
MECHANICS OF VENTILATION INCEPTION 

K e n n e t h  L .  W a d l i n  
Langley Aeronaut ical  Laboratory 

National Advisory Committee for Aeronauttcs  

* * * * * 

T h e  r e s e a r c h  p r o g r a m s  c o n d u c t e d  b y  N A C A  i n  c o n n e c t i o n  w i t h  
v e n t i l a t i o n  a r e  r e v i e w e d  to p r ov i de  e x a m p l e s  of v e n t i l a t i o n  and to indi~ 
ca te  s o m e  s i g n i f i c a n t  p a r a m e t e r s  i n f luenc ing  i ts  incep t ion .  It is  shown 
tha t  low p r e s s u r e  is  not  a su f f i c i en t  r e q u i r e m e n t  for  v e n t i l a t i o n  but tha t  
s e p a r a t i o n  of the  b o u n d a r y  l a y e r  is a l so  r e q u i r e d .  The in f luence  of the 
f r e e  w a t e r  s u r f a c e  on b o u n d a r y  l a y e r  s e p a r a t i o n  is  p r e s e n t e d  as  a d e t e r -  
mining fac tor  involved in venti lat ion inception, lln image s y s t e m  is 
p r e s e n t e d  f o r  a s u r f a c e - p i e r c i n g  s t r u t  t o  i n d i c a t e  t h e  m a n n e r  i n  w h i c h  
t h e  f r e e  w a t e r  s u r f a c e  m a y  i n f l u e n c e  s e p a r a t i o n  o f  t h e  b o u n d a r y  l a y e r  
and t h e r e f o r e  the i ncep t ion  of v e n t i l a t i o n .  

* * * * * 

~TRODUCTION 

V e n t i l a t i o n  i s  a n  i n t e r e s t i n g  and  i m p o r t a n t  s u b j e c t  wh ich  h a s  b e e n  a s s o c i a t e d  wi th  
s e a p l a n e  hu l l  s t e p s  for  s o m e  t i m e .  Howeve r ,  only  r e c e n t l y  wi th  the  r e n e w e d  i n t e r e s t  
i n h y d r o f o i l s  and  the  a d v e n t  of h y d r o - s k i s  h a s  m u c h  e f f o r t  b e e n  m a d e  to u n d e r s t a n d  it. 
By v e n t i l a t i o n  i s  m e a n t  the  e n t r a n c e  of a i r  f r o m  the  a t m o s p h e r e  to low p r e s s u r e  
a r e a s  on  l i f t ing  s u r f a c e s  o r  b o d i e s  o p e r a t i n g  i n w a t e r .  The NACA i n t e r e s t  i n v e n t i l a -  
t i on  h a s  b e e n  p r i m a r i l y  in  c o n n e c t i o n  wi th  s e a p l a n e  hu l l  s t e p s ,  h y d r o f o i l s  and  h y d r o -  
s k i s .  Howeve r ,  sh ip  h u l l s ,  r u d d e r s  and  p r o p e l l e r s  a r e  a l s o  s u s c e p t i b l e  to  t h i s  
p h e n o m e n o n .  When  v e n t i l a t i o n  o c c u r s ,  a r e a s  wh ich  p r e v i o u s l y  w e r e  e x p e r i e n c i n g  low 
p r e s s u r e s  a r e  s u b j e c t e d  to the  r e l a t i v e l y  h igh  a t m o s p h e r i c  p r e s s u r e  o r  p r e s s u r e s  
a p p r o a c h i n g  a t m o s p h e r i c  p r e s s u r e .  T h i s  r e s u l t s  in  s i g n i f i c a n t  c h a n g e s  in the  f low 
p a t t e r n s  and  the  f o r c e  c h a r a c t e r i s t i c s  of the  e l e m e n t s  invo lved .  T h e s e  f o r c e  c h a n g e s  
m a y  r e s u l t  on ly  in a s i m p l e  change  in  s t a t i c  e q u i l i b r i u m .  Howeve r ,  in  m a n y  c a s e s  
the  f low r e v e r t s  to  the  u n v e n t i l a t e d  cond i t ion  b e f o r e  e q u i l i b r i u m  is  r e a c h e d  and 
i n s t a b i l i t y  o c c u r s .  Such i n s t a b i l i t i e s  m ay  be  m a n i f e s t e d  as  p o r p o i s i n g  or  sk ipp ing  of 
a s e a p l a n e  and  heav ing ,  yawing,  o r  s t u m b l i n g  of a h y d r o - s k i  or  h y d r o f o i l  equ ipped  
c ra f t .  It t h e r e f o r e  b e c o m e s  i m p o r t a n t  to def ine  t h o s e  a r e a s  w h e r e  v e n t i l a t i o n  m a y  be  
e x p e c t e d  in o r d e r  to avo id  t h e m  or  to m a k e  m o d i f i c a t i o n s  to p r o v i d e  a s t a b l e  t r a n s i -  
t i on  f r o m  the  u n v e n t i l a t e d  to the  v e n t i l a t e d  cond i t ion .  

V e n t i l a t i o n  i s  a l s o  of i n t e r e s t  in  c o n n e c t i o n w i t h  s u p e r c a v i t a t i n g  h y d r o f o i l s  s i n c e  
the  ful ly  v e n t i l a t e d  cond i t ion  is  ana logous  to the  z e r o  c a v i t a t i o n  n u m b e r  ca se .  As a 
m a t t e r  of f ac t  d a t a f o r  the  z e r o  c a v i t a t i o n  n u m b e r  c a s e  a r e  ob t a ined  i n N A C A  e x p e r i -  
m e n t a l  i n v e s t i g a t i o n s  by  induc ing  v e n t i l a t i o n .  The  l i f t - d r a g  r a t i o s  of h y d r o f o i l s  
d e s i g n e d  fo r  s u p e r c a v i t a t i n g  f low a r e  g e n e r a l l y  d e p r e c i a t e d  if o p e r a t e d  in the  fu l ly  
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we t t ed  cond i t ion .  T h e r e f o r e  e a r l y  v e n t i l a t i o n  m a y  be  of i n t e r e s t  fo r  e f f i c i e n c y  as  
we l l  as  s t a b i l i t y  r e a s o n s  when  s u p e r c a v i t a t i n g h y d r o f o i l s  a r e  r e q u i r e d  fo r  h i g h - s p e e d  
a p p l i c a t i o n s .  T h i s  p a p e r  p r e s e n t s  a r e v i e w  of s o m e  of the  work  done by  NACA in 
c o n n e c t i o n  wi th  the  v e n t i l a t i o n  of h y d r o f o i l s ,  h y d r o - s k i s ,  and  s t r u t s .  A p o s s i b l e  
e x p l a n a t i o n  of the  c a u s e  of v e n t i l a t i o n  i n c e p t i o n  i s  a l s o  deve loped .  

E X A M P L E S  AND E F F E C T S  O F  V E N T I L A T ION 

On s u r f a c e - p i e r c i n g  h y d r o f o i l s  and  s t r u t s  v e n t i l a t i o n  g e n e r a l l y  o c c u r s ,  as  migh t  
be  expec t ed ,  b y  a i r  e n t e r i n g  a long  the  h y d r o f o i l  f r o m  the  w a t e r  s u r f a c e .  E x p e r i -  
m e n t a l  s t u d i e s  in  c o n n e c t i o n  wi th  t h i s  type  of v e n t i l a t i o n  have  b e e n  c a r r i e d  out by  
s e v e r a l  i n v e s t i g a t o r s  ( see  Refs .  1-5) .  F i g u r e  1 i s  an  e x a m p l e  of such  a hyd ro fo i l  
t ha t  h a s  v e n t i l a t e d .  T h e p h o t o g r a p h i s  of a s u r f a c e - p i e r c i n g  d i h e d r a l  hyd ro fo i l  h a v i n g  
an  NACA 64 A s e r i e s  a i r f o i l  s e c t i o n .  It c an  b e  s e e n  t ha t  the  v e n t i l a t e d  a r e a  e x t e n d s  
f r o m  the  w a t e r  s u r f a c e  to a p o i n t  n e a r  the  t ip  of the  hydro fo i l .  V e n t i l a t i o n  in t h i s  c a s e  
s t a r t e d  at  the  w a t e r  s u r f a c e  and  r a p i d l y  e x t e n d e d  t o w a r d  the  t ip  of the  hydro fo i l .  
The  cav i ty  i s  open  to the  a t m o s p h e r e  and  i s  v e r y  long.  

On fu l ly  s u b m e r g e d  l i f t ing  s u r f a c e s ,  h o w e v e r ,  v e n t i l a t i o n  o c c u r s  t h r o u g h  the  
t r a i l i n g  v o r t i c e s .  V e n t i l a t i o n  of t h i s  type  h a s  b e e n  i n v e s t i g a t e d  b y  NACA in c o n n e c -  
t ion  wi th  e x p e r i m e n t a l  s t u d i e s  of h y d r o - s k i s  o p e r a t i n g  in  the  fu l ly  s u b m e r g e d  cond i -  
t ion  (6-8).  Such v e n t i l a t i o n  r e s u l t e d  in l a r g e  and  s u d d e n  c h a n g e s  in the  f o r c e  c h a r a c -  
t e r i s t i c s  of the  h y d r o - s k i  and  t h u s  s t i m u l a t e d  f u r t h e r  i n v e s t i g a t i o n  of the  sub j ec t .  
The  d e v e l o p m e n t  of the  v o r t e x  type  of v e n t i l a t i o n  and  the  r e s u l t i n g  f low c h a n g e s  a r e  
shown  s c h e m a t i c a l l y  in  Fig .  2. A i r  e n t e r s  the  low p r e s s u r e  a r e a  in  the  c o r e  of the  
t r a i l i n g  t ip v o r t i c e s  at  a p o i n t  s o m e  d i s t a n c e  a f t  of t he  l i f t ing  s u r f a c e  and  t r a v e l s  up 
the  v o r t e x  c o r e  to a po in t  wh ich  d r a w s  c l o s e r  to  the  l i f t ing  s u r f a c e  a s  the  s p e e d  is  
i n c r e a s e d .  T h i s  c o n t i n u e s  un t i l  t he  a e r a t e d p o r t i o n  of the  v o r t e x  c o n t a c t s  the  s u r f a c e  
and  the  f low s e p a r a t e s  c o m p l e t e l y  f r o m  the  l e ad ing  edge  of the  s u r f a c e  and  c o m p l e t e  
v e n t i l a t i o n  o c c u r s .  P h o t o g r a p h s  of two p h a s e s  of t h i s  p r o c e s s  a r e  s h o w n  in Fig.  3. 
The s u r f a c e  shown  is  a f l a t p l a t e  h a v i n g  a n  a s p e c t  r a t i o  of 0.25. The  u p p e r  p h o t o g r a p h  
shows  the  f low a f t e r  the  low p r e s s u r e  in  the  v o r t e x  c o r e  h a s  v e n t e d  to the  a t m o s p h e r e .  
The  a i r  a p p e a r s  to  e n t e r  the  v o r t e x  a t  the  t u r b u l e n t  a r e a  a t  the  b a s e  of the  r o a c h  
and  e x t e n d s  to a po in t  we l l  f o r w a r d  bu t  not  in  con t ac t  w i th  the  p l a t e .  The  l o w e r  

Fig. 1 - Photograph of a surface-piercing hydrofoil 
ventilated to the atmosphere 
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Fig. 2 - Development of vortex ventilation 

VENTING OF VORTEX 

COMPLETE VENTII ATtON 

£ig. 3 - Photographs showing the development of 
vortex ventil~ition of an aspect-ratio-0.Z5 flat plate 

pho tog raph  shows  the flow a f t e r  the a e r a t i o n  of the v o r t ex  c o r e  had moved  p r o g r e s -  
s ive ly  f o r w a r d  unti l  it  con tac ted  the p la te  and comple t e  ven t i l a t ion  o c c u r r e d .  

The inf luence  of such  ven t i l a t ion  on the l if t  of the p la te  is  shown in Fig.  4. The 
l if t  i n c r e a s e d  with s p e e d  with no no t i ceab le  inf luence of the v o r t i c e s  b e c o m i n g  
a e r a t e d  at s p e e d s  be low 70 fee t  p e r  second .  However  at 70 fee t  p e r  s eco n d  when 
ven t i l a t ion  o c c u r r e d  the  l if t  i m m e d i a t e l y  d ropped  to a much lower  value.  

PARAMETERS INFLUENCING VENTILATION INCEPTION 

It is apparent from Fig. 4 that the effects of ventilation canbe quite important in 
any particular application of lifting surfaces. Therefore it is important toknow when 
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F i g .  4 - I n f l u e n c e  of v o r t e x  v e n t i l a t i o n  on 
the  l i f t  of a s u b m e r g e d  f l a t  p l a t e  h a v i n g  an  
a s p e c t  r a t i o  of 0 .25  

venti lat ion may be expected to occur.  Figure 5 p resen t s  the venti lation inception 
boundaries for the surface considered in the previous  f igures.  These boundaries 
define the speed at which ventilation occur red  for a given angle of attack for seve ra l  
depths of submersion.  The boundaries divide into two definite a reas .  At the high 
angles of attack the venti lation inception speed is a lmost  independent of the angle of 
attack. However,  the change in inception speed with depth of submers ion  is appre-  
ciable, increas ing rapidly with increas ing depth of submersion.  At the lower angles 
of attack this is r eve r sed .  Here the incipient venti lation speed is significantly 
affected by the angle of attack. However, the change with depth of submers ion  is 
reduced to a smal l  value. F rom these tes ts  it appeared that venti lation inception 
was influenced by, if not the d i rec t  resul t  of, boundary layer  separation.  It appeared 
that venti lat ion at high angles might be re la ted to stall  or turbulent separation.  The 
venti lat ion at low angles appeared tobe re la ted to laminar  separat ion near the leading 
edge. 
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Fig. 5 - Ventilation boundaries for a sub- 
merged flat plate having an aspect ratio 
of 0.Z5 
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V E N T I L A T I O N - S E P A R A T I O N  R E L A T I O N S H I P  

When  v e n t i l a t i o n  i n c e p t i o n  i s  a s s u m e d  to b e  a s s o c i a t e d  wi th  b o m i d a r y  l a y e r  
s e p a r a t i o n ,  i t  i m m e d i a t e l y ,  a s  do a l l  b o u n d a r y  l a y e r  p r o b l e m s ,  b e c o m e s  a c o m p l e x  
p r o b l e m .  The  s i m p l e s t  c a s e  of v e n t i l a t i o n  i s  t ha t  of the  s u r f a c e - p i e r c i n g  s t r u t .  T h i s  
c a s e  wi l l  be  c o n s i d e r e d  in  a n  e f f o r t  to  ga in  s o m e  u n d e r s t a n d i n g  of the  v e n t i l a t i o n -  
s e p a r a t i o n  r e l a t i o n s h i p .  

F o r  b l u n t - t r a i l i n g - e d g e  b o d i e s  s u c h  as  c y l i n d e r s  i n t e r s e c t i n g  the  w a t e r  s u r f a c e  
t h e r e  a p p e a r s  to be  a de f in i t e  r e l a t i o n s h i p  b e t w e e n  the  dep th  of v e n t i l a t i o n  and  the  
F r o u d e  n u m b e r  b a s e d  on  the  dep th  of s u b m e r g e n c e .  T h i s  i s  s h o w n  in Fig.  6 w h e r e  
d a t a  p r e s e n t e d  by  W e t z e l  in  Ref.  4 h a v e  b e e n  r e p l o t t e d .  The  F r o u d e  n u m b e r ,  b a s e d  
on  the  d e p t h  of s u b m e r g e n c e ,  a t  wh ich  c y l i n d e r s  of d i a m e t e r s  r a n g i n g  f r o m  0.031 to 
2.00 i n c h e s  v e n t i l a t e d  to the  b o t t o m  a r e  p r e s e n t e d  fo r  v a r y i n g  d e p t h s  of s u b m e r g e n c e .  
It c an  be  s e e n  t ha t  beyond  a dep th  of s u b m e r g e n c e  of abou t  2 i n c h e s  the  F r o u d e  n u m -  
b e r  b a s e d  on  the  dep th  of s u b m e r g e n c e  a t  wh ich  v e n t i l a t i o n  o c c u r r e d  was  abou t  1.7. 
T h i s  i s  a v a l u e  which  ha s  a l s o  b e e n  found by  o t h e r s  (5,9). The  r e l a t i o n s h i p  b e t w e e n  
the  b a s e  p r e s s u r e  coe f f i c i en t  a t  the  l o w e r  end  of the  s t r u t  and  t h i s  F r o u d e  n u m b e r  i s  
thP.n B - - 2 / ( F h )  2. F i g u r e  6 t h e r e f o r e  i n d i c a t e s  t ha t  a t  s u b m e r g e n c e  d e p t h s  g r e a t e r  

i n c h e s  the  p r e s s u r e  coe f f i c i en t  a t  the  t ip w as  c o n s t a n t .  Howeve r  at  d e p t h s  l e s s  
t h a n  2 i n c h e s  the  p r e s s u r e  coe f f i c i en t  a t  the  t ip  d e c r e a s e d  r ap id ly .  T h i s  i s  a s  would 
b e  e x p e c t e d  s i n c e  a s  the  l o w e r  t ip of the  c y l i n d e r  a p p r o a c h e s  the  w a t e r  s u r f a c e  i t  
a p p r o a c h e s  a c o n s t a n t  p r e s s u r e  o r  f r e e  s t r e a m  v e l o c i t y  b o u n d a r y  and  t h e r e f o r e  a 
Cp of z e r o .  S ince  the  p r e s s u r e  coe f f i c i en t  i s  d e c r e a s i n g ,  i t  i s  n e c e s s a r y f o r  the  s p e e d  
o r  F r o u d e  n u m b e r  to  b e  i n c r e a s e d  to p r o v i d e  the  d y n a m i c  p r e s s u r e  head  r e q u i r e d  to 
o v e r c o m e  the  s t a t i c  w a t e r  head .  

Though  t h i s  r e l a t i o n s h i p  b e t w e e n  the  p r e s s u r e  c o e f f i c i e n t  and  the  F r o u d e  n u m -  
b e r  b a s e d  on the  dep th  of s u b m e r g e n c e  a p p l i e s  to the  bluff  s e c t i o n s  s u c h  a s  c y l i n d e r s ,  
f l a t  p l a t e s ,  o r  wedges ,  t h i s  i s  not  the  c a s e  f o r  s t r e a m l i n e  s e c t i o n s .  T h i s  i s  d e m o n -  
s t r a t e d  in Fig.  7 wh ich  w as  p r e s e n t e d  in  Ref.  10. The  s t r u t  shown  h a s  a c h o r d  of 4 
i n c h e s  and an  NACA 664-021 a i r f o i l  s e c t i o n  a t  z e r o  ang le  of a t t ack .  It p e n e t r a t e d  the  
w a t e r  s u r f a c e  to a dep th  of 8 i n c h e s  and  w as  b e i n g  towed a t  a s p e e d  of 75.8 f ee t  p e r  
s econd .  E x t e n s i v e  c a v i t a t i o n  can  be  s e e n  which  a p p r o a c h e d  to w i t h i n  abou t  0.75 inch  
of the  w a t e r  s u r f a c e .  T h e p r e s e n c e  of c a v i t a t i o n  i n d i c a t e s  l o w p r e s s u r e s  a p p r o x i m a t i n g  

FROUDE 
NUMBER, 

V 

:F D]A, IN. DIA, IN. 

o .031 ~ .187 

.050 v .250 
0 .062 ~ .500 
t, .078 ~ 1.000 
v 1.500 ~095 
~" .124 ~ 2 .000  

Cp, B= "~h~'- 

SUBMERGENCE, INCHES 

F i g .  6 - F r o u d e  n u m b e r  a t  w h i c h  v e n t i -  
l a t i o n  o c c u r s  f o r  s u r f a c e - p i e r c i n g  c y l i n -  
d e r s  a t  v a r i o u s  d e p t h s  o f  s u b m e r g e n c e  
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Fig. 7 - Photograph of surface-p~iercing 
s t ru t  cavi ta t ing  yat not ven t i la t ing  

vapor  p r e s s u r e  wi th in  0.75 inch of the w a t e r  s u r f a c e .  Such p r e s s u r e s  c o r r e s p o n d  to 
w a t e r  h e a d s  of ove r  30 fee t  and yet no t e n d e n c y t o w a r d v e n t i l a t i o n  was  appa ren t .  Such 
o b s e r v a t i o n s  lead to the c o n c l u s i o n  that  the t u rbu len t  wake beh ind  the cy l i n d e r  p r o -  
v ided  low e n e r g y  p a t h s  th rough  which a i r  could e n t e r  the l o w - p r e s s u r e  r e g i o n s .  In 
the c a s e  of the  a i r f o i l  s e c t i o n  the f low about the  foil  was  s m o o t h  and of high e n e r g y  
with no tu rbu len t  wake in i t s  i m m e d i a t e  v ic in i ty  and t h e r e f o r e  no low e n e r g y  pa th  
th rough  which  the a i r  could e n t e r .  Of c o u r s e ,  such  s e c t i o n s  do ven t i l a t e  at h i g h e r  
ang l e s  of a t tack .  In such  c a s e s  the c h o r d w i s e  p r e s s u r e  g r ad i en t  may  have p r e s s u r e  
p e a k s  n e a r  the l ead ing  edge fo l lowed by an a d v e r s e  p r e s s u r e  g r a d i e n t  which  could 
r e s u l t  in bounda ry  l a y e r  s e p a r a t i o n  and s u s c e p t a b i l i t y  to ven t i l a t ion .  

E X P E R I M E N T A L  FLOW STUDIES 

In an e f fo r t  to ~ o r r e l a t e  the p r e s e n c e  of s e p a r a t i o n  wi th  the o c c u r r e n c e  of v en t i -  
la t ion,  an o i l - f l ow  techn ique  deve loped  at  NACA by Donald Loving was  used .  The 
t echn ique  was  deve loped  for  u s e  in a i r  but w o r k e d  as  wel l  in w a t e r .  It c o n s i s t s  of 
pu t t ing  a th in  f i l m  of oil on the s u r f a c e  to be i n v e s t i g a t e d  and then  towing it at a 
cons t an t  speed .  The oil  t e n d s  to wipe off m o r e  r ap id ly  in h i g h - e n e r g y  a t t a ch ed  flow 
and t u r b u l e n t  a r e a s  than  it does  in l o w - e n e r g y  s e p a r a t e d  a r e a s .  This  r e s u l t s  in a 
g r e a t e r  c o n c e n t r a t i o n  of oil  in the s e p a r a t e d  a r e a s ,  The oil p a t t e r n  is  h ighly  v i s ib l e  
u n d e r  u l t r a v i o l e t  l ight which c a u s e s  the  oil to f l u o r e s c e .  F i g u re  8 is  a p h o t o g r a p h  of 
a typ ica l  oil  p a t t e r n  ob ta ined  on an unven t i l a t ed  s u r f a c e  p i e r c i n g  hydro fo i l  having an 
NACA 64 s e r i e s  s ec t i on .  Above the w a t e r  s u r f a c e  the  oil moved  t o w ard  the t r a i l i n g  
edge.  Below the  w a t e r  s u r f a c e  the oil  a c c u m u l a t e d  in the c e n t e r  p o r t i o n  of the c h o r d  
and was  wiped  c l e a r  in the v ic in i ty  of the leading  and t r a i l i n g  edges .  A l a m i n a r  
s e p a r a t i o n  bubble  i s  i nd i ca t ed  by the a c c u m u l a t e d  oil.  As ind ica t ed  by the s k e t ch  
the  a c c u m u l a t i o n  of oil  was  due to the f o r w a r d  mot ion  of the b o u n d a ry  l a y e r  at the 
aft end of the bubble  moving  the  oil f o r w a r d  r a t h e r  than p e r m i t t i n g  it to be swep t  
d o w n s t r e a m  by  the  tu rbu len t  f low aft  of the bubble .  

F i g u r e  9 i s  a p h o t o g r a p h  of the s a m e  m o d e l w h e r e  a i r  was  a r t i f i c i a l l y  i n t roduced  
into the  a r e a  which  the oil  p a t t e r n  ind ica ted  to be s e p a r a t e d .  The a i r  r e m a i n e d  in an 
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Fig.  8 - . P h o t o g r a p h  of oil flow p a t t e r n  showing 
l a m i n a r  s e p a r a t i o n  bubble  

a r e a  whose  f o r w a r d  p o r t i o n  c l o s e l y  r e s e m b l e s  t ha t  of the  l a m i n a r  b u b b l e  i n d i c a t e d  
by  the  o i l - f l ow  p a t t e r n  shown  in Fig.  8. T h i s  i n d i c a t e s  t ha t  v e n t i l a t i o n  wi l l  o c c u r  if 
the  fo i l  h a s  a s e p a r a t e d  f low r e g i o n  and  a i r  c an  ge t  to  t h i s  r e g i o n .  H o w e v e r ,  v e n t i l a -  
t i on  did  not  o c c u r  n a t u r a l l y  in  Fig.  9 bu t  was  induced  by  d i s t u r b i n g  the  w a t e r  s u r f a c e  
in  the  v i c i n i t y  of the  fo i l  l e ad i ng  edge .  When  the  d i s t u r b a n c e  was  r e m o v e d  the  cav i ty  
c l o s e d  at  the  w a t e r  s u r f a c e  a s  c a n  be  s e e n  by  c lo se  i n s p e c t i o n  of the  p h o t o g r a p h .  The  
a i r  in  the  cav i ty  was  t h e n  e n t r a i n e d  by  the  w a t e r  and  the  cav i ty  g r a d u a l l y  d i s s i p a t e d  
un t i l  fu l ly  w e t t e d  f low was  a g a i n  a t t a ined .  The  fac t  t h a t  the  fo i l  had  s e p a r a t e d  flow 
r e g i o n s  of low p r e s s u r e  on i t  and  s t i l l  did not  v e n t i l a t e  n a t u r a l l y  o r  e v e n  m a i n t a i n  

Fig. 9 - Photograph of ventilation of the laminar 
separation bubble 
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Fig.  10 - H o r s e s h o e  v o r t e x  s y s t e m  
which  s a t i s f i e s  the  b o u n d a r y  cond i -  
t ions  for  a s u r f a c e - p i e r c i n g  s t r u t  

v e n t i l a t i o n  a f t e r  i n i t i a l  v e n t i l a t i o n  was  
induced  i n d i c a t e s  tha t  the  s e p a r a t e d  r e g i o n  
did  not  e x t e n d  to the  w a t e r  s u r f a c e .  T h i s  
could  be  e x p e c t e d  s i n c e  s e p a r a t i o n  of the  
b o u n d a r y  l a y e r  i s  s t r o n g l y  i n f l u e n c e d  by  
p r e s s u r e  g r a d i e n t s ,  and  the  w a t e r  s u r f a c e  
h a s  no s u c h  g r a d i e n t  s i n c e  i t  i s  a c o n s t a n t  
p r e s s u r e  b o u n d a r y .  

M A T H E M A T I C A L  MODEL 

In a n  e f fo r t  to ga in  s o m e  i n s i g h t  a s  to 
the  e x t e n t  tO w h i c h  the  p r o x i m i t y  of the  
w a t e r  s u r f a c e  m i g h t  r e t a r d  s e p a r a t i o n  the  
m e t h o d  of i m a g e s  was  emp loyed .  The  
i m a g e  s y s t e m  shown  in Fig.  1 0 w a s  s e t  up 
to s a t i s f y  the  cond i t i on  of c o n s t a n t  p r e s s u r e  

at  the  f r e e  w a t e r  s u r f a c e .  A s i n g l e  h o r s e s h o e  v o r t e x  was  s u b s t i t u t e d  fo r  the  hydro fo i l .  
The  bound  v o r t e x  w as  l o c a t e d  a t  the  q u a r t e r - c h o r d  and  the  t r a i l i n g  v o r t i c e s  w e r e  
l oca t ed  at  the  t ip and  a t  the  w a t e r  s u r f a c e .  The  i m a g e  v o r t e x  was  l o c a t e d  in  a s i m i l a r  
m a n n e r  e x c e p t  above  the  w a t e r  s u r f a c e .  The  v o r t i c i t y  of the  i m a g e  was  of oppos i t e  
r o t a t i o n  as  t ha t  of the  h y d r o f o i l  v o r t e x .  Such a s i m p l i f i e d  i m a g e  s y s t e m  canno t  be  
e x p e c t e d  to c a l c u l a t e  the  f low a c c u r a t e l y ,  e s p e c i a l l y  in  a r e a s  c l o s e  to the  v o r t i c e s .  
However  f low d i r e c t i o n s  c a l c u l a t e d  in the  v i c i n i t y  of the  l e ad ing  edge  s h o u l d  p r o v i d e  
a n  i n d i c a t i o n  of the  d i s t r i b u t i o n  of the  load  a long  the  span .  

F i g u r e  11 p r e s e n t s  the  s p a n w i s e  d i s t r i b u t i o n  of the  p a r a m e t e r  ('A'/V)/(CL/2n) wh ich  
d e f i n e s  the  f low d i r e c t i o n  a t  the  l e ad i ng  edge  of the  hyd ro fo i l ,  w h e r e  w i s  the  f low 
v e l o c i t y  n o r m a l  to  the  u n d i s t u r b e d  s t r e a m  v e l o c i t y  V and  C L i s  the  l i f t  coe f f i c i en t  of the  
hydro fo i l .  It c an  b e  s e e n  t h a t  the  ang le  of f low r a p i d l y d e c r e a s e s  in  the  v i c i n i t y  of the  
w a t e r  s u r f a c e ,  b e c o m i n g  z e r o  a t  the  w a t e r  s u r f a c e .  S ince  t h i s  f low ang le  i s  an  i n d i c a -  
t ion  of the  load ing ,  i t  i n d i c a t e s  t ha t  the  load ing  a l s o  b e c o m e s  z e r o  at  the  w a t e r  s u r f a c e .  
As  the  load ing  a p p r o a c h e s  z e r o ,  the  c h o r d w i s e  p r e s s u r e  g r a d i e n t  m u s t  a l s o  a p p r o a c h  
z e r o  and  t h e r e b y  r e d u c e  the  t e n d e n c y  of the  b o u n d a r y  l a y e r  to s e p a r a t e .  The  fac t  
tha t  the  c h o r d w i s e  p r e s s u r e  g r a d i e n t  at  t he  w a t e r  s u r f a c e  i s  z e r o  would i n d i c a t e  t ha t  
s e p a r a t i o n  would n e v e r  o c c u r  a t  the  w a t e r  s u r f a c e  and  t h e r e f o r e  v e n t i l a t i o n  would 
n e v e r  o c c u r .  T h i s  i s  a l i m i t a t i o n  of the  m a t h e m a t i c a l  mode l .  A n o t h e r  l i m i t a t i o n  of 
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the mathematical model is that it does not account for the effect of speed which is 
quite apparent in experimental investigations. Both of these deficiencies result from 
the fact that the mathematical model assumes potential flow. 

EFFECT OF VISCOSITY 

E f f o r t s  to  u n d e r s t a n d  the  i n t i m a t e  d e t a i l s  of the  m e c h a n i c s  of v e n t i l a t i o n  i n c e p -  
t i on  have  not  b e e n  e x t e n s i v e .  As a r e s u l t  no de f in i t e  c o n c l u s i o n s  have  d e v e l o p e d  as  
to  the  m a n n e r  in  which  the  s e p a r a t i o n  at  the  w a t e r  s u r f a c e ,  wh ich  u l t i m a t e s  in  v e n -  
t i l a t i on ,  o c c u r s .  It is  b e l i e v e d ,  h o w e v e r ,  t ha t  the  u s u a l  concep t  of i n v i s c i d  i r r o t a t i o n a l  
f low ou t s ide  the  b o u n d a r y  l a y e r  i s  not  adequa t e  n e a r  the  w a t e r  s u r f a c e ,  e s p e c i a l l y  in  
the  v i c i n i t y  of the  l ead ing  edge of the  hydro fo i l .  In s u c h  a c a s e  t h e r e  would be  an  
i n t e r a c t i o n  b e t w e e n  the  two f lows which  could  r e s u l t  in  s u b s t a n t i a l  c h a n g e s  in  the  
p r e s s u r e  g r a d i e n t s  and  flow. Thus  bo th  s e p a r a t i o n  a t  the  w a t e r  s u r f a c e  and  the  
in f luence  of s p e e d  could be  e x p l a i n e d  as  a r e s u l t  of s u c h  an  i n t e r a c t i o n .  R e f e r r i n g  
b a c k  to Fig.  11 i t w i l l  be  no ted  t ha t  s i n c e  the  p a r a m e t e r  (W/V)/(CL/2~) i s  a n  i n d i c a t o r  
of the  f low ang le  and load ing ,  i t  i s  a l s o  an  i n d i c a t o r  of the  p e r t u r b a t i o n  ve loc i ty .  
V i s c o s i t y  wi l l  a l t e r  the  d i s t r i b u t i o n  of t h i s  ve loc i ty .  T h i s  i s  p a r t i c u l a r l y  t r u e  when  
the  v e l o c i t y  g r a d i e n t s  a r e  l a r g e .  The  s h e a r  f o r c e s  due to v i s c o s i t y  t end  to a v e r a g e  
the  v e l o c i t i e s .  T h a t  i s ,  the  l ower  v e l o c i t i e s  in  the  r e g i o n  c lo se  to the  w a t e r  s u r f a c e  
wi l l  be  i n c r e a s e d  o v e r  t h o s e  p r e d i c t e d  by  p o t e n t i a l  flow, whi le  the  h i g h e r  v e l o c i t i e s  
a t  the  g r e a t e r  d e p t h s  would be  r e d u c e d .  The  e f fec t  n e a r  the  s u r f a c e  i s  of i n t e r e s t  in  
the  c a s e  b e i n g  c o n s i d e r e d .  The  d a s h e d  c u r v e  on Fig.  11 is  i n t ended  to i nd i ca t e  t h i s  
change  in p e r t u r b a t i o n  ve loc i ty .  It c an  be  s e e n  t ha t  though  the  p e r t u r b a t i o n  v e l o c i t y  
a p p r o a c h e s  z e r o  in the  p r o x i m i t y  of the  w a t e r  s u r f a c e ,  i t s  v e l o c i t y  g r a d i e n t  i s  g r e a t e s t  
t h e r e  and  the  e f fec t  of v i s c o s i t y  i s  to i n c r e a s e  t h i s  g r a d i e n t .  T h e s e  h igh  v e l o c i t y -  
g r a d i e n t s  in  the  v i c i n i t y  of the  w a t e r  s u r f a c e  a r e  conduc ive  to e d d i e s  wh ich  would 
p r o v i d e  l o w - e n e r g y  p a t h s  to the  s e p a r a t e d  a r e a s  f a r t h e r  be low the  w a t e r  s u r f a c e .  
S ince  t h e s e  v e l o c i t y  g r a d i e n t s  wi l l  i n c r e a s e  wi th  s t r e a m  ve loc i t y ,  the  t e n d e n c y  fo r  
e d d i e s  to  f o r m  wi l l  i n c r e a s e  wi th  i n c r e a s i n g  s t r e a m  ve loc i ty .  T h i s  i s  a p o s s i b l e  
e x p l a n a t i o n  fo r  the  in f luence  of v e l o c i t y  on the  i ncep t ion  of v e n t i l a t i o n  which  i s  so  
a p p a r e n t  in  e x p e r i m e n t a l  i n v e s t i g a t i o n s .  

CONCLUDING REMARKS 

Some u n d e r s t a n d i n g  of the  m e c h a n i c s  of v e n t i l a t i o n  i n c e p t i o n  h a s  b e e n  ga ined  in 
t ha t  i t  h a s  b e e n  shown  tha t  low p r e s s u r e  is  not a su f f i c i en t  r e q u i r e m e n t  fo r  v e n t i l a -  
t i on  but  tha t  s e p a r a t i o n  of the  b o u n d a r y  l a y e r  is  a l so  r e q u i r e d .  It h a s  a l s o  b e e n  
found tha t  s e p a r a t i o n  of the  b o u n d a r y  l a y e r  i s  g r e a t l y  r e t a r d e d  by  the  p r e s e n c e  of the  
f r e e  w a t e r  s u r f a c e .  H o w e v e r  f u r t h e r  i n v e s t i g a t i o n  wi l l  be  n e c e s s a r y  b e f o r e  the  
m e c h a n i s m  of t h i s  r e t a r d a t i o n  and  how it  i s  i n f luenced  by  s p e e d  i s  u n d e r s t o o d  and a 
m e a n s  of c a l c u l a t i n g  b o u n d a r i e s  fo r  the  i n c e p t i o n  of v e n t i l a t i o n  c a n  be  deve loped .  
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DISCUSSION 

H. Saunders (Capt., U.S.N., Ret.) 

It s eems  a pity to me that the use of the single word "venti lat ion" to signify all 
aspects  of the entrance of a i r  to a region of negative d i f f e ren t i a lp re s su re  in or around 
or below the water  surface has spread so widely within the last  few years .  This word 
"vent i la t ion,"  like everything else,  has its p roper  place in the universe  and, if we are  
to judge by Webster,  "vent i la t ion" is something which indicates that a i r  is enter ing 
where it is des i red  or needed. It is most  confusing to have the word used also for a 
situation where the air  is definitely detr imental .  To cover  this second phase we have 
used the express ion  "a i r  ~eakage." 

If you don't  know whether the air  is a good thing or  not, then you can speak of 
"aera t ion ."  

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

I would like to touch brief ly on a few of the highlights which were revealed  by an 
explora tory  study* which was conducted at the Stevens Institute Exper imenta l  Towing 

* J . P .  B r e s l i n  and  R.  S k a l a k ,  " A n  E x p l o r a t o r y  S tudy  of  V e n t i l a t e d  F l o w s  A b o u t  Y a w e d  
S u r f a c e - P i e r c i n g  S t r u t s , "  E T T  R e p o r t  No. 668,  O c t o b e r  1957.  
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Tank (SETT) under support of the Hydrodynamics Laboratory of the NACA. Some of 
these resu l t s  corrobora te  the findings on ventilation inception as given by Mr. Wadlin 
and others  are  offered as additional facts  which may be of in teres t  to those who would 
like to be able to es t imate  the fo rces  on a venti lating body. 

The SETT tests  were  made with two ve r t i ca l  su r face-p ie rc ing  struts ,  one being 
a symmetr ica l ,  2.5-inch c i r c u l a r - a r c  section and the other a 3-inch cambered  sec -  
tion (NACA 4412) which has a nearly fiat p r e s su re  side. Three modes of inception 
were  found: 

1) by ingestion of a i r  through momentar i ly  developed "Rankine" vo r t i ce s  in the 
unsteady, separated flow attending stall  conditions at la rge  angles of yaw (Fig. D1), 

2) through aerat ion of the t ra i l ing  vor tex developed by the lower tip, and 

3) through the action of a slight disturbance applied at the suction side near-the 
leading edge at the juncture with the f ree  surface when underway at speeds and angles 
of yaw well  below those for which ventilation occur red  spontaneously at stal l ing 
conditions. 

The f i r s t  mode was observed in quite some detail  through the use of a motion 
picture camera .  

The discovery of the high sensitivity of the flow to slight disturbances (mode 3 
above) led to an investigation of the boundary layer  by the NACA which was very  
effect ively ca r r i ed  out through the use of the o i l -u l t r a -v io le t  light technique descr ibed 
in the paper. Similar  observat ions  at SETT also revealed  regions of laminar  separa -  
tion and re -a t tachment  of the boundary layer  which are  sealed f rom the f ree  surface 
by a re la t ively  thin str ip of nonseparated flow over the length of the chord at the 
juncture with the s t reaming f r ee - su r face .  This s tr ip is nonseparated because of the 
ne a r - ze ro long i t ud ina lp r e s su re  gradient imposed by the presence  of the f ree  surface. 
Momentary rupture of this seal  pe rmi t s  air  to replace  the separated fluid and a new 
flow phase is thereby initiated. The p resence  of a laminar  separat ion (which, inci-  
dentally, does not always give r i se  to noticeable anomalies  in the s ide - fo rce  curve) 

PRESSURE SIDE SPRAY ~ U 
\ 
~ "  SUCTION SIDE S P R A Y - -  7 

ia 

~\°-~ o o" ~'~ oo ~,,4--t  " ~  WATER 

I 

I 

i . . . . . . .  

Fig. D1 - Par t ia l  cavity formed at low Froude numbers 
and large angles of attack 
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i s  a c o n s e q u e n q e  of the  low R e y n o l d s  n u m b e r s  a t  wh ich  s m a l l  m o d e l s  a r e  t e s t ed .  It  
i s  t h e r e f o r e  a d v i s a b l e  f o r  towing  t a n k s  to t ake  m e a s u r e s  to  i n s u r e  t u r b u l e n t  b o u n d a r y  
l a y e r s  in  any  e x p e r i m e n t  in  w h i c h  v e n t i l a t i o n  i n c e p t i o n  c o n d i t i o n s  a r e  b e i n g  sought .  
I t  i s  e x p e c t e d  t h a t  a t  h igh  R e y n o l d s  n u m b e r s  the  s u s c e p t i b i l i t y  to v e n t i l a t i o n  by d i s -  
t u r b a n c e s  a r o u n d  the  l e a d i n g  edge a t  a n g l e s  of a t t a c k  w e l l  be low s t a l l  w i l l  be  s m a l l  
if t h e r e  a r e  no  r e g i o n s  of s e p a r a t i o n  p r e s e n t .  

However ,  a t t e n t i o n  i s  i n v i t e d  to the  o b s e r v e d  f a c t  t h a t  once  a v e n t i l a t e d  flow i s  
d e v e l o p e d  i t  i s  v e r y  s t a b l e  a n d w i l l p e r s i s t  d o w n t o  s m a l l  a n g l e s  of yaw (or  s i d e - f o r c e  
c o e f f i c i e n t s )  a s  m a y  b e  s e e n  in a t y p i c a l  s e t  of da t a  f r o m  the  S E T T  t e s t s  shown in 
Fig. D2. The  v e n t i l a t e d  c a v i t y  wi l l  c o l l a p s e  a t  c o n d i t i o n s  beyond  t h a t  fo r  n a t u r a l  
c l o s u r e  only  if  s o m e  m e a n s  of i n h i b i t i n g  the  supply  of a t m o s p h e r i c  a i r  i s  appl ied .  
C o n d i t i o n s  fo r  n a t u r a l  c l o s u r e  of c a v i t i e s  w e r e  o b s e r v e d  and  t h e s e  a r e  shown  in  Fig.  
D3. It  a p p e a r s  t h a t  a s u f f i c i e n t  c o n d i t i o n  fo r  the  e x i s t e n c e  of fu l l  v e n t i l a t i o n  on the  
t e s t e d  m o d e l s  i s  g iven  by 

Cs > 5 _ 5gh 
_ Fh 2 U2 , F h > 3 .  (D1) 

However ,  f o r  o p e r a t i o n  a t  C s - v a l u e s  above  th i s ,  v e n t i l a t i o n  wi l l  no t  be  e a s i l y  gen -  
e r a t e d  u n l e s s  b o u n d a r y  l a y e r  s e p a r a t i o n  e x i s t s .  In the  a b s e n c e  of s u c h  s e p a r a t i o n  i t  
i s  e x p e c t e d  t h a t  a r a t h e r  l a r g e  d i s t u r b a n c e  i s  n e c e s s a r y  to deve lop  the  o t h e r  p o s s i b l e  
f low be low s t a l l ,  v i z . ,  fu l l  ven t i l a t i on .  

It  h a s  b e e n  noted ,  w i thou t  e l a b o r a t i o n  by the  a u t h o r ,  t ha t  a ful ly  v e n t i l a t e d  f low 
i s  a n a l o g o u s  to the  f low abou t  the  s a m e  body  a t  z e r o  c a v i t a t i o n  index.  T h i s  i s  t r u e  
only a t  " i n f i n i t e "  F r o u d e  n u m b e r .  At  f in i t e  F r o u d e  n u m b e r s  t h e r e  a p p e a r s  to  be  a 
v e r y  p l a u s i b l e  c o n n e c t i o n  b e t w e e n  the  flow in a s e c t i o n  of a v e n t i l a t e d  f low and  t h a t  
about  the  c o r r e s p o n d i n g  s e c t i o n  in a t w o r d i m e n s i o n a l  c a v i t a t i o n a l  flow. The  c o n d i -  
t i o n s  wh ich  m u s t  be  i m p o s e d  in o r d e r  t h a t  t h e s e  f lows  be  s i m i l a r  c a n  be  ob t a ined  as  
fo l lows:  

F o r  any po in t  on the  wa l l  of a t h r e e - d i m e n s i o n a l  v e n t i l a t e d  cav i ty  (p = Pc), we 
have  

- F--- ~ = - - 2 + + + , ( D 2 )  

and 

w3 ~ (D3) -ff ~ - a-~ " 

On the  wa l l  of a t w o - d i m e n s i o n a l  v a p o r  c a v i t y  (p = Pv), we have  

H e r e :  

cr - 1 2 
pU 

is  the  v e r t i c a l  d i s t a n c e  be low the  f r e e  s u r f a c e  to the  po in t  on the  v e n -  
t i l a t e d  cav i ty  wa l l  (nega t ive  downward) ,  

F¢ i s  the  " s u b m e r g e n c e "  F r o u d e  n u m b e r ,  

i s  the  a c c e l e r a t i o n  of g r a v i t y ,  
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U i s  the f r e e - s t r e a m  speed ,  o r  s p e e d  of advance ,  

u 3 , v 3 , w  3 a r e  x- ,  y- ,  and z - c o m p o n e n t s  of v e l o c i t i e s  p r o d u c e d  by p r e s e n c e  of 
body and cavi ty  in t h r e e  d i m e n s i o n s ,  

x,y, z a r e  coo rd ina t e  a x e s  taken in such  a way that  the f r e e  s t r e a m  i s  p a r a l -  
le l  to the nega t ive  x - a x i s  and the z -ax i s  i s  pos i t i ve  upward ,  

P¢o i s  the r e f e r e n c e  p r e s s u r e  at  infini ty,  

Pv is  the vapor  p r e s s u r e ,  

Pa i s  the a t m o s p h e r i c  p r e s s u r e ,  and 

i s  the cav i t a t ion  index. 

Fo r  po in t s  which  a r e  not n e a r  the e x t r e m i t i e s  of the ven t i l a t ed  cavi ty ,  i . e . ,  w h e r e  
~ / ~ x  i s  neg l ig ib le ,  the f lows may  be e x p e c t e d  to be quite  s i m i l a r .  Thus,  the f lows  
may  be m a t c h e d  if we take 

c~(~) = - _22 = _ 2g~ - h  < ~ < 0 (D5)* 
F~ 2 U 2 ' 

which  c e r t a i n l y  i m p o s e s  the condi t ion  that  u 2 = u a in al l  r e g i o n s  w h e r e  the quad ra t i c  
t e r m s  a r e  negl ig ib le .  

Employ ing  th i s  r e l a t i o n s h i p  a b i t  f r e e l y  l e a d s  to a f o r m u l a t i o n  fo r  the e f fec t ive  
t w o - d i m e n s i o n a l  s i d e - f o r c e  coe f f i c i en t  of a ven t i l a t ed  s t r u t  a s  

o if Cs2(%b,Fh) = -~ 
-h 

which  th rough  use  of (D6) y i e ld s  

CL(a,cr ) d (D6) 

F~  2/Fh 2 

Csa(~,Fh) = --~ ~ CL2(a'~) d= 

= CL2(a) for 0 < ~ < 2 
_ _ Fh 2. 

(D7) 

w h e r e  CL2 is  the t w o - d i m e n s i o n a l  l i f t  of the cav i t a t ing  sec t ion ,  and CL2 i s  the m e a n  of 
¢L~ be tw een  the l i m i t s  ~ = 0 and a = 2/F 2. (It i s c l e a r  tha t  for  F h -o co, Cs 2 = CL (a ,0) . )  

To account  fo r  a s p e c t - r a t i o  e f f ec t s ,  in the main ,  we a r r i v e  a t  the s i d e - f o r c e  
coe f f i c i en t  for  f in i te  span  ( 3 - d i m e n s i o n s )  in the f o r m :  

C s 2 ( a  - a  o)  CL2(a  - a  o)  

cs3 = a2 a2 (D8) 
E+-- E+-- 

~A ~A 

~'This result was obtained by Perry~ who did not, however, indicate restrictions 
imposed by three-dimensional effects. 

H ~B. Perry, Experlments on Struts Piercing the Water Surface," Cal. Tech. Hydro- 
dynamics Lab. Report E-55-I, December 1954. 
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Fig.  D4 - M e a s u r e d  and c o m p u t e d  s i d e -  
f o r c e  c o e f f i c i e n t s  for  ful ly  v e n t i l a t e d  
s t r u t  

w h e r e  

E i s  the  J o n e s '  e d g e - c o r r e c t i o n  
f a c t o r  w h i c h  i s  c o m p u t e d  as  
p e r i m e t e r  l e s s  the  c h o r d  
l e n g t h  a t  the  w a t e r  s u r f a c e  
d iv ided  by  twice  the  span ,  

a 2 i s  the  c a v i t a t i n g  s e c t i o n  l i f t -  
s lope  a t  a = q~, 

A i s  the  g e o m e t r i c  a s p e c t  r a t i o ,  

and  % i s  the  ang le  of z e r o  l if t .  

E v a l u a t i o n  t h r o u g h  t h e  u se  of W u ' s *  
r e s u l t s  f o r  the  l i f t  of a c a v i t a t i n g  p l a t e  
in  the  c a s e  of the  NACA 4412 s t r u t  a t  

a s p e c t  r a t i o  2 .0  and  yaw ang le  ~ = 20 d e g r e e s  y i e l d s  the  c u r v e s  shown  in Fig. D4. It  
i s  s e e n  t h a t  the  d e p e n d e n c e  of the  s i d e - f o r c e  c o e f f i c i e n t  upon  F r o u d e  n u m b e r  i s  we l l  
r e p r e s e n t e d  o v e r  the  e n t i r e  t e s t  r a n g e  by  the  u se  of the  c a v i t a t i o n  ana logy .  It  i s  a l s o  
c l e a r  how l a r g e  Fh m u s t  be  b e f o r e  the  f low m a y  be  l i k e n e d  to t h a t  a t  z e r o  c a v i t a t i o n  
index  (o = 0). 

F. S. B u r t  ( A d m i r a l t y  R e s e a r c h  L a b o r a t o r y )  

At  A .R .L .  we had  the  a d v a n t a g e  of a p r e v i e w  of Dr .  W a d l i n ' s  p a p e r ,  bu t  we a r e  
no t  e n t i r e l y  c o n v i n c e d  of the  p r o p o s i t i o n  t h a t  b o u n d a r y  l a y e r  s e p a r a t i o n  i s  n e e d e d  
b e f o r e  v e n t i l a t i o n  c a n  beg in .  It  s e e m s  r a t h e r  l ike  the  p r o b l e m  of wh ich  c a m e  f i r s t ,  
the  c h i c k e n  o r  the  egg.  You c a n  j u s t  a s  e a s i l y  a r g u e  t ha t  low p r e s s u r e  p r o d u c e s v e n -  
t i l a t i o n  w h i c h  p r o d u c e s  s e p a r a t i o n  as  the  p r o p o s i t i o n  t h a t  s e p a r a t i o n  c a u s e s  v e n t i l a -  
t ion.  In fac t ,  Fig.  5 t  of W a d l i n ' s  p a p e r ,  showing  the  v e n t i l a t i o n  b o u n d a r y ,  could  qui te  
we l l  be  e x p l a i n e d  a t  the  l o w e r  i n c i d e n c e s ,  w i thou t  n e c e s s a r i l y  p o s t u l a t i n g  the  e x i s t e n c e  
of a l a m i n a r  b u b b l e  at  the  l o w e r  i n c i d e n c e s ,  by  s a y i n g  t h a t  l o w e r  i n c i d e n c e s  p r o d u c e  
l o w e r  p e a k  s u c t i o n s ;  h e n c e ,  h i g h e r  s p e e d s w o u l d  b e  n e c e s s a r y  to p r o d u c e  g i v e n  v a l u e s  
of suc t ion .  W h e t h e r  the  f l a t  p l a t e  u s e d  to ob ta in  the  da t a  in  Fig. 5 had  a l a m i n a r  
bubb le  would  depend  l a r g e l y  on the  n o s e  s h a p e  of the  l e a d i n g  edge,  and  no d e t a i l s  of 
t h i s  a r e  given.  It  would be  of i n t e r e s t  to know if t h i s  p a r t i c u l a r  s e c t i o n  h a s  b e e n  
t e s t e d  in a w i n d  t u n n e l  and  the  e x i s t e n c e  of the  l a m i n a r  b u b b l e  u n d e r  t h e s e  c o n d i t i o n s  
h a s  b e e n  d e m o n s t r a t e d .  The  oi l  p i c t u r e  of the  s t r u t  in  Fig.  8 would a p p e a r  to show 
the  l a m i n a r  bubb le ,  bu t  i t  would be  of i n t e r e s t  to know w h a t  the  R e y n o l d s  n u m b e r  of 
the  t e s t s  w e r e  a n d w h e t h e r  they  t i ed  up wi th  the  R e y n o l d s  n u m b e r  a t  wh ich  v e n t i l a t i o n  
o c c u r r e d .  

The  a u t h o r  s u g g e s t e d  t h a t  the  s u r f a c e - p i e r c i n g  fo i l  cou ld  be  c o n s i d e r e d  as  the  
s i m p l e s t  c a s e  of v e n t i l a t i o n ,  ye t  he  showed  t h a t  the  e f f e c t  of the  f r e e  s u r f a c e  flow 
c o n d i t i o n s  a r e  such  a s  to  i nh i b i t  the  p r i m e  r e q u i s i t e  f o r  v e n t i l a t i o n ,  n a m e l y ,  the  f r e e  
e n t r y  of the  a i r .  I t  would  s e e m  to be  m u c h  s i m p l e r  to  c o n s i d e r  a ful ly  s u b m e r g e d  
fo i l  and to r e p e a t  the  r e s u l t  of Fig. 5 to s ee  if  t h e r e  i s  any s i m i l a r i t y  in the  t e s t  
p o i n t s  a t  t he  l o w e r  i n c i d e n c e s .  

*T. Y. Wu, "A F r e e  S t r e a m l i n e  T h e o r y  for  T w o - D i m e n s i o n a l  Ful ly  C a v i t a t e d  Hydro -  
f o i l s , "  Cal .  Tech .  H y d r o d y n a m i c s  Lab.  R e p o r t  21-17,  Ju ly  1955. 

~Note:  All  f i g u r e  n u m b e r s  a r e  f r o m  Wad l in ' s  p a p e r .  
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P. DuCane  ( V o s p e r ,  Ltd. ,  England)  

R e f e r r i n g  to the  type  of flow d e s c r i b e d  in W a d l i n ' s  Fig.  2, I have  r e c e n t l y  
o b s e r v e d  w h a t  would s e e m  to be  a r a t h e r  u n u s u a l  e x a m p l e  of s u c h  flow - a t  l e a s t  i t  
i s  an  e x a m p l e  wh ich  h a s  not  b e e n  s e e n  p r e v i o u s l y  and  the  e x p l a n a t i o n  of which ,  i t  
m u s t  be  c o n f e s s e d ,  w a s  not  i m m e d i a t e l y  obvious .  

D u r i n g t h e  c o u r s e  of f unc t i on i ng  t r i a l s  i n t h e  c a s e  of an  i n s t a l l a t i o n  of r o l l  d a m p -  
ing  f i n s  a b o a r d  a f a s t  type  of r o u n d  f o r m  t o r p e d o  boa t  of the  Swedish  Navy we w e r e  
e m p l o y i n g  the  t e c h n i q u e  known as  " f o r c e d  r o l l i n g "  to t e s t  the  i n s t a l l a t i o n .  T h i s  c o n -  
s i s t s  of r e v e r s i n g  the  s i g n a l  f r o m  the  c o n t r o l l i n g  g y r o s  in  s u c h  a m a n n e r  t ha t  the  
f i n s  wi l l  a t  a l l  t i m e s  be  o r d e r e d  to i n c r e a s e  the  r o l l  v e l o c i t y  r a t h e r  t h a n  to r e d u c e  
it,  wh ich  i s  the  n o r m a l  " m o d u s  o p e r a n d i "  of s u c h  i n s t a l l a t i o n s .  

In t h i s  way a r o l l  a m p l i t u d e  i s  b u i l t  up e a c h  s ide  of the  v e r t i c a l ,  the  m a g n i t u d e  
of which  i s  d e p e n d e n t  upon the  f in  f o r c e s  d e v e l o p e d  as  we l l  a s  the  n a t u r a l  d a m p i n g  of 
the  hu l l  and  i t s  s t a t i c a l  s t a b i l i t y  e x p r e s s e d  in the  f o r m  GM. 

Such f o r c e d  r o l l i n g  i s  a use fu l  t e s t  of m a n y  f e a t u r e s  of the i n s t a l l a t i o n ,  e s p e c i a l l y  
if h e a v y  w e a t h e r  i s  r e q u i r e d  f o r  a t r i a l  and  i s  l i ab l e  to l ead  to  m u c h  de l ay  b e f o r e  the  
d e s i r e d  c o n d i t i o n s  a r e  r e a l i z e d .  

Whi le  o b s e r v i n g  the  m e c h a n i s m  in the  e n g i n e  r o o m  we w e r e  i n f o r m e d  f r o m  a 
deck  t h a t  " j e t s "  of s p r a y  w e r e  e m e r g i n g  f r o m  the  s u r f a c e  by  the  f ins .  The  " j e t s "  
e m e r g e d  as  the  f in  n e a r e d  the  s u r f a c e  and  r o s e  to s o m e  t en  or  f i f t e en  f ee t  fo r  a few 
s e c o n d s  whi le  the  ship  w as  h e e l e d  to the  m a x i m u m  away f r o m  the  s ide  f r o m  wh ich  
the  s p r a y  was  e m e r g i n g .  

It  shou ld  be  u n d e r s t o o d  t ha t  in " f o r c e d  r o l l i n g "  the f in  wi l l  s t i l l  b e  t r y i n g  to l i f t  
the  sh ip  e v e n  as  i t  a p p r o a c h e s  the  s u r f a c e  a s  in  Fig. D5. I t  t h e r e f o r e  s e e m s  qu i te  
r e a s o n a b l e  to suppose  t ha t  a flow a p p r o x i m a t i n g t h a t  shown in the  l o w e r  i l l u s t r a t i o n  of 
W a d l i n ' s  Fig. 2 c a u s e s  t h i s  s p r a y t o  e m e r g e  i n t h e  m a n n e r  a n d a t  the  ang le  d e s c r i b e d .  

T h i s  type of flow a s s o c i a t e d w i t h  a s u b m e r g e d  l i f t ing  foi l  a p p r o a c h i n g  the  s u r f a c e  
i s  s o m e t i m e s  r e f e r r e d  to a s  G r e e n ' s  flow or  G r e e n ' s  so lu t ion .  It wi l l  be  i n t e r e s t i n g  
to m e a s u r e  the  change  in l i f t  a s  the  s u r f a c e  i s  a p p r o a c h e d  and  v e n t i l a t i o n  o c c u r s .  

T. Kicen iuk  ( C a l i f o r n i a  I n s t i t u t e  of Technology)  

Mr.  W a d l i n ' s  f ind ing  t h a t  low p r e s s u r e  i s  n e c e s s a r y ,  bu t  not  su f f i c i en t ,  to induce  
v e n t i l a t i o n  b e h i n d  a s u r f a c e - p i e r c i n g  body c o r r o b o r a t e s  the  f i nd ings  m a d e  in the  
F r e e - S u r f a c e  W a t e r  T u n n e l  a t  the  C a l i f o r n i a  Ins t i t u t e  of Techno logy .*~  F i g u r e s  D6 
and  DT, t a k e n  f r o m  t h e s e  e a r l i e r  r e p o r t s ,  show s o m e  d e t a i l s  of the  f low wh ich  m a y  
give added  i n s i g h t  to  the  m e c h a n i s m  for  v e n t i l a t i o n  incep t ion .  The e l e c t r o n i c  f l a s h  
p h o t o g r a p h s  r e v e a l  wha t  a p p e a r  to  be  v e n t i l a t e d  v o r t i c e s  s h e d  d o w n s t r e a m  of the 
mode l .  T h e s e  v o r t i c e s  p r o v i d e  a f e a s i b l e  m e c h a n i s m  fo r  the  deep  p e n e t r a t i o n  by 
a i r  in to  the body of a dense  l iquid  in mot ion .  T h e s e  p h o t o g r a p h s ,  a s  we l l  a s  v i s u a l  
o b s e r v a t i o n s ,  i nd i ca t e  t ha t  r e a l  u n d e r s t a n d i n g  of t h i s  p r o b l e m  m u s t  awa i t  c a r e f u l  and  

*B. Perry, "Experiments on Struts Piercing the Water Surface," CIT Hydro. Lab. 
Report No. E-55.1, Dec. 1954. 
~T.Kiceniuk,"APreliminary Experimental Study of Vertical Hydrofoils of Low Aspect 
Ratio Piercing a Water Surface," CIT Hydro. Lab. Report No. E-55.2, Dec. 1954. 
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Fig. D5 - High-speed patrol craft in forced rolling showing Green's flow, 
from leading edge of fin, developing lift 
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Mechanics of Ventilation Inception 

Fig. D6 - Electronic flash photograph of the ventilation behind 
a surface-piercing body 

Fig. D7 - Electronic flash photograph of the ventilation behind 
a surface-piercing body showing possible vortices 

d e t a i l e d  o b s e r v a t i o n s  and  m e a s u r e m e n t s  of the  p h y s i c a l  p r o c e s s e s  t ak ing  p l ace  in  
the  wake  of the  body.  The  u s e  of t i m e - a v e r a g e d  m e a s u r e m e n t s  s u c h  a s  the  u s u a l  
p r e s s u r e  coe f f i c i en t ,  fo r  e x a m p l e ,  m a y  be  i r r e l e v a n t  in  a s e p a r a t e d  flow s i t u a t i o n  
w h e r e  the  i n s t a n t a n e o u s  low p r e s s u r e s  e x i s t i n g  a t  a po in t  on  the  body or  wi th in  a 
v o r t e x  c o r e  t r i g g e r s  the  v e n t i l a t i o n .  H i g h - s p e e d  p h o t o g r a p h s  t a k e n  in the  wake r e g i o n  
of s u r f a c e - p i e r c i n g  b o d i e s  m a y  r e v e a l  o t h e r  p h e n o m e n a  w h i c h  m u s t  be  r e c o n c i l e d  
w i th  any  p r o p o s e d  t heo r y .  
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K. L. Wadl in  

The  v o r t i c e s  in  Fig.  D7, if t hey  a r e  i n d e e d  v o r t i c e s ,  a r e  b e i n g  s h e d  at  a f r e -  
quency  wh ich  c o m p a r e s  v e r y  w e l l  wi th  t h o s e  c o m p u t e d  by  Roshko*  fo r  a bluff  body.  

B. P e r r y  ( C a l i f o r n i a  I n s t i t u t e  of Techno logy)  

In a n s w e r  to  Mr.  B u r t ' s  ques t i on ,  s o m e  u n r e p o r t e d  e x p e r i m e n t s  p e r f o r m e d  a 
few y e a r s  ago in  the  F r e e  Su r f ace  T u n n e l  a t  the  C a l i f o r n i a  I n s t i t u t e  of T e c h n o l o g y  
m a y  be  of i n t e r e s t .  In  c o n n e c t i o n  wi th  e x p e r i m e n t s  on a i r - i n f l a t e d  cav i ty  flow on 

AIR 
m~/SUPPLY 

FLOW I l~ 

AIR CAVITY 

Fig. D8 - Introduction of air at 
various points near a body in a 
flow stream 

c y l i n d r i c a l  b o d i e s  w i th  f i a t  n o s e s ,  we t r i e d  to 
induce  a fu l l  c av i ty  f low by i n t r o d u c i n g  a i r  
t h r o u g h  a p r o b e  a t  v a r i o u s  po in t s .  We found 
t h a t  a i r  i n t r o d u c e d  s e v e r a l  d i a m e t e r s  af t  of the  
nose ,  a s  a t  A in  Fig. DS, w a s  swep t  away as  
b u b b l e s ,  wh i l e  the  i n t r o d u c t i o n  of a i r  a t  B 
opened  a n  a i r  c a v i t y  a t t a c h e d  to the  r e a r  of the  
body a s  shown. Only by  pu t t i ng  the  a i r  supply  
p r o b e  f o r w a r d  to a l o c a t i o n  such  as  C, i .e . ,  in to  
a zone  of v i s c o u s  s e p a r a t i o n ,  could  a fu l l  cav i ty  
be  f o r m e d .  Once e s t a b l i s h e d ,  h o w e v e r ,  the  
c a v i t y  could  t h e n  be  supp l i ed  wi th  a i r  wi th  the  
p r o b e  p l a c e d  a n y w h e r e  i n s i d e  it. As  I r e c a l l  
it, the  flow v e l o c i t y  was  of the  o r d e r  of 15 fps  
and  the  body d i a m e t e r  was  abou t  2 i nches .  
T h e s e  t e s t s  s e e m  to be  in c o m p l e t e  a g r e e m e n t  
wi th  the  i d e a s  put  f o r w a r d  h e r e  by Mr.  Wadl in ,  
and  e a r l i e r  by  H o e r n e r .  

With  the  m e c h a n i s m  of v e n t i l a t i o n  now u n d e r s t o o d ,  a t  l e a s t  in  a g e n e r a l  way,  i t  
m a y  be  p e r t i n e n t  to  c o n s i d e r  a n  i n h e r e n t  d i f f i cu l ty  wh ich  f a c e s  the  d e s i g n e r  of h igh  
s p e e d  c ra f t .  If any zone  of p o t e n t i a l  v e n t i l a t i o n  i s  a v a i l a b l e ,  s o m e  i n a d v e r t e n t  d i s -  
t u r b a n c e  to the  f low m ay  c a u s e  a cav i ty  to open  up w h i c h  wil l  then ,  so  to speak ,  p r o -  
v ide  i t s  own p a s s a g e  fo r  a i r  supply.  Since t h i s  m a y  c a u s e  a c a t a s t r o p h i c  change  in 
f low p a t t e r n ,  one i s  l ed  to the  c o n c l u s i o n  t h a t  in  m a n y  i n s t a n c e s  the  only sa fe  d e s i g n  
p r o c e d u r e  wi l l  be  to a s s u m e  t h a t  v e n t i l a t i o n  wi l l  occur .  

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

The  e s s e n t i a l  c o n n e c t i o n  b e t w e e n  v e n t i l a t i o n  and  a s e p a r a t e d  b o u n d a r y  l a y e r ,  or  
wake,  h a s  b e e n  s u s p e c t e d  fo r  s o m e  t ime .  I t  i s  p e r h a p s  u n f o r t u n a t e  t ha t  a n e w c o m e r  
to the  s u b j e c t  m i g h t  ob ta in  the  i m p r e s s i o n  t ha t  t h i s  w a s  b e i n g  c l a i m e d  a s  an  o r i g i n a l  
idea.  Ac tua l ly ,  in Ref. 9 of W a d l i n ' s  p a p e r ,  f o r  e x a m p l e ,  H o e r n e r  r e f e r s  to " a n  
a c c u m u l a t i o n  of b o u n d a r y - l a y e r  m a t e r i a l  and  a n e g a t i v e  p r e s s u r e  w i t h i n  the  s e p a r a t e d  
r e g i o n "  a s  p r e r e q u i s i t e  f o r  v e n t i l a t i o n .  

To my mind  the  e x t r e m e  va lue  of the  m o r e  r e c e n t  work  l i e s  in  the  e x p e r i m e n t a l  
a p p r o a c h e s  which  have  b e e n  d e v e l o p e d  to d e m o n s t r a t e  t h i s  r e l a t i o n .  The u se  of an  
oi l  f i lm  i s  a p a r t i c u l a r l y  n ice  t echn ique ,  and  the  r e s u l t s  a r e  m o s t  g ra t i fy ing .  

T h e r e  i s  one po in t  to which  I shou ld  l ike  to add e m p h a s i s .  E x p e r i e n c e  in the  fu l l -  
s c a l e  o p e r a t i o n  of h y d r o f o i l  c r a f t  s u g g e s t s  t ha t  s i g n i f i c a n t  r e t a r d a t i o n  of v e n t i l a t i o n  

"'A. Roshko, "On the Drag and Shedding Frequency of Two-Dimensional Bluff Bodies," 
NACA TN 3169, July i954. 

444 



M e c h a n i c s  of Ven t i l a t ion  Incep t ion  

by the  in f luence  of the  c o n s t a n t - p r e s s u r e  w a t e r  s u r f a c e  can  only be  ob ta ined  u n d e r  
l a b o r a t o r y  cond i t ions .  In o p e n w a t e r  e v e n  the  s m a l l e s t  r i p p l e s  a p p e a r  to be  s u f f i c i e n t  
to i n i t i a t e  v e n t i l a t i o n  a t  the  w a t e r  s u r f a c e .  T h i s  of c o u r s e  i s  an  advan t age  to fu l l -  
s c a l e  o p e r a t i o n  s ince  v e n t i l a t i o n  p r o c e e d s  s m o o t h l y  a s  speed  is  i n c r e a s e d .  The  
e x p l o s i v e  type of p h e n o m e n o n  wh ich  r e s u l t s  when  l a r g e  nega t ive  p r e s s u r e s  a r e  s u p -  
p o r t e d  in c a l m  w a t e r  and  s u b s e q u e n t l y  t r i p p e d  by a s m a l l  d i s t u r b a n c e  could r e p r e s e n t  
a v e r y  d a n g e r o u s  s i t u a t i o n  f o r  a h y d r o f o i l  c r a f t .  

The  f ac t  t ha t  only a s m a l l  d i s t u r b a n c e  i s  n e c e s s a r y  would a p p e a r  to ad~l c i r c u m -  
s t a n t i a l  e v i d e n c e  to Mr .  Wadl in '  s i n g e n i o u s  e x p l a n a t i o n  of the  m e c h a n i s m  beh ind  s u r -  
f ace  ven t i l a t i on .  The h igh  v e l o c i t y  g r a d i e n t s  in  the  v e r t i c a l  d i r e c t i o n  p r o v i d e  a h ighly  
u n s t a b l e  s i t u a t i o n  r e q u i r i n g l i t t l e  d e v i a t i o n  of the  s u r f a c e  to i n i t i a t e  power fu l  eddy ing  
and  t hus  give r i s e  to the  r e q u i s i t e  low e n e r g y  p a t h s .  

F ina l ly ,  I would l ike to a s k  Mr .  Wadl in  w h e t h e r  he h a s  c a r r i e d  out  any e x p e r i -  
m e n t s  u s i n g  a n t i - v e n t i l a t i o n  " f e n c e s . "  In an  " a d  hoc"  s e a r c h  fo r  the  s m a l l e s t  e f f e c -  
t ive  f ence  we have  found t ha t  on a p a r t i c u l a r  s e c t i o n  d e s i g n e d  fo r  u n i f o r m  p r e s s u r e  
d i s t r i b u t i o n  i t  i s  only n e c e s s a r y  to e x t e n d  the  f e n c e  o v e r  the  l ead ing  50 p e r c e n t  of 
the chord .  ( M a x i m u m  t h i c k n e s s  o c c u r s  a t  50 p e r c e n t  cho rd . )  I would have  e x p e c t e d  
m o s t  of the  low e n e r g y  p a t h s  to  e x i s t  b e h i n d  th i s ,  and  t h e r e f o r e  the  s u c c e s s  of the 
h a l f - f e n c e s  s u r p r i s e s  me.  P e r h a p s  Mr .  Wadl in  could  c l a r i f y  my  th ink ing  o n t h i s  point .  
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