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The s u p e r s o n i c  f l o w  o f  n i t r o g e n  p a s t  a s p h e r e  i s  s t u d i e d  i n  t h e  f r a m e w o r k  
o f  t h e  c o m p l e t e  N a v i e r - - S t o k e s  e q u a t i o n s  and t h e  r e l a x a t i o n  e q u a t i o n  w i t h  
a l l o w a n c e  f o r  r o t a t i o n a l - - t r a n s l a t i o n a l  r e l a x a t i o n .  

An i n f l u e n c e  o f  d e p a r t u r e  f r o m  r o t a t i o n a l  e q u i l i b r i u m  on t h e  f l o w  s t r u c t u r e  n e a r  a 
s p h e r e  o f  r a d i u s  R = 0 . 3  m c a n  be  e x p e c t e d  f o r  f l i g h t  a t  a l t i t u d e s  9 0 - 1 2 0  km [ 1 ] .  I n  t h e  
e x p e r i m e n t a l  s i m u l a t i o n  o f  t h e s e  f l o w  r e g i m e s  i n  w i n d  t u n n e l s ,  t h e  n o n e q u i l i b r i u m  n a t u r e  
o f  t h e  e n e r g y  t r a n s f e r  m u s t  a l w a y s  be  t a k e n  i n t o  a c c o u n t  [2,  3 ] .  The n o n e q u i l i b r i u m  
e x c i t a t i o n  o f  t h e  r o t a t i o n a l  d e g r e e s  o f  f r e e d o m  o f  t h e  m o l e c u l e s  c a n  l e a d  t o  an  i n c r e a s e  
i n  t h e  t r a n s l a t i o n a l  t e m p e r a t u r e  and  t h e  t h i c k n e s s  o f  t h e  d i s t u r b e d  z o n e  c o m p a r e d  w i t h  
t h e  e q u i l i b r i u m  c a s e  [4, 5 ] .  

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

1. The c h a n g e s  i n  t h e  i n t e r n a l  e n e r g y  o c c u r  a t  f i n i t e  r a t e s ,  w h i c h  c a n  be  c h a r a c t e r -  
i z e d  by r e l a x a t i o n  t i m e s .  F o r  h e a v y  m o l e c u l e s ,  t h e  c h a r a c t e r i s t i c  r e l a x a t i o n  t i m e s  o f  
t h e  r o t a t i o n a l  d e g r e e s  o f  f r e e d o m  a r e  s h o r t  [ 6 ,  7 ] ,  so  t h a t  a t  s m a l l  R e y n o l d s  n u m b e r s  
and  m o d e r a t e  v e l o c i t i e s  o f  t h e  o n c o m i n g  f l o w  i t  c a n  be  a s s u m e d  w i t h  g o o d  a c c u r a c y  t h a t  
t h e  o t h e r  f o r m s  o f  r e l a x a t i o n  ( f o r  e x a m p l e ,  e x c i t a t i o n  o f  v i b r a t i o n s )  a r e  f r o z e n .  To 
c a l c u l a t e  t h e  t i m e  o f  e s t a b l i s h m e n t  o f  e q u i l i b r i u m  T R w i t h  r e s p e c t  t o  t h e  r o t a t i o n a l  
s t a t e s  one  n e e d s  d e t a i l e d  i n f o r m a t i o n  on t h e  e l e m e n t a r y  p r o c e s s  o f  t r a n s f e r  o f  r o t a -  
t i o n a l  e n e r g y  i n  a c o l l i s i o n  o f  m o l e c u l e s .  At  room t e m p e r a t u r e ,  a b o u t  t e n  r o t a t i o n a l  
l e v e l s  o f  t h e  n i t r o g e n  m o l e c u l e  a r e  e f f e c t i v e l y  p o p u l a t e d ,  and  t o  c a l c u l a t e  T R i n  t h e  
f r a m e w o r k  o f  t h e  k i n e t i c  e q u a t i o n s  f o r  t h e  p o p u l a t i o n s  o n e  n e e d s  a h u g e  amount  o f  i n -  
f o r m a t i o n  on r o t a t i o n a l l y  i n e l a s t i c  c o l l i s i o n s ,  w h i c h  a t  p r e s e n t  i s  n o t  a v a i l a b l e .  I n  
w h a t  f o l l o w s ,  we h a v e  u s e d  a r e l a x a t i o n  e q u a t i o n  w r i t t e n  down i n  t h e  T a p p r o x i m a t i o n  [ 6 ] ;  
we h a v e  c a l c u l a t e d  t h e  r o t a t i o n a l  r e l a x a t i o n  t i m e  T R by t h e  m e t h o d  o f  [6 ,  7 ] ,  and a t  
v e r y  low t e m p e r a t u r e s  w i t h  a l l o w a n c e  f o r  t h e  d e p a r t u r e  f r o m  e q u i l i b r i u m  i n  t h e  o n c o m i n g  
f l o w  and q u a n t u m  e f f e c t s  [ 3 ] .  

The s y s t e m  o f  t h e  c o m p l e t e  n o n s t a t i o n a r y  N a v i e r - ~ t o k e s  e q u a t i o n s  i n  an o r t h o g o n a l  
c u r v i l i n e a r  c o o r d i n a t e  s y s t e m  s ,  n ,  ~ ( s  i s  t h e  c o o r d i n a t e  m e a s u r e d  a l o n g  t h e  p r o f i l e  o f  
t h e  body i n  t h e  m e r i d i o n a l  p l a n e ,  n i s  t h e  n o r m a l  t o  t h e  s u r f a c e  o f  t h e  b o d y ,  and ~ i s  
t h e  a z i m u t h a l  a n g l e )  i s  d e r i v e d  i n  [8, 9] i n  d i v e r g e n c e  f o r m  f o r  a x i s y m m e t r i c  f l o w  o f  a 
p e r f e c t  g a s .  To d e s c r i b e  t h e  f l o w  o f  n i t r o g e n  w i t h  a l l o w a n c e  f o r  r o t a t i o n a l  r e l a x a t i o n ,  
t h e  s y s t e m  m u s t  be  a u g m e n t e d  by a r e l a x a t i o n  e q u a t i o n ,  t h e  e q u a t i o n  o f  s t a t e ,  and  e x p r e s -  
s i o n s  f o r  t h e  t o t a l  e n e r g y  E o f  u n i t  mass  o f  t h e  g a s ,  t h e  h e a t  f l u x  q ,  and  t h e  d i f f u s i o n  
f l u x  Q o f  t h e  r o t a t i o n a l  e n e r g y :  

l ~ ' t  (oABrt)-- rH -~sr(-pAsRtt+~'s)+~nrtl(-pAsRv+gJ") + PsR~ 
PTR (rt) 

- -  ApKR 

Ap, I OeR 
p=pATt, E-~A (l.5Tt+eR)+0.5(u2+v2), p.=Tt ~, ~. = ; f~ 
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A~t T 1 OT~ A~T OTt . p .a , .R  
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Reo Sc~ 0n 
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Moscow. T r a n s l a t e d  f r o m  I z v e s t i y a  A k a d e m i i  Nauk SSSR, M e k h a n i k a  Z h i d k o s t i  i Gaza ,  No. 
2, pp .  1 7 0 - 1 7 4 ,  M a r c h - A p r i l ,  1980 .  O r i g i n a l  a r t i c l e  s u b m i t t e d  A u g u s t  8,  1978 .  
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H e r e ,  k ( s )  i s  t h e  c u r v a t u r e ,  r w ( S )  i s  t h e  d i s t a n c e  f r o m  t h e  s y m m e t r y  a x i s  t o  t h e  
c o n s i d e r e d  p o i n t  o n  t h e  s u r f a c e  o f  t h e  b o d y ,  a n d  8 i s  t h e  a n g l e  b e t w e e n  t h e  d i r e c t i o n  o f  
t h e  v e l o c i t y  o f  t h e  u n d i s t u r b e d  f l o w  a n d  t h e  t a n g e n t  "to t h e  p r o f i l e  o f  t h e  b o d y  i n  t h e  
m e r i d i o n a l  p l a n e .  A l l  t h e  v a r i a b l e s  i n  ( 1 . 1 )  a r e  d i m e n s i o n l e s s ;  t h e  l i n e a r  d i m e n s i o n s  
a r e  d i v i d e d  b y  t h e  r a d i u s  R o f  t h e  s p h e r e ;  t h e  c o m p o n e n t s  u a n d  v o f  t h e  v e l o c i t y  v e c t o r  
a l o n g  t h e  d i r e c t i o n s  o f  i n c r e a s e  o f  t h e  c o o r d i n a t e s  s a n d  n ,  r e s p e c t i v e l y ,  b y  t h e  v e l o c i t y  
o f  t h e  u n d i s t u r b e d  f l o w  u ~ ;  t h e  d e n s i t y  p b y  p ~ ;  t h e  p r e s s u r e  p b y  p ~ u 2 ;  t h e  t e m p e r a -  
t u r e  T t o f  t h e  t r a n s l a t i o n a l  d e g r e e s  o f  f r e e d o m ,  b y  t h e  s t a g n a t i o n  t e m p e r a t u r e  T O i n  t h e  
u n d i s t u r b e d  f l o w ;  t h e  r o t a t i o n a l  e n e r g y  ~R o f  u n i t  m a s s ,  b y  CT 0 (C i s  t h e  g a s  c o n s t a n t ) ;  
t h e  v i s c o s i t y  ~ ,  b y  ~ o ( T o ) ;  a n d  t h e  c o m p o n e n t s  o f  t h e  v e c t o r s  q a n d  ~ ,  b y  p ~ u  3 .  

E q u a t i o n s  ( 1 . 1 )  w e r e  t r a n s f o r m e d  t o  a f o r m  c o n v e n i e n t  f o r  c a l c u l a t i o n s  a n d  t h e  r e -  
g i o n  o f  i n t e g r a t i o n  c h o s e n  a s  i n  [ 8 ,  9 ] .  

On t h e  o u t e r  b o u n d a r y  o f  t h e  c o m p u t a t i o n a l  r e g i o n ,  t h e  g a s  f l o w  w a s  a s s u m e d  t o  b e  
u n d i s t u r b e d  w i t h  p a r a m e t e r s  p = t ,  T~=T,~, ea=eR~, u=eos%, v = - s i n @  f o r  0 ~ s ~ ~ / 2 ;  f o r  ~ / 2  < 
s < 7 ,  we a s s u m e d  f u l f i l l m e n t  o f  t h e  c o n d i t i o n  o f  " f r e e  f l o w "  ( 3 / 3 n  = 0 ) .  On t h e  c e n t r a l  
s t r e a m l i n e ,  we u s e d  t h e  s y m m e t r y  c o n d i t i o n  o f  t h e  f l o w ;  o n  t h e  s u r f a c e  o f  t h e  b o d y  ( s u b -  
s c r i p t  w) we s p e c i f i e d  t h e  c o n d i t i o n  o f  s l i p  a n d  t h e  d i s c o n t i n u i t y  o f  t h e  t e m p e r a t u r e  
[10, 11]: 

u = ~ - ~ - A T ,  { ou k(s)~ +0.84A 
L ~ ~ 2 _k0n ~ as , p a e .  

( 1 . 2 )  2-as~s V ~  ~ 0~. I 2-ag~a 2 ,  V ~ 0Tt 
a3 p Re0Sen On w ~z 7 + t  2 pRe0Pr  On I 

I n  t h e  c a l c u l a t i o n s ,  we t o o k  a 1 = 0 . 9 8 8 ,  a 2 = 0 . 8 2 7 ,  a 3 = 1 ,  u = 1 . 6 7 ,  S c  R = 0 . 7 5 ,  
P r  = 0 . 6 7 ,  ~ = 0 . 8 .  T h e  g a s  m o l e c u l e s  w e r e  a s s u m e d  t o  h a v e  a d i f f u s e  r e f l e c t i o n  f r o m  t h e  
s u r f a c e  w i t h  c o e f f i c i e n t s  o f  a c c o m m o d a t i o n  ~ i  = 1 ,  i = 1 ,  2 ,  3 .  

T h e  n u m e r i c a l  i n v e s t i g a t i o n  w a s  m a d e  b y  m e a n s  o f  t h e  c o n s e r v a t i v e  f i n i t e - d i f f e r e n c e  
s c h e m e  o f  [ 9 ] ,  w h i c h  i s  a m o d i f i c a t i o n  o f  t h e  d i f f e r e n c e  s c h e m e  o f  [ 1 2 ] .  A s t a t i o n a r y  
s o l u t i o n  t o  t h e  p r o b l e m  w a s  s o u g h t  b y  t h e  m e t h o d  o f  s u c c e s s i v e  a p p r o x i m a t i o n  b y  m e a n s  o f  
the stabilization principle. 

2. We now analyze the flow in the viscous shock layer near the sphere. In Figs. 1 
and 2, we give as examples the distribution of the translational (curves i) and equi- 
librium (curves 2) temperatures, the nonequilibrium rotational energy (curves 3), and 

the density (curve 4) in the neighborhood of the stagnation streamline for two flow 

regimes: Re 0 = 15.3, 57.4, Maeh numbers M~ = 9.18, 18.8, temperature factors t w = Tw/T 0 
= 0.3, 0.19, and T O = 293, 1600~ respectively. The rotational degrees of freedom in 
the undisturbed flow were assumed to be in equilibrium. As w a s  t o  b e  e x p e c t e d ,  a t  m o d e r a t e  
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R e y n o l d s  n u m b e r s ,  when t h e  s h o c k  wave  i n  f r o n t  o f  t h e  body  i s  t o  a c o n s i d e r a b l e  e x t e n t  
s m e a r e d  o u t ,  t h e  r o t a t i o n a l  d e g r e e s  o f  f r e e d o m  can  be  s t r o n g l y  o u t  o f  e q u i l i b r i u m ,  w h i c h  
l e a d s  t o  an  i n c r e a s e  i n  t h e  t r a n s l a t i o n a l  t e m p e r a t u r e  i n  t h e  g a s  and t h e  t h i c k n e s s  o f  t h e  
s h o c k  l a y e r  c o m p a r e d  w i t h  t h e  e q u i l i b r i u m  c a s e .  T h i s  c o n c l u s i o n  a g r e e s  w e l l  w i t h  t h e  
r e s u l t s  o f  [ 5 ] .  D e s p i t e  t h e  s t r o n g  d i f f e r e n c e  b e t w e e n  t h e  n o n e q u i l i b r i u m  and  e q u i l i b r i u m  
t e m p e r a t u r e s ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  c o r r e s p o n d i n g  v a l u e s  o f  t h e  d e n s i t y  i n  t h e  e n t i r e  
s h o c k  l a y e r  i s  s l i g h t  ( s e e  c u r v e s  4 and 5 i n  F i g .  2 ) .  N o t e  t h a t  t h e  t h i c k n e s s  o f  t h e  d i s -  
t u r b e d  r e g i o n  i s  d e t e r m i n e d  by t h e  b a s i c  r e l a x a t i o n  p a r a m e t e r  K R. When i t  i s  i n c r e a s e d ,  
w h i c h  c a n  h a p p e n  i f  t h e  R e y n o l d s  number  Re 0 i s  i n c r e a s e d  and t h e  f l o w  s t a g n a t i o n  t e m p e r -  
a t u r e  T o i s  c o n s t a n t ,  t h e  i n f l u e n c e  o f  t h e  r o t a t i o n a l  d i s e q u i l i b r i u m  w i l l  be  l e s s  and t h e  
t h i c k n e s s  o f  t h e  d i s t u r b e d  r e g i o n  w i l l  d e c r e a s e .  Then  t h e  d i s s i p a t i v e  e f f e c t s  o f  v i s c o s i t y ,  
h e a t  c o n d u c t i o n ,  and d i f f u s i o n  w i l l  p l a y  a d e f i n i t e  p a r t .  

The  t h r e e - d i m e n s i o n a l  n a t u r e  o f  t h e  g a s  f l o w  a t  t h e  s p h e r e  h a s  a s t r o n g  i n f l u e n c e  on 
t h e  d i s t r i b u t i o n  o f  t h e  t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  t h e  f l o w .  I n  F i g .  3,  f o r  two v a l u e s  
o f  t h e  c o o r d i n a t e  s = 0 . 0 7 8  ( c o n t i n u o u s  c u r v e s )  and  s = 1 . 1 8  ( d a s h e d  c u r v e s ) ,  we h a v e  
p l o t t e d  t h e  p r o f i l e s  o f  t h e  t r a n s l a t i o n a l  ( c u r v e s  1) and e q u i l i b r i u m  ( c u r v e s  2) t e m p e r a -  
t u r e s ,  and a l s o  t h e  n o n e q u i l i b r i u m  r o t a t i o n a l  e n e r g y  ( c u r v e s  3) o r i e n t e d  a l o n g  t h e  n o r m a l  
n t o  t h e  s u r f a c e  o f  t h e  body  (Re 0 = 1 4 . 4 ,  M~ = 6 . 5 ,  t w = 0 . 3 4 ,  T 0 = IO00~ D e s p i t e  t h e  
i n c r e a s e  i n  t h e  v i s c o u s  s h o c k  l a y e r ,  t h e  r e l a t i v e  t h i c k n e s s  o f  t h e  d i s t u r b e d  r e g i o n  c h a n g e s  
o n l y  s l i g h t l y .  W i t h  i n c r e a s i n g  d i s t a n c e  f r o m  t h e  s t a g n a t i o n  s t r e a m l i n e ,  t h e r e  i s ,  b e -  
c a u s e  o f  t h e  d e c r e a s e d  t e m p e r a t u r e  g r a d i e n t s ,  a l e s s  c l e a r l y  e x p r e s s e d  d i s e q u i l i b r i u m  n e a r  
t h e  s u r f a c e  o f  t h e  b o d y ,  and t h i s  l e a d s  t o  a s m a l l e r  d i f f e r e n c e  o f  t h e  h e a t  f l u x  f r o m  t h e  
e q u i l i b r i u m  v a l u e .  

F o r  t h e  c o n s i d e r e d  f l o w  r e g i m e ,  t h e s e  f e a t u r e s  a r e  a l s o  i l l u s t r a t e d  i n  F i g .  4,  i n  
w h i c h  t h e  S t a n t o n  number  S t = q w ( ~ = - i ) / p | 1 7 4 1 7 4  u s i n g  t h e  n o n e q u i l i b r i u m  h e a t  
f l u x  ( c u r v e  1 ) ,  i s  c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  e q u i l i b r i u m  v a l u e s  ( c u r v e  2) d i s t r i b u t e d  
o v e r  t h e  s u r f a c e  o f  t h e  s p h e r e .  I t  f o l l o w s  f r o m  t h e  c a l c u l a t i o n s  t h a t  t h e  n o n e q u i l i b r i u m  
e x c i t a t i o n  o f  t h e  r o t a t i o n a l  d e g r e e s  o f  f r e e d o m  d e c r e a s e s  t h e  s p e c i f i c  h e a t  f l u x  t o  t h e  
w a l l  c o m p a r e d  w i t h  t h e  e q u i l i b r i u m  c a s e ;  t h e  c o r r e s p o n d i n g  d i f f e r e n c e s  i n  t h e  d i s t r i b u -  
t i o n  o f  t h e  p r e s s u r e  and i n  t h e  d r a g  on t h e  s p h e r e  do n o t  e x c e e d  5%. 

I n  t h e  s i m u l a t i o n  o f  t h e s e  f l o w  r e g i m e s  i n  w i n d  t u n n e l s ,  e s p e c i a l l y  i n  e x p e r i m e n t s  
u s i n g  u n d e r e x p a n d e d  j e t s ,  t h e  g a s  f l o w  w h i c h  e n c o u n t e r s  t h e  m o d e l  may be  s t r o n g l y  n o n -  
e q u i l i b r i u m  [ 3 ] ,  t h e  r e l a t i o n  ~R~ > T t ~  h o l d i n g .  The  " s e p a r a t i o n "  o f  t h e  r o t a t i o n a l  t e m -  
p e r a t u r e  o f  t h e  g a s  f r o m  t h e  k i n e t i c  t e m p e r a t u r e  i s ,  on t h e  o n e  h a n d ,  a c o n s e q u e n c e  o f  
t h e  p r o n o u n c e d  r e d u c t i o n  i n  t h e  d e n s i t y  o f  t h e  g a s  d o w n s t r e a m ,  w h i c h  l e a d s  t o  a r e d u c e d  
number  o f  c o l l i s i o n s  u n d e r g o n e  by i n d i v i d u a l  m o l e c u l e s ,  and ,  on t h e  o t h e r ,  c an  be  e x p l a i n e d  
by t h e  m a n i f e s t a t i o n  o f  q u a n t u m  e f f e c t s  f o l l o w i n g  t h e  a b r u p t  l o w e r i n g  o f  t h e  k i n e t i c  t e m -  
p e r a t u r e  i n  t h e  f l o w .  

In  F i g .  1,  t h e  d a s h e d  c u r v e  f o r  o n e  o f  t h e  c o n s i d e r e d  f l o w  r e g i m e s  g i v e s  t h e  r e -  
s u l t s  o f  n u m e r i c a l  c a l c u l a t i o n  o f  n o n e q u i l i b r i u m  f l o w  o f  n i t r o g e n  o v e r  a s p h e r e  (~R ~ = 
0 . 1 3 0 5 ,  T t ~  = 0 . 0 3 4 5 ) .  At  t h e  l e a d i n g  e d g e  o f  t h e  d i s t u r b e d  r e g i o n ,  a s  a r e s u l t  o f  com- 
p r e s s i o n  o f  t h e  g a s ,  t h e r e  i s  a r a p i d  i n c r e a s e  i n  t h e  t r a n s l a t i o n a l  t e m p e r a t u r e  ( c u r v e  5 ) ,  
and a f t e r  t h e  p o i n t  T t = ~R t h e  c o r r e s p o n d i n g  v a l u e s  o f  t h e  r o t a t i o n a l  e n e r g y  b e g i n  t o  
i n c r e a s e  ( c u r v e  6 ) .  The f l o w  t h e n  b e g i n s  t o  r e c a l l  t h e  f l o w  a l r e a d y  c o n s i d e r e d ,  and n e a r  
t h e  s u r f a c e  t h e  d i f f e r e n c e s  f r o m  t h e  c a s e  o f  e q u i l i b r i u m  f l o w  become  s l i g h t .  T h u s ,  t h e  
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influence of the rotational--translational disequilibrium in the oncoming flow is con- 

centrated in the front region of the viscous shock layer. 

3. Let us now compare the results of the numerical investigation with the experi- 

mental data. The majority of the known experimental investigations into the hypersonic 

flow of a rarefied gas has been devoted to the heat fluxes and frictional stresses on 

a surface or the pressure distribution on a model. Despite the obvious value of these 
studies, it should be noted that they cannot give sufficient information on details of 

the structure of the complete flow field. With the development of electron-beam diagnos- 
tics, it has become possible to study in detail the local characteristics of the flow 

near investigated bodies. Thus, in one of the first studies in this direction [13], 

the local values of the density near the critical streamline of blunt bodies were deter- 

mined. A detailed analysis based on comparison of experimental and numerical results on 
the density distribution was given in [5, 9, 14]. In the present paper, an analogous 

comparison, but with the results of [13] (points 1) is shown in Fig. I (curve 4). The 
agreement between the results is good, and a certain difference at the leading stagna- 

tion point of the sphere can be explained, on the one hand, by the strong influence of 

secondary electrons in the experimental investigations [2, 13] and, on the other, by 
a certain approximation in the specification of the boundary conditions for the problem. 

It should be noted that the results of measurement of the density are evidently 

less suitable for investigating nonequilibrium flow over a blunt body. We shall there- 
fore make a comparison of the results of the numerical calculations with the experimental 
data of [2, 15], in which measurements were made of the profile of the nonequilibrium 

rotational energy of nitrogen near the stagnation streamline of a blunt body with 
spherical nose. The results of the comparison are shown in Fig. 1 (the points 2 are the 
experimental data of [15]) and also in Fig. 2 (the hatched region corresponds to the re- 

sults of [2]). To an accuracy of 20%, the agreement can be regarded as satisfactory. 

In Fig. 4, we compare the results of the numerical solution with the experimental 

data (points) on the distribution of the heat fluxes on a sphere obtained in a rarefied 

hypersonic gas flow [16]. The tests were made in a vacuum wind tunnel at M~ = 6.6, Re 0 = 

14.4, ~ = 1000~ t w = 0.315. The local heat transfer on the sphere was determined by 
means heat-indicating coverings. Note the good correlation between the experimental 

data and the calculated dependence. 

The analysis of the shock-layer structure based on comparison of the experimental 
data for the rotational energy with the solutions to the Navier--Stokes equations simpli- 

fied under the assumption of a locally self-similar nature of the flow in the neighborhood 

of the stagnation streamline for both the equilibrium [14] and nonequilibrium situation 
[5], and also with the solutions of the complete Navier--Stokes equations and the relaxa- 

tion equation indicates the applicability of the latter equations. 

I thank V. N. Gusev for interest in the work and valuable discussions and V. K. 
Molodtsov for assisting in the development of the numerical algorithm for solving the 

problem. 
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