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Below we investigate the ax i symmet r i ca l  hypersonic  flow of a nonequil ibr ium-ionized inviseid radia t -  
ing monatomie gas past  a blunt body. 

The occur rence  of high t empera tu re s  behind the shock wave front associa ted with hypersonic flow past 
blunt bodies genera tes  p roce s se s  such as ionization and radiation. In the major i ty  of papers  devoted to radi -  
ating gas flows the medium is considered to be in equil ibrium [1, 2]. Under cer ta in  conditions, however (for 
example,  with a dec rease  in the f r e e s t r e a m  pressure ) ,  the size of the relaxat ion zone becomes comparable  
with the standoff distance of the shock wave, making it necessa ry  to calculate nonequilibrium processes .  

F o r  the descr ipt ion of the nonequilibrium p ro ces se s  in the shock l aye r  it is necessa ry  to apply a spe- 
cific kinetic model.  In the present  ar t ic le  we re ly  on the kinetics proposed by Clarke and F e r r a r i  [3] for  
argon. We examine the react ions  A + e ~ - A + + e + e ,  A +h v ~-A ++e .  In calculating the photoionization r eac -  
tion we consider  only bound-free  radiation f rom the continuum region (v - vj), neglecting radiation in the 
l ines.  

Inasmuch as the shock standoff distance is much less  than the cha rac te r i s t i c  scale of the body, we use 
the locally one-dimensional  plane l aye r  approximation for  the calculation of the radiation pa rame te r s .  We 
analyze the influence of the f r e e s t r e a m  p a r a m e t e r s  on the flow field in the shock l aye r  and the distribution 
of the radiative heat flux. 

N O T A T I O N  

0) Po la r  angle; r) radius vec to r  measured  f rom the center  of curvature  of the bow of the body; rT,  r b) 
radius vec tors  of the surfaces  of the body and shock wave; ~) shock standoff distance, e (O) = r b -  rT; L) char -  
ae te r i s t i c  scale (radius of curvature  of the body at the bow); u, v) components of the gas veloci ty along the 
radius vec tor  and along the normal  to the body; W) tota l -veloci ty  modulus; Wn, Wt) normal  and tangential ve-  
loci ty components relat ive to the shock wave; W m) peak gas velocity (exit flow velocity in vacuum) p) gas 
p ressu re ;  p) gas density; H) total enthalpy per  g ram of mixture;  ~) degree  of nonequil ibrium ionization of 
the gas; aE) degree  of equi l ibr ium ionization of the gas; T) gas absolute t empera tu re  (~ v) frequency; m a) 
a tomic mass;  vj, Tj) ionization f requency and temperature ;  qv, q) spect ra l  and total radiat ive energy flux 
vectors :  

q ~ i qvdv; 
o 

~v) spect ra l  coefficient of absorpt ion pe r  unit mass  of a tomic gas; By(T)) Planck constant; Ci, Cn) colli-  
sional ionization and recombinat ion ra te  constants; 5) blackness coefficient  (fourth-power-law coefficient) 
of the body surface;  I +, I~) spec t ra l  intensity of radiat ion propagating in the posit ive (+) and negative (-) 
d i rect ions  of the ~ axis; R) specif ic  gas constant; % 0, b) subscr ip ts  r e fe r r ing  to the gas p a r a m e t e r s  in the 
unper turbed ( f rees t ream) flow, on the body, and in front  of the shock wave, respect ively;  
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1.  I N I T I A L  S Y S T E M  O F  E Q U A T I O N S  

We in t roduce  the d i m e n s i o n l e s s  v a r i a b l e s  

_ u - v p p 

u =  W i n ,  v -  ~, " ~ = - - ,  # - - -  I m ' P ~  P~Wm~ 
2q R T  - r 

: ~ W m  a -T r - -  ' - -  W m ~  ' L 

Now in the coord ina te  s y s t e m  O, ~, w h e r e  ~= ( r - r T ) / ( r  b -  rT) , the init ial  s y s t e m  of equat ions  d e s c r i b -  
ing the flow of  a n o n e q u i l i b r i u m - i o n i z e d  r ad ia t ive  ga s  p a s t  a blunt  body has  the f o r m  (the b a r s  o v e r  the d i -  
m e n s i o n l e s s  v a r i a b l e s  a r e  dropped) 

U E,a 

au g Op av ( av , u a p  ~ (1.1) -- + 2 u +  vctg 0 + --ff---~ff-] = 0  

U au , I Op " Ou (1.2) 

o~ v op ( o~ l o p  ) U-~C-- p o~ + a  v - 3 u + - ~ - ~ - + ~ v  = 0  (1.3) 

U OH v OH 
P ~ + P  r aO = - - v q  (1.4) 

v O~ 1 0 
r O0 -- --  ma ~ - ~ -  ) (hv) -1 qvdv + a (t -- a) peCi-lT'l' 'exp(-- Ti/T ) --  aaP3Cn-lT-1 (1.5) 

~ OI~, [ ~2 t - (zE l 
- - -  - -  B ~  - t, (1.6) 
e at = P ( i - a ) %  l - - a  a~z 

p = pT(l +~) (1.7) 

The following boundary conditions are imposed: 
on the wave:  

Wan = pWn, Woo t = W t 
- ( 1 . 8 )  P~ + Woen -- p + PWn2 

5T~ (i + %o) + 2aooT i + W~oZ + qb/Wo~ = 5T (l + %0) + 2%oTi + Wz + qblWo~ 

on the body: 

u = 0 (1.9) 

In o r d e r  to obtain  the f inal  e x p r e s s i o n  f o r  the rad ia t ive  e n e r g y  f lux it is  r equ i r ed  to fo rmu la t e  bound-  
a r y  condi t ions  fo r  the s p e c t r a l  r ad ia t ion  intensi ty .  Since we a r e  us ing  the loca l ly  one -d imens iona l  plane 
l a y e r  approx imat ion ,  we need two such condi t ions .  

The ga s  in f ron t  of the shock  wave is  only s l ight ly  heated,  and it m a y  t h e r e f o r e  be a s s u m e d  that  it is  
nonradia t ing ,  i .e . ,  

Cb = ~  (1.10) 

We use  the ba lance  of  r ad i a t ive  e n e r g y  fo r  the boundary  condi t ion  on the body 

I~ = 5B, (Tin) -~- (1 -- 6) I~0 (1.11) 

whe re  T m is the s u r f a c e  t e m p e r a t u r e  of  the body. 

B e a r i n g  all  of  the fo r ego ing  in mind and c a r r y i n g  out sui table  computa t ions ,  we obtain the fol lowing 
ana ly t i ca l  e x p r e s s i o n  fo r  the s p e c t r a l  r ad ia t ion  intensi ty:  

"r 

I,,+ (%. F) = I s~ exp ( , v - t ) t  ~ -~dt + [ 6 B v ( T m ) + ( t _ 5 ) l , o _ ] e x p ( _ , j ~  ) (1.12) 
o 
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Invoking the dependence of the rad ia t ive  f lux on the s p e c t r a l  intensi ty,  we obtain  

"~v ' I  

q+ (vv) = 2n B exp dl~ dt 
o o i -- ~ ~E ~ " 

+SB(Tm) ~ e x p T  d~+( l - -8 )  ___ . 

o o o I -- a aE~ p~ 

(1.13) 

He re 

rv = 8 .~ :%p (i -- a) d~ (optical coordinate) 
0 

~ a * t--~/~ Bvd" (~ource function) 8 ---- 5"vdv = 
t -- e aE~ 

hv 
e x p ( - - ~ ]  L \  k T  ] 

-- + 6 ~  +6]} (1.14) 

For  radiation propaga t ing  in the angu la r  i n t e rva l  (0, 1/2 ~r) we deduce the e x p r e s s i o n  

v5 

I~- (~ ~) =-- i -- a aE~ i~ i~ 

On the basis of the definition of the total radiative flux, relation (1.15), and the substitution ~=--]~ we 
have 

q- (%) = 2~ B exp - - . - -  d~ dt 
a aE~ I ~ 

~ 0 

To de t e rmine  the cont r ibut ion  of r ad ia t ion  to the e n e r g y  equat ion and r e l axa t ion  we use  the r e l a t ions  

I dq 
Vq= e d~ ' q=  q + -  q- (1.17) 

In o r d e r  to take rad ia t ion  a n i s o t r o p y  into account  we use  the fol lowing dependence  of  the rad ia t ion  spec -  
t r a l  in tens i ty  on the d i r ec t ion  of photon propaga t ion :  The t o t a l a n g u l a r  in t e rva l  (0, i/2~r) is pa r t i t ioned  into N 
zones ,  in e a c h  of  wh ich  ]~i i s  the m e a n  cos ine  of  the angle  f o r  the given zone, i = i ,  2, . . . ,  N. The rad ia t ion  
in each  zone is a s s u m e d  to be i so t rop ic .  

F r o m  re l a t ions  (1.13), (1.16), and (1.17), subs t i tu t ing  s u m m a t i o n  f o r  in t eg ra t ion  o v e r  14 we obtain the 
f inal  r e s u l t s  

N - - I  

q (Tv) = 2~ 2 (~,+1 -- lh) [ Fzl (~v) + 6Q ii (r,) + (i -- 8) Fz i (~v)+ F,' (~,) ] (i. 18) 
i=0 

N--1 
Vq=2~p(l--~)z v ~ ( "i+l--]~i )[--Fz(~,)--SQ~i(,v)l~i--(i--8)Pz{(,,)--Fs'(~v)] +4~p(i -~)zvQ1(~v) (1.19) 

i=O ~i 

Here 

(1.20) 

F1 ~ (%) = exp -- ~ i -- ~ ~/--~- B exp dt (1.21) 
0 

F~ i (%) = es ( - -  %. "~'~b ~, 1 - -  ~E t d 

�9 %~ (%) = exp \--~-/ ! i - -  ~ aE~ 
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Q~i (v,)= B(Tm)exp(__~i ) (1.23) 

r i - -  ~E 
Q1 (,t-,~) = - -  B 

i - ~  ~ p  ( 1 . 2 4 )  

In view of the singulari ty imposed by the integral  cha rac te r  of the radiation te rms,  it becomes  neces-  
sa ry  to solve the problem i terat ively.  The blunt-body flow problem is reduced to a double i terative pro-  
cedure, because the position and shape of the shock wave are also unknown beforehand. 

In connection with the fact that the ionization of the gas is of an avalanche cha rac te r  and the degree of 
ionization a of the gas has large gradients  a c ro s s  the shock wave, it was decided to use a solution scheme 
in which the unknown functions a re  approximated along the shock wave and the integration is ca r r i ed  out 
t ransverse ly  to the shock layer .  The sys tem of differential equations solved for  the derivat ives  with re -  
spect to ~ was integrated along three ways (0=0, 0.25, and 0.5 rad) f rom the wave (~=1) to the body (~=0) 
by the Euler  method with multiple scMing and without subdivision of the integration step. The integration 
step could be chosen differently on different intervals,  depending on the behavior of the functions to be in- 
tegrated on the given interval.  

In the stated problem only radiation t ransfer  f rom the continuum zone is taken into account. Inasmuch 
as ~v ~ y - 2  in this zone, it is fully justified to use a step-function approximation for  the absorption coeffi- 
cient. In this approximation the frequency interval  f rom v= 0 to v =~ is parti t ioned into a ser ies  of spectra l  
intervals ,  in each of which the absorption coefficient is constant. 

2.  D I S C U S S I O N  OF T H E  R E S U L T S  

In o rde r  to analyze the influence of the Mach numbers  M~, initial p r e s su re  p~, radius L of a spheri-  
cal body, and degree of ionization ~b in the free s t r eam we ca r r i ed  out the calculations over a wide range 
of variat ion of the indicated pa rame te r s  for  a step-function model of the absorption coefficient ~. The num- 
ber  of steps n in the calculations was var ied f rom one to six; it turned out that the influence of n on the most  
sensitive factor,  i.e., the radiation flux, is sca rce ly  felt for  n -  > 3. Therefore ,  the g rea te r  body of the calcu- 
lations was ca r r i ed  out for  the th ree -s tep  approximation of ~(v). Most of the calculations were car r ied  out 
on the assumption that the surface blackness coefficient 6 = 0.5. 

The resul ts  of the calculations a re  presented in Fig. 1 in the fo rm of distributions of the various gas -  
dynamical  pa r ame te r s  as  a function of ~. F igures  1.1, 1.3, 1.4, and Fig. 2 i l lustrate the influence of the num- 
be r s  M~ (17---M~,-< 28, 5.4 km/sec-< W~ <- 8.6 km/sec)  on the profi les  of the gas-dynamical  pa ramete r s  for  
a sphere L= 1 em at T = 290~ p~ = 0 .0la t in ,  and o~ b = 10 12; these f igures ref lect  the behavior of the pa ram-  
e te r s  along the zeroth  s t reamline (0 =0); the variat ion of ~(0 and q(0 for  var ious  values of the angle 0 (M~ = 
24) is given in Figs.  1.5 and 1.2. 

We begin with a discussion of the resul ts  of the flow calculation without regard  for  radiation (dashed 
curves  in the figures).  As indicated in Figs.  1.4 and 1.3, the flow field ac ros s  the shock layer  is divided into 
two zones: 

a) the relaxation zone, which te rmina tes  in a surface of abrupt variat ion of the pa r ame te r s  (the appear-  
ance of ve ry  large gradients  of the gas-dynamical  pa rame te r s  in the flow field is attributable to the ava-  
lanche cha rac t e r  of the coll isional ionization); 

b) the equilibrium zone adjacent to the body. 

With an increase  in M:r the relaxation zone shrinks, and for  M~ > 28 the flow may be regarded as equi- 
l ibr ium over  the entire flow region f rom the wave to the body. The decrease  in length of the relaxation zone 
with increasing M~ is explained by an increase  in the values of T and p behind the shock wave and the con- 
comitant decrease  of the mean free paths of electrons,  atoms, and ions and, hence, the more  rapid ionization 
and recombination processes .  

Allowance for  radiation does not qualitatively a l te r  the var ia t ion of the pa rame te r s  a c ro s s  the shock 
layer,  but a cer ta in  departure f rom the flow of a nonradiating gas is observed. 

The length of the relaxation zone is decreased.  This event is obviously attributable to the fact that the 
photons emitted in the h igh- tempera ture  region reach the wave, and the photoionization react ion sets in, 
whereupon ra the r  quickly a sufficient number  of "seed" electrons (~ ~ 10 -4 to 10 -3) are  crea ted  to initiate 
the avalanche format ion of ions, result ing in a lmost  instantaneous equilibrium. 
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Fig. i 

With radiation taken into account a reduced- tempera ture  layer  is observed in front of the body. This 
l ayer  has been calculated in [4] and has become known as the radiation entropy layer .  Its onset is at t r ibu-  
table tothe withdrawal of radiative energy f rom the layer  adjacent to the body surface. 

Since the degree of ionization decreases  with the tempera ture  in the equilibrium zone, a decrease  in 
the degree of ionization is observed in the radiation entropy layer  (Fig. 1.4). In this l ayer  a cer ta in  addi- 
tional compress ion  of the gas is observed in connection with the tempera ture  reduction. 

Prof i les  of the radiative fluxes on the ray O= 0 for  var ious  values of Moo a re  shown in Fig. 1.1. The 
q profile has a nonmonotonic charac ter ,  the position of max q coinciding with the position of the avalanche- 
ionization front and approaching the wave surface as  Moo is increased.  It is also obvious that as it moves 
ac ros s  the shock wave the flux changes sign; f rom zones adjacent to the wave the flux t ranspor t s  energy up- 
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s t ream ac ross  the shock wave; f rom zones adjacent to the body it t ranspor t s  
energy into the body. 

It is evident f rom Fig. 1.1 that as the number M~ is increased the flux 
entering the body increases  in absolute value. This resul t  is attributable to 
the increase  in the tempera ture  values in the compressed  layer .  Figure 1.2 
shows the radiative flux profi les for various angular coordinates of the calcu- 
lated rays .  Note that the radiative fluxes diminish as they move past  the body 
away f rom the symmet ry  axis. 

The dependence of the shock standoff distance on M~ is given in Fig. 2. 
As Mr is increased the standoff distance falls off sharply due to the increased 
density behind the shock wave. 

It is seen that with radiation taken into account the shock wave approaches 
the body. Clearly,  this effect is elicited by a violation of flow adiabaticity, the 
t ranspor t  of radiative energy f rom the compressed  layer,  and the g rea te r  ra-  
pidity of the nonequilibrium processes  (as we know, for  equilibrium flow the 
standoff distances are smal le r  than in nonequilibrium flow). 

In order to analyze the dependence of the flow field on the freestream pressure we carried out calcu- 
lations in the range 5 �9 10 -4 --p~ <-10 -3 arm. The results of our calculations of the degree of ionization o~ are 

given in Fig. 1.7 for the following sets of conditions: iVI~o = 24, p~ = 5 -i0 -4 and 10 -3 atm; T~ = 290~ c~ = 

10 -12, and L=4 cm. It is seen that as p~ is decreased the size of the relaxation zone increases. 

In order to take the influence of the advance radiation into account we varied the degree of ionization 
~b of the free stream. As an example, Fig. 1.6 shows profiles of the degree of ionizationonthe zeroth stream- 

line forM~=24, p~=0.001 atm, T~ =290~ L=4 cm, and ~b=10 -3 and i0 -12. It is seen that only in the ab- 

sence of radiation, when the only process promoting equilibrium is the process of electron-atom collisions, 
is the influence of the initial degree of ionization on the width of the relaxation zone at all significant. When 

radiation is taken into account, a variation of ~b between the limits 10 -12 and 10 -3 has little effect on the 

equilibration rate. 

For a more detailed explanation of the influence of the advance radiation on the nature of the flow in 

the compressed layer we analyzed a flow of argon past a sphere of radius L=4 cm with freestream condi- 
tions corresponding to the calculations of Clarke and Ferrari [3] for a direct shock wave. The calculations 

were carried out in two variants: 

a) The parameters corresponding to unperturbed flow in the variant of [3] were used to characterize 
the flow in front of the shock wave, viz., 

M b = Moo = 28.9, W b = W~ = 9,34 km/secpb = Pc~ = 0.001arm, T b = Too= 300~ 

i.e., in this varim~t the action of the radiative flux emerging f rom the compressed  layer  on the f r ee s t r eam 
flow was completely ignored. 

b) The data of the solution in [3] with regard  for advance radiation were used as initial data, viz., 
Tb=1380~ C~b=0.0977, and p b = p ~  

A compar ison  of the calculations for var iants  a) and b) and the solution of Clarke and F e r r a r i  exhib- 
ited the following. 

The distribution of the gas -dynamica l  pa r ame te r s  on the zeroth  s t reamline in variant  b) is in good 
agreement  with the solution for  a direct  shock wave. The maximum value of the degree of ionization of a r -  
gon in both cases  is equal to 77% and is attained at a distance of o rde r  0.1 to 0.2 t imes the average radiation 
path f rom the shock wave. The equilibrium tempera ture  and density values in these var iants  agree  to within 
1 o r  2%. 

A compar ison  of the solutions in cases  a) and b) (Fig. 1.8) shows that with the advance radiation taken 
into account the profile of the degree of ionization ~ is 8 to 10% higher throughout the compressed  layer.  
The fact that the e lectron concentrat ion immediately behind the shock wave with advance radiation taken into 
account is considerably higher causes  a sharp decrease  in the width of the ionization relaxation zone and 
brings the flow regime close to equilibrium. 
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Consequently, in calculations of the flow of nonequilibrium-ionized radiating argon past blunt bodies, 
it is essential to make allowance for the advance radiation. 
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