e d  f o r  r e ? u c e d  c a v i t a t i o n .  A s  t h e  
s p e e d  i a c r e a s c s ,  t h e  m i n i n w  d r a g  c o e f f i c i e n t  i s  r e d u c e d  
and  c o a e s  a t  h i g h e r  v a l u e s  of t h e  l i f t  c o e f f i c i e n t .  The 
low v a l u e s  o f  t h e  d r a c  c o 6 f f i c i e n t  r e s u l t  i n  h i g h  v a l u e s  
o f  t h e  l i f t - ? . r a g  r a t i o  i n  t h e  u s e f u l  r ange  of l i f t  c o e f -  
f i c i e : ~ t s .  P r a c t i c a l  l i m i t s  of t e s t i n g  u n f o r t u n a t e l y  p r e -  
v e n t  the e x t e l s i o n  of a l l  of t h e  c u r v e s  t o  g i v e  more con- 
p l e t e  i n f o r ~ a t i o n  a s  t o  t h e  g e n e r a l  b e h a v i o r  of t h e s e  
h y d r o f o i l s  a t  h i g h  s p e e d s .  

n. LAIC g 3 i i a r a l  e f f e c t  of d e p t h .  of submergence of a  hy- 
d r o f o i l  i s  t o  d e c r e a s s  t h e  l i f t  and d r a g  c o e f f i c i e n t s  
w i t h  d e c r e a s e  i n  dep th .  T h i s  e f f e c t  i s  i l l u s t r a t e d  b y  
t h e  c u r v e s  of f i g u E e  1 5  f o r  a t y p i c a l *  s x a n p l e .  Those 
c u r v e s  r c p r e s c n t  t h e  v a l u e s  of t h c  c o e f f i c i e a t s  b e f o r e  
c a v i t a t i o l i  h a s  d i ~ t u r b e d  t h e  norinal  f l o w  and  show, i n  

: p a r t i c u l a r ,  t h o  l o s s  of l i f t  a s  t h e  h y d r o f o i l  a p p r o a c h e s  
t h c  s u r f a c e .  Tho c o r r c s p o l r d i n g  v?,lues of t h a  l i f t - d r a g  
r a t i o  i n c r c a s e  t o  ~ a x i m u m  v a l u e s  when t h e  h y d r o f o i l  i s  
n e e r  t 3 c  s u r f a c e  %'hen d o c r e x s e  r a g i d l y  w i t h  f u r t h e r  de-  
c r e a s e  i n  d s p t h  t o  v a i u c s  f o r  p l a n i n g  s u r f a c z s .  

The l a r g e s t  p a r t  of t h e  change  i n  d r a g  c o e f f i c i e n t  



w i t h  chan:c i n  de ;~ tL  i s  t h a t  due t o  t h o  d i f f e r e n c e s  i n  
t h e  i n n e r s e d  l e n g t h s  of t h e  s t r u t s  cs nay be. s e e n  by con- 
p a r i n g  t h e  s l o p e s  of t h c  c u r v e s  w i t h  t h e  v a l u e  0.0033 f o r  
t h e  s t r u t s  a l o n e .  When t h e  h y d r o f o i l  a p p r o a c h e s  t h e  sur- 
f a c e  o f  t h e  i s a t e r ,  t h e  v a r i a t i o n  of b o t h  t h e  d r a g  and  t h e  
l i f t  c o e f f i c i e n t s  w i t h  d e p t h  a r o  a f f e c t e d  by t h e  l a r g e  
s u r f a c e  d i s t u r b a n c e .  T h i s  s u r f a c e  d i s t u r b a n c e  g i v e s  a 
d e c r e a s s  i n  a c t u a l  d e p t h  o v e r  t h a t  d e t s r m i n a d  w i t h  r e s p e c t  
t o  t h e  u n d i s t u r b e d  s u r f a c e ,  p a r t i c u l a r l y  f o r  h i g h  a n g l c s  
of a t t a c k .  An i n t c r c s t i n g  o b s e r v a t i o n  i s  t h e  l a r g e  t r o u g h  
a n d  h i g h  r o a c h  r e s u l t i n g  f r o n  t h e  downwash b e h i n d  a hydro-  
f ~ i l  o -porn t ing  n c a r  t h e  s u r f a c e .  

Tlic c u r v e s  o f  ~ n g l e  of a t t a c k  and  dr2.g c o e f f i c i e n t  
f o r  t h e  i U C A  23012 h y d r o f o i l  ( f i g .  1 6 )  show t h e  r e l a t i o n  
b e t p ~ e e n  t h e s e  c h a r a c t e r i s t i c s  f o r  t h e  h y d r o f o i l  a t  s e v e r a l  
d e p t h s ,  a n d  t k e  c o r r e s p c n d i n g  c h a r e c t e r i s t i c s  of a s i m i l a r  
a i r f o i l  v h i c h  was t e s t e d  i a  n vrind t u n n e l .  The c u r v e s  f o r  
t h e  h y d r o f o i l  a r e  d c r i v c d  f r o n  t h e  curvGs of f i g u r e  1 5  f o r  
c o n s t a n t  a c t u a l  d o p t h s  of t 3 o  q u a r t o r - c h o r d .  The d r a g  cs- 
a f f i c i c a t  C$ r c p r c s e : ~ t s  t h c  d r a g  of t h o  h y d r o f o i l  7.vithout 

s t r u t s  i n  o r d e r  t o  show b u t t o r  t h c  cornparisox w i t h  t h e  co r -  
r o s p o n d i i ~ g  ch2,rac t c r i s t  i c s  02 t h a  ~ i r f  o i l .  

I n s p 2 c t i o n  of t 5 c  cxirv2s shows t h a t ,  f o r  t h s  g r o n t c s t  
d ? p t h ,  t k c  c h n r n c t c r i s t i c s  of t h s  hgdro f  o i l  ax-c v e r y  s i n i -  
1 y . r  t o  t h o s o  of  t h s  a i s 2 o i l .  Tl12 a l m o s t  c o a s t a n t  d i f f c r -  
a n c c s  i n  t h ~  d-rag cu-rvos ar2 p r o b a b l y  due t o . o x c c s s i v o  
v a l u c s  of t h c  s t r a t  d r a g  7:rhicP- may bc  t o o  l? , rgo  b c c a u s c  of 
t h c  cild i n t z r f s r e n c c  i n  t h z  t a s t s  of t h o  s t r u t s  a l o n e .  

'The s l o p e  of t h o  cu rvo  of a n g l e  of c , t t c c k ,  t ~ h i c 3  r e p r e -  
s o n t s  t h c  s l o p o  of t h 2  l i f t  c u r v z ,  i s  s l i g h t l y  g r o n t s r  
t h a n  t h o  c o r r e s p o n d i n g  s l o p e  f o r  t h o  n i r f o i i  o v s r  p a r t  of 
t h e  c u r r c .  The s l o p ~ s  a r c  n o t  u n i f o r m ,  h o ~ r o v z r ,  2nd t z n d  
t o  v a r y  t r i f h  ch2ngo i n  l i f t  i n  v c r g  much t h o  sarn~? way t52,t 
3312 s l o p o s  v?.ry f o r  ]nost a i r f o i l s  a t  l o w  v a l u c s  of t h e  
Rc;~nol6-s n-azbcr,. ( S e z  r 2 f c r z n c c  8.)  I t  s h o u l d  b e  rcmcn- 
b c r c d  th2.t t h c s c  c u r v z s  f o r  t k a  5 ; - d r o f o i l  h?.vc bean  r e -  
f  ~ . i r o d  f r o n  prcv ious l ; :  ffc.ircd cu;-vcs nild- 5 h a t  t h e  cicta f o r  
t h o  a i r f o i l  v c r 2  o b t  -i:?ad f  T O E  i i l t o r j ? o l ? i i  b c t v r c ~ n  t h o  
curves of s n a l l - s i z c  f l g u r o s .  I t  i s  bc l i zvac l ,  bo12~evcr, 
t h a t  t h c  c u r v o s  ns silotiil i n  f i g u r a  ,15 r c p r c s c n t  t h e  c o r -  
r e c t  cjrdcrs of  t l : ~  c i ~ c r z c t ~ r i s t f c s .  

i i z ?  i i ~ f s r e s t i : = &  f,?>.tv.rs show:i in f i g u r c  1 6  i s  t h 2  r?p- 
p ? * r c s t  d z c r a n s c  i n  t h c  c f f o c t i v c  a s p c c t  r a t i o  of t h e  h ~ d r o -  
f o i l  v i t h  bocrc\-,sc iii d e a t h  a s  i n d i c n t o d  b j ~  t k t  chnlg:?s i l  
s l o p z s  of t k c  euTvcs  ~ : ~ i t h  c?lnngc i n  d e p t h .  A l s o ,  t h o  a i ~ ~ l c  



of  z e r o  l i f t  i s  inc:easec! w i t h  a  d e c r e a s e  i n  d e p t h .  A 
p o s s i b l e  e x p l a n a t i o n  of  t h e s c  s i ' f e c t s  i s  t h a t ,  a s  t h c  
h y d r o f o i l  approe.chas  ti13 s u r f  a c e ,  tlze spenwise  l i f t  d i s -  
t r i b u t i o n  i s  chongsd ,  p " i n c i 2 n l l y  by  a reduction of l i f t  
o v e r  t h e  cen tu2 , l  p o r t i o n  of Lhc h y d r o f o i l .  T h i s  would 
t c n d  t o  r e d u c o  t h c  effective a s p e c t  r a t i o  and  a l s o  would 
t c n d  t o  r o q u i r e  h i g h e r  g d o m e t r i c a l  a n g l c s  o f . a t t a c k  f o r  
z c r o  l i f t  t o  compcnsnto f o r  t h e  l o s s  of l i f t  o l  t h e  ccn -  
t r a l  s e c t i o n s  which ,  f o r  t h e  r a c t a n g u l a r  h y d r o f o i l  hav-  
iii-g c o : ~ s t a n t  and p a r a l l e l  s e c t i o n s ,  normz3-ly o p e r a t e  a t  
a s m a l l  p o s i t i v c  l i f t  v h c n  t h c  t o t a l  l i f t  of t h e  hydro -  
f o i l  i s  ze ro ,  

C a v i t a t i o n  Phenomena 

The phenomena of c a v i t a t i o n  have  been  a b l y  d i s c u s s e d ,  
b o t h  from t h e  t h e o r c t i z a i  and t h e  e x p c r i r n s n t a l  s t a n d p o i n t s ,  
bg a nunber  of  a u t h o r s .  A c k e r e t  9 ) ,  d a l c h n e r  
( r c f e r c n c e  1 0 1 ,  and S a i t h  ( r e f o r e n c c  1 1 )  have  p u b l i s h e d  
p s p c r s  of p a r t i c u l a r  i n t c r e s t  on t h o  s u b j e c t  of c a v i t a t i o n .  

C a - r i t ~ t i o n  i s  a v a p o r i z a t i o n  p r o c e s s  r e s u l t i n g  from 
s d c s r e n s z  i n  p r e s s ~ r c  i u  s f Z u i d  f l o w  u n t i l  t h e  s a t u r a -  
t i o n  p r o s s u r ?  of t h e  v a p o r  i s  r aached .  I t  i s  n c o m p l i c a t e d  
p o l g t r o p i c  p r o c e s s  i n v o l v i n g  a v e r y  s h o r t  t i n e  e l emen t .  
The analogy bztween  c n v i t a t i o n  and  t h e  c o m p r e s s i b i l i t y  
s h o c k  of c o m g r e s s i b l ~  f l u i d s  h a s  bt2en d i s c u s s e d  by A c k e r e t  
( r c f e r e : ~ c e  9 j  i n  a n  cx t cy i s ive  t r a c t m e n t  of t h e  s u b j e c t .  
H e  shows t h a t  a shock  o c c u r s  v ~ i t h  t h e  c o l l a p s e  of t?he bub- 
5 1 2 s  nnd t h a t  t h e r e  i s  n v e r y  r a p i d  o s c i l l a t i o n  of t h c  
sl iock zoae.  The c o l l a p s e  of t h e  b u b b l e s  of  vapor  i n  t h o  
s h o c k  zoile p r o d u c c s  i n p n c t s  of t h e  f l u i d  on t h c  bound ing  
w a l l s  a t  e x t r e n e l g  h i g h  v e l o c i t i 2 s  and hence  eno rnous17  
h i g h  p r o s s u r o  s  t o  which c a u s e  Acke re t  at t r i b u t o s  t h e  
e r o s i o n  r e s u l t i n g  from c a v i t n t i o n .  

I n  t h e  p r e s e n t  i n v o s t i g n t i o n ,  t h c   vitation ti on pbenonena 
v c r c  s t u d i c d  o n l y  t o  t h o  cste:?.t o f  o b s e r v a t i o n s  of t h e  
n a t u r e  o f .  %hi3 c a v i t a t i o n  a s  i t  appcclrod on t h o  u p p e r  s u r -  
f a c e  of t h s  h x d r o f o i l  a n d  a f  .?,he s p e e d  a t  which  i t  f i r s t  
a p p e a r c d  a s  a w h i t s  f x z z  o r  a s  s t r e a k s .  Curvos of t h i s  
o b s e r v 3 d  c ~ ? ~ ~ i t a t i o : :  speod  V c  ars, shown f o r  a l l  of t h e  

h y d r o f o i l s  i a  f i g x r e s  9 t o  14.  ( ~ z l u e s  of VC a r c  a l s o  
indicated by s n a l i  a r r o w s  on t h o  c u r v e s  of t h e  experimen-  
t a l  r e s u l t s  i 2  f i g s .  3 Lo 8 . )  The' g e n c r a l  c h c t r a c ' c c r i s t i c  
of Lhc c u r v e s  of  VC p l o t t e d  a g a i n s t  C L  i s  a s h a r p  clo- 



c r e a s e  i n  t h e  c a v i t a t i o n  s p e e d  w i t h  i n c r e a s e  i n  t h e  l i f t  
c o e f f i c i s n t .  T h i s  c h a r a c t e r i s t i c  i s  t o  be e x p e c t e d  from 
c o n s i d e r a t i o n s  of  t h e  c h o r d v i s e  p r e i s u r e  d i s t r i b u t i ' o n  
ove r  t h e  s e c t i o n s .  For  t h e  s e c t i o n s  d e s i g n e d  f o r  r e d u c e d  
c a v i t a t i o n ,  t h o  c u r v e s  show t h a t  t h e  c a v i t a t i o n  s p e e d  i s  
d e l a y e d  c o n s i d e r a b l y  a t  t h e  l ower  v a l u e s  of t h e  l i f t  co- 
e f f i c i e n t .  The BACA 16-1009 h y d r o f o i l  gave  t h e  h i g h e s t  
v a l u e s  of t h s  c a v i t a t i o n  s p e c d  ovor  t h e  g r e a t o r  p a r t  of 
t h o  r ange  of  l i f t  c o e f f i c i e n t s  t c s t ed . .  

I t  was c o n s i d e r e d  of i n t e r e s t  t o  compare t h e  o b s e r v e d  
v a l u e s  of  t h s  c a v i t a t i o n  specd  w i t h  t h e  v a l u c s  computcd 
f rom p u r e s s u r e - d i s t r i b u t i o n  d i ag rams .  The NACA 23012 hg- 
d r o f o i l  was c h o s e n  f o r  t h i s  compar i son  b e c a u s e  t h e  d a t a  
a r e  t h o  most c o n s i s t e n t .  The c a v i t a t i o n  s p c c d  i s  computcd 
on t h e  b a s i s  of two s i z l p l i f g i a g  a s s u m p t i o n s :  ( 1 )  t h a t  a 
c a v i t y  forms  i n  t h c  f l u i d  a t  t h e  s u r f a c e  of t h e  h y d r o f o i l  
when t h o  a b s o l u t e  p r e s s u r e  a t  t h a t  p o i n t  i s  oqua.1 t o  t h e  
v a p o r  T r e s s u r s  of t h e  w z t c r ,  and  ( 2 )  t h a t  t h e  p r e s s u r e  
d i s t r i T c u t i o n  on a h y d r o f o i l  i s  s i m i l a r  t o  t h z t  on t h e  same 
s c c  t i o n  o p e r a t i n g  i n  a i r .  P r c s s u r o  d i s t r i b u t i o n s  on s i r -  
f o i l  s e c t i o n s  a r e  available from wind-tuilnsl measurements, 
o r  may be computed a s  i n  r o f e r e n c c s  1 2  and 13. E i t h e r  of 
t h c s c  s o u r c o s  g i v e s  t:20 p r c s s u r e ~  normal  t o  t h e  s a r f a c e  i n  
t e r n s  o f  a nonc l inens ionz l  c o e f f i c i e n t  t h a t  i s  t h e  r a t i o  of 
t h e  n o r n a l  p r e s s u r e  t o  t h e  dynamic p r e s s u r e  of t h e  f r e e  
s t r e a n .  I n  aerodynamic  work t h e  c o e f f i c i e n t  has a negs-  
t i v e  s i g n  where t h e  no rma l  p r e s s u r e  i s  l e s s  t h a n  t h e  s t a t i c  
p r e s s u r e .  The a b s o l u t e  v a l u e  o f  t h a  normal  p r e s s u r e  i s ,  
of c o u r s e ,  a p o s i t i v e  q u a n t i t y ; s o  i n  t h i s  a n a l y s i s  t h e  con- 
v e n t i o u a l  nerodyoamic  p r e s s u r e  c o e f f i c i e n t  i s  p r e c e d e d  by 
a n o g s t i v e  s i g 3 .  The11 by t h e  f i r s t  a s s u m p t i o n :  

where 

pv v a p o r  p r e s s u r e  o f  l b / f t 2  

-pniil n i n i u u c  n o r n e l  p r o s  s u r e  on s u r f ~ . c e  of h g d r o f  o i l ,  
l b / f t "  

h y d r o s t a t i c  h e n d  a t  d s p t h  of p o i n t  of n i n i n u n  
p r e s s u r e ,  l b / f t 2  



Tho v a l u e  o f  g n i n  "a7 bc r c p l c c o d  by one i n  t e r n s  of t h e  

coefficient f r o n  t h e  r ~ l a t i o n o :  

and  

1:rh s r e  

P2in  p r e s s u r e  c o e f f i ~ i u n t  a t  p o i n t  of n i n i n u n  p r o s -  
S U P 0  

q =  1 / 2  p, V; d r n s n i c  p r e s s u r c ,  l b / f t 2  

p, n a s s  de : l s i ty  of rrratcr, s l u g s / f t 3  

Vc s p e e d  a t  which  c a v i t a t i o n  b e g i n s ,  f t / s e c .  

Making t 5 c  s u b s t i t u t i o n  and  s o l v i n g  f o r  V : 
C 

F o r  t h e  5- inch-chord h y d r o f o i l s  t e s t e d ,  u s i n g  t h c  d a t a  3 s  
t o  t h o  vapor  p r e s s u r e  n t  t h e  t e m p e r a t u r e  o f  t h e  w a t o r  dur -  
i n g  t h o  t e s t s .  a n d  s t a n d a r d  n t n o s p h c r i c  y r o s s u r c ,  t h o  
n b o v ~  s x p r c s s i o n  r e d u c e s  t o :  

r rha re  d / c  i r ,  t h o  depth-ci lord r a t i o .  The v a l u e  of %in 

i s  d - o t a r n i n e a  f o r  t h o  a i d s o c t i o n  of t h e  h y d r o f o i l ,  ass==-  
i n g  t h a t  t h e  s o c t i o n  l i f t  c o e f f i c i e : l t  c Z  i s  e q u a l  t o  
1 . 1 4  CL. 

The r e s u l t s  ox' t h i s  c o n p n r i s o n  a r e  g i v e n  i n  f i g u r e  17  
anti shoir v e r r  good n g r e o r e n t  f o r  t h e  chosen  c x a n p l e  ahoil 
c o n s i d e r a t i o n  i s  g i v e n  S o  t h e  l i n i t n t i o n s  o f  t h e  nz thod .  
Tho conpn ted  c n v i t n t i o n  s p e e d  docs  n o t  c o n s i d u r  t h e  p r c -  
l i n i n r r g -  s t a g o  o f  c a v i t a t i o n  where d i s s o l v e r l  g ~ s e s  n r o  r e -  
l e a s e d  i r o n  t h e  l i q u i d .  O t h ~ r  f a c t o r s  o r e  a l s o  n a g l e c t e d ,  
s u c h  a s  t h e  h a a t  t r a ~ s f c r ,  s u r f n c c  t c a s i o n ,  e t c .  Tho d i n -  
g r a a s  of t h o  p r o s s u r o  A i s t r i b u t i o n  a r c  n o t  cx2,ct f o r  t h e  



s e c t i o n  c o n s i d e r e d  and i t  i s  p a r t i c u l a r l y  d i f f i c u l t  t o  
juclgc the v n l u c  of t h e  n i n i n u n  p r e s s u r e  c o e f f i c i e n t  bc-  =. 

c a u s e  of t h e  s l~c t rpness  of t h o  pressGuro  peak ,  F u r t h c r n o r o ,  
t h e  v ~ . l u c s  of t h e  obse rvod  c a v i t a t i o n  spced  were  d i f f i -  
c u l t  t o  obt:in, p a r t i . c u l a r l y  a t  h i g h  s p e z d s ,  b e c c u s e  of 
t h e  1 i x i t a t i o : l s  i n  t h e  n e t h o d  of o b s c r v a l i o n .  The r e s u l t s ,  
however ,  i n d i c a t e  th2.t c o n s e r v a t i v c  v a l u c s  of t h e  c a v i t a -  
t i o n  spced  nay  be  e s t i n a t e d  by t h e  n c t h o d  d e s c r i b e d .  

The pho.toii;rap?is of f Zgure 1 8  sh.ow two d i s t i n c t  f o r a s  
of  c a v i t a t i o n .  Onc f o r n  a p p e a r s  a s  s t r e2 ,ks  d e v e l o p i n g  
f r o z  p o i n t  s o u r c e s  on t h e  s u r f a c e  of t h e  h y d r o f o i l .  There  
i s  nc  a p p a r e l %  r e a s o n  f o r  t h e s e  so.urces  a s  t h e  s u r f a c e  of 
t h e  h y c l r o f o i l  was p e r f c c t l g  s i ;ooth t o  t k e  tozrch and c l o s e  
ex3 ,n inn t ion  d i d  n o t  r e v e a l  any  p r o t u b e r a n c e s  n o r  d i s c o a -  
t i ~ . u i t . i e s .  The p o i n t  s o u r c e s  rlo n o t  np-poar c o n s i s t e n t l y  
i n  t h e  s a n e  pl .ac$s f o r  d i f f e r e - t  t e s t  r u n s  an&, w i t h  in -  
c r e : ~ s e  i u  specd., n o r e  of t h e  G O U ~ C C S  a p p e a r  u a t i l  g e n e r a l  
c a v i t a t i o n  o v e r  t h e  wl?olc s u r f a c e  Salccs p l a c e .  

A sccond  f o r ?  of c - ~ v i t a t i o n  a p p c a r s  as a l i g h t ,  
s n o o t h  h z z e  un i forn3 .y  d i s t r i b u t e d  oTrer a nar row band i n  
t h e  s p c i ~ w i s ~  d i r e c t i o n .  T 3 i s  c o . v i t a t i o n  a r e a  f o l l o w s  t h e  
g e ? s r a l  p i c t u r e  of t h o  g r o s s u r e  d i s t r i b u t i o n  cnd  d e v e l o p s  
a t  a p o i n t  a l o x g  t h e  cl~osc? xherr? t h e  n i n i n a n  p r e s s u r e  i s  
e x p e c t e d .  The u n i f o r n  spa,cvisc,  i t i s  t r i b u t i o n  i s  i n t e r f e r e d -  
w i t h  by t h e  p r e s e n c a  of t h e  s t r u t s  a s  xay be s e e n  i n  sone  
of  t h o  ~ ? h o t o g r n p h s .  Tho 2 r c s s u r e  f i e l d  arou.nd tlie s t r u t s  
i s  o v i d e x t l y  a u f f i c i c ~ t  t o  d c l a y  c a v i t a t i o n  e x c e p t  a t  t h e  
i n t e r s e c t i o n  b c t w e c ~  t h e  s t r u t  c a d  t h e  s u r f a c e  of t h e  
h y d r o f o i l  wherc l o c a l  c n v i t a t i o n  o c c u r s ,  

Of s p c c i n l  i n t e r e s t  i s  t h e  f o r n  of c n v i t c ~ t i o n  which  
dc ,vc lops  on t h e  s u r f a c e  of a hgd . ro fo i1  dosigr?oS! f o r  rcducc i '  
c n v i J ~ a t i o n .  A t  v a l u c s  of  t h c  l i f t  c o e f f i c i e n t  n e a r  t h a t  
f o r  which tho  h g d r o f o i l  wcs d c s i g n o d  t o  h a v e  2" u n i f o r n  
c h o r d w i s e  p r c s s u r c  d i s t r i b u t i o n ,  t h o  c e v i t z t i o n  b e g i n s  3,s 
n 3 e r y  t h i n ,  L i g h t  h a z e  w e l l  d i s t r i b u t e d  o v e r  t h e  c e n t r a l  
a r e a  of t h e  h y d r o f o i l ,  I t  h a s  t h e  appeara ,nce of a p i s -  
cous  f l u i d  on t h e  s u r f a c e  of t h e  h y d r o f o i l  w i t h  l a r g e ,  
slow-moving e d d i e s  ,on e a c h  s i d e  s u c h  a s  migh t  be  e x p e c t e d  
i n s i d e  t h e  boundary  l a y e r .  V i t h  f u r t h e r  i n c r e a s e  i n  s p e e d ,  
t h e  u s u a l  h e a v y ,  f l a m e - l i k e  c a v i t a t i o n  d c v c l o p s  which  1s 
accompaniod b y  s e v e r o  v i b r a t i o n  and  n o i s e .  

C n v i t a t i o n  o f  t h e  s t r u t s  g e n e r a l . 1 ~  b e g i n s  a t  t h e  i n -  
t e r s e c t i o n  w i t h  t h e  s u r f a c e  of t h 6  h y d r o f o i l  a t  s p e c d s  
bct1,trcen 50 a n d  55 f p s .  A t  h i g h e r  s p e e d s ,  g c n c r a l  c n v i t a -  



t i o n  of t h e  s t r u t s  t a k e s  p l a c e  o v e r  t he  e n t i r e  submerged 
l e n g t h .  

I n  masy o f  t h e  p h o t o g r a p h s ,  t h o  t i p  v o t i c e s  p l a i n l y  
a p p e a r .  I t  7.vas i n t e r e s t i n g  d u r i n g  t h ~  t e s t s  t o  o b s e r v e  
t h e s e  v o r t i c e s ,  which a r c  f i l l e d  w i t h  a  w h i t c  m i x t u r e  of 
w a t e r  v a p o r  and  a i r ,  and  n o t e  t h e i r  b e h a v i o r  as t b a y  
c u r l c d  o v e r  .the t i p s  of t h ~ ~ h y d r o f o i l  and expanded f a r  
downst rcam,  u n t i l  t h e y  wore no l o n g e r  v i s i b l e ,  As t h e  
h y d r o f o i l  app rozched  t h e  s u r f a c e  of t h e  w a t e r ,  t h e  t i p  
v o r t i c e s  would b r e a k  t h e  s u r f a c e  a s  t h e y  expanded and  would. 
fo rm a wake p a t t e r n  on t h e  w a t e r  c o r r e s p o n d i n g  w i t h  t h e  
p o p u l a r  c o a c e p t i o n  o f  t h c  v o r t e x  s h e e t  b e h i n d  an a i r f o i l .  

COECLUD IBG 

The r e s u l t s  of , t h e  g r e s o i i t  investigation i n d i c a t e  
t h z t  p r o p e r l y  d e s i g s e d  h y d r o f o i l  s e c t i o n s  w i l l  h ave  e x c e l -  
l e n t  c h a r s c t o r i s t i c s  and  t h a t  t h o  s p e e d  a t  which c a v i t a t i o n  
o c c u r s  may be dela;od t o  a n  a p p r e c i a b l e  u s t c n t  by t h e  u s e  
of  t h e s e  sections. F u r t h e r  work w i l l  i n c l u d e  t e s t s  of 
p r z c t i c s l  a r r a n g e s e n t s  and 7iilI. c o v e r  t he  e f f e c t s  of d ihc -  
d r a l ,  plan f  o r n ,  and mult 5.pla:ies. 
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(a) do, lc; t, 57.5OF; 
k, 5.41 

f b )  do, 2c; t, 64.5'~; 
k, 4.50 

Figare 6a,b.- NACA 16-509 
hydrofoil. 

Variation of CL and CD 
with V. 

Speed, K fps 

Speed, V; f p s  



Figure 6c.-  NACA 16-509 
hydrofoil. 

Variation of CL 2nd CD 
with V. 

(a) do,  lc; t, 53OF; 
k, 5.38 

Figure 7a.- NACA 16-1009 
hydrofoil. 

Variation of CL and CD 
with V. 

Speed, K fps 
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Figure 14a,b.- Guidoni hydrofoil. Variation of CD, L/D, and VC with CL. 
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Figure 16.- Comparison of characteris- 
tics of NACA 23012 hydro- 

with those of a similar NACA 
23012 airfoil. 
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