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ABSTRACT 

T h e  b e h a v i o r  of  t h e  n e a r  a n d  f a r  w a k e  of  s p h e r e s  f o r  a w i d e  r a n g e  
o f  v e l o c i t i e s ,  4000  -< V .  ~< 2 3 , 0 0 0  f t / s e c ,  a n d  a m b i e n t  p r e s s u r e s ,  
10 -< p~ -< 730 m m  Hg,  h a s  b e e n  s t u d i e d  w i t h  s c h l i e r e n  t e c h n i q u e s  in  an  
a e r o b a l l i s t i c  f r e e - f l i g h t  r a n g e .  I n  t h e  p r e s e n t  r e p o r t ,  a t t e n t i o n  is  
d r a w n  to  s o m e  of  t h e  p r o b l e m s  of  i n t e r p r e t i n g  p h o t o g r a p h s  o f  t h i s  t y p e .  
I t  i s  s h o w n  t h a t  t h e  m o d e  of  o p e r a t i o n  o f  t h e  s c h l i e r e n  s y s t e m ,  e . g . ,  
v e r t i c a l  o r  h o r i z o n t a l  k n i f e  e d g e ,  c a n  e x e r c i s e  a p r o f o u n d  e f f e c t  o n  
t h e  a s p e c t s  of  t h e  f low t h a t  a r e  v i s u a l i z e d .  T h e  b r e a k t h r o u g h  p h e n o m -  
e n o n ,  w h i c h  h a s  b e e n  c o n s i d e r e d  to  e x i s t  o n l y  at  n e a r  r e e n t r y  v e l o c i t i e s ,  
i s  s h o w n  t o  e x i s t  a t  l o w e r  s u p e r s o n i c  s p e e d s .  S c h l i e r e n  p h o t o g r a p h s  o f  
t h e  f a r  w a k e  of  h y p e r s o n i c  s p h e r e s  in  t h e  R e y n o l d s  n u m b e r  r a n g e  o f  
3 x 104 g Re® <- 8 x 104 b e a r  a m a r k e d  r e s e m b l a n c e  to  p h o t o g r a p h s  o f  
t h e  w a k e  of  a s u b s o n i c  b lu f f  b o d y .  F o r  b o t h  h y p e r s o n i c  and  s u b s o n i c  
c a s e s ,  t h i s  p h o t o g r a p h i c  e v i d e n c e  i n d i c a t e s  t h e  e x i s t e n c e  o f  a l a r g e -  
s c a l e  v o r t e x  s t r u c t u r e  in  t h e  w a k e .  

This document is subject to special export controls 
and each transmittal to foreign governments or foreign 
nationals may be made only" with prior approval of 
Arnold Engineering Development Center (AETS), 
Arnold Air Force Station, Tennessee 37389. 
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SECTION I 
INTRODUCTION 

The  w a k e s  g e n e r a t e d  by h i g h - s p e e d  bod ies  have  been  s t u d i e d  fo r  the  
pas t  s e v e r a l  y e a r s  (Refs .  1 t h r o u g h  12). I t  has  been  s h o w n  tha t  the  
c h a r a c t e r  of a body wake  is a func t ion  of ( a m o n g  o t h e r  p a r a m e t e r s ) ,  
body shape ,  s i ze ,  a m b i e n t  p r e s s u r e ,  and v e l o c i t y .  Th i s  d e p e n d e n c e  
has  r e s u l t e d  in the wake be ing  c o n s i d e r e d  as a s o u r c e  of o b s e r v a b l e s ,  
wh ich ,  if i n t e r p r e t e d  c o r r e c t l y ,  can  be u s e d  to d e d u c e  the  s i z e  and s h a p e  
of the body.  At th i s  t i m e ,  the  b a c k s c a t t e r e d  r a d a r  s i g n a l s  f r o m  the  
w a k e s  of f u l l - s c a l e  bod ie s  p r o v i d e  one of the m a i n  s o u r c e s  of i n f o r m a -  
t ion .  The  i n t e r a c t i o n  of an e l e c t r o m a g n e t i c  wave  wi th  an i o n i z e d  t r a i l  
c a n  be shown to be d e p e n d e n t  on the e l e c t r o n  d e n s i t y ,  c o l l i s i o n  f r e q u e n c y ,  
wake  width ,  and the l a m i n a r  o r  t u r b u l e n t  n a t u r e  of the  flow. The  e l e c -  
t r i c a l  p r o p e r t i e s  of the  wake  can  be s t r o n g l y  a f f ec t ed  by the  p r e s e n c e  of 
f o r e i g n  g a s e s  in the wake .  Such  g a s e s  can ,  d e p e n d i n g  on t h e i r  c o m p o s i -  
t ion ,  e i t h e r  i n c r e a s e  o r  d e c r e a s e  the  wake  e l e c t r o n  d e n s i t y  l e v e l  and 

d e c a y  r a t e .  

It has  been  s u g g e s t e d  (Ref .  1) that  a s p h e r e  t r a v e l i n g  at h y p e r s o n i c  
s p e e d s  is c h a r a c t e r i z e d  by the  fo l lowing  flow r e g i m e s  (F ig .  1, Appendix) :  

1. The  a l m o s t  n o r m a l  d e t a c h e d  bow s h o c k  wave  in the  s t a g n a t i o n  

r e g i o n  of the  body,  

2. An e s s e n t i a l l y  i n v i s c i d ,  h i g h - t e m p e r a t u r e  o u t e r  wake  c o m -  
p o s e d  of gas  which  has  p a s s e d  t h r o u g h  the  s t r o n g ,  c u r v e d  
p o r t i o n  of the bow shock ,  and 

3. The  v i s c o u s ,  h i g h - t e m p e r a t u r e  i n n e r  wake  g e n e r a t e d  by the  
body b o u n d a r y  l a y e r .  

To t h e s e  t h r e e  m a i n  r e g i o n s  m u s t  be added  the  wake  s h o c k  f o r m e d  
at the  wake  n e c k  beh ind  the  body, the s e p a r a t i o n  s h o c k  o r i g i n a t i n g  at the  
body s h o u l d e r ,  and the  s l i p  b o u n d a r y  o r i g i n a t i n g  at the i n t e r s e c t i o n  of 

t h e s e  two s h o c k  w a v e s .  

G o l d b u r g  (Ref .  9) c o n s i d e r s  i t e m s  2 and 3 to be not ful ly  d e s c r i p -  
t i ve  of the  flow f ie ld  of a h y p e r s o n i c  s p h e r e .  G o l d b u r g  a l so  c o n s i d e r s  
m o r e  d e s c r i p t i v e  and a c c u r a t e  d e s i g n a t i o n s  to be s h o c k -  and b o u n d a r y -  
l a y e r - i n d u c e d  w a k e s .  A l though  t h e r e  m a y  be a l a c k  in r i g o r  in i t e m s  2 
and 3, th i s  n o m e n c l a t u r e  wi l l  be a d h e r e d  to in the  p r e s e n t  r e p o r t  s i n c e  
the  t e r m s  a r e  now in c o m m o n  u s a g e .  

I n v e s t i g a t i o n s  of the  l a m i n a r  to t u r b u l e n t  wake  t r a n s i t i o n  p h e n o m e n o n  
have  been  m a d e  in a e r o b a l l i s t i c  r a n g e s  u s ing  s c h l i e r e n  t e c h n i q u e s  
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(Ref s .  1 t h r o u g h  6) and obl ique  d o p p l e r  [ 'adar  t e c h n i q u e s  (Refs .  8 
and 10). At low s p e e d s  no p r o b l e m s  appear '  to have  been  e n c o u n t e r e d  
in de f in ing  the  o n s e t  of t u r b u l e n c e  us ing  s c h l i e r e n  t e c h n i q u e s .  At h i g h e r  
s p e e d s  the  i n v i s c i d  wake  a p p e a r s  to have  e x e r c i s e d  a m a r k e d  s h i e l d i n g  
e f fec t  on inner '  wake  flow d e t a i l s  to be v i s u a l i z e d .  The  b a c k s c a t t e r e d  
r e t u r n  ob ta ined  wi th  a 35-gHz obl ique  d o p p l e r  r a d a r  s y s t e m  u n d e r g o e s  
a n o t i c e a b l e  change  when  the  flow c h a n g e s  f rom laminar"  to : u r b u l e n t  for" 
ab l a t i ng  and n o n a b l a t i n g  s p h e r e s  (Refs .  8 and 10). 

As a r e s u l t  of e x t e n s i v e  s t u d i e s  (Ref .  2) of h y p e r s o n i c  s p h e r e  
v i s c o u s  and i n v i s c i d  w.a'kes, it  has  been shown that  the r e g i o n  w h e r e  the 
v i s c o u s  i n n e r  wake  has  expanded  to such  a s i z e  that  it t o t a l ly  engul fs  
the  i n v i s c i d  wake  and b e c o m e s  v i s i b l e  in a s c h l i e r e n  p h o t o g r a p h  is a 
func t ion  of a m b i e n t  p r e s s u r e  and v e l o c i t y .  Racial' and r a d i a t i o n  s i g n a l s  
f r o m  the  wake  (Refs .  11 and 12) a p p e a r  to c o n f i r m  tha:  this  p h e n o m e n o n ,  
c a l l e d  " b r e a k t h r o u g h ,  " is  a d e t e c t a b l e  even t  with t h e s e  s y s t e m s  a l so .  

The  p u r p o s e  of the p r e s e n t  r e p o r t  is to p r e s e n t  a s e r i e s  of s c h l i e r e n  
p h o t o g r a p h s  and r e l a t e d  c o n c l u s i o n s  with r e g a r d  to s u b s c a l e  m e a s u r e -  
m e n t s  of t r a n s i t i o n ,  b r e a k t h r o u g h ,  and  i n v i s c i d  wake  b r e a k u p  b e h i n d  
s p h e r e s .  

SECTION II 
APPARATUS 

The experimental results discussed in this report have been ob- 
tained in the 100-ft hypervelocity pilot range (Armament Test Cell, 
Hyperballistic (K)) and the 1000-ft hypervelocity range (Armament Test 
Cell, Hyperballistic (G)). These ranges are fully described in Ref. 13. 
Various two-stage light-gas guns have been used to launch models in 
each of these ranges. In the present series of tests, spheres made 
from nylon, aluminum, tungsten carbide, copper, and steel have been 
launched at speeds up to 23,500 ft/sec in the ambient pressure range 
from 10 to 730 mm Hg. It can be assumed that for some of these models 
and flight conditions, model ablation does occur. 

In R a n g e s  K and G, t h e r e  is a s i n g l e - p a s s  q u a s i - p a r a l l e l - l i g h t  
s c h l i e r e n  s y s t e m  hav ing  12- and 30- in .  - d i a m  f ie lds  of v iew,  r e s p e c -  
t i ve ly .  A s c h e m a t i c  of the m a i n  c o m p o n e n t s  c o m p r i s i n g  e a c h  of t h e s e  
s y s t e m s  is  shown in Fig .  2. It is p o s s i b l e  to o p e r a t e  e i t h e r  of t h e s e  
s y s t e m s  in the fo l lowing  m o d e s :  v e r t i c a l  or' h o r i z o n t a l  kn i fe  edge ,  
W o l l a s t o n  p r i s m  and c o l o r  g r a t i n g ,  o r  as a f o c u s e d  s h a d o w g r a p h .  F o r  
s i n g l e - f l a s h  o p e r a t i o n  a Speed  G r a p h i c  ® c a m e r a  is u s u a l l y  u sed .  The  
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m u l t i s p a r k  S t r o b o k i n  ~ l igh t  s o u r c e  is u sed  in c o n j u n c t i o n  wi th  a h igh -  
s p e e d  d r u m  c a m e r a .  As m a n y  as 20 p h o t o g r a p h s  of the  wake  can  be 
ob t a ined  with  th i s  m o d e  of ope / ' a t ion .  A 3 5 - m m  F a s t a x  ® c a m e r a  with  
a f r a m i n g  r a t e  up to 5000 f r a m e s / s e c  can  be u s e d  for  s t u d i e s  of the  f a r  
w a k e .  It m u s t  be r e a l i z e d  that  both of t h e s e  m u l t i f r a m e  m o d e s  of o p e r -  
a t ion  r e s u l t  in a l o s s  of de f in i t i on  when  c o m p a r e d  wi th  s i n g l e - f r a m e  
m o d e  of o p e r a t i o n .  H o w e v e r ,  in s t u d i e s  i nvo lv ing  the  f a r  wake ,  th i s  
l o s s  in de f in i t i on  is m o r e  than  c o m p e n s a t e d  for  by the  l a r g e  n u m b e r  of 
wake  p h o t o g r a p h s .  

At low a m b i e n t  p r e s s u r e s  the  m a x i m u m  s e n s i t i v i t y  of the  s i n g l e -  
p a s s  s c h l i e r e n  s y s t e m  can  only  be a c h i e v e d  when  an opaque  kni fe  edge  
is u s e d .  Th i s  m o d e  of o p e r a t i o n  a l so  r e q u i r e s  a c o n s i d e r a b l e  d e g r e e  
of s t a b i l i t y  in the  s c h l i e r e n  s u p p o r t  s t r u c t u r e .  In Range  G the  s c h l i e r e n  
s u p p o r t  s y s t e m  has g r e a t  s t a b i l i t y ,  and p r o b l e m s  of s y s t e m  v i b r a t i o n  
even  at the  h i g h e s t  s e n s i t i v i t y  a r e  r a r e l y  e n c o u n t e r e d .  In the d e s i g n  of 
the  R a n g e  K s y s t e m ,  s p a t i a l  l i m i t a t i o n s  and the  p r e s e n c e  of s o m e  l a r g e  
r o t a r y  e q u i p m e n t  m a d e  it i m p o s s i b l e  to a r r i v e  at a c o m p l e t e l y  s a t i s -  
f a c t o r y  s u p p o r t  s y s t e m .  To  of fse t  to s o m e  ex ten t  the s u p p o r t  s y s t e m  
i n a d e q u a c i e s ,  O. H. Bock  of th is  f ac i l i t y  has  d e s i g n e d  a s e r v o c o n t r o l l e d  
k n i f e - e d g e  s y s t e m  w h i c h  p e r m i t s  o p e r a t i o n  at h igh  s e n s i t i v i t i e s  in the  
p r e s e n c e  of s y s t e m  v i b r a t i o n .  

At h igh  a m b i e n t  p r e s s u r e s  the  F r e s n e l  l e n s  s h a d o w g r a p h  s y s t e m s  
d e s c r i b e d  in Ref.  13 p r o v i d e  an a d e q u a t e  v i s u a l i z a t i o n  of the  s p h e r e  
w a k e .  

SECTION III 
DISCUSSION OF RESULTS 

3.1 SURVEY OF WAKE TRANSITION AND BREAKTHROUGH PHENOMENA 

To p l a c e  the  p r o b l e m  to be d i s c u s s e d  in p e r s p e c t i v e ,  s o m e  of the  
o b s e r v a t i o n s  that  have  been  m a d e  wi th  r e g a r d  to t h e s e  even t s  wi l l  be 
b r i e f l y  s u m m a r i z e d .  Wi l son ,  Ref.  2, has  c o n c l u d e d  tha t  (1) the  i n v i s c i d  
w a k e  wi l l  on ly  be v i s u a l i z e d  by a s c h l i e r e n  s y s t e m  when  the  body is at 
o r  n e a r  r e e n t r y  v e l o c i t i e s  (i .  e . ,  on the  o r d e r  of 20, 000 fps),  (2) at low 
s u p e r s o n i c  s p e e d s  th is  i n v i s c i d  wake  wi l l  be too w e a k  to be v i s u a l i z e d  by 
a s c h l i e r ' e n  s y s t e m ,  and (3) at s u b s o n i c  s p e e d s  an i n v i s c i d  wake  canno t  
ex i s t  b e c a u s e  t h e r e  is no bow s h o c k  wave .  It has  b e e n  c o n c l u d e d  tha t  
t h e r e  a r e  t h r e e  R e y n o l d s  n u m b e r  r e g i m e s  of i n t e r e s t  (F ig .  3): 

3 
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I. High Reynolds number ,.,..he~'e t~'ansition in the viscous wake 
o c c u r s  c l o s e  to t he  bocly and  t he  t u r b u l e n t  w a k e  g~'ows r a p i d l y  
a n d  e n g u l f s  t h e  i n v i s c i d  w a k e ,  

2, I n t e r m e d i a t e  R e y n o l d s  n u m b e r ,  w h e i ' e  t r a n s i t i o n  in t h e  inner" 
v i s c o u s  w a k e  o c c u r s  fur theL '  f r ' om t h e  b o d y  and  t h e r e  is  a ~ ' e a r -  
w a r d  ,-,hilt o".' Lhe p o i n t  or b / ' c a k t h r o u g h ,  anti  

3, L o w  R e y n o l c t s  n u m b e r  wheL'c,  a s  h a s  b e e n  p r e d i c t e d  by L e e s  
( R e f ,  14), t r a n s i t i o n  in t h e  v i s c o u s  i n n e r  w a k e  d o e s  no t  o c c u r ,  

H o w e v e r ,  f a r  e n o u g h  b e h i n d  t h e  bocly, t h e  i n v i s c i d  w a k e  a l s o  m a y  b e -  
c o m e  u n s t a b l e  and  s u b s e q u e n t l y  t u r ' b u l e n t ,  T h i s  s u g g e s t s  t h a t  at  t h e  
l o w  R e y n o l d s  n u m b e r s  n e c e s ~ a z ' y  to s u p p ~ ' e s s  v i s c o u s  x~.ake g r o w t h  and  
transition to great enough distance behind the body, the so-called in- 
viscid wake may exhibit "viscous" effects. It is this apparent contra- 
diction that led Goldburg (Ref. 9) to seek a more accurate description 
of the inviscid wake, which, as we all recognize, is not really inviscid 
at all. 

T h e r e  a p p e a r s  to  be  a c o n s i d e r a b l e  c c g r ' e e  o f  a r b i t r a r i n e s s  in  t h e  
d e s i g n a t i o n  o f  a c t u a l  R e y n o l d s  n u m b e r s  t h a t  d e l i n e a t e  t h e  b o u n d s  o f  
t h e s e  t h r e e  f low r e g i m e s .  W i l s o n  (Re f .  2) s h o w s  p h o t o g r a p h s  o f  t h e s e  
t h r e e  t y p e s  of  f low.  In  o n e  c a s e  W i l s o n  s h o w s  a t y p i c a l  h i g h  R e y n o l d s  
n u m b e r  e x a m p l e  o f  b r e a k t h r o u g h .  In  a n o t h e r  c a s e  h e  s h o w s  s t y p i c a l  
e x a m p l e  o f  i n v i s c i d  w a k e  b r e a k u p ,  u s u a l l y  c o n s i d e r e d  a l ow  R e y n o l d s  
n u m b e r  e v e n t .  For '  b o t h  of  t h e s e  e x a m p l e s  t h e  R e y n o l d s  n u m b e r  was  
e q u a l  to  a p p r o x i m a t e l y  2 . 5  x 105 . 

3.2 INVISCID WAKE 

As has been noted earlier, the concept of an inviscid wake [as ob- 
served with a horizontal (or oriented in the flight direction) knife-edge 
schlieren system] is applicable to bodies traveling at or near" reentry 
velocities (V® ~ 19,000 ft/sec). In the light of this conclusion let us 
consider the flow field of a supersonic sphere as shown in Fig. 4. The 
orthogonal Fresnel lens shadowgrams clearly show a turbulent inner" 
wake close to the body. Superposed on this small-scale turbulence 
t h e r ' e  a r e  s o m e  r e l a t i v e l y  l a r g e  u n d u l a t i o n s  in  t h e  w a k e  f l ow .  In  t h e  
c o l o r  p r i n t  o b t a i n e d  w i t h  a h o r i z o n t a l  co lo r '  g r a t i n g ,  t h e  s m a l l - s c a l e  
t u r b u l e n c e  o f  t h e  i n n e r  w a k e  is  no t  w e l l  d e f i n e d .  H o w e v e r ,  t h e  d e f i n i -  
t i o n  i s  g o o d  e n o u g h  f o r  i t  to  be  c o n c l u d e d  t h a t  t h e  i n n e r  w a k e  i s  t u r b u l e n t .  
T h e  t u r b u l e n t  i n n e r  w a k e  d e t a i l s  a r e  s h i e l d e d  by w h a t  c a n  o n l y  be  c a l l e d  
an  i n v i s c i d  w a k e .  T h e  e x i s t e n c e  o f  an  " i n v i s c i d "  w a k e  in  t h i s  c a s e  i s  at  
v a r i a n c e  w i t h  t h e  v i e w  t h a t  i t  i s  a h y p e r s o n i c  p h e n o m e n o n  b e c a u s e  
v e l o c i t y  in  t h i s  c a s e  w a s  b e l o w  4000  f p s .  

4 
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A r e v i e w  of the  l i t e r a t u r e  c o n c e r n i n g  s p h e r e  w a k e s  r e v e a l s  da t a  
c o n f i r m i n g  the  e x i s t e n c e  of an a p p a r e n t  i n v i s c i d  wake  at l e s s  than  r e -  
e n t r y  v e l o c i t i e s .  B i rkhof f ,  E c k e r m a n ,  and M c K a y  in Ref.  5 p r e s e n t  a 
s e q u e n c e  of s p h e r e  wake  p h o t o g r a p h s  w h e r e  they  s t a t e ,  "In the  f i r s t  
f r a m e  only an ( a p p a r e n t l y  l a m i n a r )  i n v i s c i d  wake  is v i s i b l e ;  t h e r e  is not 
enough  d e n s i t y  c h a n g e  to m a k e  the i n n e r  c o r e  v i s i b l e .  By f r a m e  two, 
the  o u t e r  edges  of the t u r b u l e n t  i n n e r  c o r e  a r e  v i s i b l e .  In f r a m e  t h r e e ,  
the  e n t i r e  wake  has  b e c o m e  v i s i b l y  t u r b u l e n t  and the  i n v i s c i d  w a k e  is 
t u r b u l e n t .  " Th i s  s t a t e m e n t  p e r t a i n e d  to a 0 . 4 2 - i n .  - d i a m  s p h e r e  at 
r a n g e  p r e s s u r e  of 200 m m  Hg and a v e l o c i t y  of 14, 000 f t / s e c .  An 
a p p a r e n t  i n v i s c i d  wake  a l s o  is shown to ex i s t  fo r  f l ight  cond i t i ons  of 
10 ,900  <_ V® .<_ 13, 500 f t / s e c . a n d  100-< p® _< 300 m m I = t g i n  Ref .  6. S o m e  
wake  p h o t o g r a p h s  i l l u s t r a t i n g  th i s  a p p a r e n t  i n v i s c i d  wake  for  t h e s e  
f l ight  c o n d i t i o n s  a r e  shown in F ig .  5. 

F i g u r e  5a c o n s i s t s  of a s e q u e n c e  of wake  p h o t o g r a p h s  o b t a i n e d  wi th  
the  m u l t i s p a r k  d r u m  c a m e r a  s y s t e m  at a v e l o c i t y  of 10, 900 f t / s e c  u s ing  
a h o r i z o n t a l  W o l l a s t o n  p r i s m .  The  a p p a r e n t  i n v i s c i d  wake  is c l e a r l y  
i den t i f i ed ,  as is the  r e g i o n  w h e r e  the  t u r b u l e n t  wake  engu l f s  th i s  
b o u n d a r y .  It is  not p o s s i b l e  to d e t e r m i n e  w h e t h e r  the  i n n e r  wake  is 
t u r b u l e n t  when  it is  t o t a l l y  e n c l o s e d  by the i n v i s c i d  wake .  A s e r i e s  of 
s i n g l e - s p a r k  p h o t o g r a p h s ,  F i g s .  5b and c, ob ta ined  at h i g h e r  s p e e d  and 
p r e s s u r e  show c l e a r l y  that  the  i n n e r  wake  is t u r b u l e n t  wi th in  th i s  
b o u n d a r y .  

F i g u r e  5d p r e s e n t s  a s e q u e n c e  of wake  p h o t o g r a p h s  ob ta ined  wi th  a 
v e r t i c a l  W o l l a s t o n  p r i s m .  The  m o d e l  f l ight  cond i t i ons  a r e  s i m i l a r  to 
t h o s e  quoted  in F ig .  5a. A l though  the  i n n e r  wake  is o b s e r v e d  to s o m e  
ex ten t  in the  e a r l y  f r a m e s  of th is  s e q u e n c e  (F ig .  5d), as  would  be ex -  
p e c t e d  wi th  the  v e r t i c a l  p r i s m  o r i e n t a t i o n ,  no c l e a r l y  i d e n t i f i a b l e  in -  
v i s c i d  wake  can  be s e e n .  

A shadowgram of a sphere wake is shown in Fig. 5e. A detailed 
study of this photograph indicates the existence of a series of weak 
shocks which appears to originate at the turbulent wake edge. These 
weak waves appear to terminate on a boundary parallel to the flight 
direction. To focus attention on these weak waves a portion of this 
boundary has been accentuated in Fig. 5e. 

Another shadowgram is shown in Fig. 5f. A study of this photo- 
graph reveals a turbulent wake close to the neck. The wake is not 
visible downstream of the neck. There is no sign of any weak shock 
or a boundary as was shown in Fig. 5e. 

5 
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A feature of the near body flow field shown in .Figs. 4 and 5f is the 
separation shock emanating from the shoulder of the sphere. It is of 
interest to note that the diameter of the circle where the separation 
and wake shocks intersect is approximately equal to the width of the 
boundary delineated in Fig. 5e and the apparent inviscid wake width 
shown in Fig. 4. When two shock waves interact, the shapes of the 
shocks are slightly modified, and a slipstream is formed at the point 
of intersection. A horizontal knife-edge schlieren photograph of the 
near wake is shown in Fig. 5g. The inviscid wake, the viscous wake, 
and neck shock waves are clearly delineated. From a study of this 
photograph and that shown in Fig. 4, it is reasonable to conclude that 
at low hypersonic speeds the apparent inviscid wake may originate from 
the interaction of the separation and wake shock waves. 

G o l d b u r g  ( R e f .  9) h a s  s h o w n  t h a t  t h e  l o c a l  M a c h  n u m b e r  at  t h e  
m a x i m u m  d i a m e t e r  of  a s p h e r e  i s  a p p r o x i m a t e l y  c o n s t a n t  and  e q u a l  
t o  3 f o r  M® > 5. T h e  s e p a r a t i o n  s h o c k  w a v e  a n g l e  i s  d e p e n d e n t  on  t h e  
l o c a l  M a c h  n u m b e r .  S i n c e  t h i s  M a c h  n u m b e r  is  e s s e n t i a l l y  c o n s t a n t ,  
i t  i s  r e a s o n a b l e  to  a s s u m e  t h a t  t h e  s e p a r a t i o n  s h o c k  w a v e  a n g l e  i s  a l s o  
e s s e n t i a l l y  c o n s t a n t .  T h e  bow and  w a k e  s h o c k  w a v e  a n g l e s  w e l l  r e -  
m o v e d  f r o m  t h e  s p h e r e  a r e  d i r e c t l y  d e p e n d e n t  on  t h e  f r e e - s t r e a m  M a c h  
n u m b e r  a nd  d e c r e a s e  w i t h  i n c r e a s i n g  M a c h  n u m b e r .  T h e  v a r i a t i o n s  in  
t h e  w a k e  and  s e p a r a t i o n  s h o c k  a n g l e s  s u g g e s t  t h a t  t h e  d i a m e t e r '  of  t h e i r '  
circle of intersection will increase with increasing speed. Therefore, 
it would be reasonable to expect the apparent inviscid wake diameter" to 
increase with an increase in speed. Figure 6 presents results of some 
inviscid wake diameter measurements. There is a well-definea in- 
crease in the inviscid wake diameter with speed. This lends some 
support to the suggestion that the inviscid wake most often identified 
in flow field photographs may, in fact, originate from a shock inter- 
action rather than from gas that has been processed through the almost 

normal part of the shock. Values of the inviscid wake diameter' obtained 
in other facilities (Refs. 2 and 4) are compared with the VKF data in 
Fig. 6. Allowing for differences in judgment as to where the edge of 
this wake occurs, there is agood measure of agreement between these 
three sets of data. It cannot be overlooked that this wake property may 
be affected by ambient pressure. Clay, Labitt, and Slattery (Ref. 4) 
show a decrease in ambient pressure (5 < p,~ _< i00 mm Hg)'produces a 
small increase in diameter. The VKF data presented in Fig. 6 cover' a 
small pressure range (I0 _< p~ ~ 50 mm Hg), and a consistent effect of 
pressure is not eviaent. 

T h e  e x i s t e n c e  of  t h e  i n v i s c i d  w a k e  at h i g h  s p e e d s  h a s  r e s u l t e d  in  
d i f f i c u l t i e s  in  d e t e r m i n i n g  t h e  e x a c t  n a t u r e  o f  t h e  i n n e r  w a k e  f low.  S i n c e  
an  i n v i s c i d  w a k e  h a s  b e e n  s h o w n  to  e x i s t  at  l ow  v e l o c i t i e s ,  it  i s  a l s o  
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necessary to consider the effect this can have on the interpretation of 
low-speed sphere wake data with regard to inner wake transition meas- 
urements. A consideration of Figs. 7a, b, and c suggests that a 
similar problem may exist at low speeds. The wake shown in Fig. ?a 
has the characteristics of a laminar wake in that no obvious undulations 
or perturbations are evident. If it is assumed that this is a laminar 

wake, two inconsistencies are evident: 

i. The diameter of this wake is approximately three body diam- 
eters close to the body and does not vary out to x/D -0 65. It 
has generally been accepted that laminar wakes grow slowly 
(cf., Ref. 4). For the inner, viscous laminar wake to grow 
to  a d i a m e t e r '  o f  t h r e e  b o d y  d i a m e t e r s  at  x / D  - 5 i s  n o t  c o m -  
p a t i b l e  w i t h  t h i s  a s s u m p t i o n .  S u c h  a d i a m e t e r  i s  in  f a c t  c o m -  
p a t i b l e  w i t h  t h e  i n v i s c i d  w a k e  ( o r  s l i p s t r e a m )  g e n e r a t e d  by t h e  
s e p a r a t i o n -  and  w a k e - s h o c k  w a v e  i n t e r a c t i o n  ( c f . ,  R e f .  6). 

2. A r e v i e w  of  S l a t t e r y  and  C l a y ' s  d a t a  ( R e f .  3} f o r  0 . 5 - i n .  - d i a m  
s p h e r e s  s u g g e s t s  t h a t  f o r  t h e  c o n d i t i o n s  u n d e r  d i s c u s s i o n  t r a n s i -  
t i o n  s h o u l d  h a v e  o c c u r r e d  a t  x / D  -- 20. 

A s  n o t e d  a b o v e ,  t h e  w a k e  in F i g .  7a a p p e a r s  to  b e  l a m i n a r  to  x / D  = 65. 
In  c o m p a r i n g  t h e  p r e s e n t  d a t a  w i t h  t h o s e  c o n t a i n e d  in  R e f .  3, it  m u s t  
be  r e m e m b e r e d  t h a t ,  w h e r e a s  t h e  p r e s e n t  r e s u l t s  w e r e  o b t a i n e d  w i t h  
s a b o t e d  s p h e r e s ,  t h o s e  c o n t a i n e d  in  R e f .  3 w e r e  o b t a i n e d  w i t h  u n s a b o t e d  
s p h e r e s .  B i r k h o f f ,  e t  a l .  ( R e f .  5) h a v e  a l s o  d r a w n  a t t e n t i o n  to  t h e  e f f e c t  
o f  m o d e l  s u r f a c e  c o n d i t i o n  at  l a u n c h .  T h e y  c o n c l u d e  it  i s  r e a s o n a b l e  t o  
a s s u m e  t h e  u n s a b o t e d  m o d e l s  h a v e  a r o u g h e r  s u r f a c e  f i n i s h  t h a n  t h e  
s a b o t e d  m o d e l s ,  a n a  h e n c e  t r a n s i t i o n  m a y  o c c u r  s o o n e r .  

The observations made with regard to Fig. 7a also pertain to 
Fig. 7b. Figure 7c illustrates another problem related to the identifi- 
cation of low-speed transition onset. In this photograph there is clear 
evidence of turbulence. The degree of turbulence appears to increase 
as x/D increases from 53 to ll3. The diameter of this wake is approxi- 
mately four body diameters, which is the diameter' of the inviscid wake 

for this speed (cf., Fig. 6). The average diameter of the turbulent 
wake (Ref. 3) in this region in the wake is approximately three body 
diameters. Therefore, it would be reasonable to expect portions of the 
turbulent wake to burst intermittently through the inviscid wake edge, 

as is in fact shown in Fig. 7c. Birkhoff, et al. (Ref. 5) present a 
similar photograph to that shown in Fig. 7c. Their" assessment of the 
photograph is, "Turbulent segments of viscous sphere wakes may be 
separated by much longer laminar segments, so that the wake displays 
intermittent turbulence (This is "turbulence in bursts, " as described 
in other situations by Howard Emmons .... ) over much of its length. " 
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A l t h o u g h  t h i s  v e r y  w e l l  m a y  o c c u r ,  s u c h  an  i n t e r p r e t a t i o n  d o e s  no t  e x -  
p : a i n  t h e  e v e n t s  p o r t r a y e d  in  F ig .  7c o r  in o t h e r  c a s e s  w h e n  c o n s i d e r a -  
t i o n  is  g i v e n  to t h e  c o e x i s t e n c e  o f  i n v i s c i d ,  o u t e r ,  and  t u r b u l e n t  i n n e r  
w a k e s  of  n e a r - e q u a l  d i a m e t e r s .  Then, t h e  i n t e r m i t t e n t  " b u r s t s "  m a y  
s i m p l y  r e p r e s e n t  i n c i p i e n t  b r e a k t h r o u g h .  

T h e  h i g h - s p e e d  c a s e  w h i c h  h a s  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  
b e c a u s e  of  i t s  g r e a t e r  i n t e r e s t  in r e l a t i o n  to r e e n t r y  b o d y  s t u d i e s  w i l l  
n o w  be c o n s i d e r e d .  At  low s p e e d s  t he  w e a k  s h o c k  w a v e s  o r i g i n a t i n g  at  
t h e  t u r b u l e n t  w a k e  e d g e  do no t  a p p e a r  to  p e n e t r a t e  t h e  i n v i s c i d  w a k e  
b o u n d a , ' y  ( F i g .  5e) .  At  h i g h  s p e e d s  ( F i g .  8a) t h e  s p h e r e  w a k e  f low f i e l d  
is  c h a r a c t e r i z e d  by" a l a r g e  n u m b e r  o f  w e a k  s h o c k  w a v e s  a p p a r e n t l y  
e m a n a t i n g  r r o m  t h e  t u r b u l e n t  w a k e .  A s t u d y  of  t h e  u p p e r  p h o t o g r a p h  in  
F i g .  8a r e v e a l s  a t u r b u l e n t  inner" w a k e  c l o s e  t o  t h e  b o d y  a n d  a c l e a r l y  
d e f i n e d  s h o c k  i n t e r a c t i o n  b o u n d a r y .  T h e  l o w e r  p h o t o g r a p h s  in  F i g s .  8a 
a n d  b a p p e a r  to  c o n f i r m  t h a t  t h e  w e a k  s h o c k s  o r i g i n a t e  at  t h e  t u r b u l e n t  
w a k e  e d g e .  On t h e  b a s i s  of  t h i s  e v i d e n c e  i t  is  r e a s o n a b l e  to c o n c l u d e  
t h a t  t h e  e x i s t e n c e  of  t h e s e  w a v e s  i n d i c a t e s  t h e  p r e s e n c e  o f  a t u r b u l e n t  
i n n e r  w a k e .  At  l o w  a m b i e n t  p r e s s u r ' e s  w h e r e  t h e  s e n s i t i v i t y  l i m i t  o f  
t h e  s c h l i e r e n  s y s t e m  is  a p p r o a c h e d ,  t h e s e  w e a k  s h o c k s  m a y  n o  l o n g e r  
b e  v i s i b l e .  T h e r e f o r e ,  f o r  t h e s e  f l i g h t  c o n d i t i o n s  (i .  e . ,  h i g h  s p e e d  
a n d  low a m b i e n t  p r e s s u r e )  t h e  f a c t  t h a t  t h e s e  s h o c k s  a r e  no t  p r e s e n t  
d o e s  n o t  n e c e s s a r i l y  m e a n  tha t  t h e  i n n e r  w a k e  is  l a m i n a r .  

In  R e f .  6 it h a s  b e e n  s u g g e s t e d  t h a t  t h e  o c c u r r e n c e  of  t h e s e  w e a k  
w a v e s  in  t h e  o u t e r  w a k e  in  t h e  a b s e n c e  of  d e f i n i t e  i n d i c a t i o n s  of  t u r b u -  
l e n c e  o u t s i d e  t h e  i n v i s c i d  w a k e  m e a n s  t h a t  t h e  i n n e r  w a k e  is  t u r b u l e n t .  
T h e r e f o r e ,  t h e  f i r s t  o c c u r r e n c e  o f  s u c h  w a v e s  i s  a r e a s o n a b l e  l i m i t  on  
t h e  m o s t  r e a r w a r d  l o c a t i o n  of  t r a n s i t i o n  in t h e  i n n e r  w a k e .  T h e  o c c u r -  
r e n c e  o f  t h e s e  w a v e s  i s  t a k e n  ( W i l s o n ,  Ref .  2) to  i n d i c a t e  t h e  o n s e t  of  
i n c i p i e n t  b r e a k t h r o u g h ,  i. e . ,  t h e  d i a m e t e r '  o f  t h e  t u r b u l e n t  i n n e r  w a k e  
i s  a p p r o x i m a t e l y  e q u a l  to  t h e  i n v i s c i d  w a k e  d i a m e t e r .  

C l a y ,  L a b i t t ,  and  S l a t t e r y  ( R e f .  4) d e s i g n a t e  t h e  o c c u r r e n c e  o f  
v i s i b l e  t u r b u l e n c e  of  t h e  t y p e  s h o w n  in  t h e  l o w e r  p h o t o g r a p h  ( F i g .  8a) 
a s  t h e  o n s e t  o f  t r a n s i t i o n .  T h i s  d o e s  no t  a p p e a r  to be  an  a c c u r a t e  
a s s e s s m e n t  o f  t h e  s t a t e  of  t h e  i n n e r  w a k e .  

3.3 BREAKTHROUGH 

In this discussion breakthrough is defined as occurring at that axial 
station in the wake where the inviscid wake first is totally engulfed by 
the turbulent inner wake. It has been so described in Ref. 2, "The 
general character of turbulent breakthrough at all Reynolds numbers 
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above  105 is the  s a m e  for  a l l  s p h e r i c a l  b o d i e s ,  wi th  the  b r e a k t h r o u g h  
o c c u r r i n g  a lways  about  150 body d i a m e t e r s  beh ind  the  body.  " 

S o m e  of the p r a c t i c a l  p r o b l e m s  of i d e n t i f y i n g  b r e a k t h r o u g h  wi l l  now 
be d i s c u s s e d .  The  u p p e r  p h o t o g r a p h  in F ig .  8b i n d i c a t e s  tha t  the  i n -  
v i s c i d  wake  has  been  c o m p l e t e l y  engu l fed  by the  t u r b u l e n t  i n n e r  wake  at 
an ax ia l  d i s t a n c e  of a p p r o x i m a t e l y  190 body d i a m e t e r s ,  in r e a s o n a b l e  
a g r e e m e n t  wi th  t he  above  s t a t e m e n t .  F i g u r e s  9a and b p r e s e n t  add i -  
t i ona l  f a r  wake  flow f ie ld  p h o t o g r a p h s .  In F ig .  9a b r e a k t h r o u g h  a p p e a r s  
to o c c u r  at x / D  = 330, w h e r e a s  it o c c u r s  at an x / D  = 230 fo r  the  s p h e r e  
s h o w n  in F ig .  9b. It is i m p o r t a n t  to r e a l i z e  tha t  for  t h e s e  two c a s e s ,  
the  R e y n o l d s  n u m b e r  and v e l o c i t y  w e r e  v e r y  n e a r l y  equa l .  T h e s e  v a l u e s  
of d i s t a n c e  to b r e a k t h r o u g h ,  x/D, do not a g r e e  wi th  e a c h  o t h e r  o r  wi th  
W i l s o n ' s  s u g g e s t e d  v a l u e  of 150. T h e ~ e  d i f f e r e n c e s  s u g g e s t  tha t  in the  
h igh  R e y n o l d s  n u m b e r  flow r e g i m e  b r e a k t h r o u g h  m a y  not be a w e l l -  
de f ined  p h e n o m e n o n  b e c a u s e  it wi l l  be c l e a r  to the  r e a d e r  tha t  i nd iv idua l  
j u d g m e n t  p l ays  a p o w e r f u l  r o l e  in d e c i d i n g  w h e r e  b r e a k t h r o u g h  o c c u r s  
in any of t h e s e  p h o t o g r a p h s .  

As the i n t e r m e d i a t e  R e y n o l d s  n u m b e r  r e g i m e  (i. e . ,  Re® = 105) is 
a p p r o a c h e d ,  a c o n s i d e r a t i o n  of the l o w e r  p h o t o g r a p h  in F ig .  8a i n d i -  
c a t e s  that  b r e a k t h r o u g h  b e c o m e s  m o r e  d i f f i cu l t  to de f ine .  F o r  t h e s e  
c o n d i t i o n s ,  p o r t i o n s  of the  i n v i s c i d  wake  a r e  t o t a l l y  engu l f ed  by the  
t u r b u l e n t  i n n e r  wake .  Such  r e g i o n s  a r e  s e p a r a t e d  by r e g i o n s  of who l ly  
s m o o t h  flow. At what  point  t hen  does  it b e c o m e  p o s s i b l e  to s ay  b r e a k -  
t h r o u g h  has  o c c u r r e d ?  

F i g u r e s  10a, b, and c p r e s e n t  a s e q u e n c e  of v e r t i c a l  (wi th  the  
d i r e c t i o n  of f l ight)  k n i f e - e d g e  p h o t o g r a p h s  of s p h e r e  w a k e s  at R e y n o l d s  
n u m b e r s  c o m p a r a b l e  to tha t  g iven  in the  l o w e r  p h o t o g r a p h  of F ig .  8a. 
F i g u r e  10b p r e s e n t s  a p h o t o g r a p h  at the  s a m e  ax ia l  l o c a t i o n ,  v e l o c i t y ,  
and R e y n o l d s  n u m b e r  as  in th i s  f i g u r e .  The  fo l lowing  f e a t u r e s  of the  
f low f ie ld  a r e  of i n t e r e s t :  

1. W e a k  s h o c k  w a v e s  o r i g i n a t i n g  at the t u r b u l e n t  wake  edge ,  and 

2. F u l l y  t u r b u l e n t  i n n e r  wake .  

P e r h a p s  t he  m o s t  s t r i k i n g  f e a t u r e  is the  a b s e n c e  of the  i n v i s c i d  wake .  
F i g u r e  10a a l so  shows  a c o m p l e t e  a b s e n c e  of an i n v i s c i d  wake  c l o s e r  to 
the  body.  (The  l o w e r  ha l f  of th i s  p h o t o g r a p h  has  l e s s  s e n s i t i v i t y  than  
the  u p p e r  hal f .  Th i s  can  be s e e n  f r o m  the  t o t a l  a b s e n c e  of the  weak  
s h o c k  w a v e s  in th i s  ha l f  of the  p h o t o g r a p h .  It has  been  c o n c l u d e d  tha t  
t h i s  l o s s  in s e n s i t i v i t y  has  r e s u l t e d  f r o m  e r r o r s  in the  s c h l i e r e n  o p t i c a l  
s e tup .  ) 
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The presence of weak shock waves in the outer' flow field at 
x/D -- 500 indicates that the wake edge is traveling at supersonic speeds 
with respect to the nearby flow. Figure 10d demonstrates the capa- 
bility of the framing camera and continuous light source to produce 
photographs of a turbulent far wake. Close to the body (i.e., x/D .I- I000), 
the exposure duration of the film is too long for useful photogt'aphs of 
the model and wake to be made. 

A schlier'en system with a knife edge normal to the direction of 
flight is insensitive to radial density gradients. Therefore, such a sys- 
tem is insensitive to laminar and inviscid wakes, which exhibit only 
small axial gradients, but is highly sensitive to turbulent wake flow, 
characterized by gradients in all directions. The above-discussed com- 
parison of Figs. 8a and 10a and b clearly demonstrates these properties 
of sehlieren systems when used with "vertical" and "horizontal" knife 
edges. 

It follows that, whereas with a "horizontal" knife edge the inner', 
viscous wake appears largely obscured by large gradients of the larger 
diameter, inviscid wake, with a "vertical" knife edge the schlieren 
effect of the inviscid wake is eliminated, and a turbulent wake, even 
when shrouded by a strong inviscid wake, is well defined in the schlieren 
picture. 

Clearly, then, the use of schlieren system in the two modes is re- 
quired for precise determination of (i) onset of wake turbulence and 
(2) location of "breakthrough, " or region in which the turbulent wake 
engulfs the inviscid wake. 

It is of interest to consider the respective diameters of the turbu- 
lent inner wake and the inviscid wake. Measurements have been made 
of the turbulent wake diameter. These diameters have been derived by 
tracing the boundary of the turbulent wake with a planimeter and aver- 
aging the width over' a distance of at least I0 body diameters. A com- 
parison of this diameter' and inviscid wake diameter for approximately 
the same flight conditions is made in Fig. 11. For these flight condi- 
tions the turbulent wake will always have burst through the inviscid wake 
for x/D _4 400. Because the average wake width is being consiaered, it 
is obvious that the turbulent edge of the inner wake will be visible closer 
to the body than x/D ~ 400. 

3.4 LOW REYNOLDS NUMBER WAKE 

Until now we have consider'ed sphere wakes at Reynolds numbers of 
1.25 x 105 or greater. A characteristic of such wakes is that turbulence 
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m u s t  h a v e  o c c u r t ' e d  c l o s e  to t h e  b o t h ,  ( o r . ,  F i g s .  8 t h r o u g h  10) w h e r e ,  
in  t h i s  c o n t e x t ,  c l o s e  to  t h e  b o d y  i m p l i e s  x/I-) < 400.  F i g u r e  12 p r e s e n t s  
a s e q u c n c e  of  w a k e  p h o t o g r a p h s  o o t a i l l c d  fo r  [~e® 8. 1 x 104 . T h e s e  
w a k e  p h o t o g r a p h s  i l l u s t r a t e  v e r y  c l e a r l y  t h c  r a d i c a l  c h a n g e  in  t h e  c h a r -  
a c t e r  o f  t h e  w a k e  as  t h e  R e y n o l d s  n u n : b e r  Js r e d u c e d  f r o m  Re® -- 1.25 x 105 
( F i g s .  10a a n d  c) to  [~e~ -- 8 . 1  x 104.  T h e  f i r s t  d e t e c t a b l e  i n s t a b i l i t y  in  
t h e  w a k e  o c c u r s  a t  x / D  ~- 3000 .  At t h i s  a x i a l  s t a t i o n ,  F i g .  11 i n d i c a t e s  
t h a t  a t u r b u l e n t  i n n e r  w a k e  w o u l d  h a v e  a d i a m e t e r  of  a p p r o x i m a t e l y  13 
b o d y  d i a m e t e r s .  S u c h  a d i a m e t e r  w o u l d  be  a p p r o x i m a t e l y  t w i c e  t h a t  
o l ' t h e  i n v i s c i d  w a k e  o b s e r v e d  for' x / D  _ 3000.  T h i s  s u g g e s t s  t h a t  t u r b u -  
f e n c e  of  t h e  t y p e  d i s c u s s e d  e a r l i e r "  f o r  Re® k 1 . 2 5  x 105 d o e s  no t  o c c u r  
c l o s e  to  t h e  b o d y  f o r  Re® 8. 1 x 104 . 

W i l s o n  ( R e f .  2) h a s  a l s o  o b s e r v e d  t h i s  s a m e  r a d i c a l  c h a n g e  t o w a r d  
i n c r e a s e d  s t a b i l i t y  in  t h e  w a k e  f low f i e l d  f o r  Re® ~ 105 . T h i s  v e r y  
g r a d u a l  t r a n s i t i o n  to  t u r b u l e n c e  in t h e  l a m i n a r  w a k e  of  a h i g h - s p e e d  
c o n e  is  i l l u s t r a t e d  in F i g .  13. B o t h  w a k e s  a r e  c h a r a c t e r i z e d  by t h e  
e x i s t e n c e  of  s m o o t h l y  u n d u l a t i n g  f i l a m e n t s .  I t  h a s  b e e n  s h o w n  e l s e w h e r e  
(e .  g . ,  Re f .  1) t h a t  c o n e  w a k e s  of  t h i s  t y p e  ( F i g .  13) do  b e c o m e  f u l l y  
t u r b u l e n t .  I n i t i a l l y  t h e  s p h e r e  w a k e  c o n s i s t s  of  s m o o t h  u n d u l a t i n g  f i l a -  
m e n t s .  In  t i m e  t h e s e  f i l a m e n t s  r o u g h e n ,  bu t  s t i l l  r e t a i n  t h e  g r o s s  u n -  
d u l a t i o n s .  F i n a l l y ,  . the  g r o s s  u n d u l a t i o n s  m e r ' g e  w i t h  o n e  a n o t h e r ,  
r e s u l t i n g  in  a f u l l y  t u r b u l e n t  w a k e .  T h e s e  f r a m i n g  c a m e r a  s e q u e n c e s  
h a v e ,  a s  s u g g e s t e d  e a r l i e r ,  r e s u l t e d  in  s o m e  d e g r a d a t i o n  in  d e f i n i t i o n .  
F i g u r e s  14a,  b, c,  and  d p r e s e n t  a s e r i e s  of  s i n g l e - s p a r k  s c h l i e r e n  
p h o t o g r a p h s  o b t a i n e d  f o r  Re® ~ 54. S e v e r ' a l  of  t h e  p h o t o g r a p h s  in  t h i s  
s e r i e s  b e a r  a s t r o n g  r e s e m b l a n c e  to t h e  l a m i n a r  f low b r e a k u p  o f  t h e  
c o n e  w a k e  in  F i g .  13. 

F a y  and  G o l d b u r g  (Re f .  15) h a v e  m a d e  e x t e n s i v e  s t u d i e s  of  t h e  
s t r u c t u r e  of  t he  s p h e r e  w a k e  at  l ow R e y n o l d s  n u m b e r s .  T h e  t e c h n i q u e  
u s e d  w a s  to  s t u d y  t h e  v i s i b l e  r a d i a t i o n  p a t t e r n s  of  b l u f f  b o d y  w a k e s ,  
w h e r e  t h e  r a d i a t i o n  w a s  e n h a n c e d  by t h e  p r e s e n c e  o f  s m a l l  q u a n t i t i e s  of  
a b l a t i n g  m a t e r i a l .  As  a r e s u l t  of  t h e s e  s t u d i e s ,  F a y  and  G o l d b u r g  s u g -  
g e s t  t h e  p r e s e n c e  o f  h y p e r s o n i c  v o r t e x  s h e d d i n g ,  w h i c h  b e a r s  a s t r o n g  
r e s e m b l a n c e  to  s u b s o n i c  v o r t e x  p a t t e r n s  o b t a i n e d  f o r  i n c o m p r e s s i b l e  
w a k e s  by  M a r g a r v e y  and  B i s h o p  ( R e f s .  16 t h r o u g h  18). T h e s e  i n c o m -  
p r e s s i b l e  w a k e  p a t t e r n s  h a v e  b e e n  o b t a i n e d  by s t u d y i n g  t h e  m o t i o n  of  a 
d r o p l e t  o f  c a r b o n  t e c t r a c h l o r i d e ,  w i t h  a d y e ,  f a l l i n g  t h r o u g h  w a t e r .  
E x a m p l e s  of  w a k e  p a t t e r n s  o b t a i n e d  in t h i s  m a n n e r  at  A E D C  a r e  s h o w n  
in F i g .  15. M a r g a r v e y  and  B i s h o p  ( R e f .  18) h a v e  i d e n t i f i e d  s i x  d i s t i n c t  
w a k e  p a t t e r n s  : 

1. S i n g l e  t h r e a d ,  

2. D o u b l e  t h r e a d ,  

3. Double thread with waves, 
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4. P r o c e s s i o n  of v o r t e x  loops ,  

5. Double  row" of v o r t e x  r i n g s ,  and 

6. A s y m m e t r i c a l  wake .  

F i g u r e  15 p r e s e n t s  e x a m p l e s  of types  3 and 4. F a y  and G o l d b u r g  
(Ref .  15) s u g g e s t  the  v o r t e x  loop wake  shown  in F ig .  15 is the  t h r e e -  

t ? 

d i m e n s i o n a l  c o u n t e r p a r t  of the yon K a r m a n  v o r t e x  s h e e t  beh ind  a c y l i n -  
d e r .  F i g u r e s  14a and b con t a in  p h o t o g r a p h s  w h i c h  b e a r  a r e s e m b l a n c e  
to the  i n c o m p r e s s i b l e  wake  p a t t e r n s  s h o w n  in Fig .  15. Th i s  s i m i l a r i t y  
a p p e a r s  to s u b s t a n t i a t e  F a y  and G o l d b u r g ' s  p o s t u l a t i o n  of h y p e r s o n i c  
v o r t e x  s h e d d i n g .  

It has  b e e n  o b s e r v e d  in F ig .  12 tha t  the  s m o o t h  undu l a t i ng  wake  
b r e a k s  up into  a r o u g h  u n d u l a t i n g  wake .  Th i s  p r o c e s s  has  a l so  b e e n  
s u g g e s t e d  by F a y  and G o l d b u r g .  Th i s  p a r t i c u l a r  wake  c h a r a c t e r i s t i c  
m a y  shed  s o m e  l ight  on wake  p h e n o m e n a  o b s e r v e d  at h i g h e r  R e y n o l d s  
n u m b e r s .  When  the  o r t h o g o n a l  s h a d o w g r a m s  in F ig .  4 w e r e  d i s c u s s e d  
e a r l i e r ,  it was  po in ted  out that  t h e r e  w e r e  s o m e  l a r g e - s c a l e  u n d u l a t i o n s  
s u p e r p o s e d  on the  t u r b u l e n t  wake .  Such  u n d u l a t i o n s  at t h e s e  h igh  
R e y n o l d s  n u m b e r s  wi l l  m e r g e  m o r e  qu i ck ly  and s e e m  l e s s  p r o n o u n c e d  
than  for  the c a s e s  shown in F i g s .  12 and 13. H o w e v e r ,  if s u c h  u n d u l a -  
t i ons  ex i s t  at low s p e e d s  and R e y n o l d s  n u m b e r s ,  it is p o s s i b l e  tha t  a 
s i m i l a r  but l e s s  c l e a r  b e h a v i o r  cou ld  be c o n f u s e d  wi th  " i n t e r m i t t e n t  t u r -  
b u l e n c e "  in s o m e  c a s e s .  

F a y  and G o l d b u r g  (Ref .  15) have  a s s u m e d  tha t  the  p r o d u c t s  of a b l a -  
t ion  n e c e s s a r y  for  t h e i r  v i s u a l i z a t i o n  t e c h n i q u e  do not a f fec t  the  f luid 
d y n a m i c  n a t u r e  of the flow. At low R e y n o l d s  n u m b e r s  (i. e . ,  Re® < 105), 
W i l s o n ' s  (Ref .  2) m e a s u r e m e n t s  of the  d i s t a n c e  to the  f i r s t  s i g n s  of t u r -  
b u l e n c e  have  been  shown to be u n a f f e c t e d  by the  p r e s e n c e  of the  p r o d u c t s  
of ab la t ion .  It has  been  shown in F ig .  12 tha t  the  f i r s t  i n s t a b i l i t i e s  in 
wake  flow for  a c o p p e r  s p h e r e  (Re~ = 8. 1 x 104 ) o c c u r  at x / D  = 3000. 
Th i s  va lue  is in good a g r e e m e n t  wi th  W i l s o n ' s  (Ref .  2) m e a s u r e m e n t s  at 
the  s a m e  R e y n o l d s  n u m b e r .  F i g u r e s  16a and b show wake  p h o t o g r a p h s  
of c o p p e r ,  nylon ,  and a l u m i n u m  s p h e r e s  at s i m i l a r  f l ight  s p e e d s  to tha t  
r e p r e s e n t e d  in F ig .  12. At the s a m e  ax ia l  s t a t i o n  in the  wake ,  the  
ab l a t i ng  ny lon  and a l u m i n u m  m o d e l s  show e v i d e n c e  of s t r o n g  wake  t u r -  
b u l e n c e  at  x / D  -- 1000. Th i s  wou ld  s e e m  to be  too l a r g e  a d i f f e r e n c e  
to be e x p l a i n e d  s i m p l y  in t e r m s  of da t a  s c a t t e r .  The  p r o b l e m  is  f u r t h e r  
e m p h a s i z e d  by the  fac t  tha t  at Re~ ~ 3 .3  x 104 an ab l a t i ng  ny lon  s p h e r e  
i n d i c a t e s  t u r b u l e n c e  at x / D  = 500 in F ig .  16b. T h e s e  r e s u l t s  i n d i c a t e  
that  t h e r e  is ,  u n d e r  s o m e  c o n d i t i o n s ,  a m a r k e d  e f fec t  of a b l a t i o n  on t u r -  
b u l e n c e  onse t .  

12 
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F i g u r e s  17a t h r o u g h  f p r e s e n t  s e q u e . l c e s  of wake  flow field p a t t e r n s  
ob ta ined  with the  f r a m i n g  c a m e r a  for  Re® 5 x ]0 4 . V a r i a t i o n s  in m o d e l  
d i a m e t e r ,  a m b i e n t  p r e s s u r e ,  and v e l o c i t y  have  been  such  tha t  the  
R e y n o l d s  n u m b e r  was cons t an t .  It is a s s u m e d ,  oil the b a s i s  or da ta  p r e -  
s e n t e d  in Ref.  8, for  t h e s e  f l ight  cond i t i ons  the c o p p e r  s p h e r e s  did not 
ab l a t e .  A d e t a i l e d  s tudy  of t h e s e  s e q u e n c e s  r e v e a l s  a s i m i l a r i t y  be -  
t w e e n  the o b s e r v e d  p a t t e r n s  and t h o s e  sho~.n for  the i n c o m p r e s s i b l e  
wake  (F ig .  15). T h e r e  is a v a r i a t i o n  in the l oca t i on  of the f i r s t  s i gns  
of t u r b u l e n c e .  H o w e v e r ,  such  a v a r i a t i o n  m a y  r e f l e c t  the b a s i c  u n p r e -  
d i c t a b i l i t y  of even t s  s u c h  as th i s .  

SECTION IV 

CONCLUSIONS 

As a r e s u l t  of the p r e s e n t  s t u d i e s  the  de f in i t i on  of the  i n v i s c i d  wake  
m u s t  be q u e s t i o n e d .  Data  a r e  p r e s e n t e d  which  i n d i c a t e  the p o s s i b i l i t y  
of a s l i p s t r e a m ,  o r i g i n a t i n g  at the  i n t e r s e c t i o n  of the s e p a r a t i o n  and 
wake  s h o c k s ,  be ing  m i s t a k e n  for  the  i n v i s c i d  wake as it is  de f ined  in 
Ref .  1. (See Sec t ion  I of th i s  r e p o r t . )  P h o t o g r a p h s  c l e a r l y  showing  an 
a p p a r e n t  i n v i s c i d  wake  at s u p e r s o n i c  and low h y p e r s o n i c  s p e e d s  a r e  in 
d i s a g r e e m e n t  with the  c o n c e p t  of the i n v i s c i d  wake  o c c u r r i n g  only at o r  
n e a r  r e e n t r y  s p e e d s .  It is  r e a d i l y  a g r e e d  tha t  at h igh  s p e e d s  the  a p p a r -  
ent  i n v i s c i d  wake  has  s h i e l d e d  d e t a i l s  of the  i n n e r  wake ,  when o b s e r v e d  
wi th  a h o r i z o n t a l  k n i f e - e d g e  s c h l i e r e n  s y s t e m .  The  d e m o n s t r a t e d  
e x i s t e n c e  of s u c h  a wake  at low s p e e d s  i n d i c a t e s  p r o b a b l e  m i s i n t e r p r e -  
t a t i on  of l o w - s p e e d  da ta  ( c f . ,  Ref .  5). In s u c h  c a s e s  the  a p p a r e n t  in -  
v i s c i d  (ou t e r )  wake  has  been  m i s t a k e n l y  c a l l e d  a l a m i n a r  i n n e r  wake .  

C o m p a r i s o n  of wake  v i s u a l i z a t i o n  with s c h l i e r e n  s y s t e m s  hav ing  
v e r t i c a l  and h o r i z o n t a l  kn i fe  e d g e s  d e m o n s t r a t e s  tha t  for  a d e q u a t e  d e f i n i -  
t i on  of t u r b u l e n t  w a k e s  of s p h e r e s  (or' blunt bod ies  in g e n e r a l ) ,  both 
m o d e s  of s c h l i e r e n  v i s u a l i z a t i o n  a r e  n e c e s s a r y .  

E x a m i n a t i o n  of wake  o b s e r v a t i o n s  s u g g e s t s  tha t  for  s p h e r e s ,  the  
a p p a r e n t  " i n v i s c i d "  wake  b o u n d a r y  m a y  o r i g i n a t e  f r o m  i n t e r a c t i o n  of 
wake  s h o c k  and s e p a r a t i o n  shock ,  r a t h e r  than c o r r e s p o n d  to the  " e d g e "  
of the gas  v o l u m e  which  has  been  p r o c e s s e d  t h r o u g h  the  " a l m o s t  n o r m a l "  
p o r t i o n  of the  bow shock .  Should th is  i n t e r p r e t a t i o n  be c o r r e c t ,  t he  
s i g n i f i c a n c e  of " b r e a k t h r o u g h "  as r e l a t e d  to r a d a r  r e t u r n s  f r o m  w a k e s  of 
s p h e r e s  m a y  be in doub.t, s i n c e ,  in th is  c a s e ,  the  i n v i s c i d  wake  would  not 
be s u f f i c i e n t l y  i o n i z e d  to s h i e l d  the i n n e r ,  t u r b u l e n t  wake .  

13 
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The  m a n y  wake  p h o t o g r a p h s  shown for  Re® -< 10 5 a r e  i n d i c a t i v e  of a 
l a r g e - s c a l e  v o r t e x  s h e d d i n g  p h e n o m e n o n .  S t r i k i n g  s i m i l a r i t i e s  b e t w e e n  
the  s c h l i e r e n - o b s e r v e d  t r a i l s  of h y p e r s o n i c  s p h e r e s  and the  l o w - s p e e d  
i n c o m p r e s s i b l e  wakes  of bluff bod ie s  have  b e e n  o b s e r v e d .  F o r  Re® ~< 10 5 
the  onse t  of flow i n s t a b i l i t i e s  in the  s p h e r e  wake  u n d e r g o e s  a v e r y  rap id  
r e a r w a r d  shi f t .  

REFERENCES 

i. Wilson, L. N. "Body Shape Eff:cts on Axisymmetric Wakes. " 
General Motors Corporation, TR-64-02K, October 1964. 

2. Wilson, L. N. "The Far Wake Behavior of Hypersonic Spheres. " 
General Motors Corporation, TR-66-19, June 1966. 

3. Slattery, R. E and Clay, W. G. "The Turbulent Wake of Hyper- 
sonic Bodies. " American Rocket Society 17th Annual Meeting 
and Space Flight Exposition, No. 2673-62, November 13 
through 18, 1962. 

4. Clay, W. G., Labitt, M., and Slattery, R. E. "Measured Transi- 
tion from Laminar to Turbulent Flow and Subsequent Growth of 
Turbulent Wakes. " AIAA Journal, Vol. 3, No. 5, May 1965, 
pp. 837-846. 

5. Birkhoff, G., Eckerman, J., and McKay, W. "Transition and 
Turbulence in Hypersonic Wakes. " The Physics of Fluids, 
Vol. 9, No. 3, March 1966, pp. 446-452. 

6. Bailey, A. B. "Turbulent Wake and Shock Shape of Hypervelocity 
Spheres." AEDC-TR-66-32 (AD484821), July 1966. 

7. Demetriades, Anthony and Gold, Harris. "Transition to Turbulence 
in the Hypersonic Wake of Blunt-Bluff Bodies. " American 
Rocket Society, September 1962, pp. 1420-1421. 

8. Hendrix, R. E. and Bailey, A. B. "Radar Study of Sphere Wakes. " 
AEDC-TR-66-182 (AD802526), November 1966. 

9. Goldburg, Arnold. "A Summary Analysis of Laboratory Hyper- 
sonic Wake Fluid Mechanics Transition Experiments. " AIAA 
5th Aerospace Scien'ces Meeting, Paper No. 67-33. 

I0. Primich, R. I., Robillard, P. E., Eschenroeder, A. Q., Wilson, L., 
and Zivanovic, S. "Radar Scattering from Wakes." General 
Motors Corporation TR-65-01E, Ma.rch 1965. 

14 



A EDC-T R-68-112 

Ii. Zivanovic, S., Robillard, P. E., and Primich, R. J. "Radar In- 
vestigation of the Wakes of Blunt and Slender Hypersonic 
Velocity Projectiles in the Ballistic Range. " AC Electronics - 
Defense Research Laboratories, General Motors Corporation• 
TR-67-01C• 1967. 

12. Reis V. H. " " " • Cheml lumznescen t  Radiat ion in the F a r  Wakes of 
Hyperson ic  S p h e r e s . "  AIAA Journa l ,  Vol. 5, No. 11, 1967, 
pp. 1928-1933. 

13. Clemens ,  P. L. "The von Karm~n Gas Dynamics  Fac i l i t y  1000-ft 
Hyperve loc i ty  Range - Descr ip t ion ,  Capabi l i t i es  and E a r l y  Tes t  
R e s u l t s . "  AEDC-TR-66-197  (AD801906), November  1966. 

14. Lees ,  L. "Hyperson ic  Wakes and T r a i l s .  " AIAA Journa l ,  Vol. 2, 
No. 3, 1964, pp. 417-420. 

15. Fay, J. A. and Goldburg, A. "Unsteady Hyperson ic  Wake behind 
Blunt B o d i e s . "  AIAA Journa l ,  Vol. 1, No. 10, 1963, 
pp. 2264-2272. 

16. Marga rvey ,  R. H. and Bishop, R. L. "The Wake of a Moving 
D r o p . "  Nature ,  No. 188, 1960, pp. 735-736. 

17. Marga rvey ,  R. H. and Bishop, R. L. "Wakes in L iqu id -Liqu id  
S y s t e m s . "  Phys ic s  of Fluids ,  Vol. 4, 1961, pp. 800-805. 

18. Marga rvey ,  R. H. and Bishop, R. L. " T r a n s i t i o n  Ranges for 
T h r e e - D i m e n s i o n a l  Wakes.  " Canadian  Jou rna l  of Phys i c s ,  
Vol. 39, 1961, pp. 14218-14222. 

15 



AE DC.TR.68-112 

APPENDIX 

ILLUSTRATIONS 

17 



t 

Bow S h o c k  

S c p a r a t i o n  S h o c k  

Wake S h o c k  

(cf., Wilson, Ref. 2) 

N e c k  

F r e e  S h e a r  L a y e r  

Fig. 1 Flow Field of a Hypersonic Sphere m 

N 

i 

i 



~O 
CD 

View C a m e r a  
o r  H i g h - S p e e d  
Drum C a m e r a  j 

L e n s - - - - ~ <  
C o l o r  G r a t i n g , - - - ~  
Knife Edge or 
Wollaston Prism I 

" ~ - - - - - R a n g e  T a n k  

~ High-Qualit¥ Window 

S i n g l e  F l a s h  o r  
M u l t i f l a s h  

~> 
m 

N 
:4 
~J 

& 
oo 

t ~  

Fig. 2 Single-Pass Schlieren System 



AEDC.TR-68.112 

0 

.-4 

0 

I I. 
l I 

Inviscid Breakup 
] 

I l 

I r- 

I 

I 

t 
Critical Reynolds 
Number (Lees, Ref. 14) 

Breakthrough 

Viscous Wake 
Transition 

Body Reynolds 
Number ,  Re 

Fig. 3 Expected Location of Invlscid Breakup and Turbulence Breakthrough 
(Attributable to Wilson, Ref. 2) 

21 



.,-i 

~ - ~  ~ 
I:l 

~ 0 I::1 ~) 
0 

, . ~ 0 ~  ;~ 

m O ~  
e~ 

t~ 

I.i I~ 
I::I 
I=I 

.4~ 
I;I 

-; ...... 

Fig. 4 Flew Field of a Supersonic Sphere 

O. 5 - i n . - d i a m  A l u m i n u m  

Y ~ 3 9 8 5  f t / s e c  

p~  = 7 3 4  mm Hg 

R e  ~ 9 . 7 5  x 105  

m 

& 
i 



~ - - - - I n v i s c i d  W a k e ~  

0 . 4 3 7 - i n . - d i a m  S t e e l  

V = 1 0 , 9 0 0 , f t / s e c  

p~ = 100 mm Hg 

Re = 3 . 1 7  x 105 

H o r i z o n t a l  W o l l a s t o n  P r i s m  

01 

x /D  0 

133 

75 

T u r b u l e n t  I n n e r  Wake 

104 

162 191 

o. V~ = 10,900 f t /sec,  p~ = 100 mm Hg, and Reoo = 3.17 x 10 s 

Fig. 5 Wake Flow Field of o Sphere at Low Hypersonic Speeds 

220 

I"11 

i 

- I  

& 
o 



A EDC.TR-68-112 

X/D ~ 34 
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Fig. 5 Continued 
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Fig. 9 Concluded 
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Fig. 10 High-Speed Turbulent Wake 
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Fig. 10 Continued 
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7=- 
I"11 

N 

oo  
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d. V~ = 20,650ft/sec, p~o ~ 50mm Hg, and Re~ = 1.25x 105 

Fig. 10 Concluded 
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Fig. 13 Laminar Wake Breakup of a Hypersonic Slender Cone 
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O . 1 2 5 - i n , - d i a m  C o p p e r  S p h e r e  

a. V~  = 20,500 f t /sec,  poo = 31 mm Hg, and Re~ = 5.25 x 104; 

V~  = 19,600 f t /sec,  p~ ~ 29.5 mm Hg, and Re~ = 4.77 x 104; 

Voo ~ 19,600 f t /sec,  p~o = 30.6 mm Hg, and Reoo = 4.95 x 104 

Fig. 14 Wake Characteristics at Low Reynolds Number 
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b. V~  = 19,680 f t /sec,  p~ ~ 30.2mm Hg, and Re~ ~ 4 . 9 x  104; 

V~  = 19,250 f t /sec,  p~ = 30.1 mm Hg, and Re~ = 4.78 x 104; 

Vo~ = 20,650 f t / s e c ,  po~ = 30.05 mm Hg, and Redo = 5.15 x 104 

Fig. 14 Continued 
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c. Voo ~ 19,500 f t /sec,  p~ = 30.1 mm Hg, and Re~ ~ 4.84 x 104; 

V~ ~ 21,300 f t /sec,  poo = 30.3 mm Hg, and Re~ ~ 5.35x 104 

Fig. 14 Continued 
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Fig. 14 Concluded 
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A EDC-T R-68-I 12 

Fig. 15 Incompressible Wake of Bluff Body 
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0.25-in.-diam Aluminum 

V = 21,450 ft/sec 

p~ = 19.85 mm Hg 

Re = 7.0 x 104 
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x/D = 9 8 0  
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R e  = 7 . 7 5  x 1 0 4  

I 
x/D = 1 0 2 0  

a. V~  ~ 21,450 . t /sec,  p~ ~ 19.85 mm Hg, and Re~ = 7.0 x 104; 

V~  ~ 21,150 f t /sec,  p~ = 21.15 mm Hg, and Re~ = 7.75 x 104 

Fig. 16 Far Wake Characteristics for Various Model Materials 
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0.25-in.-diam Nylon 

V = 23 ,000  ft/sec 

p= = 20 .65  mm Hg 
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x/D = llO50 
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V = 19,800 ft/sec 

pm ~ i0 mmHg 

R e  = 3 . 3  x 104 

I 
x/D = 500 

b. V~o = 23,000 ft /sec, p~o = 20.65 mm Hg, and Re= = 7.8 x 104; 

Voo = 19 ,800f t /sec ,  poo ~ 10ram Hg, and Re= = 3 . 3 x  104 

Fig. 16 Concluded 
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Fig. 17 High-Speed, Low Reynolds Number Sphere Wake 
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Fig. 17 Continued 
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