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The flow around a blunt body at hypersonic speed by a cur ren t  of nonequilibrium ionized 
monatomic nonviscous radiating gas is studied, with consideration of tempera ture  differ-  
ence between the electron gas and the ion-a tom gas. Atomic excitation due to collisions 
with electrons and subsequent ionization, as well as photoionization, are taken into consid-  
eration. Since the value of the shock wave separation is small  in comparison with the char -  
ac ter i s t ic  dimension of the body, the radiation t r ans fe r  equation is writ ten in the local one- 
dimensional planar  layer  approximation. The influence of incident flow pa rame te r s  upon 
the flow field ac ros s  the shock wave and the distribution of radiation thermal  flux are  
studied. 

T e r m i n o l o g y :  

r ,  radius vector.~ calculated from the center of curvature of the body about which flow occurs; rT, rb, radius 
vectors of the body surface and shock wave; ~, separation of the shock wave e = r b - rT; L, characteristic 
dimension of the body; V, W, vector and modulus of total gas velocity, respectively; Win, maximum gas ve- 
locity (velocity of escape into a vacuum); u, component of gas velocity along the radius vector; p, gas pres-  
sure; p, gas density; Pi, ion density; c~, degree of nonequilibrium gas ionization, cz =pi/p;O~E, degree of equi- 
librium gas ionization; Ta, temperature of atoms and ions, Te, electron temperature; Te, , excitation tem- 
perature; Tin, body surface temperature; A, atom in the fundamental state; A* atom in an excited state; 
u, frequency; u., T., ionization frequency and temperature; m a , mass of an atom; me, e, electronic mass ] ] 
and charge; CE, electron-atom excitation cross section; nea , ionization reaction velocity for electron- 
atom shock; he, electron density; R, specific gas constant; K, Boltzmann constant; E, internal energy per 
unit mixture mass; ~ ,  spectral absorption coefficient per unit mass of monatomic gas; 6, blackness coef- 
ficient of body surface; ~-~, optical coordinate; Pi, mean cosine of angle for givenangular zone of photon 
propagation; I ~, radiation spectral intensity; Bu(Te) , Planck function; q u, q, spectral and total radiant 

o~  

energy flux vectors  q --- ~qvd~ ; M, Much number; ~r b, indices related to gas pa ramete r s  in undisturbed flow 
O 

region and in shock wave, respectively~ 

1. F u n d a m e n t a l  S y s t e m  o f  E q u a t i o n s .  In o rder  to descr ibe the nonequilibrium p ro -  
cesses  in the shock layer  it is  neces sa ry  to define a certain kinetic model for the gas. In this study the 
kinetics proposed for argon by Chaplin in [1] wilI be used. Consideration is made of react ions 

A - - ] - e ~ A * + e ,  A*+e~,~_A+~-e,  A ~ h v ~ A * ~ e  
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The fundamental  s y s t em  of equations descr ib ing the flow of gas in the shock l ayer  contains the fol-  
lowing equations: the continuity equation, the motion and energy  equations 

V" (pV) = 0 (1.1) 

i 
(v .  v)  v = - ~ v p  (1.2) 

and the e lec t ron t e m p e r a t u r e  equation 

V. (-~ KT,n~V ) : ~ Q i  (1.4> 
{ 

Herein Qi is  the contr ibution of the i - th  p r o c e s s  to the e lec t ron energy  balance. The following p r o b -  
lems a re  considered:  Q1, e las t ic  e lec t ron- ion  A + coll is ions;  Q2, los ses  to a tom ionization A; Q3, cont r ibu-  
tion of the photoionizatien reac t ion  to e lec t ron  energy:  

Q1 = ne2e' / 8~rae \V,/ T a . \ ,  r 9 (xre)~ + l ]  (1.5) 

Q~ = -- KTine,,," Qa = - KTev. ~ (hv) -1 q~dv (1.6) 
v i 

The equation of nonequilibriurn ionization veloci ty  is  

V" (pVa) = m~,n~,- m~V. ~(hv) -1 q,dv (1.7) 

According to [1], 

"" i 2 ~V2(KT,)V,(-~-~ +2)exp(---T-7)a(a~--a)  (1.8) 

The equation of s tate  is  given by 

p = pR (T a + aTe) (1.9) 

The equation of energy transfer in direction s is 

al~ / t - -  ct E ) 
0s ---- 9 ( l  - -  a) • [ ~  B ,  - -  I .  ( 1 . 1 0 )  

The boundary conditions for  the s y s t e m  of Eqs. (1.1)-(i.4), (1.7), (1.9) a re  analogous to the boundary 
conditions on the body and in the shock wave [2], excepting the condition of conservat ion  of energy  and the 
supplementa ry  conditions on the continuity of T e upon t rans i t ion a c r o s s  the shock wave 

W~2 qb 
-~- R (T~oo + :r ~) + a~tlrj + ~ -~ p~w~ 

5 = :2- R (Tab + = ~T~b) + o~=RT~ + ~ + qb PbWb (i. i i) 

T,~ = T~b (1.12) 

Having performed computations similar to those of [2], we obtain an expression for the radiant en- 
ergy flux and its divergence in the local one-dimensional planar layer approximation, 

N--I 

q (~) = 2g ~, (~i+I- Mi) [FI ~ (T,) + 602 i (T~) + (i -- 6)F2 ~ (~) + Fai(~)] (i. 13) 
i=0 

N--I 

V" q = 2up (i-- a) • 7, t - - i  [-- FI i (~) -- 6Q~ i (~) Mi - (i. 14) 

- -  ( l  - ~) F~ ~ ( ~ )  - -  F3 ~ (~)1 + 4~p  ( l  - -  ~) mQ~ ( ~ )  



Herein 

ex.(_ f 
0 

F~ i (~) = exp --  ~ 7 -  
0 

(1.15) 

(1.16) 

% ~b i _ a E  B e x p ( - - - ~ ) d t  

0 

(1.17) 

Q2i (%) : B (Tm) exp ( - -  ~-'() (1.18) 

I ~ r E Q1(%) = ~ B (1.19) 

~k 

2KaTea \~exp hvj ~V[ hvi  ~8 , hvj  2 + 6 ] _ _ j  I +3(K-v:) +6 

2 .  F l o w  a l o n g  a N u l l  C u r r e n t  L i n e .  T h e s t u d y o f E q s . ( ! . l ) - ( 1 . 4 ) , ( 1 . 7 ) ,  (1.9), and (1.10) 
p r e s e n t s  g r e a t  d i f f icul t ies ,  and so as  a f i r s t  s tep in the a t t a inment  of a solut ion for  the en t i r e  i n f r a son ic  
reg ion  we will  examine  the gas  flow along a null  c u r r e n t  line. In this  ea se  the  s y s t e m  of pa r t i a l  d i f f e ren -  
t iaI equat ions  s impl i f i e s  to a s y s t e m  of r e g u l a r  d i f fe ren t ia l  equat ions .  To c lose  the s y s t e m ,  va lues  w e r e  
se t  fo r  ve loc i t y  p ro f i l e  u = Ub~, where  ~ = ( r - r T ) / ( r b - r T ) ,  and the d i m e n s i o n l e s s  shock  wave sepa ra t ion  

1 

e = 0.775/9" 

We in t roduce  the d i m e n s i o n l e s s  quant i t ies  

u D p * = / - - - ,  p* _ _ - -  

(P*= ; P(~)/p~d~) 
0 

p" R T a R T e 
peoWm~ Ta* = - -  To* = , Wm ~ , Win2 

q ,  2q r 
p~oWma , r* = = L 

In this case the fundamental system of equations describing the flow of a nonequilibrimn ionized ra- 
diating gas along a null current line near a spherical body takes on the form (asterisks have been omitted 
for the dimensionless quantities) 

du dp (2.1) 
pu -3T = - d~ 

d dq 
9 u -.~ [5 (T a ~- aTe) + 2aT~ + u 2] = d~ (2.2) 

co 
d 5 

v i 

(2.3) 

ov 

d I 1 da - -  m,~ - ~  q,dv (2.4) pu - ~  = em~,ne,, (hv)- 

p = p (T a -{- aTe) (2.5) 

dl~ / i --cz E Iv) (2.6) 

This s y s t e m  of d i f fe ren t ia l  equa t ions  was  s e p a r a t e d  a c c o r d i n g  to de r i va t i ve s  with r e s p e c t  to ~ and 
in tegra ted  f r o m  the shock  wave (~ = 1) to the body (~ = 0) by the Eu[e r  me thod  with mul t ip le  conve r s ion  wi th-  
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out division of the integration step. Due te the integral character of the radiation terms the solution was 
obtained by the iteration method. 

3 .  E v a l u a t i o n  o f  R e s u l t s .  We s h a l l  p r e s e n t  the  r e s u l t s  of c a l c u l a t i o n  fo r  f low about  a s p h e r e  
of r a d i u s  R = 4  c m  by a c u r r e n t  of a r g o n  fo r  Tac~=300~ T e ~ = 3 0 0 ~  ~ b = 5  �9 10 -2, 24-<M-<32 ,  p ~ = 0 . 0 0 1  
arm.  In the  m a j o r i t y  of c a l c u l a t i o n s  i t  was  a s s u m e d  tha t  the  b l a c k n e s s  c o e f f i c i e n t  of the body s u r f a c e  

= 0.5. C a l c u l a t i o n s  w e r e  conduc ted  fo r  the  g e n e r a l  c a s e  T e ~ T a and,  fo r  c o m p a r i s o n ,  fo r  Te = T a .  (The 
r e s u l t s  of c a l c u l a t i o n s  without  c o n s i d e r a t i o n  of r a d i a t i o n  a r e  i n d i c a t e d  by d a s h e d  l i ne s . )  

F i g u r e  1 p r e s e n t s  the  p r o f i l e s  of d e g r e e  of i o n i z a t i o n  a c r o s s  the  shock  l a y e r .  I t  i s  ev iden t  t ha t  a 
s h a r p  d i f f e r e n c e  e x i s t s  in the  length  of the  r e l a x a t i o n  zone fo r  the  c a s e s  T e = T a ( cu rve  1) and  Te ~ Ta 
( cu rve  2), a l though  the v a l u e s  of the  d e g r e e  of i on i z a t i on  on the  body p r a c t i c a l l y  co inc ide .  The  i n c r e a s e  in 
r e l a x a t i o n  zone length  fo r  the  c a s e  Te  ~ T a i s  e x p l a i n e d  by the fac t  t ha t  e l a s t i c  e n e r g y  t r a n s f e r  be tween the  
e l e c t r o n i c  and a t o m i c - i o n i c  c o m p o n e n t s  of the  gas  does  no t  o c c u r  i n s t a n t a n e o u s l y ,  but con t inues  o v e r  the  
c o u r s e  of a c e r t a i n  p e r i o d  of t i m e .  C o n s i d e r a t i o n  of  r a d i a t i o n ,  a s  was  no ted  in [2], l e a d s  to  a c e r t a i n  d e -  
c r e a s e  in the  r e l a x a t i o n  zone  length .  

F i g u r e  2 p r e s e n t s  the  t e m p e r a t u r e  p r o f i l e s  in the  shock  l a y e r  fo r  M = 28. In the  c a s e  Te = T  a a 

s h a r p  t e m p e r a t u r e  d rop  to  the  e q u i l i b r i u m  v a l u e  n e a r  the  shock  l a y e r  i s  o b s e r v e d .  (This  i s  e x p l a i n e d  by 
the f low in to  t h i s  r e g i o n  of  Townsend  ion iza t ion . )  In  the  c a s e  T e # T a a s i g n i f i c a n t  d rop  in T a i s  o b s e r v e d  
much  l a t e r  in a c c o r d a n c e  with the  new p o s i t i o n  of  the  Townsend  i o n i z a t i o n  f ront .  I m m e d i a t e l y  beyond the 
shock  wave  a s h a r p  i n c r e a s e  in  e l e c t r o n  t e m p e r a t u r e  f r o m  Teb  = Teoo to s o m e  va lue  e x c e e d i n g  the  e q u i -  
l i b r i u m  v a l u e  Te t a k e s  p l a c e :  t h i s  r i s e  i s  c h a r a c t e r i s t i c  of the i n t e n s e  e n e r g y  exchange  be tween  ions  and 
e I c c t r o n s  due to  e l a s t i c  c o l l i s i o n s .  F u r t h e r ,  with i n c r e a s e  in Tc the  e n e r g y  l o s s  of the  e l e c t r o n  g a s  to  
i o n i z a t i o n  i n c r e a s e s ,  and  To, hav ing  p a s s e d  a m a x i m t t m ,  beg ins  to o s c i l l a t e  a long  with  T a down to e q u i -  
l i b r i u m ,  w h e r e  Te  and T a co inc ide .  The a p p e a r a n c e  of a m a x i m u m  in Te n e a r  the  Townsend  i o n i z a t i o n  
f ron t  i s  due to  the  p r e s e n c e  of two oppos ing  f a c t o r s :  i n c r e a s e  in e l e c t r o n  gas  e n e r g y  due to M a s t i c  c o I l i -  
s i ons ,  and  e n e r g y  l o s s  to  i o n i z a t i o n .  

F i g u r e  3 p r e s e n t s  r a d i a t i o n  f lux q p r o f i l e s  in the  shock  I a y e r  for  v a r i o u s  Maeh  n u m b e r s .  T h e r e  i s  a 
s h a r p  d i f f e r e n c e  in q p r o f i l e s  fo r  the  c a s e s  Te = Ta and  Te ~ Ta.  In the  c a s e  Te  = Ta q h a s  one m a x i m u m ,  
the  p o s i t i o n  of  which  c o i n c i d e s  wi th  the  l o c a t i o n  of the  Townsend  i o n i z a t i o n  f ron t .  In the  shock  l a y e r  the  
va lue  of  q c h a n g e s  s ign :  n e a r  the  shock  wave  q i s  p o s i t i v e ,  whi le  n e a r  the  body i t  i s  n e g a t i v e .  In  the  c a s e  

10 



T e ~ T a q has two maxima; a fundamental maximum displaced toward the body (corresponding to the dis-  
placement  of the Townsend ionization front for Te ~ Ta), and a second maximum located near  the shock 
wave. With an inc rease  in Mach number  both maxima are displaced toward the shock wave, while the f i rs t  
maximum inc reases ,  and the second decreases .  For  T e r T a the radiation thermal  flux on the body is s ig-  
nificantly lower than for Te = Ta. 

Figure  4 presents  the radiant flux profi les  in the shock layer  for M=28 for var ious  blackness coef-  
ficients of the body surface 5. With an inc rease  in ~ the value of the radiant flux on the body increases ,  
since the body then ref lects  a smal le r  portion of the radiant flux back into the shock layer.  
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