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F L U C T U A T I N G  S U R F A C E - P R E S S U R E  C H A R A C T E R I S T I C S  O N  S L E N D E R  
C O N E S  I N  S U B S O N I C ,  S U P E R S O N I C ,  A N D  H Y P E R S O N I C  

M A C H - N  UMBE R F L  0 W 

H a n n o  H .  H e l l e r  
A n t h o n y  R. C le rnen te  

B o l t  B e r a n e k  a n d  N e w m a n  I n c .  

SUMMARY 

T h i s  r e p o r t  p r e s e n t s  r e s u l t s  o f  a n  e x p e r i m e n t a l  program to 
d e t e r m i n e  t h e  f low- induced  uns t eady  aerodynamic  l o a d s  on space -  
s h u t t l e  o r b i t e r  c o n f i g u r a t i o n s  i n  t h e  e a r l y  r e e n t r y  phase .  Ex- 
p e r i m e n t s  on 8 O  h a l f - a n g l e  c o n e / f l a t - b a s e  c o n f i g u r a t i o n s  were 
conduc ted  a t  free-stream Mach numbers o f  6 and 1 5  and Reynolds  
numbers c o r r e s p o n d i n g  t o  s h u t t l e  r e e n t r y  c o n d i t i o n s .  The f low 
f a c i l i t i e s  used  were t h e  H-3 Hypersonic  F a c i l i t y  (Mach 6 )  and  
t h e  Longshot  F r e e  P i s t o n  Tunnel  (Mach 15) o f  t h e  Von Karman 
I n s t i t u t e  ( V K I )  f o r  F l u i d  Dynamics i n  Rhode-St-Genese, Belgium. 

With t h e s e  t e s t  r e s u l t s  and p e r t i n e n t  r e s u l t s  from o t h e r  
r e s e a r c h  e f f o r t s ,  da ta  a r e  a v a i l a b l e  a t  f r e e - s t r e a m  Mach num- 
b e r s  of 0 . 6 7 ,  2 . 5 ,  3 ,  4 ,  6 ,  1 5 ,  and 2 2 .  Thus ,  e m p i r i c a l  e x p r e s -  
s i o n s  c o u l d  b e  d e v e l o p e d  for t h e  Mach-number dependence of t h e  

o v e r a l l  f l u c t u a t i n g  p r e s s u r e  u n d e r  an a t t a c h e d  t u r b u l e n t  bound- 
a r y  l a y e r  and u n d e r  a s e p a r a t e d  base- f low r e g i o n .  

For 0 < M < 1 2 ,  t h e  o v e r a l l  f l u c t u a t i n g  p r e s s u r e  (prms)OA 
u n d e r  a n  a t t a c h e d  t u r b u l e n t  boundary l a y e r  n o r m a l i z e d  w i t h  t h e  
l o c a l  dynamic p r e s s u r e  qe 
d e n c e :  

qe  

has t h e  f o l l o w i n g  Mach-number depen- 

¶ (S-1) 0 .006  

1 + (0.15Me)2 + (0 .15Me)‘  



where Me i s  t h e  edge  Mach number. 
F i g .  4 2  w i t h  s u p p o r t i n g  e x p e r i m e n t a l  data. 

E q u a t i o n  S-1 i s  shown i n  

The a v e r a g e  o v e r a l l  n o r m a l i z e d  f l u c t u a t i n g  p r e s s u r e  on t h e  

f l a t  b a s e  o f  a s l e n d e r  cone  was found t o  have  t h e  f o l l o w i n g  Mach- 
number dependence :  I 

qco 

where qm and Ma r e p r e s e n t  t h e  f r e e - s t r e a m  c o n d i t i o n s .  E q u a t i o n  
S-2 i s  shown i n  F i g .  45 w i t h  s u p p o r t i n g  e x p e r i m e n t a l  da ta .  T h i s  

e q u a t i o n  i s  b e l i e v e d  t o  b e  v a l i d  f o r  0 < M < 2 2 ,  e x c e p t  f o r  
MW=l where t h e  f u n c t i o n  blows up. 

F u r t h e r m o r e ,  e x p e r i m e n t a l  d a t a  a l l o w e d  t h e  d e f i n i t i o n  o f  a 
nond imens iona l  b a s e - p r e s s u r e  s p e c t r u m  f o r  a Mach-number r a n g e  
c o m p r i s i n g  a t  l e a s t  0 . 6 7  < Mm < 6 .  T h i s  s p e c t r u m  i s  shown i n  
F i g .  25 .  

The a u t h o r s  a r e  i n d e b t e d  t o  P r o f e s s o r s  John  Wendt and  Bryan  
R i c h a r d s ,  and  t o  M r .  Kenworthy o f  V K I ,  who were r e s p o n s i b l e  f o r  
c o n d u c t i n g  t h e  e x p e r i m e n t s ,  and  t o  P r o f e s s o r  G u i s l a i n  V a n s t e e n k i s t e  
o f  Ghent U n i v e r s i t y ,  who a s s i s t e d  i n  t h e  d a t a  r e d u c t i o n .  
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I NT RODU CTI ON 

D e f i n i t i o n  o f  t h e  u n s t e a d y  aerodynamic l o a d  c h a r a c t e r i s t i c s  
d u r i n g  t h e  e n t i r e  f l i g h t  t r a j e c t o r y  o f  a s p a c e c r a f t  i s  an e s sen -  
t i a l  p a r t  o f  t h e  s t r u c t u r a l  d e s i g n  phase,  as w e l l  as o f  t h e  

f l i g h t - p l a n n i n g  phase .  The U n i t e d  S t a t e s  Space  S h u t t l e  f e a t u r e s  
a manned r e u s a b l e  de l t a -winged  o r b i t e r  on  t o p  o f  a combina t ion  o f  
l i q u i d  and s o l i d  p r o p e l l a n t  b o o s t e r  r o c k e t s  t o  l i f t  p a y l o a d  i n  
e a r t h  o r b i t .  T h i s  c o n f i g u r a t i o n  d i f f e r s  f rom t h e  "Apollo" con- 
f i g u r a t i o n ,  b e c a u s e  t h e  f l i g h t  bod ie s  a re  n o t  r o t a t i o n a l l y  sym- 

b o d i e s  a r e  exposed  t o  l o a d s  which shou ld  d i f f e r  c h a r a c t e r i s t i c a l l y  
f rom t h o s e  e x p e r i e n c e d  b y  t h e  Apollo l a u n c h  c o n f i g u r a t i o n  or t h e  
command c a p s u l e ,  r e s p e c t i v e l y .  

I 

I 

I 

I m e t r i c a l .  T h e r e f o r e ,  i n  t h e  a scend  and r e e n t r y  p h a s e s ,  t h e  f l i g h t  

I 

Some s t u d i e s  ( s e e ,  f o r  example,  Coe e t  aZ, 1971)  were con- 
d u c t e d  t o  o b t a i n  i n f o r m a t i o n  on t h e  f l u c t u a t i n g - p r e s s u r e  c h a r -  
a c t e r i s t i c s  on t h e  s u r f a c e  s t r u c t u r e  o f  s h u t t l e  models  a t  Mach 
numbers c o r r e s p o n d i n g  t o  t h e  subson ic  and low s u p e r s o n i c  f l i g h t  
r eg ime .  R e c e n t l y ,  B o l t  Beranek and Newman I n c .  (BBN) unde r  con- 
t r a c t  w i t h  t h e  NASA-Langley Research  C e n t e r  measured p r e s s u r e  
s p e c t r a  on a c o n e / f l a t - b a s e  c o n f i g u r a t i o n  and on a s t r a i g h t - w i n g  
o r b i t e r  model i n  t h e  Mach-number range  o f  0 . 6 7  t o  4 . 0  ( H e l l e r  
and  Holmes, 1 9 7 1 ) .  

NOW t h a t  t h e  f i n a l  s h u t t l e  c o n f i g u r a t i o n  i s  d e f i n e d ,  i t  i s  

I d e s i r a b l e  t o  d e t e r m i n e  t h e  f low-induced u n s t e a d y  aerodynamic l o a d  
1 c h a r a c t e r i s t i c s  o v e r  t h e  e n t i r e  r e e n t r y  phase .  T h i s  s t u d y  i n -  

c l u d e s  t h e  h y p e r s o n i c  Mach-number r ange  where  r a p i d  h e a t i n g  makes 
c o n d i t i o n s  c r i t i c a l ,  The p r imary  o b j e c t i v e  o f  t h e  s t u d y  i s  t h e  

e x p e r i m e n t a l  c h a r a c t e r i z a t i o n  of s u r f a c e  p r e s s u r e  f l u c t u a t i o n s  
a t  h i g h  h y p e r s o n i c  (M>8) Mach numbers, where  r e l i a b l e  i n f o r m a t i o n  
p r e s e n t l y  i s  u n a v a i l a b l e .  
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To conduc t  a p p r o p r i a t e  model t e s t s ,  a f low f a c i l i t y ,  which 
c l o s e l y  s i m u l a t e s  t h e  i m p o r t a n t  p a r a m e t e r s  of  a t y p i c a l  r e e n t r y  
f l i g h t ,  i s  needed .  The o n l y  f a c i l i t y  t h a t  p r o v i d e s  Reynolds-  
number s i m i l a r i t y  a t  h y p e r s o n i c  Mach numbers (15<M<24) i s  t h e  

"Longshot F r e e  P i s t o n  Hyper son ic  Tunnel"  o f  t h e  Von Karman I n s t i -  
t u t e  ( V K I )  f o r  F l u i d  Dynamics a t  Rhode-St-Genese i n  Belgium. 
T h i s  shock- tunne l  f a c i l i t y  p r o v i d e s  f low f o r  a few m i l l i s e c o n d s .  
Another f a c i l i t y  a t  t h e  V K I ,  t h e  Hyper son ic  Tunne l  H-3 ,  p r o v i d e s  
c o n t i n u o u s  h i g h  Reynolds-number f l o w  a t  a Mach number o f  6 .  
(These  f a c i l i t i e s  a re  d e s c r i b e d  i n  more d e t a i l  i n  Appendix A,) 

l 
I 

1 

Before t e s t s  on c o m p l i c a t e d  c o n f i g u r a t i o n s ,  i . e . ,  o r b i t e r  
c o n f i g u r a t i o n s ,  c o u l d  b e  a t t e m p t e d ,  a s e r i e s  o f  e x p e r i m e n t s  on 
s i m p l e  b o d i e s  ( 8 O  h a l f - a n g l e  c o n e s  w i t h  f l a t  bases)  were n e c e s s a r y  
t o  deve lop  the  r e q u i r e d  e x p e r i m e n t a l  t e c h n i q u e s .  S p e c i f i c a l l y ,  
t h e  t echno logy  had t o  be  d e v e l o p e d  t o  o b t a i n  f l u c t u a t i n g - p r e s s u r e  
data w i t h i n  t h e  e x t r e m e l y  s h o r t  t i m e  s p a n  t h a t  u n d i s t u r b e d  f l o w  
c o n d i t i o n s  can  be e s t a b l i s h e d  o v e r  a model i n  t h e  t e s t  s e c t i o n  o f  
a shock t u n n e l .  F o r  t h i s  p u r p o s e ,  f a s t - r e s p o n s e  mic rophones  were 
deve loped ;  t hese  combined small s i z e ,  h i g h  p r e s s u r e  and  low v i -  
b r a t i o n  s e n s i t i v i t y  w i t h  s u f f i c i e n t  s t r u c t u r a l  s t r e n g t h  t o  w i t h -  

s t a n d  t h e  t e s t  e n v i r o n m e n t .  Because  of  t h e  s h o r t  s i g n a l  d u r a t i o n ,  
some i n g e n u i t y  was r e q u i r e d  t o  (1) l o c a t e  t h e  s i g n a l  on t a p e ;  
(2) d e t e r m i n e  t h e  p e r i o d  d u r i n g  which  t h e  s i g n a l  c o r r e s p o n d s  t o  
a n  u n d i s t u r b e d  f l o w  s i t u a t i o n ;  ( 3 )  F o u r i e r - a n a l y z e  t h i s  s i g n a l  
window i n  a f r e q u e n c y  r a n g e  up t o  3 2 0  kHz; and  ( 4 )  i n t e r p r e t  t h e  

r e s u l t s  and  r e l a t e  them t o  t h o s e  r e s u l t s  o b t a i n e d  on s i m i l a r  
b o d i e s  a t  l o w e r  and  h i g h e r  Mach numbers .  
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TECHNICAL DISCUSSION 

Re e n t r y  E n  v i  r o n  men t 

S i m u l a t i o n  o f  t h e  f l o w  environment  a round  a s c a l e d  t e s t  body 
i n  a wind t u n n e l  r e q u i r e s  e s s e n t i a l l y  Mach number, Reynolds  num- 
b e r ,  dynamic p r e s s u r e ,  and t e m p e r a t u r e  s i m u l a t i o n .  

Nor th  American Rockwell  p rovided  BBN w i t h  t h e  l a t e s t  
(December 1 9 7 2 )  r e e n t r y  p r o f i l e  e s t i m a t e s .  Dynamic p r e s s u r e ,  
Mach number, and u n i t  Reynolds  number a r e  shown as f u n c t i o n  o f  
r e e n t r y  e l a p s e d  t i m e  i n  F i g .  1. Two p o i n t s  ( i n  t i m e  a f t e r  re -  
e n t r y )  were s e l e c t e d  for t e s t i n g :  

Time 

Mm 

Re / f t  

q, 

1 1 0 0  s e e  1 6 0 0  s e e  

1 5  6 

2 4 . 5  x i o 4  14.5 x i o 4  

1 0 0  p s f  150 p s f  

I f  t h e  c o n i c a l  b o d i e s  were c o n s i d e r e d  to r e p r e s e n t  1:lOO s c a l e d  
models  o f  t h e  o r b i t e r  c o n f i g u r a t i o n ,  t h e n  u n i t  Reynolds  numbers 
o f  4 .5  x lo6 and 1 4 . 5  x lo6 p e r  f t  for €Ylach numbers of  1 5  and 
6, r e s p e c t i v e l y ,  a r e  r e q u i r e d  i n  t h e  f low f a c i l i t i e s .  

S i m u l a t i o n  i n  Flow F a c i l i t i e s  

The V K I  H y p e r s o n i c  T'unneZ H-3 ( F i g .  2 )  i s  a n  i n t e r m i t t e n t  
f a c i l i t y  of  t h e  blow-down t y p e  g i v i n g  a u n i f o r m  f r e e  j e t  1 2  ern 
( 5  i n . )  i n  d i a m e t e r .  A s u p e r s o n i c  e j e c t o r  p r o v i d e s  s u c t i o n  down- 
stream of t h e  d i f f u s e r .  S t a g n a t i o n  p r e s s u r e  r a n g e s  from 100 t o  
500  p s i  w i t h  s t a g n a t i o n  t e m p e r a t u r e s  up t o  725' K (840 '  F ) .  
F r e e - s t r e a m  Mach number i s  6 ,  u n i t  Reynolds  numbers up t o  
1 6  x lo6 p e r  m (z5 x lo6 p e r  f t )  can b e  a c h i e v e d .  

5 
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F I G .  2 .  T H E  V O N  K A R M A N  I N S T I T U T E  H Y P E R S O N I C  T U N N E L ,  H - 3  
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The V K I  L o n g s h o t  Free-Piston T u n n e l  ( F i g .  3 )  i s  a n  i n t e r -  
m i t t e n t  f a c i l i t y  o p e r a t i n g  w i t h  n i t r o g e n .  I t s  c o n i c a l  n o z z l e  
d i a m e t e r  i s  36 cm ( 1 4  i n . ) ;  free-stream Mach numbers r a n g e  from 
15  t o  2 4 .  S t a g n a t i o n  p r e s s u r e s  up t o  60,000 p s i ,  w i t h  maximum 
s t a g n a t i o n  t e m p e r a t u r e  o f  2600" K ,  a re  a t t a i n a b l e .  U n i t  Reynolds  
numbers r a n g e  f rom 1 0  t o  33 x l o 6  p e r  m (3 t o  10 x l o 6  p e r  f t ) .  

Thus, t h e  H-3  f a c i l i t y  i s  c a p a b l e  o f  p r o v i d i n g  Reynolds  num- 
ber t h a t  a re  c l o s e  t o  t h o s e  r e q u i r e d .  The Longshot  f a c i l i t y  
p r o v i d e s  a r a n g e  o f  Reynolds  number w e l l  w i t h i n  t h o s e  r e q u i r e d .  

Ex p e r  i m e n  t a  1 

M o d e l  s 

I n  b o t h  t h e  H-3  and  t h e  Longshot  ( L S )  t e s t s ,  8" h a l f - a n g l e /  
f l a t - b a s e  cones  are  u s e d .  They a re  s u p p o r t e d  w i t h  wedge-shaped 
p y l o n s ,  t h r o u g h  which i n s t r u m e n t a t i o n  leads a re  f e d .  I n  t h e  H-3  
t e s t s ,  t h e  cone was 26.5 cm ( 1 0 . 5  i n . )  l o n g ,  w i t h  a base diameter 
of  7.5 em ( 3  i n . ) ;  t h e  cone model i s  shown i n  t h e  t e s t  s e c t i o n  
of t h e  H-3 t u n n e l  i n  F i g .  4 .  I n  LS, t h e  cone l e n g t h  was 53.5 cm 
(21 i n . )  w i t h  a base d i a m e t e r  o f  15 ern (6 i n . ) ;  t h i s  cone  i s  
shown i n  t h e  L S  t e s t s  chamber i n  F i g .  5 .  

M o d e l  I n s t r u m e n t a t i o n  

B o t h  models  were equ ipped  w i t h  (1) f l u c t u a t i n g - p r e s s u r e  sen -  
sors, ( 2 )  a c c e l e r o m e t e r s ,  and ( 3 )  h e a t - t r a n s f e r  s e n s o r s .  All 
i n s t r u m e n t a t i o n  was deve loped  and  f a b r i c a t e d  by BBN. 
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F I G .  3 .  T H E  V O N  K A R M A N  I N S T I T U T E  " L O N G S H O T "  T U N N E L  
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4 

FIG. 4. 8' H A L F - A N G L E  C O N E / F L A T - B A S E  C O N F I G U R A T I O N  I N  T E S T  
S E C T I O N  OF H - 3  F A C I L I T Y  ( C O N E  L E N G T H :  26.5 cm) 
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Mode 1 

F I G .  5 .  V I E W  I N T O  T E S T  C H A M B E R  O F  T H E  L O N G S H O T  F A C I L I T Y  A T  

( C O N E  L E N G T H :  5 3 . 5  cm) 

V K I  W I T H  8 O  H A L F - A N G L E  C O N E / F L A T - B A S E  C O N F I G U R A T I O N  
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P r e s s u r e  S e n s o r s  

Because  o f  t h e  e x t r e m e l y  t h i n  t u r b u l e n t  boundary  l a y e r  ex- 
p e c t e d  on t h e  cone  s u r f a c e ,  t h e  e f f e c t i v e  s e n s i n g  d i a m e t e r  of 
t h e  microphones  must be  as small as p o s s i b l e  w h i l e  s t i l l  p r o v i d i n g  
s u f f i c i e n t  s e n s i t i v i t y  f o r  t h e  e x p e c t e d  s i g n a l .  BBN l / l O - i n .  
d i a m e t e r  p i e z o e l e c t r i c  p r e s s u r e  s e n s o r s  ( t y p e  3 7 7 )  w i t h  i n t e r n a l  
impedance ma tch ing  c i r c u i t  were used .  These  s e n s o r s  ( i n c l u d i n g  
FET c i r c u i t )  a r e  0 . 2 8  ern ( 0 . 1 1  i n , )  d i a m e t e r  by 1 . 9  ern ( 0 . 7 5  i n . )  
l o n g ;  s e n s i n g  diameter i s  0.20 cm (0 .08 i n . ) .  S e n s i t i v i t y  i s  
abou t  -115 dB r e  1 V / p b a r  o v e r  a f r e q u e n c y  r a n g e  from 50 H Z  t o  
beyond 200,000 Hz; r e s o n a n c e  f r e q u e n c y  i s  above 250,000 H Z .  

These  s e n s o r s  were mounted f l u s h  t o  t h e  cone  s u r f a c e .  S i m i l a r  
s e n s o r s  (BBN t y p e  3 7 6 )  w i t h  a s e n s i n g - a r e a  o f  0.56 cm ( 0 . 2 2  i n . )  
d i a m e t e r ,  and  o u t s i d e  d i m e n s i o n s  of 0.635 cm ( 0 . 2 5  i n . )  d iameter  

b y  2 . 5 4  ern (1 i n . )  l o n g  were used  on t h e  base of t h e  models .  
T h e i r  s e n s i t i v i t y  i s  a b o u t  -103  dB r e  1 V / p b a r ,  o v e r  a f r e q u e n c y  
r a n g e  f rom 50 Hz t o  20,000 Hz. Resonance o c c u r s  a t  a b o u t  50,000 
H z .  The i n s t a l l e d  s e n s o r s  were c o v e r e d  w i t h  a n  RTV l a y e r ,  
smoothed t o  t h e  s u r f a c e  c o n t o u r s .  T h i s  t e c h n i q u e ,  which  has been  
u s e d  i n  t h e  p a s t ,  shows no  e v i d e n c e  of d e t e r i o r a t i o n  i n  s e n s o r  
pe r fo rmance .  Flow t e s t s  were  c o n d u c t e d  t o  a s s u r e  t h a t  t h e  s e n s o r  
p r e s e n c e  d i d  n o t  p r e m a t u r e l y  t r i g g e r  a l a m i n a r  boundary  l a y e r .  

Acce Zerome ter s  

BBN t y p e  5 0 1  a c c e l e r o m e t e r s  ( w i t h  i n t e r n a l  impedance match- 
i n g  FET c i r c u i t )  a r e  mounted i n s i d e  t h e  models  w i t h  t h e i r  a x e s  
p a r a l l e l  t o  t h e  a x e s  o f  t h e  s e n s o r s .  Thus ,  t h e  p o r t i o n  o f  t h e  
s i g n a l  t h a t  must b e  a t t r i b u t e d  t o  v i b r a t i o n  c a n  b e  assessed. 
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Heat  T r a n s f e r  Gauges 

BBN t y p e  T/C 1 0 0  gauges  are  l o c a t e d  on t h e  cone  s u r f a c e  t o  
p r o v i d e  i n f o r m a t i o n  on t h e  s t a t e  o f  t h e  c o n e - s u r f a c e  boundary  
l a y e r  ( l a m i n a r  v s  t u r b u l e n t ) .  These gauges  supplement  t h e  i n f o r -  
ma t ion  o b t a i n e d  t h r o u g h  s c h l i e r e n o p t i c a l  and shadowgraph-type 

I 

I f low v i s u a l i z a t i o n .  

D a t a  A c q u i s i t i o n  System I 
i 

I 

The s i g n a l s  from t h e  p r e s s u r e  and  v i b r a t i o n  s e n s o r s  ( b o t h  
I c o n t a i n  t h e  i n t e r n a l  p r e a m p l i f i e r ,  which l o w e r s  t h e  o u t p u t  i m -  
I 

pedance  to abou t  1200R) were f ed  t h r o u g h  a m p l i f i e r s  w i t h  a n  
a d j u s t a b l e  g a i n  from 0 t o  66 dB and a f l a t  f r e q u e n c y  r e s p o n s e  
f rom 2 Hz to beyond 1 MHz i n t o  a Honeywell Model 5600 P o r t a b l e  
Tape R e c o r d e r .  

1 

I n  a l l  t e s t s ,  da ta  were r eco rded  a t  60 - ips  t a p e  speed .  The 
r e c o r d e r  o p e r a t e s  i n  t h e  AM ( d i r e c t  r e c o r d )  and i n  t h e  FM mode. 
R e c o r d i n g s  i n  t h e  AM mode a t  60 i p s  p r o v i d e  a r e s p o n s e  r a n g e  o f  
300  Hz t o  3OO,OGO Hz. Consequen t ly ,  t h e  s i g n a l s  of a l l  t h e  fo rward  
cone  s e n s o r s  w i t h  a f r equency  r e s p o n s e  i n  e x c e s s  o f  2 0 0 , 0 0 0  Hz 
and t h e  a c c e l e r o m e t e r s  w i t h  a f l a t  r e s p o n s e  up t o  50,000 Hz were 
r e c o r d e d  on t h e  AM c h a n n e l s .  I n  t h e  "doubly  e x t e n d e d  mode", t h e  

FM c h a n n e l s  p r o v i d e  a r e s p o n s e  range  from de to 4 0 , 0 0 0  Hz; 
s i g n a l s  from t h e  base s e n s o r s  w i t h  a f r e q u e n c y  r e s p o n s e  i n  e x c e s s  
o f  2 0 , 0 0 0  Hz were r e c o r d e d  on t h e  FM c h a n n e l s .  Some s i g n a l s  were 

a l s o  m o n i t o r e d  on o s c i l l o s c o p e s  f o r  a "qu ick - look  i n s p e c t i o n "  of 
da t a  d u r i n g  ( H - 3 )  o r  a f t e r  ( L S )  t h e  t e s t  r u n s .  P o l a r o i d  photo-  
g r a p h s  were a l s o  t a k e n .  



D a t a  R e d u c t i o n  

The H-3 data  o b t a i n e d  a t  a Mach number of 6 a r e  of  i n t e r e s t  
p e r  s e .  T h e y  f a l l  i n  a Mach-number r a n g e  where o n l y  l i m i t e d  da ta  
on f l u c t u a t i n g  s u r f a c e  p r e s s u r e s  a r e  a v a i l a b l e .  However, t h e  
pr imary  p u r p o s e  of  t h e  H-3 t e s t s  was t o  check  o u t  t h e  data  a c q u i -  
s i t i o n  and  r e d u c t i o n  p r o c e d u r e s  t o  b e  used  i n  t h e  LS t e s t s  u n d e r  
c o n t r o l l e d  and well-known c o n d i t i o n s ;  H-3 p r o v i d e d  f low for t i m e  
p e r i o d s  o f  s e v e r a l  t e n s  o f  s e c o n d s ,  w h i l e  a t y p i c a l  L S  s h o t  l a s t s  
for only  20 msec. For t h i s  r e a s o n ,  H-3 da t a  was n o t  r e d u c e d  by 

f e e d i n g  t a p e d  s i g n a l s  i n t o  a c o n v e n t i o n a l  s p e c t r u m  a n a l y z e r ;  
i n s t e a d ,  t h e  f o l l o w i n g  p r o c e d u r e  was a d o p t e d :  

S i g n a l s  on t h e  AM c h a n n e l s  were slowed down t h r o u g h  r e p e a t e d  
r e - r e c o r d i n g s  i n  t h e  f o l l o w i n g  manner:  

Record ing  a t  G O  i p s  t o  p r o v i d e  bandwid th  

P layback  a t  7-1/2 i p s  t o  p r o v i d e  bandwid th  50 Hz - 37.5 kHz 

4 0 0  Hz - 300 kHz 

T r a n s f e r  t o  second  t a p e  r e c o r d e r  
r e c o r d i n g  a t  1 2 0  i p s  i n  FM e x t e n d e d  
mode t o  p r o v i d e  bandwid th  50 Hz - 40 kHz 

Playback  a t  3-3/4 i p s  t o  p r o v i d e  bandwid th  1 .56  Hz - 1.25 kHz 

S i g n a l s  on t h e  FM c h a n n e l s  were s lowed down as f o l l o w s :  

0 H Z  - 40 k H Z  Record ing  a t  60  i p s  t o  p r o v i d e  bandwid th  

Record ing  i n  FM d o u b l e - e x t e n d e d  mode 
p l a y b a c k  a t  1-7/8 i p s  t o  p r o v i d e  
bandwid th  0 Hz - 1 . 2 5  kHz 

I n  each c a s e ,  t h e  r e s u l t i n g  c o n t i n u o u s  s i g n a l s  h a v e  a f r e q u e n c y  
c o n t e n t  u p  t o  1 . 2 5  kHz. 
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I 

Thus, t h e  AM s i g n a l s  undergo  a "downward" f r e q u e n c y  s c a l i n g  
by a f a c t o r  o f  256, t h e  FM s i g n a l s  by a f a c t o r  of 32.  B e f o r e  
f e e d i n g  t h e  (slowed-down) s i g n a l s  i n t o  t h e  Adage a n a l o g - t o - d i g i t a l  
c o n v e r t e r ,  t h e  s i g n a l s  f rom t h e  Honeywell r e c o r d e r  were a m p l i f i e d  
by a f a c t o r  of  1 0 0 ,  to have  t h e  f u l l  1 4 - b i t  r a n g e  o f  t h e  Adage 
a v a i l a b l e .  Af t e r  t h e  A- to D-conversion,  a F o u r i e r  a n a l y s i s  was 
pe r fo rmed  on a DEC-PDP-15-35 d i g i t a l  computer  w i t h  a 1 6 - K  memory. 

The F o u r i e r  a n a l y s i s  u s e s  d i s c r e t e  s i g n a l s ,  which are g i v e n  

j' 
as a s u c c e s s i o n  o f  N s i g n a l  v a l u e s  x 

The s o - c a l l e d  D i s c r e t e  F o u r i e r  T rans fo rm i s :  

I f  t h e  d i s c r e t e  v a l u e s  x a r e  samples  t a k e n  a t  i n t e r v a l s  At from 
a c o n t i n u o u s  s i g n a l  f ( t ) ,  t h e n :  x = f ( j * A t ) .  

j 

j 

It migh t  be  e x p e c t e d  t h a t  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  

s e r i e s  x would b e  e q u a l  t o  samples  t a k e n  from t h e  F o u r i e r  t r a n s -  
form a p p l i e d  to t h e  c o n t i n u o u s  s i g n a l  f ( t ) .  Such a c o r r e s p o n d e n c e  
e x i s t s  o n l y  when t h e  s i g n a l  f ( t )  has  a F o u r i e r  t r a n s f o r m  t h a t  i s  
z e r o  o u t s i d e  t h e  f requency-range  1 / 2 A t .  The s o - c a l l e d  a l i a s i n g -  
e f f e c t  e r r o r  i s  a v o i d e d  by t r a n s m i t t i n g  t h e  AM and FM s i g n a l s  
t h r o u g h  a low-pass  f i l t e r  w i t h  c u t o f f  f r e q u e n c y  a t  1 . 2 5  kHz. A s  
men t ioned  e a r l i e r ,  real-t ime a n a l y s i s  up t o  320,000 Hz (of t h e  
c o n e - s u r f a c e  f low d a t a )  i s  des i red .  S l o w i n g  t h e  t a p e  s i g n a l  down 
b y  a f a c t o r  of  256 makes t h i s  f requency  c o r r e s p o n d  to 1250 Hz. 
T h i s  f r e q u e n c y  now becomes t h e  h i g h e s t  f r e q u e n c y  o f  i n t e r e s t .  

j 

However, t h e r e  w i l l  be  s p e c t r a l  components h i g h e r  t h a n  1250 
Hz. So t h a t  t h e s e  components w i l l  n o t  a f f e c t  t h e  sampl ing  o f  t h e  



o r i g i n a l  s p e c t r u m ,  t h e  sampled s p e c t r u m  a t  1250 Hz must b e  (1) cu t - -  
o f f  (by means of a low-pass f i l t e r )  and ( 2 )  t h i s  f r e q u e n c y  must 
b e  half  t h e  s a m p l i n g  f r e q u e n c y .  The need f o r  t h i s  h a l v i n g  be- 

comes a p p a r e n t  from F i g .  6 ,  which  e x p l a i n s  t h e  a l i a s i n g  e f f e c t .  
Thus ,  t h e  s a m p l i n g  f r e q u e n c y  becomes 2 x 1 2 5 0  Hz = 2 5 0 0  Hz. I n  
t u r n ,  t h e  s a m p l i n g  f r e q u e n c y  t h e n  f i x e s  t h e  s a m p l i n g  window, 
which i s  t h e  r e c i p r o c a l  o f  2 5 0 0  Hz, i . e . ,  4 0 0  psec  l o n g .  S i n c e  
t h e  1 6 - K  memory o f  t h e  computer  a l l o w s  a maximum o f  1 0 0 0  c o r e  
samples ,  we can  a n a l y z e  a t o t a l  t i m e  s p a n  of 1 0 0 0  t imes  400 psec  
or 0 . 4  s e c .  I n  t u r n ,  t h i s  c o r r e s p o n d s  t o  0 . 4 / 2 5 6 ,  i . e . ,  1 . 6  msec 
i n  r e a l  t i m e .  

Thus, t h e  problem becomes one o f  s e l e c t i n g  f rom t h e  a v a i l a b l e  
s h o r t - d u r a t i o n  s i g n a l s  o f  t h e  LS t e s t  s e r i e s  an  a p p r o p r i a t e  1 . 6  
msec s i g n a l  window f o r  a n a l y s i s  up t o  320,000 Hz. The s e l e c t i o n  
o f  t h e s e  windows w i l l  b e  d i s c u s s e d  l a t e r  i n  t h e  c o n t e x t  o f  t h e  

LS t e s t s .  F o r  a n a l y s i s  up t o  3 2 0 , 0 0 0  Hz of t h e  H - 3  d a t a ,  a n  
a r b i t r a r y  1 . 6  msec sample  f rom t h e  t o t a l  a v a i l a b l e  t e s t  t i m e  was 
s e l e c t e d  and p r o c e s s e d  as d e s c r i b e d .  

B a s e - p r e s s u r e  d a t a  o b t a i n e d  w i t h  t h e  1 / 4 - i n .  d i a m e t e r  t y p e  
376 BBN s e n s o r s  r e q u i r e d  a n a l y s i s  o n l y  up t o  4 0  kHz. C o n s e q u e n t l y ,  
t a p e  s i g n a l s  needed  t o  b e  s lowed down o n l y  by  a f a c t o r  o f  32, t o  
make t h e  h i g h e s t  f r e q u e n c y  a n a l y z e d  i n  t h e  DEC-PDP-15-35 e q u a l  t o  
1250 Hz. Thus ,  f o r  FM-channel da t a  r e d u c t i o n ,  t h e  s a m p l i n g  f r e -  
quency becomes 6 6 6 7  Hz, w i t h  a c o r r e s p o n d i n g  ( r e a l  t i m e )  window 
w i d t h  o f  4.8 msec. 

The s o f t w a r e  program p r o v i d e s  a p r i n t - o u t  o f  t h e  sampled  
data ,  a copy i n t o  mass s t o r a g e  ( d i s k  or DEC t a p e ) ,  and  a g r a p h i c  
d i s p l a y .  

1 6  



Spectrum o f  the original signal 

Spectrum o f  the sampled signal 

Transfer function of on ideal filter used to recover the signal 

I X 4 ( W ) l  

Spectral components due to principal spectrum 

Components due to aliasing 

-- 1 O L  
2 ts 2 ts 

Example o f  a l T a s i n g .  The o r i g i n a l  spec t rum 
x,(w) i s  b r o a d e r  t h a n  h a l f  t h e  sampl ing  f r e q u e n c y  
l/ts. 
X,(w) i s  composed of o v e r l a p p i n g  s p e c t r a .  When 
f i l t e r e d ,  t h e  o r i g i n a l  spec t rum w i t h i n  t h e  f i l t e r  
band i s  not r e c o v e r e d ,  bu t  c o n t a i n s  also components 
due t o  a l i a s i n g .  

Thus ,  t h e  spec t rum o f  t h e  sampled s i g n a l ,  

F I G .  6. THE A L I A S I N G  EFFECT (Reproduced from L . L .  Beranek, 1 9 7 1 ,  
Noise and Vibration C o n t r o Z ,  New York, N . Y . )  
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The sampl ing  i s  s t a r t e d  from a p u l s e  produced  by a v a r i a b l e  
c o u n t e r ,  which i s  a c t i v a t e d  by a t r i g g e r i n g  s i g n a l  on one o f  t h e  
t a p e  c h a n n e l s .  I 

Once i n  memory and  a r r a n g e d  i n  an a r r a y ,  t h e  d a t a  a r e  s h u f -  I 

f l e d  s o  t h a t  t h e i r  i n d e x e s ,  when w r i t t e n  as b i n a r y  numbers ,  a p p e a r  1 
l e f t - r i g h t  i n v e r t e d .  The F a s t  F o u r i e r  Transform i s  f u r t h e r  i m -  
p lemented b y  m u l t i p l y i n g  t h e  d a t a  w i t h  an a p p r o p r i a t e  complex ex- 
p o n e n t i a l  v a l u e  and r e s t o r i n g  t h e  r e s u l t s  i n  t h e  same memory l o -  
c a t i o n s  as t h e  o r i g i n a l  d a t a  v a l u e s .  T h i s  p r o c e d u r e  i s  r e p e a t e d  
s e v e r a l  t imes f o r  a l l  N d a t a ,  g e n e r a t i n g  t h e  F o u r i e r  c o e f f i c i e n t s  
i n  t h e  a r ray  i t s e l f .  These c o e f f i c i e n t s  may b e  p r i n t e d  o r  p l o t t e d  
on a l o g - l o g  d i ag ram,  r e s u l t i n g  i n  t h e  f i n a l  g r a p h s  ( s e e  F i g .  7). 

The p l o t  i n  F i g .  7 r e p r e s e n t s  t h e  a n a l y z e d  s i g n a l  o f  a rear  
cone  s e n s o r  i n  t e r m s  of  a s i g n a l  o u t p u t  2 0  l o g  V/V, (where  V, i s  

a n  a r b i t r a r y  r e f e r e n c e  v o l t a g e )  vs a l o g a r i t h m i c  f r e q u e n c y .  S i n c e  
t h e  a n a l y s i s  p e r t a i n s  t o  a p l o t t e d  f r e q u e n c y  r a n g e  o f  2 . 5  Hz t o  
1250 Hz, each data p o i n t  r e p r e s e n t s  t h e  e n e r g y  i n  a c o n s t a n t  
a b s o l u t e  f r e q u e n c y  band o f  1250 Hz/512, i . e . ,  a 2 . 5  Hz band.  
C o n v e r t i n g  t h i s  spec t rum i n t o  a per-Hz s p e c t r u m  l o w e r s  t h e  l e v e l s  
by 4 dB. To c o n v e r t  t h i s  s p e c t r u m  i n t o  a 1 /3 -oc tave  band s p e c t r u m  
( w i t h  c o n s t a n t  r e Z a t i v e  b a n d w i d t h ) ,  ( 1 0  l o g  f - 6 . 7 5 )  d B  i s  added 
t o  t h e  per-Hz spec t rum,  where f i s  t h e  1 / 3 - o c t a v e  band c e n t e r  
f r equency .  Hence, t o  c o n v e r t  t h e  o r i g i n a l  s p e c t r a  i n t o  a 1/3- 
o c t a v e  band s p e c t r a ,  ( 1 0  l o g  f - 1 0 . 7 5 )  dB mus t  be  added .  F i g u r e  
7 a l s o  shows t h i s  c o r r e c t i o n  c u r v e .  

Sys terns Cal i b r a t i  o n  

The s e n s i t i v i t y  o f  t h e  p r e s s u r e  s e n s o r s ,  a c c e l e r o m e t e r s ,  
and hea t  f l u x  gauges was d e t e r m i n e d  p r i o r  t o  t h e i r  i n s t a l l a t i o n  

18 
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i n  t h e  models .  Thus,  i n  o r d e r  t o  r e l a t e  s e n s o r  v o l t a g e  t o  t h e  

l o g a r i t h m i c  v o l t a g e  r a t i o  ( p l o t t e d  as t h e  o r d i n a t e  o f  t h e  s p e c t r u m  
i n  F ig .  71, t h e  e n t i r e  s y s t e m  encompass ing  t h e  p r e a m p l i f i e r ,  t a p e  
r e c o r d e r s ,  A-to-D c o n v e r t e r ,  and computer  was c a l i b r a t e d  b y  

1 

1 
1 
I 

" r e p l a c i n g  t h e  senso r ' '  w i t h  an  i n p u t  s i g n a l  o f  s imi l a r  s t r e n g t h .  

T h i s  s i g n a l  s t r e n g t h  was f a i r l y  low,  about  1 0  mV; d i s c r e t e  s i g n a l s  
a t  f r e q u e n c i e s  2 .5 ,  2 5 ,  and 2 5 0  kHz, of 10 mV peak  t o  peak ,  were 
f e d  i n t o  each  o f  t h e  c h a n n e l s .  F i g u r e  8 shows a t y p i c a l  c a l i b r a -  
t i o n  r e s u l t  f o r  a 1 0  mV s i g n a l  a t  250 kHz. T h i s  s i g n a l  r e s u l t s  
i n  a " p l o t t e r  l e v e l "  of  75 .5  d B  r e  a r b i t r a r y  v o l t a g e .  F i g u r e  9 
shows t h e  " p l o t t e r  l e v e l s "  as a f u n c t i o n  o f  t h e  a m p l i f i e r  g a i n  
( t h e  only  q u a n t i t y  t h a t  was v a r i a b l e  i n  t h e  measurement s y s t e m )  
f o r  d i f f e r e n t  i n p u t  v o l t a g e s .  Thus,  from a g i v e n  p l o t t e r  l e v e l  
and t h e  known a m p l i f i e r  g a i n ,  t h e  i n p u t  v o l t a g e  i n t o  t h e  s y s t e m  
(which  i s  t h e  o u t p u t  s i g n a l  o f  t h e  s e n s o r )  can  b e  deduced .  Us ing  
F i g u r e  1 0 ,  t h i s  s i g n a l  c a n  b e  r e l a t ed  t o  peak-to-peak f l u c t u a t i n g  
p r e s s u r e  l e v e l  r e  2 x p b a r  f o r  any s e n s o r  s e n s i t i v i t y .  

Tes t  Resu l t s  

Mach-6  t e s t s  

S e n s o r  L o c a t i o n  

F i g u r e  11 p r e s e n t s  a c l o s e u p  view o f  t h e  model r e t r a c t e d  
from t h e  t e s t  s e c t i o n  o f  t h e  H-3  f a c i l i t y .  It shows t h e  hea t -  

t r a n s f e r  s e n s o r s ,  t h e  l / l O - i n .  p r e s s u r e  s e n s o r s  ( two  n e a r  t h e  

a p e x ,  two n e a r  t h e  r e a r  o f  t h e  c o n e ) ,  and t h e  1 / 4 - i n .  p r e s s u r e  
s e n s o r s  on t h e  base. F i g u r e  1 2  g i v e s  t h e  l o c a t i o n s  o f  t h e  s e n s o r s .  
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FIG. 1 1 .  C L O S E U P  V I E W  O F  M O D E L  I N  H - 3  F A C I L I T Y  
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F l o w  C o n d i t i o n s  

Free - s t r eam data a re  computed from d a t a  o b t a i n e d  t h r o u g h  
t e m p e r a t u r e  and ( s t e a d y - s t a t e )  p r e s s u r e  s e n s o r s  l o c a t e d  i n  t h e  

plenum chamber u p s t r e a m  of  t h e  n o z z l e  t h r e a t .  Data a r e  o b t a i n e d  
for two s t a g n a t i o n  p r e s s u r e s .  The c o r r e s p o n d i n g  f low p a r a m e t e r s  
a r e  a s  f o l l o w s :  

S t a g n a t i o n  Pressure  P o  i n  a t m  ( p s i a )  3 0  ( 4 5 5 )  1 0  ( 1 5 9 )  

S t a g n a t i o n  Tempera ture  T o  i n  OK ( O F )  453 (761) 445 (748) 

Free-Stream Mach number M, 6 6 

Free-Stream Flow Speed U, i n  m/sec 
( f t / s e c )  8 9 4  (2935) 884 (2900) 

Free-Stream Dynamic P r e s s u r e  q, i n  
a t m  ( p s i a )  0.49 (7.2) 0 . 1 7  (2.5) 

Free-Stream U n i t  Reynolds  number 
p e r  m ( p e r  f t )  t imes 1 6  (4.95) 5-8 (1.75) 

Cone-Surface Mach number 5 . 3  5 . 3  

Cone-Surface Dynamic P r e s s u r e  i n  
a t m  ( p s i a )  0.82 ( 1 2 . 1 )  0.27 (4) 

Cone-Unit Reynolds  number p e r  m 
( p e r  f t )  t i m e s  25.5 (7.75) 8.9 (2.7) 

Thus,  Reynolds numbers ( b a s e d  on t h e  d i s t a n c e  from t h e  cone  t i p  
t o  t h e  s e n s o r s )  a t  t h e  cone  s e n s o r s  were: 

P o  a t m  3 0  10 

Re x 2 . 8  1 . 0  f o r w a r d  s e n s o r s  
5.6 1.95 r e a r  s e n s o r s  

26 



A p l o t  o f  t r a n s i t i o n  Reynolds  number vs  Mach number ( F i g .  1 3 )  
i n d i c a t e s  t h a t  t h e  r ea r  s e n s o r s  were u n d e r  a t r a n s i t i o n a l  or 
f u l l y  d e v e l o p e d  t u r b u l e n t  boundary l a y e r  f o r  t h e  high-Re c a s e ;  
i n  t h e  low-Re c a s e ,  b o t h  t h e  r e a r  cone and  t h e  apex s e n s o r s  were 
unde r  l a m i n a r  f l o w .  

Flow V i s u a l i z a t i o n  

S c h l i e r e n  o p t i c a l  v i s u a l i z a t i o n  of  t h e  f l o w  a round  a n  i d e n -  
t i c a l l y  shaped  body s u p p o r t s  t h e  above s t a t e m e n t  o f  h a v i n g  t u r -  
b u l e n t  f l o w  n e a r  t h e  cone b a s e  f o r  t h e  high-Re c a s e ,  and l a m i n a r  
f low o v e r  t h e  e n t i r e  cone  s u r f a c e  f o r  t h e  low-Re c a s e  ( F i g s .  1 4  
and  15). 

Boundary - l aye r  d imens ions  were e s t i m a t e d  from t h e  s c h l i e r e n  
p h o t o g r a p h s  as w e l l  as from e m p i r i c a l  schemes.  For t h e  high-Re 
c a s e ,  s c h l i e r e n  p h o t o s  s u g g e s t  a boundary l a y e r  t h i c k n e s s  n e a r  
t h e  b a s e  of  0 . 2 0  em (0.085 i n . ) .  T u r b u l e n t  boundary - l aye r  t h i c k -  
n e s s  was measured on an  8 O  h a l f - a n g l e  cone i n  t h e  p r e v i o u s  e f f o r t  
( H e l l e r  and Holmes, 1971) i n  t h e  MIT wind t u n n e l *  a t  l o w e r  Mach 
numbers and lower  s t a g n a t i o n  p r e s s u r e s .  T h i s  i n f o r m a t i o n  c a n  b e  
u s e d  to e x t r a p o l a t e  towards  t h e  f low c o n d i t i o n s  on t h e  cone t e s t e d  
i n  t h e  V K I  H-3 f a c i l i t y  a t  Mach 6 ,  v i a  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

MIT 

where 6 i s  t h e  boundary- layer  t h i c k n e s s ,  and  Re i s  t h e  Reynolds  
number b a s e d  on t h e  d i s t a n c e  L from t h e  v i s u a l l y  d e t e r m i n e d  
t r a n s i t i o n  p o i n t  t o  t h e  s e n s o r  l o c a t i o n .  T h i s  p r o c e d u r e  r e s u l t s  

* M a s s a c h u s e t t s  I n s t i t u t e  of  Technology NAVAL S u p e r s o n i c  Wind 
T u n n e l .  
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i n  an  es t imated  boundary - l aye r  t h i c k n e s s  a t  t h e  r ea r  cone 
s e n s o r s  o f  0 . 1 9  em ( 0 . 0 7 5  i n . ) ,  which i s  c l o s e  to t h e  v i s u a l l y  
d e t e r m i n e d  v a l u e .  

Heat  Trans  f e r  Data  

The heat t r a n s f e r  measurements  f o r  t h e  h i g h  Reynolds  number 
c a s e  y i e l d e d  an a v e r a g e  v a l u e  o f  t h e  h e a t  t r a n s f e r  r a t e  
4 = 1 . 5 5  ( *  0 .17)  x l o 6  [ e r g s / ( c m 2 ) ( s e c ) ]  (0.137 t 0 . 0 1 5  

[ B T U / ( f t * * s e c ) ] )  a t  t h e  fo rward  s e n s o r  l o c a t i o n ,  and  o f  
4 = 6 . 0 8  (+- 0 . 2 2 )  x lo6 [ e r g s / ( c m 2 ) ( s e c ) ]  I0 .535 2 0 . 0 2 0  

[ B T U / ( f t 2 - s e c ) ] )  a t  t h e  r e a r - c o n e  s e n s o r  l o c a t i o n s .  

I 
I 
I 

I 

Thus ,  t h e  heat  t r a n s f e r  r a t e  a t  t h e  rear  cone s e n s o r  i s  a b o u t  
f o u r  t imes  h i g h e r  t h a n  a t  t h e  forward  s e n s o r s ,  i n d i c a t i n g  a t u r -  
b u l e n t  f l o w  s t a t e  a t  t h e  r e a r - c o n e  s e n s o r  l o c a t i o n .  

F Zuc t ua t i n g -  P r e s  s u r e  Measure men ts 

F o u r t e e n  t e s t s  were conduc ted  w i t h  t h e  cone model a t  v a r i o u s  
l o c a t i o n s  w i t h i n  t h e  f low t o  i d e n t i f y  t h e  e f f e c t s  of  l o c a l i z e d  
a c o u s t i c  f i e l d s  on t h e  s i g n a l s .  

1 .  Forward eone d a t a .  F i g u r e  1 6  shows f l u c t u a t i n g - p r e s s u r e  
l e v e l  ( F P L )  s p e c t r a  o b t a i n e d  from s e n s o r  No. 3 ( f o r w a r d  c o n e )  i n  
a f r e q u e n c y  r a n g e  from 6 2 5  Hz t o  320,000 Hz. The s c a t t e r  between 
d i f f e r e n t  r u n s  i s  s u b s t a n t i a l  up to a b o u t  2 0 , 0 0 0  Hz; t h i s  i s  S O  

b a s i c a l l y  b e c a u s e  t h e  da t a  p r o c e s s i n g  and a n a l y s i s  p r o v i d e  o n l y  
a f e w  p o i n t s  a t  t h e s e  r e l a t i v e l y  l o w  f r e q u e n c i e s .  Above 20  kHz, 
t h e  data  p o i n t  d e n s i t y  p e r m i t s  f a i r l y  a c c u r a t e  d a t a  a v e r a g i n g .  
The e f f e c t  of  l o c a t i n g  t h e  model a t  d i f f e r e n t  p l a c e s  i n  t h e  t e s t  
s e c t i o n  ( w i t h i n  t h e  f l o w  f i e l d )  does n o t  seem to change s p e c t r a  
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markedly .  R e t r a c t i n g  t h e  model f rom t h e  f low ( s e e  F i g .  11) 
l o w e r s  t h e  l e v e l s  by 20 t o  30 dB. The d a t a  o b t a i n e d  a t  l o w e r  
s t a g n a t i o n  p r e s s u r e  s c a l e s  w e l l  w i t h  t h e  o t h e r  d a t a ;  t h i s  i n d i -  
c a t e s  t h a t  t h i s  background n o i s e  spec t rum r e s u l t s  from n o z z l e  
w a l l  t u r b u l e n t  boundary - l aye r  r a d i a t i o n .  F i g u r e  17 shows s imi l a r  
d a t a  f o r  s e n s o r  No. 5 ,  l o c a t e d  u n d e r  t h e  a t t a c h e d  t u r b u l e n t  
boundary l a y e r  n e a r  t h e  b a s e .  Norma l i z ing  t h e  r m s  p r e s s u r e s  w i t h  
t h e  l o c a l  dynamic p r e s s u r e  q, a l l o w s  d i r e c t  compar ison  of  t h e  

d a t a  ( see  F i g .  1 8 ) .  I n  F i g .  1 8 ,  a b e s t - f i t  l i n e  i s  drawn t h r o u g h  
e a c h  d a t a  r a n g e ,  and l e v e l s  above 1 0 0  kHz were c o r r e c t e d  f o r  
s e n s o r  s e n s i t i v i t y .  C o n v e r t i n g  t h e  c o n s t a n t - a b s o l u t e  bandwidth  
s p e c t r u m  i n t o  a 1 /3 -oc tave  band spec t rum a l l o w s  d i r e c t  compar ison  
w i t h  d a t a  o b t a i n e d  p r e v i o u s l y  i n  t h e  MIT t u n n e l  a t  Mach 4 ( F i g .  
1 9 ) .  Al though t h e  mean s p e c t r u m  f o r  s e n s o r  No. 3 i s  a b o u t  5 to 
8 dB below t h e  s e n s o r  No. 5 spec t rum i n  t h e  2 . 5 -  t o  40-kHz f r e -  
quency r a n g e ,  t h e  two s p e c t r a  s h a p e s  a r e  s imi la r .  S e n s o r  No. 5 
l e v e l s  exceed  s e n s o r  No. 3 l e v e l s  s u b s t a n t i a l l y  o n l y  above  60 kHz. 
T h i s  i m p l i e s  t h a t  below 60 kHz s i g n a l s  a r e  due t o  t u n n e l  back- 
ground n o i s e ;  above  t h a t ,  s e n s o r  No. 5 measu res  TBL p r e s s u r e  
f l u c t u a t i o n s .  F i g u r e  19 s u p p o r t s  t h i s  c o n c l u s i o n  where "MIT 

Mach 4 d a t a "  i s  compared t o  " V K I  Mach 6 d a t a " .  Because of t h e  
t h i n n e r  boundary  l a y e r  and  t h e  h i g h e r  f l o w  s p e e d ,  t h e  s p e c t r a l  
peak  f o r  t h e  Mach 6 d a t a  i s  much h i g h e r  and  i s  e s t i m a t e d  t o  b e  

n e a r  4 5 0 , 0 0 0  Hz. The above f i g u r e  i n  F i g .  19 shows t h e  Mach 4 
and t h e  Mach 6 1 /3 -oc tave  band s p e c t r a  i n  seminormal ized  form. 
Here, 20 l o g  (prms/qe) i s  p l o t t e d  vs r ea l  f r e q u e n c y .  
f i g u r e  shows b o t h  s p e c t r a  f u l l y  n o n d i m e n s i o n a l i z e d :  20 l o g  
prms/qe i s  p l o t t e d  v s  S t r o u h a l  number S E f 6 / U e ,  where f i s  t h e  
1 /3 -oc tave  band c e n t e r  f r e q u e n c y ,  6 i s  t h e  boundary - l aye r  t h i c k -  

n e s s ,  a n d  U e  i s  t h e  f low s p e e d  on t h e  cone .  The i m p l i c a t i o n  i s  
t h a t  below S z 0 . 1 ,  t h e  s p e c t r a  a r e  a t t r i b u t a b l e  t o  t u n n e l  back- 

ground n o i s e  i n  b o t h  c a s e s .  

The l o w e r  

Of c o u r s e ,  i t  i s  n o t  e x p e c t e d  t h a t  
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t u n n e l  n o i s e  s p e c t r a  from d i f f e r e n t  f a c i l i t i e s  and d i f f e r e n t  
Mach numbers s c a l e  w i t h  each  o t h e r ;  t h u s ,  t h e  s p e c t r a  below 
S n 0 . 1  s h o u l d  n o t  be compared. The p o r t i o n  o f  t h e  s p e c t r a  above  

I S z 0 . 1 ,  however ,  i s  due t o  t u r b u l e n t  b o u n d a r y - l a y e r  f l u c t u a t i o n s  

l and can  b e  compared on t h e  bas i s  o f  t h e  n o n d i m e n s i o n a l i z a t i o n .  

A n o n d i m e n s i o n a l  a t t a c h e d  t u r b u l e n t  boundary - l aye r  s p e c t r u m  
r e f e r e n c e d  to t h e  o v e r a l l  l e v e l  i s  p r e s e n t e d  by K .  Chandi ramani ,  
e t  a 2  ( 1 9 6 6 ) .  Thus,  t h e  o v e r a l l  l e v e l s  o f  a TBL-spectrum c a n  b e  

d e r i v e d  f rom o n l y  a p o r t i o n  o f  t h a t  spec t rum.  S i n c e  t h e  s p e c t r a l  
l e v e l s  have  been  measured i n  a S t r o u h a l  number r a n g e  from 0 . 1  t o  
0 .5 ,  t h e  o v e r a l l  l e v e l s  of  t h e  s p e c t r a  u n d e r  c o n s i d e r a t i o n  c a n  
b e  a c c u r a t e l y  e s t i m a t e d .  F i g u r e  20  shows o v e r a l l  r e l a t i v e  
f l u c t u a t i n g - p r e s s u r e  l e v e l s  v s  Mach number i n c l u d i n g  da t a  from 
Coe and  Chyu (1972), M a r t e l u c c i ,  Chaump,and S m i t h  (1972), H e l l e r  
and Holmes (1971), and t h e  p r e s e n t  s t u d y .  

All data p o i n t s  from M=O t o  M=8 w i t h  t h e  e x c e p t i o n  o f  one  
p o i n t  a t  Mach 4 l i e  w i t h i n  a + 3  d B  band of  a b e s t - f i t  c u r v e ,  which 
c a n  be r e p r e s e n t e d  as 

- 0.0055 (LE) - 
o v e r a l l  1 t ( 0 . 2 2 M ) '  

T h i s  e q u a t i o n  w i l l  b e  mod i f i ed  l a t e r  i n  t h i s  r e p o r t  to accommo- 
da te  t h e  h i g h  Mach-number da t a  p o i n t s .  

2 .  Base  d a t a .  F i g u r e s  2 1  and 2 2  d e p i c t  f l u c t u a t i n g - p r e s s u r e  
l e v e l  (FPL) s p e c t r a  f rom s e n s o r s  No. 7 and No. 8 ,  r e s p e c t i v e l y .  I n  
b o t h  c a s e s ,  t h e  s e n s o r  r e s o n a n c e  n e a r  4 0  kHz shows q u i t e  c l e a r l y .  
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I n f o r m a t i o n  above abou t  20  kHz c a n n o t  b e  u s e d .  It  i s  wor th  n o t i n g  
t h a t  t h e  d a t a  f o r  t h e  low-Re-case s c a l e s  p e r f e c t l y ,  a l t h o u g h  t h e  
e n t i r e  f low o v e r  t h e  model i s  q u i t e  l i k e l y  l a m i n a r .  Thus,  i t  
e v i d e n t l y  does  n o t  m a t t e r  w h e t h e r  s e p a r a t e d  f low i s  l a m i n a r  o r  

t u r b u l e n t  f o r  s i m i l a r  p r e s s u r e  s i g n a l s  t o  be  g e n e r a t e d  on t h e  b a s e ,  
F i g u r e  2 3  shows t h e  smoothed v e r s i o n s  o f  t h e  s p e c t r a ,  c o r r e c t e d  
f o r  s e n s o r  s e n s i t i v i t y  above 1 0  kHz, and c o n v e r t e d  i n t o  nondimen- 
s i o r i a l  1 / 3 - o c t a v e  band s p e c t r a .  Here,  t h e  S t r o u h a l  f r e q u e n c y  e m -  

p l o y s  t h e  1 /3 -oc tave  band c e n t e r  f r e q u e n c y ,  t h e  base d i a m e t e r  i s  
D ,  and t h e  free-stream f low speed  Urn. 

1 

1 
j 
I 

These  s p e c t r a  can  b e  d i r e c t l y  compared w i t h  t h o s e  o b t a i n e d  
i n  t h e  p r e v i o u s  s t u d y  ( H e l l e r  and Holmes, 1971). F i g u r e  2 4  shows 
t h e  Mach 6 b a s e - p r e s s u r e  spec t rum o b t a i n e d  from b o t h  t h e  b a s e  
s e n s o r s .  The a v e r a g e  l e v e l s  a re  abou t  8 dB below t h e  Mach 4 
l e v e l s ,  and  t h e  t r e n d  f o r  ( n o r m a l i z e d )  b a s e  p r e s s u r e s  t o  d e c r e a s e  
w i t h  Mach number i s  q u i t e  o b v i o u s .  The new i n f o r m a t i o n  p e r m i t s  
t h e  d e f i n i t i o n  of  a nond imens iona l  b a s e - p r e s s u r e  spec t rum,  r e f -  

e r e n c e d  t o  t h e  o v e r a l l  l e v e l ,  t h a t  u t i l i z e s  d a t a  p o i n t s  o b t a i n e d  
a t  f r e e - s t r e a m  Mach numbers o f  0 . 6 7 ,  2 . 5 ,  4 ,  and  6 .  T h i s  spec t rum 
i s  shown i n  F i g .  2 5 .  The s p e c t r u m  peaks a t  S = 0 . 1 5 .  

F i g u r e  26 shows o v e r a l l  no rma l i zed  base p r e s s u r e  vs  Mach 
number, employing  t e s t  r e s u l t s  by E l d r e d  ( 1 9 6 1 ) ,  Widna l l  ( 1 9 6 8 ) ,  
H e l l e r  and Holmes (1971), and t h e  p r e s e n t  r e s u l t s .  Wi th  r eason-  
a b l e  c o n f i d e n c e ,  a c u r v e  can  b e  f i t t e d  t h r o u g h  t h e s e  d a t a  p o i n t s  
a t  s u p e r s o n i c  Mach numbers.  However, t h e  e x a c t  c u r v e  shape  a t  
t r a n s o n i c  s p e e d s  and s u b s o n i c  speeds  i s  d o u b t f u l  s i n c e  Only two 
d a t a  p o i n t s  are  a v a i l a b l e .  
t h e s e  p o i n t s  c a n  b e  w r i t t e n  as :  

An e m p i r i c a l  e x p r e s s i o n  c o v e r i n g  

2 0  l o g  ( p / q )  = 38 - 20 log  lM2-ll . (2) 
However, i n  t h e  s e c t i o n  e n t i t l e d  " I n t e r p r e t a t i o n  of  T e s t  R e s u l t s , "  
w e  W i l l  modify t h i s  e x p r e s s i o n  t o  accommodate t e s t  r e s u l t s  a t  
h i g h e r  Mach numbers.  
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Of c o u r s e ,  t h i s  f u n c t i o n  goes  to i n f i n i t y  a t  M = l .  Thus ,  a 
“damping- fac to r”  a t  M=l must  b e  i n t r o d u c e d  as t r a n s o n i c  d a t a  be-  

comes a v a i l a b l e .  

Mach-15 t e s t s  

Sensor Location 

F i g u r e  2 7  shows t h e  s e n s o r  l o c a t i o n s .  Two hea t  t r a n s f e r  
gauges ,  two l / l O - i n .  s e n s o r s  n e a r  t h e  apex  and  two a t  t h e  r e a r  
o f  t h e  cone ,  and  f i v e  1 /4 - in .  s e n s o r s  on  t h e  base a r e  f l u s h -  
mounted w i t h i n  t h e  s u r f a c e  c o n t o u r .  

F Z o w  Conditions 

The r e s e r v o i r  c o n d i t i o n s  u p s t r e a m  o f  t h e  n o z z l e  change  
r a p i d l y  d u r i n g  a t e s t  r u n .  F i g u r e  2 8  d e p i c t s  a t y p i c a l  t i m e  
h i s t o r y .  The re  i s  a r a p i d  p r e s s u r e  r i s e  w i t h i n  a p p r o x i m a t e l y  
2.5 msec up  t o  a peak .  T h e r e a f t e r ,  p r e s s u r e  d e c a y s  e x p o n e n t i a l l y .  
T y p i c a l  d e c a y  c o n d i t i o n s  a r e :  

Time A f t e r  
Peak (msec)  

0 

2 

4 

6 

S t a g n a t i o n  P r e s -  S t a g n a t i o n  
s u r e  a t m  ( p s i a )  Tempera tu re  ( O K )  

4900 (72,070) 2810 

3600 (53,000) 2560 

2750 ( 4 0 , 4 5 0 )  2350 

2150 (31,630) 2180 

U n i t  Reynol d s  
Number m” ( f t ” )  

19.8~10~ ( 6 ~ 1 0 ~ )  

1 6 . 5 ~ 1 0 ~  ( 5 ~ 1 0 ~ )  

13.0~10~ ( 4 ~ 1 0 ~ )  

11.5~10~ (3.5~10~ 

After  t h e  p r e s s u r e  peak  o c c u r s  i n  t h e  r e s e r v o i r  chamber ,  t h e  f l o w  
r e a c h e s  t h e  model i n  a b o u t  1 msec.  Then t h e  s t a r t i n g  s h o c k  p a s s e s  
Over t h e  model ,  and  c l e a n  f low i s  e s t a b l i s h e d  on t h e  c o n e  s u r f a c e ;  
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F I G .  28.  T I M E  H I S T O R I E S  O F  R E S E R V O I R  P R E S S U R E  A N D  T Y P I C A L  
S E N S O R  S I G N A L S  ON E Q U A L - T I M E  S C A L E .  t = o c c u r r e n c e  
O f  e v e n t ,  S u f f i c i e s :  p = p r e s s u r e  peak ,  wo = a n a l y s i s  
window open ,  wc = a n a l y s i s  window c l o s e d ,  r = r e f l e c t e d  
wave 



I 

t h i s  may t a k e  a n o t h e r  m i l l i s e c o n d .  To a 

I 
D i d  a n a l y z i n g  f l u c t u a t i n g -  

I p r e s s u r e  data a t  or n e a r  t h e  i l l - d e f i n e d  p e a k - s t a g n a t i o n  p r e s s u r e ,  
I d a t a - a n a l y s i s  windows are f u r t h e r  de l ayed  b y  1 msec. Thus ,  u s u a l l y  
I 
I 3 msec a re  a l lowed  to e l a p s e  a f t e r  t h e  r e s e r v o i r  chamber p r e s s u r e  

I peak  o c c u r s  b e f o r e  s e n s o r - s i g n a l  windows a r e  a n a l y z e d .  S e v e r a l  
d e l a y s  are u s e d ,  r a n g i n g  f rom 3 msec t o  4.5 msec; for t h e  l o n g e s t  
d e l a y s  t h e r e  was a p o s s i b i l i t y  t h a t  t h e  shock-wave, r e f l e c t e d  from 
t h e  t e s t - c h a m b e r  rear wa l l ,  had reached  t h e  model a g a i n .  If t h i s  

was e v i d e n t ,  s u c h  da t a  was d i s c a r d e d .  

The f o l l o w i n g  c h a r t  p r e s e n t s  t h e  f l o w  c o n d i t i o n s  a t  t h e  l o c a -  
t i o n  o f  t h e  apex- and r e a r - c o n e  s e n s o r s  f o r  t ime a f t e r  peak .  D i f -  

f e r e n c e s  i n  Mach number a t  v a r i o u s  s t a t i o n s  a r e  due  to f l o w  c o n i -  
c i t y .  

A P E X  T R A N S D U C E R S  

Ti me 
( m s e c )  M a3 "a3 9, u C  qC 
A f t e r  
Peak  d s e c  f t / s e c  a t m  p s f  m / s e c  f t / s e c  a t m  l b / f t 2  

0 14.7 2377 7800 1.267 2680 2359 7740 4.158 8800 

2 14.4 2277 7470 1.02 2150 2249 7380 3.303 6990 

4 14.3 2183 7163 0.834 1765 2158 7080 2.660 5630 

6 14.1 2103 6900 0.685 1450 2076 6810 2.174 4600 

49 



R E A R  C O N E  TRANSDUCERS 

T i  me 

A f t e r  
Peak m/sec  f t / s e c  a t m  p s f  m / s e c  f t / s e c  a t m  l b / f t 2  

0 14.7 2377 7800 0.817 1730 2371 7780 2.174 4600 

( m s e c )  M W U W  qW u C  9, 

2 14.4 2277 7470 0.652 1380 2263 7424 1.729 3660 

4 14.3 2183 7163 0.534 1130 2170 7120 1.394 2950 

6 14.1 2103 6900 0.442 935 2088 6850 1.134 2400 

Reynolds numbers on t h e  cone  s u r f a c e  based on t h e  d i s t a n c e  
from t h e  cone  t i p  t o  t h e  s e n s o r  l o c a t i o n s  a r e :  

1 
I 

1 

I I R e y n o l d s  Number  Peak ( m s e c )  
1 T i m e  A f t e r  

- A p e x  S e n s o r s  R e a r  Cone S e n s o r s  
, 

I 
0 1.5 x l o 6  10 x l o 6  
2 1.25 x i o 6  8.3 x l o 6  I 

1 
i 

I 
I I 4 1 x l o 6  6.8 x l o 6  

I 

, 
6 0.9 x l o 6  5.9 x l o 6  

R e l i a b l e  i n f o r m a t i o n  on t r a n s i t i o n  Reynolds  number a t  h y p e r s o n i c  
speeds  i s  u n a v a i l a b l e .  However, a compar i son  of  o s c i l l o s c o p e  
t r a c e s  of  t h e  apex  s e n s o r s  and t h e  rear  cone s e n s o r s  i n d i c a t e s  
t h a t  t h e  apex  s e n s o r s  were a t  a l o c a t i o n  o f  much l e s s  i n t e n s e  
f l u c t u a t i o n s  ( F i g .  29). Thus,  t h e  r e a r - c o n e  s e n s o r  s i g n a l s  
r e p r e s e n t  t u r b u l e n t  o r ,  a t  l e a s t ,  t r a n s i t i o n a l  f l o w .  



F I G .  2 9 .  T I M E  H I S T O R I E S  OF CONE SENSOR S I G N A L S  U N D E R  L A M I N A R  

( S E N S O R  NO.  2 )  AND T U R B U L E N T  ( S E N S O R S  N O .  3 a n d  NO.  4 )  
B O U N D A R Y  L A Y E R  O N  M O D E L  I N  L O N G S H O T  A T  Mm = 1 5  



Flow V i s u a l i z a t i o n  

S c h l i e r e n  p h o t o g r a p h s  i n d i c a t e  a f a i r l y  t h i c k  boundary l a y e r  
on t h e  r e a r  cone s u r f a c e ;  however,  n o t h i n g  r e l i a b l e  c a n  be s a i d  

abou t  t he  s t a g e  o f  t h e  boundary l a y e r  ( F i g .  3 0 ) .  Boundary - l aye r  
t h i c k n e s s  i s  es t imated  as 1 /6 - in .  a t  t h e  r e a r - c o n e  s e n s o r  l o c a t i o n .  

F Z u c t u a t i n g - P r e s s u r e  Measurements 

1 .  Forward cone dabs. F i g u r e  3 1  shows f l u c t u a t i n g - p r e s s u r e  
l e v e l  s p e c t r a  o b t a i n e d  from s e n s o r s  No. 2 and No. 3.  S i g n a l  
a n a l y s i s  b e g i n s  3 msec a f t e r  t h e  s t a g n a t i o n  p r e s s u r e  peak  and i s  
conducted  o v e r  a l .6-msec t i m e  s p a n .  C o r r e s p o n d i n g  d a t a  f rom 
s e n s o r  No. 4 i s  shown i n  F i g .  32. I n  F i g .  33,  a b e s t - f i t  l i n e  i s  

drawn t h r o u g h  t h e  da t a  p o i n t s ,  and  t h e  s p e c t r a  a r e  c o n v e r t e d  i n t o  
1 /3-oc tave  band s p e c t r a .  

I n  a n  a n a l o g o u s  manner t o  t h e  H-3  t e s t  da t a  i n t e r p r e t a t i o n ,  
i t  i s  p o s t u l a t e d  t h a t  t h e  p a r t  of t h e  s p e c t r a  below a b o u t  50 kHz 

i s  f a c i l i t y  background-noise  r e l a t e d ,  and  t h e  p a r t  f rom 50 kHz 
t o  250 kHz r e p r e s e n t s  t h e  c o n e - s u r f a c e  b o u n d a r y - l a y e r  s p e c t r u m .  

F i g u r e  34 shows " s e n s o r s  No. 3 and  No. 4 s p e c t r a "  i n  r e l a -  
t i o n  t o  t h e  H-3 t e s t  data a t  Mach 6 and  t h e  e a r l i e r  MIT t e s t  da ta  
a t  Mach 4 .  F a c i l i t y  n o i s e  i n  Longshot  i s  r e l a t i v e l y  h i g h e r .  The 

f u l l y  nond imens iona l  r e p r e s e n t a t i o n  ( l o w e r  d i ag ram i n  F i g .  34 )  
i n d i c a t e s  t h a t  t h e  Mach 15 l e v e l s  a re  3 t o  9 dB below t h e  Mach 6 
l e v e l s .  Thus,  t h e  o v e r a Z 1  l e v e l s  of t h e  s p e c t r a  s h o u l d  d i f f e r  

by t h e  same amount,  

F i g u r e  35 i s  i d e n t i c a l  t o  F i g .  19, b u t  i t  i n c l u d e s  t h e  da t a  
f o r  f r e e - s t r e a m  Mach numbers of  15. S i n c e  l o c a l  p r e s s u r e  s p e c t r a  
must be  r e l a t e d  t o  t h e  l o c a l  Mach number,  t h e  Longshot  d a t a  p o i n t s  
a p p e a r  a t  M =12, t h e  Mach number on t h e  c o n e  s u r f a c e .  e 
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2.  Base d a t a .  F i g u r e  36 shows data f rom s e n s o r s  No. 7 and 
No. 8 a n a l y z e d  a f t e r  a 3.4-msec d e l a y  from r e s e r v o i r  peak .  The 

s p e c t r a  show two d i s t i n c t  s h a l l o w  peaks :  n e a r  1 . 5  kHz and  1 3  kHz. 
The s h a r p  d r o p  above  4 0  kHz i s  b e c a u s e  of  t h e  c u t o f f  o f  a n a l y s i s .  

F i g u r e  37 p r e s e n t s  a b e s t - f i t  c u r v e  t h r o u g h  t h e  data  p o i n t s ,  
o b t a i n e d  t h r o u g h  s e n s o r  No. 8 ,  t o g e t h e r  w i t h  t h e  c o r r e s p o n d i n g  
1 /3-oc tave  band spec t rum.  The smoothed s e n s o r  No. 7 s p e c t r u m  
shows a s imilar  s h a p e ,  w i t h  l e v e l s  abou t  8 dB below t h o s e  o f  s e n s o r  
No. 8.  If t h a t  p a r t  o f  t h e  s p e c t r u m  which  peaks  a t  1 . 5  kHz i s  
r e p r e s e n t a t i v e  of t h e  b a s e - p r e s s u r e  s p e c t r u m ,  t h e n  i t s  f u l l y  non- 
d i m e n s i o n a l  r e p r e s e n t a t i o n  i n  t h e  c o n t e x t  o f  b a s e - p r e s s u r e  s p e c t r a  
a t  l o w e r  Mach numbers i n d i c a t e s  a c o n t i n u o u s  d r o p  i n  l e v e l s  w i t h  

i n c r e a s i n g  Mach number ( F i g .  38 ) .  F i g u r e  39 shows t h e  o v e r a l l  
nond imens iona l  l e v e l s  f o r  f l u c t u a t i n g  b a s e  p r e s s u r e s  as a Mach- 
number f u n c t i o n ;  t h e  Mach-15 d a t a  p o i n t s  a r e  c l o s e  t o  t h e  p r e -  
v i o u s l y  proposed  c u r v e .  O f  c o u r s e ,  some u n c e r t a i n t y  i s  i n v o l v e d  
i n  drawing  a " b e s t - f i t "  c u r v e  t h r o u g h  t h e  d a t a  p o i n t s  shown i n  
F i g .  36.  F u r t h e r m o r e ,  t h e r e  i s  no a v a i l a b l e  e x p l a n a t i o n  f o r  t h e  
s o u r c e  of t h e  "h igh- f requency"  s h a l l o w  peak .  I t s  p r e s e n c e  would 
r a i s e  t h e  o v e r a l l  l e v e l s  by more t h a n  1 5  dB, and  t h e  Spec t rum 
peak would be  l o c a t e d  n e a r  a S t r o u h a l  number o f  1 (for a 1/3- 
o c t a v e  band r e p r e s e n t a t i o n ) ,  t h u s  d e v i a t i n g  from t h e  p a t t e r n  Of 

t h e  l o w e r  Mach-number s p e c t r a .  

Comparison of  da ta  o b t a i n e d  from s e n s o r s  l o c a t e d  t h r o u g h o u t  
t h e  base p l a i n  a t  d i f f e r e n t  Mach numbers a l l o w s  t h e  f o l l o w i n g  
c o n c l u s i o n s  on t h e  i n t e n s i t y  d i s t r i b u t i o n .  

L e v e l s  a r e  h i g h e s t  near  t h e  r j m  o f  t h e  base area,  t h e y  de- 

c r e a s e  towards  t h e  base c e n t e r ,  and i n c r e a s e  a g a i n  a t  t h e  C e n t e r .  
P robab ly ,  t h i s  i s  b e c a u s e  of  t h e  impingement  of h i g h l y  t u r b u l e n t  
r e c i r c u l a t i n g  f l o w  i n  t h e  c e n t e r  r e g i o n .  F i g u r e  40 q u a l i t a t i v e l y  
i l l u s t r a t e s  t h i s  p a t t e r n .  
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I N T E R P R E T A T I O N  OF T E S T  R E S U L T S  

The V K I  r e s u l t s  f o r  a t t a c h e d - f l o w  s u r f a c e  p r e s s u r e  f l u c t u a -  
t i o n s  and s e p a r a t e d  base - f low p r e s s u r e  f l u c t u a t i o n s  a r e  compared 
t o  d a t a  o b t a i n e d  by  Coe (1971), M a r t e l u c c i  (197.2), and Widna l l  
( 1 9 6 8 ) .  P r e l i m i n a r y  a n a l y t i c a l  e x p r e s s i o n s  a r e  d e r i v e d  f o r  t h e  
Mach-number dependence  o f  t h e  n o r m a l i z e d  o v e r a l l  f l u c t u a t i n g  p r e s -  
s u r e .  Fo r  r e e n t r y  f l i g h t  c o n d i t i o n s ,  t h e  Mach-number r a n g e  of 
i n t e r e s t  p r o b a b l y  s t a r t s  a t  Mach 2 0 .  I n  o r d e r  t o  s u b s t a n t i a t e  
t h e  p roposed  a n a l y t i c a l  e x p r e s s i o n s  and t o  d e t e r m i n e  t h e i r  

v a l i d i t y  r a n g e ,  wind t u n n e l  t e s t s  a t  even h i g h e r  Mach numbers 
shou ld  b e  conduc ted .  However, such  t e s t s  a re  n o t  f e a s i b l e  s i n c e  
no f a c i l i t y  has t h e  r e q u i r e d  Reynolds-number c a D a b i l i t y .  

R e c e n t l y ,  da ta  became a v a i l a b l e  from a n  AVCO f l i g h t - t e s t  
program on an  8 O  h a l f - a n g l e  cone w i t h  a 1 - m  b a s e  d iameter  and  
a h e m i s p h e r i c a l  a f t e r d o m e  a t  a f r e e - s t r e a m  Mach number o f  2 2 .  

The da ta  were o b t a i n e d  t h r o u g h  BBN f u r n i s h e d  s e n s o r s ;  one was 
l o c a t e d  a t  a mid-cone l o c a t i o n ;  t h e  o t h e r  a t  t h e  c e n t e r  o f  t h e  
b a s e .  

Dur ing  t h e  i n i t i a l  c o n s t a n t  Mach-number r e e n t r y  p h a s e  of  
t h i s  f l i g h t ,  t h e  body e x p e r i e n c e d  dynamic p r e s s u r e  changes  o f  a 
f a c t o r  of 2 5 .  F l u c t u a t i n g - p r e s s u r e  l e v e l s  u n d e r  t h e  a t t a c h e d  
t u r b u l e n t  boundary l a y e r  on t h e  cone s u r f a c e  were  found t o  s c a l e  
ve ry  wel l  w i t h  l o c a l  dynamic p r e s s u r e  q e  ( F i g .  4 1 ) .  Conver s ion  
i n t o  a 1 /3 -oc tave  band s p e c t r u m  p r o v i d e s  t h e  s p e c t r a l  peak ;  t h u s ,  
t h e  o v e r a l l  (nondimensSona1)  l e v e l  c a n  be  a c c u r a t e l y  d e t e r m i n e d .  

S i n c e  t he re  i s  no  f a c i l i t y  background  n o i s e  i n  a f r e e - f l i g h t  
t e s t ,  and s i n c e  t h e  l e v e l s  s c a l e  w e l l  w i t h  t h e  dynamic p r e s s u r e ,  
w e  c o n s i d e r  t h i s  da ta  r e l i a b l e .  An e m p i r i c a l  c u r v e  d e s c r i b i n g  
t h e  o v e r a l l  p r e s s u r e  c o e f f i c i e n t  (prms/q) as f u n c t i o n  of Mach 
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I 

number, v a l i d  i n  t he  Mach-number r a n g e  0 < M < 1 2 *  ( F i g .  4 2 ) ,  c a n  
now be  d e f i n e d .  T h i s  c u r v e  c o n n e c t i n g  t h e  e a r l i e r  MIT data ,  t h e  

data  o b t a i n e d  i n  t h e  p r e s e n t  VKI e f f o r t ,  and t h e  AVCO f l i g h t  d a t a  
w i t h  l i t t l e  s c a t t e r  c a n  b e  a n a l y t i c a l l y  e x p r e s s e d  as 

( 3 )  0.006 - ( ' rms  ) o v e r a l l  - 

qe 1 + (0.15M)2 + (0 .15M) '  

We c o n s i d e r  t h i s  e x p r e s s i o n  i s  a c c u r a t e  w i t h i n  -+5 d B  o v e r  
t h e  s u g g e s t e d  Mach-number r a n g e .  It  s h o u l d  be  n o t e d  t h a t  t h i s  

p l o t  u s e s  t h e  l o c a l  Mach number. A v e h i c l e  r e e n t e r i n g  a t  a g i v e n  
f r e e - s t r e a m  Mach number w i l l  e x p e r i e n c e  s u r f a c e  Mach numbers 
wh ich  a r e  much l o w e r  t h a n  t h e  free-stream Mach numbers,  w i t h  

c o r r e s p o n d i n g l y  h i g h e r  p r e s s u r e  c o e f f i c i e n t s  and i n h e r e n t l y  h i g h e r  
l o a d s .  

The same f l i g h t  t e s t  f u r n i s h e d  b a s e - p r e s s u r e  data  t h a t  c a n  
v a l i d a t e  t h e  a p p r o p r i a t e  e x p r e s s i o n  f o r  t h e  o v e r a l l  n o r m a l i z e d  
b a s e  p r e s s u r e  as  f u n c t i o n  o f  free-stream Mach number. 

The raw data  r e d u c e s  t o  a n o r m a l i z e d  s p e c t r u m  ( F i g .  431,  
w i t h  a somewhat g r e a t e r  s c a t t e r  t h a n  t h e  " a t t a c h e d - f l o w  da ta" .  
I n  Fig.  4 4 ,  a b e s t - f i t  c u r v e  was drawn t h r o u g h  t h e  n o r m a l i z e d  
spec t rum and  c o n v e r t e d  i n t o  a 1 /3 -oc tave  band spec t rum.  Again,  
t h e  o v e r a l l  p r e s s u r e  l e v e l  c a n  be d e t e r m i n e d  a c c u r a t e l y  ( s ee  F i g .  
45 a l s o ) .  By r a i s i n g  t h e  p r e v i o u s l y  p roposed  c u r v e  (Eq.  2) b y  

3 d B ,  a b e t t e r  da ta  f i t  i s  o b t a i n e d .  The e x p r e s s i o n  f o r  t h e  f r e e -  
s t r e a m  Mach-number dependence  o f  t h e  o v e r a l l  f l u c t u a t i n g  base 
p r e s s u r e  now reads: 

*The edge Mach number on t h e  cone  f o r  a free-stream Mach number 
of 22 i s  a b o u t  1 2 .  
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20 l o g  -35 - 20 l M 2 - l l  ( 4  1 

T h i s  e q u a t i o n  seems t o  b e  v a l i d  i n  a free-stream Mach-number r a n g e  
from 0 t o  2 2 !  

A compar ison  o f  t h e  n o r m a l i z e d  b a s e - p r e s s u r e  s p e c t r a  o f  a l l  
a v a i l a b l e  t e s t s  p u t s  t h e  Mach 22 s p e c t r u m  peak  a t  a b o u t  
S f D/U, = 0.04;  i n  p r e v i o u s  t e s t s ,  i t  was a b o u t  0 .15  (see 
F i g .  3 8 ) .  However, t h e  f r e e - f l i g h t  body has a h e m i s p h e r i c a l  
a f t e rdome ,  w h i l e  t h e  wind t u n n e l  models have  a f l a t  base. We 
have  a v a i l a b l e  some b a s e - p r e s s u r e  data o b t a i n e d  by  Widna l l  (1968)  
on an  8O h a l f - a n g l e  c o n e / h e m i s p h e r i c a l  base model a t  Mach 3. 
P r e s e n t e d  i n  F i g .  38, t h i s  s p e c t r u m  seems t o  i n d i c a t e  a peak  n e a r  
0 .06.  However, n o t  enough data  f o r  c o n e / h e m i s p h e r i c a l  a f t e r d o m e  
c o n f i g u r a t i o n s  a re  a v a i l a b l e  t o  d e f i n e  th i s  t r e n d .  

P P 

The FPL s p e c t r u m  u n d e r  t h e  a t t a c h e d  boundary l a y e r  f o r  Mach 
22 f low i s  a v a i l a b l e  and p r o b a b l y  r e p r e s e n t s  an  a c c u r a t e  t e s t  
r e s u l t .  However, l o c a l  b o u n d a r y - l a y e r  d imens ions  were n o t  
o b t a i n e d  to n o n d i m e n s i o n a l i z e  t h i s  s p e c t r u m  and p u t  i t  i n  t h e  

c o n t e x t  of o t h e r  r e s e a r c h  r e s u l t s .  

7 2  



I C O N C L  US IONS 

1 It h a s  been shown t h a t  s i m p l e  e x p r e s s i o n s  d e s c r i b e  t h e  v a r i a -  

(prms/q) f o r  a t t a c h e d  t u r b u l e n t  f l o w  and for s e p a r a t e d  base  

I 

t i o n  w i t h  Mach number o f  t h e  o v e r a l l  p r e s s u r e  c o e f f i c i e n t  
C 

f low.  To s u b s t a n t i a t e  t h e s e  e x p r e s s i o n s ,  r e s u l t s  from six d i f -  

f e r e n t  r e s e a r c h  e f f o r t s ,  i n c l u d i n g  one f l i g h t  t e s t ,  were u t i l i z e d .  

P I 
i More work i s  n e c e s s a r y  t o  o b t a i n  a nondimens iona l  t u r b u l e n t  
I b o u n d a r y - l a y e r  s p e c t r u m  t h a t  i s  v a l i d  o v e r  a Mach-number r ange  

up t o  h y p e r s o n i c  s p e e d s .  O t h e r  a r e a s  o f  u n c e r t a i n t i e s  a r e  t h e  

f o l l o w i n g :  t h e  o v e r a l l  p r e s s u r e  c o e f f i c i e n t  f o r  base p r e s s u r e s  
a t  s u b s o n i c ,  t r a n s o n i c ,  and low s u p e r s o n i c  Mach numbers; and t h e  

I r e l a t i v e  l e v e l s ,  s h a p e ,  and s p e c t r a l  peak of t h e  nondimensional  
b a s e - p r e s s u r e  s p e c t r u m  f o r  v a r i o u s  base g e o m e t r i e s  and l o c a t i o n s  
i n  t h e  base reg ime of  s l e n d e r  cones .  i 
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A P P E N D I X  A 

1. The VKI L o n g s h o t  Free-Piston Tunnel 

2 .  The VKI Hypersonic Tunnel H-3 
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D e s c r i p t i o n  

The V K I  Longshot f r e e - p i s t o n  t u n n e l  i s  an i n t e r m i t t e n t  f a c i l -  
i t y  o p e r a t i n g  w i t h  n i t r o g e n ,  d e s i g n e d  f o r  t h e  a t t a i n m e n t  o f  v e r y  
h i g h  Reynolds-number h y p e r s o n i c  f l o w s ,  It has a c o n i c a l  n o z z l e  
of  36 cm ( 1 4  i n . )  e x i t  diameter and  a n  o p e n - j e t  t e s t  s e c t i o n .  
Longshot  d i f f e r s  from a c o n v e n t i o n a l  gun t u n n e l  i n  t h a t  a heavy 
D i s t o n  i s  u s e d  t o  compress  t h e  t e s t  gas ,  which i s  t r a p p e d  i n  a 
r e s e r v o i r  a t  t h e  end  of  t h e  b a r r e l  at peak  p r e s s u r e  and tempera-  
t u r e  by t h e  c l o s i n g  of  a sys t em of check v a l v e s  as t h e  p i s t o n  
r ebounds .  I n s t r u m e n t a t i o n  i n c l u d e s  1 6  c h a n n e l s  o f  t h i n - f i l m  
h e a t - t r a n s f e r  gauges ,  8 c h a n n e l s  o f  p i e z o - e l e c t r i c  and diaphragm- 
t y p e  p r e s s u r e  g a u g e s ,  a laser  i n t e g r a t i n g  s c h l i e r e n  sys t em f o r  
f l o w  f i e l d  d e n s i t y  measurements ,  and a c o n v e n t i o n a l  s c h l i e r e n  f o r  
f low v i s u a l i z a t i o n ,  S t a t i c  and dynamic s t a b i l i t y  measurements  
a re  made b y  t a k i n g  h igh-speed  motion p i c t u r e s  o f  f r e e - f l i g h t  
models .  

Performance 

Mach number: 15 - 2 0 .  Reynolds number / f t :  3 x lo6 t o  

1 0  x lo6. Supply  p r e s s u y e :  6 0 , 0 0 0  p s i  (max) .  Supply  tempera-  
t u r e :  2600O K (max) .  Running t ime :  1 0  - 40 msec. S h o t s  p e r  
d a y :  2 .  

Note :  F o r  a comple t e  d e s c r i p t i o n  o f  t h e  f a c i l i t y  c a p a b i l i -  
t i e s ,  s e e  a r t i c l e  i n  A I A A  J o u r n a l  ( 1 9 7 0 ) ,  8 ( 6 ) : 1 0 2 0 .  

Type o f  Research 

Laminar  and t u r b u l e n t  h e a t  t r a n s f e r .  Boundary- layer  t r a n s i -  
t i o n .  S t a t i c  and dynamic s t a b i l i t y .  Flow f i e l d  a round  b o d i e s .  
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T h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  o f  d e n s e  g a s  e f f e c t s  i n  t h e  

p i s t o n  c y c l e  and  n o z z l e  e x p a n s i o n  p r o c e s s e s .  

Descr ip t ion  

The VKI h y p e r s o n i c  t u n n e l  H-3 i s  an  i n t e r m i t t e n t  f a c i l i t y  o f  
t h e  blow-down t y p e  w i t h  a n  a x i s y m m e t r i c  n o z z l e  g i v i n g  a u n i f o r m  
free j e t  1 2  cm i n  diameter ( 5  i n . ) ,  f o l l o w e d  by  an  a d j u s t a b l e  
d i f f u s e r .  A i r  i s  s u p p l i e d  from s t o r a g e  t a n k e s  [ 6 0  m 3  ( 2 1 0 0  f t 3 )  

a t  4 0  bars (570  p s i )  and 1 4  m 3  (500  f t 3 )  a t  300 bars  (4300 p s i ) ]  
t h rough  a pebble-bed  h e a t e r .  A s u p e r s o n i c  e j e c t o r  i s  used  t o  
p r o v i d e  t h e  n e c e s s a r y  s u c t i o n  downstream of  t h e  d i f f u s e r .  The  

t e s t  s e c t i o n  c o n t a i n s  a p r e c i s i o n  th ree -degree -o f - f r eedom t r a v e r s -  
i n g  mechanism f o r  model and /o r  p r o b e  s u p p o r t ,  as w e l l  as v a r i a b l e  
i n c i d e n c e  mechanism (-5 t o  +5 d e g r e e s ) .  The t u n n e l  i s  e q u i p p e d  
w i t h  shadow and doub le -pass  s c h l i e r e n  s y s t e m s .  I n s t r u m e n t a t i o n  
i n c l u d e s  d i f f e r e n t i a l  t r a n s d u c e r s  and s c a n i - v a l v e s  f o r  p r e s s u r e  
measurements ,  a three-component  s t r a i n  gauge b a l a n c e ,  and  e q u i p -  

I 

ment f o r  h e a t - t r a n s f e r  measurements .  

Performance 

The r a n g e  o f  s t a g n a t i o n  p r e s s u r e  i s  from 7 t o  35 bars abs 
(100 t o  500 p s i ) .  
(840' F ) .  The minimum e j e c t o r  s u c t i o n  w i t h o u t  s e c o n d a r y  f l o w  i s  

0 .01  b a r  abs (0 .14  p s i a ) .  The  Mach number o f  t h e  u n i f o r m  f r e e  
j e t  i s  M=6.0. The u n i t  Reynolds  number c a n  b e  v a r i e d  be tween  
2 and 1 0  x 1 0 6 / m .  Running times up t o  5 min are a v a i l a b l e .  

The maximum s t a g n a t i o n  t e m p e r a t u r e  i s  450' C 

Type of  Research 

Boundary- layer  s t u d i e s ,  s e p a r a t e d  flows, and shock-wave 
boundary - l aye r  i n t e r a c t i o n s .  
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