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David  T a y l o r  Model B a s i n  

A ful ly  d eve loped  t u r b u l e n t  b o u n d a r y  l a y e r  with a z e r o  p r e s s u r e  
g r a d i e n t  h a s  been  s t ud i ed  in a s u b s o n i c  wind tunne l .  The p r e s s u r e  f l uc -  
t u a t i o n s  on the  wal l  of the wind tunne l  w e r e  m e a s u r e d  by s m a l l  f l u s h -  
m o u n t e d  m i c r o p h o n e s .  Data  for  the  d i m e n s i o n l e s s  s p e c t r a l  d e n s i t y  of 
the  p r e s s u r e  f l u c t u a t i o n s ,  P(f)/p2U038*, as  a func t ion  of the  f r e q u e n c y  
p a r a m e t e r  f $*/U 0 a r e  p r e s e n t e d ;  P ( f ) ,  p, U0, 8* ,and  f a r e  r e s p e c t i v e l y  
the  s p e c t r a l  d e n s i t y ,  f lu id  dens i t y ,  f r e e  s t r e a m  ve loc i ty ,  b o u n d a r y  l a y e r  
d i s p l a c e m e n t  t h i c k n e s s ,  and f r e q u e n c y .  Data  for  the  coe f f i c i en t  

( ~ / I / 2  p Uo 2 

a r e  a l so  p r e s e n t e d .  The t r a n s v e r s e  c r o s s  c o r r e l a t i o n  for  the  p r e s s u r e  
f l u c t u a t i o n s  was  s t ud i ed  by u s i n g  two f l u s h - m o u n t e d  m i c r o p h o n e  s. R a t h e r  
than  the  l o n g i t ud ina l  c r o s s  c o r r e l a t i o n ,  the l ong i tud ina l  c r o s s - s p e c t r a l  
d e n s i t y  was  s tud ied ,  y i e ld ing  a m e a s u r e  of the  c o h e r e n c e  of the  p r e s s u r e  
f l u c t u a t i o n s  at  two po in t s  as  a func t ion  of f x / U ,  w h e r e  x is  the  long i tu -  
d ina l  s p a c i n g  of the two points  and U c is  the  efi~ective c o n v e c t i o n  v e l o c i t y  
of the  s p a t i a l  p a t t e r n .  

~ T R O D U C T I O N  

P r e s s u r e  f l u c t u a t i o n s  n e c e s s a r i l y  c o e x i s t  wi th  v e l o c i t y  f l u c t u a t i o n s  in a t u r b u l e n t  
f low.  F o r  i n c o m p r e s s i b l e  f low,  the  p r e s s u r e  and v e l o c i t y  a r e  r e l a t e d  by the  equa t ion  

~.2uiu j 
V2P = -P ~xi~x] (1) 

wh ich  c a n  be ob ta ined  by c o m b i n i n g  the  con t inu i ty  and the  N a v i e r - S t o k e s  e q u a t i o n s .  
T h e  s o l u t i o n  to t h i s  equa t i on  i s  g iven  in t e r m s  of an  i n t e g r a t i o n  o v e r  a l l  s p a c e  and 
s h o w s  tha t  f o r  the  c a s e  of b o u n d a r y - l a y e r  f low, the  v a n i s h i n g  of the  v e l o c i t y  f l u c t u a t i o n  
a t  the  wal l  d o e s  not  imp ly  the  v a n i s h i n g  of 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 .  

It  i s  t h e s e  p r e s s u r e  f l u c t u a t i o n s  on the  wal l  a d j a c e n t  to the  t u r b u l e n t  b o u n d a r y  
l a y e r  t h a t  a r e  the  f o c u s  of i n t e r e s t  in t h i s  s t udy .  Some m e a s u r e m e n t s  of the  c h a r a c -  
t e r i s t i c s  of t h e s e  p r e s s u r e  f l u c t u a t i o n s  a r e  r e p o r t e d  and the  m e a n i n g  of the  m e a s u r e -  
m e n t s  a r e  i n t e r p r e t e d .  
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T h e r e  a r e  s e v e r a l  r e a s o n s  f o r  b e i n g  i n t e r e s t e d  in  the  c h a r a c t e r i s t i c s  of t h e p r e s -  
s u r e  f l u c t u a t i o n s .  A d i r e c t  and i m m e d i a t e  n e e d  e x i s t s  f o r  d a t a  in the  f i e ld  of n o i s e  
due to u n s t e a d y  f low. W h e n  a t u r b u l e n t  b o u n d a r y  l a y e r  d e v e l o p s  on a f l e x i b l e  wal l ,  the  
m o t i o n  of the  wal l  w h i c h  r e s u l t s  f r o m  the  p r e s s u r e  f l u c t u a t i o n s  g e n e r a t e s  a sound 
f i e ld .  Some  of the  n o i s e  in  a i r c r a f t  h a s  b e e n  a t t r i b u t e d  to t h i s  m e c h a n i s m .  K r a i c h n a n  
(1,2) h a s  g iven  a t h e o r e t i c a l  d i s c u s s i o n  of t h i s  p r o b l e m  w h i c h  b e g i n s  wi th  the  i n t e r -  
p r e t a t i o n  of Eq.  (1) f o r  the  c a s e  of b o u n d a r y - l a y e r  f low. 

T h e r e  a r e  a l s o f u n d a m e n t a l  r e a s o n s  f o r  b e i n g  i n t e r e s t e d  in the  p r e s s u r e  f l u c t u a -  
t i o n s  a s s o c i a t e d  wi th  a t u r b u l e n t  b o u n d a r y  l a y e r .  T h e r e  i s  c o n s i d e r a b l e  u n c e r t a i n t y  
a s  to  how e n e r g y  i s  p r o d u c e d ,  c o n v e c t e d ,  d i f f u s e d ,  and d i s s i p a t e d  in the  t u r b u l e n t  
b o u n d a r y  l a y e r .  In p a r t i c u l a r ,  the  r o l e  of p r e s s u r e  f l u c t u a t i o n s  i s  bu t  v a g u e l y  u n d e r -  
s tood.  Al though  t h i s  w o r k  d o e s  not  m e a s u r e  the  p r e s s u r e  f l u c t u a t i o n s  i n s i d e  the  
b o u n d a r y  l a y e r ,  i t  does  c o n s t i t u t e  a s t a r t  on t h i s  v e r y  c h a l l e n g i n g  p r o b l e m  and  i t  i s  
b e l i e v e d  t h a t  a f u r t h e r  e x t e n s i o n  of t h i s  work  wi l l  p r o v e  v a l u a b l e .  

To o b t a i n  the  d a t a  f o r  t h i s  r e p o r t ,  the  b o u n d a r y  l a y e r  on  the  wal l  of a s u b s o n i c  
wind tunne l  was  s t ud i ed .  P r e s s u r e  t r a n s d u c e r s  wi th  a v e r y  s m a l l  ac t ive  a r e a  w e r e  
m o u n t e d  f l u s h  wi th  the  wal l .  Us ing  c o n v e n t i o n a l  sound  a n a l y s i s  e q u i p m e n t  c o n s i s t i n g  
of a n a r r o w  tunab le  f i l t e r  and an  r m s  m e t e r ,  i t  was  p o s s i b l e  to ob ta in  the  s p e c t r a l  
dens i ty*  of the  p r e s s u r e  f l u c t u a t i o n s  a t  a po in t  on the  wa l l .  

By m e a s u r i n g  the  p r e s s u r e  f l u c t u a t i o n s  in  the  to ta l  f r e q u e n c y  r a n g e ,  i t  was  p o s -  
s i b l e  to o b t a i n  the  m e a n - s q u a r e  va lue  f o r  the  p r e s s u r e  f l u c t u a t i o n s .  T h i s  v a l u e  was  
a l so  checked  by  i n t e g r a t i n g  o v e r  the  s p e c t r a l  d e n s i t y .  

By u s i n g  two p r e s s u r e  t r a n s d u c e r s  and s tudy ing  the  c o r r e l a t i o n  and the  c r o s s -  
s p e c t r a l  dens i ty*  b e t w e e n  the  p r e s s u r e  f l u c t u a t i o n s  a t  the  two p o i n t s ,  i t  was  p o s s i b l e  
to s tudy  the  s p a t i a l  p a t t e r n  of the  p r e s s u r e  f l u c t u a t i o n s  and how r a p i d l y  i t  e v o l v e s  a s  
i t  i s  c o n v e c t e d  d o w n s t r e a m .  By m e a s u r i n g  the  t i m e  de l ay  n e c e s s a r y  to m a x i m i z e  the  
c o r r e l a t i o n  b e t w e e n  the  two p o i n t s ,  i t  w as  p o s s i b l e  to m e a s u r e  the  v e l o c i t y  at  wh ich  
the  p a t t e r n  wa s  c o n v e c t e d .  

EXPERIMENTAL APPARATUS 

The  Wind  T u n n e l  

The  wind tunne l  was  a c l o s e d - c i r c u i t  s u b s o n i c  t unne l .  The  v e l o c i t y  r a n g e  of the  
tunne l  was  f r o m  50 to 200 f t / s e c .  The  t r a n s v e r s e  d i m e n s i o n s  of the  w o r k i n g  s e c t i o n  
w e r e  20 by  15 i n c h e s .  T he  m e a s u r e m e n t s  w e r e  p e r f o r m e d  on the  wal l  of the  w o r k i n g  
s e c t i o n ,  5 f e e t  d o w n s t r e a m  f r o m  the  e n t r a n c e  n o z z l e .  At  t h i s  po in t  the  d i s p l a c e m e n t  
t h i c k n e s s  of the  b o u n d a r y  l a y e r  was  0.105 i nch  a t  a v e l o c i t y  of 100 f t / s e c .  By c o m -  
p a r i n g  the  m e a n  v e l o c i t y  p r o f i l e s  wi th  t h o s e  g iven  by  Klebanof f  and D i e m  (3) i t  was  
judged  t ha t  the  b o u n d a r y  l a y e r  w as  n e a r l y  wel l  enough  d e v e l o p e d  to show s i m i l a r i t y .  
U n f o r t u n a t e l y ,  the  w o r k i n g  s e c t i o n  w as  no t  long  enough  to p e r m i t  w o r k i n g  f u r t h e r  
d o w n s t r e a m  so  as  to p r o v e  t ha t  the  b o u n d a r y  l a y e r  was  e x h i b i t i n g  s i m i l a r i t y .  

The  P r e s s u r e  T r a n s d u c e r  

The  p r e s s u r e  t r a n s d u c e r  w as  an a d a p t a t i o n  of the  Al tec  2 1 - B R - 1 8 0  o p e n - f a c e d  
m i c r o p h o n e  (4). T h i s  m i c r o p h o n e  w as  mod i f i ed  as  shown in F ig .  1 to  p r o d u c e  the  
t r a n s d u c e r  u s e d  f o r  the  s p e c t r a l  d e n s i t y  m e a s u r e m e n t s .  A d i f f e r e n t  m o d i f i c a t i o n  was  

*Th i s  t e r m  wil l  be def ined  in the s e c t i o n  giving the r e s u l t s  of the  m e a s u r e m e n t s .  
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Fig. 1 - Schematic of adaptation of the Altex ZI-BR-180 microphone for spectral 
density measurements 

O .= 

~q 

£ 

O 

Cu 

,< 

t ~ 
m ,< 



M. H a r r i s o n  

r e q u i r e d  f o r  the  c o r r e l a t i o n  m e a s u r e m e n t s .  In b o t h  c a s e s  the  u p p e r  f r e q u e n c y  l i m i t  
i s  d e t e r m i n e d  by  a r e s o n a n c e  b e t w e e n  the  m a s s  of the  a i r  in  the  o r i f i c e  and  the  s t i f f -  
n e s s  of the  a i r  in  the  c h a m b e r  a d j a c e n t  to  the  d i a p h r a g m .  We l l  above  t h i s  r e s o n a n c e  
f r e q u e n c y  the  s e n s i t i v i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  to  the  f r e q u e n c y  r a n g e .  T h e  
r e s o n a n t  r e s p o n s e  w a s  d a m p e d  by  a c o t t o n p l u g  in the  o r i f i c e  so  t h a t  s o m e  of t h i s  f r e -  
quency  r a n g e  was  s a l v a g e d .  

For the correlation measurements it was necessary to measure at two points 
separated by a small distance. This necessitated the use of the transducer in the 
form shown in Fig. 2. Unfortunately, this arrangement resulted in a much lower 
resonantfrequency due to increased mass in the tube. Using this transducer, arrange- 
ments were made to have a series of holes spaced at 0.125 inch apart in the transverse 
and longitudinal directions which permitted correlation measurements to be made up 
to 1.5 inches in 0.125-inch steps. 

The  s e n s i t i v i t y  of the  t r a n s d u c e r  w a s  -61  db be low 1 vo l t  f o r  1 d y n e / c m  2. F o r  
the  s p e c t r a l  d e n s i t y  m e a s u r e m e n t s  the  u s a b l e  f r e q u e n c y  r a n g e  w a s  up to 8500 cps  and 
f o r  the  c o r r e l a t i o n  m e a s u r e m e n t s  the  u s a b l e  f r e q u e n c y  r a n g e  was  up to 2000 cps .  The  
l o w e r  l i m i t  on the  f r e q u e n c y  r a n g e  w a s  i m p o s e d  by  w i n d - t u n n e l  n o i s e  and no t  the  
t r a n s d u c e r .  

In o r d e r  to  p r o v e  t h a t  t he  a c t i v e  a r e a  of the  t r a n s d u c e r  was  su f f i c i en t l y  s m a l l  to 
i n s u r e  t h a t  the  p r e s s u r e  w a s  c o h e r e n t  o v e r  i t s  e n t i r e  f ace ,  v a r i o u s  s i z e  o r i f i c e s  w e r e  
u sed .  It  w a s  found t h a t  o r i f i c e s  up to 0.125 inch  in  d i a m e t e r  w e r e  s a t i s f a c t o r y  f o r  
o b t a i n i n g  t he  da t a  on  s p e c t r a l  d e n s i t i e s .  S m a l l e r  o r i f i c e s  w e r e  u s e d  f o r  the  c o r r e l a -  
t ion  m e a s u r e m e n t s  in  o r d e r  to  i m p r o v e  the  a c c u r a c y  in the  m e a s u r e m e n t  of the  
s e p a r a t i o n  d i s t a n c e  b e t w e e n  the  t r a n s d u c e r s .  

E l e c t r i c a l  E q u i p m e n t  

T h e  s p e c t r a l  d e n s i t y  of the  p r e s s u r e  f l u c t u a t i o n s  was  ob ta ined  by the  u s e  of the  
M u i r h e a d - P a m e t r a d a  wave  a n a l y z e r .  A f r e q u e n c y  b a n d  of a n o m i n a l  10 p e r c e n t  was  
u s e d  in t he  a n a l y s i s .  T he  l e v e l s  w e r e  r e a d  on the  B a l l a n t i n e  T r u e - r m s  v o l t m e t e r .  
In the  s e c t i o n  g iv ing  the  r e s u l t s  of the  m e a s u r e m e n t s ,  t he  d e t a i l s  of how to ob ta in  the  
s p e c t r a l  d e n s i t y  f r o m  the  o b s e r v e d  d a t a  a r e  g iven .  

The  c o r r e l a t i o n  b e t w e e n  the  p r e s s u r e  f l u c t u a t i o n s  at  two p o i n t s  was  m e a s u r e d  
u s i n g  r a t h e r  s i m p l e  a p p a r a t u s .  T he  b a s i s  f o r  the  m e t h o d  u s e d  i s  c o n t a i n e d  in the  
a l g e b r a i c  i den t i t y  

ele 2 (e I +e2 )2 - (e 1-e2 )2 

( e 1:2e 22)½ - 4(e 12e22)½ 

w h e r e  the  t e r m  on the  l e f t  i s  the  c o r r e l a t i o n  b e t w e e n  e 1 and e 2. The  b a r s  i nd i ca t e  
t i m e  a v e r a g e s ,  e 1 and e 2 a r e  h e r e  r e g a r d e d  a s  v o l t a g e s  t h a t  a r e  p r o p o r t i o n e d  to the  
f l u c t u a t i n g  p r e s s u r e s  Pl(t)  and P2(t), r e s p e c t i v e l y ,  w h e r e  the  s u b s c r i p t s  deno te  the  
two p o i n t s  a t  w h i c h  the  m e a s u r e m e n t s  a r e  p e r f o r m e d .  W i t h  r e f e r e n c e  to Fig .  3, the  
add i t ion  and  s u b t r a c t i o n  of the  v o l t a g e s  w e r e  a c c o m p l i s h e d  by the  t r a n s f o r m e r .  The  
t i m e  a v e r a g e s  w e r e  a c c o m p l i s h e d  by  the  B a l l a n t i m e  T r u e - r m s  v o l t m e t e r ,  whose  t i m e  
c o n s t a n t  had  b e e n  i n c r e a s e d  to  2 s e c o n d s .  T h i s  p r o d u c e d  s a t i s f a c t o r y  s m o o t h i n g  of the  
f l u c t u a t i o n s .  M e a s u r i n g  the  c o r r e l a t i o n s  i s  t h e n  a m a t t e r  of m a k i n g  fou r  m e t e r  r e a d -  
ings, [(e I + e2)2]~ , [(e I - e-~]~, (-~12) ~, and e22)~ , and doing the computations 
indicated by the above algebraic identity. 
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Fig. Z - Schematic of microphone adapted for cross-spectral and correlation measurements 
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The  wave  a n a l y z e r  shown  in F ig .  3 s e r v e s  the  func t i on  of m e a s u r i n g  the  c o r r e l a -  
t ion  in a r e s t r i c t e d  f r e q u e n c y  band .  As  e x p l a i n e d  l a t e r ,  if o b s e r v a t i o n s  a r e  m a d e  
u s i n g  a su f f i c i en t ly  n a r r o w  f r e q u e n c y  band ,  i t  i s  p o s s i b l e  to  u s e  t h e s e  m e a s u r e m e n t s  
to ob ta in  the  c r o s s - s p e c t r a l  d e n s i t y  b e t w e e n  the  p r e s s u r e  f l u c t u a t i o n s  at  two p o i n t s .  

The  c o n v e c t i o n  ve loc i t y  f o r  the  p a r t i a l l y  f r o z e n  p a t t e r n  of the  p r e s s u r e  f l u c t u a -  
t i ons  was  d e t e r m i n e d  by  e x a m i n i n g  the  c o r r e l a t i o n  and c r o s s - s p e c t r a l  d e n s i t y  wi th  
t i m e  d e l a y s .  T h e s e  w e r e  p r o d u c e d  by a d e l a y  l ine  c o n s i s t i n g  of a m u l t i s t a g e  l o w - p a s s  
f i l t e r .  T h i s  de lay  l ine  gave  t i m e  d e l a y s  in  4 0 - m i c r o s e c o n d  s t e p s  up to 6 m i l l i s e c o n d s .  
The  de l ay  l ine  had a u s a b l e  f r e q u e n c y  r a n g e  f r o m  z e r o  to a l i t t l e  above  5000 cps .  

EXPERIMENTAL RESULTS 

S p e c t r a l  D e n s i t y  of the  P r e s s u r e  F l u c t u a t i o n s  

The  s p e c t r a l  d e n s i t y  of the  p r e s s u r e  f l u c t u a t i o n s  P ( f )  i s  de f i ned  (5) a s  

1 IAT(f) [2  P ( O  : t im ~- 
T ~  

w h e r e  

T 

AT(f) = f p ( t ) e  - i ~ t  dt 
- T  

i s  the  F o u r i e r  t r a n s f o r m  of the  p r e s s u r e  f l u c t u a t i o n s  o v e r  the  t i m e  2T. 

The  b a s i s  f o r  the  m e a s u r e m e n t  p r o c e d u r e  u s e d  in ob t a in ing  the  s p e c t r a l  d e n s i t y  
b e g i n s  wi th  the  f a c t  t h a t  the  s p e c t r a l  d e n s i t y  and the  a u t o c o r r e l a t i o n  func t ion  of p ( t )  
a r e  F o u r i e r  t r a n s f o r m s  (5). 

co 

R(~-) = p(t)p(t +r) = fo P(f) cos ~y df. 

It t hen  fo l l ows  t h a t  

co 

-/o R(0) : p2 = P ( f )  df.  

A c c o r d i n g  to t h i s  e q u a t i o n  one c a n  e x p e r i m e n t a l l y  ob ta in  the  s p e c t r a l  d e n s i t y  by  
m e a s u r i n g  the  m e a n - s q u a r e  ou tpu t  p0 ~ o f  a n a r r o w  tunab l e  f i l t e r  of b a n d  w i th  Af and 
unity gain. 

T h a t  i s  to  say ,  

P(f) = lim ~f • 
A f t 0  

T h i s  was  the  p r o c e d u r e  u s e d  in  the  w o r k  r e p o r t e d  h e r e .  
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It  i s  d e s i r a b l e  to p r e s e n t  the  m e a s u r e d  da t a  in d i m e n s i o n l e s s  f o r m .  Since  the  
s p e c t r a l  d e n s i t y  of the  p r e s s u r e  f l u c t u a t i o n s  ha s  the  d i m e n s i o n s  of ( p r e s s u r e ) 2  x 
t i m e ,  the  d i m e n s i o n l e s s  s p e c t r a l  d e n s i t y  w as  c h o s e n  to be  p(f)/p2u03 ~* w h e r e  p, U0, 
and ~* a r e  the  f lu id  dens i t y ,  f r e e  s t e a m  ve loc i t y ,  and b o u n d a r y  l a y e r  d i s p l a c e m e n t  
t h i c k n e s s ,  r e s p e c t i v e l y .  The  f r e q u e n c y  f w as  n o n d i m e n s i o n a l i z e d  as  f ~*/u 0. 

The  d i m e n s i o n l e s s  s p e c t r a l  d e n s i t y  c u r v e s  a r e  shown in F ig .  4. The  da t a  exh ib i t  
s o m e  l a c k  of s i m i l a r i t y  o v e r  the  ve loc i t y  r a n g e  s tud ied .  As  m e n t i o n e d  e a r l i e r ,  the  
w o r k  s e c t i o n  of the  tunne l  w as  not  long  enough  to p e r m i t  o b s e r v a t i o n s  f u r t h e r  down-  
s t r e a m  so as  to p r o v e  tha t  the  b o u n d a r y  l a y e r  was  e x h i b i t i n g  s i m i l a r i t y .  

The  coe f f i c i en t  

K = (p2)~ 
1 2 
~- P U o 

can  be  ob t a ined  e i t h e r  by i n t e g r a t i n g  o v e r  the  s p e c t r a l  d e n s i t y  o r  by d i r e c t  m e a s u r e -  
m e n t  of p2° In v iew of the l a ck  of s i m i l a r i t y  exh ib i t ed  in F ig .  4, a de f in i t e  va lue  c a n n o t  
be  ob ta ined .  The  v a l u e s  ob ta ined  f o r  K have  an a v e r a g e  va lue  of about  9.5 × 10 -3 
wh ich  i s  in e x c e s s  of the  va lue  ob t a ined  by W i l l m a r t h  (6). 

A s u r p r i s i n g  f e a t u r e  of the  s p e c t r a l  d e n s i t y  i s  t h a t  i t  does  not  d e c r e a s e  a p p r e -  
c i ab ly  a t  the  l o w e s t  f r e q u e n c i e s  m e a s u r e d .  F o r  t h e s e  f r e q u e n c i e s ,  wh ich  c o r r e s p o n d  
to wave  n u m b e r s  m u c h  s m a l l e r  than  the  r e c i p r o c a l  of the  c h a r a c t e r i s t i c  l e n g t h s  of 
the  b o u n d a r y  l a y e r ,  K r a i c h n a n  (1) h a s  a r g u e d  t ha t  the  s p e c t r a l  dens i t y  shou ld  be  p r o -  
p o r t i o n a l  to  the  s q u a r e  of the  f r e q u e n c y .  T h e r e  i s  s o m e  e v i d e n c e  t ha t  i n t e r m i t t e n c y  
of the  b o u n d a r y  l a y e r  ha s  a s t r o n g  in f luence  on t h e p r e s s u r e  f l u c t u a t i o n s  at  the  l o w e r  
f r e q u e n c y .  Qua l i t a t i ve  o b s e r v a t i o n s  at  the  l o w e r  f r e q u e n c i e s  r e v e a l e d  an i n t e r m i t -  
t ency  in the  a m p l i t u d e  of the  s p e c t r a l  dens i t y  wh ich  could not  be  a c c o u n t e d  fo r  by the 
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Fig. 4 - Spectral density of the pressure fluctuations 
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randomness  of the p rocess .  This  in termit tency gave p r e s s u r e  ve r sus  t ime records  
not unlike those observed by Klebanoff (7)for the veloci tyf luctuat ions  in the boundary 
layer .  This  type of behavior diminished with increas ing frequency and was not 
noticeable for values of f~*/u 0 exceeding 4 × 10-~. Fur ther  support for  the poss i -  
bility that in termit tency plays a role  at the lower f requencies  can be found in the 
fact  that at these f requencies ,  the measurements  of the convection veloci ty yielded a 
value of about 0.8 u 0. That par t  of the boundary layer  that moves with a mean 
velocity of 0.8 u o is strongly intermit tent .  

The validity of the above conjectures  could be established by repeat ing this study 
using fully developed pipe flow. 

In view of the preceding,  it would have been des i rable  to have procured  data at 
lower f requencies .  Unfortunately, this was not possible  due to the tunnel noise which 
l imi ted the lowest usable f requencies  to between 100 and 200 cps. The s igna l - to-noise  
rat io above this range was always in excess  of 20 db. This  f igure was obtained by 
placing the p r e s s u r e  pickup in the middle of the working section of the tunnel where 
the flow was essent ia l ly  laminar .  Actually, some noise was undoubtedly induced by 
the flow around the microphone, so that a be t ter  s igna l - to -no ise  rat io might actually 
have existed at the wall. 

Vibrationpickup by the t ransducer  was not a problem.  By simply plugging up the 
hole in the t ransducer ,  the vibrat ion excitation could be measured,  which in this case  
was too low to even consider .  

Longitudinal Cross -Spec t ra l  Density 

In this work it was decided to study the longitudinal c r o s s - s p e c t r a l  density ra ther  
than the longitudinal corre la t ion .  Since this is a novel approach, a few words of 
explanation are  needed in order  to explain the measurement  procedure .  

The c r o s s - s p e c t r a l  density of the p r e s s u r e  fluctuations is defined as 

1 .  
P 1 2 ( f )  : lira -~-AT(f) BT(f)  

T~,~ 

where the as te r i sk  denotes the complex conjugate, and where 

T 

AT(f ) = f P l ( t ) e  - i ~ t  d t  
-T 

T 

BT(f)  = f P 2 ( t ) e  " i~ t  d t  
-T 

with the subscr ipts  1 and 2 denoting the two observat ion points. 

Using the arguments  of Ref. 5 which show that the spect ra l  density and the auto- 
corre la t ion  are  Four i e r  t r ans forms ,  it can be shown that the c ross  cor re la t ion  and 
the c r o s s - s p e c t r a l  density are  also Four ie r  t r ans fo rms :  

c~ 

if R12(~-) = P l ( t ) P 2 ( t  +T) = ~- P 1 2 ( f ) e  i~ t  d f  . 
.¢o 
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S ince  P12(f )  i s  complex ,  we can  w r i t e  

P12(f)  = U12(f) + £Vl2(f ) 

w h e r e  i t  fo l lows  f r o m  the  de f in i t i on  of P12( f ) . t h a t  the r e a l  f u n c t i o n s  U~ 2(f)  and Vl 2(f )  
a r e  e v e n  and odd, r e s p e c t i v e l y .  A c c o r d i n g l y ,  we can  w r i t e  

R 1 2 ( z )  : U12(f  ) co s  ~)'r d f  - V l 2 ( f  ) s i n  wT df  . 
0 

T h i s  l a s t  equa t i on  p r o v i d e s  the  b a s i s  f o r  an  e x p e r i m e n t a l  m e t h o d  of m e a s u r i n g  
the  r e a l  and i m a g i n a r y  p a r t s  of the  c r o s s - s p e c t r a l  d e n s i t y .  If the  c r o s s  c o r r e l a t i o n  
i s  m e a s u r e d  wi th  z e r o  t i m e  delay ,  t hen  

R12(0) = ; U12(f  ) df . 

If the  c r o s s  c o r r e l a t i o n  i s  m e a s u r e d  in a n a r r o w  band  of f r e q u e n c i e s  & f as  shown in 
F ig .  3, t h e n  

fR12(0) 
O12(f ) - &f 

w h e r e  fR12(0 ) d e n o t e s  the  c r o s s  c o r r e l a t i o n  m e a s u r e d  in the  n a r r o w  f r e q u e n c y  band .  
The  r e a l  p a r t  of the  n o r m a l i z e d  c r o s s - s p e c t r a l  d e n s i t y  u12 ( f )  i s  t hen  

U 1 2 ( f )  

u l 2 ( f  ) = [ p l ( f ) p 2 ( f ) ]  ½ • 

S i m i l a r l y ,  V 12(f)  i s  ob t a ined  by  u s i n g  a t i m e  de lay  

1 
,r0 -- 

w h e r e  fo i s  h e r e  the  m i d b a n d  f r e q u e n c y  of the  n a r r o w  f i l t e r .  The  i m a g i n a r y  p a r t  of 
the  n o r m a l i z e d  c r o s s - s p e c t r a l  d e n s i t y  v 12(f) i s  

V l 2 ( f )  

V l 2 ( f  ) = [ p l ( f ) p 2 ( f ) ]  ½ • 

It  i s  no ted  t ha t  th~ m e a s u r e m e n t  of u 1 2 ( f ) a n d  v 1 2 ( f ) y i e l d s  m o r e  i n f o r m a t i o n  
t h a n  the  m o r e  c o m m o n l y  m e a s u r e d  n o r m a l i z e d  c r o s s  c o r r e l a t i o n  s i n c e  the  n o r m a l -  
i zed  c r o s s  c o r r e l a t i o n  m a y  be  ob ta ined  by i n t e g r a t i o n .  

F o r  t h i s  work  P l ( f )  = P 2 ( f ) ,  s i n c e  the  two m e a s u r e m e n t  p o i n t s  a r e  su f f i c i en t ly  
c l o s e  t o g e t h e r  t ha t  the  b o u n d a r y  l a y e r  h a s  no t  changed  in c h a r a c t e r .  

The  r e a l  and i m a g i n a r y  p a r t s  of the  c r o s s - s p e c t r a l  d e n s i t y  a s  a f unc t i on  of 
fox/O. 8tJ 0 a r e  shown in F ig .  5. The  d i s t a n c e  b e t w e e n  the  two m e a s u r e m e n t  p o i n t s  h a s  

b e e n  d e s i g n a t e d  as  x, and the  m i d b a n d  f r e q u e n c y  of the  n a r r o w  f i l t e r  h a s  b e e n  d e s i g -  
n a t e d  as  fo- The  f a c t o r  of o. 8 wi l l  now be  accoun ted  f o r .  

By m e a s u r i n g  the  c r o s s  c o r r e l a t i o n  in a n a r r o w  band  of f r e q u e n c i e s ,  and  by 
d e t e r m i n i n g  the  t i m e  de lay  T t h a t  m a x i m i z e d  t h i s  c o r r e l a t i o n ,  an  e f f ec t i ve  c o n v e c t i o n  
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P r e s s u r e  F luc tua t ions  in Turbulent  Boundary Layer  

ve loc i ty  U¢ = x/T of the s p e c t r a l  pa t t e rn  was  d e t e r m i n e d .  F o r  al l  f r e q u e n c i e s  up to 
2000 cps (the upper  l i m i t  of the t r a n s d u c e r  f o r  th is  c i r c u m s t a n c e ) ,  i t  was  found that  
the convec t ion  ve loc i ty  was  about o. 8 U 0. It  was  expec ted  that  the convec t ion  ve loc i ty  
would d e c r e a s e  wi th  i n c r e a s i n g  v a l u e s  of f r equency  as  a consequence  of the quadrapo le  
na tu re  of the r i gh t -hand  t e r m  in Eq.  (1). The  m e a s u r e m e n t  p r o c e d u r e  was  not sof f i -  
c i e n t l y p r e c i s e  to r e v e a l  such a r e l a t i onsh ip  even  though t he r e  i s  r e a s o n a b l e  ce r t a in ty  
of i ts  ex i s t ence .  

It can be seen  that  the spa t ia l  p a t t e r n o f  the p r e s s u r e f l u c t u a t i o n s  i s n o t  convec ted  
d o w n s t r e a m  as  though i t  i s  f r ozen .  If th i s  w e r e  so, the r e a l  p a r t  of the n o r m a l i z e d  
c r o s s - s p e c t r a l  dens i ty  can be  shown by a s i m p l e  computa t ion ,  f o r  the case  of a f i l t e r  
with a r e c t a n g u l a r  f r equency  r e s p o n s e ,  to be 

[ 2 ~ Afx~ 

u1~ \ ~ / -  [2~Afx~ cos ~o.s Uo/ 
k0-v~0J 

where  the f i r s t  f ac to r  on the r igh t  i s  an e f fec t  due to the f in i te  bandwidth ~ f. Since,  
in these  m e a s u r e m e n t s ,  a cons tan t  10 p e r c e n t  bandwidth was used,  th is  f ac to r  is  
neg l ig ib ly  d i f fe ren t  f r o m  unity.  

The d e p a r t u r e ,  fo r  the r e a l  p a r t  of the da ta  of F ig .  5, f r o m  cos 27rf0x/0.8 U 0 is  a 
m e a s u r e  of the deve lopmen t  of an u n c o r r e l a t e d  component  in the  p r e s s u r e  f luc tua t ions  
dur ing  i t s  t r a v e l  f r o m  the u p s t r e a m  to the d o w n s t r e a m  m e a s u r e m e n t  point .  

A m e a s u r e  fo r  the u n c o r r e l a t e d  component  can be  f o r m u l a t e d  m a t h e m a t i c a l l y .  
The d o w n s t r e a m  p r e s s u r e  f luc tua t ion  p2( t )  can be r e s o l v e d  into th ree  components  
whose  c r o s s - s p e c t r a l  dens i t i e s  with the u p s t r e a m  p r e s s u r e  f luctuat ion a re ,  r e s p e c -  
t ively ,  r ea l ,  imag ina ry ,  and ze ro .  That  is ,  

P 2 ( t )  = a ( t )  + f l ( t )  + T ( t )  

where  PI~ = u12, PI~ = iv12, Ply = 0. The  van ish ing  of the s p e c t r a l  dens i ty  is  equ iv -  
a lent  to saying that  the c o r r e l a t i o n  fo r  p l ( t~  and y ( t )  i s  z e r o .  Th i s  r e so lu t i on  can be 
e f fec ted  us ing  the def in i t ion  f o r  c r o s s - s p e c t r a l  dens i ty .  The s p e c t r a l  d e n s i t i e s  fo r  
a ( t ) ,  f l ( t ) ,  and ~,(t) a r e  

2 
Pa  = U1T/P 1 

P/~ = V~2/P 1 

Py = P2 - [P12]2/p1 

so that  

y2(t~ : ~ Py(f)  df 

2 2 
a n d c a n b e c o m p u t e d i n t e r m s o f t h e m e a s u r e d d a l a  P l ( f ) ,  P2 ( f ) , and  [P12 ]2 = U12 + Vl2. 
P e r h a p s  of g r e a t e r  i n t e r e s t  i s  the quant i ty  

[P12 [ 2 py 
- 1 

PIP2 P2 

which can be taken as a measure of the coherence of p2(t) with pl(t). This quantity 
is plotted in Fig. 6. 
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P r e s s u r e  F l u c t u a t i o n s  in  T u r b u l e n t  B o u n d a r y  L a y e r  

There  are  severa l  important  l imita t ions  in the data presented  in Fig. 5. One 
trend in the data that i sde s i r ab l e  to invest igate is the effect  of the p a r a m e t e r  f~*/IJ o. 
Unfortunately, the t ransducer  used for  the c r o s s - s p e c t r a l  density measurements  had 
a usable frequency range up to only 2000 cps. Consequently, only the fiat  par t  of the 
spec t ra l  density, as shown in Fig.  4, could be investigated.  The upper l imi t  of 2000 
cps set  an upper l imi t  on f~*/u 0 between 0.083 and 0.33. As can be seen in Fig. 4, 
this does not pe rmi t  investigation of the c r o s s - s p e c t r a l  density of the p r e s s u r e  f luc-  
tuations in the range where the spect ra l  density is rapidly decreas ing  with frequency.  
With re fe rence  to the veloci ty  fluctuations in the boundary layer ,  the region inves t i -  
gated corresponded to the region where the velocity spec t ra l  density is descr ibed by 
the -5 /3  law where iner t ia  f o r c e s  dominate.  It would be interest ing to procure  data 
for  the c r o s s - s p e c t r a l  density in the range where f iscous fo rces  dominate. 

THE TRANSVERSE CORRELATION 

The transverse correlation was measured using the equipment of Fig. 3 with the 
wave analyzer omitted. The data are presented in Fig. 7. Unfortunately, these data 
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Fig. 7 - Transverse correlation function 

15 

have not been checked carefully since they were  taken on the las t  day the wind tunnel 
was available for  this work. Since we are  not concerned here with the convection of 
a near ly  f rozen pattern,  the c r o s s - s p e c t r a l  densi t ies  were  not investigated. For  the 
purpose of a c ross  check, however,  it would have been valuable to have obtained 
these data. Another l imitat ion of the data is that the i r  var ia t ion of speed was not 
checked because of l imita t ions  on exper imenta l  t ime.  
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DISCUSSION 

W. WiUmarth (University of Michigan) 

I think Dr. Har r i son ' s  work is  a valuable contribution to the exist ing measure -  
ments  of the wall p re s su re  fluctuations in a turbulent  boundary layer.  I would like to 
state that, in general,  his exper iments  agree with those that I did at the California 
Institute of Technology which will soon be available as an NACA technical note. 

However, I would like to point out that Dr. Har r i son ' s  value for the root mean 
square p ressure  

is considerably higher (9.5 x 10 -3) than the value I found (6 x 10 "~) and higher than 
the value found by others (= 4.5 x 10 -3) in unpublished NACA technical notes. I don't  
know why this discrepancy exists.  

My measurements  of the nondimensional  spectra  are,  of course,  lower than 
Dr. Har r i son ' s ,  but show qualitatively the same behavior at low values of the Strouhal 
number (~*/U~). I was able to measure  the spectra  at var ious  s t ream veloci t ies  and 
boundary layer  thicknesses.  The data are shown in Fig. D1. It can be seen that the 
high-frequency response is affected by the size of the t ransducer .  I have attempted 
to correc t  these spectra  using the method of Uberoi and Kovasznayt with the assump-  
tions that the ent i re  p r e s su re  pat tern is "frozen" and passes  by the t ransducer  at 
0.83 U®, and that the s ta t is t ical  proper t ies  of the p re s su re  have radia l  symmetry  in 
the coordinate system moving at 0.83 U,. The resu l t s  are shown in Fig. D2. 

tM. S. Uberoi and L. S. G. Kovaszna¥, "On Mapping and Measurements of Random 
Fields," Quart. AppI. Math., Vol. 10, No. 4, January, 1953. 
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Fig. D1 - Power spectra of the fluctuating wall pressure in a 
turbulent boundary layer 

121 



iO -s 

E ( k S *  

iO -̧  

M. H a r r i s o n  

rl ! I 
! ~ "'C~ --- C O R R E C T I O N  M E T H O D  • . , . ,  

IS NOT APPLICABLE 
i IL I 

, : ~  II a'- ,/ 
i ~ff ,  

1 
, I I I i 

i 

I 
I 

i 

I I 
I0  q IO o I 0  = I 0  z 

k S *  

F i g .  DZ - C o r r e c t e d  n o n d i m e n s i o n a l  s p e c t r u m  
of  the  w a l l  p r e s s u r e  

The nondimensional spec t ra  and spatial  cor re la t ion  in Fig. 2 are  defined by the 
re la t ions  

E(k$*) 7 1 - | d~ d~ 2, e ( k ' )  - ~  : ( - ~  _=j R ( r ' )  e. ' 

R(r/3*)  7 i (k~x '  1 k~x~) 
R ( r ' )  - / dk'l dk'2 (1) 

q2  -- -~ ¢ ( k ' )  e 

Here s is the two dimensional  spect rum in wave-number  space and R is  the p r e s s u r e  
cor re la t ion  with respec t  to distance along the Wall. It can be seen in Fig. 2 that the 
" c o r r e c t e d "  spec t ra  are  not in agreement  for the var ious  ra t ios  of t ransducer  radius 
to d isplacement  thickness,  to/S*. 

I bel ieve this is  caused by the lower convect ionveloci ty  of the s m a l l - s c a l e  p r e s -  
sure  fluctuations. The reasoning is as follows: if everything is moving at 0.83 u= 
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P r e s s u r e  F l u c t u a t i o n s  in  T u r b u l e n t  B o u n d a r y  L a y e r  

t h e n  the  wave  n u m b e r  i s  g iven  by  k : ~J/0.83(2~)U=. The c o r r e c t i o n  f a c t o r  f o r  the  
s p e c t r a ,  w h i c h  t a k e s  in to  a c c o u n t  the  t r a n s d u c e r  s i ze ,  t u r n e d  out to be  qu i te  s m a l l  
e v e n  f o r  t he  h i g h e s t  f r e q u e n c i e s  o r  wave  n u m b e r s .  The  c o r r e c t e d  da ta ,  howeve r ,  
obv ious ly  s t i l l  d e p e n d  on the  t r a n s d u c e r  s i ze .  Thus ,  the  wave  n u m b e r  a t  h igh  f r e -  
quency  m u s t  b e  m u c h  s m a l l e r  and  t h a t  m e a n s  t h a t  the  c o n v e c t i o n  v e l o c i t y  m u s t  be  
c o n s i d e r a b l y  l o w e r  t h a n  0.83 u= fo r  the  h igh  f r e q u e n c i e s .  

F ina l l y ,  I t h ink  t h a t  we have  found out  s o m e t h i n g  about  the  t u r b u l e n t  b o u n d a r y  
l a y e r  w h e n  we s e e  t ha t  the  c r o s s - s p e c t r a l  d e n s i t y  of the  p r e s s u r e  i s  a f unc t i on  of the  
p a r a m e t e r  ~x/o.  83 u®. Bo th  Dr .  H a r r i s o n  and  I a r e  in  a g r e e m e n t  on t h i s  point .  My 
m e a s u r e m e n t s  of the  c r o s s  c o r r e l a t i o n  of the  p r e s s u r e , $  s ee  Fig. D3, t a k e n  a t  
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~W. W. Winmarth, "Space-Time Correlations of the Fluctuating Wall Pressure in a 
Turbulent Boundary Layer," J. Aeronaut. Sci., Vol. Z5, No. 5, May, 1958. 
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M. H a r r i s o n  

v e l o c i t i e s  be tween  th ree  and s even  t i m e s  that  of Dr.  H a r r i s o n ' s  s t r e a m  ve loc i ty ,  can 
be  wr i t t en  as  the funct ion R(x. 0.83 u~t /x) ,  which means ,  in my  case ,  that  the c r o s s -  
s p e c t r a l  dens i ty  (i.e.~ the t r a n s f o r m  of the c r o s s  c o r r e l a t i o n )  can  be e x p r e s s e d  as  
the funct ion (x/O. 83 u~) P12 (x. o.x/o. 83 U~). I do not unders tand  why Dr.  H a r r i s o n ' s  
r e s u l t s  do not show th is  addi t ional  dependance  on x. I b e l i e v e  th is  i s  an i m p o r t a n t  
r e su l t .  It m e a n s  that  the low f r e q u e n c y  or  l a r g e r  s ca l e  mot ion  d i e s  out much  m o r e  
s lowly than the s m a l l  s ca l e  mot ion,  and that  the r a t e  of decay of a d i s t u rbance  of any 
g iven  sca le  i s  r e l a t e d  to the d i s tance  it  t r a v e l s  downs t r eam.  

M. H a r r i s o n  

As Dr.  W i l l m a r t h  po in ted  out, in the f la t  p a r t  of the s p e c t r u m  you migh t  expec t  
the convec t ion  ve loc i t y  to t r a v e l  because  of the sca le  o v e r  which the ve loc i t y  is  
f luctuat ing.  The v e r y  high f r equency  componen t s  on the p a r t  of the c u r v e  that  i s  
fa l l ing  migh t  be r e l a t e d  to a r e g i o n  approach ing  the inner  p a r t  of the boundary  l aye r ,  
but  not  r e a l l y  the re ,  so you migh t  expec t  the convec t ion  v e l o c i t y  fo r  the spa t i a l  pa t -  
t e rn ,  which is  m a d e  up of h ighe r  f r equency  components ,  to t r a v e l  at a h ighe r  ve loc i ty .  
I t r i e d  to m e a s u r e  that  but, unfor tunate ly ,  f r o m  the way my p r e s s u r e  componen t s  
w e r e  c o n s t r u c t e d  when I u sed  them for  mak ing  the wind tunnel  m e a s u r e m e n t ,  I had a 
much  lower  f r equency  range  to w o r k  in. So, I may  add, a l l  my m e a s u r e m e n t s  on the 
c r o s s - s p e c t r a l  d e n s i t i e s  w e r e  r e a l l y  o v e r  the f l a t p a r t  of the s p e c t r u m .  Consequen t ly  
I w a s n ' t  able  to m e a s u r e  the convec t ion  ve loc i t y  v e r y  f a r  down, w h e r e  the s p e c t r u m  
i s  f a l l i ngand  I got  e s s e n t i a l l y  a cons tan t  convec t ion  ve loc i t y  wi th  a s l igh t  t endency  to 
fa l l  fo r  the h igher  f r e q u e n c i e s ,  or  h ighe r  wave  number s .  Th is  was  r a t h e r  m a r g i n a l  
so I d idn ' t  r e p o r t  i t  because  I w a s n ' t  s u r e  whe the r  it  was r e a l  or  j u s t  a n e x p e r i m e n t a l  
e r r o r .  

H. S. R ibner  (Un ive r s i t y  of Toronto)  

Given two m i c r o p h o n e s  at a spec i f i ed  sepa ra t ion ,  W i l l m a r t h  m e a s u r e s  the p roduc t  
s igna l  as  a funct ion of t i m e  delay.  H a r r i s o n ,  on the o the r  hand, puts  the p roduc t  
s ignal  th rough  a tuned f i l t e r  and m e a s u r e s  a s p e c t r a l  densi ty ,  with and without  
s e l e c t e d  t ime  delays.  H a r r i s o n  is  to be c o m m e n d e d  for  deve lop ing  this  c r o s s -  
s p e c t r a l  dens i ty  technique.  He has  g iven  a v e r y  n ice  d e m o n s t r a t i o n  that  h is  c r o s s -  
s p e c t r a l  dens i ty  and W i l l m a r t h '  s s p a c e - t i m e  c o r r e l a t i o n  m u s t  be F o u r i e r  t r a n s f o r m s  
of each  other .  

H a r r i s o n ' s  e x p e r i m e n t a l  c r o s s - s p e c t r a l  dens i ty  funct ions ,  as  plot ted,  look l ike  
damped  cos ine  and s ine  funct ions .  The p a i r e d  c u r v e s  exhibi t  a damping  f a c t o r  that  
v a r i e s  as  the p roduc t  fo x. The F o u r i e r  t r a n s f o r m  of a funct ion that  s i m u l a t e s  
W i U m a r t h ' s  m e a s u r e m e n t s ,  on the o ther  hand, shows a damping  depending  on fo and 
x s epa ra t e ly .  M o r e o v e r ,  the i n v e r s e  F o u r i e r  t r a n s f o r m  of H a r r i s o n ' s  c u r v e s  a p p e a r s  
to b e c o m e  inf ini te  at  the or ig in ,  which i s  i nadmis s ib l e .  One wonde r s  if  H a r r i s o n ' s  
two c u r v e s  should not r e a l l y  be two f a m i l i e s ,  wi th  damping  depending s e p a r a t e l y  on 
f0 and x in each  fami ly .  More  combina t ions  of f0 and x in the da t apo in t s  a r e n e e d e d .  

O. M. Ph i l l i p s  (Johns  Hopkins Un ive r s i ty )  

Th i s  pape r  p r o v i d e s  a c l e a r  v e r i f i c a t i o n  of the concep t  of convec t ion  ve loc i t y  of 
the s u r f a c e  tu rbu len t  p r e s s u r e  f luc tua t ions .  This  i s  c e n t r a l  in L i g h t h i l l ' s  t h e o r y  of 
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a e r o d y n a m i c  sound  and  in r e c e n t  a t t a c k s  on the  p r o b l e m  of wave  g e n e r a t i o n  by  t u r -  
b u l e n t  wind b lowing  o v e r  a w a t e r  s u r f a c e .  

T h e r e  a r e  two r e m a r k s  t h a t  I shou ld  l ike  to  of fer .  The  f i r s t  c o n c e r n s  the  t h e o -  
r e t i c a l  p r e d i c t i o n  of the  i n s t a n t a n e o u s  p r e s s u r e  c o v a r i a n c e  on a f ixed  s u r f a c e  when  
one po in t  i s  he ld  f ixed  and  the  o t h e r  i s  i n t e g r a t e d  o v e r  the  e n t i r e  p lane .  T h i s  p r e -  
d i c t i on  h a s  b e e n  made ,  u n d e r  c o n d i t i o n s  of i n c r e a s i n g  g e n e r a l i t y ,  by  P h i l l i p s ,  t 
K r a i c h n a n $  and  P h i l l i p s ,  § and  e x p r e s s e s  the  f ac t ,  r e q u i r e d  by  the  i n c o m p r e s s i b i l i t y  
and  b o u n d a r y  cond i t i ons ,  t h a t  the  m e a n - s q u a r e - l i n e a r  m o m e n t u m ,  p e r  un i t  a r e a  of 
the  b o u n d a r y  l a y e r ,  n o r m a l  to  the  s u r f a c e  v a n i s h e s .  I t  r e q u i r e s  t ha t  the  s u r f a c e  
p r e s s u r e  c o v a r i a n c e  shou ld  be  s o m e w h e r e  n e g a t i v e  to b a l a n c e  the  p o s i t i v e  c o n t r i b u -  
t i o n s  to  the  i n t e g r a l .  F i g u r e  7 of t h i s  p a p e r  g i v e s  l i t t l e  i n d i c a t i o n  t h a t  the  t r a n s v e r s e  
c o r r e l a t i o n  wi l l  be  n e g a t i v e ;  i t  i s  s t i l l  abou t  0.2 f o r  ×/~* = 10. P e r h a p s  the  l ong i tu -  
d ina l  i n s t a n t a n e o u s  c o r r e l a t i o n  h a s  n e g a t i v e  r e g i o n s .  Unfo r tuna t e ly ,  Dr .  H a r r i s o n ' s  
da ta  do not  a p p e a r  to  b e a r  on t h i s  ques t ion .  The  t h e o r e t i c a l  r e s u l t  a p p e a r s  to  be  
sound,  bu t  we would be  h a p p i e r  wi th  e x p e r i m e n t a l  c o n f i r m a t i o n  (or  d e n i a l ! )  of it. 

The s e c o n d  r e m a r k  c o n c e r n s  the  s p e c t r a l  d e n s i t i e s  shown  in Fig.  4. The p r e s -  
s u r e  f l u c t u a t i o n s  a r e  a s s o c i a t e d  wi th  the t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s ,  whose  m e a n -  
s q u a r e - m a g n i t u d e  i s  p r o p o r t i o n a l  t o t h e  s q u a r e  of the  f r i c t i o n  v e l o c i t y  u*. One would 
expec t ,  t h e r e f o r e ,  t h a t  t h i s ,  r a t h e r  t h a n  U 0 , would be  the  r e l e v a n t  v e l o c i t y  s c a l e  to be  
u s e d  in m a k i n g  P( f )  d i m e n s i o n l e s s .  If t h i s  m i n o r  m o d i f i c a t i o n  i s  made ,  i t  i s  found 
t ha t  the  p o i n t s  f o r  u 0 = 1500 cm/sec a r e  r a i s e d  by  abou t  30 p e r c e n t  r e l a t i v e  to t h o s e  
fo r  u o = 6o00 cm/sec, and  t h o s e  fo r  U 0 = 3000 cm/sec by  about  15 p e r c e n t ,  b r i n g i n g  the  
t h r e e  s e t s  of r e s u l t s  in to  v e r y  c lo se  c o i n c i d e n c e  o v e r  the  f la t ,  low f r e q u e n c y  r a n g e  
and  r e m o v i n g  the  a p p a r e n t  R e y n o l d s  n u m b e r  e f f ec t  i n d i c a t e d  by Fig. 4. 

tO. M. Phillips, Proc. Roy. Soc., Jk, 234:327-335 (1956). 
~R. H. Kraichnan, J. Acoust. Soc.~,rner., 28:378-390 (1956). 
§O. M. Phillips, Talk to Acoustical Society Meeting, Washington, D. C., May, 1958. 
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