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~ T R O D U C T I O N '  

When  I a c c e p t e d  the  i n v i t a t i o n  to add  to e x i s t i n g  s u r v e y s  (1-6)  of the  i n t e r e s t i n g  
s tudy of a e r o d y n a m i c  n o i s e ,  I had in m i n d  a m o r e  g e n e r o u s  c o v e r a g e  than  I a m  o f f e r -  
ing you today.  However  i t  soon  b e c a m e  a p p a r e n t  t ha t  i t  would have  g rown  b e y o n d  
r e a s o n a b l e  bounds .  So, a p a r t  f r o m  the  g e n e r a l i t i e s  of P a r t  I be low,  I sha l l  d i s c u s s  
only v a r i o u s  j e t  f lows  and  t h e i r  r e l a t i o n s h i p s  wi th  sound  and c o n c e n t r a t e  on the 
d e b a t a b l e  o r  r a t h e r  v a g u e l y - u n d e r s t o o d  a s p e c t s ,  e n d e a v o r i n g  to i n d i c a t e  m a n y  
r e s e a r c h  p r o b l e m s  t ha t  r e m a i n ,  bo th  t h e o r e t i c a l  and  e x p e r i m e n t a l ,  l a r g e  and  s m a l l ,  
and  how t h e s e  f i t  in to  the  g e n e r a l p i c t u r e .  C o n s e q u e n t l y  t h e r e  i s  no a t t e m p t  t o p r e s e n t  
an  e n c y c l o p e d i a  on the  sub jec t ,  the r e f e r e n c e s  s e r v i n g  only the  p u r p o s e  of p r o v i d i n g  
founda t ion  fo r  my  c o m m e n t s .  T h e s e  a s p e c t s  i l l u s t r a t e  wel l  the  v a g u e n e s s  of the 
b o u n d a r y  b e t w e e n  " o r d i n a r y "  f luid m o t i o n  and  a c o u s t i c s ,  a b o u n d a r y  not  r e c o g n i z e d  
by L o r d  Ray le igh  and  Si r  H o r a c e  Lamb.  The  g e n e r a l  s i t u a t i o n  was  s u m m e d  up n i ce ly  
by J o h n  Lecon te ,  in t ha t  we can  " look upon a l l  j e t s  a s  m u s i c a l l y  i n c l i n e d , "  and a l though  
he was  a l l ud ing  m a i n l y  to the " s e n s i t i v e "  j e t s  of low R e y n o l d s  n u m b e r ,  i t  m i g h t  be  
app l i ed  to a l l  j e t s - - a t  l e a s t  if o n e ' s  i d e a s  of m o d e r n  m u s i c  a r e  l i b e r a l  enough!  

P a r t  I 
G E N E R A L  T H E O R E T I C A L  A S P E C T S  

T h e r e  a r e  s e v e r a l  t y p e s  of flow, a l l  s o u n d - p r o d u c i n g ,  t ha t  can  be  d i s t i n g u i s h e d .  
T h e s e  a r e  c h a r a c t e r i z e d  by the  a b s e n c e  o r  p r e s e n c e  of a so l id  s u r f a c e  and  if p r e s e n t ,  
w h e t h e r  s u c h  s u r f a c e s  a r e  r i g i d  o r  not. All  t h e s e  have  in  c o m m o n  the e q u a t i o n s  of 
mot ion ,  and  the  so lu t i on  a s  a r a d i a t i o n  p r o b l e m  shows  how the  v a r i o u s  t y p e s  a r e  
r e l a t ed .  If t h e r e  i s  no i n t r o d u c t i o n  of m a t t e r  and no e ~ t e r n a l l y  app l i ed  body f o r c e s ,  
the  e q u a t i o n s  of con t inu i ty  and  m o m e n t u m  a r e  

~-¢-~'- * 3Pv~i  = 0 
~,- ~x i 

~Pvi  * ° D v i v j  ~ ~ P i j  = O. 
~ t  ~×j ~xj  



A. P o w e l l  

T h e s e  c a n  be  m a n i p u l a t e d  (7) j u s t  a s  if the  o r d i n a r y  wave  e q u a t i o n  w e r e  b e i n g  
ob ta ined ,  e x c e p t  t ha t  no t e r m s  a r e  d i s c a r d e d  and  ao2~2p i s  i n t r o d u c e d  on  b o t h  s i d e s ,  
a o b e i n g  the  s p e e d  of sound  in r e g i o n s  of s t i l l  f lu id  f a r  r e m o v e d  f r o m  the  p r i m a r y  
d i s t u r b a n c e s  whose  s o u n d - p r o d u c i n g  p r o p e r t i e s  we a r e  to  i n v e s t i g a t e .  T h i s  y i e l d s  
the  i n h o m o g e n e o u s  wave  e q u a t i o n  

~t  2 ~x i ~xj  

St r i c t l y  s p e a k i n g  t h i s  i s  an  i n t e g r a l  equat ion .  Bu t  i f  t he  s o u n d - g e n e r a t i n g f l o w  i s  
a s s u m e d  g iven  (and t h e r e f o r e  u n a f f e c t e d  by the  sound  p r o d u c e d )  t h e n  sound  p e r t u r b a -  
t i o n s  c an  be  found we l l  away f r o m  it. T h e n  the  " r i g h t - h a n d  s i d e " - - i n  o t h e r  w o r d s  the 
s o u r c e  d i s t r i b u t i o n - - i s  g iven  and  the  s o l u t i o n  i s  we l l  known,  f r o m  e l e c t r o m a g n e t i c  
t h e o r y ,  fo r  e x a m p l e .  It c an  be  e x p r e s s e d  in a u s e f u l  f o r m  f o r  o u r  p u r p o s e  by u s i n g  
G a u s s '  t h e o r e m  (8) twice  o v e r  on the  c o m p l e m e n t a r y  func t ion ,  the  r e s u l t  b e i n g  
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Here  r i s  the  d i s t a n c e  f r o m  a po in t  x in  the  s o u n d - g e n e r a t i n g  f low to the  po in t  y 
at  which  the  p e r t u r b a t i o n s  a r e  e s t i m a t e d ,  and  the  a s t e r i s k  i n d i c a t e s  a t i m e  r e t a r d a t i o n  
c o r r e s p o n d i n g  to the  t r a n s i t  t i m e  o v e r  t h a t  d i s t a n c e .  

The f i r s t  g roup  (a) a lone  s u r v i v e s  in  the  a b s e n c e  of so l i d  b o u n d a r i e s  and  h a s  
p r o v i d e d  the b a s i s  of our  u n d e r s t a n d i n g  of sound  p r o d u c t i o n  by  t u r b u l e n c e .  Whi le  
l i t t l e  h a s  b e e n  done for  s h e a r  flow t u r b u l e n c e ,  a s  such ,  i s o t r o p i c  t u r b u l e n c e  h a s  b e e n  
c o n s i d e r e d  (9) and  the r e s u l t s  a r e  v e r y  e n c o u r a g i n g  when  app l i ed  to t u r b u l e n t  j e t  
f low (10). An i m p o r t a n t  e f fec t  fo r  a h i g h - o r d e r  s o u r c e  i s  the  s u s c e p t i b i l i t y  of the  
d i r e c t i o n a l  c h a r a c t e r i s t i c s  to m o t i o n  t h r o u g h  the  m e d i u m - - t h e  i n t r o d u c t i o n  of m o v i n g  
a x e s  ( r a t h e r  than  the  r e s o l u t i o n  in to  h i g h e r - o r d e r  s t a t i o n a r y  s o u r c e s ) p e r m i t s  a v e r y  
s i m p l e  po in t  of v iew to exp l a i n  the  g r o s s  d i r e c t i o n a l i t y  of the  sound  f i e ld  so  c h a r a c -  
t e r i s t i c  of t u r b u l e n t  s u b s o n i c  j e t s  (7). The q u e s t i o n  of the  n o i s e  g e n e r a t e d  by i s o t r o p i c  
t u r b u l e n c e  h a s  b e e n  the  s u b j e c t  of m o r e  r e c e n t  a t t e n t i o n  (11,12}, and  shows  wel l  the 
need  fo r  s o m e  c a r e f u l  e x p e r i m e n t a l  w o r k  m e a s u r i n g  the  r a t h e r  low a c o u s t i c  ou tpu to f  
a s t a t i o n a r y  m a s s  of i s o t r o p i c  t u r b u l e n c e .  T u r b u l e n t  w a k e s  have  not  ye t  b e e n  con -  
s i d e r e d  t h e o r e t i c a l l y  or  e x p e r i m e n t a l l y ,  e x c e p t  in c o n n e c t i o n  wi th  the  v o r t e x  n o i s e  of 
p r o p e l l e r s .  

The s a m e  a p p r o a c h  may be u s e d  to s tudy the  s c a t t e r i n g  of sound w a v e s  by  t u r -  
bu l ence ,  or  m o r e  r e l e v a n t  he re ,  the s c a t t e r i n g  of a c o u s t i c  e n e r g y  f r o m  the  i n t e r a c t i o n  
of t u r b u l e n c e  wi th  s h o c k w a v e s  (13.14}. An i n t e r e s t i n g  r e s u l t  of t h i s  i s  t h a t  m o s t  of 
the  a c o u s t i c  e n e r g y  t e n d s  to c a t c h  up wi th  the s h o c k w a v e ,  a n d  so  b e  a b s o r b e d  by it. 
T h i s  r a t h e r  g e n e r a l  a p p r o a c h  i s  c o m p a t i b l e  with  the  r e s u l t  of s t u d i e s  of the  i n t e r a c t i o n  
b e t w e e n  a s ing le  v o r t e x  and a s h o c k w a v e  (15.16}, o b t a i n e d  by  s u p e r i m p o s i n g  s h e a r  
w a v e s ,  the e f f e c t s  of which  had b e e n  c o n s i d e r e d  e a r l i e r  (17). Al though  t h e s e  s t u d i e s  
a r e  v e r y  a p p r o x i m a t e ,  they do a c c o u n t  f o r  the  c h a r a c t e r i s t i c  d i r e c t i o n a l  e f f e c t s  
o b s e r v e d  e x p e r i m e n t a l l y  (18) (Fig .  1). Of c o u r s e  s h e a r  w a v e s  a r e  j u s t  one of the  
t h r e e  m o d e s  of e l e m e n t a r y  m o t i o n  p e r t u r b i n g  a u n i f o r m  flow, the  o t h e r s  b e i n g  sound 
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i t s e l f  and  t e m p  e r a t u r e ( en t ropy)  
(19,20,21).  I t  i s  i n t e r e s t i n g  t ha t  the 
s h o c k w a v e  a c t s  a s  an  a m p l i f i e r  for  
co l l i d ing  sound  w a v e s ,  bu t  p r a c t i c a l l y  
a b s o r b s  t h o s e  c a t c h i n g  up wi th  it. 

T h e r e  a r e  s e v e r a l  i m p o r t a n t  
a p p l i c a t i o n s  of the  p r i n c i p l e s  j u s t  
men t ioned .  The n o i s e  in s u p e r s o n i c  
wind t u n n e l s  i s  one a s pec t .  A n o t h e r  
i s  the  i n t e r a c t i o n  cf e d d i e s  wi th  the  
s h o c k w a v e s  of s u p e r s o n i c  j e t  flow, 
b e i n g  p a r t i c u l a r l y  i m p o r t a n t  fo r  co ld  
j e t s ,  when  the  i n t e r a c t i o n  a p p e a r s  to 
a ccoun t  fo r  a l m o s t  the  whole  of the  
sound output.  The  s i t u a t i o n  when  the  
eddy i s c e n t e r e d  on  the  edge of a j e t - -  
o r  the  r e l a t e d  s i t u a t i o n  when  the  j e t  
a c q u i r e s  a s i n u o s i t y - - h a s  not  b e e n  
s tud ied  in de ta i l :  t he  o v e r a l l  p i c t u r e  
i s  shown in Fig. 6, in which ,  h o w e v e r ,  
the  d e t a i l s  of t h i s  p a r t i c u l a r  a s p e c t  
a r e  o b s c u r e d .  

The s e c o n d  g roup  (b) c o n c e r n s  
s u r f a c e  e f f ec t s ,  s u g g e s t i n g  t h a t  s u r -  
face  s t r e s s e s  a c t  l ike  d ipole  g e n e r a -  
t o r s ,  s u p p o r t i n g  a n  e a r l i e r  and  m o r e  
in tu i t i ve  a p p r o a c h  (22). T h i s  c e r t a i n l y  
s e e m s  to be  the  c a s e  fo r  the  f l u c t u a t i n g  
f o r c e s  on c i r c u l a r  c y l i n d e r s  (23), and  
i s  p r e s u m a b l y  the  c a s e  in  the  e d g e -  

t ,/t. 

Fig. i - Vortex-shock wave interaction, 
The vortex is the starting vortex shed 
from an aerofoil off the plcture to the left 
as a shockwave traversed it from left to 
right. The whirls to the right are entropy 
fronts associated with this. The shockwave 
was then reflected from the plane right- 
hand end of the shocktube, interacting with 
that starting vortex. The impulsive radia- 
tion is in the form of an arc centered on 
the vortex and intersecting the now dis- 
torted shockwave, those parts in its vicinity 
being the most powerful. {From M, J. 
Hollingsworth and E. J. iRichards (181.} 

tone type  of p h e n o m e n a .  It  i s  i m p o r t a n t  to no t i ce  t ha t  the d ipole  a s  found i s  an  a r t i f i c e ,  
fo r  t h e r e  i s  no p h y s i c a l  d ipole  supp ly ing  e n e r g y ;  t h i s  c an  only c o m e  f r o m  the  v o l u m e  
of the  f lu id  abou t  the  o b s t a c l e .  

But  for  p l a n e  s u r f a c e s ,  the  c o n t r i b u t i o n  f r o m  f l u c t u a t i n g  p r e s s u r e s  i s  thought  to 
v a n i s h  (24,25) and,  w i th  f a i r l y  loose  r e s t r i c t i o n s ,  tha t  f r o m  s h e a r  s t r e s s e s  a l s o  (25). 
T h i s  t h e n  s u g g e s t s  t h a t  q u a d r u p o l e  g e n e r a t i o n  f r o m  the  v o l u m e  of t u r b u l e n c e  in a 
b o u n d a r y  l a y e r  m a y  b e  the  m o s t  i m p o r t a n t  s o u r c e  of n o i s e  when  the s u r f a c e  i s  
r i g i d  (26). 

When  the  s u r f a c e  i s  no t  r i g id ,  the  b o u n d a r y  l a y e r  s t r e s s e s - - p a r t i c u l a r l y  p r e s s u r e - -  
s e t  the  s u r f a c e  in to  m o t i o n  (27-30)  and  in s e v e r a l  p r a c t i c a l  s y s t e m s  t h i s  may  be the  
p r e d o n ~ n a t i n g  effect .  A l though  the  g e n e r a l p r i n c i p l e s  a r e  now c l e a r ,  m o r e  i n f o r m a t i o n  
c o n c e r n i n g  the  p r e s s u r e  f l u c t u a t i o n s  a t  the  wal l  i s  r e q u i r e d .  So f a r  s p e c t r a  and a few 
space  (31) and  s p a c e - t i m e  (32} c o r r e l a t i o n s  a t  s u b s o n i c  s p e e d s  have  b e e n  made .  The 
p a t t e r n s  of p r e s s u r e  c o n v e c t e d  a c r o s s  the  " f i xed"  s u r f a c e s  do not  a p p e a r  to be a s  
" f r o z e n "  a s  m i g h t  b e  n e c e s s a r y  f o r  s o m e  s i m p l e  t h e o r e t i c a l  c o n c e p t s  to apply.  A con -  
v e c t i o n  e f f ec t  i s  c e r t a i n l y  p r e s e n t ,  the  c o n v e c t i o n  ve loc i t y  b e i n g  a r a t h e r  l a r g e  f r a c t i o n  
(0.8 o r  so) of the f r e e  s t r e a m  ve loc i ty .  T h i s  t e n d s  to d raw a t t e n t i o n  to the r e g i o n  of 
i r r e g u l a r  v o r t i c i t y  f r o n t s  of the  b o u n d a r y  l aye r .  The s u r f a c e  b e c o m e s  a sounding  
boa rd ,  and  r a d i a t e s  in to  the  s p a c e  away f r o m  the  f low a c c o r d i n g  to e x p r e s s i o n  (c). 
On the  o t h e r  s ide  the  p r e s e n c e  of the  f low i t s e l f  m ay  in f luence  the  r a d i a t i o n ;  and  if 
the  flow i s  a t  a n y t h i n g  bu t  a v e r y  low M a c h  n u m b e r  the  d i r e c t i o n a l i t y  e f f e c t s  wi l l  be  
i n f luenced  by the  m o v i n g  s o u r c e  e f fec t s .  In add i t ion  the  f i r s t  t e r m  of e x p r e s s i o n  (b) 
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Fig. 2 - Nmse of a jet aircraft in flight. As 
theforward speed of the aircraft increases, 
the jet noise, mainly radiated rearwards, 
decreases and the noise due to the motion 
of the airplane through the air increases 
and is radiated in the forward direction. 
IConstructed from unpublished data kindly 
suppl ied  by Dr.  H. E. yon Gie rke , )  

s u g g e s t s  t h a t  the  m o t i o n  of the  s u r -  
f ace  r e s u l t s  in a d ipole  r a d i a t i o n  
b e c a u s e  of the  e f f ec t i ve  i n t r o d u c t i o n  
of m o m e n t u m  a c r o s s  the  f ixed  s u r -  
f ace  of the  i n t e g r a l - - t h i s  a s p e c t  
s e e m s  to have  b e e n  ove r looked .  

The n o i s e  s o u r c e s  due to the  
p a s s a g e  of an  a i r p l a n e  t h r o u g h  the  
a i r  a r e  c o m p l e x  in c h a r a c t e r - - a l l  of 
the  above  t y p e s  b e i n g  p r e s e n t  to 
s o m e  deg ree .  I t s  m o t i o n  t h r o u g h  
the a m b i e n t  a t m o s p h e r e  r e s u l t s  in 
the g e n e r a t e d n o i s e  h a v i n g  a m a r k e d  
p r e f e r e n c e  fo r  f o r w a r d  r a d i a t i o n ,  
i n c r e a s i n g  wi th  f l igh t  speed ;  whi le  
the  j e t  no i se  d i s p l a y s  a l e s s e n i n g  of 
i t s  d o w n s t r e a m  p r e f e r e n c e ,  i t s  l eve l  
n a t u r a l l y  d e c r e a s i n g  b e c a u s e  of the 
r e d u c e d  r e l a t i v e  j e t v e l o c i t y .  T h e s e  
e f f e c t s  a r e  shown  v e r y  wel l  in Fig. 2. 

T h e  d i s t r i b u t i o n s  of s i m p l e  
s o u r c e s  r e p r e s e n t e d  by e x p r e s s i o n  
(c), a l r e a d y  m e n t i o n e d ,  c an  be  u s e d  

in c o n n e c t i o n  wi th  f l u c t u a t i n g  flow f r o m  an  o r i f i c e ,  such  a s  fo r  p u l s e  j e t s  o r  o r g a n  
p ipes .  On the o t h e r  hand,  the  con t inu i ty  e q u a t i o n  could  be s u p p l e m e n t e d  by a s o u r c e  
of m a t t e r  t e r m ,  and  the  r e s u l t  cou ld  be  u s e d  in the  s a m e  c a s e s  by e m p l o y i n g  s u i t a b l e  
b o u n d a r i e s  fo r  the  i n t e g r a l s ;  and  i t  shou ld  be  s u p p l e m e n t e d  by a d ipole  t e r m  if the 
s u r r o u n d i n g  f luid i s  in mot ion ,  c o r r e s p o n d i n g  to i t s  de f ic i t  of m o m e n t u m .  

Al though  the  g e n e r a l  t h e o r y  of the  r e l a t i o n s h i p s  b e t w e e n  v o r t i c i t y ,  p r e s s u r e  and  
e n t r o p y  (21,33) c a n n o t  c o m e  wi th in  the  s cope  of t h i s  s u r v e y ,  i t  s e e m s  to me  tha t  the  
d e v e l o p m e n t  of such  a s p e c t s  i s  l ike ly  to be  v e r y  r e v e a l i n g  and  shou ld  l e ad  to a b e t t e r  
u n d e r s t a n d i n g  of many  s c a t t e r e d  f a c e t s  t ha t  so  f a r  have  not  b e e n  too c l o s e l y  kn i t t ed  
t o g e t h e r .  

P a r t  II 
J E T  FLOWS DISPLAYING DISCRETE F R E Q U E N C I E S  

THE .SENSITIVE JET AND FLAME 

The s e n s i t i v i t y  to e x t e r n a l  d i s t u r b a n c e s  of a je t ,  o p e r a t i n g  s o m e w h a t  be low i t s  
c r i t i c a l  R e y n o l d s  n u m b e r  fo r  e a r l y  t u r b u l e n t  d e v e l o p m e n t ,  s e e m s  to be  a key to m o r e  
t han  one p h e n o m e n o n .  T h u s  i t  i s  u se fu l  to m e n t i o n  the  w e l l - k n o w n  s e n s i t i v e  j e t  or  
f l a m e ,  a l t hough  in i t s e l f  i t  h a s  l i t t l e  to do wi th  the  g e n e r a t i o n  of sound.  

The v i s i b l e  d ipp ing  of the f l ame ,  s ay  of coal  gas ,  i s  a n  i n d i c a t o r  t ha t  i n c r e a s e d  
j e t  m i x i n g  h a s  t a k e n  p l a c e  p r i o r  to the  o r i g i n a l  f l a m e  f r o n t ,  t r i p p e d  by c e r t a i n  d i s -  
t u r b a n c e s  of the  jet .  T h e s e  d i s t u r b a n c e s  a r e  t r a d i t i o n a l l y  a c o u s t i c - - t h u s  i n d i c a t i n g  
t ha t  the  j e t  i s  r e a l l y  s e n s i t i v e  ! - - and  o r d i n a r i l y  a r i s e  f r o m  d i s t o r t i o n  of the  j e t  a s  i t  
l e a v e s  the  n o z z l e  (34,35). T h i s  i s  c o n f i r m e d  by the  f ac t  t h a t  sound  w a v e s  p r o p a g a t i n g  
a l o n g  the  j e t  a x i s  a r e  u s u a l l y  i ne f f ec t i ve ,  a s  a r e  the  p r e s s u r e  a n t i n o d e s  of a s t a n d i n g -  
wave  s y s t e m  and  l a t e r a l l y  p r o p a g a t i n g  w a v e s  s h i e l d e d  f r o m  the  o r i f i c e .  C o n t r a r y  to 
e a r l i e r  r e p o r t s  (34), i t  a p p e a r s  t h a t  v i b r a t i o n  of the  o r i f i c e  i t s e l f  r e s u l t s  in  e f f e c t s  
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Fig. 3 - The "sensitive" 
jet. A laminar flow jet 
emerges from the slit exit 
and is disturbed by sound 
waves whose particle ve- 
locity is in a horizontal 
direction across the pic- 
ture. The disturbance 
amplitude presumably 
grows exponentially until 
iris large enoughto result 
in vortex development 
ultimately disintegrating 
into turbulence. (This 
photograph was taken by 
G. B. B r o w n  (35).) 

Fig. 4 - Low-speed 
edge tones. The dis- 
turbed jet flow is very 
similar to that of Fig. 
3, the action of the 
edge replacing the 
externally applied 
acoustic disturb- 
ances. (G. B. Brown 
took this photograph 
using a stroboscopic 
m e t h o d  {36).) 

quite s i m i l a r  to those  caused  a c o u s t i c a l l y  (35). Th i s  i s  a n e c e s s a r y  r e q u i r e m e n t  if 
ideas  b a s e d  upon the c l a s s i c a l  d y n a m i c s  of jet  ins tab i l i ty  are  val id.  P r o v i d e d  that a 
s m a l l  s inuos i ty  of the jet,  c a u s e d  by d i s tort ion  a s  it l e a v e s  the or i f i ce ,  l i e s  in the 
unstable  r e g i m e , *  it w i l l  deve lop  to produce  the beaut i ful  (nonl inear! )  vor tex  f o r m s  
shown in Fig. 3, wh ich  sooner  or la ter  degenerate  into a m a s s  of turbulence .  The 
phenomenon  take s p lace  at r e l a t i v e l y  s m a l l  Reyno lds  n u m b e r s  when,  lack ing  ex terna l ly  
appl ied  d i s turbances ,  a substant ia l  port ion,  i f  not al l ,  of the jet  f low would  be of a 
l aminar  character .  Thus s m a l l p e r i o d i c  d i s turbances  in the pert inent  range of Strouhal 
number  can c o m p l e t e l y  a l ter  the appearance  of the jet  f low; the d i s turbed j e t p r o d u c e s  
sound, but it i s  of quite neg l ig ib l e  proport ions .  However ,  an undis turbed l aminar  jet  
can produce  no sound: it i s  s teady f low. 

*It is worth mentioning that such jets have a very unstable regime. For example, 
assuming a square velocity profile and neglecting viscosity, "for a frequency of 1Z6 
cps and a slit width of 1 ram, stream velocities of 380, 150, and i00 cm/sec result 
in disturbance amplifications over a distance of 5 mm of 30.8, 8400, and 54,000 
respectively" (Ref. 8). 



A. Powe l l  

EDGE TONES 

The  e d g e - t o n e  p h e n o m e n o n  o c c u r s  o v e r  m o r e  o r  l e s s  the  c e n t r a l  r e g i o n  of the  
r a n g e s  of S t rouha l  and  R e y n o l d s  n u m b e r  w h i c h  l i m i t  the  s e n s i t i v i t y  c h a r a c t e r i s t i c  
j u s t  d e s c r i b e d  (36), and  the  d i s t u r b e d  f lows  have  a v i s u a l  l i k e n e s s  t h a t  i s  h a r d  to deny,  
e x c e p t  of c o u r s e  in  the  n e i g h b o r h o o d  of the  edge i t se l f .  A p a i r  of p h o t o g r a p h s  showing  
t h i s  a r e  F igs .  3 and  4. T h i s  f a c t  i s  i m p o r t a n t ,  and  r e c e n t  (37,38) i d e a s  on the  
m e c h a n i s m  of edge t o n e s  r e l y  upon  it. T h e r e  h a s  b e e n  a c o n s i d e r a b l e  c o n t r o v e r s y  
c o n c e r n i n g  edge t o n e s  (36), and  a l t h o u g h  the  r e c e n t  i d e a s  a r e  d e r i v e d  f r o m  r i v a l  
c a m p s ,  and  a r e  so  deve loped ,  I t h i n k  they  do in fac t  a m o u n t  to the  s a m e  th ing.  

One m e t h o d  (37) d e v e l o p s  e a r l i e r  o b s e r v a t i o n s  (39) t h a t  v o r t i c e s  a r e  c a s t  off, o r  
a t  l e a s t  m o v e  a long  the  edge ,  f r o m  the  b o u n d a r y  l a y e r  a d j a c e n t  to the  edge  i t s e l f  a s  a 
r e s u l t  of the  p a s s a g e  of the  d i s t u r b a n c e s  in  the  s t r e a m .  T h e s e  new v o r t i c e s  f i t  in  wi th  
t h o s e  of the  je t ,  a l r e a d y  deve loped .  T h i s  r e d i s t r i b u t i o n  of v o r t i c i t y  a r o u n d  the  edge 
r e s u l t s  in  a n  induced  v e l o c i t y  a t  the  j e t  o r i f i c e ,  s u p p o s e d l y  g iv ing  r i s e  to a n e w  v o r t e x  
s p r i n g i n g  f r o m  i t ;  the  r e s t  fo l lows .  

The o t h e r  (38), w o r k i n g  f r o m  S c h l i e r e n  p h o t o g r a p h s  of the  h i g h - s p e e d  v a r i e t y  of 
the  p h e n o m e n o n ,  s u g g e s t s  t h a t  the  s t r e a m  d i s t u r b a n c e s  r e s u l t  in  sound  b e i n g  r a d i a t e d  
f r o m  the  edge,  of oppos i t e  p h a s e  on e a c h  s ide  of the  j e t  a s  shown  in  Fig.  5. As  a 

c o n s e q u e n c e  the  s t r e a m  i s  d i s t u r b e d  as  i t  l e a v e s  the 
exi t ,  adop t ing  an  u n s t a b l e  s i n u o u s  f o r m  a s  i t  does  in 
the  c a s e  of s e n s i t i v e  j e t s .  (The  p e r t u r b a t i o n  of the 
f o r m e r  u n i f o r m l y  d i s t r i b u t e d  v o r t i c i t y  p r e s u m a b l y  
could  be  c r u d e l y  r e p r e s e n t e d  by  a s e r i e s  of po in t  
v o r t i c e s - - t h i s  add i t i ona l  s i m p l i f i c a t i o n  t hen  c o r -  
r e s p o n d s  to the  f i r s t  m e n t i o n e d  po in t  of view.)  

Fig.  5 -  H i g h - s p e e d  edge 
tones .  The a c o u s t i c  r a d i a -  
t ion  is  power fu l  enough to 
be  p h o t o g r a p h e d .  It c l e a r l y  
e m a n a t e s  f r o m  the  v i c in i ty  
of the  edge and is  of oppos i t e  
p h a s e  on e a c h  s ide  of the 
i n i t i a l l y  s u p e r s o n i c  j e t ,  
be ing  a s y m m e t r i c  l ike  the  
s t r e a m  d i s t u r b a n c e s .  The 
s t r u c t u r e  of the w a v e f r o n t s  
is  i n t e r e s t i n g ,  b e i n g  f a r  
f r o m  s i n u s o i d a l  (which it  
s o m e t i m e s  i s ) ,  a n d  the 
s t r e a m  a p p e a r s  to o f fe r  a 
h igh  enough i m p e d a n c e  to 
i nh ib i t  the f o r m a t i o n  of a 
s i m p l e  d ipole  f i e ld  ( a f t e r  
A. P o w e l l  (38). 

U n f o r t u n a t e l y  t h e s e  t h e o r i e s  w e r e  r e s p e c t i v e l y  
s t y l e d  " h y d r o d y n a m i c "  and  " a c o u s t i c "  by t h e i r  
a u t h o r s ,  wh ich  s e e m s  to have  r e s u l t e d  in an  e m p h a s i s  
on t h e i r  d e t a i l e d  d i f f e r e n c e s  (4) a t  the e x p e n s e  of 
t h e i r  e s s e n t i a l l y  c o m m o n  t h e m e .  At  v e r y  h igh  
s p e e d s ,  the  i n f l uence  at  the  o r i f i c e  can  be  j u s t l y  
c a l l e d  " a c o u s t i c , "  s i nce  the  w a v e l e n g t h  of the  d i s -  
t u r b a n c e s  f r o m  the  edge i s  r e l a t i v e l y  s h o r t ;  bu t  a t  
l o w e r  s p e e d s - - t r a d i t i o n a l l y ,  t h a t  i s - - t h e  o r i f i c e  i s  
only  a f r a c t i o n  of a w a v e l e n g t h  f r o m  the  edge and  so 
i s  in the  n e a r  f ield.  T h u s  h e r e  the  a c t i o n  h a s  l i t t l e  
r e l a t i o n  to the  c o m p r e s s i b i l i t y  of the  f lu id ,  and  so  
" h y d r o d y n a m i c "  i s  m o r e  a p p r o p r i a t e .  It i s  s i m p l y  a 
q u e s t i o n  of " f a r "  and  " n e a r "  f i e l d s  of a n  a c o u s t i c  
s o u r c e .  Su re ly  the  v o r t e x  f o r m a t i o n s  s p r i n g i n g  f r o m  
the  edge  m u s t  be  d i r e c t l y  a s s o c i a t e d  wi th  the  f l u c -  
t ua t ing ,  and  p r i n c i p a l l y  l a t e r a l ,  f o r c e  on the  edge 
i t s e l f ,  o c c u r r i n g  w h e n  the  c r o s s  f low a t  the  edge 
c a u s e s  s e p a r a t i o n .  I n c i d e n t a l l y  they  c a n n o t  a l w a y s  
be  d i s t i n g u i s h e d  in the  p u b l i s h e d  p h o t o g r a p h s  (38,40),  
so " v o r t i c e s "  m a y  be  a r a t h e r  r e s t r i c t i v e  d e s c r i p t i o n  
of the  r e d i s t r i b u t i o n  of v o r t i c i t y  which  undoub ted ly  
t a k e s  p l a c e  at  the  edge (and t h i s  p r o b a b l y  a p p l i e s  to  
the  o r i f i c e  too). S c h l i e r e n  p h o t o g r a p h s  (38) in  the  
h i g h - s p e e d  c a s e  show the  s e a t  of the  a c o u s t i c  m o t i o n  
to be  on the  s u r f a c e s  of the  edge and  t h i s  i s p r o b a b l y  
c o n f i r m e d  by l o w - s p e e d  hot  w i r e  m e a s u r e m e n t s  (41). 
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M i c r o p h o n e  s u r v e y s  r e v e a l  d i r e c t i o n a l  p r o p e r t i e s  wh ich  a r e  c h a r a c t e r i s t i c  of 
d ipo le s  (42). T h i s  i s  j u s t  wha t  one would e x p e c t  f r o m  t h e o r e t i c a l  r e a s o n i n g ,  ( i n d i c a t e d  
by the  p r e s s u r e  p a r t  of p~ j~ i  in g roup  (b) of P a r t  I). However ,  the  d i r e c t i o n a l p a t t e r n  
s o m e t i m e s  d i s p l a y s  an  a p p a r e n t l y  m o r e  c o m p l e x  f o r m  than  the  d i p o l e ' s  f i g u r e  of 
e igh t ,  in the  c l a s s i c a l  l o w - s p e e d  c a s e  (42); in the  h i g h - s p e e d  c a s e  the  r a d i a t i o n  i s  
m u c h  m o r e  s u g g e s t i v e  of s i m p l e  s o u r c e  r a d i a t i o n ,  the  h i g h - v e l o c i t y  s t r e a m  a p p a r e n t l y  
o f f e r i n g  su f f i c i en t  i m p e d a n c e  to the  l a t e r a l  m o t i o n  to p r e v e n t  a d ipole  f o r m i n g  f r o m  
the  g e n e r a t i o n  of the  s o u r c e s  a r i s i n g f r o m  d i f f e r e n t i a l  f low on e i t h e r  s ide  of the  edge.  
S o m e t i m e s  the  sound  wave  r a d i a t e d  away i s  f a r  f r o m  s i n u s o i d a l  (38,42) ( see  Fig. 5, 
f o r  example ) .  It would be  p a r t i c u l a r l y  i n t e r e s t i n g  t h e r e f o r e  to s tudy the  d e t a i l s  of the  
f low abou t  the  edge  and  to m e a s u r e  the  f o r c e s  a c t i n g  upon  it. I t  i s  i n t e r e s t i n g  to no te  
in  p a s s i n g  t ha t  the  edge  m a y b e  r e l a t i v e l y  l a r g e  o r  qui te  s m a l l ,  f r o m  the  p o i n t o f  v iew 
of the  c i r c u l a t i o n  abou t  i t ,  s i nce  i t  c an  be  r e p l a c e d  by  a w i r e  (39). In the  l a t t e r  c a s e  
the  c o n n e c t i o n  b e t w e e n  the  new e d d i e s  s p r i n g i n g  f r o m  the  w i r e  and  the  f o r c e  upon  i t  
i s  ev iden t :  t h e r e  i s  c l e a r l y  s o m e  ana logy  to a e o l i a n  t o n e s ,  for  wh ich  the  e f f ec t i ve  
d ipole  concep t  i s  now qui te  we l l  e s t a b l i s h e d  (23). I t  i s  r e l e v a n t - - i n d e e d ,  i t  s e e m s  
e s s e n t i a l - - t h a t  the  v o r t e x  s y s t e m  s h e d d i n g  f r o m  a c y l i n d e r  c an  have  i t s  f r e q u e n c y  
f o r c e d  to be  in s t ep  wi th  t ha t  of e x t e r n a l l y  app l i ed  d i s t u r b a n c e s  (43), if t hey  a r e  
l a r g e  enough.  

The f o r e g o i n g  type  of m e c h a n i s m  of edge t o n e s  h a s  b e e n  s u b j e c t  to doubt  in  the  
p a s t  b e c a u s e  of a few " c r u c i a l "  t e s t s .  F o r  e x a m p l e ,  a j e t  h a v i n g  no edge w a s  p l a c e d  
n e a r  one h a v i n g  an  edge (41). The  f a i l u r e  of the  e d g e l e s s  one to show v o r t e x  d e v e l o p -  
m e n t  was  t a k e n  a s  e v i d e n c e  t h a t  the  f e e d b a c k  f r o m  edge  to u r i f i c e  w a s  n o t p r o p a g a t e d  
a s  a wave ;  but ,  the  d i s t u r b i n g  s i g n a l  a t  the  e d g e l e s s  one would be  r e d u c e d ,  b e c a u s e  of 
the  i n c r e a s e d  d i s t a n c e  f r o m  the  a s s u m e d  e f f e c t i v e  d ipole  a t  the  edge ,  to no t  m o r e  
t han  about  1 /125 of i t s  p r o p e r  va lue  ( judging f r o m  the  p u b l i s h e d  data) .  The  t e s t  i s  
t h e r e f o r e  not  so  c r u c i a l  a s  i t  would  s e e m  a t  f i r s t  s ight .  Aga in ,  c o n c e r n i n g  the  i n t e n -  
s i ty  r e q u i r e d  of a l o u d s p e a k e r  to p r o d u c e  s i m i l a r  v o r t e x  f o r m a t i o n  in a n  e d g e l e s s  
j e t  (36), " the  l o u d s p e a k e r  had  to be  e a s i l y  aud ib le ,  w h e r e a s  no aud ib l e  edge  tone  
o c c u r r e d . "  T h i s  would have  b e e n  a v e r y  i m p r e s s i v e  a r g u m e n t  had  the  v e l o c i t y  
f l u c t u a t i o n s  a t  the  o r i f i c e  b e e n  d i r e c t l y  c o m p a r e d ,  an  e x p e r i m e n t  w o r t h y  of a t t en t ion .  

It  is  i n t e r e s t i n g  t ha t  a v e r y  m u c h  s i m p l i f i e d  mode l  of the  j e t - t o n e  f low y i e l d s  
d i s t u r b a n c e s  hav ing  an  e n c o u r a g i n g  l i k e n e s s  to s o m e  of t h o s e  p h o t o g r a p h e d  (44). H e r e  
the  j e t  i s  c o n s i d e r e d  a s  a con t inuous  s t r e a m  of p a r t i c l e s  of m a s s  s u b j e c t e d  to t r a n s -  
v e r s e  p r e s s u r e  g r a d i e n t s  p r o p o r t i o n a l  to the  d i s p l a c e m e n t  of the  " s t r e a m "  a t  the  
edge (45). The  a p p a r e n t  s u c c e s s  of the  m e t h o d  l i e s  p a r t l y  in the  s u i t a b l e  c h o i c e  of a 
n e c e s s a r y  a r b i t r a r y  funct ion,  and  a l so  in t ha t  the  i n s t a b i l i t y  of the  j e t  p h o t o g r a p h e d  
was  r e l a t i v e l y  v e r y  s m a l l  a s  s u c h  j e t s  go. 

I hope t h a t  t h i s  a t t e m p t  a t  b r i n g i n g  t o g e t h e r  the  " r i v a l  c a m p s "  i s  of s o m e  ava i l ,  
and  t ha t  m o s t  of the  n u m e r o u s  t h e o r i e s  ( " a c o u s t i c ,  . . . .  h y d r o d y n a m i c ,  . . . .  i m p u l s e , "  
" v o r t e x  s t r e e t , "  e tc . )  wi l l  be  r e c o g n i z e d  a s  b e i n g  d i f f e r e n t  e m p h a s e s  upon the  s a m e  
e s s e n t i a l  t h e m e .  T h e r e  s e e m  to m e  to be  no s u r v i v i n g  c o n f l i c t s  of any  i m p o r t ,  s o m e  
of the  v e r y  e a r l i e s t  t h e o r i e s  c o n t a i n i n g  the  e s s e n c e  of the  m a t t e r ,  d e s p i t e  the  c o n -  
s i d e r a b l e  e x p e r i m e n t a l  d i f f i c u l t i e s  of t h o s e  t i m e s .  However ,  whi le  I t h ink  the  o v e r -  
a l l  p i c t u r e  i s  t ak ing  shape ,  we a r e  s t i l l  f a r  f r o m  fu l ly  u n d e r s t a n d i n g  the  d e t a i l s  of it. 
In p a r t i c u l a r ,  the  sound  i n t e n s i t y  c a n n o t  ye t  be  ca l cu l a t ed ,*  ab in i t io .  S ince  t h i s  i s  

*Howeve r ,  de f in i t e  p r o g r e s s  a long  the l i ne s  i n d i c a t e d  is  b e i n g  m a d e  and  t h e r e  i s  hope 
of an  e a r l y  a p p r o x i m a t e  so lu t ion .  A d e v e l o p m e n t  of the  " g a i n  c r i t e r i o n "  (36) r e v e a l s  
the  p a r t i c u l a r  i m p o r t a n c e  of a c e r t a i n  n o n d i m e n s i o n a l  p a r a m e t e r  h3~/VbS. H e r e  h 
is  the  e f fec t ive  o r i f i c e - e d g e  d i s t a n c e ,  w the a n g u l a r  f r e q u e n c y ,  and  V is  the  j e t  v e l o c -  
i ty f r o m  the  o r i f i c e  of wid th  $ and  l e n g t h b .  The a p p e a r a n c e  of the s l i t  l eng th  b i s  
i n t e r e s t i n g  s ince  f o r m e r l y  no s i g n i f i c a n c e  had  b e e n  a t t a c h e d  to it. 
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s u p p o s e d  to be  a r e s u l t  of a f e e d b a c k  m e c h a n i s m ,  i t  would s e e m  n e c e s s a r y  for  non -  
l i n e a r  e f f e c t s  to p l ay  a n  e s s e n t i a l  p a r t  in  d e t e r m i n i n g  the  a m p l i t u d e .  T h i s  r o l e  may  
be  p l a y e d  by  the  s t r e a m  d i s t u ~ n c e s  b e c o m i n g  " l a r g e "  (deve lop ing  in to  v o r t i c e s ) ,  
p e r h a p s  by  the  f low abou t  the  edge  b e c o m i n g  l e s s  e f f e c t i v e :  in  any  e v e n t  the  " g a i n  
round  the  c y c l e "  m u s t  e x c e e d  un i ty  d u r i n g  e s t a b l i s h m e n t  of the  mo t ion ,  bu t  c l e a r l y  
m u s t  equa l  un i ty  when  e s t a b l i s h e d  (38). 
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Fig.  6 - E d g e - t o n e  f r e q u e n c i e s .  The 
w a v e l e n g t h  of the d i s t u r b a n c e s  of the  
j e t  s t r e a m  i n c r e a s e s  s t e a d i l y  a s t h e  
edge is  m o v e d  away f r o m  the  o r i f i c e ,  
but  a f t e r  a c e r t a i n  po in t  a j u m p  oc -  
c u r s  w h e n a n o t h e r  d i s t u r b a n c e  w a v e -  
l e n g t h  f i t s  i t s e l f  in  b e t w e e n  the  o r i -  
f ice  and  the  edge ,  r e s t o r i n g  the  
w a v e l e n g t h  to tha t  c o r r e s p o n d i n g  to 
the m o s t  u n s t a b l e  r e g i m e .  Note the 
p r o m i n e n t  h y s t e r e s i s  effect .  (Data  
f r o m  G. B. B r o w n  (36).) 

Mos t  e d g e - t o n e  s t u d i e s  have  b e e n  con -  
c e r n e d  w i th  the  f low i t se l f ,  and  e s p e c i a l l y  
w i th  the f r e q u e n c y  c h a r a c t e r i s t i c s ,  a d i s -  
t i ngu i~h ing  f e a t u r e  b e i n g  the  j u m p s  in  f r e -  
quency  (Fig.  6). T h e s e  o c c u r  w h e n  e i t h e r  
the  h e i g h t  of the  edge  o r  v e l o c i t y  i s  v a r i e d ,  
in  s u c h  a m a n n e r  t h a t  the  d i s t u r b a n c e  w a v e -  
l e n g t h  i s  n e v e r  f a r  r e m o v e d . f r o m  tha t  of 
m a x i m u m  i n s t a b i l i t y .  W h a t  few sound  i n t e n -  
s i ty  m e a s u r e m e n t s  a r e  a v a i l a b l e  (42) i nd i -  
c a t e  t h a t  the  a c o u s t i c  p o w e r  i s  of the  o r d e r  
of a h u n d r e d t h  of the  j e t  k i n e t i c  p o w e r :  a 
s u r p r i s i n g l y  h igh  f i g u r e  in  v iew of the 
e x t r e m e l y  low s p e e d s  invo lved ,  a l t hough  the  
p r e s e n c e  of a ba f f le  m a y  have  i n c r e a s e d  the  
a c o u s t i c  e f f i c i ency  above  i t s  n o r m a l  va lue .  

The  p r o x i m i t y  of r e f l e c t o r s  o r  r e s o -  
n a t o r s  g r e a t l y  i n f l u e n c e s  the  e d g e - t o n e  
c h a r a c t e r i s t i c s  (38,42,46).  T h e  o v e r a l l  
p i c t u r e  i s  now m u c h  m o r e  c o m p l e x ;  the  
s a l i e n t  f e a t u r e  i s  t ha t  the  p r e s s u r e  f l u c -  
t u a t i o n s  a t  the  edge may  d i s t u r b  the  s t r e a m  
a t  the  o r i f i c e  m o r e  e f f e c t i v e l y  v i a t h e  a c t i o n  

of the  r e f l e c t o r  o r  r e s o n a t o r ,  and  so i m p r e s s  upon  i t  t h e i r  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 .  
T h i s  s i t u a t i o n  i s  c l e a r l y  r e l a t e d  to the  s t e a d y  tone  of a n  o r g a n  p ipe ,  a l t h o u g h  i t s  
e s t a b l i s h m e n t  i s  a n o t h e r  m a t t e r  (47). 

In s o m e  u n r e p o r t e d  t e s t s  u s i n g  a 4:1 e l l i p t i c  n o z z l e  a t  a R e y n o l d s  n u m b e r  of 
abou t  ha l f  a m i l l i o n ,  the  a u t h o r  found  i t  e a s y  to p r o d u c e  e d g e - t o n e  p h e n o m e n a ,  and  
a l s o  to d e m o n s t r a t e  the  e f f e c t s  of r e f l e c t o r s .  The a c o u s t i c  p o w e r  g e n e r a t e d  w a s  
u n c o m f o r t a b l y  high,  s i n c e  the  j e t  ex i t  had  a m i n i m u m  d i m e n s i o n  of one inch ,  a n d  the  
ex i t  v e l o c i t y  w a s  n e a r  s o n i c [  The  a c o u s t i c  p o w e r  w a s  a n  a p p r e c i a b l e  f r a c t i o n  of the 
j e t  p o w e r ,  p e r h a p s  a t en th .  

OTHER DISCRETE VORTEX PHENOMENA IN SUBSONIC JETS 

T h e r e  i s  a n o t h e r  c l a s s  of j e t  p h e n o m e n a  in w h i c h  the  d e v e l o p m e n t  of d i s c r e t e  
v o r t i c e s  i s  a c h a r a c t e r i s t i c ;  h o w e v e r ,  the  s i t u a t i o n  d i f f e r s  f r o m  the f o r e g o i n g  in t h a t  
wh i l e  a p p r e c i a b l e  sound  i s  g e n e r a t e d ,  the  e f fec t  of the  sound* so  g e n e r a t e d  on  the  j e t  
i t s e l f  i s  no t  of r e c o g n i z e d  i m p o r t a n c e .  

" J e t  t o n e s "  a r e  i n t i m a t e l y  c o n n e c t e d  w i t h  the  v o r t e x  s h e d d i n g o f  j e t s  i s s u i n g  f r o m  
o r i f i c e s .  T h e s e  o r i f i c e s  m u s t  have  a s h a r p  e n t r a n c e  (48), so t ha t  flow s e p a r a t i o n  
o c c u r s  w i th in  the  o r i f i c e .  The v o r t i c e s  a r e  t hough t  to be  c o n c e i v e d  in t h i s  r e g i o n  of 
s e p a r a t e d  flow and  e s c a p e  p e r i o d i c a l l y  in  the  e m b r y o  s t a g e ,  r e s u l t i n g  in the  t u r o i d a l  
v o r t e x  s t r u c t u r e  of the  j e t  (49), a s  shown  in Fig. 7. The  n a t u r e  of the  s o u n d - g e n e r a t i n g  

• Th i s  w o r d  is  u s e d  l o o s e l y [  
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mechanism has yet to be investigated: it 
seems probable that the flow rate fluctuates 
in sympathywith the eddy shedding, so giving 
rise to a "simple source" type of sound gen- 
eration. When a circular orifice is this, the 
characteristic frequency is roughly propor- 
tional to the exit velocity and inversely pro- 
portional to the axial thickness of the orifice 
(51,52). When it is comparatively thick the 
frequency is more dependent on the diameter 
instead of the thickness. But now a very 
interesting facet emerges: the frequency for 
a given geometry is not unique, since there 
is a choice of several frequencies for a given 
velocity. There are such that if the thickness 
is altered by one or two times the diametral 
dimension then the c h o ice of frequencies 
remains substantially the same. This nat- 
urally leads one to contemplate on the eddy 
structure, in the stagnant region within the 
orifice, and what controls it. These phenom- 
ena range over Reynolds numbers from some 
hundreds to about 10,000 for various config- 
urations. When the orifice is preceded by a 
pipe, the situation is analogous in some ways 
to the edge-tone system supplemented by a 
resonator. The pipe has its set of resonant 
frequencies depending upon the geometry, 
and the formerly continuously varying jet- 
tone is greatly reinforced at these frequen- 
cies, sounding  "pipe  t o n e s "  (53,51). No data  
appear  to be ava i lab le  c o n c e r n i n g  the e f f i -  : :~- 
c iency  by which je t  tones  or  pipe tones  give 
r i s e  to acous t i c  e n e r g y .  

An i n t e r e s t i n g  v a r i a t i o n  on th i s  s c h e m e  
is  to r e p l a c e  the s h a r p  e n t r a n c e  to the o r i f i c e  
by a c a r e f u l l y  d e s i g n e d  t h roa t  to e l i m i n a t e  F i g .  7 - The flow of j e t - t o n e s .  Flow 
flow s e p a r a t i o n  t h e r e ,  but opening out the s e p a r a t i o n o c c u r s w i t h i n t h e o r i f i c e  
nozz le  ex i t  to cause  flow s e p a r a t i o n  f r o m  the and the p e r i o d i c  s h e d d i n g  of the 
cu rved  s u r f a c e .  At a Reyno lds  n u m b e r  of the v o r t i c e s  with the a s s o c i a t e d  f l u c -  

t u a t i o n  in flow r e s u l t s  in the c h a r -  
o r d e r  of 800,000, r e g u l a r  though t u rbu l en t  a c t e r i s t i c  to ro ida l  vor t ex  f o r m a -  
v o r t e x  f o r m a t i o n s  w e r e  d i s c l o s e d b y  S c h l i e r e n  t ions.  ( F r o m  a pho tograph  by W. 
p h o t o g r a p h s  (54) (one of which is  shown in H. Dar l ing ton  (50).) 
Fig. 8) a c c o m p a n i e d  by an i n c r e a s e  in sound 
ou tpu tof  up to n e a r l y  a hundredfo ld  (55), thus  
r a i s i n g  i t  to nea r l y  a hundred th  of the j e t  
power .  The tu rbu len t  j e t  no i se  was  qui te  
s w a m p e d  by the l a t t e r ,  which had a d i s c r e t e  f r e q u e n c y  of roughly  0.4 V/d. The d i r e c -  
t ional  p r o p e r t y  of th is  r ad i a t i on  is much m o r e  un i fo rm  that  fo r  tu rbu len t  je t  no i se ,  
and so is  s u g g e s t i v e  of the vo r t ex  f o r m a t i o n s  being a s s o c i a t e d  with a f luc tua t ion  of 
the m a s s  flow, cons t i tu t ing  a s i m p l e  acous t i c  s o u r c e .  (The s i m p l e  s o u r c e  e f fec t  a l -  
m o s t  c e r t a i n l y  o v e r p o w e r s  the dipole e f fec t  a r i s i n g  f r o m  the m o m e n t u m  f luc tua t ions . )  
To account  fo r  the acous t i c  power  on th is  b a s i s  the m a s s  flow would have to f luc tua te  
by roughly  ±1/20 of the m e a n  value,  which s e e m s  r e a s o n a b l e .  The i n t e r e s t i n g  q u e s -  
t ion is: do the d i s t u r b a n c e s  of the vo r t ex  f o r m a t i o n s  con t ro l  the point  of flow s e p a r a -  
t ion f r o m  the nozz le  wal l  so  giving r i s e  to e m b r y o  edd ies ,  o r  can it be that  a nozz le  
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Fig.  8 - V o r t e x  f o r m a t i o n s  at  h igh  
speed .  In th is  c a s e  the s e p a r a t i o n  
o c c u r s  at  the  d i v e r g i n g  n o z z l e  exi t ,  
and  the Reyno lds  n u m b e r  is suf -  
f i c i e n t l y h i g h  (800,000) for  the flow 
to be in the t u r b u l e n t  r e g i m e  excep t  
for a narrow "laminar collar." The 
regular vortices do not have the 
clear definition of the jet tone flow 
of low Reynolds numbers. (From 
A. Powell (54).) 
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Fig. 9 - Directional distribution 
of pulse-jet noise. The diagram 
refers to the radiation at the fun- 
damental frequency. The average 
value canbe calculated by assuming 
the action to be that of a classical 
simple source, but the deviations 
from that average are not easily 
accounted for. Refraction of the 
sound seems to occur very close 
to thejetdirection. (Reconstructed 
from data by A. Powell (56).) 

c o n t r a c t i o n  r e s u l t s  in  c o n v e c t e d  p r e s s u r e  
w a v e s  b e i n g  r e f l e c t e d  to  a s u f f i c i e n t  ex ten t ,*  
and  so  y ie ld  " r e s o n a n t "  f r e q u e n c i e s  ? 

The l a s t v a r i a t i o n  to be  d i s c u s s e d  i n t h i s  
s e c t i o n  c o n c e r n s  the  p u l s e  je t .  The  p e r i o -  
d i c i t y  s u p e r i m p o s e d  upon  t he  m e a n  f low i s  in  
t h i s  c a s e  c o n t r o l l e d  by  r e s o n a n c e  p r o p e r t i e s  
of the  c o m b u s t i o n  c h a m b e r  a n d  e x h a u s t  nozz l e ;  
i t  i s  m a i n t a i n e d  b y  the  p e r i o d i c  c o m b u s t i o n  
of fuel ,  a g a i n  c o n t r o l l e d  by  the  r e s o n a n c e  
p r o p e r t i e s .  Thus ,  w h i l e  the  h e a t  supp ly  i s  
v a r i a b l e ,  and  the  f low t h r o u g h  the  eng ine  
l i k e w i s e ,  the  whole  p r o c e s s  i s  s e l f - g o v e r n e d  
and  so  b e a r s  a s t r o n g  r e s e m b l a n c e  to "p ipe  
t o n e s . "  P r e s u m a b l y  the  f l u c t u a t i n g  v e l o c i t y  
r e s u l t s  in  t o r o i d a l  v o r t e x  f o r m a t i o n s .  It i s  
l o g i c a l  t h e r e f o r e  to  i nc lude  the  p u l s e  j e t  
u n d e r  the  p r e s e n t  g roup ing .  The  p u l s a t i n g  
f low c a n  be  looked  upon  a s  c o n s t i t u t i n g  a 
s i m p l e  s o u r c e  ( e i t h e r  e x p r e s s i o n  (c) t a k e n  
o v e r  the  j e t  ex i t ,  o r  a s o u r c e  of m a t t e r  d i s -  
t r i b u t i o n  e n c l o s e d  in  the  v o l u m e  in  the  n e i g h -  
b o r h o o d  of the  exi t )  a n d  t h i s  l e a d s  to a good 
a p p r o x i m a t i o n  to the  a c o u s t i c  p o w e r  p r o d u c e d  
(56,57).  Whi le  the  e n e r g y  of the  f u n d a m e n t a l  
i s  a p p a r e n t l y  e a s i l y  d e a l t  wi th ,  the  s a m e  is  
not  t r u e  fo r  the  h a r m o n i c s - - a n d  s o m e t i m e s  
the  a c o u s t i c  p o w e r  i s  v e r y  r i c h  in  h a r m o n i c  
s t r u c t u r e  (58,59),  p r e s u m a b l y  b e c a u s e  any 
h a r m o n i c s  of the  f low r a t e  would  b e  a m p l i f i e d ,  
r e l a t i v e l y ,  a s  a c o n s e q u e n c e  of the  h i g h e r  
r a d i a t i v e  e f f i c i e n c y  of h i g h e r  f r e q u e n c i e s .  
in  p r a c t i c e  the  d i r e c t i o n a l  p r o p e r t i e s  a r e  
n o w h e r e  n e a r  a s  u n i f o r m  a s  fo r  the  s i m p l e  
s o u r c e ,  the  l e v e l s  c l o s e  to the  j e t  d i r e c t i o n  
e x c e e d i n g  t h o s e  in  the  o p p o s i t e  d i r e c t i o n  by 
a n o t i c e a b l e  a m o u n t ,  a s  i n d i c a t e d  in  Fig. 9. 
In the  p a r t i c u l a r  c a s e  c o n s i d e r e d  (56), t h i s  
a s y m m e t r y  cou ld  no t  be  a c c o u n t e d  f o r  e i t h e r  
by t a k i n g  in to  a c c o u n t  the  p u l s a t i o n s  of the 
i n t ake  o r  the  f l u c t u a t i n g  t h r u s t  ( e x p r e s s i o n  
(b) in one f o r m  o r  a n o t h e r ) .  T h i s  i s  r e a l l y  
no t  r e m a r k a b l e ,  s i n c e  the  a c o u s t i c  a p p r o x i -  
m a t i o n s ,  r e q u i r i n g  s m a l l  a m p l i t u d e  f l u c t u a -  
t i ons ,  c an  h a r d l y  b e  e x p e c t e d  to be  v e r y  good 
when  the  v e l o c i t y  p u l s a t i o n s  a c t u a l l y  e x c e e d  
the  a m b i e n t  s p e e d  of sound.  P e r h a p s  the  r e a l  
q u e s t i o n  r a t h e r  c o n c e r n s  why the  s i m p l e  
a c o u s t i c  t h e o r y  shou ld  y i e ld  s u c h  good 
r e s u l t s  ! Two o t h e r  f e a t u r e s  a r e  w o r t h  not ing.  
F i r s t l y ,  the  l e v e l s  c l o s e  to the  j e t  f a l l  v e r y  
s h a r p l y ,  p r e s u m a b l y  b e c a u s e  of r e f r a c t i o n  
e f f ec t s ;  and  s econd ly ,  i t  a p p e a r s  t h a t  t u r b u l e n t  

*Sound waves entering a nozzle with the flow certainly undergo a large reflection 
according to the author's nonlinear one-dimensional approach. Calculations for the 
inverse case are not complete at the time of writing. 
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mixing may account for an appreciable contribution to the high-frequency end of the 
noise spectrum. Thus while the dominating feature can be readily accounted for, 
many details remain for further investigation. 

It is interesting that the classical jet tones and edge tones, with or without reso- 
nators, being essentially laminar flow phenomena, all appear again in one form or 
another in turbulent flow regimes. Further, a close analogy with edge tones exists 
with certain highly supersonic lets, as will be discussed next. 

Finally, before turning to high-speed phenomena proper, I would like to pose the 
followingquestion. Wakes and jets have a great similarity, one oftenbeing considered 
the inverse of the other. Does this similarity extend, in some way or another, to the 
details of the flow mechanisms governing the vortex production behind bluff bodies 
and in jets ? Again, would the placing of an edge in the vortex street behind a cylinder 
result in a flow having any similarity to edge tones ? This seems a very worthwhile 
experiment, which I do not think has been done. Finally, is it at all possible that the 
eddy formations in turbulent jets exert any influence on the creation of embryo dis- 
turbances, in "ordinary" circumstances? Such questions are very fundamental and 
their joint study may wellyield a more complete understandingthan would result from 
their being treated separately. 

THE CHOKED J E T  ~ -  ~ 

When  a j e t  i s  o p e r a t e d  at  a su f f i c i en t ly  
h igh  p r e s s u r e  r a t i o ,  s h o c k w a v e s  e x i s t  in 
the  j e t  s t r e a m  ( u n l e s s  the  n o z z l e  h a p p e n s  
to have  j u s t  the  c o r r e c t  a m o u n t  of d i v e r -  
gence) .  T h e s e  s h o c k w a v e s  f o r m  a t  m o r e  
o r  l e s s  r e g u l a r  i n t e r v a l s  a long  the  j e t  in  
c o n n e c t i o n  wi th  the  " c e l l u l a r "  s t r u c t u r e  
of the  flow. The  p h e n o m e n o n  wi th  wh ich  
we a r e  now c D n c e r n e d  h a p p e n e d  to be  
d i s c o v e r e d  by  op t i ca l  m e a n s  (55) for  
choked  (nond ive rgen t )  s l i t - t y p e  je t s .  F o r  
t h e s e  the  f r e q u e n c y  of the  c h a r a c t e r i s t i c  
m o t i o n  i s  v e r y  s t e a d y  (60,61), s e t t i n g  in 
qui te  sudden ly  a t  a p r e s s u r e  s o m e w h a t  
h i g h e r  t h a n  the  c r i t i c a l  and  r e m a i n i n g  
un t i l  p r e s s u r e  r a t i o s  of about  s e v e n  a r e  
r e a c h e d  (62). 

The d i r e c t i o n  of the  flow l e a v i n g  the  
edge of the  o r i f i c e  i s  g o v e r n e d  by the  
e x t e r n a l  a t m o s p h e r i c  p r e s s u r e  t h e r e ,  and  
hence  by f l u c t u a t i o n s  of t h a t  p r e s s u r e .  
Thus  e d d i e s  in  the  f low a r e  b o r n ,  and  t h e s e  
grow and  t h e i r  m o t i o n  a long  the  j e t  r e s u l t s  
in sound b e i n g  g e n e r a t e d  a s  they p a s s  
t h r o u g h  the  s h o c k w a v e s ,  s i n c e  the b o u n d -  
a r y  of the  j e t  a t  t h e s e  p o s i t i o n s  m o v e s  so  
a s  to a c c o m m o d a t e  the  v a r y i n g  flow con -  
d i t ions .  If a t r a i n  of e d d i e s  i s  p r e s e n t ,  
t hen  t h e i r  s p a c i n g  c a n  be  such  t ha t  the  
sound  w a v e s  a r r i v i n g  a t  the o r i f i c e  f r o m  
the  v a r i o u s  s h o c k w a v e s  r e i n f o r c e  e a c h  

Fig. I0 - Choked-jet noise. The flow 
is very similar to that for high- speed 
edge tones; but here the interaction of 
the eddy formations with the regularly 
spaced standing shockwaves produces 
the sound. The jet pressure is con- 
siderably higher than the edge-tone 
case of Fig. 5. (This photograph is 
by M. G. Davies (62).) 

o t h e r ,  s o m e t i m e s  h a v i n g  the  a p p e a r a n c e  shown in Fig. 10. C a r e f u l  m e a s u r e m e n t s  of 
eddy s p a c i n g  and  ve loc i t y  show tha t  t h i s  i s  in f ac t  the  c a s e  (60-62) .  It  i s  i n t e r e s t i n g  
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Fig. II - Choked jet frequencies. 
The jumps in frequency arise from 
a rearrangement of the eddy pat- 
tern so that the disturbances prop- 
agated from each shock reinforce 
eachother at the orifice. The two- 
dimensional (slit) jet displays no 
such discontinuities. (Data recon- 
structed f r o m  A. Powe l l  (61).) 

t ha t  wh i l e  m o s t  of the  f u n d a m e n t a l  r a d i a t i o n  
i s  t hus  in  the  u p s t r e a m  d i r e c t i o n ,  the  s a m e  
c o n d i t i o n s  r e s u l t e d  in the  p r e d i c t i o n  t ha t  
sound of twice  t h a t  f r e q u e n c y  would have  a 
s h a r p  p r e f e r e n c e  fo r  r a d i a t i o n  a t  a p p r o x i -  
m a t e l y  r i g h t  a n g l e s  to the  j e t  s t r e a m  and  th i s ,  
happi ly ,  was  found to be  the  c a s e  (60). The  
e f f i c i ency  by  w h i c h  the  k i n e t i c  e n e r g y  of the  
j e t  s t r e a m  i s  c o n v e r t e d  to a c o u s t i c  e n e r g y  i s  
h igh,  b e i n g  of the  o r d e r  of f r o m  a h u n d r e d t h  
(61) to a t e n t h  (62) - -a  v e r y  h igh  f igu re .  

F o r  j e t s  h a v i n g  c i r c u l a r  o r i f i c e s ,  the  
p h e n o m e n o n  b e a r s  a c l o s e r  ana logy  to edge 
t o n e s  in tha t  j u m p s  of f r e q u e n c y  take  p l a c e  (61) 
(Fig.  11). Whi le  the  eddy f o r m a t i o n  fo r  the  
s l i t  j e t  i s  a l w a y s  of a n  a l t e r n a t e  s t r u c t u r e ,  i t  
a p p e a r s  t ha t  j u s t  the  f i r s t  s t a g e  fo r  the  round  
j e t  h a s  t o r o i d a l  v o r t i c e s  (63). It a p p e a r s  to 
be  a f o r t u i t o u s  c i r c u m s t a n c e  t ha t  the  i n c r e a s e  
of s p a c i n g  of the  s h o c k w a v e s  wi th  p r e s s u r e  
r a t i o  h a p p e n s  to be  such  t h a t  no j u m p s  a r e  
p r e s e n t  in the  c a s e  of the s l i t  je t .  

T h e r e  a r e  s e v e r a l  r e a s o n s  why t h i s  " s c r e e c h "  m a y  not  m a k e  an  a p p e a r a n c e  in a 
s u p e r s o n i c  je t .  C l e a r l y  the a b s e n c e  of s h o c k w a v e s  wi l l  g u a r a n t e e  th i s ;  a p r o p e r l y  
d e s i g n e d  c o n v e r g e n t - d i v e r g e n t  n o z z l e  thus  wi l l  exh ib i t  a l i m i t e d  r a n g e  o v e r  wh ich  
" s c r e e c h "  i s  a b s e n t  (64), whi le  the  e q u a l i z a t i o n  of p r e s s u r e  a t  the  n o z z l e  by a p e r -  
f o r a t e d  s l e e v e  a c h i e v e s  the  s a m e  r e s u l t  o v e r  a w i d e r  r a n g e  of p r e s s u r e s  (55,65). 
L ike  the  j e t  t o n e s  of a c o m p l e t e l y  d i f f e r e n t  flow r e g i m e ,  any  r o u g h n e s s  of the  e d g e s  
of the  o r i f i c e  t e n d s  to i nh ib i t  the  m e c h a n i s m  (55), p r e s u m a b l y  by  t h i c k e n i n g  the  
b o u n d a r y  l a y e r  and  so  d e c r e a s i n g  the  i n s t a b i l i t y  of the  eddy f o r m a t i o n .  T h i s  of c o u r s e  
i s  s u g g e s t i v e  f r o m  the  po in t  of v iew of n o i s e - r e d u c t i o n  d e v i c e s  (66). Not only does  
the  m e c h a n i s m  d i s p l ay  f e a t u r e s  in c o m m o n  wi th  edge tones ,  bu t  a l s o  the  s t a t u s  of 
r e s e a r c h  i s  s i m i l a r :  the  e s s e n t i a l s  of the  m e c h a n i s m  a r e  u n d e r s t o o d ,  and  c e r t a i n  
i s o l a t e d  a s p e c t s  of i t  a r e  a m e n a b l e  to a n a l y s i s  u n d e r  s i m p l i f y i n g  cond i t i ons .  The 
f r e q u e n c i e s  c a n  be  found;  bu t  the  c a l c u l a t i o n  of sound  i n t e n s i t y ,  ab  in i t io ,  i s  qu i te  
beyond  our  p r e s e n t  m e a n s .  

T h i s  c h a r a c t e r i s t i c  m o t i o n  a p p e a r s  to be  con f ined  to " c o l d "  j e t s .  T h e r e  a r e  
p r o b a b l y  two r e a s o n s  fo r  th is .  A hot  choked  j e t  h a s  a m u c h  h i g h e r  ve loc i t y ,  and  t h i s  
r e s u l t s  b o t h  in i n c r e a s e d  s t a b i l i t y  of the  j e t  b o u n d a r i e s  and  g r e a t l y  i n c r e a s e d  n o i s e  
due to the  i n e v i t a b l e  t u r b u l e n t  m i x i n g  p r o c e s s ,  wh ich  would a l so  t end  to m a s k  any  
d i s c r e t e  f r e q u e n c y  p h e n o m e n a .  C e r t a i n l y  i n d i c a t i o n s  so f a r  a r e  t ha t  i t  i s  not  of 
i m p o r t a n c e  fo r  j e t  e n g i n e s  (67) o r  r o c k e t s  (68). H e r e  the  n o i s e  f r o m  t u r b u l e n t  m i x i n g  
i s  a l l  i m p o r t a n t ,  and  in the  nex t  s e c t i o n  the  q u e s t i o n  of how m u c h  of the  e x p e r i m e n t a l  
da ta  can  be  e x p l a i n e d  by  t h e o r y  i s  d e a l t  with.  

P a r t  III 
J E T  FLOWS DISPLAYING NO DISCRETE F R E Q U E N C I E S  

THE T U R B U L E N T  J E T  

In r e c e n t  y e a r s  the  t u r b u l e n t  j e t  h a s  r e c e i v e d  m u c h  a t t en t ion ,  and  t h i s  s e c t i o n  
wi l l  be  devo t ed  to a s p e c t s  c o n c e r n i n g  no i se  g e n e r a t i o n  in the  a b s e n c e  of the d i s c r e t e  
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frequency phenomena associa ted with the per iodic  vor tex  format ions  discussed in the 
preceding section. 

The overa l l  picture  of the spread of a turbulent subsonic je t  is now well  es tab-  
l ished (69,70). Initially the turbulence spr ings f rom the shear  layer  adjacent to the 
exit, spreading outwards and inwards at a steady rate.  After about four -and-a -ha l f -  
d iamete r s  distance the turbulence reaches  the axis,  so annihilating the cone of 
"potential"  flow, after  which the axial veloci ty commences  to fall  in a roughly hyper-  
bolic manner  with the distance f rom the exit. The prof i les  of mean veloci ty soon 
become s imi la r ,  suggesting profi table techniques of analysis ;  but unfortunately the 
turbulence l eve l s  do not fall in line until much fur ther  downstream, due to the p e r -  
s is tence of the high-turbulence levels  at posi t ions corresponding to the or iginal  high- 
shear  layers .  This basic s t ruc ture  of course  suggests  that intense high-frequency 
radiat ion emanates  f rom the region of high turbulence and shear near the exit, the 
frequency fall ing in the downstream direction. The intensity would be expected to 
commence to fall  sharply in sympathy with the axial veloci ty  in downstream locations. 
Indeed, ear ly  exploratory exper iments  (71) indicated just  this. The success  of 
s imi la r i ty  ideas on the mixing problem probably encouraged the application to noise 
generat ion (72,73); but it is apparent that the proper  form of the s imi la r i ty  ru les  is 
not yet  known to us, despite the theore t ica l  concepts at our disposal,  and that exist ing 
effor ts  should be regarded  as f i r s t  attempts.  

Perhaps  the pr incipal  difficulty l ies  in the fact  that it is far  f rom easy to design 
an exper iment  to yield the distr ibution of sound sources  (of varying frequency bands) 
within the volume of the jet. Space, or space- t ime ,  cor re la t ions  can indicate effective 
regions  associa ted  with the a reas  where the noise leaves  the je t  boundaries  (74). 
Measurements  very  close to the jet  flow i tself  (75) mainly concern the very  local  
turbulent fluctuations, so that the connection with the noise sources  dis tr ibuted 
throughout the volume of turbulence must  be regarded  as being ra ther  vague, at l eas t  
until proved otherwise.  A method of some promise  (in principle  at least) seems  to 
be the cor re la t ion  between points in the turbulent f ield i tself  with a point(s) in the 
acoust ic  field. (The difficulty, of course ,  is  with Doppler effects,  but I imagine this 
might not be insuperable.)  But then one might just  as easi ly (?) measure  the cor -  
re la t ions  requ i red  by the general  quadrupole theory (7). 

The quadrupole theory cer ta inly yields acoustic powers  of the right order  of 
magnitude, and it accounts for the g ross  radiat ion charac te r i s t i c  of marked asym-  
met ry  (10). There are,  however, many aspects  that a re  not yet fully understood, and 
it is upon these I wish to dwell. 

The direct ional  p roper t i e s  of the radiation f rom turbulent je ts  appear to follow 
no simple law, although the principal  cha rac t e r i s t i c s  can be easi ly stated and 
accounted for in a general  manner. Most of the radiation f rom je ts  of low or moderate  
speed occurs  at angles noticeably l ess  than 45 degrees  to the je t  axis  (71,76,55,77), 
the lower frequency being found c loses t  to the axis,  as i l lus t ra ted  in Fig. 12. Theo- 
re t i ca l  ideas are  in accord with this, since both convected la tera l  quadrupoles asso-  
ciated with the shear layer  and convected assembl ies  of longitudinal quadrupoles 
associa ted  with regions of weak shear fur ther  downstream will  display th isproper ty .  
However, additional sources ,  especial ly  longitudinal quadrupoles normal  to the axis,  
have to be postulated to obtain a sa t is factory  agreement  at all angles (65,76). The 
possible  influence of convec t ionandref rac t ion  effects upon the direct ional  p roper t i e s  
have not been very  ser iously considered (2) although there  is a lmost  cer ta inly some 
effect in view of the very noticeable decrease  in noise leve ls  as one approaches the 
je t  in posi t ions where the energy of the je t  is a lmost  spent. 
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AS the eddy convection velocities increase for 
faster jets, the eddy structure will more and more 
tend to generate its own system of shocldronts 
(65,60,10) and this may account for fast jets (i.e., 
those probably having eddy convection at supersonic 
speeds) displaying maxima at increasing angles 
from the axis. A helium jet exhausting at 2600 ft/sec 
displays the maximum intensity at very nearly 45 
degrees to the axis (78), while rockets, having 
exhaust velocities of upwards of 5000 ft/sec, have 
maxima, apparently for all frequency bands, at 
angles between 50 and 60 degrees (68). The main 
directional properties of these three types of jet 
are shown in Figs. 12 and 13. If the radiation in 
these cases is essentially associated with the eddy 
shocks, then it is implied that the eddies accounting 
for the major noise contribution have a convection 
velocity of rather less than half the exit velocity. 
That does not seem unreasonable. 

Another  outs tanding c h a r a c t e r i s t i c  of tu rbu len t  
j e t  no i se  i s  i t s  r ap id  v a r i a t i o n  with j e t  ve loc i ty .  
The quadrupo le  t heo ry  y i e l d s  the wel l  known s i m i -  
l a r i t y  f o r m  pj2d2V8/PoCo5 when the f i e ld  of quad-  
r u p o l e s  i s  not  convec ted .  By s o m e  fo r tu i tous  c i r -  
c u m s t a n c e ,  e x p e r i m e n t a l  data  p roduce  not only the 
d 2 but a l so  the v 8, to a good approx imat ion .  How- 
e v e r  i t  should r e a l l y  be looked upon a s  an e m p i r i c a l  
r e su l t ,  s ince  in account ing  fo r  the c h a r a c t e r i s t i c  
d i r e c t i o n a l i t y  the convec t ion  e f f ec t s  (10) n e c e s s a r i l y  
supp lemen t  the above f o r m  by a not  at  a l l  neg l ig ib le  
p o s i t i v e  power  of Mach n u m b e r  V /Co .  Of c o u r s e  
any such f o r m  should a l so  be supp lemen ted  by an 
unknown funct ion of Reynolds ,  Mach number ,  t e m -  
p e r a t u r e  ra t io ,  dens i ty  ra t io ,  and any o the r  p a r a m -  
e t e r  that  may  have a b e a r i n g  upon the no i se  
produc t ion .  

One n a t u r a l l y  t ends  to think of 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 the r ad i a t ed  sound 
in t e r m s  of S t rouha l  n u m b e r s  (79,80). One migh t  choose  the peak  of the s p e c t r u m ( o n  
an " e n e r g y - p e r - c y c l e - p e r - s e c "  bas i s )  a s  the c h a r a c t e r i s t i c  f r equency .  Although the 
s p e c t r a  a r e  r a t h e r  f lat ,  t h e r e  i s  a def in i te  tendency fo r  th is  peak  f r e q u e n c y  of the 
to ta l  a c o u s t i c  p o w e r  to i n c r e i s e  l e s s  quickly  than the ve loc i t y  ( r e s u l t i n g i n a  d e c r e a s -  
ing S t r o u h a l n u m b e r ) ,  a s  shown in Fig.  14. Mos t  of the e n e r g y  howeve r  i s  conta ined  
by f r e q u e n c i e s  h ighe r  than the t rue  s p e c t r a l  peak,  the peak  of an oc tave  a n a l y s i s b e i n g  
m o r e  r e p r e s e n t a t i v e  of the o v e r a l l  no i se  p roduced ,  s ince  it  c o r r e s p o n d s  roughly  to 
the m e d i a n  of the e n e r g y - f r e q u e n c y  d is t r ibu t ion .  On th i s  b a s i s  the d e p a r t u r e  f r o m  
p r o p o r t i o n a l i t y  i s  m a r k e d ,  both a t  individual  po in t s  (55) (Fig.  15) and fo r  the to ta l  
sound p o w e r  (76). The m o r e  p ronounced  e f fec t  in the l a t t e r  c a s e s  a r i s e s  because  of 
the dependency  of the s p e c t r a l  shape on the ve loc i ty ,  i t  be ing  much  f l a t t e r  at  low 
speeds .  Th i s  i s  in i t s e l f  a no tewor thy  fac t  and i s  c l e a r l y  shown in F igs .  14 and 15. 
It  a l so  r a i s e s  the ques t ion  of what  i s  the m o s t  s ign i f i can t  cho ice  fo r  a " c h a r a c t e r i s t i c  
f r equency" ;  the peak  of the e n e r g y - p e r - c y c l e - p e r - s e c  s p e c t r u m ,  the peak  of the 
e n e r g y - p e r - o c t a v e  (or  s i m i l a r l y p r o p o r t i o n a l )  s p e c t r u m ,  o r  the f r equency  c o r r e s p o n d -  
ing to the m e d i a n  of the e n e r g y  ? A d e p a r t u r e  f r o m  St rouhal  concep t s  a l s o  a r i s e s  in 
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c o n n e c t i o n  wi th  the  d i r e c t i o n a l i t y  of 
v a r i o u s  f r e q u e n c y  b a n d s  of the  no i se .  
The  ang le  of the  p e a k  s e e m s  to be  
m o r e  d e p e n d e n t  upon  the  r a t i o  of 
w a v e l e n g t h  to ex i t  d i a m e t e r  (2,76),  
r a t h e r  t h a n  upon S t rouha l  n u m b e r .  

It h a s b e e n  sugges ted  that there  
i s  s o m e  p o s s i b i l i t y  that the turbu-  
l ence  i s  "damped" at high Mach 
n u m b e r s  (10), and s ince  p r e s u m a b l y  
the s m a l l e s t  edd ie s  would be m o s t  
af fected,  it m a y  af fect  the shape of 
the s p e c t r u m  and so be contr ibutory  
to the fa i lure  of proport ional i ty  wi th  
Strouhal number .  There  i s  s o m e  
e x p e r i m e n t a l  ev idence  that th i s  m a y  
be so (70,81) (at l ea s t  for r m s  tur-  
bulence  l e v e l s )  although there  w i l l  
r e m a i n  s o m e  doubt unt i l  su i table  
Mach number  c o r r e c t i o n s  h a v e b e e n  
appl ied  (82). 

Dens i ty  and t e m p e r a t u r e  e f f ec t s  
of  the jet  f low i t s e l f  are s t i l l  s o m e -  
what  uncertain.  E x p e r i m e n t s  u s i n g  
d i f ferent  g a s e s  (air,  he l ium,  and 
Freon)  at e s s e n t i a l l y  t h e  s a m e  
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Fig. 13 - Directional characteristics for 
overall radiation. This plot concerns the 
directional distribution of the total noise 
output. As the jet velocity increases, the 
maximum moves outward from the jet axis. 
The cold helium jet and the hot air jet have 
very similar distributions. (Data obtained 
from the following sources: cold air jet 
from R. Westley and G. M. Lilley (71), hot 
jet from L. W. Lassiter and H. Hubbard(84), 
helium jet from h. W. Uassiter and H. H. 
Hubbard (78), rocket from J. N. Cole etal. 
(68).) 
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F i g .  14 - S p e c t r u m  o-r j e t  n o i s e  p o w e r .  
N o t e  the  c h a n g e  in  t he  s h a p e  of the  
s , e c t r u m  as  t he  v e l o c i t y  i n c r e a s e s .  
The  p e a k  d o e s  no t  s h i f t  in  f r e q u e n c y  
p r o p o r t i o n a l l y  to  v e l o c i t y ,  so  t he  
S t r o u h a l  n u m b e r  f a l l s .  The  s p e c -  
.trum is on an energy-per-cycle basis 
(constructed from data, concerning 
jet flow from a pipe of appreciable 
length, published by 5. H. Gerrard 
(74).) 
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Fig. 15 - Octave spectra at given 
position. The peak frequency of an 
octave spectra corresponds roughly 
to the median of the energy-frequency 
distribution when the octave spectra 
display fairly symmetrical peaks. 
Thus the peak is fairly representative 
of the  o v e r a l l  n o i s e .  I t s  f r e q u e n c y  
v a r i e s  o n l y  s l o w l y  w i t h  v e l o c i t y .  The  
c h a n g e  in  s p e c t r a l  s h a p e  i s  m a r k e d  
in  t h i s  c a s e  a t  30 ° to t he  j e t  a x i s  and  
Z4 d i a m e t e r s  d i s t a n c e  f r o m  t he  j e t  
e x i t .  ( C o n s t r u c t e d  f r o m  d a t a  by  A. 
P o w e l l  (55) . )  
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t e m p e r a t u r e  c e r t a i n l y  tend to c o n f i r m  the dens i ty  f ac to r  (of p i 2) a r i s i n g  f r o m  the 
s i m i l a r i t y  a rgumen t ,  a l though the only r e p o r t e d  m e a s u r e m e n t  (78) c o n c e r n s  pos i t i ons  
a t r i g h t a n g l e s  to the j e t  ax i s  (where  convec t ion  e f f ec t s  would be expec t ed  t o b e  least) .  

T e m p e r a t u r e  e f f ec t s  have ye t  to be ful ly  inves t iga ted .  E a r l y  ind ica t ions  that  the 
e f fec t  was  s m a l l  (2) s e e m  to be c o n f i r m e d  b y r e c e n t  e x p e r i m e n t s  (78,83). The a c o u s -  
t ic  p o w e r  s e e m s  to be ha rd ly  af fec ted ,  imply ing  that  c a r e  should be taken  in the 
i n t e r p r e t a t i o n  of the p 2  f ac to r ,  fo r  which .there is  s o m e  v e r i f i c a t i o n  for  d i f f e ren t  
gases .  Thus the in t roduc t ion  of the m o l e c u l a r  weight  (to r e p l a c e  j e t  densi ty)  might  
be expec ted  to y ie ld  a use fu l  e m p i r i c a l  ru le .  So f a r  a s  f r e q u e n c y  i s  c o n c e r n e d  it  
s e e m s  to me that  the s t a t e m e n t  of d e c r e a s i n g  c h a r a c t e r i s t i c  S t rouhal  n u m b e r  with 
t e m p e r a t u r e  (80) (at a g iven  p r e s s u r e  ra t io )  i s  l e s s  s ign i f i can t  than the fac t  that  the 
" m e d i a n - e n e r g y "  f r e q u e n c y  did not change much  with ve loc i ty .  Th is  m e a n s  that  i t  
s e e m s  to make  l i t t l e  d i f f e r ence  whe the r  the ve loc i ty  i n c r e a s e  i s  due to i n c r e a s i n g  
t e m p e r a t u r e  at  a cons tan t  p r e s s u r e  ra t io ,  o r  v i ce  v e r s a .  Apparen t ly  the e f f ec t s  of 
r educed  gas  d e n s i t y a r e  jus t  about of fse t  by i n c r e a s e d  n o i s e - g e n e r a t i n g  capac i ty  (10). 
D i r e c t i o n a l  e f fec ts ,  however ,  have ye t  to be thoroughly  inves t iga ted ,  but  aga in  it  looks  
a s  though j e t  ve loc i ty  i s  m o r e  i m p o r t a n t  than t e m p e r a t u r e ,  p e r  se,  s ince  a he l i um j e t  
and a hot  a i r  j e t  d i sp lay  s i m i l a r  d i r e c t i o n a l  p r o p e r t i e s  at  the s a m e  speed  (84) (Fig.  13). 

So f a r  t he r e  i s  ha rd ly  any data  th rowing  l ight  on the va l id i ty  of the PoCo s of the 
ambien t  f luid in the d e n o m i n a t o r  of the s i m i l a r i t y  fo rm.  Ambien t  t e m p e r a t u r e  and 
dens i ty  e f f ec t s  a r e  n o r m a l l y  r a t h e r  s m a l l  but  may  have a m e a s u r a b l e  i n f l uence - - a t  
l e a s t  s o m e  f u l l - s c a l e  m e a s u r e m e n t s  sugges t  that  poss ib i l i ty .  It would t h e r e f o r e  be 
m o s t  i n t e r e s t i n g  to p e r f o r m  an e x p e r i m e n t  in the a t m o s p h e r e  of ano the r  gas,  for  
e x a m p l e  he l ium,  ( r e m e m b e r i n g  that  m o s t  m ic rophone  t echn iques  give a m e a s u r e  of 
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Fig.  16 - P o w e r  output and ve loc i ty .  The 
rap id  i n c r e a s e  in no i se -  producing  e f f i c i ency  
for  l o w - s p e e d  a i r  j e t s  cannot p r e v a i l  for  
v e r y h i g h  speeds ,  o the rwi se  the no i se  power  
would become  r id i cu lous ly  high. F o r  cold 
a i r  j e t s  the e f f i c i ency  is about 10-4M s (M 
being the exi t  M a c h n u m b e r ) w h i l e  for r o c k -  
ets  it appea r s  to be about one hundredth,  fa r  
below the ex t rapo la t ion  of the l o w - s p e e d  
ef f ic iency .  No a l lowance  has been made  for  
the gas dens i ty  whose e f fec ts  a r e  yet  u n c e r -  
tain. {Data co l l ec ted  f r o m  many  s o u r c e s ,  
e s p e c i a l l y  3. N. Cole et al. (68).) 

p2, while  t h e a c o u s t i c  p o w e r  i s  con-  
nec ted  with p 2 / p  o Co). 

The no i se  of r o c k e t  e f f luxes  is  
p a r t i c u l a r l y  i n t e r e s t i ng .  The low-  
speed  dependency on v e l o c i t y  m u s t  
be  s u p e r s e d e d  by ano the r  fo rm,  
o t h e r w i s e  the acous t i c  p o w e r  would 
b e c o m e  i m p o s s i b l y  l a rge .  P r e s u m -  
ably  the acous t i c  power  i s  l ike ly  to 
be a sympto t i c  to s o m e  f r a c t i o n  of 
the to ta l  "power,  in c o n t r a s t  to the 
l o w - s p e e d  c a s e  whe re  the c o n v e r s i o n  
to acous t i c  power  depends  on about  
the f if th p o w e r  of the Mach number .  
It  t u r n s  out  that  th is  f r a c t i o n  a p p e a r s  
to be about  a hundredth  of the to ta l  
p o w e r  (68,86). Th i s  i s  shown in Fig.  
16, whe re  a c o m p a r i s o n  i s  m a d e  wi th  
cold  a i r  j e t s ,  j e t  eng ines ,  and j e t  
eng ine s  wi th  a f t e r b u r n e r s .  In v i ew 
of the fo rego ing  c o m m e n t s  c o n c e r n -  
ing t e m p e r a t u r e  e f fec t s ,  no a l l ow-  
ance  has  been  made  fo r  d e n s i t y v a r -  
ia t ions .  The e s s e n t i a l  c h a r a c t e r i s t i c  
of the r o c k e t  eff lux is  i t s  high a b s o -  
lute  ve loc i ty .  It s e e m s  to me  that  
mode l  t e s t s  us ing  s u p e r s o n i c  co ld  
a i r  j e t s  m a y  be v e r y  m i s l e a d i n g  in 
r e l a t i o n  to r o c k e t - n o i s e  b e c a u s e  of 
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the l imited velocity,  whatever  the p r e s s u r e  ratio. For  example,  the turbulence noise 
level  of an  unheated a i r  je t  st i l l  appears  to follow the veloci ty to about the power of 
eight, provided the "expanded" velocity is used if the je t  is choked (55), up to p r e s -  
sure ra t ios  of thirty (85). There is an indication (86)that the bulk of the noise energy 
generated by rocket  je t s  emanates  f rom re la t ive ly  far  downstream, possibly where 
the je t  veloci ty  fal ls  f rom supersonic to subsonic speed (but this is not in accord  with 
the idea that supersonic eddies may be responsible,  as discussed ear l ier ) .  Another 
in teres t ing feature  of rocket  noise is that radiat ions f rom all  the frequency ranges  so 
far  measured  display the maxima between 50 ° and 60 ° to the je t  axis .*  (Low-speed 
je t s  display a much wider var ia t ion (Fig. 12).) Does this imply that the major  par t  
of the noise production is by supersonic eddies lying within a compara t ive ly  smal l  
speed r ange?  What is the nature of the mechanism which l imi t s  the fract ion of 
available energy convert ible  to acoustic energy ? (I cannot appreciate  the argument  
that because there  is only about 1 percen t  of the jet  power res ident  in turbulent 
kinetic form,  then this must be a l imi t  to the acoustic power (87). By the same token  
would it not also be a l imi t  to dissipation ?) Close to such je t s  the p r e s s u r e  ampli tudes 
are  great  enough to invalidate l inear  acoust ic  theory- - i s  this responsible  for any 
gross  effect, e. g., by increased  dissipation ? Another (and possibly associated) feature 
of in teres t  is that while the spect rum of turbojet  engine noise is quite broad, the 
p r e s s u r e  maxima do not possess  a Rayleigh distribution; the highest peaks reach at 
leas t  four t imes  the r m s  level  (88). This aspect  is very  important  in respec t  to 
fatigue t roubles;  corresponding data for rocket  noise is not yet  available,  but will  be 
of in te res t  f rom more  than one point of view. Knowledge concerning these aspects  no 
doubt will  cas t  light on a cur ious fact that has been observed (68). Whi le the  je t  flow, 
delayed combustion effects,  and near -by  p r e s s u r e s  are  great ly affected by upsetting 
the s t r eam at the nozzle, the noise radiated away is not appreciably al tered.  

It is in teres t ing to re f lec t  upon the changes that the immers ion  of a turbulent je t  
in a moving fluid would effect. Again, s imi la r i ty  arguments  (73) come to mind, but, 
to judge by the l imi ted exper imenta l  data available,  yield resu l t s  l e ss  sa t is factory  
even than for the static case. There  is  some evidence that the reductions in the peak 
and low f requencies  are  much grea te r  than such arguments  suggest  (89), although all  
measu remen t s  do not show this (90). 

THOUGHTS ON J E T  NOISE REDUCTION 

As the biggest  financial expenditure on jet  noise has been d i r e c t l y  a imed at 
methods for  its reduction, it is perhaps  appropriate  to mention a few major  features .  
Study of some of the resu l t s  of this work soon convinces one that our understanding 
of the overa l l  problem is st i l l  ve ry  sketchy (although par t ia l  explanations a re  invar i -  
ably for thcoming a f te r  any par t icu la r  experiment!) .  

Perhaps  the most  s imple var ia t ion on the je t  having a c i rcu la r  or i f ice  is  that 
having an el l ip t ical  orif ice.  Exper iments  (91) with a 4:1 exit  showed the increase  in 
high-frequency noise in posit ions along the minor  axis. This would be expected, yet  
the anticipated corresponding reductions along the major  axis  were  absent; low- 
frequency changes were  smal l  but unexpected. Another simple var ia t ion concerns  a 
change of the veloci ty prof i le  at the exit, most  eas i ly  obtained by using a long pipe 
pr ior  to the exit  (92,93). Here the high f requencies  suffer reduction, but the overa l l  
reduction is not great.  In par t icu la r  if the je t  veloci ty is increased  to r e s to re  the 
thrust  to its or iginal  value, there  is a net increase  in noise. There  is now a l i t t le 

SA recent  report  (86) casts some doubt on this, report ing maxima between 30 ° and 
45 ° to the jet  axis, but details are not available at the time of writing. 
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better  understanding why this should be so (73,74) (for example, because the most  
intense par t  of the spectrum apparently emanates  from the region at the end of the 
potential cone which would be little effected by the reduction of velocity gradients at 
the exit). 

Those faced with the pract ical  problem, not lacking in urgency, have t r ied 
numerous  ad hoc devices. One might i l lus t ra te  their  diversi ty  by reference  just  to 
nozzles having axially corrugated walls  (67), a mult ipl ici ty of separate jets  (94,95), 
combinations of several  rectangular  orif ices (95), or  the combination of the corrugated 
type with e jectors  (97). Of course, for devices to be used in flight the question of net 
propulsive efficiency (98,99)is very important,  and this is an essent ia l  factor in the i r  
design. 

Our understanding of the mechanism by which the noise suppression is obtained 
is  sketchy to say the least,  although it has been the subject of much conjecture. The 
views that follow are by no means ent i re ly  original  and are quite tentative, but seem 
(to me at l eas t ! ) to  be the most satisfying and, I hope, do not invite counter arguments  
of comparable strength. I shall conclude my lecture on this controvers ia l  (and 
challenging ?) note. 

F i rs t ,  confine attention to those var ia t ions  of nozzle shape which eject all  par t s  
of the jet  in a direct ion essent ia l ly  para l le l  to the axis, for example that of Fig. 17. 

! 

Fig. 17 - Jet noise-reduction device. There is a 
wide variety of nozzle designs which are known to 
give less noise than a simple circular one. They all 
eject the initial axial momentum in a distributed 
m a n n e r  so a s  to  m i n i m i z e  t h e  t r a n s v e r s e  t u r b u l e n t  
d i f f u s i o n  p r o c e s s  and  e n c o u r a g e  i n d u c e d  f l o w  b e t w e e n  
t h e  h i g h - v e l o c i t y  r e g i o n s  so  as  to r e d u c e  t he  t u r b u -  
l e n c e  l e v e l s .  T h i s  p a r t i c u l a r  n o z z l e  e v o l v e d  f r o m  a 
l o g i c a l  e n g i n e e r i n g  d e v e l o p m e n t  (67) and  i s  u s e d  fo r  
t h e  f l i g h t  t r i a l s  of t he  D o u g l a s  D C - 8  a i r l i n e r .  ( P h o -  
t o g r a p h  by  c o u r t e s y  of D o u g l a s  A i r c r a f t  Co.)  
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There  wil l  be a considerable  amount of induced flow between the je t  flows f rom the 
var ious  segments ,  g rea te r  than in the absence of neighboring segments.  The resu l t  
of this is to reduce the rate  of mixing, i .e. ,  the individualpotent ia l  co res  pe r s i s t  
longer than they would individually (100); the observed reduction in turbulent veloci ty 
fluctuations, and in the frequency (100,101) more  than offset the g rea te r  volume of 
turbulence so far  as the noise PrOduction is concerned, at leas t  according to exist ing 
s imi la r i ty  a rguments  (73). The g rea tes t  reduction will  occur at f requencies  c o r r e -  
sponding to the regions where the inducedveloci ty is the most  effective:  this view is 
consis tent  with the se lec t iv i ty  associa ted  with nozzles  having var ious  numbers  and 
depths of corrugat ions  around the per iphery  (67). 

This a lsc  sheds some light on the noise- reducing  action of e jec tors .  The flow 
leaving an e jec tor  f o rms  a new, l a rge r ,  but s lower jet  o f  lower noise-producing 
capacity. The answer to the question of why l e s s  noise is  made in the e jec tor  than 
in the corresponding sect ion of a f ree  je t  s eems  to lie at least  part ly in the fact  that 
the action of the e jec tor  d i r ec t s  the induced flow so as to reduce the total shear of 
the mixing region, and this is the most  important  single pa rame te r  so far  as noise 
production is concerned. 

Another point of view--which does not seem to have at t racted previous  a t t en t i on_  
hinges on the fact  that the predominant  effect  of turbulent mixing is the diffusion'of 
momentum in t r an sve r se  planes. Is it not reasonable to argue that the noise produced 
is  connected with the amount of diffusion that has to take place ? (There is some 
theore t ica l  backing in this direct ion,  in that the t r ansve r se  veloci ty  fluctuations a re  
presumably  connected with the amount of diffusion, and fluctuations a c r o s s  shear  
layer  s se rve  to amplify the noise output (7).) And all  the fancy exit  shapes considered 
do reduce the amount of diffusion, because some momentum is e jected f rom the exit  
at  g rea te r  dis tances  f romthe  axis. While it may be useful to thinkof these as separate  
effects,  of course  they are  inseparable  in pract ice .  Perhaps  the optimum configura-  
tion is a nice balance between these two points of view, namely to spread out the 
init ial  momentum, yet  taking ca re  to lessen  the total shear  by induced flow. 

The addition of a slower moving sheath of a i r  has not proved very  effective (102), 
l e s s  effect ive than some measu remen t s  (73) suggest for the flight case of j e tengines ,  
even for  ve ry  moderate  a i r c r a f t  speeds. The reason seems  to be that the par t  of the 
je t  responsible  for  the peak of the noise spect rum-- the  most  important  single region--  
probably l ies  r a t h e r - f a r  f rom the exit  (at the end of the potential  cone, or  a l i t t le 
fa r ther  downstream (73)) and that the outside sheath has a l ready been annihilated. 
In other words,  to be rea l ly  effect ive one would expect that the sheath should cer ta inly 
exceed the je t  d iameter  in th ickness--an a r rangement  the airplane des igner  is  unlikely 
to welcome,  compared,  say, to an e jec tor  ar rangement .  

There  is another c lass  of nozzle in which the efflux does not al l  leave the nozzle 
pa ra l l e l  to the axis,  and which is known to resu l t  in diminished noise output. Typical 
of these is the one in which a para l le l  pipe has axial slots at the ends, some  of the 
resul tant  " tee th"  or  " f lnge r s "be ing  bent inwards, some outwards. The situation here  
is l e s s  easy to see. The je t  spreads  at a fas te r  rate  (103), thus reducing the volume 
of noise-producing turbulence,  but why is it not offset by the presumably  higher 
turbulence leve ls  ? F i rs t ly ,  some eff lux  is e jected outwards f rom the axis,  and would 
not this reduce the "work" the turbulence would have to do in achieving the necessa ry  
diffusion? Also, may not secondary flows be set  up, like vo r t i ce s  with their  axes 
lying along the mean veloci ty  surface of the jet,  this  rotation being a d i rec t  help to 
the diffusion process ,  since it would provide a mean flow between regions Of high and 
low veloci ty and v i c e - v e r s a ?  Finally, the effect  of the teeth is to corrugate  the jet  
leaving the nozzle:  then is not the induced flow argument  just  as  effect ive in these 
c i r c u m s t a n c e s ?  The conjectural  nature of the foregoing suggestions is all  
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apparent-- the pract ica l  reduction of je t -engine noise is  c lear ly  s t i l l  more an engi- 
neer ing a r t  than science! 

I appreciate very much having been invited to undertake the task of prepar ing  the 
survey I have just  presented to you, a task which proved to be both pleasant  and 
reveal ing (at least  to myself!) ,  and I regre t  only that t ime did not pe rmi t  me to 
include phenomena involving solid boundaries  and heat. This also seems an opportune 
time to express  my appreciation to all  the manywho have helped me in many ways at 
one time or another and have given me so much encouragement.  Of these, Professor  
E. J. Richards is directly responsible  for my in teres t  in the field and he gave me 
l imi t l ess  help and encouragement while I worked at the Universi ty of Southampton. 
Since my associat ion with the Douglas Aircraf t  Company, Mr. M.M. Mil ler  has given 
me encouragement  that I am glad to place on record.  A third name is that of Mr. H. 
B. Irving, lately of the Ministry of Supply who, in his quiet gentlemanly manner ,  I am 
sure has achieved much by way of encouraging those, including myself,  pursuing 
noise r e sea rch  in England. 
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DISCUSSION 

R. H. Kraichnan (New York University) 

I 'd  like to say a few words about why the maximum frequency doesn ' t  seem to go 
up with Mach number as fast  as one might expect. I have done some work recent ly  
on predict ing quantitatively the amount of noise f rom isotropic  turbulence,  which is  a 
very  ideal ized approach to the jet  problem but it does seem to indicate some qual i-  
tat ive fea tures .  One of the resu l t s  is  that at high Reynolds numbers  the radiation is  
pr incipal ly at high f requencies  coming f rom small  eddies and, in fact, the spect rum 
at high f requencies  fal ls  off inverse ly  with frequency. 

The radiated power is proport ional  to the ra te  of dissipat ion of power in the jet  
i tself ,  and to the fifth power of the Mach number.  For  Mach numbers  of the o rde r  of 
unity the acoust ic  damping of the turbulence becomes  very  strong.  This  indicates  a 
strong coupling between the acoust ical  and vor t ica l  modes at high f requencies .  In the 
region of appreciable  Mach numbers,  because of the strong damping at the re la t ive ly  
high f requencies ,  one would expect that these f requencies  could no longer  inc rease  
in power and, therefore ,  that the maximum in the acoustic radiation curve  would not 
go up as fast .  

This doesn ' t  solve Lighthi l l ' s  paradox in a neat form because it doesn ' t  answer 
why one begins and ends with the eighth power law. Aside f rom any specific inves -  
tigation for  nonlinear phenomena, one would cer ta inly  expect things not to inc rease  
as fast, so cer ta inly  the power law is  going to drop off. 

There  is a slight inc rease  in efficiency if the Reynolds number is separated f rom 
Mach number dependence. This inc rease  would give a dec rease  in the power law. 
The turbulence i tself  is damped. 

Wewil l  accept the exper imental  evidence.  I have no competence to do otherwise,  
and I would like to point out what seems  to be the great  danger in all of this.  The 
theoret ical  explanations a re  very s imple and it is  not too difficult to find a theore t i ca l  
effect which agrees  with any given exper imental  effect.  Whether you a re  happy in 
doing this depends on how strongly you want to support a par t icu la r  theory.  

A. Regier  (National Advisory Commit tee  for Aeronautics)  

In our e a r l i e r  exper iments  we soon became aware of the fact that the frequency 
in the far  f ield did not increase  as rapidly as the veloci ty.  However,  in the near  field 
we found that both the turbulence in the jet  and the p r e s s u r e s  c lose to the jet  did 
agree  nicely with the veloci ty  increase .  I wondered if Dr.  Kraichnan or  Dr. Powell 
would accept this as an exper imental  fact and explain it, o r  is  there  anything fur ther  
to be said on that, whether the near  field does follow the velocity but the far  f ield 
does not ? 

E. Mol lo-Chr is tensen  (California Institute of Technology) 

From the dimensional analysis  in the near  field I think there  is no doubt that 
things should scale  with velocity,  but in the far  f ield one has radiation and there  feels  
something quite different.  In the far  field, as I show in my paper,  we find that cer ta in  
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f r e q u e n c y  r a n g e s  s c a l e  w i t h  v e l o c i t y  v e r y  p r e c i s e l y .  We  a l s o  f ind  in  o t h e r  p a r t s  of 
the  f a r  f i e ld  t h a t w e  do h a v e  s c a l i n g  w i th  t he  v e l o c i t y  of sound ,  s u g g e s t i n g  a n  a c o u s t i c  
m e c h a n i s m  of s o u n d  r a d i a t i o n .  T h e r e  a r e  a p p a r e n t l y  two m e c h a n i s m s  i nvo lved .  T h i s  
i s  s p e c u l a t i o n  now, but  i t  a g r e e s  w i th  o u r  e x p e r i m e n t a l  r e s u l t s .  

I t h ink  t h a t  one  c a n  get  m o r e  out  of n a r r o w  b a n d  m e a s u r e m e n t s .  T h e  m e a s u r e -  
m e n t s  t o w h i c h  M r .  R e g i e r  r e f e r s  a r e  o c t a v e - b a n d  m e a s u r e m e n t s  on  the  d e c i b e l  s c a l e .  

J .  H. G e r r a r d  ( U n i v e r s i t y  of M a n c h e s t e r )  

I s h o u l d  l i k e  to c o m m e n t  on  D r .  P o w e l l ' s  q u e s t i o n ,  'Would  the  p l a c i n g  of an  edge 
in the  v o r t e x  s t r e e t  b e h i n d  a c y l i n d e r  r e s u l t  in  a f low a n a l o g o u s  to edge  t o n e s ? "  

Edge  t o n e s  h a v e  b e e n  p r o d u c e d  b y p l a c i n g  a c i r c u l a r  c y l i n d e r  in  a j e t .  One m i g h t  
expec t  t he  s i m i l a r i t y  s u g g e s t e d  by  Powe l l  to  be  d e t e c t e d ,  t h e r e f o r e ,  w h e n  two c y l i n -  
d e r s  w e r e  p l a c e d  one  b e h i n d  t he  o t h e r  in  an  a i r  f low. I h a v e  m a d e  s o m e  e x p l o r a t o r y  
o b s e r v a t i o n s  of the  p r e s s u r e  f l u c t u a t i o n s  on  the  s u r f a c e  of a o n e - i n c h - d i a m e t e r  c y l -  
i n d e r  w h e n  a s e c o n d  c y l i n d e r  w a s  p l a c e d  p a r a l l e l  to i t  a s h o r t  d i s t a n c e ,  2 in .  to  6 in . ,  
u p s t r e a m  and  d o w n s t r e a m  (a l so  to p o r t  and  s t a r b o a r d ) .  I n c r e a s e d  a m p l i t u d e  of p r e s -  
s u r e  f l u c t u a t i o n  a t  t he  s u r f a c e  c o r r e s p o n d s  to i n c r e a s e d A e o l i a n  tone  i n t e n s i t y  r a d i a t e d  
f r o m  tha t  c y l i n d e r .  If t he  f low a s s u m e d  t he  c h a r a c t e r  of an  edge  tone  one  would  
expec t :  (a) the  s u r f a c e  p r e s s u r e  f l u c t u a t i o n  would  i n c r e a s e  w h e n  a s e c o n d  c y l i n d e r  
w a s  p l a c e d  u p s t r e a m  o r  d o w n s t r e a m ,  and  (b) the  c h a r a c t e r  of the  f l u c t u a t i o n  would  
c h a n g e  f r o m  t h a t  c h a r a c t e r i s t i c  of A e o l i a n  t o n e s  to  the  p u r e - t o n e  f o r m  a s s o c i a t e d  
w i th  edge  t o n e s .  No c h a n g e  in  i n t e n s i t y  w a s  d e t e c t e d  w h e n  the  s e c o n d  c y l i n d e r  w a s  
i n t e r p o s e d  in  the  f o r e  o r  af t  p o s i t i o n .  When ,  h o w e v e r ,  t he  c y l i n d e r s  w e r e  s e p a r a t e d  
a c r o s s  t he  s t r e a m  the  s i g n a l  i n t e n s i t y  i n c r e a s e d  abou t  twofold .  In n e i t h e r  c a s e  d id  
the  a p p e a r a n c e  of  t he  s i g n a l  c h a n g e f r o m  t h a t  o f a  n a r r o w b a n d  of n o i s e .  T h e  R e y n o l d s  
n u m b e r  of t h i s  e x p e r i m e n t  w a s  abou t  5 × 104. 
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