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INTRODUCTION 

The  s tudy  of e x c i t a t i o n  of c a v i t i e s  by  wind o r  j e t s  of a i r  h a s  a long  h i s t o r y .  Al l  
wind  i n s t r u m e n t s  and  t h e i r  a n t e c e d e n t s  c o n s i s t  of c a v i t i e s  exc i t ed  by  a j e t  o r  a l a r g e r  
f low of a i r  wh ich  i s  b lown t h r o u g h  t h e m  o r  a c r o s s  t h e i r  open ings .  The  e f f e c t s  on the  
f r e q u e n c y  and  qua l i t y  of the  tone,  wh ich  a r e  p r o d u c e d  by  v a r y i n g  the  d i m e n s i o n s  of 
the  cav i ty  o r  the  s t r e n g t h  of the  a i r  s t r e a m ,  have  b e e n  s t ud i ed  fo r  c e n t u r i e s .  

H e l m h o l t z  (1) in  1868 p u b l i s h e d  what  a p p e a r s  to be  the  f i r s t  s i g n i f i c a n t  p a p e r  on 
the  a c t u a l  m e c h a n i s m  of exc i t a t ion .  He d e s c r i b e s  the  b o u n d a r y  b e t w e e n  two l a y e r s  
of f lu id  m o v i n g  wi th  d i f f e r e n t  v e l o c i t i e s  a s b e i n g  c o m p o s e d  of p a r a l l e l v o r t e x  t h r e a d s .  
If t h e s e  t h r e a d s  i n i t i a l l y  l i e  in  one p lane  -- so t ha t  the  b o u n d a r y  b e t w e e n  the  two 
r e g i o n s  of f lu id  i s  f l a t  -- t hey  wi l l  r e m a i n  so in u n s t a b l e  e q u i l i b r i u m .  Howeve r ,  if  
one  i s  d i s t u r b e d  f r o m  i t s  pos i t ion ,  i t  wi l l  con t inue  to m o v e  out  of l ine  so  as  to c a u s e  
the  d iv id ing  s u r f a c e  of h u m p  and  e v e n t u a l l y  c u r l  o v e r .  H e l m h o l t z  c o n c l u d e s  t ha t  the  
" v i s  v i v a "  of the  o s c i l l a t i o n s  wh ich  i s  l o s t  by  r a d i a t i o n  i s  r e p l a c e d  by  e n e r g y  f r o m  
the  b l a s t  of a i r  b lowing  a c r o s s  o r  t h r o u g h  the  mouth .  T h i s  b l a s t  i s  d i r e c t e d  s l i gh t l y  
in to  o r  out  of the  pipe in p r o p e r  p h a s e  f o r  r e i n f o r c e m e n t  by  m o v e m e n t  of the  v o r t e x  
t h r e a d s  at  the  b o u n d a r i e s .  

The  u n d e r s t a n d i n g  of the  m e c h a n i s m  of e x c i t a t i o n  h a s  a d v a n c e d  only  s l i g h t l y  
s i n c e  t h i s  e a r l y  p a p e r  by  H e l m h o l t z .  P. M. M o r s e  (2) in  1948 i n d i c a t e s  t ha t  t h e r e  i s  
a n o n l i n e a r  coup l ing  b e t w e e n  the  d r i v e r ,  o r  a i r  jet ,  and  the  pipe.  He a l so  po in t s  ou t  
tha t  the  p r e s e n c e  of a p r e s s u r e  node  at  the  open i ng  of the  p ipe  i d e n t i f i e s  the  e x c i t a t i o n  
as  a p r e s s u r e  f l uc t ua t i on  b e c a u s e  the  s y s t e m  a l i g n s  i t s e l f  so  a s  to e x t r a c t  a m a x i -  
m u m  of e n e r g y  f r o m  the  je t .  His  conc lud ing  r e m a r k  -- "A g r e a t  d e a l o f  e x p e r i m e n t a l  
and  t h e o r e t i c a l  w o r k  i s  n e e d e d  b e f o r e  we can  s ay  we u n d e r s t a n d  t h o r o u g h l y  the  b e h a v -  
i o r  of any  of the  wind i n s t r u m e n t s "  -- po in t s  not  on ly  to the  l ack  of a good t h e o r e t i c a l  
m o d e l  f o r  the  m e c h a n i s m  of exc i t a t i on ,  bu t  a l so  to the  g e n e r a l  l a ck  of e x p e r i m e n t a l  
e v i d e n c e .  T h i s  r e p o r t  de, s c r i b e s  s o m e  s t u d i e s  of the  e x c i t a t i o n  of a pipe by  flow p a s t  
the  open  end  of the  pipe.  T h e s e  s t u d i e s  a r e  r e s t r i c t e d  to one p a r t i c u l a r  p ipe  g e o m -  
e t r y ,  bu t  m o s t  o t h e r  p a r a m e t e r s  a r e  c o n s i d e r e d ,  i nc lud ing  the  i n t e r n a l  d a m p i n g  of 
the  p ipe  r e s o n a t o r .  

Note;  This  work  was done at  the A c o u s t i c s  L a b o r a t o r y  at  M a s s a c h u s e t t s  I n s t i t u t e  of 
Techno logy  u n d e r  C o n t r a c t  A F  33(616)-3307,  Task  No. 71705, wi th  the Wr igh t  
A i r  D e v e l o p m e n t  Cen t e r ,  W r i g h t - P a t t e r s o n  A i r  F o r c e  Base ,  Ohio. 
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It  a p p e a r s  t ha t  one can  d i s t i n g u i s h  two d i f f e r e n t  r e g i o n s  o r  m e c h a n i s m s  of o s c i l -  
l a t i o n  of the  pipe,  a l i n e a r  and  a n o n l i n e a r  r eg ion .  The  l i n e a r  r e g i o n  c o r r e s p o n d s  to 
low flow s p e e d s  in w h i c h  the  a c o u s t i c  o s c i l l a t i o n s  in  the  r e s o n a t o r  do not  a f f ec t  the  
f low about  i t .  The  p r e s s u r e  f l u c t u a t i o n s  about  the  r e s o n a t o r  a r e  t h e n  d e t e r m i n e d  
s o l e l y  b y  the  g e o m e t r y  of the  p ipe  at  the  m o u t h  and  the  n a t u r e  of the  i n c i d e n t  s t r e a m ,  
and  they  a r e  i n d e p e n d e n t  of, f o r  e x a m p l e ,  the  l e n g t h  of the  pipe .  The  a c o u s t i c  o s c i l l a -  
t i o n s  in  the  p ipe  a r e  t hen  l i n e a r l y  r e l a t e d  to the  p r e s s u r e  f l u c t u a t i o n s  in  t he  f low 
w h i c h  a r e  a l r e a d y  p r e s e n t  in  the  i n c i d e n t  s t r e a m  o r  wh ich  a r e  c a u s e d  b y  the  t u r b u -  
l e n c e  g e n e r a t e d w h e n  the  s t r e a m  s t r i k e s  the  pipe.  As  the  f low s p e e d  i n c r e a s e s ,  t h e r e  
i s  a t r a n s i t i o n  to m o r e  v i o l e n t  n o n l i n e a r  o s c i l l a t i o n s  in  w h i c h  the  s o u n d  f i e ld  in  the  
p ipe  i n d e e d  r e a c t s  b a c k  on the  flow. 

The  sound  g e n e r a t e d  in the  l i n e a r  r e g i o n  i s  g e n e r a l l y  v e r y  w e a k  and  can  b e  c o n -  
s i d e r e d  a s  b a c k g r o u n d  n o i s e  f o r  the  p u r p o s e s  of t h i s  r e p o r t ,  w h i c h  i s  c o n c e r n e d  
m a i n l y  wi th  the  n o n l i n e a r  o s c i l l a t i o n s .  

B l o k h i n t z e v  ( 3 ) h a s  i n v e s t i g a t e d  the  b e h a v i o r  of a p ipe  r e s o n a t o r  in  the  l i n e a r  
r e g i o n  and  f inds  on the  b a s i s  of d i m e n s i o n a l  a r g u m e n t s  t ha t  the  s o u n d  p r e s s u r e  in  the  
r e s o n a t o r  i s  p r o p o r t i o n a l  to the  s q u a r e  of the  flow speed .  His  t h e o r y  d o e s  no t  exp l a in  
any  of the  f e a t u r e s  of the  n o n l i n e a r  o s c i l l a t i o n s .  T h e r e  a r e  s e v e r a l  d i s c r e t e  m o d e s  
of n o n l i n e a r  o s c i l l a t i o n s ,  of wh ich  only  the  f u n d a m e n t a l  i s  c o n s i d e r e d  in  t h i s  r e p o r t .  

T h i s  s tudy  s t a r t s  wi th  an  i n v e s t i g a t i o n  of the  flow abou t  the  m o u t h  of t he  r e s o -  
n a t o r  i n v o l v i n g b o t h  s c h l i e r e n  p h o t o g r a p h y  and  h o t - w i r e  m e a s u r e m e n t s .  The  a c o u s t i c  
r e s p o n s e  of the  r e s o n a t o r  i s  t hen  s t u d i e d  a s  a func t ion  of f low s p e e d  and  the  ang le  of 
a t t a c k  of the  flow. F ina l ly ,  a s tudy  i s  m a d e  of the  e f f ec t  of i n t e r n a l  d a m p i n g  of  the  
r e s o n a t o r  on i t s  a c o u s t i c  output ,  wi th  p a r t i c u l a r  e m p h a s i s  on  a d e t e r m i n a t i o n  of the  
c r i t i c a l  d a m p i n g  b e y o n d  w h i c h  the  n o n l i n e a r  o s c i l l a t i o n s  no l o n g e r  c a n  b e  s u s t a i n e d .  

STUDIES O F  THE FLOW P A T T E R N  ABOUT THE RESONATOR 
AND THE MECHANISM O F  OSCILLATION 

S c h l i e r e n  S tud ie s  

The p ipe ,  2 c m  in d i a m e t e r  and  30 c m  long,  was  p l a c e d  in an  a i r  f low the  s p e e d  of 
w h i c h  could  b e v a r i e d  f r o m  0 to abou t  4000 c m / s e c .  The  a i r  s t r e a m w a s  u n i f o r m  o v e r  
an  a r e a o f  abou t  3 x 3 cm.  The m o u t h  of the  r e s o n a t o r  w a s  i n t r o d u c e d  i n t o  t h i s  r eg ion .  

To o b t a i n  s o m e  o v e r - a l l  i d e a s  c o n c e r n i n g  t h i s  o s c i l l a t i o n  m e c h a n i s m  of the  flow, 
e x p l o r a t o r y  e x p e r i m e n t s  w e r e  m a d e  wh ich  w e r e  d e s i g n e d  to s tudy  the  f low p a t t e r n  
abou t  the  open ing  of the  r e s o n a t o r .  A f t e r  s e v e r a l  a t t e m p t s  i n v o l v i n g  h o t - w i r e  m e a s -  
u r e m e n t s ,  a s c h l i e r e n  s y s t e m  w as  a r r a n g e d  w h i c h  m a d e  p o s s i b l e  d i r e c t  v i s u a l  
o b s e r v a t i o n  of the  f low f i e ld  (F ig .  1). I t  u t i l i z e s  two op t i c a l  s y s t e m s .  One,  c o n s i s t i n g  
of the  l igh t  s o u r c e ,  c o n d e n s e r ,  f l a t  m i r r o r ,  c o n c a v e  m i r r o r ,  and  kn i f e  edge ,  i s  
a r r a n g e d  so  t h a t  the  l igh t  s o u r c e  i s  i m a g e d  in the  p lane  of the  kn i fe  edge .  The  o t h e r ,  
c o n s i s t i n g  of the  c a m e r a ,  i s  a r r a n g e d  so  t h a t  the  f i e ld  of v iew,  l o c a t e d  d i r e c t l y  in  
f r o n t  of the  m i r r o r ,  i s  f o c u s e d  onto  a s c r e e n  o r  p h o t o g r a p h i c  p la t e .  E a c h  po in t  in  
the  f i e ld  r e c e i v e s  l igh t  f r o m  e v e r y  poin t  of the  s o u r c e .  T h e r e f o r e ,  the  f ie ld ,  a s  s e e n  
f r o m  the  c a m e r a ,  d a r k e n s  u n i f o r m l y  w h e n  the  kn i fe  edge cu t s  off p a r t  of t he  i m a g e  
of the  s o u r c e .  Loca l  d e n s i t y  g r a d i e n t s  in  the  f i e ld  b e n d  the  l i gh t  r a y s ,  c a u s i n g  a 
l a r g e r  o r  s m a l l e r  n u m b e r  of t h e m  to b e  i n t e r c e p t e d  by  the  kn i fe  edge  w i t h  t he  r e s u l t  
t h a t  the  f i e ld  a p p e a r s  l oca l l y  l i g h t e r  o r  d a r k e r .  In p r a c t i c e ,  the  kn i fe  edge  i s  m o v e d  
b a c k  and  f o r t h  un t i l  the  f i e ld  i s  u n i f o r m l y  i l l u m i n a t e d .  

T h i s  s y s t e m  u s i n g  a c o n c a v e  m i r r o r  h a s  t h r e e  m a i n  a d v a n t a g e s  o v e r  one  i n w h i c h  
the  m i r r o r  i s  r e p l a c e d  by  a l e n s  and  the  l igh t  s o u r c e  i s  p l a c e d  to the  r i g h t  of t he  l e n s  
in  l ine  wi th  the  c a m e r a .  F i r s t ,  t h i s  s y s t e m  i s  m o r e  s e n s i t i v e  b e c a u s e  l i gh t  p a s s e s  
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Fig. 1 - The schlieren system 

t h rough  the  f ie ld  twice .  Second,  the s i ze  of the f ie ld  i s  l i m i t e d  to the s i z e  of the l ens  
o r  m i r r o r ;  l a r g e  m i r r o r s  a r e  e a s i e r  to make .  Thi rd ,  s c h l i e r e n  s y s t e m s  a r e  
e x t r e m e l y  s e n s i t i v e  to c h r o m a t i c  d i s p e r s i o n ,  which i s  avoided by use  of a m i r r o r .  

In o r d e r  to i n c r e a s e  the c o n t r a s t ,  the a i r  flow w a s  hea t ed  by loops  of a h e a t e d  
w i r e  p l aced  in the a i r  s t r e a m .  In the d i r e c t  v i sua l  o b s e r v a t i o n s ,  s t r o b o s c o p i c  i l l u m i -  
na t ion  w a s  u s e d  -- ob ta ined  by m e a n s  of a s t eady  l ight  s o u r c e  fo l lowed by a r o t a t i n g  
d i s c  choppe r .  The pho tog raph  of the flow p a t t e r n  shown in Fig.  2 w a s  ob ta ined  us ing  
a h i g h - i n t e n s i t y  f l a sh  s o u r c e .  Th is  p i c tu r e  does  not show the f ie ld  as  c l e a r l y  as  
d i r e c t  o b s e r v a t i o n  u n d e r  s t r o b o s c o p i c  i l lumina t ion .  However ,  it does  i nd ica t e  the 
g e n e r a l  . f ea tures  of the flow f ie ld .  

M e c h a n i s m  of Osc i l l a t i on  

The flow f ie ld  about the mouth  of the r e s o n a t o r  a p p e a r s  to be  s i m i l a r  to the flow 
about a k n i f e - e d g e  o s c i l l a t o r .  When the flow s t r i k e s  the d o w n s t r e a m  edge  of the 

Fig. 2 - Flash photograph of the flow past the mouth of 
the resonator 
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r e s o n a t o r ,  e d d i e s  a r e  shed  a t  a r a t e  c o r r e s p o n d i n g  to the  r e s o n a n c e  f r e q u e n c y  of the  
r e s o n a t o r .  T h e r e  i s  a c l a s s  of h y d r o d y n a m i c  o s c i l l a t i o n s  in  wh ich  a d i s t u r b a n c e  
p r o d u c e d  a t  a n  edge t r a v e l s  d o w n s t r e a m .  On m e e t i n g  a s e c o n d  edge ,  a sound  s i g n a l  
i s  s e n t  b a c k  wh ich  t r i g g e r s  a s e c o n d  d i s t u r b a n c e .  T h i s  c a u s e s  r e i n f o r c e m e n t  a t  a 
p a r t i c u l a r  f r e q u e n c y ,  the  p e r i o d  of wh ich  i s  a p p r o x i m a t e l y  d/U + d / c ,  w h e r e  u i s  the  
ve loc i t y  of the  flow, c the  s p e e d  of sound,  and  d the  d i s t a n c e  b e t w e e n  the  e d g e s . .  
O r d i n a r i l y ,  d/U is  m u c h  g r e a t e r  t han  d/c  so  t ha t  the  f r e q u e n c y  of o s c i l l a t i o n  i s  of the  
o r d e r  of U/d. The  j e t - e d g e  o s c i l l a t o r  i s  a s t r i k i n g  e x a m p l e  of s u c h  a s y s t e m  (4,5). 
In  add i t i on  to t h i s  h y d r o d y n a m i c  " f e e d b a c k , "  t h e r e  may  a l s o  be  a n  a c o u s t i c  coup l ing  
r e s u l t i n g  f r o m  a r e f l e c t i o n  of the  sound  wave  f r o m  a b o u n d a r y  in  the  n e i g h b o r h o o d  of 
the  edge s y s t e m .  If the  r e f l e c t o r  i s  a d i s t a n c e  L away,  the  sound  s i g n a l  wi l l  r e t u r n  
a f t e r  a t i m e  2L/c.  

In  g e n e r a l ,  one  m i g h t  e x p e c t  t h a t  bo th  of the  f e e d b a c k  m e c h a n i s m s  d e s c r i b e d  
a b o v e  m i g h t  be  of i m p o r t a n c e  in  h y d r o d y n a m i c  n o n l i n e a r  o s c i l l a t o r s .  F u r t h e r m o r e ,  
i t  i s  e x p e c t e d  t ha t  in  the  c a s e  of s u c h  a dua l  f e e d b a c k  the  o s c i l l a t i o n s  shou ld  be  p a r -  
t i c u l a r l y  s t r o n g  if  d/U and 2L/c a r e  the  s a m e .  

In the  p r e s e n t  p i p e - r e s o n a t o r  o s c i l l a t o r ,  t he  m a j o r  f e e d b a c k  m e c h a n i s m  s e e m s  
to be  a c o u s t i c ,  a s  i n d i c a t e d  by the  a c o u s t i c  c h a r a c t e r i s t i c s  d i s c u s s e d  in  the  next  s e c -  
t ion.  The  two edges  r e f e r r e d  to above  a r e  r e p r e s e n t e d  by the  edges  of the  p ipe  open-  
ing.  The  a c o u s t i c  r e f l e c t o r  i s  the  r i g i d  t e r m i n a t i o n  a t  the  end of the  p ipe .  The  f r e -  
quency  of o s c i l l a t i o n s  i s  found to be  a p p r o x i m a t e l y  equa l  to  c/2L fo r  a r e l a t i v e l y  l a r g e  
r a n g e  of f low v e l o c i t i e s ,  w h e r e  L i s  the  l eng th  of the  pipe .  The  c h a r a c t e r i s t i c  t i m e  
d/U c o r r e s p o n d i n g  to the  h y d r o d y n a m i c  coup l ing  b e t w e e n  the  two edges  s e e m s  to be  
of l e s s  i m p o r t a n c e  in  the  p i p e - r e s o n a t o r .  S i m i l a r  a c o u s t o - h y d r o d y n a m i c  o s c i l l a t o r s  
h a v e  b e e n  d i s c u s s e d  by A n d e r s o n  (6) and  yon G i e r k e  (7). 

H o t - W i r e  M e a s u r e m e n t s  of the  Flow G r a d i e n t  in  the  Mouth  of the  R e s o n a t o r  

In  a d d i t i o n  to the  s c h l i e r e n  s t u d i e s  m e n t i o n e d  above ,  s o m e  m e a s u r e m e n t s  w e r e  
m a d e  of the  f low in  the  open ing  of the  r e s o n a t o r  by m e a n s  of a hot  w i r e .  The  v a r i a -  
t ion  in  the  f low s p e e d  as  one goes  f r o m  the  ou t s ide  in to  the  p ipe  i s  s h o w n  in  Fig.  3. 
The  v e l o c i t y  p r o f i l e  h a s  a s t r o n g  g r a d i e n t ,  wh ich  can  be  shown  to p r o m o t e  t r a n s f e r  
of e n e r g y  f r o m  s t e a d y  to o s c i l l a t o r y  f low (8). Th i s  i s  f u r t h e r  e v i d e n c e  to s u p p o r t  the  
p i c t u r e  of a n o n l i n e a r  m e c h a n i s m  p r o d u c i n g  o s c i l l a t i o n s  a t  the  mou th  of the  r e s o n a t o r .  

ACOUSTIC M E A S U R E M E N T S  

The  sound  f ie ld  g e n e r a t e d  by the  f low a s  i t  p a s s e s  the  p ipe  was  m e a s u r e d  a t  a 
d i s t a n c e  of 15 c m  f r o m  the  mou th  of the  r e s o n a t o r .  S o m e  m e a s u r e m e n t s  w e r e  a l s o  
m a d e  w h e n  the  m i c r o p h o n e  w as  i n s e r t e d  a t  the  b o t t o m  of the  r e s o n a t o r .  Howeve r ,  
the  s o u n d - p r e s s u r e  l e v e l s  i n s i d e  the  p ipe  of ten  exceeded  140 db, the  u p p e r  l i m i t  of 
the  d y n a m i c  r a n g e  of the  m i c r o p h o n e  wi thou t  s p e c i a l  a c o u s t i c  a t t e n u a t i n g  d e v i c e s .  
T h e r e f o r e ,  m o s t  of the  m e a s u r e m e n t s  w e r e  t a k e n  ou t s i de  the  r e s o n a t o r ,  a s  i n d i c a t e d  
in Fig .  4. Bo th  the  s o u n d - p r e s s u r e  a m p l i t u d e  and the  f r e q u e n c y  w e r e  m e a s u r e d  on a 
G e n e r a l  Rad io  Wave  A n a l y z e r  wi th  a 4 - c p s  bandwid th .  

The  a i r  supp ly  c o n s i s t e d  of a c o m p r e s s o r  and r e g u l a t o r  s e t  to  d e l i v e r  a i r  a t  a 
c o n s t a n t  p r e s s u r e  of 30 p s i  gauge.  T he  v o l u m e  flow was  m e a s u r e d  on a F l o w r a t e r .  
The  a i r  t hen  p a s s e d  t h r o u g h  a s e t t l i n g  tank,  and  i s s u e d  f r o m  the  t ank  in to  the  r o o m  
t h r o u g h  a p ipe  3 c m  in  d i a m e t e r  and abou t  10 c m  long. The  a i r  v e l o c i t y  was  m e a s -  
u r e d  by a h o t - w i r e  a n e m o m e t e r  and  was  found to be  u n i f o r m  o v e r  a n  a r e a  of abou t  
3 x 3 c m  in f r o n t  of the  pipe .  It  w as  in  t h i s  r e g i o n  tha t  the  mou th  of the  r e s o n a t o r  
was  p laced .  
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E x c i t a t i o n  of A c o u s t i c  R e s o n a t o r s  by  F l o w  
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Fig. 4 - The experimental setup for acoustic measurements 
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Sound P r e s s u r e  a s  a F u n c t i o n  of Flow Speed and  t he  
Angle  of A t t a c k  

M e a s u r e m e n t s  of t he  s o u n d  p r e s s u r e  w e r e  m a d e  fo r  f low s p e e d s  up  to about  3500 
c m / s e c  and  a n g l e s  of a t t a c k  f r o m  0 to 50 d e g r e e s ,  a s  de f i ned  in  Fig .  5. 

Y t ~ .  X 

(a) (b) 

Fig. 5 - Resonator pipe (with damping screen) 

s 
SCREEN 

v I I 

In Fig.  6 a r e  s h o w n  r e s u l t s  of s u c h  m e a s u r e m e n t s .  T h e r e  i s  a c r i t i c a l  a n g l e  of 
abou t  15 d e g r e e s  and  a c r i t i c a l  a i r  s p e e d o f  abou t  1000 c m / s e c  be low which  no o s c i l -  
l a t i o n s  a r e  o b s e r v e d .  Not on ly  i s  t h e r e  a l o w e r  l i m i t  of the  f low s p e e d  but  a l s o  a n  
u p p e r  one  a t  w h i c h  o s c i l l a t i o n s  c e a s e .  T h i s  u p p e r  l i m i t  i n c r e a s e s  wi th  the  a n g l e  of 
a t t ack .  Wi th  the  f low e q u i p m e n t  a v a i l a b l e  in  the  p r e s e n t  e x p e r i m e n t ,  t he  h i g h e s t  f low 
s p e e d  was  abou t  3500 c m / s e c .  T he  l a r g e s t  a n g l e  of a t t a c k  a t w h i c h  o s c i l l a t i o n s  cou ld  
be  s u s t a i n e d  a t  t h i s  s p e e d  w a s  abou t  50 d e g r e e s .  

The  e n v e l o p e  of the  p r e s s u r e  v e r s u s  f l o w - s p e e d  c u r v e s  f o r  the  v a r i o u s  a n g l e s  of 
a t t a c k  i n d i c a t e s  a sound  p r e s s u r e  w h i c h  i s  a p p r o x i m a t e l y  a l i n e a r  f unc t i on  of the  
f low speed .  At  the  l o w e s t  m e a s u r e d  s o u n d  p r e s s u r e s  shown  in  Fig.  6, i t  i s  d i f f i cu l t  
to d e c i d e  w h e t h e r  the  o s c i l l a t i o n s  a r e  n o n l i n e a r  wi th  an  o s c i l l a t i n g  flow p a t t e r n  
d e s c r i b e d  above  o r  if  t hey  r e s u l t  f r o m  the  t u r b u l e n c e  a l r e a d y  p r e s e n t  in  the  i n c i d e n t  
a i r  s t r e a m .  

One i n t e r e s t i n g  a s p e c t  of the  p r o b l e m  i s  t ha t  the  a i r  f low m u s t  be  d i r e c t e d  in to  
the  r e s o n a t o r  f o r  o s c i l l a t i o n s  to  o c c u r .  In f ac t ,  t he  m o r e  the  a i r  s t r e a m  i s  d i r e c t e d  
in to  the  r e s o n a t o r ,  t he  s t r o n g e r  the  o s c i l l a t i o n s  b e c o m e .  It  m a y  be  t h a t  the  d i s t u r b -  
a n c e s  p r o d u c e d  at  the  m o u t h  of t he  r e s o n a t o r  by the  s o u n d  f i e ld  d i r e c t  the  m a i n  f low 
in to  and  out  of the  tube .  The  o s c i l l a t i o n s  would  t h e n  be  d r i v e n  by  a s w i t c h i n g  of t he  
a i r  flow r a t h e r  t h a n  by  v o r t e x e s  wh ich  would  be  g e n e r a t e d  r e g a r d l e s s  of the  a n g l e  of 
a t t ack .  T h i s  a s p e c t  of the  p r o b l e m  cou ld  be  c l a r i f i e d  by m o r e  d e t a i l e d  o b s e r v a t i o n s  
of the  f low f i e l d  in  the  v i c i n i t y  of the  m o u t h  of the  r e s o n a t o r .  

F r e q u e n c y  of O s c i l l a t i o n  v s  F low Speed 

A s  a l r e a d y  m e n t i o n e d ,  the  f r e q u e n c y  of o s c i l l a t i o n  of the  tube  s t a y s  a l m o s t  c o n -  
s t an t ,  i n d e p e n d e n t  of t he  f low s p e e d .  Some  m e a s u r e m e n t s  of t he  s l i g h t  f r e q u e n c y  
v a r i a t i o n  t ha t  does  o c c u r  a r e  s h o w n  in  Fig.  7. T h i s  r e s u l t  i s  f o r  an  ang le  of a t t a c k  
of the  f low of 30 d e g r e e s .  It i s  s e e n  how c l o s e l y  the  o s c i l l a t i o n s  a r e  he ld  to a s i n g l e  
f r e q u e n c y  f o r  a wide  r a n g e  of t he  f low s p e e d s .  T h i s  r e s u l t  s u p p o r t s  the  o b s e r v a t i o n  
t ha t  in  m o s t  of t he  f low r a n g e  the  coup l ing  b e t w e e n  the  f low and  t he  s o u n d w a v e  s e e m s  
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Fig.  6 - M e a s u r e d  sound  p r e s s u r e  at  a d i s t a n c e  15 crn 
f r o m  the  m o u t h  

to be  d o m i n a n t  i n t h e  m e c h a n i s m  of o s c i l l a t i o n .  On the  o t h e r  hand ,  in  a p u r e l y  h y d r o -  
d y n a m i c  s e l f - o s c i l l a t o r ,  s u c h  as  t he  j e t - e d g e  s y s t e m ,  t he  h y d r o d y n a m i c  b o u n d a r y  
c o n d i t i o n s  d e t e r m i n e  the  c h a r a c t e r i s t i c  f r e q u e n c i e s  of o s c i l l a t i o n s  w h i c h  a r e  of the  
o r d e r  of U/D, w h e r e  u i s  the  f low s p e e d  and  D is  a c h a r a c t e r i s t i c  l e n g t h  of t h e  s y s t e m .  

The  Ef fec t  of D a m p i n g  in  t he  R e s o n a t o r  

A f a c t o r  w h i c h  a f f e c t s  the  o s c i l l a t i o n s  of t he  r e s o n a t o r  to  a c o n s i d e r a b l e  d e g r e e  
i s  damping .  The  d a m p i n g  in  t he  p ipe  s y s t e m  c o n s i s t s  of r a d i a t i o n  d a m p i n g  and  t he  
v i s c o u s  and  h e a t  c o n d u c t i o n  l o s s e s  a t  the  w a l l s  of the  r e s o n a t o r .  The  d a m p i n g  in  a 
s y s t e m  is  o f t en  d e s c r i b e d  i n t e r m s  of the  Q va lue  w h i c h  fo r  Q ~> 1 e q u a l s  Wo/AW , w h e r e  
~0 i s  the  r e s o n a n c e  f r e q u e n c y  a n d / ~  i s  the  h a l f - p o w e r  bandwid th  of the  r e s o n a t o r .  
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F i g .  7 - V a r i a t i o n  of t he  f r e q u e n c y  of o s c i l l a -  
t i o n  w i t h  f l o w  s p e e d  

The  l a r g e s t  va lue  wh ich  o r d i n a r i l y  c an  be  o b t a i n e d  w i th  a c o u s t i c  r e s o n a t o r s  in  a i r  
u n d e r  s t a n d a r d  c o n d i t i o n s  i s  of the  o r d e r  of 50. The  r e s o n a t o r  tube  u s e d  in t he  
e x p e r i m e n t s  d e s c r i b e d  above  w as  abou t  42. 

V a r i a t i o n  of t he  Q of the  R e s o n a t o r  - It  i s  of c o n s i d e r a b l e  p r a c t i c a l  i m p o r t a n c e  
to i n v e s t i g a t e  the  e f f ec t  of the  d a m p i n g  on  the  f l o w - e x c i t e d  o s c i l l a t i o n s .  In o r d e r  to  
v a r y  the  d a m p i n g  in  the  r e s o n a t o r ,  a d a m p i n g  e l e m e n t  in  t he  f o r m  of a f ine  s c r e e n  
w a s  i n t r o d u c e d  in to  the  tube ,  a s  i n d i c a t e d  in Fig .  5. The  p a r t i c l e  v e l o c i t y  i s  z e r o  at  
the  r i g i d  t e r m i n a t i o n  of the  tube .  If t he  s c r e e n  i s  p l a c e d  c l o s e  to the  wal l ,  t he  d a m p -  
ing e f f ec t  of the  s c r e e n  i s  c l e a r l y  n e g l i g i b l e .  The  d a m p i n g  e f f ec t  i n c r e a s e s  as  i t  i s  
m o v e d  t o w a r d  the  m o u t h  of the  tube .  In f ac t ,  ff t he  s c r e e n  does  not  c h a n g e  t he  o r i g -  
i n a l  f low d i s t r i b u t i o n  cos(~x/2L) a p p r e c i a b l y ,  i t  fo l lows  t h a t  the  Q va lue  wi l l  v a r y  
w i th  the  p o s i t i o n  of the  s c r e e n  as  

Q = Qo 

1 + (Rf/R) "/cos~X~ 2 
\ 2L] 

w h e r e  x i s  m e a s u r e d  f r o m  the  open  end  of t he  tube ,  Rf i s  the  s c r e e n  r e s i s t a n c e ,  and  
R i s  the  r e s i s t a n c e  c a u s e d  by the  r a d i a t i o n ,  v i s c o u s ,  and  h e a t - c o n d u c t i o n  l o s s e s .  

U s i n g  a f i n e - m e s h  s c r e e n  (open a r e a  29 p e r c e n t ,  306 h o l e s / c m  2, d i a m e t e r  of 
s t r a n d s  0.101 turn),  t he  Q v a l u e  of the  r e s o n a t o r  m a y  be  v a r i e d  f r o m  the  m a x i m u m  
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value  of 42 down to a va lue  of about 19 by moving  the s c r e e n  f r o m  the b o t t o m to the 
mouth  of the tube.  Th is  i s  shown by the top curve  in Fig .  8. The s e c o n d  cu rve  in the 
f igure  shows  the m e a s u r e d  Q value  in the c a s e  when t h r e e  s c r e e n s  a r e  i n t r o d u c e d  
into the tube.  In that  ca se ,  the O value was  b rough t  d o w n t o  a va lue  of about  8. The 
c u r v e s  ob ta ined  in th i s  way a r e  in qui te  good a g r e e m e n t  with Eq. (1). 

It i s  i n t e r e s t i n g  to note  in p a s s i n g  that  th i s  m e t h o d  of i n t roduc ing  d amp i n g  into 
the tube may  r ead i l y  be  u s e d  fo r  the m e a s u r e m e n t  of s m a l l  flow r e s i s t a n c e s .  

In the m e a s u r e m e n t s  of the Q value  as  given in Fig.  8, the m i c r o p h o n e  i t s e l f  
f o r m e d  the r i g id  t e r m i n a t i o n  of the tube.  The f r e q u e n c y  r e s p o n s e  of the  pipe to an 
inc iden t  s o u n d w a v e  was  d e t e r m i n e d  and the O value was  eva lua ted  as  the r a t i o  ~0/A~. 
H e r e  A~ i s  the "width"  of the p r e s s u r e - f r e q u e n c y  cu rve  at the  po in t s  w h e r e  the p r e s -  
s u r e  i s  6 db be low the m a x i m u m  p r e s s u r e .  

The Ef fec t  of Q on the F l o w - E x c i t e d  O s c i l l a t i o n s  - Vary ing  the Q value  of the  
r e s o n a t o r  as  d e s c r i b e d  above,  a s e r i e s  of m e a s u r e m e n t s  was  m a d e  of the s t r e n g t h  
of the f l o w - e x c i t e d  o s c i l l a t i o n s  of the  r e s o n a t o r  pipe as  a funct ion of the Q va lue .  
The angle  of a t t ack  of the flow was  kept  cons t an t  at 35 d e g r e e s .  The sound p r e s s u r e  
w a s  m e a s u r e d  at the bo t tom of the r e s o n a t o r ,  but  the e x p e r i m e n t a l  se tup  w a s  o t h e r w i s e  
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Fig. 8 - Variation of the Q of the resonator 
with the position of the screen (see Fig. 5). 
Q1 corresponds to one screen, Q3 to a com- 
bination of three screens. 
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i d e n t i c a l  to t ha t  d e s c r i b e d  above .  The  f low s p e e d  was  v a r i e d  as  b e f o r e .  The  r e s u l t s  
of t h e s e  m e a s u r e m e n t s  a r e  s h o w n  in  Fig .  9. In t h i s  f i gu re ,  the  va lue  100 on  the  
ve loc i t y  s c a l e  c o r r e s p o n d s  to a s p e e d  of 1150 c m / s e c .  At  the  l ower  wind s p e e d s ,  
the  sound  p r e s s u r e  i n c r e a s e s  qu i t e  r a p i d l y  a t  f i r s t  and  t h e n  l e v e l s  off s o  t h a t  i t  i s  
a p p r o x i m a t e l y  p r o p o r t i o n a l  to Q fo r  l a r g e  v a l u e s  of Q. At  the  h i g h e r  wind s p e e d s ,  
o s c i l l a t i o n s  w e r e  ob t a ined  only  fo r  l a r g e  v a l u e s  of Q. F o r  e x a m p l e ,  wi th  a wind s p e e d  
c o r r e s p o n d i n g  to 120 in  the  f i gu r e ,  a d e c r e a s e  of the  Q to abou t  34 s t opped  the  o s c i l -  
l a t i o n s  c o m p l e t e l y .  At  l o w e r  wind s p e e d s  the  l i m i t i n g  Q va lue ,  be low wh ich  no o s c i l -  
l a t i o n s  c a n  b e  s u s t a i n e d ,  i s  not  de f ined  a s  s h a r p l y .  

As  i n d i c a t e d  a l r e a d y  in  Fig .  6, t he  r e s o n a t o r  c an  be  kep t  in  o s c i l l a t i o n  only  in  a 
c e r t a i n  f low s p e e d  r a n g e .  T h i s  r a n g e  d e p e n d s  on the  0 v a l u e  of the  r e s o n a t o r  a s  
i l l u s t r a t e d  in  F ig .  1 0 , w h e r e  the  u p p e r  and  l o w e r  flow s p e e d s ,  wh ich  de f ine  the  o s c i l -  
l a t i o n  r a n g e ,  a r e  p lo t t ed  a s  a func t ion  of Q. The  c u r v e  r e f e r s  to  an  a n g l e  of a t t a c k  of 
abou t  35 d e g r e e s ,  and  the  sound  p r e s s u r e  w as  m e a s u r e d  wi th  the  m i c r o p h o n e  f o r m i n g  
the  t e r m i n a t i o n  of the  r e s o n a t o r .  

As  f a r  a s  the  l o w e r  s p e e d  l i m i t  i s  c o n c e r n e d ,  i t  i s  o f ten  d i f f i cu l t  to  d e c i d e  w h e n  
the  o s c i l l a t i o n s  a r e  of the  n o n l i n e a r  type  and  w h e n  they  a r e  exc i t ed  ( l i nea r ly )  by 
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F i g .  1 0  - T h e  u p p e r  a n d  l o w e r  l i m i t s  o f  t h e  f l o w  

s p e e d  b e t w e e n  w h i c h  t h e  n o n l i n e a r  o s c i l l a t i o n s  o f  
t h e  r e s o n a t o r  c a n  b e  s u s t a i n e d  

t u r b u l e n c e  in the inc ident  f low.  Al though p r e s u m a b l y  t h e r e  i s  a s m o o t h  t r a n s i t i o n  
b e t w e e n  t h e s e  two k inds  of o s c i l l a t i o n s ,  it  s e e m s  r e a s o n a b l e  in the p r e s e n t  c a s e  to  
u s e  a sound p r e s s u r e  of 0 .02 d y n e s / c m  2 a s  r e p r e s e n t i n g  the d iv id ing  l ine  b e t w e e n  
the two r e g i o n s .  Above  th is  p r e s s u r e  the o s c i l l a t i o n s  w e r e  d e f i n i t e l y  of the non- 
l i n e a r  type .  

As  the Q d e c r e a s e s ,  the r a n g e  of o s c i l l a t i o n s  c l e a r l y  d e c r e a s e s  unti l  i t  n a r r o w s  
to a point  at a Q v a l u e  of about 11. B e l o w  th is  Q va lue ,  only  the w e a k  "background" 
o s c i l l a t i o n s  w i l l  r e m a i n ,  but the s e l f - s u s t a i n e d  n o n l i n e a r  o s c i l l a t i o n s  c a n  be c o n s i d -  
e r e d  to be  c o m p l e t e l y  s topped  at  the p a r t i c u l a r  ang le  of i n c i d e n c e  of 35 d e g r e e s .  
The  e x i s t e n c e  of a l i m i t i n g  Q va lue ,  be low which  the r e s o n a t o r  cannot  be  brought  
into  o s c i l l a t i o n s  by f low,  should  be  of p a r t i c u l a r  i n t e r e s t  in c o n n e c t i o n  wi th  n o i s e  
c o n t r o l  in  c a s e s  w h e r e  s o m e  of the n o i s e  i s  produced  by a i r  r u s h i n g  pas t  c a v i t i e s  of 
v a r i o u s  k inds .  

The  s h a p e  of the c u r v e  in Fig .  10 i s  a l s o  i n t e r e s t i n g  i n a s m u c h  as  it  i n d i c a t e s  a 
rapid  i n c r e a s e  of the range  of o s c i l l a t i o n  in the r e g i o n  of high Q v a l u e s .  A s m a l l  
i n c r e a s e  of Q in th is  r e g i o n  would  p r o d u c e  a r e l a t i v e l y  l a r g e  i n c r e a s e  in the o s c i l l a -  
t ion  range .  T h i s  s a m e  c h a r a c t e r i s t i c  f e a t u r e  i s  probab ly  t y p i c a l  for  a l l  a c o u s t o -  
h y d r o d y n a m i c  o s c i l l a t o r s .  
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DISCUSSION 

M. St rasberg  (David Taylor  Model Basin) 

It might be worth descr ibing a possible  phenomenological  explanation for the 
excitation. It is based on cer ta in  observed  facts,  namely, the sound only occurs  when 
the speed is in cer ta in  ranges;  there  are  jumps in these ranges  of speed; and, another 
fact  which was not mentioned, but which I bel ieve Prof. Ingard has observed,  that the 
radiat ion impedance seen by the mouth of a resona tor  is a function of the air  veloci ty 
past  the mouth. This means  that the flow past  the mouth of the resonator  provides  a 
possible  mechanism for varying the acoust ic  impedance seen by the resonator .  

Now one can assume that there  is  some instabil i ty in the flow, causing a va r i a -  
tion in veloci ty  of flow past  the mouth. This instabili ty is  inherent  in the flow and 
has nothing to do with the resonator ;  it would occur even for a hole without a r e s o -  
nator. The flow instabili ty resu l t s  in a per iodic  fluctuation in the mass  reactance  
seen by the resonator .  Now, for a mechanical  or acoustic sys tem which is l inear ,  if 
there  is a per iodic  var ia t ion in one of the p a r a m e t e r s  of the system, and if the va r i a -  
tion occurs  at the r ight  frequency and amplitude, it is known that an instabili ty of the 
sys tem can cause se l f -mainta ined osci l lat ions.  

More specif ical ly,  suppose one has a simple mechanical  system, whose differen-  
tial equation can be represen ted  by: 

( d 2 y / d t  2) + w02(1 + a cos  w l t  ) y = 0. 
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T h i s  i s  c a l l e d  a M a t h i e u  l i n e a r  d i f f e r e n t i a l  e q u a t i o n  and  i s  d i s c u s s e d  by  T. B r o o k e  
B e n j a m i n  in h i s  c o m m e n t  on P ro f .  M e y e r ' s  p a p e r  in  t h i s  P r o c e e d i n g s .  

In the  p r e s e n t  s i t u a t i o n  i t  m a y  be  p o s s i b l e  t h a t  t h e s e  f l u c t u a t i o n s  of the  flow p a s t  
the  m o u t h  of the  r e s o n a t o r ,  w h i c h  o c c u r  e v e n  if the  r e s o n a t o r  w e r e  not  t h e r e ,  c a u s e  
such  a p e r i o d i c  v a r i a t i o n  in  the  f r e q u e n c y ,  and  if  the  a m p l i t u d e  a of t h i s  f l uc tua t i on  
i s  l a r g e  enough,  i n s t a b i l i t y  c a n  o c c u r  and  the  s y s t e m  wi l l  o s c i l l a t e  n a t u r a l l y .  

If the  i n s t a b i l i t y  i n h e r e n t  in  the  flow p a s t  the  n e c k  i s  a t  tw ice  the  f r e q u e n c y  of 
the  r e s o n a t o r ,  i . e . ,  if  w 1 = 2%,  o s c i l l a t i o n s  wi l l  o c c u r  a t  s m a l l  a m p l i t u d e  a. If t h e r e  
w e r e  no  damping ,  z e r o  a m p l i t u d e  would  do it,  bu t  wi th  d a m p i n g  a c e r t a i n  f in i t e  a m p l i -  
tude  i s  n e e d e d  if i n s t a b i l i t y  o c c u r s  a t  tw ice  the  f r e q u e n c y  of the  r e s o n a t o r .  If i t  
o c c u r s  a t  a f r e q u e n c y  t h a t  i s  equa l  to  t h a t  of the  r e s o n a t o r ,  o s c i l l a t i o n s  wi l l  a l s o  
o c c u r  a t  r e l a t i v e l y  s m a l l  a m p l i t u d e ;  in  fac t ,  o s c i l l a t i o n s  wi l l  o c c u r  a t  s m a l l  v a l u e s  
of the  a m p l i t u d e  w h e n e v e r  w 0 i s  an  i n t e g r a l  or  h a l l - i n t e g r a l  n u m b e r  of t i m e s  w 1 . 

T h i s  d o e s n ' t  e x p l a i n  the  d e t a i l s ,  bu t  i t  i s  a p o s s i b l e  way of look ing  a t  w h a t  h a p -  
pens .  T h e r e  i s  one way t h a t  we could  a s c e r t a i n  w h e t h e r  t h i s  i s  a r e a s o n a b l e  e x p l a -  
na t ion ,  and  t h a t  i s  to  a c t u a l l y  o b s e r v e  the  f low p a s t  the  ho le  in  a p l a t e  in  the  a b s e n c e  
of the  r e s o n a t o r  and  s ee  if  i t  i s  e s s e n t i a l l y  the  s a m e  a s  w i t h  the  r e s o n a t o r .  

M. C. H a r r i n g t o n  (David  T a y l o r  Mode l  B a s i n )  

Some e x p e r i m e n t s  w h i c h  have  b e e n  done in  the  Dav id  T a y l o r  Mode l  B a s i n  a r e  
r e l a t e d  to t h o s e  m e n t i o n e d  above .*  In t h i s  c a s e ,  the  f low p a s s e d  o v e r  a p l a t e  in  wh ich  
the.  a p e r t u r e  w a s  loca ted .  The  r e s o n a n t  cav i ty  w a s  s i t u a t e d  b e h i n d  t h i s  p l a t e .  I t  h a s  
b e e n  m e n t i o n e d  in  s o m e  of the  p r e v i o u s  p a p e r s  t h a t  the  i n c r e a s e  in the  f r e q u e n c y  of 
r e s o n a n c e  w i th  i n c r e a s e  in  the  s p e e d  of a i r  f low w a s  r e l a t i v e l y  s m a l l .  In our  e x p e r i -  
m e n t s ,  h o w e v e r ,  we found t h a t  the  f r e q u e n c y  i n c r e a s e d  c o n s i d e r a b l y ,  in  s o m e  c a s e s  
by  30 or  4 0 p e r c e n t  of the  i n i t i a l  f r e q u e n c y  wi th  w h i c h  the  r e s o n a t o r  s t a r t e d  to o s c i l -  
la te .  The  f r e q u e n c y  a p p r o a c h e d  a f i n a l  v a l u e  a s y m p t o t i c a l l y  and  a s  the  a i r  s p e e d  
w a s  f u r t h e r  i n c r e a s e d  the  o s c i l l a t i o n  d i ed  out  ab rup t ly .  T h i s  i n c r e a s e  in  f r e q u e n c y  
of r e s o n a n c e  m a y  be  e x p l a i n e d  by  a d e c r e a s e  in  the  e q u i v a l e n t  a c o u s t i c  m a s s  r e a c t -  
ance  of the  a i r  in  the  open i ng  w i th  i n c r e a s i n g  t u r b u l e n c e  a s  the  a i r  s p e e d  i n c r e a s e s .  
T h i s  i n t e r p r e t a t i o n  i s  c o n s i s t e n t  w i th  the  r e s u l t s  r e p o r t e d  by  M c A u l i f f e t  and  Ingard$  
in  wh ich  the  r e s o n a t o r s  w e r e  d r i v e n  by  a n  i n d e p e n d e n t  s o u r c e  of sound  of known f r e -  
quency  and  in t ens i t y .  T h e r e  i t  w a s  found t h a t  the  r e s o n a n t  f r e q u e n c y  i n c r e a s e d  
(wi th in  l i m i t s )  w i t h  i n c r e a s i n g  a i r  f low t h r o u g h  o r  p a s t  the  opening.  

In the  Mode l  B a s i n  e x p e r i m e n t s  w h e n  the  a i r  s p e e d  w a s  doubled,  p r o v i d e d  t h a t  
t h i s  w a s  w i t h i n  the  r a n g e  of s p e e d s  a v a i l a b l e ,  the  o s c i l l a t o r  b e g a n  a g a i n  to  r e s o n a t e  
a t  the  s a m e  f r e q u e n c y  and  the  r e g i m e  w a s  r e p e a t e d .  If the  a c t u a t i o n  of r e s o n a n c e  
c a n  b e  e x p l a i n e d  in  t e r m s  of v o r t i c e s ,  t h e r e  would a p p e a r  to  be  a double  s e t  of v o r -  
t i c e s  in  the  s e c o n d  c a s e .  O c c a s i o n a l l y  r e s o n a n c e  was  a c t u a t e d  a g a i n  a t  t r i p l e  the  
i n i t i a l  speed .  

*M.C.  H a r r i n g t o n ,  " E x c i t a t i o n  of Cav i ty  R e s o n a n c e  by A i r  Flow,  A b s t r a c t  J4, 3our .  
A c o u s t .  Soc. A m .  Z9:187 (1957). 

~C.E.  McAul i f f e ,  " T h e  In f luence  of High Speed Ai r  F low on the  B e h a v i o r  of A c o u s t i c  
E l e m e n t s , "  M.S.  T h e s i s ,  M. I .T .  1950. 

SK.U. Inga rd ,  "On the T h e o r y  and D e s i g n  of A c o u s t i c  R e s o n a t o r s , "  3our .  A c o u s t .  
Soc. A m . ,  25:1037-1061 {1953). 
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E. E. Cover t  (Massachuset ts  Institute of Technology) 

At MIT, we have been conducting a s e r i e s  of tes t s  on cavi t ies  that a re  s imi la r  
in nature to those that Dr. Harr ington jus t  r epor ted  on. They are  essent ia l ly  holes 
in the bottom of a wind tunnel with a solid wall. There  are  s eve ra l  shapes: t r ian-  
gular,  c i r cu la r  and rectangular ,  and we have been running them f rom Mach number 
of 1.5 up to 3. These cav i t ies  s eem to v ibra te  at the Helmholtz room frequencies .  
If they are  deep and long they seem to vibra te  in the up and down mode. If they are  
shallow they seem to slosh back and forth, much in the same manner as repor ted  by 
Krishnamurty  of the California Institute of Technology. 

We have observed that for  the most  part ,  for  the rec tangular  boxes,  the behavior  
is  independent of the c ros s -wide  cha rac t e r i s t i c  length. In other words,  the behavior 
is  two-dimensional ,  as you would expect. However, at the higher Mach numbers  a 
narrow box s eems  always to sing out fa i r ly  loud and c lea r  at about 165 decibels .  The 
wider  boxes are  not easy to excite and we don't  know why at the moment. 

Another point of in t e res t  i s  that these can be co r re l a t ed  in t e r m s  of a Strouhal 
number if one uses  the c o r r e c t  veloci ty  of sound within the box and the Mach number 
of the f ree  s t ream.  They exhibit  a lso  the same edge-tone type behavior  that e v e r y -  
one e lse  has r emarked  on, where  it  wil l  take off at a cer ta in  frequency and at some 
speed will  jump to a higher frequency. We have taken some observat ions  with r e c -  
tangular boxes that had glass  walls ,  and it s e e m s  that the sound is radiated f rom the 
ups t ream edge of the box. We get nice c i r cu la r  waves  moving down into the box. Of 
course,  this gives us a shock wave at the leading edge and we get nice waves going out. 
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