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The f low n o i s e  p r e s s u r e  p r o d u c e d  in a t u r b u l e n t  b o u n d a r y  l a y e r  is  
p r o p o r t i o n a l  to the  s q u a r e  of the f l u c t u a t i o n s  in t u r b u l e n t  v e l o c i t y ;  c o n s e -  
quen t ly ,  it is  a l so  p r o p o r t i o n a l  to the  coe f f i c i en t  of the  d r a g  and to the 
s q u a r e  of the f r e e - s t r e a m  v e l o c i t y  of the fluid. F o r  a t u r b u l e n t  b o u n d a r y  
l a y e r ,  the coe f f i c i en t  of d r a g  i s  p r a c t i c a l l y  i n d e p e n d e n t  of the R e y n o l d s  
n u m b e r  and of the s h a p e  of the body.  Th i s  p r o p e r t y  m a k e s  p o s s i b l e  a 
g e n e r a l  i n v e s t i g a t i o n  of the b o u n d a r y  l a y e r  n o i s e ,  wi thou t  c o n s i d e r a t i o n  
of the  s h a p e  of  the body.  

The f low n o i s e  t u r n s  out to c o n s i s t  of two c o m p o n e n t s ;  one be ing  
due to the o r d i n a r y  t u r b u l e n c e  in the  b o u n d a r y  l a y e r ,  the  o t h e r  due to 
the  s m a l l - s c a l e  t u r b u l e n c e  g e n e r a t e d  by the s u r f a c e  r o u g h n e s s e s .  At 
h i g h e r  f r e q u e n c i e s ,  the r e g u l a r  b o u n d a r y  l a y e r  n o i s e  s e e m s  to i n c r e a s e  
a t a  r a t e  of 18 db, the r o u g h n e s s  n o i s e  a t a  r a t e  of 18 to 35 db p e r  s p e e d  
oc t ave  a c c o r d i n g  to the d e n s i t y  of the  r o u g h n e s s e s .  F o r  p l a in ly  m a c h i n e d  
surfaces, roughness noise and boundary layer noise are equal at a fre- 
quency of 20 kc at about a speed of 20 knots. At higher speeds the rough- 
ness noise predominates overthe boundarylayer noise. If the diameter 
of the receivinghydrophone is halved, its flow noise sensitivity increases 
by approximately 12 db. A hydrophone mounted in the stagnation region 
of a streamlined body reads less flow noise at higher frequencies but 
more flow noise at lower frequencies than one mounted flush with the 
side walls of a streamlined body. 

INTRODUC TION 

Acoustic communicat ion through the water medium is  greatly handicapped by the 
noise  produced by the moving vehic le  and its machinery.  At low speeds ,  the machinery 
noise  s e e m s  to predominate over all  other disturbances.  But as the speed increases ,  
the flow noise  becomes  greater until f inally,  at very high speeds ,  it s e e m s  to mask  
all  other components of noise.  The flow noise s e e m s  to be generated mainly in the 
boundary layer and in a turbulent boundary sublayer of the moving vehicle .  The 
paper represents  a f irst  attempt to investigate theoret ical ly  and experimental ly  the 
component of f low noise  produced by the surface roughnesses  and the turbulence in 
the boundary layer of a body moving in water. 

7 5  



E. Skudrzyk and G. Haddle 

EXPERIMENTAL EQUIPMENT 

To ensure well-defined experimental conditions, a boundary layer of constant 
thickness had to be generated. This regularity could be obtained with a rotating 
cylinder. There were reasons to believe that the finite length of the cylinder had 
little effect on the inner part of the boundary layer, which is known to be responsible 
for most of the flow noise, and that the results could be generalized later for any 
other curved surfaces. 

The first experiments were made in the Ordnance Research Laboratory. It was 
certain that the properties of the cylinder walls would play an active part in the 
experiments. The fluctuating pressure could be expected to excite resonant modes; 
and the resonating modes would, in turn, excite the sound receiver, whether it was 
attached tothe shell or placed far awayfrom it. This complex behavior tobe expected 
in any practical situation was the reason for leaving purely theoretical ground, for 
using the same hydrophones as are used with some tu-service torpedoes, and for 
making up a cylinder of I/8-inch steel, lq.9 inches outer diameter, and 24 inches 
long, with aluminum domes fastened on each end. The overall length was 49.-3/4 
inches (Fig. I). It was driven by an ll.5-hp motor utilizing V-belts. Figure 9 shows 
the cylinder mounted in the acoustic water tank wherein all the measurements were 
taken. The sound receivers were two magnetostrictive hydrophones, one 2.5 inches 
in diameter, the other 5 inches in diameter. The hydrophones were mounted 180 
degrees apart at the midpoint on the inside wall. Figure 3 shows the frequency 
responses of these hydrophones. The external-noise measurements were made with 
a similar receiver, a 24.5-kc hydrophone located one yard from the surface of the 
cylinder and at the same depth as the center of the cylinder. 

The machinery noise is very small at high frequencies (as can be deduced from 
the curves for a smooth metal surface) - to be discussed later. The background noise 
may therefore be attributed to the structure-borne noise transmitted into the water 
tank, and to the thermal-noise level of the transducers. For small speeds the noise 
level equals the background noise level (-80 db below I dyne). 

Other equipment was used in additional measurements performed in the Garfield 
Thomas Water Tunnel. The test section has a diameter of 48 inches. Each hydro- 
phone was made up of two barium titanate discs, one inch in diameter, each 0.2q 
inches thick. One disc was fitted with a small hole in the middle of its face, that 
served to take up the lead tothe hot electrode, whichwas at the interface between the 
two crystals. The unit was enclosed in a rigid brass box with a 1/16-inch thick 
membrane in front. Great care was taken to ensure perfect contact with the easing 
and between the crystals by using castor oil as a coupling agent. The unit was cali- 
brated at the Black Moshannon Calibration Station. On the average its sensitivity was 
the same asthe theoreticalvalue of -100 dbper bar re I volt. A second setof hydro- 
phones of similar construction had a diameter of 1/2 inch, a thickness of 0.1 inch. 
Hydrophones were also mounted at the nose and at the side of a streamlined body 
having a maximum diameter of 4-1/8 inches and a length of 20 inches. This body 
was held in position in the middle of the test section of the channel by a strut. The 
frequency analysis was performed over the bands 250 to 500 cps, 500 cps to 1 kc, 
i kc to 2kc, 2kc to 4kc, 4kc to 8kc, 8kc to 10ke, 10kc to 15kc, 20 kc to 25kc, 
30 kc to 40 kc, 60 kc to 80 kc, 80 kc to 100 kc, except for the results plotted in Fig. 
16, which were obtained by a 5-cycle-band analysis. 

THE V E L O C I T Y  DISTRIBUTION NEAR THE R O T A T I N G  CYLINDER AND 
IN THE T E S T  SECTION OF THE G A R F I E L D  THOMAS W A T E R  TUNNEL 

The  p r e s s u r e  d i s t r i b u t i o n  in the  b o u n d a r y  l a y e r  of the  r o t a t i n g  c y l i n d e r  was  
m e a s u r e d  wi th  a m u l t i p l e - r a k e  m a n o m e t e r  f r o m  a d i s t a n c e  of 1 /8  i nch  to abou t  6 
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Fig. Z - Rotating cylinder and tank 

i n c h e s .  The  v e l o c i t y  d i s t r i b u t i o n  cou ld  t hen  be  computed .  The  m e a s u r e m e n t s  w e r e  
in good a g r e e m e n t  wi th  the  P r a n d t l  von  Kf i rm~n l o g a r i t h r a i c - v e l o c i t y  f o r m u l a  (1) a s  
shown in Fig.  4. F o r  the  p l a n e  of s y m m e t r y  of the  c y l i n d e r  the  fo l lowing  r e s u l t  was  
ob ta ined :  

u - u  o 
9~6- - 575  l o g l 0  960  y + 2 5 .  

Thi s  u n e x p e c t e d  r e s u l t  s e e m s  to be  due to the  f ae t  tha t  the  s h e a r  v e l o c i t y  was  v e r y  
n e a r l y  c o n s t a n t  o v e r  the  whole  b o u n d a r y  l a y e r .  I t  v a r i e d  on ly  by a f a c t o r  of two f r o m  
the  i n n e r m o s t  p a r t  of the  b o u n d a r y  l a y e r  to the  r e g i o n s  a few i n c h e s  d i s t a n t  f r o m  the  
s u r f a c e  of t he  c y l i n d e r .  T h i s  cou ld  be  deduced  f r o m  the  d r a g  m e a s u r e m e n t s  p u b l i s h e d  
by  T h e o r d o r s e n  (2) and  the  v a l u e  d e t e r m i n e d  f r o m  the  r e s u l t s  r e p r e s e n t e d  in Fig.  4. 
A g r a p h  of the  t i m e  v a r i 2 t i o n  of the  p r e s s u r e  d i s t r i b u t i o n  (Fig.  5) p r o v e d  tha t  t h e r e  
was  p r a e t i c a l l y  n o t i m e  l a p s e  b e t w e e n  the  s u r f a c e  s p e e d  of the  c y l i n d e r  and  t h e b u i l d -  
ing up of the  i n n e r  r e g i o n s  of t he  b o u n d a r y  l a y e r .  

The  v e l o c i t y  d i s t r i b u t i o n  o v e r  the  m a j o r  p a r t  of the  c r o s s  s e c t i o n  of the  t unne l  
was  u n i f o r m .  F i g u r e  6 shows  the  v a r i a t i o n  of the  ve loc i t y  o v e r  the  b o u n d a r y  l a y e r  
a t  s e c t i o n s  10 fee t  f r o m  the  f r o n t  end of the  t e s t  s e e t i o n .  

DERIVATION OF THE THEORY ON THE 
BASIS OF THE E X P E R I M E N T A L  R E S U L T S  

W h e n e v e r  the  Reyno lds  n u m b e r  of f low e x c e e d s  a l i m i t i n g  v a l u e , t h e  f l o w b e c o m e s  
u n s t a b l e  and  t u r b u l e n t .  T h i s  i n s t a b i l i t y  i s  c a u s e d  by  a p r e d o m i n a n c e  of t he  k ine t i c  
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N o i s e  P r o d u c t i o n  in  a T u r b u l e n t  B o u n d a r y  L a y e r  
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f o r c e s  o v e r  the  v i s c o u s  f o r c e s .  The  k i n e t i c  f o r c e s  s u c h  a s  t he  Kut t a  J o n k o v s k y  l i f t  
and  the  C o r i o l i s  f o r c e  a r e  a l l  p r o p o r t i o n a l  to  t he  s q u a r e  of the  v e l o c i t y ,  w h e r e a s  the  
f r i c t i o n a l  f o r c e s  i n c r e a s e  wi th  on ly  t he  f i r s t  p o w e r  of the  v e l o c i t y .  At  s m a l l  R e y n o l d s  
n u m b e r s ,  t he  v e l o c i t y  v i s  l a r g e  in  c o m p a r i s o n  to v 2 and  f r i c t i o n  g o v e r n s  t he  mo t ion .  
Any d i s t u r b a n c e  in  t he  v e l o c i t y  f i e ld  t h e r e f o r e  d e c r e a s e s  r a p i d l y  to z e r o .  At  h igh  
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s p e e d s ,  v 2 i s  g r e a t e r  t h a n  v,  and  t he  
k i n e t i c  f o r c e s  d e t e r m i n e  t he  flow. 
F r i c t i o n  t h e n  b e c o m e s  a l m o s t  
e n t i r e l y  n e g l i g i b l e  and  the  f lu id  
b e h a v e s  s i m i l a r  to  an  i d e a l  ga s  o r  
to  a c o l l e c t i o n  of i dea l  e l a s t i c  b a l l s .  
A d i s t u r b a n c e  i n t r o d u c e d  in to  the  
f low no l o n g e r  d e c r e a s e s  bu t  p e r -  
s i s t s  o r  even  i n c r e a s e s  w i th  t i m e ,  
b e c a u s e  of t he  p r o d u c t i o n  of m e c h a n -  
i c a l  e n e r g y  by  t he  s u r f a c e  d r a g .  

The  R e y n o l d s  n u m b e r  fo r  wh ich  
t he  k i n e t i c  f o r c e s  b e c o m e  l a r g e r  
t h a n  t he  v i s c o u s  f o r c e s  c a n  b e  
c r u d e l y  e s t i m a t e d .  If we i den t i fy  
t he  d i s t u r b a n c e s  wi th  a c y l i n d r i c a l  
o r ,  b e t t e r ,  a s p h e r i c a l  p a r t i c l e ,  a 
v a l u e  of 50 to 100 i s  o b t a i n e d ,  which  
a g r e e s  we l l  w i th  the  e x p e r i m e n t a l  
v a l u e  60 o b s e r v e d  fo r  t he  g e n e r a t i o n  
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Noise Produc t ion  in a Turbulent  Boundary Layer  

of t u rbu lence  in a wake. The co r r e spond ing  Reynolds number  for the onse t  of tu rbu-  
l ence  in the  boundary  l aye r  of the r ig id  body is  a t  l e a s t  40 t i m e s  as  la rge .  This  
s ign i f ies  tha t  the tu rbu lence  in the  boundary  l aye r  of a r ig id  body is  comple te ly  dif-  
f e r en t  in na tu re  f rom the tu rbu lence  in a wake. This  fact  may be i n t e r p r e t e d  as  fol-  
lows: Because  of the  a t t r a c t i v e  fo rces  exer ted  by the  wall  and the  i n c r e a s e d  in t e rna l  
f r i c t ion  owing to the  p rox imi ty  of the  wall ,  tu rbu lence  i s  much h a r d e r  to s t a r t .  
Recen t  r e s e a r c h  (3)shows that  tu rbu lence  is  in i t ia ted  by a phenomenon that  i s  s i m i l a r  
to a s e r i e s  of i n t e rna l  explosions  of the  fluid. But the momen t  tu rbulen t  pa tches  or  
vo r t i c e s  have been  fo rmed ,  they p o s s e s s  so much  kinet ic  energy that  they may s p l i t  
up into s m a l l e r  and s m a l l e r  ones of l e s s  than 1/50th  of the or ig ina l  d i ame te r ;  and a l l  
t he se  pa tches  or  vo r t i c e s  will  s t i l l  p o s s e s s  suff ic ient  energy  to have an apprec i ab le  
l i f e t ime  ahead of them.  The d i a m e t e r s  of the  vo r t i ce s  in the boundary  l aye r  of a 
r ig id  body t h e r e f o r e  va ry  between a d i a m e t e r  equal to the th ickness  of the boundary 
l aye r  and a d i a m e t e r  at  l e a s t 4 0  t i m e s  s m a l l e r ;  and the s p a c e - w a v e - n u m b e r  s p e c t r u m  
of th i s  tu rbu lence  is  cont inuously d i s t r ibu ted  over  a f a i r ly  l a rge  volume in w a v e - n u m b e r  
space .  Under  th is  condit ion,  equi l ib r ium laws such  as  the Kolmogorov laws (see 
Appendix A) for  homogeneous tu rbu lence  may be expected to apply. In fact ,  it is  pos-  
s ib le  to e s t i m a t e  the  r o o t - m e a n - s q u a r e  veloci ty  f luctuat ion of the tu rbu lence  on the 
b a s i s  of th i s  law, the r e s u l t  having at  l e a s t  the s ame  o rde r  of magni tude as  the 
m e a s u r e d  values .  Kra ichnan  (4a) has  r ecen t ly  improved  the Kolmogorov theory  on 
the  bas i s  of s t a t i s t i c a l  m e c h a n i c s  and has  de r ived  a s l ight ly  d i f fe rent  w a v e - n u m b e r  
dependency.  

The ve loc i ty  f luctuat ions  caused  by the tu rbulen t  pa tches  i n c r e a s e  the  t r a n s p o r -  
ta t ion  of momen tum and genera te  the  drag.  Our f i r s t  t ask  is  to compute the magni tude  
of the ve loc i ty  f luctuat ions ,  a s s u m i n g  the d rag  to be known. This  computa t ion can be 
p e r f o r m e d  in two d i f fe rent  ways. We may s t a r t  with the  Stokes Navie r  equations.  If 
the  mean  va lues  of the components  of the veloci ty  a r e  denoted by Uo, Vo, Wo, and the 
f luctuat ing veloci ty  components  a r e  denoted by u ' ,  v ' ,  w', th is  equation becomes  

%--~ (~  + pv '  2) : ~-y  k ' - - ~ - y  - p u ' - ~  

The exp re s s ion  in the p a r e n t h e s e s  on the  r i gh t -hand  s ide  r e p r e s e n t s  the drag.  Outside 
the  l a m i n a r  sub laye r ,  the f i r s t  t e r m ~  ~Uo/~y is  negl igible;  and the drag  b eco mes  

9- = pU' V' . 

The second method is  based  on the gas -k ine t i c  cons ide ra t ions .  Since f r i c t ion  is  
negl igible  at  high.Reynolds n u m b e r s ,  comput ing the d rag  in a s i m i l a r  m a n n e r  is p e r -  
m i s s i b l e ,  as  the v i scous  fo rce  is  gas -k ine t i c s .  The above exp re s s ion  is then 
re -ob ta ined .  If the  flow is homogeneous ,  u' and v '  a r e  the  same;  but the tu rbu lence  
in the boundary  l aye r  is  not homogeneous.  We may,  however ,  define an effect ive 
veloci ty  by the equation 

V ~'2 = U I V I . 

This  veloci ty  v* r e p r e s e n t s  the geomet r i c  ave rage  of the  f luctuat ing v e l o c i t i e s , i n  the 
d i rec t ion  of the flow and pe rpend icu la r  to the wall in the i n n e r m o s t  pa r t  of the t u r -  
bulent  boundary  l aye r  at  a d i s tance  f rom the wall,  where  the  v iscous  fo rces  jus t  
become  negl igible .  According  t o t h e  c l a s s i c a l  P rand t l  theory  of tu rbu lence ,  v* should 
be p rac t i ca l l y  constant ;  accord ing  to the von K~rm{tn theory ,  v .2 should d e c r e a s e  
p ropor t iona l ly  to the  d i s tance  f rom the l a m i n a r  sub laye r  to ze ro  at  the outer  l imi t  
of the  boundary  l aye r ,  an a s sumpt ion  that  a g r e e s  well  with L a u f e r ' s  (7) m e a s u r e m e n t s .  
The magni tude  of v* d e t e r m i n e s  the s h e a r  fo rce  nea r  the wall,  the so -ca l l ed  su r f ace  
drag;  i t  is  known as  the s h e a r  velocity.  
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The s u r f a c e  d r a g  has  been thoroughly  s tudied for  p ipes  (1,5) and channe l s  (1,6) as  
wel l  a s  for  f la t  p l a t e s  (1,6) and ro ta t ing  c y l i n d e r s  (2). The e x p e r i m e n t a l  r e s u l t s  show 
that  the s u r f a c e  d r a g  is  a p p r o x i m a t e l y  p ropo r t i ona l  to the s q u a r e  of the f r e e - s t r e a m  
ve loc i t y  u o . The s u r f a c e  d r a g  can t h e r e f o r e  be e x p r e s s e d  as  the p roduc t  of the coe f f i -  
c ien t  of d r a g  c D and the s q u a r e  of the f r e e - s t r e a m  ve loc i ty :  

1 -r = C D • _--pv .2 2 

p denot ing the dens i ty  of the fluid.  

This  coe f f i c i en t  of d rag  p r o v e s  to be p r a c t i c a l l y  a cons tan t  and to be  equal  to 
3 x 10-3 w h e n e v e r  the f low is  turbulent .  It changes  by only a f ac to r  of 3 when the 
ve loc i t y  i s  changed by as  m u c h  as  a f ac to r  of 5000 (Ref. 1). Since this  s u r f a c e  d r a g  
is  g e n e r a t e d  in the inner  pa r t  of the boundary  l a y e r ,  we m a y  expec t  that  i t  wi l l  not 
g r ea t l y  depend on the  c u r v a t u r e  of the s u r f a c e  nor  on the s i z e  of the body that  g e n e r -  
a ted  it. Th is  conc lus ion  has  been  v e r i f i e d  by T h e o d o r s e n  (2) for  a s e r i e s  of ro ta t ing  
cy l inde r s .  The  r a t i o  of the height  to the d i a m e t e r  has  been v a r i e d  by as  much  a s  a 
f ac to r  of 20. N e v e r t h e l e s s ,  a l l  the m e a s u r e d  points  s e e m  to l ie  on the s a m e  c u r v e  
(Fig.  7). We m a y  t h e r e f o r e  a s s u m e  that  the coe f f i c i en t  of d r a g  is  independent  of the  
c u r v a t u r e  and of the s i z e  and shape  of the body. This  approach  m e a n s  a c o n s i d e r a b l e  
s i m p l i f i c a t i o n  in the s tudy of f low noise .  

The  f luc tua t ing  ve loc i t y  v* can  be computed  by equat ing the t h e o r e t i c a l  and 
e x p e r i m e n t a l  r e s u l t s .  

1 p u o  2 = I S . 1 0 - 4  pUo 2 o r  v* p v  . 2  =--~-C B = 0 . 0 4  u o .  

The e f fec t ive  ve loc i t y  then t u rn s  out to be v e r y  n e a r l y  equal  to 4 p e r c e n t  of the f r e e -  
s t r e a m  ve loc i ty .  

Th is  r e s u l t  is  in good a g r e e m e n t  with L a u f e r ' s  channel  m e a s u r e m e n t s  (7). The  
s h e a r  ve loc i ty  r e a c h e s  4 p e r c e n t  at  the ou t s ide  of the l a m i n a r  sub l aye r ,  and then 
d e c r e a s e s  l i n e a r l y  with the d i s t ance  unti l  i t  b e c o m e s  z e r o  at the ou te r  s ide  of the  
boundary  l aye r .  L a u f e r ' s  m e a s u r e m e n t s  a l so  show that  u' i s  about 8 p e r c e n t  of Uo, 
and v '  s l i g h t l y l e s s  than 4 p e r c e n t  of Uo; bec ause  of the i m p e r f e c t  c o r r e l a t i o n b e t w e e n  
t h e s e  two, u, v, is  only 4 p e r c e n t  of Uo. 

The next  t a sk  is  to d e r i v e  the connec t ion  be tween  the  f luc tua t ing  ve loc i t y  v* and 
the p r e s s u r e  at  a point  in the boundary  l aye r .  The  boundary  l a y e r  is  usua l ly  thin and 
the  s c a l e  of the t u rbu l ence  we a r e  i n t e r e s t e d  in s m a l l  in c o m p a r i s o n  to the  acous t i c  
wavelength .  B e c a u s e  of th is  fact  the p r e s s u r e  f luc tua t ions  in the boundary  l a y e r  wi l l  
be pr imar i ly~kine t ic .  They a r e  g e n e r a t e d  by the cen t r i fuga l  and s i m i l a r  f o r c e s  of the  
ro ta t ing  v o r t i c e s ;  they r e p r e s e n t  the n e a r  f ie ld  of the dipole ,  quadrupole ,  and oc tupole  
s o u r c e s  that  m a t h e m a t i c a l l y  d e s c r i b e  the tu rbu lence .  To d i s t ingu ish  t he se  p r e s s u r e  
f luc tua t ions  f r o m  a t rue  sound f ie ld ,  they a r e  usua l ly  s u m m a r i z e d  under  the n a m e  
quas i  sound. In add i t ion to  this  quas i  sound,  t r u e  sound that  is  r ad ia t ed  off to g r e a t e r  
d i s t ance  is  p roduced  b e c a u s e  of the uns t ead ines s  of the  flow. But th is  t r u e  sound 
s e e m s  to be  neg l ig ib le  in the boundary  l a y e r  in c o m p a r i s o n  to the in t e rna l  n e a r  f ie ld  
g e n e r a t e d  by the ro ta t ing  v o r t i c e s .  Th is  fact  m a k e s  it  poss ib l e  to e s t ab l i sh  the con-  
nec t ion  be tween  the f luc tua t ing  v e l o c i t y  and the  sound p r e s s u r e  by an equat ion of the  
type of the B e r n o u l l i  equat ion (Appendix B) with a s l igh t ly  modi f i ed  cons tan t  

p = ct,Ov . 2  , 
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E. Skudrzyk  and G. Haddle  

w h e r e  ~ i s  a c o n s t a n t  of the  o r d e r  of m a g n i t u d e  one.  T h i s  q u a s i  s o u n d p r e s s u r e  would 
be  a c t u a l l y  m e a s u r e d ,  if  t he  sound  r e c e i v e r  w e r e  i n f i n i t e l y  s m a l l .  

A r e c e i v e r  of f in i t e  s i z e  m e a s u r e s  t he  a v e r a g e  v a l u e  of the  p r e s s u r e  o v e r  i t s  
s e n s i t i v e  a r e a .  T h i s  a v e r a g e  v a l u e  i s  t he  s m a l l e r ,  t he  l a r g e r  t he  a r e a ,  s i n c e  t he  
p r e s s u r e  m a x i m a  and  m i n i m a  c o m p e n s a t e  one  a n o t h e r .  If the  h y d r o p h o n e  a r e a  i s  
v e r y  l a r g e  in c o m p a r i s o n  to the  s c a l e  of the  t u r b u l e n c e ,  the  a v e r a g e  q u a s i  s o u n d p r e s -  
s u r e  wil l  be  v e r y  s m a l l ,  and  t he  h y d r o p h o n e  r e a d i n g  wi l l  be  m a i n l y  d e t e r m i n e d  by  t he  
t r u e  r a d i a t i o n  f i e ld  g e n e r a t e d  in the  whole  s p a c e  t h a t  s u r r o u n d s  t he  hyd rophone .  T h e  
above  f o r m u l a  wi l l  t hen  no l o n g e r  apply.  

L e t  u s  c o n s i d e r  a p r a c t i c a l  c a s e ,  s u c h  a s  a Vehic le  t r a v e l i n g  wi th  a v e l o c i t y  of 
20 kno t s  o r  10 m e t e r s  p e r  s e c o n d .  T he  e f f e c t i v e  f l u c t u a t i n g  v e l o c i t y  would be  40 
c e n t i m e t e r s ,  and  the  n o i s e  p r e s s u r e  a s  g iven  by  the  a b o v e  equa t i on  would be  1600 
d y n e s / c m  2. T h i s  r e s u l t  i s  v e r y  i n t e r e s t i n g ,  bu t  i t  does  not  ye t  g ive  any  i n f o r m a t i o n  
abou t  the  f low n o i s e  a c t u a l l y  p r o d u c e d  by  t he  m o v i n g  body.  T h e  f r e q u e n c y  s p e c t r u m  
i s  s t i l l  unknown.  The  f low n o i s e  s p e c t r u m  m a y  be  c e n t e r e d  a t  e x t r e m e l y  low f r e -  
q u e n c i e s  and  be  i n a u d i b l e ,  o r  m a y  be  in  the  aud ib l e  o r  s u p e r s o n i c  r a n g e .  

F i r s t  of a l l ,  we h a v e  to  f ind t he  c o n n e c t i o n  b e t w e e n  the  f r e q u e n c y  s p e c t r u m  of 
the  n o i s e  p r e s s u r e  and  the  s c a l e  of t he  t u r b u l e n c e .  We m a y  iden t i fy  t he  p a t c h e s  wi th  
t he  m a x i m a  and  m i n i m a  in a p r o g r e s s i v e  wave  t h a t  m o v e s  wi th  t he  l o c a l  m e a n  s p e e d  
u of the  f low a long  t he  s u r f a c e  of the  r e c e i v i n g h y d r o p h o n e .  T h i s  l o c a l  s p e e d  ~ v a r i e s  
a c c o r d i n g  to how f a r  away  f r o m  the  l a m i n a r  s u b l a y e r  the  p a t c h e s  a r e  b e t w e e n  u ° and  
v*. The  p r e s s u r e  f l u c t u a t i o n s  a s  r e c o r d e d  by  the  h y d r o p h o n e  wi l l  t h e n  h a v e  a 
f r e q u e n c y  

f = fi/5 . 

w h e r e  ~ i s  the  d i s t a n c e  b e t w e e n  s u c c e s s i v e  v o r t i c e s  o r  i s  the  s c a l e  ( the e f f e c t i v e  
d i a m e t e r )  of the  t u r b u l e n t  p a t c h e s .  F o r  l o w - f r e q u e n c y  n o i s e ,  t h i s  l o c a l  v e l o c i t y  5 wi l l  
h a v e  to be  a s s u m e d  to be  r o u g h l y  equa l  to  the  f r e e - s t r e a m  v e l o c i t y  of t he  f luid.  

T h e r e  a r e  two p o s s i b l e  ways  to c o m p u t e  the  f r e q u e n c y  s p e c t r u m  of t he  f low n o i s e .  
K r a i c h n a n  (4c) a s s u m e d  a G a u s s i a n  c o r r e l a t i o n  func t ion  fo r  t he  v e l o c i t y  c o r r e l a t i o n ,  
h i s  s u p p o s i t i o n  b e i n g  e q u i v a l e n t  to  a s s u m i n g  a G a u s s l a n  e n e r g y  s p e c t r u m  of t he  t u r -  
bu l ence .  The  p r e s s u r e  s p e c t r u m  i s  t h e n  d e r i v e d  by  a s e r i e s  of i n t e g r a t i o n s .  The  
r e s u l t  s t i l l  r e s e m b l e s  a G a u s s l a n  s p e c t r a l  d i s t r i b u t i o n  in i t s  s h a r p  cu tof f  a t  f r e -  
q u e n c i e s  a b o v e  a l i m i t i n g  f r e q u e n c y  r e p r e s e n t e d  by  

f = Uo/8 , 

w h e r e  $ i s  the  t h i c k n e s s  of the  b o u n d a r y  l a y e r .  If we s u b s t i t u t e  n u m e r i c a l  v a l u e s  and  
a s s u m e  a s p e e d  of 20 k n o t s  o r  10 m e t e r s  p e r  s e c o n d  and  a t h i c k n e s s  of 1 c e n t i m e t e r  
fo r  the  b o u n d a r y  l a y e r ,  t h i s  f r e q u e n c y  wi l l  be  1 kc .  

The  s e c o n d  p r o c e d u r e  i s  a s  fo l lows:  We m a y  d iv ide  t he  s p e c t r u m  in to  a l ow-  
f r e q u e n c y  s p e c t r u m  and  a h i g h - f r e q u e n c y  s p e c t r u m .  F o r  t he  d e r i v a t i o n  of t he  l ow-  
f r e q u e n c y  s p e c t r u m ,  the  p a t c h  of t u r b u l e n c e  m a y  be  c o n s i d e r e d  a s  e q u i v a l e n t  to  a 
p u l s e  of a wid th  equa l  to  the  d i a m e t e r  of t h i s  pa tch .  If we a s s u m e  t h i s  d i a m e t e r  t o  
be  r o u g h l y  e q u a l  to the  t h i c k n e s s  of the  b o u n d a r y  l a y e r ,  t he  s p e c t r u m  t h e n  t u r n s  ou t  to  be  
c o n s t a n t  up to a s p a c e  w a v e l e n g t h  equa l  to the  d i a m e t e r  of the  p a t c h  o r  to the  t h i c k n e s s  of 
the  b o u n d a r y  l a y e r .  F r o m  t h e r e  on i t  d e c r e a s e s  a s  ( s i n  x ) / x .  F o r  t he  d e r i v a t i o n  of the  
h i g h - f r e q u e n c y  p a r t  of the  s p e c t r u m ,  the  d e t a i l s  a r e  f u r n i s h e d  a t  l e a s t  a p p r o x i m a t e l y  by  
the  e q u i l i b r i u m  laws  of t u r b u l e n c e .  T he  K o l m o g o r o v  law,  fo r  i n s t a n c e ,  p r e d i c t s  t h a t  
a t  h igh  f r e q u e n c i e s  the  e n e r g y  s p e c t r u m  d e c r e a s e s  i n v e r s e l y  a s  t he  3 /2  p o w e r  of 
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the space wavelength. The spec t ra l  density of the turbulence noise may thus be 
expected to be approximately constant at lower f r equenc ies  up to the frequency uo/$ 
determined by the rat io  of the f r e e - s t r e a m  veloci ty  to the thickness of the boundary 
layer .  F rom there  on, it may be expected to dec rease  approximately inverse ly  as 
the 3/2 power of the scale  of the turbulence or  the space-wave number . ,  

F igure  8 shows some measuremen t s  pe r fo rmed  in the Garfield Thomas Water 
Tunnel at State College. The method used in making these measurements  will be 
descr ibed  la ter .  The noise level  is shown as a function of frequency for s eve ra l  flow 
speeds. Up to a cer ta in  frequency, which in this par t icular  case  should be about 400 
cycles  per  second, the noise level  should be constant; and f rom there  on should 
approximately dec rease  inverse ly  as the 5/3 power of the frequency. 

The exper imental  resu l t s  show that we must  distinguish between two types of 
flow noise. The f i r s t  type is the one we just  discussed:  it is the flow noise produced 
by the veloci ty  fluctuation in the turbulent boundary layer  that has been studied 
thoroughly, in great  detai l ,and very  ingeniously by R. H. Kraichnan (4b). M. Harr ison 
(8) ver i f ied  the predict ions of the Kraichnan theory exper imental ly  in a i r -channel  
flow and proved that the assumptions in Kraichnan 's  work are  indeed very  
reasonable.  

The second component of flow noise is produced by the surface  roughness.  With 
an increas ing  speed of flow, the laminar  boundary layer  becomes continuously 
thinner.  When the veloci ty  reaches  a cer ta in  value, the roughnesses become g rea te r  
than the thickness of the laminar  boundary sublayer  and penetrate  the laminar  boundary 
sublayer.  They thenbecomecapab l eo f shedd ingvor t i c e s  or of producing a v o n  FArm~n 
vor tex  s t r ee t  (9). The vor t ices  generated this way inc rease  the surface  drag and 
c rea te  a turbulent sublayer on top of the laminar  boundary sublayer.  Because of its 
smal l  sca le  and its great  energy content, this turbulence may be expected to c rea te  
a high noise level  with an essent ia l ly  high-frequency spectrum.  Before going more  
into detail  ~, let  us prove that this "roughness noise"  does indeed exist.  F igure  9 shows 
measurements  that have been per formed  with the aid of a rotating cylinder 42 inches 
high and about 23 inches in d iameter ,  and with a microphone mounted flush with the 
wall of the cylinder.  The absc issa  in this f igure r ep resen t s  the surface  veloci ty of the 
cylinder;  the ordinate r ep resen t s  the noise level.  Let us f i r s t  concentrate  on the 
measuremen t s  per formed with a smooth painted cylinder surface,  a surface as smooth 
as possible.  Until the speed exceeds a cer ta in  value, the noise level  is that of the 
ambient noise; f rom there  on, it inc reases  at a ra te  of roughly 18 db per  speed 
oc tave ,as  for t rue  boundary layer  noise. Now let  us consider  a second measurement  
that has been per formed under the same conditions except that the surface of the 
cylinder has been roughened (grit 180). The noise level  now exceeds that of the 
ambient noise at a much slower speed than in the previous case.  For the same 
veloci t ies  the flow noise produced by the rough surface  is 20 to 50 db g rea te r  than 
that produced by the smooth painted surface.  Since nothing else has been changed, 
this g rea te r  noise must  be attr ibuted to the effect of the surface  roughnesses .  There  
is thus no doubt that roughnesses generate  flow noise. 

The effect of sur face  roughnesses  on the drag has been thoroughly studied in the 
l i t e ra tu re  for flat plates (1), pipes (1,5,6), and a rotating cylinder (2). The resu l t s  a re  
always the same.  Whenever the surface  roughnesses  penetra te  the laminar  boundary 
sublayer ,  they increase  the surface  drag. The theory shows that the roughnesses 

*It can be shown that the high-frequency part  of the spectrum of the squared function 
is approximately proportional to the spectrum of the original function at half the 
frequency, if the latter is a randornlyvarying statisticalfunction, and that it is accu- 
rately proportional to it, if the original function has a Kolmogorov-type spectrum. 
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E .  S k u d r z y k  a n d  G .  H a d d l e  

become l a rge r  than the thickness of the boundary sublayer  if the i r  Reynolds number 
becomes g rea te r  than 5: 

hv • 
S<- -  T . 

The veloci ty in the immedia te  vicini ty of the l aminar  sublayer  is approximately  equal 
to the shear  velocity.  The above Reynolds number had there fore  to be formed with 
the height of the roughnesses  and the shear  velocity.  

With the aid of the previous r e su l t s ,  the above Reynolds number of 5 can be 
expressed  as a function of the f r e e - s t r e a m  velocity.  The roughnesses  a re  then found 
to become effective when the speed is g rea te r  than the c r i t i ca l  value given by 

V c r l t  = 1 0 - 2 / h  ( k n o t s ) ,  

where h is the height of the roughnesses  in inches.  An analogous condition can be 
der ived for the shedding of vor t i ces  by roughnesses  in a nonturbulent boundary layer ;  
the Reynolds number then has to be formed,  with the height of the roughnesses  and 
the laminar  veloci ty  at a distance h f rom thewal ls .  This Reynolds number inc reases  
toward the stagnation point, as  would be expected because of the g rea te r  veloci ty  
gradients.  For  roughnesses  of 10-2 inch and a distance f rom the edge of the body 
g rea t e r  than a f ewcen t ime te r s  numer ica l ly ,  ve ry  nea r ly the  same resu l t s  a r e  der ived 
for the roughness noise; and it should make l i t t le  di f ference whether the bulk of the 
boundary layer  is turbulent or  laminar .  However,  the regular  boundary layer  noise 
will  not be generated in the stagnation region because of its predominant  laminar  
nature.  It is hard to predict  the reduction of flow noise tha t  could be expected in such 
a case  because flow noise will  a l sobe  radiated back f rom the other par ts  of the mov-  
ing surface  into the stagnated area.  

F igure  10 i l lus t ra tes  the above resu l t s  for rotat ing cyl inders  covered  with rough- 
ness  of var ious  grain s izes .  Whenever the Reynolds number of the roughnesses  
exceeds 5, the drag becomes g rea t e r  than that for a smooth surface.  The speed at 
which these inc reases  a re  observed is thus a function of the height of the roughnesses  
only, but the magnitude of the inc rease  of the drag  is a function of the density of the 
roughnesses .  This is i l lus t ra ted  in Fig. 11, which r ep re sen t s  measuremen t s  where 
the density of the roughnesses  has been var ied.  

The noise p r e s s u r e  has been shown to be proport ional  to the drag. The inc rease  
in drag because of the s m a l l - s c a l e  sur face  roughnesses  may the re fore  be expected 
to show up in a corresponding inc rease  of high-frequency flow noise. That this 
assumption is essent ia l ly  c o r r e c t  is i l lus t ra ted  in Fig. 9. No flow noise can be 
observed at l e s s e r  speeds.  At the c r i t i ca l  Reynolds number,  flow noise may be 
expected to be generated,  but the intensity of this noise is s t i l l  so smal l  that it is 
completely  masked by the ambient noise. F rom a cer ta in  speed onwards,  a speed 
that depends on the s ize  and density distr ibution of the surface  roughnesses ,  the level  
of the flow noise exceeds that of the ambient noise;  it inc reases  at a ra te  of 18 to 35 
db per speed octave,  according to whether the sur face  is rough or  smooth. 

For  gr i t  180, 80 percent  of the pa r t i c l e s  have a height of about 5 × 10 -3 inch. 
The c r i t i ca l  speed is the re fore  2 knots or  1.08 m / s e c .  If we extrapolate the curve 
for this kind of gr i t  down to a speed of 2 knots, f rom whence the roughnesses  would 
be expected to become acoust ical ly  effect ive,  the noise level  turns out to be -158 db. 
This value may be considered as the equivalent of ze ro  flow noise level  for the con- 
dition of the experiment.  The other curves  should then in te rsec t  with the "ze ro  flow 

88 



- . 4  

- .8  

-L~  

oo (3 
"~ - L G  

-2.Q 

-2 .4  

-2~6 

o 

\°  

Lom,nclr  flow," 

co=-  

l lcy/'nd   
Symbol Diam. Leng th  S a n d  e / a  - 

(/n.) (in.) 
o //'e. 6 40 mesh 0.08 
+ I 1 2  40meeh  .03 -- 

x I IP- .  I O O m e ~ h  . 0 1 ~  
a 6 3 3 ,  gO m ~..~h . 0 0 5  - -  
v 6 33. /00 mesh .002 

i i 

o 

. ~ .  ¢%( 

\ 
\ A 6 ~ e  

x ~ v  v - v 

! I I i I "" ~ " " "  " " " -  
T u r b u l e n t  flow fo r  smoo?h cy l /nde.r~,  ........ ~ - 

/.0 /.4 L8 2.2 2.6 3.0 3.4 3.8 4.2 4.6 5.0 5.4 5.8 
L og,o R 

Fig .  10 - E f fec t  of s u r f a c e  r o u g h n e s s ,  o r  g r a i n  s i ze ,  on the d r a g  c o e f f i c i e n t  in the c a s e  of s a t u r a t i o n  d e n s i t y  of p a r t i c l e s  
( F r o m  Ref .  Z) 

6.2 

Z 
0 

0 

t% 

0 

m 

=, 

o 

m 

p; 



2 

~3 

0 

- . 4  

~ 8  

- / 2  

- / .6 '  

-2 .0  

\ 
\ 

\ 
\ 

\ 

\ 
\ 

( 0  

\ \ ' , , .  

.8 L2 L6' 2.0 2.4 -°8 

oi LL! 
+ 90- 
x 310 '  gr-ot'ns o f  40-mesh - -  
a 730 5ond  p e r  sq  in. 
o 2200:  

i I 

av ~ o...O.. 09o 
x ~  ,., 

,. .1 ~'~ i~m'~ I = .  x;~.~, 

• ~ 
~ "... T(Jrbulenf f l ow f o r  5moolh cy l i nde rs ,  ~ ~ 

= - Q 6  4071Og,o Rq-~, 

;'~°1 I I I I I 
3 2  3 6  4.0 4.4 4 8  5 2  ~6 60  

LogjoR 

F i g .  11 - E f f e c t  of v a r y i n g  d e n s i t y  of s u r f a c e  r o u g h n e s s  on the  d r a g  c o e f f i c i e n t  ( F r o m  Ref .  2) 

e~ 

0 



Noise  P r o d u c t i o n  in a T u r b u l e n t  B o u n d a r y  L a y e r  

n o i s e "  l e v e l  - 158 db a t  s p e e d s  equa l  to  the  c o r r e s p o n d i n g  c r i t i c a l  v a l u e s ;  and  t h i s  
i n d e e d  s e e m s  to b e  wha t  h a p p e n s  if  we a l low fo r  a s m a l l  e x p e r i m e n t a l  e r r o r  and  fo r  
the  f ac t  t h a t  t he  e n e r g y  of the  b a c k g r o u n d  and  t ha t  of the  f low n o i s e  add up to the  
r e s u l t a n t  n o i s e  l e v e l  and  c h a n g e  t he  s h a p e  of the  c u r v e s  a t  l o w e r  n o i s e  l e v e l s .  G r i t  
60 e x h i b i t s  m a x i m u m  d i m e n s i o n s  of 10 -~ inch  ( r e f i t  = 1 knot) .  The  c o r r e s p o n d i n g  
c r i t i c a l  s p e e d  i s  t h e r e f o r e  0 .54 m / s e c .  The  m e a s u r e d  l ine  i n t e r s e c t s  v e r y  n e a r l y  a t  
the  po in t  v = v c r i t  0.70 m / s e c  wi th  the  e q u i v a l e n t  z e r o  f l o w - n o i s e  l e v e l  a t  -159 db. 
F o r  a s m o o t h  m a c h i n e - p o l i s h e d  m e t a l  s u r f a c e ,  v¢ r i t = 0 .75 m / s e c  (1.5 kno ts ) .  P a i n t  
s e e m s  to  c o v e r  the  s m a l l e r  r o u g h n e s s e s  and  a p p e a r s  to  i n c r e a s e  the  l a r g e r - s i z e  
r o u g h n e s s e s  wi th  p a i n t  s t r e a k s  s o  t ha t  t he  c o r r e s p o n d i n g  v c r i t  i s  0.5 m / s e c  (1 knot) .  
The  e x t r a p o l a t i o n  of t he  m e a s u r e m e n t s  to  l e v e l s  c o n s i d e r a b l y  be low the  a m b i e n t  
n o i s e  l e v e l  i s ,  of c o u r s e ,  t h o r o u g h l y  h y p o t h e t i c a l ;  and  the  a s s u m p t i o n  of a z e r o  e f f ec -  
t i v e  o r  e q u i v a l e n t  f low n o i s e  l e v e l  i s  l i k e w i s e  t enuous .*  But  t h i s  a s s u m p t i o n  s e e m s  
to r e p r e s e n t  a w o r k i n g  a s s u m p t i o n  t h a t  i s  b o r n e  out  by  the  e x p e r i m e n t a l  r e s u l t s ,  a t  
l e a s t  a s  long  a s  no  d e t a i l e d  t h e o r y  i s  a v a i l a b l e .  

L i k e  t he  s l o p e  of the  c u r v e s  fo r  the  d r a g ,  the  s l o p e  of the  n o i s e  c u r v e s  i s  a l s o  a 
func t ion  of the  d e n s i t y  d i s t r i b u t i o n  of the  r o u g h n e s s e s .  The  n o i s e  l e v e l  i n c r e a s e s  
l i n e a r l y  w i th  the  l o g a r i t h m  of the  s p e e d  by  18 db p e r  o c t a v e  of i n c r e a s e  in s p e e d  if  
t he  s u r f a c e  i s  v e r y  s m o o t h  and  by up to "35 db p e r  o c t a v e  i n c r e a s e  in s p e e d  if  t he  
s u r f a c e  i s  rough .  The  f low n o i s e  g e n e r a t e d  by a s u r f a c e  wi th  s m a l l  bu t  d e n s e l y  d i s -  
t r i b u t e d  r o u g h n e s s e s  m a y  thus  e x c e e d  the  a m b i e n t  n o i s e  l e v e l  a t  m u c h  s l o w e r  s p e e d s  
t h a n  t h a t  g e n e r a t e d  by a s u r f a c e  wi th  l a r g e  r o u g h n e s s e s  if  t he  d e n s i t y  of the  l a r g e  
r o u g h n e s s  i s  s u f f i c i e n t l y  s m a l l .  T he  n o i s e  l e v e l s  h a v e  b e e n  m e a s u r e d  s i m u l t a n e o u s l y  
w i th  two h y d r o p h o n e s ,  one  2.5 i n c h e s  in  d i a m e t e r ,  t he  o t h e r  5 i nches .  The  r e s u l t s  
a r e  i d e n t i c a l  e x c e p t  fo r  a c o n s t a n t  d i f f e r e n c e  in l e v e l ,  the  s m a l l e r  h y d r o p h o n e  b e i n g  
m o r e  s e n s i t i v e  by  10 - 13 db (Fig.  12). T h e s e  r e s u l t s  show the  a v e r a g e  p r e s s u r e  
o v e r  t he  h y d r o p h o n e  a r e a  t h a t  d e t e r m i n e s  the  h y d r o p h o n e  r e a d i n g  and  the  c o m p e n s a -  
t ion  of t he  p r e s s u r e  m a x i m a  and  m i n i m a  o v e r  t he  a r e a  of the  hyd rophone .  Th i s  
a v e r a g e  p r e s s u r e  i s  g r e a t e r ,  t he  s m a l l e r  t he  d i a m e t e r  of the  hyd rophone .  

One of the  m o s t  p u z z l i n g  r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  w a s  the  f ac t  t ha t  the  n o i s e  
l e v e l  m e a s u r e d  wi th  a s i m i l a r  h y d r o p h o n e  ou t s i de  the  b o u n d a r y  l a y e r  a t  a d i s t a n c e  of 
one  y a r d  p r o v e d  to be  a p p r o x i m a t e l y  the  s a m e  as  t ha t  m e a s u r e d  in the  b o u n d a r y  
l a y e r  (Fig.  13). T h i s  r e s u l t  c an  be  exp l a ined  a g a i n  a s  a c o n s e q u e n c e  of the  c o m p e n -  
s a t i o n  of the  p r e s s u r e  m a x i m a  a n d m i n i m a .  T he  h y d r o p h o n e  u s e d  d id  not  i n d i c a t e  the  
t r u e  p r e s s u r e  f l u c t u a t i o n s  in  the  b o u n d a r y  l a y e r ,  but  the  a v e r a g e  va lue  o v e r  a n  a r e a  
of a d i a m e t e r  of abou t  the  m a g n i t u d e  of the  a c o u s t i c a l  wave l eng th .  On the  b a s i s  of 
d i f f r a c t i o n  t h e o r y ,  i t  c an  be  shown  t h a t  the  p r e s s u r e  a t  a c e r t a i n  d i s t a n c e  f r o m  the  
s o u r c e  d i s t r i b u t i o n  c a n  be  c o m p u t e d  a s  a func t ion  of the  p r e s s u r e  a t  the  b o u n d a r y  
s u r f a c e .  In t h i s  c o m p u t a t i o n  t he  a v e r a g e  va lue  of the  p r e s s u r e  fo r  an  a r e a  rough ly  
equa l  to  t he  s q u a r e  of the  w a v e l e n g t h s  d e t e r m i n e s  the  r e s u l t ,  and  t h i s  i s  exac t l y  the  
quan t i t y  t h a t  was  r e s p o n s i b l e  fo r  the  h y d r o p h o n e  r e a d i n g  i n s i d e  the  b o u n d a r y  l a y e r .  
T h i s  r e s u l t  s h o w s  t h a t  in  the  p r e s e n c e  of f low n o i s e  a s m a l l  h y d r o p h o n e  wi l l  a l w a y s  
be  a p o o r e r  sound  r e c e i v e r  t han  a l a r g e  one.  

D a m p i n g  t he  s h e l l  by  coa t i ng  i t  i n t e r n a l l y  wi th  a d a m p i n g  v a r n i s h  had  only  a s m a l l  
e f fec t  on t he  m e a s u r e d  l e v e l s  (Fig.  12). T h i s  r e s u l t  m i g h t  be  expec ted .  At  h igh  f r e -  
q u e n c i e s ,  t he  r e s o n a n c e s  of the  s h e l l  o v e r l a p  to a c o n t i n u o u s b a c k g r o u n d ,  and  ind iv idua l  
r e s o n a n c e s  do not  g r e a t l y  c o n t r i b u t e  to  the  r e s u l t .  

*It is  h a r d l y  w o r t h w h i l e  to t r y  to i m p r o v e  the qua l i ty  of the e x t r a p o l a t i o n  by a s s u m i n g  
t h e  no i se  l eve l  to be p r o p o r t i o n a l  to a power  of the ve loc i ty  d i f f e r e n c e  (v - Vcr i t  ) 
s i n c e  v c r l t  usua l ly  is s m a l l  in c o m p a r i s o n  to v. 
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Fig .  12 - In te rna l  no ise  level  as m e a s u r e d  wi th  the f i v e * i n c h - d i a m e t e r  hydrophone  
and the e f fec t  of damping  and of a l a r g e  e l l ip t i ca l  p r o j e c t i o n  on the i n t e r n a l  no i se  leve l  

F i g u r e  14 s h o w s  s o m e  m e a s u r e m e n t s  p e r f o r m e d  in the  Gar f i e ld  T h o m a s  Wate r  
Tunnel* wi th  a m i c r o p h o n e  moun ted  on a v e r y  s m o o t h  l a m i n a r - f l o w - n o i s e  head.  The 
r o u g h n e s s e s  a r e  r e l a t i v e l y  l a r g e ,  but not n u m e r o u s .  The s lope  is  18 db p e r  oc t ave  
s p e e d  change ,  a s  would be expec ted  fo r  t r u e  b o u n d a ry  l a y e r  no i se .  

A n u m b e r  of f low n o i s e  m e a s u r e m e n t s  on s h i p s  have  b e e n  r e p o r t e d  fo r  which  the  
s l o p e s  a r e  18 to 22 db p e r  s p e e d  oc tave ,  but  the  ab s o l u t e  l e v e l s  a r e  l a r g e r  by 10 to 
20 db than  t h o s e  found in the m e a s u r e m e n t s  ob ta ined  by us ing  the  c y l i n d e r .  This  
m e a n s  tha t  in p r a c t i c a l  c a s e s  the  r o u g h n e s s e s  g e n e r a t i n g  the  f low no i se  a r e  u sua l ly  
r e l a t i v e l y  l a r g e ,  but few in n u m b e r .  

The c y l i n d e r  m e a s u r e m e n t s  lead  to a rough  e s t i m a t e  of the  n o i s e  l eve l  as  a func-  
t ion of the  s p e e d ,  the  s i z e ,  and the  d e n s i t y  of the  r o u g h n e s s e s .  The e x p e r i m e n t a l  
r e s u l t s  can  be  e x p r e s s e d  as  

*This  cu rve  has been  m e a s u r e d  by J. H. McGinly,  ORL 
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- E x t e r n a l  n o i s e  a t  o n e  m e t e r  f r o m  t h e  c y l i n d e r  s u r f a c e  f o r  d i f f e r e n t l y  
t r e a t e d  s u r f a c e s  

p = -158  + aQ  d e c i b e l s  

for the 2 .5- inch-d iameter  hydrophone as r e c e i v e r ,  where a is a factor varying 
between 20 and 25 db per  octave of speed change, according to whether the surface  is 
smooth and painted and the roughnesses  s ca r ce ,  or  completely  rough as when t rea ted  
with grit .  Since Q represen t s  the number of octaves above the c r i t i ca l  speed, 

v 
Q = l o g  2 

V c r i t  

The experimental  resul t s  can then be summar ized .  The flow noise level  at 25 kc 
measured  with a hydrophone of a d iameter  of 2.5 inches and abandwidth of 2 kc attains 
-80 db below 1 dyne per  cen t ime te r  square  (spectral  level ,  per  cycle),  when the speed 
is 20 t imes  the c r i t i ca l  speed if the surface  is smooth (carefully painted) or  5 t imes  
the c r i t i ca l  speed if the surface  roughnesses a re  densely distributed (as for instance 
in the case of a g r i t - cove red  surface).  The noise level  then inc reases  at a ra te  of.20 
db per  octave of increase  in speed if the surface  is smooth (roughnesses widely dis-  
tributed) o r  at 35 db per  octave of inc rease  in speed if the surface is completely 
covered with roughnesses.  This means that for a vehicle t ravel ing  at a speed of 50 
knots, the c r i t i ca l  speed has to be at leas t  8 knots. The roughnesses then have 
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Fig.  14 -" F low n o i s e  l eveI  in the  G a r f i e l d  T h o m a s  
W a t e r  Tunne l  

to  b e  s m a l l e r  t h a n  1.25 × 1 0  . 3  inch .  Such a v e h i c l e  wi l l  t h e n  g e n e r a t e  no  aud ib l e  
r o u g h n e s s  n o i s e .  

To ga in  a d d i t i o n a l  i n f o r m a t i o n  abou t  f low n o i s e ,  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  
in  the  b o u n d a r y  l a y e r  a t  t he  G a r f i e l d  T h o m a s  W a t e r  Tunne l .  F o u r  h y d r o p h o n e s  w e r e  
m o u n t e d  f l u s h  wi th  the  w a l l s  of the  Tunne l  and  two h y d r o p h o n e s  w e r e  m o u n t e d  in  the  
s t r e a m l i n e d  body in  t he  m i d d l e  of t he  t unne l ,  one  h y d r o p h o n e  a t  i t s  n o s e  and  t he  o t h e r  
a t  i t s  s ide .  F i g u r e  8 which  shows  t he  r e s u l t s  m e a s u r e d  wi th  t he  h y d r o p h o n e  f l u sh  wi th  
the  wa l l  of the  T u n n e l  h a s  a l r e a d y  b e e n  d i s c u s s e d  in  c o n n e c t i o n  wi th  the  Speed f r e -  
quency  s p e c t r u m  of f low n o i s e .  F i g u r e  15 s h o w s  the  m e a s u r e m e n t s  wi th  the  h y d r o -  
p h o n e s  m o u n t e d  on t he  s t r e a m l i n e d  body.  The  n o i s e  l e v e l  r e c e i v e d  by  the  n o s e  
h y d r o p h o n e  a t  f r e q u e n c i e s  b e t w e e n  500 cps  and  20 kc i s  5 to  20 db  s m a l l e r  t h a n  t h a t  
r e c o r d e d  by  the  s i d e  h y d r o p h o n e .  Bu t  a t  low f r e q u e n c i e s  t he  p i c t u r e  r e v e r s e s .  The  
n o s e  h y d r o p h o n e  r e c e i v e s  c o n s i d e r a b l y  m o r e  f low n o i s e  t h a n  the  s i d e  hyd rophone .  
T h i s  i s  v e r y  a p p a r e n t  when  l i s t e n i n g  to t ape  r e c o r d i n g s .  The  n o i s e  r e c e i v e d  wi th  the  
s t a g n a t i n g  h y d r o p h o n e  s o u n d s  b u b b l y  and  s e e m s  to b e  v e r y  r i c h  in  low f r e q u e n c i e s ;  
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the higher f requencies  a re  a lmost  completely  masked. The noise rece ived  by the side 
hydrophone r e sembles  more  a hiss ing sound with ve ry  smal l  low=frequency contents. 
This phenomenon can be t raced  through all  recordings .  This low=frequencysound 
rece ived  by the stagnating hydrophone seems  to be due to the stagnation p r e s su re  
generated by the l a rge r=sca le  turbulence that hits i ts sens i t ive  area.  The s m a l l e r -  
sca le  turbulence does not s eem to produce a s im i l a r  effect; it is ve ry  l ikely that this 
turbulence is damped out ent i re ly  by the stagnation of the flow. Figure  16 shows a 
narrowband analysis  of a second s e r i e s  of such measurements .  

The boundary layer  noise in the Garfield Thomas Water Tunnel is re la t ive ly  
large.  But the effect of different shapes of tes t  vehic les  and of the position of the 
hydrophones could st i l l  be invest igated if these objects were  densely covered with 
coa r se  gr i t  and if the speed of the f lowwere  sufficiently high. P r e l i m i n a r y  m e a s u r e -  
ments per formed on gr i t=covered sur faces  (grit 180) and sur faces  covered with a 
res i l i en t  coating did not yet lead to new resu l t s  (Fig. 17), s ince the grain s ize  of the 
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Noise Production in a Turbulent Boundary Layer 

gri t  and the speed of the flow (50 f t / sec)  s t i l l  were  too low. But there  seems  to be 
l i t t le  doubt that proper  t rea tment  of the sur faces  and the use of g rea te r  flow veloci t ies  
will  make possible  detailed f low-noise studies in such a channel. 

RELIABILITY OF THE MEASUREMENTS 

To test  the rel iabi l i ty  of the resu l t s ,  all  the measurements  were  repeated five 
months la ter .  Identical resul t s  were  obtained. Special tes ts  have beenmade  to ensure 
that cavitation did not in te r fe re  with the measurements .  

Cavitation usually s ta r t s  at a cer ta in  speed, inc reases  the noise a lmost  abruptly 
to a high value, and then for a t ime remains  a lmost  constant; l a t e r , i t  even dec reases  
again. The dashed curve in Fig. 13 is an example of a case  where cavitation was 
produced intentionally by welding a project ion shaped as a s emi -e l l i p se  (6 inches long, 
4 inches high, and 1/4 inch thick) to the cyl inder  sur face  at the height of the hydro- 
phone. The moment cavitation s ta r t s ,  the noise intensity jumps quite suddenly by 
a lmost  60 db. In spite of the re la t ive ly  la rge  s ize  of the project ion,  cavitation is seen 
to take place only at speeds above 7 me te r s  per  second. Typical for the measuremen t  
was a continuous Iluctuation of the noise level  around a mean value. 

Another proof that cavitation didnot in te r fe re  with the measurements  is  given by 
a curve  in Fig. 12 for which the a rea  of the l a rge r  hydrophone was covered with grit .  
The noise level  is much grea te r  than that of the painted sur face ,  being a lmost  exactly 
the same at the untreated hydrophone area ,  if i ts 10-db g rea te r  sensi t ivi ty  to incoherent  
flow noise is taken into account. Cavitation would have affected the response  of the 
f i r s t  hydrophone to a much grea te r  extent than that of the second, 17 inches distant 
f rom the f i r s t  and in the sound shadow. 

During the measurements  per formed in the water  tunnel, cavitation could be 
easi ly identified by increas ing the p ressure .  The unsteadiness of the noise (like a 
s e r i e s  of explosions) makes recognit ion of this phenomenon very  easy. 

The noise level  owing to extraneous noise would be expected to inc rease  continu- 
ously with a re la t ive ly  low power of the speed; and it would be independent of the 
conditions of the surface of the cylinder.  Extraneous noise could not have affected 
the rough-sur face  measurements  of the cyl inder ,  but ve ry  l ikely it also had no effect 
on the resul t s  for the smooth and the painted surfaces .  

SUPPLEMENTARY WORK 

The study descr ibed above represen t s  an at tempt to der ive  a general  understand- 
ing of the features  of flow noise. The measuremen t s  in the Water Tunnel will  be 
repeated in the near  future with more  sens i t ive  hydrophones and with hydrophones of 
var iable  area.  Work with buoyant units has been taken up, and the field program has 
just  s tar ted  at Key West to supplement and to ver i fy  the previous conclusions. A 
paper submitted to the Journal  of the Acoust ical  Society contains the exper imental  
data descr ibed above and theoret ical  derivat ions per formed since the Flow Noise 
Symposium. This paper contains a quantitative analysis of the near - f ie ld  component 
and of the f low-noise component radiated to g rea te r  distances.  The high-frequency 
boundary- layer  noise p r e s su re  turns out to be inverse ly  proport ional  to the thickness 
of the boundary layer ,  a relat ion which is in agreement  with the derivat ions published 
in the l i t e ra tu re  and the exper imental  resul t s  of M. Harr i son  (8). Because of the 
la rge  thickness of the boundarylayer  of the ro ta t ingcyl inder ,  theboundary- layer  com-  
ponent of flow noise is re la t ive ly  weak, and roughness noise shows up at considerably 
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lower veloci t ies  inthe case  of the rotating cyl inder  thanin other cases .  Inthe Garfield 
Thomas Water Tunnel, the boundary layer  noise is so intense that roughness noise 
shows up only at speeds above 40 f t / sec .  This situation s eems  to indicate that in the 
case  of ships and s im i l a r  vehic les ,  boundary layer  noise will  be predominant,  on the 
average ,  at speeds below 20 knots, whereas  at speeds above 20 knots, the noise p ro-  
duced by the surface  roughnesses  will usually de termine  the noise level .  
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Appendix A 

THE EQUILIBRIUM LAW AND THE STATISTICAL BEHAVIOR 
OF DYNAMIC DISTRIBUTION 

Many of the s ta t i s t ica l  phenomena that nature exhibits a r e  produced by or have 
or iginal ly  been produced by r e s e r v o i r s  of energy feeding into a dynamic sys tem that 
red is t r ibu tes  and eventually absorbs the energy s tore  by inc reas ing the  entropy of the 
system. This is the course  followed by the turbulence generated in the boundary layer  
of a moving body, where the or iginal  energy is given bythe kinetic energy of the flow. 
The same course  accounts for the turbulent motion of water  in the sea  or the a i r  above 
the ground, where the p r ima ry  energy is supplied by the radiat ion of the sun, and for 
the surface  waves of the sea,  where the wind furnishes  this energy. 

This equil ibr ium law can be der ived on the basis  of s imple  dimensional  consid-  
erat ions.  Let  the energy supplied per  unit t ime per  unit mass  of the sys tem be D o . 
The dimensions of this quantity will be 

Do - my2 - lI~-~] 
mt 

where r, = mass ,  t = t ime,  1 = length. 

The spec t r a l - ene rgy  density of the sys tem must  be a function of this energy 
inflow and of some other var iab les .  If the sys tem does not exhibit any typical d imen-  
sions and if i ts extension in all  d i rect ions  is assumed to be infinite (as holds for the 
sea  or the a i r  above the ground, or  for the boundary layer  in compar ison to the sma l l -  
sca le  turbulence),  the only general  var iab le  that can be introduced is the space-  
Four i e r  wave-number  K of the proper ty  ( temperature ,  veloci ty,  density, or height of 
the sea waves) we a re  in te res ted  in. We may there fore  assume that the spec t ra l  
energy density E(K) r e f e r r e d  to unit wave-number  interval  is given by a function of 
the energy in flow and the space-wave-number :  E(K) has the dimensions 

E(K) = m v2 lI~-~] 
m--~FT-i = 
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If t h i s  func t ion  i s  w r i t t e n  in  the  f o r m  

f ( D o , K )  = D n K  m = 112xl~_~__~ n 
o kta] 

t he  fo l lowing  d i m e n s i o n a l  equa t ion  r e s u l t s :  

l -m ' 

13 12n-m 
E(Do, K ) = - 

t 2 t 3m 

Comparison of the components left and right yields rn = 2/3, m = -5/3. E(Do,K) is 
therefore necessarily of the form 

E(Do,k ) = Do2/3 r -5/3 • constant. 

Since the energy flow D o is independent of the properties of the system and in 
particular of the space-wave lengths in this system, the spectral intensity decreases 
as K -s/3 with increasing wave-number (decreasing patch size). For the case of 
homogeneous turbulence, this law was derived by Kolmogorov in 1941 and by von 
Weizs~ckor independently in 1948. The derivation shows that the nature of this law 
is very general and that it applies to many other phenomena that have no relation to 
turbulence. 

Kraichnan (4) has shown that this classical derivation of the Kolmogorov equilib- 
rium law is not rigorous; and he has derived an improved distribution law on the 
ground of statistical mechanics. His result is 

E(K) = const • K "3/2. 

In practical cases, the difference between the two laws is very small; and which of 
the two is used makes very little difference. 

Append ix  B 

THE B E R N O U L L I  EQUATION FOR S M A L L - S C A L E  MOTION 

The  E u l e r  equa t ion  

a T  + 1 g r a d  v 2 c u r l  ~ x _---1 g r a d  p = ~ -  2 
P 

can  be  i n t e g r a t e d  a long  any  g iven  pa th  a s  fo l lows:  

v 2 /~ - / 
P + = c o n s t .  - --fi -~ -  ~ d s  - c u r l  ~ x ~ d g .  

We now i n t r o d u c e  the  v e r y  p l a u s i b l e  a s s u m p t i o n s  t h a t  the  d e c a y  t i m e  of the  t u r b u l e n c e  
i s  l a r g e  in c o m p a r i s o n  to the  p e r i o d  of the  f r e q u e n c y  of i n t e r e s t  and  t h a t  the  b u i l d i n g - u p  
t i m e  of the  t u r b u l e n c e  i s  s m a l l  in  c o m p a r i s o n  to t he  d e c a y  t i m e .  The  f low m a y  t h e n  
b e  c o n s i d e r e d  to be  s t e a d y  ( ~ / ~ t  = 0) w h e n v i e w e d  f r o m  a c o o r d i n a t e  s y s t e m  c a r r i e d  
a l o n g  by  t he  m e a n  f low (~ = ~o + ~'  = v' .  s i n c e  vo = 0) ,  and  t he  a b o v e  equa t ion  
s i m p l i f i e s  to  

--P + v 2  / 
p ~ = c o n s t  - c u r l  ~ x ~ d ~ .  
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Curl  ~ can be expressed  by the angular veloci ty curl  ~ = 2~; and, s ince we a re  
in teres ted only in patches of turbulence,  

V _-~ aO97 

where a is the patch radius (or the cor re la t ion  distance of the veloci ty  fluctuation). 
To find the acoustic effect of the noise of the p r e s s u r e  fluctuations, we a re  in teres ted 
only in s m a l l - s c a l e  turbulence distr ibuted over  a ve ry  smal l  region. For  a small  region 
the flow may be considered always to be two-dimensional .  For  a two-dimensional  
flow, ~ is perpendicular  to cur l  ~ and 

- -  V ~2 / 
P + c o n s t  -- 2a  ~ 2  d s  p ~ =  

The maximum value of the integral  will resu l t  when ds is equal to the patch radius a ;  

this maximum is the re fore  of the same order  of magnitude as 

+ 2 a a J  2 : + 2 v  , 2  ~ 2 v  . 2 ,  

where v' : v* is the fluctuating veloci ty  because of the turbulence.  On the average,  
there fore ,  

p/p ~ + 2 v  . 2  + v*/2 % 2 v  . 2  , 

and the resu l t  reduces  to the s tandardized Bernoull i  equation except that the numerica l  
factor is sl ightly different  

p/p = 2v .2 + const. 

The above es t imate  gives an indication of the order  of magnitude of the maximum 
p r e s s u r e  fluctuation. The average  p r e s s u r e  fluctuations will  probably be about ten 
t imes  smal l e r .  In this es t imate  the effect of the veloci ty  gradient in the boundary 
layer  has been neglected.  Because of this gradient,  the patches a re  continuously 
deformed and the motion is no longer stat ionary.  Additional forces  a re  set  up that 
produce considerable  fluctuations in p r e s su re .  Kraichnan (4b,c) der ived the theory 
for this case  on the assumption of a Gaussian veloci ty corre la t ion .  He obtained a 
s imi l a r  equation; but the numer ica l  constant now is of the o rder  of magnitude 7: 

p/p : 7 v . 2  . 

I. 

2. 

3. 
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DISCUSSION 

R. H. Kraichnan (New York Univers i ty)  

I should like to ask if when you go through the transition in which the roughnesses 
push up through the laminar sublayer you observe the same proportionality between 
drag and noise. Also, I should like to express a doubt that the k "s/3 behavior which 
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you observe  has much re levance  to iner t ia l  range phenomena. Actually, the inert ial  
range law for p r e s s u r e  which might reasonably be expected on the basis  of the 
Kolmogorov theory is approximately k "2, o r  s teeper .  My guess would be that the 
p r e s s u r e  fluctuations which you observe  at high f requencies  a r i s e  not f rom the fine 
s t ruc ture  of the outer  part  of the boundary- layer  (where an iner t ia l  range might 
perhaps be expected) but f rom the in tense ly - sheared  dissipation l ayer  just  above the 
l aminar  sublayer .  

E. Meyer  (Physikal isches Institiit der  Universi t~t  G6ttingen) 

In connection with the very interesting statements of Dr. Skudrzyk I would like 
to report on some experiments dealing with "noise of streaming water" which were 
carried out in our instRute in GSttingen by Mr. Dinkelacker. 

The cha rac t e r i s t i c  feature  of the exper iments  is  the s implic i ty  of the apparatus 
(Fig. 1). Water  f rom the water  mains s t r e am s  through the test  tube with an adjust-  
able veloci ty.  The walls  of the tes t  tube may consis t  of different ma te r i a l s  (in Fig. 
D1 a g lass  tube is shown). The inner surface  of the tubes can be t rea ted  to give dif- 
ferent  degrees  of roughness.  Having passed  the tes t  tubes, the water  is col lected in 
a s torage tank. The test  tube is connected to the water  mains  by means of a long 
rubber  tube. This  rubber tube works as an acoust ic  wave guide below its cut-off 
frequency, thus separat ing the test  tube f rom the mains with respec t  to s t ruc tu re -  
borne sound. The measu remen t s  a re  c a r r i ed  out with a s t ruc tu re -borne  sound 
microphone attached to the outside of the tes t  tube. The frequency response of the 
set-up including the test  tube can be determined.  

WATER 

RUBBER 
TUBE L 

GLASS TUBE 
(t3m x 3.5ram) 

MICROPHONE BANDPASS 

J 
Fig.  D1 - Noise of s t reaming water  

in a tube (arrangement} 

In Fig. D2 the sound level  of octave bands is plotted against  the frequency with 
the s t r eam velocity as a pa ramete r .  It is obvious f rom the  diagram that the maximum 
of the sound intensity shifts to higher f requencies  with r i s ing  s t r eam velocity.  

These re la t ions  a r e  more  c lear ly  vis ib le  in Fig. D3, where the same resul t s  a re  
plotted, but with the s t r eam veloci ty as absc issa  and the octave ranges  as parameter .  
The onset of the noise is given when, with r i s ing  s t reaming  veloci ty  the Reynolds 
number is approximately  reached. Inthe beginning, most  of the noise is  concentrated 
on the lowest octave band. For  the higher octave bands the point of onset shifts to 
higher s t r eam veloci t ies .  
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F i g .  DZ - N o i s e  of  s t r e a m i n g  w a t e r  
in a tube of g l a s s  
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F i g .  D3 - N o i s e  of s t r e a m i n g  w a t e r  in a tube of g l a s s  

T h e s e  p r e l i m i n a r y  r e s u l t s  s e e m  to ind ica te  that the t u r b u l e n c e  p a t c h e s  have  
s m a l l e r  d i m e n s i o n s  at h i g h e r  v e l o c i t y .  

E .  Skudrzyk  

With r e g a r d  to the d r a g - n o i s e  rat io:  the e x t r a p o l a t i o n  i s  v e r y  h y p o t h e t i c a l  but i s  
s o m e w h a t  in a g r e e m e n t  w i th  e x p e r i m e n t a l  r e s u l t s .  A s  long  as  noth ing  b e t t e r  i s  
a v a i l a b l e  w e  f e e l  w e  should  s t i c k  to that .  

Of c o u r s e  the s p e c t r u m  i n t e r p o l a t i o n  i s  again  h igh ly  h y p o th e t i c a l  and the only  
thing I am r e a l l y  a l l o w e d  to admit  i s  that the e x p e r i m e n t a l  r e s u l t s  do not c o n t r a d i c t  
our  t h e o r e t i c a l  concept  at the m o m e n t .  
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