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The hypersonic flow of a nonequilibrium ionized monatomic radiating gas around a sphere is investi- 
gated taking account of the upstream escape radiation from the shock layer (i.e., from the region between 
the shock and the body surface). A computation of the heating and the preceding ionization of the gas by the 
radiation in the heated layer affords the possibility of closing the system of equations and determining the 
value of the degree of gas ionization on the shock front. 

The following processes are taken into account in the shock layer: 

I) single ionization during an electron--atom collision and its reverse recombination process in a 
ternary electron-electron-atom collision; 

2) single ionization by radiation and photoreeombination in the continuous spectrum domain. 

The governing process in the warm-up layer, which is characterized by a considerably lower electron 
temperature and concentration compared to the shock layer, is ionization during absorption of the radiation 
escaping from the shock layer. 

The kinetic gas model from [I] is used. The radiation parameters are computed in the approxima- 
tion of a locally one-dimensional plane layer [2]. The behavior of the gas-dynamic parameters in the warm- 
up layer and the influence of the warm-up layer on the field of the shock layer parameters are examined. 

The gas-dynamic and radiation fields in the warm-up layer are described by the same system of 
equations as in the shock layer [2]. However, because of the low temperatures in the warm-up layer, col- 
lisional processes as well as radiative recombination can be neglected by considering ionization due to 
radiative absorption to be the only process occurring. Finally, the ionization originating because of absorp- 
tion of resonance radiation will also play a known part; however, taking account of this process is a much 
more complex problem. 

In the ease under consideration, the relaxation equation and the radiation transfer equation for the 
warm-up layer take a more simple form in the notation of [2]: 
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T h e  b o u n d a r y  c o n d i t i o n s  f o r  t he  s y s t e m  o f  e q u a t i o n s  i n  t he  w a r m - u p  l a y e r  a r e  t h e  v a l u e s  of  t he  p a r a m -  

e t e r s  i n  t he  u n d i s t u r b e d  s t r e a m :  

ct=aoo, W = W o . .  p = O~, I ' = T  , ] = 0  
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Fig. 2 

Equation (2) has the solution 

l,,:=C~.xl}(--'clulft) ('~lu = ~Sp (I 2) ",<J~) 
i 

(3) 

Fig. 3 where ?iv is the optical coordinate of the warm-up layer  measured  up-  
s t r eam from the shock surface.  The constant  of integration C is 

determined f rom the condition of continuity of the radiat ion intensity during passage through the comPres-  
sion shock. 

As in [2], the method of solving the problem reduces to a double i terat ion.  The inner  i teration cycle 
consists  off indingthe shock location and shape for a given radiation field distribution, while the radiation 
field i tself  is determined in the outer i terat ion cycle.  A flow without radiation is taken as the initial i te ra-  
tion. There is hence no warm-up layer ,  and the values of the undisturbed s t r eam paramete r s  are  propa- 
gated to the shock,where they are  the boundary conditions for the sys tem of shock layer  equations. After 
the initial approximation of the flow field in the shock layer  has been determined,  the radiation field dis t r i -  
bution is calculated by means of the gas-dynamic  pa ramete r s  obtained. The value obtained for the radia-  
tion intensity (or flux) on the shock affords the possibili ty of computing the radiation field in the warm-up 
layer  under {he assumption that the gas-dynamic  field of the warm-up layer  remains  unchanged. Calcula- 
tion of the radiation variables ups t ream is continued until the radiant flux diminishes a given number of 
time .as compared with its value in the shock. The calculated radiation t e rms  are  included in the gas-  
dynamic equations of the warm-up layer  in the next i terat ions,  whereupon the flow paramete r s  ahead of the 
shock, which differ f rom the undisturbed s t r eam p a r a m e t e r s , a r e  found. The outer  i terat ion cycle is con- 
tinued until both the gas-dynamic  and radiation fields agree  to a given degree of accuracy  in two success ive  
i terat ions.  

The flow around bodies of small  radius was examined in o rde r  to cal ibrate the effect of the nonequi- 
l ibr ium and the advancing radiation. The Reynolds cr i ter ion is Re ~ 102 for a minimal value of the radius 
L = I cm, but the shock and boundary- layer  thicknesses a re ,  respect ively ,  proport ional  to Re -I and Re-~; 
i .e. ,  the effects of viscosi ty and heat conductivity should s t r ic t ly  speaking be taken into account in this case .  
However,  taking account of these phenomena jointly with the radiation and nonequilibrium ionization is of 
grea t  difficulty. 

A ser ies  of computations of argon flow around a spherical  body with radius L (1 cm _< L __< 40 cm) and 
coefficient of surface blackness 5 = 1 was ca r r i ed  out in the descr ibed formulation on the Bt~SM-4M elec-  
tropic computer .  The f r ee - s t r eam pressu re ,  t empera ture ,  and degree of ionization were assumed to be, 
respect ively ,  

p~ ~ 0.0002arm, T~r = 800 ~  i0 -ll 

Some resul ts  of the computations are  presented in Figs. 1-5. 
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Solutions obtained taking account  of abso rp t ion  of the advancing 
rad ia t ion  by the warm-up  l a y e r  a r e  shown by the continuous cu rves .  
The dashed curves  r e f e r  to solut ions  without taking account  of r a d i a -  
t ion,  i . e . ,  when only co l l i s iona l  p r o c e s s e s  a r e  cons idered .  The d a s h -  
dot curves  a r e  of solut ions in the fo rmula t ion  of [2], i . e . ,  taking account  
of r ad ia t ion  and s e l f - a b s o r p t i o n  in the shock l a y e r  but without taking 
account  of advancing rad ia t ion .  

F igs .  1 and 2 show the influence of the body s ize  on the nature  of 
the flow a t  Moo = 28.9. P ro f i l e s  of the degree  of ionizat ion a on the 
ze ro  s t r e a m l i n e  in the shock l a y e r  a r e  p re sen ted  in Fig.  1. It is  seen 
that  the flow mode in the shock l a y e r  app roaches  the uniform as  the 
s ize  of the s t r e a m l i n e d  body i n c r e a s e s ,  as  is  ind ica ted  by cont rac t ion  
in the width of the re laxa t ion  zone. The opt ica l  th ickness  of the shock 
l a y e r  ~ 0- = 0.28, 0.86, 6.6 for  L = 1, 4, 40 cm)hence  grows s imu l t ane -  
ously ,  whereupon a s igni f icant  pa r t  of the rad ia t ion  of the equ i l i b r ium 
domain  of the shock l a y e r  is  abso rbed  in the r e l axa t ion  zone without  
escap ing  f rom the shock front .  Fo r  bodies  of s m a l l  s ize  (or in more  
r a r e f i e d  media) the opt ical  t h i cknesses  of the shock l a y e r  a re  cons id-  
e r a b l y  l e s s  and a pa r t  of the shock l a y e r  r ad ia t ion  e s c a pe s  u p s t r e a m .  
A c o m p a r i s o n  between the solut ions taking the warm-up  l a y e r  into 
account  and not taking i t  into accoun t , fo r  L = 1 and 40 cm, shows that  
taking account  of the warm-up  l a y e r  is  more  e s s e n t i a l  for L = 1 cm.  

P ro f i l e s  of the d imens ion le s s  r ad i an t  energy  flux q along the axis  
of flow s y m m e t r y  a r e  shown in Fig.  2. The flux to the r ight  of the 
v e r t i c a l  ax is  is  cons t ruc ted  as  a function of the d imens ion le s s  coo rd i -  
nate } = ( r - r 0 ) / ( r . - r  0) (r0 is  the r a d i u s - v e c t o r  of the body sur face  and 
r .  is  the r a d i u s - v e c t o r  of the shock) for  which the coordinate  line ~ = 0 
ind ica tes  the body sur face  while ~ = 1 is  the shock su r f ace .  The change 
in flux to the lef t  of the v e r t i c a l  axis  is  shown as a function of l,  the 

Fig .  5 
d is tance  f rom the shock in c e n t i m e t e r s .  I r i s  seen  in Fig.  2 that  the 

width of the warm-up  l a y e r  is  s e v e r a l  c e n t i m e t e r s  so that  for  L _< 4 cm i t  is  c o m m e n s u r a t e  wi th the  s t r e a m -  
l ined body d imens ions ,  but for  L = 40 cm the width of the warm-up  l a y e r  is  c o n s i d e r a b l y  l e s s  than the body 
rad ius  and is c o m m e n s u r a t e  with the shock l a y e r  th ickness .  It should hence be noted that  the absolute  
shock l a y e r  th ickness  grows as  the body r ad ius  i n c r e a s e s .  This  r e s u l t s  in an i n c r e a s e  in the r ad ian t  flux 
q in the shock.  

The computa t ions  have shown that  the p rof i l es  of the degree  of ioniza t ion  ~ follow the change in the 
flux q qua l i ta t ive ly .  Thus,  va lues  of ~ ahead of the shock a r e ,  r e s p e c t i v e l y ,  0.0019, 0.006, and 0.010 for  
L = 1, 4, and 40 cm.  The gas t e m p e r a t u r e  in the warm-up  l a y e r  i n c r e a s e s  1.5-2-fold in the range of condi-  
t ions cons ide red .  Absorp t ion  of r ad ia t ion  by the warm-up  l a y e r  has p r a c t i c a l l y  no effect  on the gas flow 
dens i ty  and ve loc i ty .  

F igu re s  3 and 4 indica te  the change in a and q on the ze ro  s t r e a m l i n e  for  L = 1 cm,  Moo = 28.9 and 
3 As the f r e e - s t r e a m  Mach number  Moo i n c r e a s e s ,  the flow mode app roaches  the equ i l ib r ium,  the 
values  of the r ad i an t  flux inc ident  on the body sur face  and escaping  into the warm-up  l a y e r  grow, and the 
degree  of gas ionizat ion in the warm-up  l a y e r  i n c r e a s e s .  The va lues  of ~ ahead of the shock a r e ,  r e s p e c -  
t ive ly ,  0.0019 and 0.0033 for  the va r i a t i ons  cons ide red .  

P ro f i l e s  of the d imens ion l e s s  r ad i an t  flux q a r e  p ic tu red  in Fig.  5 for  Moo = 28.9, L = 40 cm for  00 = 
0, 01 = 0.25, and 02 = 0.5 r a d i a n s .  It is  seen  that  the r ad ian t  flux is  a max imum on the ze ro  s t r e a m l i n e .  
As the computa t ional  r ay  0 is  moved upward f rom the axis  of s y m m e t r y  along the enc losu re  of the body a 
rap id  reduct ion  is o b s e r v e d  in the magni tude of the r ad ian t  flux while conse rv ing  a qua l i ta t ive ly  s i m i l a r  
dependence q(~). 
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