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A supersonic  s t r e a m  of an tnviscid monoatomic nonequl l tbr ium-ionized radia t ing gas  around 
bltmt bodies is analyzed in this study. The resu l t s  a r e  i l lus t ra ted  by the example  of an 
argon s t r e a m  around spher i ca l ly  blunted bodies.  

1 .  K i n e t i c  M o d e l  

When analyzing a supersonic  s t r e a m  of argon around a blunt body, within the region between the 
body sur face  and the front  of a shock wave one cons iders  coll is ion ionization through an excited level  and 
ene rgy  t r a n s f e r  f rom heavy  par t i c les  to the electron gas,  as a r e su l t  of e las t ic  col l is ions between e l e c -  
t rons  and ions or  a toms;  one a lso  cons iders  phototonization f rom the fundamental level ,  i .e. ,  one con-  
s iders  a l together  the following reac t ions  : 

A --  M ~  A* .a- A* -" M..~-- A + ~-~- M + e, 

A+ A -',- A ,~- A -I- -~- e, A + hv ~ A + -}- e, 

where  A and A* denote a toms in the fundamental s ta te  and in an excited s ta te ,  respec t ive ly ;  A + denotes 
a s ing le -cha rge  ion; e denotes an e lect ron;  h denotes a photon; and M denotes e i ther  A or e. 

It is a s sumed  that the excited s ta tes  of a toms  enter  into equi l ibr ium with f ree  e lec t rons  [1]. The 
ra te  at which an excited s ta te  becomes  occupied may be a s s u m e d  equal to ze ro ,  m o r e o v e r ,  and the ra te  
of coll ision ionization (which is de te rmined  by the di f ference between excitation ra te  and deexcitat ion ra te)  
may  be e x p r e s s e d  as follows: 

t'z+ = tz~.~ -!- n~. = [K~ (1, 2) tzen (1) - -  K~ (2, 1) n (2) nel q- [K. (1, 2) t.zdz (1) - -  K. (2, 1) n (2) n.], (1) 

where  n a =n(1) +n(2).  

We will now der ive  an equation for the r a t e  of ionization by an e lec t ron impact .  Since during equi-  
l i b r ium all forward p r o c e s s e s  a r e  balanced by the respec t ive  r e v e r s e  p r o c e s s e s ,  hence 

K~(1, 2) n~n(1) = Ke(2, 1)n(2)n~ (2) 

and thus 

F rom (3) we have 

gl exp ( Te-* I .  K~(2, l) = Ko(1, 2) ~ -  ~, T~ / (3) 

�9 [ n(2) gl exp ( T ~ .  / ]  
ne, ~--- Ke(1, 2) hen(1 ) 1 n(1) go. \ T e ] j "  

Consider ing that exci ted s ta tes  enter  into equi l ibr ium with f ree  e lec t rons ,  we have [2] 
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n~ _ gi 2 (2~rtnekT~) 3/2 ( Ti~ " 
n(2) g~ h 3 exp - -  T~ ) '  (5) 

w h e r e  Ti2 = T j - T e x  denotes  the ionizat ion potent ia l  of an exci ted  s ta te .  Since Tex ~ Tj ,  hence  

n(1) ~ ,,~ ::  ( 1 - - ~ )  -~--. (6) 
' 111 a 

In t roduc ing  C~E(T e) as  SahaTs solut ion and p e r f o r m i n g  the n e c e s s a r y  t r a n s f o r m a t i o n s ,  we f inal ly  obtain 

neo = ~ ( 1  - - ~ )  Ke(1,  2) 1 . (7) 

The r a t e  coef f ic ien t  Ke(1,2)  in t roduced  in [3] is 

Ke(1, 2 ) = 2 C ~  ~ ( k T e )  a/2 . ~  + 2  exp - -  T~ ) '  (8) 

w h e r e  C e = 4 .4-  10 -3 m2/g  [1]. 

F o r  an a t o m - a t o m  ionizat ion p a s s i n g  th rough  an exci ted  leve l ,  the exp re s s ion  for  n a n  is de r i v e d  
ana logous ly  to the e x p r e s s  ion for  ne a  : 

[ 
The ra te  coef f ic ien t  K a (1,2) in [3] is 

K,~ (1, 2) = 2C~e ~ ~ ( k T J / 2  + 

where  Cae x = 1 . 5 6 . 1 0  -5 m 2 / j  [4]. 

" 2 ~ 1 - -  a ~zs (T,) T~ T~ 
(9) 

2 )  exp ( - -  Te~ " ~__), (1o) 

F o r  an a t o m - a t o m  ionizat ion d i r e c t l y  f r o m  the fundamenta l  s ta te ,  the e x p r e s s i o n  for  n a n  is 

�9 T a / 

w h e r e  Cag = 7 .5 -10  -~ m 2 / j  [5]. 

We note that  the e x p r e s s i o n s  de r ived  in [3] for  nea  and naa  as well  as the s o u r c e  function in the 
equat ion of r ad ia t ive  e n e r g y  t r a n s f e r  contain an e r r o r .  Such e r r o n e o u s  fo rmu la s  w e r e  a l so  used l a t e r  in 
[6, 7]. Our ana lys i s  has  shown this e r r o r  to be app rec i ab l e ,  Fo r  ins tance ,  the radia t ion  flux prof i le  c a l -  
cula ted  with the s o u r c e  function a c c o r d i n g  to [3] has  two peak  points  [6]. Ca lcu la t ions  a c c o r d i n g t o t h e  c o r -  
r e c t  f o r m u l a  y ie lds ,  as  was  to be expec ted ,  only one peak.  

An e l e c t r o n  gas  r e c e i v e s  e n e r g y  f r o m  heavy  p a r t i c l e s  dur ing e l e c t r o n -  ion and e l e c t r o n - a t o m  co l l i -  
s ions .  T h e s e  p r o c e s s e s  o c c u r  at  r a t e s  

~  - ~  ~z*-~ kTe ~-e--I In + I 
4nnee6 ' 

%~ = ~ a ( l - - c ~ ) ~  ~ - -  1 V e V e(l +C~Te)  s ' 

(12) 

(13) 

w h e r e  a = 0.14 m 2 / j ,  C 1 = 0.18 - 104~ C 2 = 0.28 �9 104~ and C 3 = 1.8 �9 10-4~ -I .  

2 .  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 the nota t ion o f  [6] these  equa t ions  a r e  

O u + 1 Ov + u 0 9 - I -  v 
Or r OO P Or pr 

au v au v ~ u - -  + 
Or r O0 r 

o0, + ,~__ 1_ v c t g 0 = 0 ,  
00 r r 

1 Op 
9 Or 

(14) 

(15) 
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Ov v Ov uv 1 Op u - -  + - -  - -  + - -  = 
Or r O0 r pr O0 

pu 0-~ ' r O0 ~ R(T~ + ~zTe) -k aRTj 

(pU ~-rO + PVr 000) [ ~ -  RT~]  = t%~ + %~-- teTjh~ 

+y 

O~ _~ DD O(X --  ma (;la a 2F ~lea ~_ brad), 

m e 
m~ 9, (Vv) V = - -  VP~ - -  end-E, 

p = piP, (T~ -~- aTe). 

Oq 
Or 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

Here T O denotes the tempera ture  of electrons re leased as a resul t  of a t o m - a t o m  coll is ions.  Having no 
sufficiently reliable data available on the energy of electrons re leased  by such react ions ,  one has assumed 

that T O = Tew. 

Unlike in [6], the sys tem (14)-(21) here accounts for the polarization field which impedes the d i sso-  
ciation of charges  [8]. These equations must be supplemented by the equation of radiative energy  t r a n s -  
fer ,  given in [9, 10] in the approximation of a local ly uniform layer .  

The boundary conditions for Eqs. (14)-(21) are  analogous to those in [6, 10], except for the electron 
tempera ture  which takes into account an adiabatic compress ion  of the electron gas through the jump: 

Te w = ( Pw / ~-' Te~. (22) 

It has been assumed that the ionization coefficient a remains  continuous during passage of a shock 
wave. The magnitude of ~ before a shock front will be d iscussed later  on. 

The fundamental sys tem of equations was rewri t ten in 0, ~ coordinates (~ = ( r - r b ) / ( r w - r b ) )  and 
t r ans fo rmed  into a dimensionless  one, as in [10]. It was solved on a model BI~SM-4 computer  by the 
method given in [10]. Unlike in [6], however,  in this study the flow field was calculated not only along the 
zero s t reamline  but also over the entire subsonic region. 

3 .  D e p e n d e n c e  o f  t h e  S o l u t i o n  on t h e  C h o i c e  o f  K i n e t i c s  

In order  to explore the effect of various collis ions mechanisms of the gasodynamic fields, we con- 
s idered Eqs. (14)-(21) without taking into account radiation. Calculations have shown that, during atom 
- a t o m  ionization through an excited s tate ,  a change in the initial ionization coefficient ~w from 10-5 to 
10 -~ does not affect the gasodynamic fields. With elastic e l e c t r o n - a t o m  collisions taken into account, the 
relaxation zone becomes sl ightly shor te r .  

It has also been found that the gasodynamic parameters  of the shock layer  change negligibly little 
during an adiabatic compress ion  of the electron gas (formula (22)), when ~ and T e before the wave front 
a re  low. When the electron tempera ture  T e before the wave front is high [11], however,  then accounting 
for an adiabatic compress ion  may co r r ec t  the ' resu l t s  substantially.  

4 .  E f f e c t  o f  R a d i a t i o n  

The rate  of photoionization from the fundamental level nrad and the expression for radiat ive flux q 
can be found in [9, 10]. Our calculations were based on approximating the absorpt ivi ty  ~ as a "ladder n 
function of the frequency v. It has been found that the radiat ive flux and the gasodynamic fields depend only 
weakly on the number  of , s t eps"  in the approximation of ~(v). 

According to calculations,  the radiation flux profile q depends s t rongly  on the Mach number  and on 
the p re s su re .  Thus, for a body with a radius of 0.04 m under a p r e s su re  of poo = 150 N / m  2, an increase  
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ionization coeff icient  ~ and of the Fig. l .  Prof i le  of the nonequi l ibr ium 
equi l ibr ium-ioniza t ion  coeff icient  a E along rays  0 in a shock l aye r :  a ,  
C~E, ~) d imens ion les s  quanti t ies.  

Fig. 2. Shape of shock wave (curve 1), of ionization front  (curve 2), and 
of l oca l - equ i l i b r ium su r f ace  (curve 3); ordinate  y (dimensionless) ;  angle 
0, t ad .  
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Fig. 3. Prof i le  of the n o r m a l  veloci ty  component  u (a) and of the 
radiat ion flux q (b) along r ays  0 through the shock layer ;  u, q, ~) d i -  
mens ion less  quantit ies;  angle 0, rad.  

in the Mach number  f rom 30 to 32 causes  the max imum the rmal  flux q to increase  f rom 25,000 to 55,000 
kW/m2;  at  Moo = 32 and p~  = 100, 150, and 200 N / m  2 we have qmax = 27,000, 53,000, and 84,000 k W / m  2, 
r e s p e c t  ively. 

5 .  V a r i a t i o n  o f  t h e  F l o w  P a r a m e t e r s  a l o n g  t h e  S h o c k  L a y e r  

Fo r  calculat ing the gasodynamic  p a r a m e t e r s  in a s t r e a m  around a sphe r i ca l l y  blunted body, we 
used the approximat ion  of the sought gasodynamie  function toward ~ = const .  The fundamental  s y s t e m  of 
di f ferent ia l  equations was solved for  the der iva t ives  with r e s p e c t  to ~, then integrated along th ree  r ays  at 
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angles ~ = 0, 6 l, and 02, respect ively .  By varying the position of rays Ot and ~2, under the same conditions 
in the s t r eam,  one can obtain the flow pattern in the shock layer  p rec i se ly  enough. 

As an example,  we considered the pa ramete r  profi les along theoret ical  rays  0 = 0, 0.25, 0.50, 0.75, 
and 1.00 rad  in a s t r eam with Moo = 30, P~o = 150 N / m  2, Ta~o = Te~ = 300~ and c~ w = 10 -5 around a body 
spher ica l ly  blunted to a radius of 0.04 m and having an emLssiv[ty (5 = 0.5. The value of c~ w = 10 -s was 
based on the assumption that the entire radiation from the wave front would be absorbed by the oncoming 
s t r e a m  with a subsequent re lease  of e lect rons .  The values of c~(~, 0) and ~E(~, 6) are  shown in Fig. 1. It 
is quite evident that the ionization coefficientc~ dec reases  wi th l a rge r  angles 0. With radiation near  the body 
surface  taken into account,  then, there  appears  a radiative entropy layer  charac te r ized  by a drop in c~ 
as well as in the t empera tures  T a and T e. As the gas flows along the shock layer ,  the equilibrium ioniza- 
tion coefficient c~ E accord ing toSaha ' sequa t ion  at t empera ture  T e dec reases .  Recombination plays an in- 
c reas ingly  important role at l a rge r  angles ~. 

We will now define the surface of local  equilibrium (curve 3 in Fig. 2) as the surface where the 
conditions T a = Te and ~ = a E are  satisfied,  i.e., all forward p rocesses  are  balanced by the respect ive  
r eve r s e  p rocesses .  This surface divides the shock layer  into two regions.  In the f i r s t  region,  which ex-  
tends to the front of the shock wave (curve 1 in Fig. 2), ionization is the predominant p rocess .  In the 
second region,  between the surface  of local equilibrium and the body surface (axis y = 0, y = ( r - r b ) / r b ) ,  
recombination prevai ls  over  ionization. It is evident here  that~ because of the ra ther  low recombination 
ra te ,  the values of c~ along the upper rays may exceed appreciably the corresponding equilibrium values 
~E (see Fig. 1). Line 2 in Fig. 2 marks the position of the ionization front, plotted here  as the surface  
of the maximum a gradient.  

In Fig. 3a, b is shown the variation of the dimensionless  normal  velocity component u and of the 
t r ansve r se  radiation flux q along theoret ical  rays  through the shock layer .  The variation of u ceases  to be 
l inear  within the region of maximum ~ gradients .  Along the upper ray  (0 = 1 rad), near  the body surface,  
u changes sign and approaches zero  from the positive side. As angle ~ is increased,  the maximum rad ia -  
tion flux dec reases  fast f rom its level in the quasiequil ibrium region. 
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is the rad ius-vec tor ;  
is the rad ius -vec to r  of the body surface;  
is the r ad ius -vec to r  of the shock wave; 
is the dimensionless radius vector;  
is the polar angle; 
are  the velocity vector  and  its components along the r ad ius -vec to r  and normal  to the rad ius -  
vector ,  respect ively;  
is the total p ressure ;  
Ls the p res su re  of the electron gas;  
LS the density of the gas;  
Ls the density of the ion gas;  
m the coefficient of gas ionization; 
LS the coefficient of equilibrium gas ionization; 
LS the a t o m - i o n  gas tempera ture ;  
is the electron gas tempera ture ;  
LS the mass of an atom; 
Ls the mass of an electron; 
LS the charge of an electron;  
is an atom in the fundamental state; 
is an atom in an excited state; 
LS a s ing le -charge  ion; 
m the ionization f requency;  

' is the ionization tempera ture ;  
is the excitation tempera ture ;  
is the specific gas constant; 
is the Boltzmann constant; 
is the Planek constant;  
is the rate  of ionization by an e l e c t r o n - a t o m  collision; 
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is the r a t e  of ionization by an a t o m - a t o m  collision; 
is the photoionization ra te ;  
is the ra te  of ene rgy  t r a n s f e r  during i o n - e l e c t r o n  coll is ions;  
is the r a t e  of ene rgy  t r a n s f e r  during a t o m - e l e c t r o n  coll is ions;  

~s the polar iza t ion  field intensity; 
~s the radiat ion flux; 
~s the e m i s s i v i t y  of the body su r face ;  
ts the Mach number  in the oncoming s t r e am;  
ts the p r e s s u r e  in the oncoming s t r e a m ;  
ts the e lec t ron concentrat ion;  
is the a tom concentra t ion in the fundamental  state;  
m the a tom concentra t ion in an exci ted state;  

Is the excitat ion ra t e  coefficient  during an e lect ron impact;  
~s the deexcitat ion ra t e  coeff icient  during an e lect ron impact;  
ts the excitat ion r a t e  coeff icient  during an a tom impact;  
ts the deexcitat ion r a t e  coeff icient  dur ing an a tom impact;  
~s the s t a t i s t i ca l  weight for the fundamental s ta te  of an atom; 
ts the s ta t i s t i ca l  weight for an exci ted s ta te  of an atom; 
ts the s ta t i s t i ca l  weight for an exci ted s ta te  of an ion; 
ts the ra t io  o f s p e c i f i c  heats;  
a r e  constants .  
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