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INTRODUCTION 

A c o u s t i c  l o a d i n g  o f  a i r c r a f t  d u e  t o  f l u c t u a t i n g  p r e s s u r e s  l e a d s  t o  p r o b l e m s  a s s o c i a t e d  
w i t h  s t r e n g t h ,  v i b r a t i o n ,  and  n o i s e .  At  p r e s e n t ,  t h e r e  a r e  no r e l i a b l e  m e t h o d s  f o r  c a l -  
c u l a t i n g  p r e s s u r e  f l u c t u a t i o n s  i n  s e p a r a t i o n  f l o w s  and  t h e  e f f o r t s  o f  e x p e r i m e n t a l i s t s  a r e  
d i r e c t e d  t o w a r d  t h e  a c q u i s i t i o n  o f  d a t a  m a k i n g  i t  p o s s i b l e  t o  e s t i m a t e  t h e  f l u c t u a t i o n  
l e v e l s  f o r  d i f f e r e n t  c l a s s e s  o f  b o d i e s  a nd  f i n d i n g  t h e  m a i n  s o u r c e s  o f  f l u c t u a t i o n .  

The  known i n d i v i d u a l  r e s u l t s  on  b a s e  p r e s s u r e  f l u c t u a t i o n s  [ 1 - 8 ]  do n o t  e n a b l e  o n e  
t o  c o n s t r u c t  g e n e r a l i z i n g  d e p e n d e n c e s .  Wi th  t h e  a im o f  d e t e r m i n i n g  t h e  i n f l u e n c e  o f  t h e  
body  p r o f i l e  and  t h e  Mach n u m b e r  o n  t h e  b a s e  p r e s s u r e  f l u c t u a t i o n s  we h a v e  i n v e s t i g a t e d  
some m o d e l  c o n f i g u r a t i o n s  i n  t h e  r a n g e  M = 0 . 4 - 3 .  The  p r e s s u r e  f l u c t u a t i o n s  w e r e  m e a s u r e d  
by  i n d u c t i v e  s e n s o r s  w i t h  p r e l i m i n a r y  a m p l i f i c a t i o n  i n  a p l a n t  w i t h  c a r r i e r  f r e q u e n c y  
36 kHz w o r k i n g  i n  t h e  r a n g e  5 0 - 4  000 Hz. I n  t h e  p r o c e s s  o f  t h e  e x p e r i m e n t s ,  we m e a s u r e d  
t h e  t o t a l  l e v e l s  o f  t h e  p r e s s u r e  f l u c t u a t i o n s :  

Lz ~ 20 lg[ ((pz~)o.5~o], ((p2, ~ ~ (pz( j ) )~)  
0 

( w h e r e  ( p 2 ( f ) )  i s  t h e  s p e c t r a l  d e n s i t y ,  f i s  t h e  f r e q u e n c y ,  and  L 0 = 2 - 1 0  -5  Pa i s  t h e  
f l u c t u a t i o n  z e r o  l e v e l ) ,  and  a n  a n a l y z e r  was t h e n  u s e d  t o  o b t a i n  t r a c e s  w i t h  a t w o - c o -  
o r d i n a t e  r e c o r d i n g  i n s t r u m e n t  o f  t h e  f l u c t u a t i o n  l e v e l  i n  a 7 Hz b a n d .  

1 .  Rms V a l u e  o f  t h e  F l u c t u a t i o n s  

We s t u d i e d  c o n e s  w i t h  h a l f - a n g l e s  e = 10,  20 ,  40 ,  a n d  6 ~  ( F i g .  l a ,  t h e  n u m b e r s  1 - 4 ,  

Moscow. T r a n s l a t e d  f r o m  I z v e s t i y a  A k a d e m i i  Nauk SSSR, M e k h a n i k a  Z h i d k o s t i  i Gaza ,  No. 
3,  p p .  8 8 - 9 6 ,  M a y - J u n e ,  1 9 7 9 .  O r i g i n a l  a r t i c l e  s u b m i t t e d  March  31 ,  1978 .  
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r e s p e c t i v e l y )  a n d  a s h o r t  c y l i n d e r  ( o f  l e n g t h  L = 5 0  mm) w i t h  e l l i p t i c  f r o n t  p a r t  ( s e m i -  

a x i s  r a t i o  0 . 2  ( F i g .  2 ) ,  n u m b e r  1 )  s e t  u p  o n  t h e  b a s e  s u p p o r t .  T h e  d i a m e t e r  o f  t h e  m i d -  
d l e  s e c t i o n  o f  t h e  m o d e l s  w a s  D = 1 3 0  mm, a n d  t h e  d i a m e t e r  o f  t h e  b a s e  s u p p o r t  3 0  mm. 
T h e  f l u c t u a t i o n s  o f  t h e  b a s e  p r e s s u r e  w e r e  a l s o  m e a s u r e d  o n  a c y l i n d r i c a l  b o d y  (L = 2 5 0  mm, 
D = 6 0  mm) w i t h  c o n i c a l  (@ = 3 ~ )  r o u n d e d  f r o n t  p a r t  ( r o u n d i n g  d / D  = 0 . 2 5 )  s e t  u p  a l o n g  

t h e  f l o w ,  a n d  o n  a c y l i n d e r  (L = 2 0 0  mm, D = 4 0  mm) p l a c e d  a c r o s s  t h e  f l o w  a n d  f i x e d  o n  
t h i n  l a t e r a l  p l a t e s  ( 2  a n d  3 i n  F i g .  2 ) .  T h e  p r e s s u r e  s e n s o r  w a s  a t  d i s t a n c e  0 . 5 R  f r o m  

t h e  c e n t e r .  

F o r  s o m e  b o d i e s ,  h i g h  f l u c t u a t i o n  l e v e l s  a r e  r e a l i z e d  a t  t r a n s o n i c  a n d  s m a l l  s u p e r -  
s o n i c  v e l o c i t i e s  o f  t h e  e x t e r n a l  f l o w .  I n  t h i s  r a n g e  o f  v e l o c i t i e s ,  t h e  c o m b i n a t i o n  o f  

s t r o n g  p r e s s u r e  f l u c t u a t i o n s  a n d  a c o m p a r a t i v e l y  l a r g e  d y n a m i c  h e a d  c a n  l e a d  t o  a p p r e c i a b l e  
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d y n a m i c  l o a d i n g ,  and  r e a r r a n g e m e n t  o f  t h e  n a t u r e  o f  t h e  f l o w  r a d i c a l l y  a l t e r s  t h e  a e r o -  

d y n a m i c  c h a r a c t e r i s t i c s .  

F o r  c o n e s ,  a r e d u c t i o n  o f  t h e  r ~ s  f l u c t u a t i o n  l e v e l  p0=( (p~ )~  ( w h e r e  q i s  t h e  
d y n a m i c  h e a d  o f  t h e  o n c o m i n g  f l o w )  was o b t a i n e d  i n  t h e  r a n g e  o f  Mach n u m b e r s  M f r o m  0 . 4  
t o  3 ( F i g .  l a ) .  When t h e  h a l f - a n g l e  o f  t h e  c o n e  i s  i n c r e a s e d ,  a l o c a l  r i s e  i n  t h e  f l u c t u a -  
t i o n s  i s  o b s e r v e d  n e a r  M ~ 1 . 1 .  I n  t h e  i n v e s t i g a t e d  r a n g e  o f  M, t h e  b a s e  p r e s s u r e  f l u c t u a -  
t i o n s  f o r  c o n e s  w i t h  e < 40 ~ c a n  be  d e t e r m i n e d  a p p r o x i m a t e l y  f r o m  t h e  e m p i r i c a l  d e p e n d e n c e  
p0=0.06(i§ -~ (5 in  F ig .  1) .  

I n  t h e  t r a n s o n i c  r a n g e  o f  v e l o c i t i e s ,  a d e c r e a s e  i n  t h e  f l u c t u a t i o n s  o c c u r s  f o r  t h e  
s h o r t  c y l i n d e r  (1 i n  F i g .  2 ) ;  f o r  t h e  l o n g  c y l i n d e r  ( 2 ) ,  t h e  f l u c t u a t i o n s  c h a n g e  l i t t l e .  
A s h a r p  i n c r e a s e  i n  t h e  f l u c t u a t i o n s  i s  o b s e r v e d  f o r  t h e  c y l i n d e r  p l a c e d  a c r o s s  t h e  f l o w  
a t  s u b s o n i c  v e l o c i t i e s  (M > 0 . 5 ) ,  t h i s  b e i n g  e x p l a i n e d  by t h e  t r a n s f e r  t o  t h e  b a s e  r e g i o n  
o f  d i s t u r b a n c e s  f r o m  t h e  embedded  s h o c k  w a v e s  b e h i n d  t h e  l o c a l  s u p e r s o n i c  r e g i o n s  on  t h e  
l a t e r a l  s u r f a c e  o f  t h e  c y l i n d e r .  

F i g u r e  2 a l s o  shows  t h e  r e s u l t s  o f  [1] f o r  a c y l i n d r i c a l  b o d y  w i t h  o g i v a l  s h a p e  o f  
t h e  f r o n t  p a r t  (L /D  ~ 4)  w i t h  s e n s o r s  p l a c e d  a t  t h e  c e n t e r  o f  t h e  b a s e  s e c t i o n  and  a t  
d i s t a n c e  0 . 6 5 R  f r o m  t h e  c e n t e r  (4 and 5, r e s p e c t i v e l y )  and  t h e  d a t a  o f  [4] f o r  t h r e e  b l u n t  
b o d i e s  w i t h  t a i l  f a i r i n g s  and  s e n s o r  a t  0 . 6 5 R  ( 6 ) .  I n  t h e  e x p e r i m e n t s  o f  [1] i n  t h e  r a n g e  
M = 0 . 0 6 5 - 0 . 3 2 ,  t h e  r e l a t i v e  rms  v a l u e  o f  t h e  f l u c t u a t i o n s  r e m a i n e d  c o n s t a n t ,  w h i l e  a 
d i f f e r e n c e  was  o b s e r v e d  i n  [4] a t  M ~ 0 . 9 ,  w h i c h  was a t t r i b u t e d  t o  t h e  d i f f e r e n t  n a t u r e  
o f  t h e  f l o w  i n  t h e  s e p a r a t i o n  r e g i o n  i n  f r o n t  o f  t h e  f a i r i n g .  The  i n v e s t i g a t i o n s  o f  [7] 
showed  t h a t  t h e  b a s e  p r e s s u r e  f l u c t u a t i o n s  a t  s u b s o n i c  v e l o c i t i e s  c h a n g e  l i t t l e  up t o  
M = 0 . 9  and  a r e  P0 = 0 . 0 1 3 - 0 . 0 1 5  f o r  a l o n g  c y l i n d e r  and 0 . 0 6 - 0 . 0 7  f o r  a d i s k ;  h o w e v e r ,  
a r e d u c t i o n  i n  t h e  f l u c t u a t i o n s  by a f a c t o r  1 . 4  was n o t e d  a t  M = 1 .  

I n  m e a s u r e m e n t s  o f  t h e  b a s e  p r e s s u r e  f l u c t u a t i o n s ,  i t  i s  n e c e s s a r y  t o  h a v e  i n f o r m a -  
t i o n  a b o u t  t h e  f l u c t u a t i o n s  i n  t h e  o n c o m i n g  f l o w  and  t h e i r  i n f l u e n c e  on  t h e  d i s t r i b u t i o n  

o f  t h e  f l u c t u a t i o n s  o v e r  t h e  i n v e s t i g a t e d  m o d e l .  M e a s u r e m e n t s  w e r e  made o f  t h e  f l u c t u a -  
t i o n s  on  t h e  l a t e r a l  s u r f a c e  o f  a c o n e  w i t h  h a l f - a n g l e  7 ~ s e t  up on  t h e  b a s e  s u p p o r t  and  
o f  t h e  p u l s a t i o n s  a t  t h e  n o s e  o f  a b l u n t  c o n e  p l a c e d  a c r o s s  t h e  f l o w .  T h e s e  m o d e l s  w e r e  
f i x e d  on  t h i n  l a t e r a l  p l a t e s .  F i g u r e  l b  shows t h e  d e p e n d e n c e s  o f  p on  t h e  Mach number  M 

o 0 
o f  t h e  o n c o m i n g  f l o w  (1 i s  f o r  t h e  l a t e r a l  s u r f a c e  o f  t h e  0 = 7 c o n e ;  2 f o r  t h e  n o s e  
p o i n t  o f  t h e  b l u n t  c o n e ,  0 = 2 ~ ,  d /D  = 0 . 1 ,  D = 130 nun). B e s i d e s  d a t a  f r o m  t h e  p r e s e n t  
i n v e s t i g a t i o n ,  F i g .  l b  c o n t a i n s  t h e  m e a s u r e m e n t  o f  [9 ,  10] o f  t h e  f l u c t u a t l o n s  on  a p l a t e  
(3 and 4)  and  t h e  r e s u l t s  o f  t u n n e l  [11] and f l i g h t  [12 ,  13] t e s t s ,  i n  w h i c h  t h e  v a l u e  
P0 ~ 0 . 0 0 6  (5 )  was o b t a i n e d  on  a s m o o t h  w a l l  i n  t h e  r a n g e  M = 0 . 3 - 1 . 5 .  The  s e m i e m p i r i c a l  
p r e d i c t i o n s  o f  t h e  a c o u s t i c  l o a d s  a t  m o d e r a t e  s u p e r s o n i c  v e l o c i t i e s  b a s e d  on t h e  d a t a  o f  
f l i g h t  t e s t s  [14] and t u n n e l  e x p e r i m e n t s  [15] a t  l ow  s u p e r s o n i c  v e l o c i t i e s  d i f f e r  a p p r e -  

c i a b l y  (6 and  7 i n  F i g .  l b ) .  

The  t u r b u l e n t  b o u n d a r y  l a y e r  on t h e  w a l l s  o f  s u p e r s o n i c  t u n n e l s  l e a d s  t o  t h e  g e n e r a -  
t i o n  o f  p r e s s u r e  f l u c t u a t i o n s  on t h e  w a l l ~  and  t h e  e m i s s i o n  o f  s o u n d  i n t o  t h e  f r e e  f l o w .  
F o r  e x a m p l e ,  f o r  t h e  w a l l s  o f  w i n d  t u n n e l s  t h e  v a l u e s  o f  P0 r e p o r t e d  i n  [16 ,  17] r e a c h  
0 . 0 2 7  and 0 . 0 2 1 ,  r e s p e c t i v e l y ,  a t  H = 0 . 7 5  and  d e c r e a s e  t o  0 . 0 1 3  and  0 . 0 1  a t  M = 1 . 2 .  I n  

t h e  m e a s u r e m e n t s  o f  [ 1 8 ] ,  t h e  r a t i o  o f  t h e  f l u c t u a t i o n s  i n  t h e  f r e e  f l o w  t o  t h e  f l u c t u a -  
t i o n s  on  t h e  f o u r  w a l l s  i n c r e a s e d  f r o m  0 . 0 8  t o  0 . 4  a s  M i n c r e a s e d  f r o m  0 . 5  t o  4 .  T h u s ,  
o n e  c a n  e s t i m a t e  q u a l i t a t i v e l y  t h a t  a t  s u b s o n i c  and  l o w  s u p e r s o n i c  v e l o c i t i e s  t h e  e m i s s i o n  
f r o m  t h e  w a l l s  i n t o  t h e  f r e e  f l o w  i s  P0 = 0 . 0 0 2 - 0 . 0 0 4 .  C o m p a r i s o n  o f  t h e  d a t a  i n  F i g s .  1 
and  2 shows  t h a t  t h e  b a 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  a p p r e c i a b l y  h i g h e r  t h a n  t h o s e  on t h e  

w a l l  and  a t  t h e  n o s e .  

The  i n f l u e n c e  o f  l e n g t h e n i n g  t h e  b o d y  on  t h e  r e l a t i v e  l e v e l  o f  t h e  f l u c t u a t i o n s  i s  
i n d i c a t e d  i n  F i g .  3 (M = 0 . 6 ,  0 . 9 ,  1 . 2 ,  2 ,  3 f o r  1 - 5 ;  t h e  d a t a  o f  [1 ,  4 ,  7] a r e  d e n o t e d  
by 6 - 8 ) .  T h e  r e s u l t s  f o r  d i f f e r e n t  b o d i e s  make i t  p o s s i b l e  t o  e s t i m a t e  t h e  i n f l u e n c e  o f  
t h e  b o d y  s h a p e  and  M on  t h e  b a s e  p r e s s u r e  f l u c t u a t i o n s .  I t  c a n  b e  s e e n  t h a t  a t  s u b s o n i c  
and l o w  s u p e r s o n i c  v e l o c i t i e s  t h e  f l u c t u a t i o n s  b e h i n d  s h o r t  b o d i e s  a r e  a p p r e c i a b l y  g r e a t e r  
t h a n  b e h i n d  e l o n g a t e d  s h a p e s  p a r a l l e l  t o  t h e  f l o w ,  w h e r e a s  t h e  f l u c t u a t i o n s  d e p e n d  w e a k l y  
on t h e  e l o n g a t i o n  o f  t h e  b o d y  a t  M = 2 and  3 .  A c h a n g e  i n  t h e  b o d y  e l o n g a t i o n  L/D f r o m  
0 . 5  t o  5 a t  M = 0 . 6  r e d u c e s  PO f r o m  a b o u t  0 . 5  t o  0 . 0 1 5 ,  w h e r e a s  f o r  M = 3 t h e  f l u c t u a t i o n s  a r e  
a p p r o x i m a t e l y  e q u a l  (P0 = 0 . 0 5 )  f o r  b o d i e s  o f  d i f f e r e n t  e l o n g a t i o n s .  

To d e t e r m i n e  t h e  i n f l u e n c e  o f  t h e  R e y n o l d s  number  on  t h e  p r e s s u r e  f l u c t u a t i o n s ,  t h e  
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parameters of the undisturbed flow and the dimensions of the models were varied [2]. With 
increasing size of the models, the rms fluctuations increased, as did the range of frequen- 

cies in which the maximum of the fluctuation spectrum is observed. The experimental data 

show that an increase in Re causes the fluctuations to grow for a turbulent boundary layer. 

2. Fluctuation Spectra 

Figure 4 shows a plot of the dimensionless spectral density of the base pressure 
fluctuations 

</(/)> u </(/)> u 

S,-- q2 D ' $2 </> D 

against the dimensionless frequency Sh = fD/u for a cone with @ = 3~ (in Fig. 4: 1) SI, 

L! = 0.4; 2) SI, M = 2; 3) $2, M = 0.4; 4) $2, M = 2). The main energy of the base pres- 
sure fluctuations is concentrated at low frequencies. For the test models at small sub- 

sonic velocities, the spectral density at low frequencies is higher near the trailing edge, 
while at supersonic velocities it is higher in the center of the base section. In the 

experiments of [i, 4] the similarity between the fluctuation spectra at high frequencies 

was explained by the fact that in the subsonic range of velocities the shape of the body 

does not have a large influence on small-scale eddies. At Sh < 0.i, the distribution of 

the spectral density <pZ(/)> changes little, while for Sh > 0.3 it is inversely proportional 
to Sh 2 [1]. 

For the investigation of nonstationary flow in the wake, it is interesting to compare 

the value of Sh based on the frequency corresponding to the maximal amplitudes with the 

value constructed using the characteristic parameters. The flow in the base region depends 

on the flow parameters at the rim of the body [19], and since processes associated with 

the fIow on the boundaries of the base region have a considerable influence on the fluctua- 

tions, it is expedient to take the velocity u e in the exterior part of the free viscous 
layer as characteristic velocity. 

To calculate Sh, one usually takes the diameter of the body as the characteristic 

scale in the case of axisymmetric bodies. With increasing velocity of the oncoming flow, 

the diameter of the near wake changes nonmonotonically [19]. In addition, bodies of dif- 

ferent shape form wakes with different diameters. Therefore, in the case of a supersonic 

flow it is advisable to calculate Sh using the diameter of the wake rather than the diam- 

eter of the body generating the wake. Since we were investigating fluctuations in the 

base region in the present study, we took the throat diameter d of the wake as the char- 

acteristic scale. To estimate the effect of M on Sh for the fluctuations, we determined 
the frequency fm corresponding to the position of the gentle maximum in the fluctuation 

spectrum: Sh m = fmd/ue (Fig. 5). Increasing M from 0.4 to 4 reduced Sh m. In a subsonic 
flow, the maximal value in the fluctuation spectra of the pressure corresponded to Sh m = 
0.05-0.1 with M = 0.05-0.35 for a cylindrical body with ogival front part (L/D ~ 4) [I], 

to Sh = 0.04-0.09 with M = 0.2-0.9, Sh = 0.09-0.11 with M = 1.4, and Sh = 0.1-0.12 with 
M = 2 for a blunt cylindrical body with expanding tail section [4], and to Sh = 0.1-0.3 

397 



sh~ 

0.0~ ~ ~ 

g 2 ., 

Fig. 5 

~L 

2 

I "... _' .-'-.'" l 

15 f i \.~ 
0.t 0.5 Z 8 F(~Hz) 

Fig. 6 
w i t h  M < 0 . 1  f o r  a s p h e r e  [ 6 ] .  

3 .  F l u c t u a t i o n s  i n  t h e  N e a r  W a k e  

B e s i d e s  i n v e s t i g a t i n g  t h e  b a s e  p r e s s u r e  f l u c t u a t i o n s ,  we m e a s u r e d  t h e  f l u c t u a t i o n s  

o f  t h e  d y n a m i c  h e a d  i n  t h e  r e t u r n  f l o w  t o  t h e  b a s e  s e c t i o n  o f  t h e  c o n e .  M e a s u r e m e n t s  

w e r e  m a d e  b y  m e a n s  o f  h o t - w i r e  a n d  f i l m  a n e m o m e t e r s  o f  t h e  f i r m  D i s ,  a n d  a l s o  a s p e c i a l  
s e n s o r  i n  t h e  f o r m  o f  t w o  p a r a l l e l  n e e d l e s  i n  t h e  f r o n t  c o n v e r g i n g  p a r t  o f  w h i c h  a g l o w  

d i s c h a r g e  w a s  s e t  u p .  T h e  s e n s o r s  w e r e  p l a c e d  o n  t h e  w a k e  a x i s  a t  d i s t a n c e  0 . 3 D  f r o m  t h e  
b a s e  s e c t i o n  o f  t h e  c o n e .  I n  F i g .  6 ( c o n e  w i t h  0 = 15  ~ , D = 1 2 0  mm; 1 - 5  f o r  t h e  a n e m o -  
m e t e r ,  6 f o r  t h e  f l o w - d i s c h a r g e  s e n s o r ;  1 )  M = 0 . 3 ,  2 )  M = 0 . 6 ,  3 )  M = 0 . 9 ,  4 )  M = 3 ,  
5 )  a n d  6 )  M = 4 )  we h a v e  p l o t t e d  c u r v e s  b a s e d  o n  p h o t o g r a p h s  o f  t h e  s p e c t r u m  o n  t h e  s c r e e n  
o f  a p a r a l l e l  o n e - t h i r d  o c t a v e  a n a l y z e r  ( t h e  c u r v e s  a r e  t h e r e f o r e  q u a l i t a t i v e  i n  n a t u r e ) .  

T h e  l e v e l  w a s  n o t  c a l i b r a t e d ;  AL i s  t h e  s c a l e  o n  t h e  a n a l y z e r  s c r e e n  ( d B ) .  I n  t h e  r a n g e  
o f  s u b s o n i c  v e l o c i t i e s ,  l a r g e  f l u c t u a t i o n s  a r e  o b s e r v e d  i n  a w i d e  f r e q u e n c y  r a n g e  ( f  = 
0 . 2 - 2  k H z ) .  W h e n  t h e  v e l o c i t y  o f  t h e  s u b s o n i c  f l o w  i s  i n c r e a s e d  f r o m  M = 0 . 4  t o  M = 0 . 8 ,  
t h e  m a x i m u m  o f  t h e  s p e c t r u m  i n c r e a s e s ,  b u t  a s u b s e q u e n t  i n c r e a s e  i n  M ( t o  M = 1 . 1 )  l e a d s  
t o  a r e d u c t i o n  o f  t h e  m a x i m u m .  

A t  s u p e r s o n i c  v e l o c i t i e s ,  t h e  f i r s t  m a x i m u m  o f  t h e  f l u c t u a t i o n  s p e c t r u m  o f  t h e  d y -  

n a m i c  h e a d  i s  o b s e r v e d  a t  t h e  s a m e  f r e q u e n c i e s  a s  f o r  t h e  p r e s s u r e  f l u c t u a t i o n s .  L i k e  t h e  
p r e s s u r e  f l u c t u a t i o n s ,  t h e  t r a n s i t i o n  f r o m  M = 3 t o  M = 4 r e d u c e s  t h e  f l u c t u a t i o n s  o f  t h e  
d y n a m i c  h e a d  a t  t h e  f i r s t  m a x i m u m .  A f e a t u r e  o f  t h e  f l u c t u a t i o n  s p e c t r a  o f  t h e  d y n a m i c  

h e a d  i s  t h a t ,  i n  c o n t r a s t  t o  t h e  p r e s s u r e  s p e c t r a ,  t h e y  h a v e  a f u r t h e r  m a x i m u m ,  s i t u a t e d  
a t  f r e q u e n c i e s  f = 1 - 2  k H z .  N o t e  t h a t  t h e  s p e c t r u m  o b t a i n e d  w i t h  t h e  g l o w - d i s c h a r g e  
s e n s o r  h a s  a t h i r d  m a x i m u m  a t  f = 1 5  k H z .  

I t  i s  o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  f l u c t u a t i o n s  a t  n o t  o n l y  t h e  b a s e  s e c t i o n  b u t  

a l s o  i n  i n d i v i d u a l  r e g i o n s  o f  t h e  n e a r  w a k e .  T h e  f l u c t u a t i o n s  n e a r  t h e  w a k e  a x i s  w e r e  
m e a s u r e d  b y  m e a n s  o f  g a s - d i s c h a r g e  s e n s o r s .  T h e  r m s  v a l u e  o f  t h e  f l u c t u a t i o n s  i n c r e a s e d  
g o i n g  d o w n s t r e a m  f r o m  t h e  b a s e  s e c t i o n  t o  t h e  c o n t r a c t i o n  r e g i o n ,  a n d  t h e n  d e c r e a s e d .  I n  

t h e  c i r c u l a t i o n  z o n e  t h e  s p e c t r a l - d e n s i t y  l e v e l s  c o r r e s p o n d i n g  t o  l o w  f r e q u e n c i e s  w e r e  
h i g h e r ,  w h i l e  t h e  h i g h - f r e q u e n c y  l e v e l s  w e r e  r a i s e d  i n  t h e  c o n t r a c t i o n  r e g i o n .  T h e  g r o w t h  
i n  t h e  f l u c t u a t i o n s  o v e r  t h e  s e c t i o n  i n  f r o n t  o f  t h e  w a k e  t h r o a t  a n d  s u b s e q u e n t  d e c r e a s e  
i n  t h e i r  i n t e n s i t y  b e h i n d  t h e  t h r o a t  w e r e  a l s o  o b t a i n e d  i n  a n  i n v e s t i g a t i o n  o f  t h e  t u r -  
b u l e n c e  b e h i n d  a w e d g e  w i t h  t u r b u l e n t  l a y e r  a t  M = 4 [ 2 0 ]  a n d  b e h i n d  a n  a x i s y m m e t r i c  b o d y  
w i t h  t h i c k  b o u n d a r y  l a y e r  [ 2 1 ] .  T h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  f l u c t u a t i o n s  b e h i n d  
t h e  w e d g e  e x h i b i t  a c o n t i n u o u s  s h i f t  o f  t h e  f l u c t u a t i o n  e n e r g y  t o  l o w e r  f r e q u e n c i e s  w i t h  
i n c r e a s i n g  d i s t a n c e  f r o m  t h e  w e d g e .  I n  t h e  c a s e  o f  f l o w  o v e r  b o d i e s  w i t h  l a m i n a r  l a y e r  
u p  t o  t h e  t h r o a t  o f  t h e  w a k e  a s e c o n d  p e a k  o f  t h e  f l u c t u a t i o n  i n t e n s i t y  o c c u r s  i n  t h e  
r e g i o n  o f  t h e  t r a n s i t i o n  p o i n t  i n  t h e  w a k e  [ 2 0 ,  2 2 ] .  I t  f o l l o w s  f r o m  w h a t  we h a v e  s a i d  
t h a t  t h e  p o s i t i o n  o f  t h e  w a k e  t h r o a t  a n d  t h e  t r a n s i t i o n  p o i n t  c a n  b e  d e t e r m i n e d  f r o m  t h e  
i n c r e a s e  i n  t h e  f l u c t u a t i o n  i n t e n s i t y  a s  o n e  m o v e s  a l o n g  t h e  a x i s .  

398 



I t  h a s  b e e n  s u g g e s t e d  by G. Yu. S t e p a n o v  t h a t  when a s t r o n g  d i s t u r b a n c e  i s  i n t r o d u c e d  
i n t o  t h e  b a s e  s e p a r a t i o n  f l o w  b y ,  f o r  e x a m p l e ,  t h e  a b r u p t  l i q u i d a t i o n  and s u b s e q u e n t  f o r m a -  
t i o n  o f  t h e  f l o w ,  t h e r e  c o u l d  b e  s t r o n g  damped f l u c t u a t i o n s  w i t h  v a r y i n g  f r e q u e n c y .  To 
i n v e s t i g a t e  t h i s  c o n j e c t u r e  e x p e r i m e n t a l l y  d u r i n g  t h e  work  i n  t h e  w i n d  t u n n e l  w i t h  M = 3 
a b a s e  p l a t e  was d e t a c h e d  i n  t h e  t a i l  p a r t  o f  a c y l i n d r i c a l  body  (D = 130 mm)~ The  e x -  

p e r i m e n t s  showed  t h a t  t h e r e  r e a l l y  i s  a c h a r a c t e r i s t i c  t i m e  f o r  t h e  s e p a r a t i o n  f l o w  t o  be  

e s t a b l i s h e d  and t h a t  i n  t h e  i n i t i a l  p e r i o d  s t r o n g  damped f l u c t u a t i o n s  w i t h  f r e q u e n c y  2 0 -  
50 Hz o c c u r .  

W i t h  a v i e w  t o  e l u c i d a t i n g  t h e  f l o w  d y n a m i c s  i n  t h e  b a s e  r e g i o n ,  we made a m o t i o n  
p i c t u r e  o f  t h e  v i s u a l i z e d  f l o w  u s i n g  a h i g h - s p e e d  c i n e  c a m e r a  w o r k i n g  a t  3 - 6  t h o u s a n d  
f r a m e s / s e c .  T h e s e  r e v e a l e d  f l u c t u a t i o n s  o f  t h e  f r e e  v i s c o u s  l a y e r ,  p e r i o d i c  c h a n g e s  i n  
t h e  s i z e  o f  t h e  t o r o i d a l  e d d y ,  and  f l u c t u a t i o n s  o f  t h i s  e d d y  n e a r  t h e  j e t  b o u n d a r y .  The  
r e g i o n  o f  c i r c u l a t i o n  f l o w  was s u r r o u n d e d  by a f l o w  w i t h  l a r g e  p r e s s u r e  g r a d i e n t s ,  and  
t h e s e  i n t e r n a l  v i s c o u s  l a y e r s  w e r e  u n s t a t i o n a r y .  E x a m i n a t i o n  o f  t h e  f r a m e s  showed  t h a t  
t h e  v i s u a l i z i n g  f l u i d  p e r i o d i c a l l y  c o v e r s  t h e  j e t  b o u n d a r y  o f  t h e  s t a g n a t i o n  z o n e ,  t h e  
l o w e r  b o u n d a r y  o f  t h e  c o l o r e d  f l u i d  g r a d u a l l y  b e i n g  d e f l e c t e d  t o w a r d  t h e  a x i a l  l i n e ,  a f t e r  
w h i c h  o n e  o b s e r v e s  a s h i f t  o f  t h i s  f l u i d  f r o m  t h e  t h r o a t  t o  t h e  b a s e  s e c t i o n .  At a l a t e r  
t i m e  t h e  d a r k e n i n g  o f  t h e  v i s c o u s  l a y e r  d i s a p p e a r s ,  and t h e  c o l o r e d  f l u i d  c a n  be  n o t e d  
o n l y  n e a r  t h e  d r a i n a g e  o p e n i n g .  T h e s e  p u l s a t i o n s  a r e  due  t o  f l o w - r a t e  f l u c t u a t i o n s  o f  
t h e  f l u i d  i n  t h e  b a s e  z o n e  and c o r r e s p o n d  t o  t h e  f r e q u e n c i e s  o f  t h e  maximum i n  t h e  f l u c t u a -  
t i o n  s p e c t r u m  o f  t h e  b a s e  p r e s s u r e .  M e a s u r e m e n t s  o f  t h e  t u r b u l e n c e  i n  t h e  wake  b e h i n d  a 
t h i n  s l a b  and  b e h i n d  a wedge  w i t h  t r i p p e d  b o u n d a r y  l a y e r  [20] i n d i c a t e  t h a t  t h e  i n t e n s i t y  
o f  t h e  t u r b u l e n c e  i n  t h e  t r a n s v e r s e  s e c t i o n  o f  t h e  n e a r  wake has  a maximum i n  t h e  f r e e  
v i s c o u s  l a y e r ,  and  t h e  i n t e n s i t y  o f  t h e  l o n g i t u d i n a l  f l u c t u a t i o n s  i s  a l m o s t  two t i m e s  
g r e a t e r  t h a n  t h a t  o f  t h e  t r a n s v e r s e  f l u c t u a t i o n s  n e a r  t h e  t r a i l i n g  e d g e .  

The h i g h - s p e e d  m o t i o n  p i c t u r e  o f  t h e  v i s u a l i z e d  f l o w ,  and  a l s o  p l a t e s  w i t h  w i r e s  
r e v e a l e d  t h e  p r e s e n c e  o f  r e g i o n s  i n  w h i c h  t h e  s t r o n g e s t  l o w - f r e q u e n c y  p u l s a t i o n s  o c c u r r e d .  
The  r e g i o n s  a r e  t h e  s t a g n a t i o n  p o s i t i o n  o f  t h e  f l o w  i n  t h e  r e g i o n  o f  t h e  t h r o a t  and  t h e  
r e g i o n  n e a r  t h e  c e n t e r  o f  t h e  b a s e .  I t  c a n  be  a s s u m e d  t h a t  t h e  l a r g e - s c a l e  v a r i a t i o n s  o f  
t h e  f l o w  i n  t h e s e  r e g i o n s  make an i m p o r t a n t  c o n t r i b u t i o n  t o  t h e  l o w - f r e q u e n c y  c o m p o n e n t s  
o f  t h e  s p e c t r u m  o f  t h e  b a s e  p r e s s u r e  f l u c t u a t i o n s ~  

The base pressure fluctuations are produced by a number of interconnected factors, 

in particular, by the realization of quasistationary regimes with relaxation fluctuations 

[8], flow-rate fluctuations of the fluid in the stagnation zone, large-scale disturbances 

and turbulence in the free viscous layer, instability of the return jet, displacements of 
the points of separation and attachment of the flow, and acoustic fluctuations in the re- 
sonance volume. 

In the spectra of the base pressure fluctuations, the relatively low-frequency 

fluctuations (Sh < 0.I) are explained by the flow dynamics in the base region as a whole 

and are associated with the change in the amount of fluid circulating in the stagnation 

zone. Random fluctuations of the body due to external disturbances lead to changes in 

the flow Parameters in the layer of influence and in the intensity of the tail shock waves 

and the pressure on the dividing streamline. These factors govern the amount of gas that 

is turned into the stagnation zone, and thereby the base pressure. The change in the ratio 

of the pressure on the cone to the base pressure changes the angle through which the flow 

is turned in the rarefaction wave, and the process is repeated. Fluctuations of the bound- 
aries of the stagnation zone, the throat diameter, and the position of the tail shock 

waves have the consequence that the amount of fluid turned into the stagnation zone and 
the amount of fluid passing through the throat downstream is changed. When flow-rate 
fluctuations occur behind the throat, a wake with large-scale eddy structure must be formed. 

In this connection, it should be noted that the existence of regular periodic disturbances 

in the hypersonic wake behind a cone was established by interferometric measurements in a 
ballistic range [24]. 

One of the main sources of fluctuations are waves emitted by supersonic eddies in 
the free viscous layer. The strong fluctuations over a wide range of the spectrum contain 

not only acoustic frequencies emitted by the eddies passing near the sonic line but also 
frequencies corresponding to the Fourier spectrum of the interface intermittency (large 

vortices in the shear layer that do not pass close to the boundary M = 1). The coefficent 
of the space-time correlation of the velocity fluctuations in the turbulent boundary layer 
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h a s  a maximum c o r r e s p o n d i n g  t o  t r a n s p o r t  o f  e d d i e s  w i t h  v e l o c i t i e s  e q u a l  t o  0 . 6 - 0 . 8  o f  
t h e  f l o w  v e l o c i t y .  U s i n g  t h e  c i n e  f r a m e s  t o  d e t e r m i n e  t h e  v e l o c i t y  and  e d d y  s i z e s ,  i t  i s  
p o s s i b l e  t o  f i n d  t h e  f r e q u e n c y  i n t e r v a l ,  w h i c h  c o r r e s p o n d s  t o  Sh ~ 0 . 4 - 0 . 8 .  

The  p r e s s u r e  s e n s o r  f i x e d  a t  t h e  c e n t e r  o f  t h e  b a s e  p a r t  e s s e n t i a l l y  r e c o r d s  t h e  
f l u c t u a t i o n s  o f  t h e  s t a g n a t i o n  p r e s s u r e  i n  t h e  i n c o m i n g  j e t .  A l l  t h e  p e r t u r b a t i o n s  o f  
the jet parameter arise in the region in which it is formed, i.e., in the region of the 
wake throat. These perturbations are due to fluctuations of the tail shocks and also the 

nature of the mixing in the region of the wake throat. For cones and cylinders placed 
parallel to the flow, two sensors were set up in each case at different distances from the 
base section. In a number of experiments a difference Was noted in the pressure distribu- 
tion over the base section: at low supersonic velocities (M < 0.4) the fluctuations were 

higher near the trailing edge (by 3-5 decibel), though at large subsonic and supersonic 
velocities (0.4 < M < 3) the fluctuations were greater at the center (by 2-3 decibel). 
At low velocities, the growth of the pulsations near the rim of the trailing edge is due 
to separating large-scale eddies. With increasing velocity of the oncoming flow, the 

main part in the distribution of the fluctuations is played by the transport of distur- 

bances by t h e  r e t u r n  j e t .  

The  f l u c t u a t i o n s  o f  t h e  b a s e  p r e s s u r e  a t  f r e q u e n c y  Sh ~ 0 . 1 - 0 . 5  a r e  due  t o  t h e  n o n -  
s t a t i o n a r y  n a t u r e  o f  t h e  f l o w  i n  t h e  r e g i o n  o f  s e p a r a t i o n  and  a t t a c h m e n t  o f  t h e  f l o w ,  t h e  
f l u c t u a t i o n s  o f  t h e  r e t u r n  j e t ,  and  t h e  r e s o n a n c e  f l u c t u a t i o n s  i n  t h e  s t a g n a t i o n  z o n e .  
An e s t i m a t e  o f  t h e  f r e q u e n c i e s  o f  t h e  r e s o n a n c e  a c o u s t i c  f l u c t u a t i o n s  i n  t h e  b a s e  r e g i o n  
shows t h a t  f o r  t h e  t e s t e d  m o d e l s  t h e  r a n g e  o f  S t r o u h a l  n u m b e r s  i s  0 . 3 - 0 . 5 .  

The intensity of noise emission by the viscous layer depends on the degree of tur- 
bulence in the layer, the maximal turbulence being attained in the region of the tangential 

discontinuity of the axial velocity between the external flow as it turns past the trail- 
ing edge and the stagnation flow. A reduction of the velocity gradients in the free layer 
helps to stabilize the flow and reduce the fluctuations. This is confirmed by experiments 

in which gas is blown into the base region [25], where a blowing of order 2-3% lowers the 
fluctuations by 2-3 times for the subsonic velocity range. In a first approximation, the 

wavelength of the acoustic wave emitted by the free viscous layer is determined by the 

thickness of the layer and the mean velocity in this region. For bodies of large diameter, 
the thickness of the layer and the size of the vortices increase, and there is a corre- 
sponding increase in the linear scales associated with the mixing process and the frequency 

of the emitted sound varies in inverse proportion to the diameter of the bodies. For the 
turbulent boundary layer, the thickness estimate 8~0.37LXBel/5 shows that with increasing 
Re one must expect a slight decrease in the thickness of the layer and, therefore, an in- 

crease in the frequency of the emitted sound. In the case of supersonic flow, the rarefac- 
tion of the flow in the Prandtl--Meyer wave at the trailing edge lowers the spectral density 

at high frequencies in the same manner as boundary layers with negative longitudinal gra- 

dient o f  t h e  mean  p r e s s u r e  [ 2 6 ] .  

I s h o u l d  l i k e  t o  t h a n k  V. A. L y u t y l  f o r  a s s i s t a n c e  i n  t h e  e x p e r i m e n t s .  
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