
N O T A T I O N  

x, coordinate  measu red  f rom the diaphragm along the shock tube channel, m; L, length, m; t, t ime 
m e a s u r e d  f rom the t ime of diaphragm rupture ,  sec;  T, t empera tu re ,  ~ p, p r e s s u r e  bar ;  p, densi ty,  kg]m3; 
a, speed of sound, m / s e e ;  u, s t r eam velocity,  m / s e c t  U, shock velocity,  m / s e c ;  ~,  molecu la r  weight, kg/  
kg. mole;  M, s t r e am or  shock Mach number;  ~], ra t io  of the specific heats;  L, d imensionless  length, =L, 
d imensionless  t ime. 
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This  paper  invest igates  hypersonic  flow of a monatomic viscous two- t empera tu re  nonequil ibrium 
ionized radiating gas over  blunt bodies. The t r anspor t  coeff icients  are  evaluated to a high- 
o rde r  approximation and the i r  influence on the heat flux to the wall is analyzed. 

An investigation of flow of a nonequil ibrium ionized radiating gas over  blunt bodies is a ma t t e r  of grea t  
in teres t .  The analogous problems  were  examined in [1-6] for  a per fec t  gas, in [7, 8] ( s ing le- tempera ture  
approximation),  and in [9, 10] ( two- tempera ture  approximation) for  a viscous gas. However,  it is suggested 
even in [9, 10] that the ionization react ions  are  f rozen,  radiation is absent ,  and the t r anspor t  coeff icients  are  
calculated using ve ry  simple c lass ica l  theory  [11]. 

In this  paper  the problem of flow over  a blunt body is posed in the mos t  genera l  form: the gas is r e -  
garded as viscous,  heat-conducting,  two- tempera tu re ,  nonequil ibr iam-ionized,  and radiating, and the t r ans -  
port  coeff icients  are  de te rmined  f rom h igh-order  approximation theory.  

The kinetic model  of a gas (argon i s  chosen here) provides  for  a tom--atom and e lec t ron- -a tom coll isional 
ionizing reac t ions  via an exci ted level  

A + A.,~A* + A, A* + A~:~:A+ + e +  A, (1) 

A +e.~-A* + e, A* + e-~--A* + 2e, (2) 

and also photon-ionization reac t ions  with the ground level  
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Fig.  1. The e l e c t r o n  t h e r m a l  conduct iv i ty  X e (J /re .  s ec -  deg) in the t h i rd  
approx ima t ion  (1, 2) and acco rd ing  to [11] (3, 4) as  a funct ion of the de-  
g r e e  of ionizat ion,  f o r  p = 10 ~ N / m  2, T h = 2. 104~ two va lues  of Te:  
a) Te  = 16.10a~ b) 12.10a~ 

Fig. 2. P r o f i l e s  of nonequ i l ib r ium and equ i l ib r ium ionizat ion,  a tom--  
ion t e m p e r a t u r e ,  and e l e c t r o n  t e m p e r a t u r e  of g a s e s  in the shock  l a y e r  for  
M~ = 30, Poo = 100 N / m  2, L = 0.04 m,  aoo = 10 -3, Th~o = 300~ Teoo = 104~ 
T w = 2000~ (a ,  a E ,  R T / V  2 ,  and ~ a re  d i m e n s i o n l e s s  quanti t ies) .  

A + hv ~ A + + e. (3) 

E x p r e s s i o n s  fo r  the r eac t i on  r a t e s  f o r  Eqs.  (1)-(3) were  given in [4, 7]. 

The ini t ia l  s y s t e m  of equat ions  inc ludes  the con t inu i ty  equation,  the e n e r g y  equat ion for  a tom- - ion  and 
e l ec t ron  gases ,  the r e l axa t ion  equat ion fo r  the r a t e  of ionizat ion,  and the rad ia t ive  t r a n s f e r  equat ion [7, 12, 13] .  

To so lve  the p r o b l e m  we wr i te  these  equa t ions  in a body- f ixed  coo rd ina t e  s y s t e m  and t r a n s f o r m  them 
within the wel l -known thin s h o c k - l a y e r  mode l  [14]. Neglec t ing  p r e s s u r e  va r i a t ion  a c r o s s  the l aye r ,  allowing 
fo r  amb ipo l a r  diffusion and the p r e s e n c e  of an in te rna l  e l e c t r i c  field, and account ing for  the rad ia t ive  t r a n s f e r  
equat ion in the plane s lab approx imat ion ,  we a r r i v e  at the following s y s t e m  of equat ions:  

0 0 
o~-~ (to.) + -~y (rpv) = o, (4) 

pu -~x + pv Oy dx + @ , ~  , (5 )  

Oa Oa (6) pu ~x + pv ~y = mo (,i~ + % + nR) - os,~ 

( ) o (5  ) Op~ Op,~ 
Pu-~-x , 2 Ox Oy 

\. Oy + n~eEuViu --~ OqRoy --%~ --%~ 

- -  ~ n ~  --  ~ h~ - -  KTj(n~ + n~), 

0 ( 5 R T j z )  @pv~--~-(5RTe~z) = OP~e +rOSy" 
pu-~x u Ox 

(7) 

-- neeEvViv -- -@9 + ~ toe" -- 

p = pR (Th + aTe), 

0 dl~ cos - -  = p (1 - -  ~z) • (S, .  - -  I 0 ,  
d9 

(s) 

(9) 

(1o) 

where  S u is  the s o u r c e  function,  
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Fig.  3. The convec t ive  heat  f lux to the wall  as  a 
funct ion of Mach  n u m b e r  fo r  the c a s e s  where  the 
t r a n s p o r t  coef f ic ien t s  a r e  ca lcu la ted  in h i g h e r - o r d e r  
app rox ima t ions  (Ia) ,  and acco rd ing  to [11] (2a), and 
the r ad ia t ive  heat  f lux d i s t r ibu t ion  (b) in the shock  
layer .  The flow condi t ions  a r e  poo = 100 N / m  2, L = 
0.04 m,  aoo= 10-3, Thoo= 300~ Teoo = 104~ T w = 
2000~ (qcw, qR, kW/m2, Moo, and ~ a r e  d imen-  
s ion le s s  quanti t ies) .  

a 2 1 - - a e  Bv(Te)" ( i i )  

The boundary  equat ions  at the shock  wave (we a s s u m e  that  the shock  is  a s u r f a c e  of d iscont inui ty  fo r  
the g a s d y n a m i c  p a r a m e t e r s )  a r e  the Rankine- -Hugonio t  r e la t ions ,  supp lemented  by the condi t ions  fo r  the 
d e g r e e  of ion iza t ion  aoo = a s and the e l ec t ron  t e m p e r a t u r e  Teoo = Tes.  

At  the body su r f a c e  the z e r o - s l i p  condi t ions  Uw = 0, v w = 0 m u s t  be sa t i s f ied ,  and the h e a v y - c o m p o n e n t  
t e m p e r a t u r e  can  be p laced  equal to the wall  t e m p e r a t u r e  Thw = T w. The  s t a t emen t  of the boundary  condi t ions  
fo r  the d e g r e e  of ion iza t ion  and the e l e c t r o n  t e m p e r a t u r e  m u s t  include f o r m a t i o n  of a wall l a y e r  of spa t ia l  
pos i t ive  charge .  F o r  a nonconduct ing  wall  and with no e m i s s i o n  of e l e c t r o n s  f r o m  the su r f ace  we have [9] 

d T  e 1 F l n (  m~ ~__ 1 ] n"~(KTe~)a/2 (13) 

In wr i t ing  boundary  condi t ions  fo r  the rad ia t ion  we a s s u m e  that  the gas  does  not  rad ia te ,  I v s  = 0 ahead 
of the shock  wave,  and that  t h e r e  i s  r ad ia t ive  ene rgy  ba lance  at the body 

law = 6B~ (r~.) + (t - -6)  I~ .  (14) 

The e x p r e s s i o n  fo r  the  s p e c t r a l  f lux of r ad ia t ive  ene rgy ,  obtained in the p lane  s lab  approx ima t ion  fo r  
the c a s e  0 = 1 and neglec t ing  s u r f a c e  rad ia t ion  f r o m  the  body because  of the low t e m p e r a t u r e ,  can  be wr i t t en  
as  fol lows:  

TV ~%,s 

= [I s : 2  dr, - 1 - dt ] (15) 
0 "~V 

where  

i g E 2 (z) -- co -~ exp (--  coz) dco, % = J~ ,o (t - -  (z) • • = oj/r%. 
1 0 
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To c a l c u l a t e  the to ta l  f lux  qR = 
v 5 

f ic ien t  and use  e x p e r i m e n t a l  va lue s  f o r  the  c r o s s  s ec t ion  fo r  pho to ion iza t ion  f r o m  the g round  s ta te  o-j = 34- 
10 -18 c m  ~ f r o m  the data  of [15]. 

As  a f i r s t  s t ep  t o w a r d  the so lu t ion  in the  en t i r e  subson ic  r eg ion  we c o n s i d e r  the  flow n e a r  the  s t agna -  
t ion point .  H e r e  w e  a s s u m e  tha t  all  the  dependent  v a r i a b l e s ,  a p a r t  f r o m  the t angen t i a l  ve loc i ty  componen t  
u = ul(y)x,  the  quan t i t i e s  r = x, and the p r e s s u r e ,  d e t e r m i n e d  by the Newtonian f o r m u l a ,  a r e  funct ions  of a 
s ingle  v a r i a b l e  y [14]. Then  Eqs .  (4)-(8) r educe  to o r d i n a r y  d i f f e r en t i a l  equat ions .  

We in t roduce  the  v a r i a b l e  ~ and e x p r e s s  u 1 and v in t e r m s  of f(~): 

Y 

~] = \ L ~ s  I g pdy, ut = ~ [ (n), v -- C dn 
0 

We now c o n v e r t  to d i m e n s i o n l e s s  v a r i a b l e s ;  

v v - u~L 
, - - ,  - - - ' - - - ~ , 2  , V ~ , V~ V-s p~ 9~V~ 

RT~ q~ L%~ - L%,~ 
p~V~ p~V~ p~Va~ 

~p~ Lmon.. - Lmd'Ze~ Lmon~ 
o~V~ ' % ~ =  p~V~ ' ~p~= -p~V~ ' 

g 

d~ = t" r (~) d~. = n__ ~ = ~ (~) 
~ '  ~ '  

,3 
0 

Then  n e a r  the  s tagna t ion  point  Eqs .  (4)-(8) t ake  the f o r m  (we omi t  the b a r s  above  the d i m e n s i o n l e s s  

i qRp dv we a s s u m e  a mu l t i band  a p p r o x i m a t i o n  f o r  the a b s o r p t i o n  c e e f -  

variables) 

1 d ( d _ ~ )  dq~ 1 r 2 + 4 ( 1 ~ k )  0, 
~1~ d~ l +~P d~ 2 p 

t d [ l dcz" t , do~ L_(q)aad-(pe.:+(pR)=o, 
~1~ d~ . d~ p 

~1~ d~ \Pr  h d~ ] + ~-cp 5 Sc ~1~ a d~ d~ 

[ ] 2 ( % , + % ~ )  2 - d9 l 1 t dcz dp T n - - 7  
5,0 ~ - ~  + Sc n{ ~ d~ d~ op 

(16) 

(17) 

2 ~p(1) dqR 1 (2Tj_+_3To)% . 2 (Ti4_Te)_~R =:0, (18) 
5 d~ 5 p 5 ' 0 

nse~r~Tg ~ ~a+sc n;d~ d~ 
2 [ 5 ( % . + % ~ + o p R 1  , ; a  1 dp , 1 l 1 [" dcz~ 2 

5 [ 2 9 ~ ~ " 

l 1 1 dp dtz - da ~p~ ]Te.+_ 2 
-~ Sc n; P d ~ ' d - ~ - - q 9  d~ p ~-9 

The  c o r r e s p o n d i n g  bounda ry  cond i t ions  can  be w r i t t e n  as  

dcz Sc~TJ~ 2 
- -  --- C]~W ~ ~=o, ~ o, a~ ~(i)~ 

PrewT~- dT~ 1 in ( m~ / - - 1  ~ ' - d ~ ,  (20) 

= 1, ~ : 2, a = as, T h =: Ths , T e = Tes. (21) 
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Here 

l = P~/Pst4, Sc = ~/DDA, Pr h = 5R~/2~.A, Pr,=5Rt~/2I~. 

In o rde r  to solve this sys tem of equations we must  know l, Sc, Prh ,  Pre ,  i . e . ,  the t ranspor t  coefficients 
as a function of the thermodynamic pa rame te r s  of the gas. 

It was shown in [19] that for ionized gases  one must  calculate these coefficients in h igher -o rde r  ap- 
proximations than a re  provided by the s implest  c lass ica l  theory. A method was proposed in [13] which makes  
it possible to calculate the t r anspor t  coefficients in higher approximation for  a two- tempera ture  part ial ly 
ionized gas,  using a modified Chapman--Enskog method. Here  a second-order  approximation is sufficient 
for  the viscosi ty  coefficient,  and a t h i rd -o rde r  approximation is sufficient for the electron thermal  conductiv- 
ity. 

In this work we calculated the t ranspor t  coefficients in higher approximations for the case of two- tem-  
pera ture  nonequilibrium ionized argon. The interact ion potentials of the various par t ic le  pai rs  were chosen 
as recommended in [16]. The investigation showed that our resul ts  for  the genera l  case  agree well with the 
data of Devote [16, 17] in the one- tempera tu re  approximation and with Spitzer and Harm [18] for a fully ionized 
gas.  

�9 It was found that, in general ,  the t ranspor t  coefficients depend on the four independent pa ramete r s  p, 

Th, Te, 5.  

Figure  1 shows resul ts  of calculating the electron thermal-conduct ivi ty  coefficient.  It can be seen that 
in the third approximation A e is considerably g rea t e r  than k h, calculated using very  simple c lass ica l  theory 
[11]. 

Figures 2 and 3 show some results of the calculated flow over a body near the stagnation point. The 
solution was found by the sweep method, using double iteration on the BESM-4 computer. The gasdynamic 
field and the shock-layer standoff distance were determined during the internal iterations, and the radiation 

terms were improved in the external iterations. 

Figure  2 shows the distribution of ~(~), C~E(~ ), Th(~ ) and Te(~). It can be seen that the flow is ap- 
preciably nonequilibrium in mos t  of the shock layer. Near the wall T e exceeds Th. A s imi lar  effect was 
noted in [9], where the special  case  of frozen flow at small  Mach number was examined. 

Figure  3 shows the convective heat flux qcw to the body surface as a function of Mach number,  and also 
the distribution of radiative heat flux qR in the shock layer  for Moo = 28 and 30. It can be seen that calculation 
of the t ranspor t  coefficients in the higher approximations leads to an appreciable increase  (up to 30~0) in qcw, 
compared  with a calculation using t ranspor t  coefficients derived from the simplest  c lass ica l  theory. By 
comparing Figs.  2 and 3b, we can see that the maximum of qR lies in the cumulative ionization front region. 

Investigations have shown that for the initial conditions considered the influence of radiation on the flow 
field is slight and the radiative flux to the body surface is less than the convective flux. However, as the Mach 
number  increases ,  qRw increases  more  rapidly than qcw. The appreciable blocking of qR by the wall region 
can also be seen. 

NOTATION 

A, A*, atoms in the ground state and an excited state; A +, singly charged ion; x, y, coordinates;  u, v, 
velocity components alongthe x and y axes, respect ively;  r, distance from the body axis of symmet ry ;  }, 
dimensionless coordinate acro~s the shocklayer ;  Voo, M~, gas velocity and Mach number in the incident 
s t ream;  p, t,, ~, p re s su re ,  density, and degree of ionization of the gas;  C~E, degree of  equilibrium ionization 
of the gas;  T h, Te, a tom--ion and electron t empera tu res  of the gas;  Vi, diffusion velocity of the ions; Ji ,  mass  
flux of ions; E, internal  e lect r ic  field intensity; R, specific gas constant; K, Boltzmann constant;  v j, T j ,  
ionization frequency and tempera ture ;  By(T), Planck function; ~v ,  absorption coefficient for unit mass  of an 
atomic gas;  ~v, optical depth; o], c ro s s  section for photoionization from the ground state; ~ ,  I~, spectral  
radiative intensities propagating in the positive (+) and negative (--) directions of the ~ axis; qe, convective 
energy fluxes of atom--ion and electron gas; qRv, qR, spectra l  and total radiative energy fluxes; e, e lectron 
charge;  m a, m e, masse s  of atom and electron;  {tan, {1 ea, rate of ionization by a tom--atom and e lec t ron--a tom 
coll isions;  El R, rate of photoionization; ~Oei, wen, rate of elast ic  energy exchange of e lec t rons  with ions and 
atoms; Q,a' ~R' mean energy of e lec t rons  formed by atomic ionization and photoionization; k, density rate  

1114 



before and af ter  the shock wave; ~ ,  kh, be ,  D A, coeff icients  of viscosi ty,  atom--ion and e lec t ron thermal  
conductivit ies,  and ambipolar  diffusion; 6, surface  emiss ivi ty;  ni, ion concentrat ion;  P r ,  Prandt l  number;  
Sc, Schmidt number;  l = p~/p s~ s, d imensionless  pa rame te r ;  h, e, subscr ip ts  r e fe r r ing  to p a r a m e t e r s  of the 
atom--ion and the e lec t ron  gas, respect ively;  0% s, w, subscr ipts  re fe r r ing  to p a r a m e t e r s  of the gas in the 
incident flow, immediate ly  behind the shock wave, and at the body, respect ively.  
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A C L A S S  O F  M U L T I P L E  I N T E G R A L S  O F  

T R A N S F E R  T H E O R Y  

M. I .  Z h u r i n a ,  A.  M. P o p o v a ,  
a n d  A.  P .  P r u d n i k o v  

UDC 539.125.523 

We consider  a c lass  of multiple in tegrals  of t r an s f e r  theory  under the assumption that the scat -  
ter ing field function may be exponential. 

[11 

where 

The scat ter ing amplitude of two par t i c les  is de termined  by the Lippmann--Schwinger integral  equation 

t(k, k' E)=V(k ,  k ' ) +  f V(k' p)t(p, k', E)dp, 
' . E - - p 2  + io  (1)  

V(k, k ' ) =  1 (" exp t--  i (k - -  k') r] V (r) dr; 
l 

(2~x) 3 .] 
~2:B 
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