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Hypersonic,  nonequilibrium-ionized, monatomie, inviscid gas flow around blunt bodies 
is considered.  The emergence of radiation in the heated layer  f rom the ground layer  in 
the continuum and in the resonant line is taken into account.  

1 .  F o r m u l a t i o n  o f  t h e  P r o b l e m  f o r  t h e  S h o c k  L a y e r  

The hypersonic flow of a nonequilibrium-ionized, monotomic, inviscid, radiating gas flow around 
blunt bodies is investigated. Presented  as an illustration is the computation of the flow of argon around 
bodies with a spherical  bluntness.  Collision ionization in the domain between the shock front and the body 
surface is taken into account in t e rms  of the excited level and energy t ransmiss ion  f rom the heavy par t ic les  
to the electron gas as a resul t  of elastic collisions between e lect rons  and ions and stores, as  well ~s in 
t e rms  of photoionization f rom the ground and excited level and the t rans fe r  of resonance radiation. 

The express ion for the elast ic and inelastic collision react ion ra tes  as well as for the rate of photo- 
ionization f rom the ground level are  presented in [1, 2, 3]. To take account of continuum radiation f rom the 
excited level in the shock layer,  a volume deexcitation model was used [4]. 

Radiation t ransfer  into the resonant line (3p ~ IS 0-3p~4s~pl) should especial ly be considered.  Dop- 
pler, resonant, and Stark line broadening [5] were taken into account in computing the resonance ~bsorp- 

tion coefficient k v. Taking simultaneous account of these effects results in the following expression for 

k v [6]: 

a C exp (--~/-) dv k,. ko ~t u a 2 -/- (co -- tj) 2 (i.I) 

A)..~ ~- A2~ I '2 
a ! ' In 2,  (1 .2)  

A)~ D 

co= 21 11]2AL (1.3) 
AZ o 

where the resonant line half-width is 

AZ,.-- 2 e 2 )3/nl, (1.4) 
3~ H~ a C" 

the Stark half-width is 

AZIr, - ~ 2.[1 !- 1,75.10-1n~ 4~.~(l --0.068tzJ~ STy~ 2)1.10-!%c'~i _ 

and the Doppler half-width is 

(1.5) 
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Fig .  1. Degree  of ionization c~ in the shock l a y e r  with resonance  
and continuous r ad ia t ion  taken into account for  the modi f ica t ions  
a, b, c in A, and for  the modif icat ion b with resonance  and cont in-  
uous r ad ia t ion  (the sol id  line) taken into account, without taking 
resonance  rad ia t ion  into account (dashes), with jus t  resonance  
rad ia t ion  taken into account ( d a s h - d o t c u r v e ) i n B  (c~, ~ a r e  d imen-  
s ion l e s s  quant i t ies ) .  

o,25 

\ 1  9 I T~ ~ ' -  
) , (1.6) 

AZ = (Z-)h,.). (1.7) 

The va lues  of the cons tan ts  a m ,  w a re  p r e s e n t e d  in [5]. 

The volume deexci ta t ion  approx imat ion  was taken in the computat ion of the resonance  rad ia t ion  
t r a n s f e r  to the wings of the l ine where the opt ical  th ickness  of the c o m p r e s s e d  l a y e r  is  r Z: 0.1. Near 
the cen te r  of the l ine where r ~ 20, it was c ons i de r e d  that rad ia t ion  is b locked.  The in te rmedia te  domain 
of the s p e c t r u m  (20 > z > 0.1) was s epa ra t ed  into a number  of f requency bands in each of which the a b s o r p -  
tion coeff ic ient  was ave raged  with r e s p e c t  to the f requency .  

As computa t ions  [3] show, a qual i ta t ive  s i m i l a r i t y  between the changes in the hydrodynamic and 
rad ia t ion  flow p a r a m e t e r s  is obse rved  in the frontal  por t ion  of the body for  different  r a y s  0 = const .  As 
should have been expected,  the s t ronges t  influence of the rad ia t ion  is man i fes t ed  at the ze ro  s t r e a ml ine  
(0 = 0). Since the main purpose  of th is  pape r  is to c l a r i fy  the influence of the va r ious  kinds of r ad ia t ion  
on the flow around bodies ,  the main at tent ion will be pa id  to studying the flow along the ze ro  s t r e a m l i n e .  

The s y s t e m  of equat ions desc r ib ing  the gas flow in the shock l a y e r  is 

where 

3u 1 Ov u Op v 8p 2u v 
ctgO = O, (1.8) 

Or r O0 p Or pr O0 r r 

Ou v Ou v'- 1 Op 
u . . . .  , (1.9) 

Or r 80 r p Or 

&, v Ov uv 1 a p  (1.10) 
Or r O0 r f , r  30 

5 0 v 
pu ~ -  -~. 9 - - -  - -  

�9 Or r 

8 

pu Or 

L_ _ _  

O0 2 
Oq 

R(T,: r ~RTa  -- &" 

p__v .O ~r 5 Rrr  cou_.kTnn~.,, : (1.11) 
r O0 ] L 2 | .  ' 

3 leTo,~, ~- leT~/ie,.-- kT~.,nc,. - -  en,f?. V, (1.12) 
2 . . . . . .  

�9 O ~  pv Oa 
pu  Or - " r O0 - -  m,~ ( r ;~ - - i .  tz:,, - ti,.od), (1.13) 
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Fig. 2. Prof i les  of dimensionless radiation energy fluxes qgr and 
qex in the shock layer  for modifications a, b, c (q, ~ are dimension- 
less) .  

Fig. 3. Change in the degree of ionization c~ in the heated domain 
for modifications a, b, c (c~, ~ are  dimensionless) .  

t H  e ~ 
p~ (VV)V . . . . .  VP, -- en,,E: (1.14) 

lT"l <~ 

p = pR(T<, o.T<.). (1.15) 

The radiation t ransport  equation, which is presented in [1, 2] in the local-one-dimensional  layer  approxima-  
tion, is added to the sys tem (1.8)-(1.15). This equation is used to examine resonant radiation t ranspor t  in 
the intermediate spectrum doma in and continuum radiation in the ground level.  The boundary eonditions 
for the sys tem (1.8)-(1.15) are  presented in [2, 3, 7]. The value of the degree of ionization direct ly behind 
the shock front was hence calculated f rom the condition of conservation of the total excitation ~nd ioniza- 
tion energy of the ions and excited atoms during passage through the shock front, i . e . ,  

a_Til -i- a*T~.~ = : a j_Til -7- a*T:,., (1.16) 

where a _ ,  a *  and a4, c~[ are, respectively,  the value of a and a*  ahead of and behind the shoek front. 
Under the conditions considered c~+ ~ c~_. 

2 .  F o r m u l a t i o n  o f  t h e  P r o b l e m  f o r  a H e a t e d  L a y e r  

The governing p roces s  in a heated layer,  which is charac te r i zed  by considerably lower values of 
the heavy par t ic le  tempera ture  and the electron coneentration as compared with a shock layer,  is atom 
ionization and excitation during absorption of the radiation issuing f rom the shock layer .  In contrast  to 
[4, 8], collision p r o c e s s e s  with the participation of the excited level were considered herein in addition to 
radiation absorption in the heated layer .  

Using the resul ts  of [9, 10] and manipulating, we obtain 

4C~ 1/-m,  tRT)3,,~[T~+2j e x p ( - - ~ ) [ l  
1--~--c~* g~ LTo /_[' (2.1) 

zi,~s_ - a~a*O 4~xe~ [ 'T~cxp(-- Ti21--E~ Ti" ][1 ( TUg-1 ca2 P ( T'I / 3/2 g-4-~ expk~--e) J �9 (2.2) 

Since the extent of the heated l ayer  is much grea te r  than the charac te r i s t ic  body dimension [4], the 
initial sys tem of equations in the heated layer  can be written as 
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pg = COrlSt, 

du 1 dp 
U ,. 

dr p dr . . 

d ( u e  . U ~ _ )  dq hVl, ~ 
o u 7 ;  - g -  -~ i- ~ , dr pa*A.,,~&, m~ 

pu 

= %~-[- o)i~ - -  kTi=tL_,~-- kT~,:nl~ " -:  k T  1 (n' -k ng~), 

__d~ = m~, (,40~ -i- n'e, -i: n"), 
pu dr 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

- -  n~a ~- t z ~ x - -  iT, - - 9  a *  (2.8) 
pU dr m a ' 

p = p R ( T  a .~_ aTe) . (2.9) 

3 .  M e t h o d  o f  S o l u t i o n  a n d  S o m e  R e s u l t s  

The  fo l lowing  m e t h o d  was  u s e d  to compu te  the  f low on the z e r o  s t r e a m l i n e .  F i r s t  the f low in the  
whole f r o n t a l  d o m a i n  was c o n s i d e r e d  in the f o r m u l a t i o n  [3] without  t ak ing  account  of r a d i a t i o n .  We hence  
o b t a i n e d  the  shape  e(0) of the shock  and  the d e p e n d e n c e  of the  p r e s s u r e  on the  a n g u l a r  c o o r d i n a t e  p(0).  The  
c o e f f i c i e n t s  P2(~) and a 2 which change  s l i g h t l y  when r a d i a t i o n  is  t a k e n  into account ,  were  d e t e r m i n e d  f r o m  
the  a p p r o x i m a t e  p o l y n o m i a l s  

e(O) : :  e o -i- a~ 0"~ + a40 ~, (3.1) 

p (0) : :  P0 -i- P20 ~" -i- P40 ~ (3.2) 

L a t e r  a 2 and P2(~) a r e  u s e d  to so lve  the  p r o b l e m  a long  the z e r o  s t r e a m l i n e  in the  s y s t e m  (2.3)-  (2 .9 ) ,which  
b e c o m e s  a s  0 - -  0 

'2 (3.3) . . . . . .  u dp 2u du V~-+- i = O, 
-dr r p dr r 

du i dp (3.4) 

dr p dr 

udVl.__ __t"~ ~.. u V ~  2~a., du 1 

dr i -  r r r dr pr 

d [ tt 2 5 _~_ccTe)_i_c~RT~l] 
pu ~-r 2 ! --2 - R ( T "  ' --  j d r  ' 

d I 5 R T , , c [ ) - - n  ~--7-r (RTe~-P) i % c -  Olt dl--- 7 ~ T :=~ (O"O 

_ k T n t i ,  ~ -:  3 _  kT,,/v,~, -i kTdi.,,r - -  kTi.,ti~.~ (3.7) 
2 ' ~ " 

da (3.8) 
pu . . . .  m. (li.~ + ,ie.-i- li,,.j), 

dr (3.9) 
p = pR (Ta -b (zT~). 

A s  in [2, 3], the  m e t h o d  of  so lv ing  the p r o b l e m  r e d u c e s  to a double  i t e r a t i o n .  The  inne r  i t e r a t i o n  
c y c l e  c o n s i s t s  in f i nd ing  the p o s i t i o n  of the  shock  fo r  a g iven  r a d i a t i o n  f i e ld  d i s t r i b u t i o n  while  the r a d i a t i o n  
f i e l d  i t s e l f  is  d e t e r m i n e d  in the  o u t e r  i t e r a t i o n  c y c l e .  The  f low without  r a d i a t i o n  i s  t aken  a s  the in i t i a l  
i t e r a t i o n .  The  o u t e r  i t e r a t i o n  c y c l e  is  con t inued  unt i l  bo th  the h y d r o d y n a m i c  and  the r a d i a t i o n  f i e l d s  a g r e e  
to a g iven  d e g r e e  of  a c c u r a c y  in two s u c c e s s i v e  i t e r a t i o n s .  

A s  an i l l u s t r a t i o n ,  l e t  us  p r e s e n t  some  r e s u l t s  of  c o m p u t a t i o n s  fo r  the  c a s e  of a r g o n  f low a r o u n d  
a s p h e r e  with a s u r f a c e  e m i s s i v i t y  6 = 0.5 fo r  a f r e e  s t r e a m  Mach  n u m b e r  Moo = 30 and a d e g r e e  of i o n i z a -  
t ion  ceoo = 10 -12. The  p r e s s u r e  poo and the  r a d i u s  of the  s t r e a m l i n e d  s p h e r i c a l  b l u n t n e s s  L v a r i e d  in such 

a m a n n e r  tha t  the p r o d u c t  Lpoo r e m a i n e d  cons tan t ,  n a m e l y :  

- -  2 p _ , ,  ( 3 . 5 )  

dq (3.6) 
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a p| = 0.00015 a im,  L = 40 cm, 

b o = 0.0015 a im,  L = 4  em, 

e P~ =0.015 a im,  L = 0 . 4  cm. 

Since b i n a r y  co l l i s ions  for  which the product  Lpoo is a s i m i l a r i t y  p a r a m e t e r  p lays  the governing ro le  in the 
shock l a y e r  under our condit ions,  the values  of the d i m e ns i on l e s s  standoffs ~ a r e  s i m i l a r  in the modi f i ea -  
t ions cons ide red .  The same  is t rue for  the values  of the r e l axa t ion  zone widths as well  as for  the hydro -  
dynamic  p a r a m e t e r s  such as  the p r e s s u r e  p, the atom T a and e lec t ron  t e m p e r a t u r e  Te, and the degree  of 
ionizat ion o~. The re fo re ,  the values of the opt ica l  th ickness  of the shock l aye r  r r e l a t i ve  to continuum r a -  
diat ion f rom the ground level  wi l l  a l so  be s i m i l a r  in the modi f ica t ions  inves t iga ted .  

In con t ras t  to the p reced ing  p a p e r s  [2, 3], the absorp t ion  coefficient  of continuum rad ia t ion  f rom 
the ground l a y e r  is taken f rom [11] in the p re sen t  computa t ions .  

A not iceable  d i f ference  in the behavior  of the hydrodynamic  p a r a m e t e r s  is mani fes ted  for  the modi -  
f iea t ions  a, b, e only in the domain adjacent  to the body sur face  where t e r n a r y  co l l i s ions  due to col l i s ion  r e -  
combinat ion become e s sen t i a l  (see F ig .  l a ) .  

P r e s e n t e d  in F ig .  lb  a r e  p ro f i l e s  of the degree  of ionizat ion c~ for  the modif ica t ion  b as  a function 
of taking account of the d ive r s e  radia t ion  m e c h a n i s m s .  It is seen that the influence of rad ia t ion  t r anspo r t  
in the resonance  l ine is sl ight compared  to the influence of continuum rad ia t ion  t r a n s p o r t  f rom the ground 
l eve l .  Taking this  l a t t e r  into account r e s u l t s  in some nar rowing  of the relaxatic"a domain.  

P r e s e n t e d  in F ig .  2 a r e  p r o f i l e s  of the d i m e ns i on l e s s  continuum rad ia t ion  energy  f luxes f rom the 
ground level  qgr  and the resonance  rad ia t ion  qex for  c a s e s  a, b, e.  Here  the va lues  of the rad ian t  f luxes 
a r e  r e f e r r e d  to the quanti ty OooU2rnax/2, the value of the kinet ic  energy  flux at infinity.  It is seen that the 
ene rgy  flux on the body, t r a n s p o r t a b l e  in that pa r t  of the l ine for  which the opt ical  th i cknesses  a r e  0.1 < r 

20, is subs tan t ia l ly  l e s s  than the continuum rad ia t ion  energy flux f rom the ground l eve l .  At the same 
t ime,  the continuous and r e sonance  rad ia t ion  f luxes taken out in the heated l a y e r  a r e  c om m e ns u r a t e .  

If the opt ical  t h i cknes se s  of the shock l a y e r  were  s i m i l a r  for  continuum rad ia t ion  f rom the ground 
l a y e r  in modif ica t ions  a, b, c, then the opt ical  t h i cknesses  a re  p ropor t iona l  to the gas densi ty  for  the same 
resonance  rad ia t ion  f requenc ies  since the l ine width [see (1.4)-(1.5)]  va ry  in p ropor t ion  to the densi ty .  
The re fo re ,  por t ions  of the l ine  more  remote  f rom the cen te r  should be cons ide red  for  va r i a t i ons  with a 
l a r g e  value of poo (or p~) .  

Let  us turn to an examinat ion  of the heated l a y e r .  Emergence  of rad ia t ion  in the heated l a y e r  has 
p r a c t i c a l l y  no influence on such p a r a m e t e r s  as  p, u, T a and subs tan t ia l ly  a l t e r s  the va lues  of c~, a *  and T e.  
Because  of resonance  rad ia t ion  absorp t ion  in the heated l aye r ,  exc i ted  a toms  or ig ina te  whose coneen t r a -  
tion c~ and c~* grows at the wave front  to s 10 -s  o r d e r  of magni tude.  The e lec t ron  concent ra t ion  ahead of 
the front  is r e l a t e d  to absorp t ion  of continuum radia t ion  f rom the ground level  and is on the o r d e r  of mag-  
nitude of 10 -3. 

The continuum rad ia t ion  flux f rom the ground level  to the heated l a y e r  d imin i shes  100-fold in a 
length on the o r d e r  of the body radius ,  while the domain of high va lues  of T e in the heated l a y e r  has a co r -  
responding ly  s i m i l a r  d imens ion .  A r i s e  in the e l ec t ron  concent ra t ion  o~ is o b s e r v e d  in this  same domain, 
which occur s  mainly because  of absorp t ion  of continuum rad ia t ion  f rom the ground l eve l .  

The resonance  rad ia t ion  domain we cons ide red  was divided into six f requency bands .  It should be 
noted that the value of the total flux a l so  depends on the method of pa r t i t ion ing  the l ine in the f requency 
bands .  The resonance  rad ia t ion  path length in the heated l a y e r  is  cons ide rab ly  g r e a t e r  than for  the contin-  
uum, where the max imum path length (for the most  r emo te  f r equenc ies  f rom the cen te r  of the line) is a 
quantity on the o r d e r  of hundreds  of body r a d i i .  The domain in which a r i s e  in concent ra t ion  of the ex-  
c i ted  a toms c~* occu r s  is  r e l a t e d  to the depth of resonance  rad ia t ion  pene t ra t ion  into the heated l a y e r .  

The opt ical  t h i cknesses  for continuum rad ia t ion  f rom an exci ted  level  a r e  much l e s s  than the opt i -  
cal  t h i cknesses  for  all  o ther  kinds of r ad ia t ion  cons ide red .  Hence, taking account of absorp t ion  of eont inu-  
am quanta f r o m  the exci ted  leve l  in the heated l a y e r  influences the gasdynamie  p a r a m e t e r  p ro f i l e s  s l ight ly .  
The e l ec t ron  t e m p e r a t u r e  v a r i e s  most  s t rong ly .  It app rox ima te ly  doubles  in the fa r  heated l a y e r  as  eom-  
p a r e d  to the value at infinity.  
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Fig. 4. Change in exci ted a tom concentrat ion c~* in the 
heated domain fo r  modif icat ions a, b, c (oL*, ~ a re  d imen-  
s ionless) .  

Taking account  of t r a n s m i s s i o n  of the internal  energy  of the exci ted a toms  to the e lec t ron  gas be -  
cause  of impac ts  of the second kind turns  out to be insignificant under the conditions we cons idered .  

NOTATION 

r__ rad ius  vec tor ;  ~, d imens ion less  rad ius  vec tor ;  0, po la r  angle, V, u, v, veloci ty  vec to r  and 
its components  along the rad ius  vec to r  and along its normal ;  V 1 = (~v/O0)O=o; p, total p r e s s u r e ;  Pe, e l ec -  
t ron gas p r e s s u r e ;  p, gas  density; Pi, ion gas  density; v~, degree  of gas  ionization; ~*, re la t ive  exci ted 
a tom concentrat ion;  Ta, T e, a tom-- ion  and e lec t ron  gas  t empera tu re ;  T 0, t e m p e r a t u r e  of e l ec t rons  being 
fo rmed  during a t o m - - a t o m  col l is ions;  T t t e m p e r a t u r e  of e l ec t rons  being fo rmed  during radia t ion ab so rp -  
tion in the heated l aye r ;  ma, me, a tom and e lec t ron  mass ;  e, e lec t ron  charge;  R, specif ic  gas  constant;  
k, Bol tzmann constant ;  h, P l anck ' s  constant;  Til ,  Ti 2, ionization t e m p e r a t u r e  f r o m  the ground and 
excited levels ;  u, f requency;  k, radia t ion wavelength;: ut2, X12 , f requency and wavelength at the center  
of the r e sonance  line; nea, naa, ionization ra te  by e l e c t r o n - a t o m  and a t o m - a t o m  impact ;  ~12, ~23, 
ra te  of exci ta t ion of the ground and ionization of the excited levels  by e lec t ron impact ;  ng r ,  ~,', ra te  
of photoionization by continuum radiat ion f r o m  the ground and exci ted levels ;  {lex, ra te  of excitat ion in r e s -  
onance radia t ion  absorp t ion;  Wie, ~ae ,  ra te  of energy  exchange in ion--e lec t ron and a tom- -e l ec t ron  col l i -  
sions;  ~ ,  po la r iza t ion  f ield intensity; U, internal energy  of unit m a s s  of gas; qgr, qex, continuum radiat ion 
energy  f luxes f r o m  the ground and resonance  leve ls ;  q =qgr  +qex; Moo unper turbed s t r e a m  Mach number;  
ne, e lec t ron  concentra t ion;  nk, a tom concentra t ion in the ground state;  L, radius  of the spher ica l  bluntness;  
gl, g2, s ta t i s t ica l  weights of the a tom ground and exci ted s ta tes;  ~(v), absorpt ion  coefficient  in the continu- 
um f r o m  the ground level;  k o, r e sonance  absorpt ion coefficient  at the center  of the line; f ,  osc i l l a to r  
s t rength;  C e, pj, c~ii I, w, A21, constants ;  gt2, Gaunt f ac to r .  
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