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E X P E R I M E N T S  WITH REDUCING V A L V E S  

In the  p ip ing  s y s t e m  of s t e a m  p o w e r  p l a n t s ,  
r e d u c i n g  v a l v e s  ( see  Fig.  1) a r e  of ten  i n s t a l l e d  to 
c o n t r o l  the  f low r a t e  of the  s t e a m  and  to r e d u c e  the  
s t e a m  f r o m  a h igh  p r e s s u r e  to a l ower  p r e s s u r e  
u n d e r  c e r t a i n  o p e r a t i n g  c o n d i t i o n s  of the  p lan t .  In 
m a n y  c a s e s  the  f low r a t e  of the  s t e a m  and  t h e p r e s -  
s u r e  d i f f e r e n c e  a r e  l a r g e ;  fo r  e x a m p l e ,  a m a x i m u m  
flow r a t e  of 200 t o n s p e r  h o u r  m ay  have  to be  r e d u c e d  
f r o m  150 a t m  a t  the  h igh  p r e s . s u r e  s ide  of the  v a l v e  
(left)  to 20 o r  30 a t m  a t  the  low p r e s s u r e  s ide  ( r ight ) .  
The p h y s i c a l  p r o c e s s  of p r e s s u r e  r e d u c t i o n  c o n -  
s i s t s  in the  c o n v e r s i o n  of k i n e t i c  e n e r g y ,  which  i s  
p r o d u c e d  by the  va lve  in i t s  s m a l l e s t  c r o s s  s ec t i on ,  
to hea t  by t u r b u l e n t  m i x i n g  in the  r e g i o n  R, a p r o c e s s  
in wh ich  the  e n t h a l p i e s  (pe r  un i t  of m a s s )  b e f o r e  
a n d a f t e r  the  v a l v e  a r e  a p p r o x i m a t e l y  equa l  b e c a u s e  
the  l o s s e s  by  h e a t - c o n d u c t i o n  and  h e a t -  and  s o u n d -  
r a d i a t i o n  a r e  s m a l l .  In the  above  e x a m p l e ,  the  
e n e r g y  b e i n g  c o n v e r t e d  p e r  s e c o n d  i s  of a n  o r d e r  
of m a g n i t u d e  of 10 MW ( m e g a w a t t s ) ,  bu t  s o m e t i m e s  

F i g .  1 - S c h e m a t i c  d i a g r a m  
of  a t y p i c a l  r e d u c i n g  v a l v e .  
S s e a t ,  C c o n e ,  s.C. s m a l l e s t  
c r o s s  s e c t i o n ,  R m i x i n g  r e -  
g i o n .  

i t  i s  e v e n  h i g h e r  (up to 100 MW). Of c o u r s e ,  t u r b u l e n t  m i x i n g  a t  s u c h  a h igh  p o w e r  
p r o d u c e s  n o i s e  in the  v i c in i t y  of the  v a l v e  of a s t r e n g t h  wh ich  of ten  l i e s  beyond  the  
t h r e s h o l d  of pa in .  In addi t ion ,  s t r o n g  v i b r a t i o n s  of the  va lve  and the  p ip ing  s y s t e m  
a r e  c a u s e d  wh ich  l e ad  to v i b r a t i o n  b r e a k a g e s  of s c r e w s ,  we lds ,  e tc .  (1) and  t h e r e b y  
t h r e a t e n  the  s a fe ty  of o p e r a t i o n .  In Fig.  2 one s e e s  a t yp i ca l  b r o a d  n o i s e  s p e c t r u m  
wi th  s o m e  d a n g e r o u s  h igh  p e a k s  wh ich  obv ious ly  a r e  due to r e s o n a n c e  p h e n o m e n a .  

B e c a u s e  of t h e s e  d i f f i cu l t i e s ,  an  a s s o c i a t i o n  of p o w e r  p l an t  o p e r a t o r s  a s k e d  the  
M a x - P l a n c k - I n s t i t u t  ffir S t r ~ i m u n g s f o r s c h u n g  to d e s i g n  v a l v e s  w h i c h  would work  
r e l i a b l y  e v e n  if the flow r a t e s ,  the  p r e s s u r e s  and  the  t e m p e r a t u r e s  i n c r e a s e  m o r e  
and  m o r e ,  a s  s e e m s  to be  the  g e n e r a l  t r e n d  today.  At  f i r s t ,  mode l  e x p e r i m e n t s  w e r e  
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F i g .  2 - S o u n d  i n t & n s i t y  i n  t h e  v i c i n i t y  o f  a 
r e d u c i n g  v a l v e  ( w i t h  a r b i t r a r y  r e f e r e n c e  i n t e n -  
s i t y )  

F i g .  3 - U n s t e a d y  s h o c k  
w a v e s  a t  c o n e  a n d  s e a t  o f  
t h e  v a l v e  

m a d e  wi th  a i r  w i t h  a p r e s s u r e  r e d u c t i o n  f r o m  4 to 1 
a rm.  A t t e n t i o n  w a s  f o c u s e d  on  two r e g i o n s  of the  
v a l v e :  

1o The  s u r r o u n d i n g s  of  the  v a l v e  cone  and  the  va lve  
s e a t  (Fig .  3). H e r e  the  f low i s  s u p e r s o n i c ;  u n s t e a d y  
s h o c k  w a v e s  o c c u r  and  c a u s e  v i b r a t i o n s ,  e s p e c i a l l y  
of the  v a l v e  cone ,  and,  t hus ,  of the  whole  r e d u c i n g  
v a l v e .  

2. The  m i x i n g  r e g i o n  R ( s ee  Fig.  1) and  i t s  shape .  

The  v i b r a t i o n s  w e r e  m e a s u r e d  in  the  fo l lowing  
way (Fig .  4): D i f f e r e n t  v a l v e  c o n e s  C (Fig .  4b) and  
d i f f e r e n t  b o t t o m s  B (Fig .  4c)  w e r e  f ixed  on  t h in  i r o n  
p l a t e s .  The  p l a t e  w i th  the  b o t t o m  cou ld  be  m o u n t e d  a t  
a v a r i a b l e  d i s t a n c e  f r o m  the  s ea t .  Oppos i t e  the  o u t e r  
s i d e s  of the  p l a t e s  e l e c t r o m a g n e t i c  m i c r o p h o n e s  w e r e  

s e t  up in  w h i c h  v o l t a g e  o s c i l l a t i o n s  w e r e  i n d u c e d  by  the  v i b r a t i o n s  of the  cone  and  
the  bo t t om.  (The  c h a r a c t e r i s t i c  f r e q u e n c i e s  of the  f ix ing  p l a t e s  did  not  p l a y  a r o l e  
a s  was  c h e c k e d  by  e a r l i e r  e x p e r i m e n t s . )  The  e x p e r i m e n t s  gave  the  fo l lowing  r e s u l t s  
( d e t a i l s  in  Ref.  2): 

1. The  s u r r o u n d i n g s  of cone  and  s e a t  a r e  no t  of g r e a t  i m p o r t a n c e  fo r  the  v i b r a t i o n s  
of the  va lve .  The  v i b r a t i o n s  a r e  of m i n i m u m  s t r e n g t h  if  t he  n o z z l e  c o n t o u r  
f o r m e d  by the  s e a t  and  the  cone  h a s  a r a t i o  of t h r o a t  c r o s s  s e c t i o n  to ex i t  c r o s s  
s e c t i o n  ( in to  the  r e g i o n  R) w h i c h  i s  equa l  to the  w e l l - k n o w n  r a t i o  one  h a s  to u s e  
fo r  the  d e s i g n  of s u p e r s o n i c  n o z z l e s  a t  a g iven  p r e s s u r e  r a t i o .  T h i s  r e s u l t  c o r -  
r e s p o n d s  to r e s u l t s  found  by o t h e r  a u t h o r s  ( s ee  Ref.  3, f o r  i n s t a n c e )  u s i n g  
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 s .  

2. The m a i n  s o u r c e  of the  v i b r a t i o n s  and  the  n o i s e  i s  the  m i x i n g  r e g i o n  R. He re ,  a 
c h a n g e  in  the  s h a p e  of R by  u s e  of a s m o o t h  c o n t o u r  a c e r t a i n  d i s t a n c e  f r o m  the  
v a l v e  s e a t  gave  a r e d u c t i o n  in the  s t r e n g t h  of the  v i b r a t i o n s  of 12 db. Howeve r ,  
if  the  m i x i n g  r e g i o n  w a s  c h a n g e d  so  a s  to  c o m p l e t e l y  e l i m i n a t e  the  b e n d  a f t e r  
the  v a l v e ,  the  p e r f o r m a n c e  w a s  a l m o s t  a s  bad  a s  in  the  o r i g i n a l  c a s e .  

The  r e d u c t i o n  of 12 db w as  no t  ye t  l ~ r g e  enough  fo r  p r a c t i c a l  p u r p o s e s .  T h e r e -  
f o r e ,  two o t h e r  p o s s i b i l i t i e s  w e r e  c o n s i d e r e d :  
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R e s u l t s  R e l a t i n g  t o  t h e  P r o d u c t i o n  o f  N o i s e  b y  T u r b u l e n c e  
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F i g .  4 a  - S c h e m a t i c  d i a g r a m  o f  t h e  m o d e l  v a l v e  

i i 

Fig.  4b - Shapes  of the 
cones  and s e a t s  

F i g .  4 c  - B o t t o m  s h a p e s  

1. A r e d u c t i o n  of the  f low v e l o c i t y  f r o m  s u p e r s o n i c  to  s u b s o n i c  va lue s .  Such a 
r e d u c t i o n w o u l d  r e s u l t  in  the  d i s a p p e a r a n c e  of the  u n s t e a d y  s h o c k w a v e s .  F u r t h e r ,  
the  n o i s e  l e v e l  would  d e c r e a s e  a c c o r d i n g  to the  u 8 law (o r  a s i m i l a r  p o w e r - l a w  
of a c h a r a c t e r i s t i c  v e l o c i t y  u) w h i c h  g o v e r n s  the  p r o d u c t i o n  of no i se  by  t u r b u l e n t  
mix ing .  Of c o u r s e ,  t h i s  d e c r e a s e  of v e l o c i t y  i s  l i m i t e d  by  the  d e m a n d  fo r  a s m a l l  
c r o s s  s e c t i o n  of the  va lve .  

2. A g r e a t  d e c r e a s e  in the  s i z e  of the  t u r b u l e n t  edd i e s .  The  p h y s i c a l  a r g u m e n t  fo r  
t h i s  d e v i c e  i s  no t  only the  sh i f t i ng  of the  d o m i n a n t  f r e q u e n c i e s  t o w a r d  the  u l t r a -  
son ic  doma in ,  bu t  a l s o  the  in f luence  on  the  t u r b u l e n t  m i x i n g  p r o c e s s  i t se l f .  T h i s  
c an  be  u n d e r s t o o d  if one  r e c o g n i z e s  t h a t  the  c o n v e r s i o n  of k ine t i c  e n e r g y  into 
hea t  i s  p e r f o r m e d  by a k ind  of c a s c a d e - t y p e  m i x i n g  p r o c e s s  in  which  the  e n e r g y  
i s  t r a n s f e r r e d  f r o m  the  e n e r g y  c o n t a i n i n g  wave  n u m b e r s  ( edd i e s  in  the  s i ze  of 
the  m e c h a n i s m  p r o d u c i n g  the  t u r b u l e n c e ) t h r o u g h  a r e g i o n  of m e a n w a v e  n u m b e r s  
( m e a n - s i z e  e d d i e s ) u p  to the  d i s s i p a t i v e  d o m a i n  of wave  n u m b e r s  ( s m a l l  edd ies ) .  
Qua l i t a t i ve ly ,  one  m a y  say  t h a t  d u r i n g  t h i s  t r a n s f e r ,  the  t u r b u l e n t  e d d i e s  s t r i k e  
one a n o t h e r  and  t h e r e b y  p r o d u c e  no i se .  If the  p r o c e s s  of e n e r g y  t r a n s f e r  f r o m  
l a r g e  e d d i e s  ( s m a l l  wave  n u m b e r s )  to s m a l l  e d d i e s  ( l a r g e  wave  n u m b e r s )  i s  cu t  
off in s u c h  a way t h a t  the  i n i t i a l  s i z e  of the  e d d i e s  i s  s m a l l e r  t han  b e f o r e ,  a p a r t  
of the  t r a n s f e r  p r o c e s s  does  not  t ake  p l a c e ,  and  the  n o i s e  p r o d u c t i o n  d e c r e a s e s .  
( T h i s  p r o c e s s  wi l l  be  d i s c u s s e d  in  m o r e  d e t a i l  in  the  nex t  s ec t ion . )  

In o r d e r  to t e s t  the  p o s s i b i l i t i e s  m e n t i o n e d  above ,  a " l a b y r i n t h  s y s t e m "  (Fig.  5) 
w a s  d e s i g n e d  wh ich  w as  s e t  d i r e c t l y  be low the  v a l v e  sea t .  I t  c o n s i s t e d  of a s e t  of 
p l a t e s  wi th  m a n y  s m a l l  h o l e s  (1 to 4 m m  in d i a m e t e r ) w h i c h  w e r e  p l a c e d  so t h a t  e a c h  
hole  of one p l a t e  lay  oppos i t e  a c l o s e d  p a r t  of the  nex t  p l a t e .  The  s p a c i n g  b e t w e e n  
s u b s e q u e n t  p l a t e s  w a s  a l so  v e r y  s m a l l .  The f low v e l o c i t y  t h r o u g h  the  s y s t e m  could  
be  c o n t r o l l e d  by v a r y i n g  the  n u m b e r  and  the  s i z e  of the  h o l e s  and  the  s p a c i n g  of the  
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Fig. 5a - Sche- 
matic diagram of 
labyrinth set 

Fig.  5 b -  Valve  wi th  l aby-  
r i n t h  se t  
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p l a t e s .  The  d e g r e e  of t u r b u l e n c e  w a s  i n c r e a s e d  by 
s h a r p  edges .  In t h i s  way a d r a g  w a s  p r o d u c e d  w h i c h  
w as  l a r g e  enough  to r e d u c e  the  p r e s s u r e  a t  s u b s o n i c  
v e l o c i t y ,  a t  l e a s t  a t  m a x i m u m  flow r a t e .  T h i s  type  of 
r e d u c i n g v a l v e  w o r k e d  v e r y  we l l  and  gave  a n  i m p r o v e -  
m e n t  of 24 db in the  m o d e l  e x p e r i m e n t s  ( m e a s u r e d  
a g a i n  by the  v i b r a t i o n s  of a b o t t o m  m o u n t e d  be low the  
l a b y r i n t h  s y s t e m ) .  

On the  b a s i s  of t h e s e  e x p e r i m e n t s ,  s e v e r a l  fu l l -  
s c a l e  v a l v e s  (Fig .  6 ) w i t h  l a b y r i n t h  s e t s  w e r e  d e s i g n e d  
and  i n s t a l l e d  in s o m e  h e a t i n g  and  e l e c t r i c  p o w e r  p l a n t s .  
They  w o r k e d  v e r y  s a t i s f a c t o r i l y .  At  one p l an t ,  fo r  
i n s t a n c e ,  the  i n h a b i t a n t s  of the  s u r r o u n d i n g  a p a r t m e n t  
h o u s e s  had  f i l ed  su i t ,  c h a r g i n g  t ha t  the  c o m p a n y  w a s  
d i s t u r b i n g  the  p e a c e  w i th  the  n o i s e  c a u s e d  by  the  o ld -  
type  va lve .  A f t e r  the  new v a l v e  w a s  i n s t a l l e d  the  no i se  
ou t s ide  the  e n g i n e  h o u s e  w a s  v e r y  low and  no l o n g e r  
d i s t u r b e d  the  i n h a b i t a n t s .  I n s ide  the  e n g i n e  r o o m  the  
n o i s e  p r o d u c t i o n  of the  o t h e r  m a c h i n e s  p l a c e d  t h e r e  
w as  l a r g e r  t h a n  t h a t  of the  va lve .  M e a s u r e m e n t s  
gave  a n o i s e  l e v e l  of 91 p h o n s  in t h i s  r o o m ,  w h e r e a s  
the  n o i s e  l e v e l  p r o d u c e d  by the  v a l v e  a l o n e  w a s  abou t  
85 phons .  The  a c c e l e r a t i o n  of the  m a t e r i a l ,  wh ich  i s  
i m p o r t a n t  f o r  the  v i b r a t i o n  b r e a k i n g  s t r e n g t h ,  w a s  
d e t e r m i n e d  a t  d i f f e r e n t  p o i n t s  of the  v a l v e  s u r f a c e .  
T he  m e a s u r e d  v a l u e s  r a n g e d  f r o m  10 to 20 m / s e c 2 ,  
w h i c h  w a s  s e v e r a l  o r d e r s  of m a g n i t u d e  be low the  
c r i t i c a l  a c c e l e r a t i o n  fo r  v i b r a t i o n  b r e a k a g e .  

In a n o t h e r  app l i c a t i on ,  a va lve  was  a l s o  u s e d  fo r  
p r e s s u r e  r e d u c t i o n  a t  e x t r e m e  p r e s s u r e  r a t i o s .  A 
flow r a t e  of 64 t o n s  p e r  h o u r  had  to be  r e d u c e d  f r o m  
116 to 3 a t m .  E v e n  a t  t h i s  s u p e r c r i t i c a l  r a t i o  the  
v a l v e  p e r f o r m e d  v e r y  s a t i s f a c t o r i l y ,  b o t h  f r o m  the  
s t a n d p o i n t  of n o i s e  and  f r o m  t h a t  of v i b r a t i o n s .  

C A L C U L A T I O N  O F  THE I N F L U E N C E  O F  THE 
EDDY SIZE ON NOISE P R O D U C T I O N  

In the  l a s t  s e c t i o n  the  s u p p o s i t i o n  w a s  m a d e  t h a t  n o i s e  g e n e r a t i o n  i s  i n f l u e n c e d  
b y  the  eddy s i ze  of the  t u r b u l e n t  mot ion .  In the  l anguage  of s t a t i s t i c a l  a n a l y s i s  t h i s  
m e a n s  a d e p e n d e n c e  on the  s p e c t r a l  d i s t r i b u t i o n  of the  t u r b u l e n t  p r o p e r t i e s .  In o r d e r  
to  c h e c k  t h i s  suppos i t i on ,  the  n o i s e  ou tpu t  w a s  c a l c u l a t e d  fo r  s e v e r a l  d i f f e r e n t  d i s -  
t r i b u t i o n s  of t u r b u l e n t  e n e r g y  in  wave  n u m b e r  s p a c e  fo r  the  c a s e  of decay ing ,  h o m o -  
geneous ,  i s o t r o p i c  t u r b u l e n c e  w i th  z e r o  m e a n  ve loc i ty .  T h i s  f low m a y  be  c o n s i d e r e d  
a s  r e p r e s e n t i n g  the  f low in a j e t ,  in  wh ich  the  t u r b u l e n c e  of the  d i f f e r e n t  f lu id  v o l u m e  
e l e m e n t s  ( in the  m o v i n g  s y s t e m )  a l s o  d e c a y s .  

The  fo l l owing  a s s u m p t i o n s  w e r e  m a d e :  At  the  t i m e  t = t o a h o m o g e n e o u s ,  i s o -  
t r o p i c  t u r b u l e n t  m o t i o n  e x i s t s  in  the  v o l u m e  v. The  m e a n  v e l o c i t y  i s  z e r o .  The 
s p e c t r a l  e n e r g y  d i s t r i b u t i o n  a t  t = t o i s  g iven  by the  func t i on  F so  t h a t  

e° = fo F(k' t°)  dk (1) 
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w h e r e  e o is  the k ine t ic  e n e r g y  p e r  uni t  m a s s  
a t  t = t o and k is  the wave number .  The 
shape  of F(k, to )  i s  r e c t a n g u l a r  ( see  Fig. 7): 

F = 0 for 0 < k < k o 

e 0 
F = F o - ko(a_ I) for k ° < k < ak ° 

(2) 

F - 0 for  ak ° _< k 

(a > 1). At t = t o the t u rbu l ence  beg in s  to 
decay .  The tota l  sound e n e r g y  E r a d i a t e d  
f r o m  the vo lume  V dur ing  the decay  p r o c e s s  
i s  to be ca lcu la ted ,  e s p e c i a l l y  i t s  dependence  
on the in i t ia l  condi t ion  Eq. (2). 

The in i t ia l  condi t ion,  Eq. (2) con ta ins  
t h r e e  p a r a m e t e r s  Co, a and k o. F o r  the p u r -  
p o s e s  of th i s  ca lcu la t ion ,  only k ° i s  of i n t e r -  
e s t ,  b e c a u s e  1/k o i s  p r o p o r t i o n a l  to the lon-  
g i tudinal  s c a l e  

L° = f0 f ( r ' t ° ) d r  

F ig .  6 - F u l l - s c a l e  va lve  wi th  
l a b y r i n t h  se t  ( a f t e r  P o n t o w  (4)) 

which  is  a m e a s u r e  of the eddy s i ze  (f is  the longi tudinal  c o r r e l a t i o n  funct ion,  r the 
d i s t ance) .  T h e r e f o r e ,  cons t an t  va lues  of e and a w e r e  a s s u m e d  and the no i se  output 
fo r  d i f f e r e n t  va lue s  of k w a s  ca lcu la ted .  T°he p a r a m e t e r  a w a s  t aken  equal  to 2. Th i s  
value of a m e a n s  tha t  tl~e e n e r g y  i s  con ta ined  in an oc tave  of wave n u m b e r s  at  the 
beg inn ing  of the decay.  

With a d e r i v a t i o n  s i m i l a r  to that  in I. P r o u d m a n ' s  p a p e r  (5) the e n e r g y  E was  
found to be (for  d e t a i l s  s ee  Ref.  6) 

E = p°V ~ ( t )  L ( t ~  dt 
C05 t o 

(3) 

0,5 

ko ako 
- - - - ~ k  

Fig. 7 - Spectral energy distribution F at t = t o 

vs wave number k 
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m 
w h e r e  Po and c o a r e  the dens i ty  and the speed  of sound at infinity,  r e s p e c t i v e l y ,  v 2 i s  
the ins tan taneous  m e a n  squa re  va lue  of any ve loc i t y  component  ( a r b i t r a r y  because  of 
i so t ropy) ,  

L = f o  f ( r , t ) d r  

i s  the longi tudinal  sca le ,  and ),(t) i s  a funct ion dependent  on the shape of f only. The 
dependence  of the in tegrand  on t was  ca l cu l a t ed  by H e i s e n b e r g ' s  i n t e g r o - d i f f e r e n t i a l  
equa t ion  fo r  the decay  of homogeneous ,  i so t rop i c  tu rbu lence ,  which was  so lved  as  an 
in i t i a l  va lue  p r o b l e m .  The r e s u l t s  a r e  g iven in Fig.  8, in which the e n e r g y  E, d iv ided 
by M s and by the to ta l  in i t i a l  tu rbu len t  e n e r g y  P o e o  v conta ined  in v, i s  p lo t ted  aga ins t  
Re L , the in i t i a l  Reyno lds  n u m b e r  of the tu rbu lence .  The fo l lowing def in i t ions  apply: 

and 

M o 
C O 

(v2~) 1/2 Lo 
ReL - v 

2 v ° i s  the m e a n  s q u a r e  of one v e l o c i t y  component  a t  t = t o 
v i s cos i t y .  

and v i s  the k i n e m a t i c  

F i g u r e  8 shows that  the expec ted  g e n e r a l  t r end  indeed ex i s t s .  At low Reyno lds  
n u m b e r s  ( s m a l l  eddies )  l e s s  no i se  is  p roduced  than at  high Reyno lds  n u m b e r s  ( la rge  
eddies},  the o the r  p a r a m e t e r s  r e m a i n i n g  unchanged.  F o r  example ,  a d e c r e a s e  in Re L 

f r o m  3 × 104 to 3 x 101 g ives  a d e c r e a s e  in the no i se  output of about  7 rib. Quant i -  

E 
22 

f 
~ 

18 / m  

/ 
! 

so Io ~ fO 3 10 4 I0 s 

- - ~ . -  Re L 

Fig. 8 - Dimensionless total sound 

energy vs Reynolds number Re L. 

o calculated points for a = 2. 

t a t ive ly ,  the dependence  of the no i se  output 
o n  Re L i s  s m a l l  at  high Reyno lds  n u m b e r s  
(in a g r e e m e n t  with P r o u d m a n ' s  c o n s i d e r a -  
t ions  (5)) and l a r g e r  at l ower  Reynolds  
number s .  

The r e s u l t  can ea s i l y  be unders tood  by 
m e a n s  of a d imens iona l  ana lys i s .  F o r  th is  
pu rpose ,  the i n t eg ra t ion  in Eq. (3) i s  r e p l a c e d  
by mul t ip ly ing  the in i t i a l  sound power ,  which 
is  p r o p o r t i o n a l  to 

po v [v-~ol 4 
5 L ° 

c O 

with the t i m e  of decay of the tu rbu lence .  F o r  
l a rge  Reyno lds  n u m b e r s ,  th is  t i m e  is  p r o -  
po r t i ona l  to 

L o 
1 / 2  

(Vo) 

Hence,  E is  independent  of L o. F o r  s m a l l e r  
Reynolds  n u m b e r s ,  a p a r t  of the in i t ia l  
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energy e ° is contained in the dissipat ive domain of wave numbers ,  and another char-  
a c t e r i s t i c t i m e  becomes  important  which involves the viscosi ty ,  namely the t ime L2/u 
(this also follows f rom Heisenberg ' s  equation). Therefore ,  if this t ime becon~es 
significant, the energy E becomes  proport ional  to L ° and dec reases  with decreas ing  
L o. The curve shown in Fig. 8 cover s  the upper par t  of the t ransi t ion region between 
the two laws. 

What prac t ica l  conclusions can be drawn from these r e s u l t s ?  The calculat ions 
were  only concerned with homogeneous, isotropie turbulence, but one can a s sume tha t  
the resul t s  a re  also quali tat ively co r r ec t  for inhomogeneous, non- isot ropic  turbulence. 
Hence, one can say that the reduction in the size of the turbulent eddies is an effective 
means of noise suppression if the s ize of the eddies can be made very  small .  In the 
case  of a reducing valve this is easi ly possible.  In the invest igat ions of the las t  
chapter,  for instance, the Reynolds number Re L lay between 102 and 104, but even 
sma l l e r  values could have been attained. For  jet  engines, the overa l l  benefit  incurred 
in reducing the eddy size is problemat ic ,  because the reduction may lead to a too 
large  increase  of weight and drag and also to thrust  losses .  

Some r e m a r k s  concerning some devices  for the reduction of je t  noise are  perhaps  
in order .  The above calculat ions show the effect of changing eddy size on sound output 
and thereby offer a possible explanation for the reduction of overa l l  sound power 
effected by some jet  noise suppressors .  For  instance, the reduction of about 7 db 
achieved by the s l i t - type nozzle proposed by E. J. Richards  (7) can be due - at leas t  
par t ia l ly  - to the decreased  eddy size. Further ,  one can expect  that cer ta in  other  
changes in the distribution of turbulent p roper t i es  also reduce the ra te  of noise 
production. For example, the avoidance of strong inhomogeneit ies or  nonisotropies  
may resu l t  in a reduction of the sound level  by el iminat ing the eddy exchange 
p r o c e s s e s  needed to smooth out a region of strong gradients.  This s eems  to be the 
situation with some suppressors  for je t  planes (at the je t  edge of the corrugated  
nozzles,  for example). These proposed explanations ought to provide a bas is  for 
fur ther  exper imenta l  invest igat ions in which par t icu lar  care  should be taken r ega rd -  
ing measuremen t s  in the higher frequency bands. 

SCATTERING OF SOUND BY A SINGLE VORTEX AND BY TURBULENCE 

Another subject of the i n v e s t i g a t i o n s  of the Max-Planck-Ins t i tu t  ffir 
StrSmungsforschung concerning the interact ion of sound and turbulence is the scat -  
ter ing of external  sound by a turbulent medium.* This r e s e a r c h  is s t i l l  going onand, 
hence, only p re l iminary  resu l t s  can be given here. Both theoret ica l  and exper imenta l  
investigations have been made. F i r s t  the theoret ica l  considerat ions will  be described. 

Scattering by a Single Vortex 

General  studies of the scat ter ing of light or sound have already been made by 
var ious  authors who have considered wave propagation in a medium with fluctuating 
refract ion coeff ic ient(see  the re fe rences  l isted in(8), also (9,10) and others) .  Special 
theor ies  for the scat ter ing of sound by turbulence have been developed by Lighthill  
(11), Kraichnan (12), and Batchelor (13). These theories ,  while having general  validity, 
have been applied specif ical ly to homogeneous, isotropic turbulence. In addition the 
noise generated by the interaction of shock waves and turbulence has been considered 
(11,14). 

':~These investigations are being performed under Contract No. AF-61(514 )-1143. The 
theoretical part of the investigations is published in detail in (15). 
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The s t a r t i n g  p o i n t  f o r  the  i n v e s t i g a t i o n s  of the  M a x - P l a n c k - I n s t i t u t  w a s  the  
p r o b l e m  of the  s c a t t e r i n g  of a sound  wave  a s  i t  p a s s e s  t h r o u g h  a s i n g l e  v o r t e x .  T h i s  
s i n g l e - v o r t e x  s c a t t e r i n g  m a y  be  c o n s i d e r e d  a s  a k ind  of e l e m e n t a r y  m o d e l  fo r  the  
p r o c e s s  of s c a t t e r i n g  by  t u r b u l e n t  edd ie s .  As  wi l l  be  shown,  the  knowledge  g a i n e d  
f r o m  a s tudy  of t h i s  e l e m e n t a r y  m o d e l  p r o v i d e s  an  u n d e r s t a n d i n g  of the  s c a t t e r i n g  
c a u s e d  by  b o t h  e x t r e m e  n o n - i s o t r o p i c  and  by i s o t r o p i c  t u r b u l e n c e . *  Of c o u r s e ,  
s c a t t e r i n g  by a s ing le  v o r t e x  i s  a l s o  in  i t s e l f  a p r o b l e m  of m a t h e m a t i c a l  a n d p h y s i c a l  
i n t e r e s t .  

The  p r o b l e m  w a s  f o r m u l a t e d  a s  fo l lows:  C o n s i d e r  a s t e a d y  p o t e n t i a l  v o r t e x  of 
c i r c u l a t i o n  r ' .  The  a x i s  of the  v o r t e x  c o i n c i d e s  w i th  the  z - a x i s  of a c y l i n d r i c a l  
c o o r d i n a t e  s y s t e m  r , ~ , z  and  e x t e n d s  f r o m  -o~ to +co. In the  r - ~ - p l a n e  the  v o r t e x  
e x t e n d s  f r o m  r = r l  to r = ra.  In the  d o m a i n s  r < r  i a n d r > r  the  f lu id  i s  a t  r e s t .  T h i s  
v o r t e x  i n t e r a c t s  w i th  a p l a n e  sound  wave  of wave  l e n g t h  ~. The  p r o j e c t i o n  of the  
n o r m a l  of wave  p r o p a g a t i o n  in to  the  r - ~ - p l a n e  i s  t a k e n  a s  the  l ine  ~ = 0 °. The d i r e c -  
t ion  of wave  p r o p a g a t i o n  i n c l u d e s  an  ang le  ~ wi th  the  a x i s  of the  v o r t e x  ( s ee  Fig.  9). 
The p o l a r  d i a g r a m  of s c a t t e r i n g  i n t e n s i t y  and  the  s c a t t e r i n g  p o w e r  a r e  r e q u i r e d  a s  
f u n c t i o n s  of the  f ive  p a r a m e t e r s  of the  p r o b l e m  F ' ,  k, r i ,  ra,  8. 

The  p r o b l e m  w as  s o l v e d  by  a p p l y i n g  the  m e t h o d  of s m a l l  p e r t u r b a t i o n s  to the  
f r i c t i o n l e s s  e q u a t i o n s  of mo t ion ,  the  e q u a t i o n  of c o n t i n u i t y  and  the  e q u a t i o n  fo r  the  
c o n s e r v a t i o n  of e n t r o p y  of a m a s s  e l e m e n t .  T h i s  m e a n s  t h a t  t e r m s  i n v o l v i n g  the  
s q u a r e  of the  a m p l i t u d e  of the  sound  wave  w e r e  n e g l e c t e d .  

I 

F i g .  9 - S c h e m a t i c  d r a w i n g  of  o b l i q u e l y  i n c i d e n t  s o u n d  w a v e  

* I t  m a y  b e  m e n t i o n e d  t h a t  a r e l a t e d  p r o b l e m  - t h e  i n t e r a c t i o n  of  a s h o c k  w a v e  a n d  a 
s i n g l e  v o r t e x  - h a s  b e e n  t r e a t e d  in s e v e r a l  p a p e r s  ( 1 6 , 1 7 ) .  A k i n e m a t i c a l  c o n s i d e r -  
a t i o n  of  t h e  s o u n d  w a v e - v o r t e x  i n t e r a c t i o n  i s  g i v e n  in  (18 ) .  
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The f ive p a r a m e t e r s  of the p r o b l e m  can be r e d u c e d  to four  by def in ing  new 
d i m e n s i o n l e s s  p a r a m e t e r s  ~ = V/Xco, R a = r J ~ ,  R i = r i /X (R = V'/~_,T and c i s  the  
s p e e d  of sound).  [~1 is  a s s u m e d  to be s m a l l  c o m p a r e d  with 1. T h e r e f o r e ,  if al l  
v a r i a b l e s  a r e  expanded  in p o w e r  s e r i e s  in ~, t e r m s  of o r d e r  ~2 and s m a l l e r  may  be 
neg l ec t ed .  With t h e s e  a p p r o x i m a t i o n s ,  the po ten t i a l  of the sound r e a d s  ¢ = % + ~¢1. 
¢o is  the po ten t i a l  of the o r i g ina l  p lane  sound wave .  

¢o = B e 2 ~ I ( *  - R  s l n 8  cos~0 -  Z c o s 0 )  (4) 

w h e r e  B i s  a cons t an t ,  R = r/}%, Z = z /h ,  T -- tCo/~ a r e  the d i m e n s i o n l e s s  independen t  
v a r i a b l e s  and t i s  the t i m e .  ~ , :  i s  the po ten t i a l  of the s c a t t e r e d  sound.  F o r  ~1 one 
ob ta ins  the i n h o m o g e n e o u s  wave equat ion 

2 (5a) 
¢ i ~  - A¢:  = - ~  - (bo~ ~ 

in the r eg ion  R i < R < Ra, and the h o m o g e n e o u s  wave  equat ion 

¢ , ~  - 5 ¢  I : 0 (5b) 

in the r e g i o n s  0 < R < R i and R _> R .  A is  the  Lap l ac i an  o p e r a t o r  

1 b ( b )  1 ~2 ~2 
_ _  _ _  + - -  

R ~R R ~ -  + R 2 ?~2  ?Z  2 

Equat ion  (5) can be so lved  by the w e l l - k n o w n  me thod  of r e t a r d e d  p o t e n t i a l s .  

Spec ia l  c a r e  has  to be taken r e g a r d i n g  the d i s c o n t i n u i t i e s  in the  po ten t i a l  ~b 1 and 
i t s  d e r i v a t i v e s  at R = R a and R = Ri. F r o m  d y n a m i c a l  c o n s i d e r a t i o n s  it fo l lows  tha t  
the sound p r e s s u r e  for  R-->Ra - 0  and R - - > R  +0 has  to be cont inuous .  Th i s  r e q u i r e -  
ment  l e a d s  to the jump condi t ion 

_ 1 F~¢o] (6a) 
[_qbl]Ra+O - [qSl]Ra.O 2.-iRa2 L~q~]R 

for  a l l  , ,  m, z.  F u r t h e r ,  f r o m  the r e q u i r e m e n t  tha t  the flow v e l o c i t i e s  n o r m a l  to the  
i n t e r f a c e  be tw een  the v o r t e x  and the o u t e r  flow be cont inuous ,  a s e c o n d  jump condi t ion  
r e s u l t s :  

[+?,] = _ L E +  2 +o] (6b) 
~RJRa+O L BRJRa_O 2~i R 2 L~R ~mlRa 

for  all  T, m, z .  With th i s  condi t ion,  the r i p p l e s  at the i n t e r f a c e  due to the o r i g i n a l  
sound wave  a r e  taken  into accoun t .*  At R = R: c o r r e s p o n d i n g  cond i t ions  apply .  Con- 
d i t ions  (6a) and (6b) r e q u i r e  doublet  l a y e r s  and s o u r c e  l a y e r s  r e s p e c t i v e l y  at  both 
R = R a and R = R i . 

The so lu t ion  of E q s .  (5) and (6) g ives  the fo l lowing f o r m u l a  fo r  the  to ta l  s c a t t e r -  
ing po ten t i a l  in the f a r  zone (R sin 0 >> Ra) fo r  the c a s e  R i ---> 0 : 

* C o m p a r e  t h e  p a p e r s  ( 1 9 , 2 0 )  t h a t  t r e a t  o t h e r  b u t  s i m i l a r  p r o b l e m s  in  w h i c h  t h e s e  
r i p p l e s  a r e  of  g r e a t  i m p o r t a n c e .  
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_ /~77B i ~ / 4  2~i(~" - R s i n 0  - Z cos  e )  [ ( ~_)  ] 
/z<p I v / . ~ s l ~ n ~  e e Jo  4rrR a s i n  0 s i n  - 1 x 

(7) 
x [-1 + 2 sln2G s i n 2 ~ ] c o t  ~-- 2 ' 

w h e r e  3o i s  the  z e r o - o r d e r  B e s s e l  func t ion  of the  f i r s t  k ind .  F o r  a = 90 ° ( s o u n d w a v e  
f a l l i ng  p e r p e n d i c u l a r l y  on the  v o r t e x )  t h i s  i s  a c y l i n d r i c a l  wave ,  whi l e  for  8 ~ 90 ° 
( sound  wave  f a l l i ng  o b l i q u e l y  on  the  v o r t e x )  i t  i s  a c o n i c a l  wave .  T h i s  m e a n s  t ha t  the  
s u r f a c e s  of c o n s t a n t  p h a s e  a r e  c o n e s  m o v i n g  o u t w a r d  a s  i n d i c a t e d  in Fig .  10. 

, \  

\ 

¢.._ 
vortex 
axis 

F i g .  10 C r o s s - s e c t i o n a l  v i e w  of  t h e  p h a s e  
s u r f a c e s  o f  t h e  s c a t t e r e d  s o u n d  w a v e s  

With  the  he lp  of Eq .  (7) p o l a r  d i a g r a m s  of the  s c a t t e r i n g  i n t e n s i t y  

~z.2 (8) 
I s c  : ~ - -  # F ( R  a, ~, 8 )  I o 

can  be d r a w n .  H e r e ,  p i s  t he  sound  p r e s s u r e ,  v n i s  the  p a r t i c l e  v e l o c i t y  n o r m a l  to  
the  p h a s e  s u r f a c e s  of the  s c a t t e r e d  sound ,  and  Io i s  t he  sound  i n t e n s i t y  of the  i n c i d e n t  
wave .  The  b a r  i n d i c a t e s  m e a n  v a l u e  and  F i s  equa l  to  

F : Jo  47TR a s i n  ~ s i n  - 1 - 2 s i n 2 0  s i n  2 c o t  2 q~ ( 8 a )  
2 " 

Such p o l a r  d i a g r a m s  w e r e  c o n s t r u c t e d  fo r  four  d i f f e r e n t  v a l u e s  of 8 (90 °, 60 °, 45 °, 
15 ° ) and  t h r e e  d i f f e r e n t  v a l u e s  of R (10, 1, 0.1) and  a r e  shown  in F ig .  11. I sc  i s  
r e f e r r e d  to ( I sc )m,x ,  the  v a l u e  of  m a x i m u m  i n t e n s i t y .  The  w a v i n e s s  of  the  c u r v e s  fo r  
R~ = 10 i s  due to the  o s c i l l a t i o n s  of the  B e s s e l  func t ion  o r ,  p h y s i c a l l y ,  to  i n t e r f e r e n c e  
e f f ec t s .  
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I i 

~ -  o~~. o°\ \ 
- !  -330" 

-12 ~ c 6 0  ° 

- 9 0  ° _ 9 0  ° 

- - - - - -  R ,  = O.l 

a) $) = 9 0  . . . .  R ,  : ! b)  0 = 6 0 "  
- -  R , = t O  

. 

_90 ° - 9 0  ° 
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F o r  8 = 90 ° the  i n t e n s i t y  i s  z e r o  in four  d i r e c t i o n s  (~ = 0 ° ,  i 90  °,  180°), but only 
for  R a --> 0 do the four  l e a v e s  of the  c h a r a c t e r i s t i c  a p p e a r  s y m m e t r i c a l  and have the 
s a m e  m a x i m u m  in t ens i t y  (at ~ = ±45 °,  ±135°).  F o r  l~  ~ 1 the  i n t e n s i t y  of the two 
l e a v e s  in the  ha l f  c i r c l e  -90 ° < ~ _< 90 ° i s  much  g r e a t e r  than  tha t  of the o t h e r  two 
l e a v e s .  T h e r e f o r e ,  s c a t t e r i n g  by v o r t i c e s  wi th  d i a m e t e r s  of the  o r d e r  of magni tude  
of the wave  leng th  o r  l a r g e r  i s  a f o r w a r d  s c a t t e r i n g .  F u r t h e r ,  for  R~ >> 1, the in ten -  
s i t y  is  con ta ined  in a v e r y  s h a r p  angle  i n t e r v a l  ( s ee  R. = 10 in F ig .  11) and the  angle  
~ x  of m a x i m u m  in t ens i t y  is  p r o p o r t i o n a l  to 1/R.. It shou ld  be m e n t i o n e d  h e r e  that  
fo r  R. << 1 the angu l a r  d i s t r i b u t i o n  F (Eq.  (Sa)) a g r e e s  ex ac t l y  wi th  L i g h t h i l l ' s  d i s -  
t r i bu t ion  for  the  c a s e  of h o m o g e n e o u s ,  i s o t r o p i c  t u r b u l e n c e  ( see  Ref .  11, Eq.  (25) with 
E(k) ~ k 4 fo r  k << 1). 

F o r  8 4 90 ° ( s ee  Fig .  l l b ,  c , d )  t h e z e r o s  a t e  = 0  ° and 180 ° r e m a i n ,  whi le  the 
z e r o s  at  ±90 ° a r e  sh iRed  t o w a r d  ~ = 180 °,  a s  one can a l s o  s e e  f r o m  Eq.  (8a). F o r  

_< 45 ° only  tw__oo l e a v e s  can ex i s t ,  b e c a u s e  the s e c o n d  t e r m  in the s eco n d  b r a c k e t  of 
Eq.  (Sa) can  no l onge r  a t t a in  the  value  1. F o r  f ixed  R. and ~ ---> 0 ° the angle  %,.x 
a p p r o a c h e s  the value  90 ° . 

By u s e  of Eq.  (8) one can  e a s i l y  ca l cu l a t e  the  to ta l  s c a t t e r i n g  p o w e r  Lsc e m i t t e d  
p e r  uni t  l eng th  of the v o r t e x .  One ob t a in s  

Lsc 1 ~ 2 ~ 2 J 0 2 ~  
L o : 2- R a s in  B Fd~ . (9) 

L = 2 r  a s in  8 I o i s  the sound p o w e r  fa l l ing  on the v o r t e x  p e r  uni t  l ength .  B e c a u s e  
tl~e m o s t  i n t e r e s t i n g  ques t ion  i s  the d e p e n d e n c e  on the f r e q u e n c y  ~ of the inc iden t  
sound wave  - the  o t h e r  p a r a m e t e r s  r e m a i n i n g  unchanged  - th i s  r a t i o  i s p l o t t e d  in Fig.  
12 a g a i n s t  R, which  i s  p r o p o r t i o n a l  to . .  ( F o r  t h i s  p u r p o s e  ~ i s  w r i t t e n  

~ (i0) 

where 

~ = - -  vdf 

i s  the m e a n  value  of the a z i m u t h a l  ve loc i t y  v . ~ t h e  v o r t e x  and ~ i s  the  m e a n  Maeh 
n u m b e r )  F o r  R a << 1, L /L v a r i e s  with the 5 p o w e r  of Ra, fo r  R, >> 1 wi th  the 

-- " sc o S na 2 2 power. In the vicinity of R a = 1 the R a law changes to the R law. 

2 
The scatteringpowerper unit volume is ~ = Lsc/TZr~ which has the limiting values 

I o 
Z = /~2~6R: sin48(sin48 + 4 cos48) -~- R. << 1 

and 

io 
: 32 /~2 ~2 1 - sin ~ r--~ R a >> 1. 

The l a s t  f o r m u l a  can a l so  be w r i t t e n  (by u s e  of Eq.  (10)) a s  

(lla) 

(lib) 

~ = 877 2-~-  1 - ~.2 Io ' 
o 

(11'b) 

56 



R esu l t s  Rela t ing  to the P r o d u c t i o n  of Noise  by Turbu lence  

I L,, 
L, 

l 10 ~ 

10 

1o- 

16 

IO O.03 

/ 

o,1 0.3 

J 
/ 

/ 

- - - - - -  Asymptotic curves 

3 10 30 
- - - y l J , *  R~ 

Fig.  lZ - Lsc/L 0 vs R a for  0 = 90 ° and ~? = 15 ° 

which  h a s  exac t ly  the s a m e  s t r u c t u r e  as  L i g h t h i l l ' s  f o r m u l a  (20) in Ref.  11 fo r  the  
s a m e  l imi t ing  c a s e .  Th is  again  shows ,  as  expec ted ,  tha t  s c a t t e r i n g  by a s ing le  v o r t e x  
con ta ins  the e s s e n t i a l  f e a t u r e s  of the s c a t t e r i n g  p r o c e s s  in a t u rbu len t  m e d i u m  and 
may  be c o n s i d e r e d  as  a kind of e l e m e n t a r y  p r o c e s s .  

S c a t t e r i n g  by Tu rbu l ence  

In o r d e r  to apply  the above r e s u l t s  to t u r b u l e n c e  it i s  a s s u m e d  that  the t u r b u l e n c e  
can be d e s c r i b e d  by a s t a t i s t i c a l  s u p e r p o s i t i o n  of v o r t i c e s  Of d i f f e r en t  r ad i i  ra, c i r -  
cu la t ions  7', and inc l ina t ions  0 with r e s p e c t  to the inc iden t  sound wave.  B e c a u s e  the  
d i f f e r en t  v o r t i c e s  (eddies)  a r e  s t a t i s t i c a l l y  independen t  of one an o t h e r ,  the i n t e n s i t i e s  
of the s c a t t e r e d  sound p r o d u c e d  by t h e m  can be s i m p l y  added.  F u r t h e r ,  it i s  a s s u m e d  
that  the t ime  r e q u i r e d  for  the e x t e r n a l  sound wave to p a s s  th rough  one v o r t e x  i s  s m a l l  
a s  c o m p a r e d  with the t i m e  in which the v o r t e x  u n d e r g o e s  any s e n s i b l e  change.  Th is  
a s s u m p t i o n  i s  equiva len t  to the r e q u i r e m e n t  that  1~ >> ~ (or  ~/2 << 1). One m a y t h e n  
p r o c e e d  as  fol lows:  

Let  w(R a, 0 ,~ ;  x, y , z ) d R a d 0 d  ~ be the p r o b a b i l i t y  that  the vo lume  e l e m e n t  
dV = dxdydz  ( x , y , z  a r e  the c o o r d i n a t e s  of a c a r t e s i a n  s y s t e m )  b e l o n g s  to  a v o r t e x  
having a r a d i u s  be tween  R a and R a + d R ,  a d i m e n s i o n l e s s  c i r c u l a t i o n  be tween  ~ and 

+d~, and an angle  ~ ( see  Fig .  9) be tween  0 and ~ +dO. W has  to s a t i s f y  the condi t ion  

y fO' ~ W(Ra, 8, ;z; x, y, z) dRadOd ~ = 1. 
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With th i s  p r o b a b i l i t y  funct ion,  the to ta l  sound r ad i a t i on  L f r o m  the tu rbu len t  vo lume V is  

L= v f  ~ fo fo W(Ra' 8' '~; x' y' z) "~(Ra' 8' '~) dRa d ~ d'~dV (12) 

Thi s  g e n e r a l  e x p r e s s i o n  was  eva lua ted  fo r  two d i f f e r e n t  c a s e s ,  n a m e l y  e x t r e m e  non-  
i s o t r o p y  (app l icab le  fo r  boundary  l a y e r s  o r  j e t  ed g es ,  fo r  in s t ance )  and i s o t r o p y .  
( N o n - i s o t r o p y  i s  a c a s e  t r e a t e d  only with d i f f icul ty  by the me thod  g iven  in Ref.  11.) 
F o r  s i m p l i c i t y ,  it was  a s s u m e d  that  a l l v o r t i c e s  had the s a m e  r a d i u s  R a and the  s a m e  
abso lu te  value of c i r c u l a t i o n  ~, and t h a t  the f ie ld  was  h o m o g e n e o u s  (w independen t  of 
x , y , z ) .  Then,  n o n - i s o t r o p y  m e a n s  tha t  a l l  v o r t i c e s  have  p a r a l l e l  a x e s  making  an 
angle  ~ with the d i r e c t i o n  of e x t e r n a l  wave p ropaga t i on  and can t u r n  c lockwise  o r  
c o u n t e r c l o c k w i s e .  In the i s o t r o p i c  c a s e  w was  taken p r o p o r t i o n a l  to the d i f f e r e n t i a l  
e l e m e n t  of so l id  angle .  The r e s u l t s  a r e  p lo t ted  in Fig .  13. Th i s  f igure  shows  tha t  
the g r e a t e s t  s c a t t e r i n g  p o w e r  o c c u r s  for  ~ = 90 ° ( n o r m a l  inc idence)  and that  it  
d e c r e a s e s  a s  8.---> 0 (whe re  it b e c o m e s  ze ro ) .  The s c a t t e r i n g  p o w e r  in the  i s o t r o p i c  
c a s e  i s  a p p r o x i m a t e l y  equal  to that  in the n o n - i s o t r o p i c  c a s e  with 45 ° < ~_< 60 ° . Hence ,  
one can s a y t h a t  t h e r e  i s  no s ign i f i can t  d i f f e r e n c e  b e t w een  i s o t r o p i c  and n o n - i s o t r o p i c  
s c a t t e r i n g .  

10 4 

10 3 
! r, I_ 

l 10 2 

,o 

10"~ / 

10Q0 3 J QI Q3  I 

n o n - i s o t r o p y  - 

~ - ~  i s o t r o p y  

- - - - - -  asymptotes 

3 10 30 
- - ~ m , -  Ra 

Fig.  13 - D i m e n s i o n l e s s  to ta l  s c a t t e r i n g  power  r a d i a t e d  
f r o m  the vo lume  V, for  two c a s e s  of n o n - i s o t r o p y  
(/9 = 90 ° and 15 °) and for  the ca se  of i s o t r o p y  

E x p e r i m e n t a l  I n v e s t i g a t i o n s  

F i g u r e  14 s h o w s  the  a p p a r a t u s  which i s  be ing  u s e d  fo r  the  e x p e r i m e n t a l  i n v e s -  
t i ga t ions .  The l a m i n a r  a i r  f low within  the e n t r a n c e  r e g i o n  of a c i r c u l a r  duct  300 m m  
in d i a m e t e r  i s  made  tu rbu len t  by a g r i d  c o n s i s t i n g  of p a r a l l e l  c i r c u l a r  r o d s ,  5 m m  in 
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F i g .  1 4  - B l o c k  d i a g r a m  o f  e q u i p m e n t  u s e d  f o r  t e s t s  
o f  s c a t t e r i n g  o f  s o u n d  i n  a t u r b u l e n t  m e d i u m  

d i a m e t e r  and  12.8 m m  d i s t a n t  f r o m  one a n o t h e r .  The  flow v e l o c i t y  i s  25 m / s .  Sho r t  
sound  p u l s e s  a r e  t r a n s m i t t e d  p e r p e n d i c u l a r  to  the  flow d i r e c t i o n  f r o m  one s ide  of the  
duc t  and  a r e  r e c e i v e d  a t  the  oppos i t e  s i d e . *  The  d e g r e e  of t u r b u l e n c e  of the  flow 
t r a v e r s e d  by  t he  sound  w a v e s  can  be c h a n g e d  by v a r y i n g  the  d i s t a n c e  d of the  t u r -  
b u l e n c e  g r i d  f r o m  the t e s t  s e c t i o n .  F o r  the  exac t  m e a s u r e m e n t  of the  i n t e n s i t y  of the  
r e c e i v e d  sound  p u l s e s ,  e l e c t r o n i c  e q u i p m e n t  i s  u s e d  which  i s  shown in the  r i g h t  p a r t  
of the f i g u r e .  The  m a i n  e l e m e n t ,  a " p u l s e  c o m p a r i n g  b r i d g e , "  c o n t a i n s  a b r i d g e  con-  
s i s t i n g  of  two c o n d e n s e r s  and  two e l e c t r o n  t ubes  c o n t r o l l i n g  the  c h a r g e  of the con-  
d e n s e r s .  In t h i s  b r i d g e  the  e f f ec t  c a u s e d  by the  r e c e i v e d  sound  p u l s e s  on one a r m  is  
c o m p e n s a t e d  by  the  e f f e c t  of e l e c t r i c a l l y  p r o d u c e d  p u l s e s  of the  s a m e  s h a p e  on the  
o t h e r  a r m .  T h e  h e i g h t  of  t h e s e  e l e c t r i c a l l y  p r o d u c e d  p u l s e s  can  be  m e a s u r e d  e a s i l y  
and,  i f  t he  b r i d g e  i s  b a l a n c e d ,  i s  equa l  to the  he igh t  of the  sound  p u l s e s .  The  o t h e r  
p a r t s  of the  e l e c t r o n i c  s y s t e m  shown  in the  f i gu re  a r e  n e e d e d  to c o m p e n s a t e  for  the  
de lay  t i m e  i n c u r r e d  in the  t r a n s m i s s i o n  of the  a c o u s t i c a l  p u l s e s  t h r o u g h  the  flow and  
to c o m p e n s a t e  fo r  the  a m p l i t u d e  m o d u l a t i o n  i m p o s e d  on t h e s e  p u l s e s  by d i s t u r b i n g  
n o i s e  and  o t h e r  i n f l u e n c e s .  

Some  e x p e r i m e n t a l  r e s u l t s  c o n c e r n i n g  the  d e p e n d e n c e  of s c a t t e r i n g  i n t e n s i t y  on 
the  f r e q u e n c y  of  sound  a r e  g iven  in F ig .  15. The  m e a s u r e m e n t s  w e r e  m a d e  in the  
fo l lowing  m a n n e r :  At  f i r s t ,  by  sh i f t i ng  the  r e c e i v i n g  m i c r o p h o n e ,  the  p o s i t i o n  of the  
m a x i m u m  i n t e n s i t y  of the  sound  a t  the wa l l  oppos i t e  to  the t r a n s m i t t e r  was  d e t e r m i n e d  
wi thou t  s c a t t e r i n g  ( tha t  i s  to  say ,  wi th  the  g r i d  f a r  r e m o v e d  f r o m  the  t e s t  s e c t i o n  o r  
wi th  l a m i n a r  f low in the  duct ) .  T he  m i c r o p h o n e  w as  then  le f t  in  t h i s  p o s i t i o n  and  the 
g r i d  w a s  b r o u g h t  c l o s e r  to the  t e s t  s e c t i o n .  In t h i s  way one o b t a i n s  the  i n t e n s i t y  I 1 am 

*The  sound  t r a n s m i t t e r  and the  r e c e i v e r  a r e  i d e n t i c a l  c o n d e n s e r  type  m i c r o p h o n e s  
wi th  s o l i d  d i e l e c t r i c ,  w h i c h  have  b e e n  d e v e l o p e d  by W. Kuhl ,  G. R. S c h o d d e r  and 
F . - K .  S c h r o d e r  in the  I l I . P h y s i k a l i s c h e s  I n s t i t u t  of the  U n i v e r s i t y  of Go t t i ngen  (21). 
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Fig. 15 - AI = I 0  lOgl0Ilam/I turb vs 

frequency of sound. Distance d = 
IZ0 rnm. 

(without scattering) and the intensi ty I t u r b  

(with scattering) for each frequency v of the 
sound. The quantity AI = 10 loglo I lam/I  turb 
is plotted against  V in Fig. 15. AI must  be 
propor t ional to  Lsc/L 0 given by Eq. (9), since 
it r epresen ts  the attenuation of the intensi ty 
due to scat ter ing (see Ref. 15). 

The calculations gave asymptotic power 
laws L s c / L 0  ~ v n w i t h  n = 5 for the lower 
frequency range and n = 2 for high f re-  
quencies. The measur ing  values obtained 
until  now seem to obeythe v2-1aw. Fur ther  
measurements  are being made and will be 
published later .  
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DISCUSSION 

W. Willmarth (University of Michigan) 

I w i s h  to c o m p l i m e n t  the  a u t h o r  on h i s  e x c e l l e n t  e x p e r i m e n t a l  and  t h e o r e t i c a l  
w o r k .  The  e x p e r i m e n t s  on sound  s c a t t e r i n g  a r e  v e r y  wel l  done .  In p a r t i c u l a r ,  the  
u s e  of sound  p u l s e s  p r o d u c e d  and  d e t e c t e d  by i d e n t i c a l  t r a n s d u c e r s  e l i m i n a t e s  d i f -  
f i c u l t i e s  wi th  sound  r e f l e c t i o n  and  t r a n s d u c e r  c a l i b r a t i o n .  It i s  g r a t i f y i n g  to s e e  tha t  
the  s i m p l e ,  o r  r e l a t i v e l y  s i m p l e ,  r e s u l t s  of s c a t t e r i n g  f r o m  a s i n g l e  v o r t e x  can  be 
s u p e r i m p o s e d  to g ive  a d e s c r i p t i o n  of the  sound  s c a t t e r i n g  f r o m  t u r b u l e n c e .  

Wi th  r e g a r d  to the  n o i s e  p r o d u c e d  b y a  h i g h - p r e s s u r e  s t e a m  v a l v e :  by the  u s e  of 
a s e t  of s m a l l  p a s s a g e w a y s  the  t u r b u l e n c e  and  s h o c k  w a v e s  wi th in  the  va lve  w e r e  
r e d u c e d  in s c a l e .  The  s m a l l  s c a l e  m o t i o n  w h i c h  i s  p r o d u c e d  p r o b a b l y  does  not  
v i b r a t e  the  p ipe  a s  m u c h  b e c a u s e  the  m e c h a n i c a l  i m p e d a n c e  of the  w a l l s  f o r  the  h i g h -  
f r e q u e n c y ,  s m a l l - s c a l e  f l u c t u a t i o n s  i s  g r e a t e r .  

A r e l a t e d  p r o b l e m  of v a l v e  n o i s e  i s  b e i n g  s t ud i ed  at  the  S t an fo rd  U n i v e r s i t y  
M e d i c a l  C e n t e r .  They  a r e  w o r k i n g  on  the  v a l v e  n o i s e  p r o d u c e d  by a h e a r t  va lve ,  and  
would  l ike  to know wha t  t y p e s  of o b s t r u c t i o n s  in  the  h e a r t  v a l v e  p r o d u c e  wha t  t y p e s  
of n o i s e .  Of c o u r s e ,  the  sound  i n t e n s i t y  f o r  the  h e a r t  v a l v e  i s  v e r y  m u c h  l o w e r  t han  
t h a t  f o r  the  s t e a m  v a l v e  d i s c u s s e d  by P r o f e s s o r  Mi i l l e r .  

R. H. Kraichnan (New York University) 

The  c o m m e n t  I w i s h  to m a k e  c o n c e r n s  the  d e p e n d e n c e  of s o u n d - r a d i a t i o n -  
e f f i c i e n c y  upon  the  t u r b u l e n c e  p a r a m e t e r s .  W o r k  wh ich  we h a v e  done  r e c e n t l y  on the  
r a d i a t i o n  f r o m  i s o t r o p i c  t u r b u l e n c e  at  h igh  Reyno lds  n u m b e r s  h a s  y i e lded  the  f o r m u l a  

5 
W "" E(v/c)  In  R, 

w h e r e  W i s  the  r a d i a t e d  p o w e r  p e r  un i t  m a s s ,  ~ i s  the  p o w e r  d i s s i p a t e d  by s h e a r  
v i s c o s i t y  p e r  un i t  m a s s ,  v i s  the  r . m . s ,  f l u c t u a t i o n  ve loc i t y ,  c i s  the  v e l o c i t y  of sound,  
and  R i s  the  Reyno lds  n u m b e r  de f ined  by R = vL/v,  w h e r e  L i s  the  l e n g t h  s c a l e  of the  
e n e r g y - c o n t a i n i n g  r a n g e  of the  t u r b u l e n c e  and  u i s  the  k i n e m a t i c  v i s c o s i t y .  T h i s  
f o r m u l a  d i f f e r s  f r o m  the  e a r l i e r  r e s u l t  of P r o u d m a n  only  in the  p r e s e n c e  of the  in  R 
f a c t o r ,  wh ich  a r i s e s  f r o m  a s l o w l y - d e c r e a s i n g ,  h i g h - f r e q u e n c y  c o m p o n e n t  to the  
r a d i a t i o n  s p e c t r u m  s u g g e s t e d  by o u r  w o r k .  

It i s  w e l l - k n o w n  e m p i r i c a l l y  t ha t  

~v3/L 

Thus ,  W d e p e n d s  on  the  b a s i c  p a r a m e t e r s  a c c o r d i n g  to 

W ~ (v8/L) ln (vL/~)  

and  v a r i e s ,  a p p r o x i m a t e l y ,  i n v e r s e l y  w i th  L. H o w e v e r ,  the  e f f i c i ency  of the  c o n -  
v e r s i o n  of t u r b u l e n t  e n e r g y  in to  sound  i s  g iven  by 

W/c ~ v S l n ( v L / u )  
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and, apa r t  f r o m  the v e r y - s l o w l y - v a r y i n g  l o g a r i t h m i c  f ac to r ,  i s  unaf fec ted  by a change 
of length  sca le ,  p rov ided  v i s  f ixed.  

A. R e g i e r  (National A d v i s o r y  C o m m i t t e e  fo r  Ae ronau t i c s )  

I am r a t h e r  i n t e r e s t e d  in r e l a t i ng  the s c a t t e r i n g  f r o m  a l a r g e  v o r t e x t o  the v a l v e -  
no i se  p r o b l e m .  At Lang ley  we have a t e s t  f ac i l i ty  fo r  p roduc ing  tu rbu len t  no i se  fo r  
t e s t ing  a i r c r a f t  and m i s s i l e  components ,  and we a r e  i n t e r e s t e d  in making  as  much  
no i se  as  pos s ib l e  f r o m  a j e t .  We found that  by tu rn ing  the a i r  supply pipe through a 
9 0 - d e g r e e  tu rn  we can r a i s e  the j e t  no i se  l e v e l s  about 5 dec ibe l s ,  poss ib ly  because  
of the l a r g e  v o r t i c e s  g e n e r a t e d  in the tu rns .  Actual ly ,  we can shape our  s p e c t r u m  
and i n c r e a s e  the l o w e r  f r e q u e n c i e s  by these  l a r g e  pipe bends.  In ou r  t e s t  s e t - u p  we 
a r e  us ing a 12- inch p ipe  which has  four  9 0 ° d e g r e e  t u rn s  n e a r  the je t  exi t ,  and have  
s u c c e e d e d  in i n c r e a s i n g o u r  no i se  cons ide rab ly  and in br ing ing  our  f r e q u e n c i e s  down. 

I. Dyer  (Bolt,  Beranek ,  and Newman,  M a s s a c h u s e t t s )  

Seve ra l  y e a r s  ago I made  an ana lys i s  of s c a t t e r i n g  f r o m  a s ing le  v o r t e x .  The  
flow f ie ld  I u sed  s t a r t e d  at the o r i g i n  wi th  z e r o  ve loc i ty ,  i n c r e a s e d  l i nea r ly ,  and then, 
at a g iven value ,  d e c r e a s e d  as  the i n v e r s e  d i s t ance  law.  I, too, obta ined good a g r e e -  
ment  with L i g h t h i l l ' s  theory .  Th i s  s e e m s  to be a v e r y  d i f fe ren t  f l o w m o d e l  c o m p a r e d  
to that of Mf i l l e r ' s ,  in the s e n s e  that  the ve loc i ty  was  not d ive rgen t  at the o r ig in  and 
conta ined a c en t r a l  c o r e  as  a t rue  s ing le  v o r t e x  might .  Thus  the mode l  doesn ' t  appea r  
to be too c r i t i c a l  in the computa t ion  of the s c a t t e r i n g .  

H. S. R ibner  (Univers i ty  of Toronto)  

Dr .  Mi i l le r  a t t r i bu t e s  the no i se  reduc t ion  in the l a r g e  s t e a m  v a l v e s  to the g r ea t  
r educ t ion  in sca le ;  he suppor t s  the idea  by a t h e o r e t i c a l  ana lys i s  of the no i se  rad ia t ion  
of homogeneous ,  i s o t r o p i c  tu rbu lence  dur ing  i t s  decay  as  a funct ion of the in i t ia l  
s ca le .  Th i s  r e v i e w e r  be l i eves ,  on the o the r  hand, that  the dominant  f a c t o r  is  the 
reduc t ion  of the turbulent  v e l o c i t i e s  in the l abyr in th :  note that v e n t e r s  as  the e ighth 
power  in Eq.  (3), s ca l e  L as  the minus  f i r s t  power .  A s i m i l a r  a rgumen t  app l ies  to 
j e t - m u f f l e r  s i l enc ing .  It i s  to be noted that ,  a cco rd ing  to Fig .  8, a f ac to r  of 103 in 
L - - a  wholly imp laus ib l e  a m o u n t - - i s  r e q u i r e d  to expla in  the 7-db noise  r educ t ion  
a t t r ibu ted  to R i c h a r d s '  s l i t - t y p e  nozz le .  
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