
S T R U C T U R E  O F  T H E  H E A T I N G  L A Y E R  

A H E A D  O F  T H E  F R O N T  O F  A S T R O N G  

E M I T T I N G  S H O C K  W A V E  

I .  V. N e m c h t n o v ,  V.  V.  S v e t t s o v ,  
a n d  V.  V.  S h u v a l o v  

I N T E N S E L Y  

UDC 533.6.011.72 

The  p rob l em  of the s t r u c t u r e  and b r igh tness  of  s t rong  shock waves  a r i s e s  in the invest igat ion 
of such phenomena  as the motion of l a rge  me teo ro id s  in the a t m o s p h e r e ,  opt ical  and e l ec t r i ca l  
d i s cha rges ,  the development  of  s t rong  explos ions ,  and o ther  s i m i l a r  p r o c e s s e s  and in the c r e a -  
tion of powerful  rad ia t ion  sou rces  based  on them. This  p rob lem also has a genera l  physics  
in te res t .  As the propagat ion  ve loc i ty  of  a s t rong  shock wave i n c r e a s e s  the gas t e m p e r a t u r e  
behind its f ront  and the r o l e  of emis s ion  grow. Par t  of the rad ia t ion  emit ted  by  the gas heated 
and c o m p r e s s e d  in a shock wave is absorbed  ahead of the front ,  f o rming  the so -ca l l ed  heat ing 
l aye r .  The quas ! s t eady  s t r u c t u r e  of a s t rong  in tensely  emit t ing  shock wave was studied in [1, 
2]. In this ca se  a diffusional  approximat ion  and the assumpt ion  of a g r a y  gas we re  used to de-  
s c r i b e  the rad ia t ion  t r a n s f e r .  They  Introduced the concept  of a wave of c r i t i ca l  ampli tude,  when 
the m a x i m u m  t e m p e r a t u r e  T_ in the heat ing l aye r  r e a c h e s  the t e m p e r a t u r e  T a de te rmined  on 
the b a s i s  of the conserva t ion  laws,  i .e . ,  f r o m  the usual  shock adlabat;  it is shown that behind a 
c o m p r e s s i o n  shock moving  through an a l r eady  heated gas  t he r e  is a t e m p e r a t u r e  peak in which 
the m a x i m u m  t e m p e r a t u r e  T+ exceeds  T a. The  p rob l em of the quas i s teady  s t ruc tu re  of an 
emi t t ing  shock wave in a i r  of  no rm a l  dens i ty  was solved n u m e r i c a l l y  in [3]. The angular  d i s -  
t r ibat ion of the rad ia t ion  was app rox ima te ly  taken into account - it was ass igned  by a s imple  
cos inusoidal  law. The s p e c t r a l  effects  we re  taken into account in a mul t igroup  approximat ion.  
They  introduced 38 s p e c t r a l  in te rva l s ,  which is insufficient  to desc r ibe  a radia t ion  s p e c t r u m  
with a l lowance for  the numerous  l ines and absorpt ion bands.  

The nons teady  p rob l em  of the motion of a s t rong  in tensely  emi t t ing  shock wave is analyzed in the p resen t  
r e p o r t ,  as in [4, 5], with detai led al lowance for  the spec t r a l  composi t ion  of the radia t ion  (456 spec t r a l  in terva ls  
we re  introduced) and its angular  dis t r ibut ion (13 r a y s  in the fo rward  di rec t ion and as many  in the r e v e r s e  d i r -  
ection). We used detai led t ab les  [6] of the opt ical  p r o p e r t i e s  of hot a i r ,  extended into the h i g h - t e m p e r a t u r e  
�9 reg ion  (up to 30 eV) and into the reg ion  of higher  quantum ene rg ie s  s (up to 250 eY). Absorpt ion and emiss ion  
in l ines we re  taken into account  in the region of s ~_ 18.6 eV (where mos t  of  the spec t r a l  in terva ls  we re  concen-  
t ra ted) .  

The solution of the nons teady p r o b l e m  allows one to t r a c e  the evolution of the t e m p e r a t u r e  peak behind 
the shock wave f ront  and of the heat ing l ayer  ahead of it and, in pa r t i cu l a r ,  to find the law of growth of the t e m -  
p e r a t u r e s  T+ and T_ up to the i r  l imi t ing  values  co r r e spond ing  to the quas i s teady  s tate .  To hasten the ca lcu -  
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lations of such a r a d i a t i o n - g a s d y n a m i c  problem we used the method of averaging of the rad ia t ion- t rans fe r  
equations [7], which has proved to be quite effective. 

The propagation of shock waves in air  with a density of 0.03-0.01 of normal  at velocit ies of 20-50 k m / s e c  
tbr the piston genera t ing the shock wave was analyzed in [4, 5]. It was shown that the thicknesses of the heating 
layers  r each  such great  s izes  that the establ ishment  of a quasis teady state cannot be observed under l abora tory  
conditions with the l imited dimensions of the installations used, usually not exceeding 30-100 em. In the present  
r epor t  the motion of shock waves in air  is studied theore t ica l ly  in the same veloci ty range,  but the dens i tyrange  
is widened in the direct ion of an increase  (up to 0.1 of normal  density) in o rde r  that the establishment of a 
quasis teady s t ruc tu re  could take place in shor ter  t imes and in smal le r  distances.  
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In the descr ip t ion  and ana lys i s  of  the ca lcula ted  r e s u l t s  in [4, 5] pr inc ipa l  at tention was paid to those 
l a y e r s  of the heat ing  "tongue" in which the t e m p e r a t u r e  is r a t h e r  high - on the o rde r  of 0.7-1.0 eV or  more .  
At the s a m e  t ime ,  a detai led ana lys i s  made  of the r e s u l t s  of our  ca lcula t ions ,  pa r t l y  desc r ibed  in  [4, 5], and of 
an additional s e r i e s  of ca lcu la t ions  showed that  the heat ing  l aye r  has a compl ica ted  s t ruc tu re .  T h e r e  a r e  two 
c l e a r l y  e x p r e s s e d  r eg ions  in it: a hot zone with a t e m p e r a t u r e  of 0.7-1.0 e v  or m o r e  and a f a r  m o r e  extended 
cool zone with a t e m p e r a t u r e  of  0.5-0.7 eV or  l e s s .  Both zones have r a t h e r  sha rp ly  e x p r e s s e d  f ronts .  The 
p r e s e n c e  in the heat ing  l aye r  of  two t e m p e r a t u r e  zones d i f fer ing  m a r k e d l y  in extent and of two heat ing f ronts  
has  evident ly  not been noted be fore .  We will d i scuss  this compl ica ted  s t r u c t u r e  of  the heat ing l ayer  in m o r e  
detai l  and analyze  the caus e s  of  i ts  format ion .  

Let  the piston caus ing  the motion of the shock wave move  with a constant  ve loc i ty  v =30 k i n / s e e  in a i r  
with a r e l a t i ve  dens i ty  ~ =0.1. In Fig. 1 we p re sen t  the dis t r ibut ion of the t e m p e r a t u r e  T (solid curves)  and 
radia t ion  flux dens i ty  q with r e s p e c t  to d is tance  x,  m e a s u r e d  f r o m  the piston,  for  a t ime  t = 7 . 3  p s e c ,  when a 
quas i s t eady  s t r u c t u r e  has  a l r e ady  been a l m os t  es tabl i shed.  F igure  l a ,  shows the d is t r ibut ions  of T(x) and q(x) 
in the hot zone while Fig. lb ,  shows those  in the cool zone. In this e a s e  the shock wave is subc r i t i ca l  and the 
m a x i m u m  t e m p e r a t u r e  in the hea t ing  l aye r  is T _ =4.0 eV, whe reas  the gas t e m p e r a t u r e  nea r  the piston is c lose  
to the t e m p e r a t u r e  T a f r o m  the shock adiabat  of  [8] (5.7 eV). The t e m p e r a t u r e  in the peak is T+=7.3 eV. The 
m a x i m u m  rad ia t ion  flux escap ing  f r o m  the shock wave f ront  exceeds  the b lackbody radia t ion  flux at  a t e m p e r a -  
tu re  T a  owing to the intense em i s s i on  f r o m  the peak,  which b a s i c a l l y  has  a volume c h a r a c t e r .  In the per iod 
under cons idera t ion  the quanti t ies  T +, T _, and qm hard ly  v a r y  with t ime  and a re  a l r eady  r a t h e r  c lose  to thei r  
quas i s t eady  va lues .  The extent x~. 8 of the hot zone (with a t e m p e r a t u r e  of  m o r e  than 0.8 eV) is about 0.2 cm,  
and it v a r i e s  r a t h e r  s lowly with t ime ,  while the  th ickness  x'0.2 of  the cool zone (with a t e m p e r a t u r e  of m o r e  than 
0.2 e V ) i s  13 c m  and is s t i l l  growing not iceably.  (Here and l a t e r  d i s tances  m e a s u r e d  f r o m  the shock wave 
f ront  will  be  m a r k e d  with a p r ime . )  The bend in the  t e m p e r a t u r e  prof i le  at about 0.7 eV, which s e p a r a t e s ,  as it 
w e r e ,  these  two t e m p e r a t u r e  zones  of cons ide rab ly  different  t h i cknesses ,  is r a t h e r  well  seen. 

An ana lys i s  of the s p e c t r a  and the groups of rad ia t ion  f luxes shows that the fo rmat ion  of the hot zone is 
ma in ly  connected with the absorp t ion  of rad ia t ion  with quantum energ ies  e >  10 eV, i . e . ,  jus t  the rad ia t ion  which 
is emi t ted  by  the shock wave f ront  for  the mos t  par t .  But the fo rmat ion  of the r e l a t i v e l y  cool  zone is connected 
with the  absorp t ion  of r ad ia t ion  of f r o m  6.5 to 10 eV, i .e . ,  that  which l ies  outs ide the l imi t s  of rad ia t ion  t r a n s -  
m i s s ion  by  cold a i r ,  on the one hand, while it has not yet  been abso rbed  in the hot zone of the heat ing l ay e r ,  on 
the o ther .  The dependence of the rad ia t ion  in tens i ty  Ie on the quantum ene rgy  e at the t ime  t =7.3 p s e c  for  the 
s p e c t r a l  sec t ion  of 3_< ~ _~10 eV in the d i rec t ion  perpendicu la r  to the shock f ront  is shown in Fig. 2. The upper  
cu rve  c o r r e s p o n d s  to a point with a t e m p e r a t u r e  T =0.5 eV behind the f ront  of  the cool par t  of  the heat ing l ayer  
while the lower cu rve  c o r r e s p o n d s  to a point with a t e m p e r a t u r e  T =0.2 eV ahead of this f ront  (the points a r e  
m a r k e d  by  dots on the t e m p e r a t u r e  dis t r ibut ion p re sen ted  in Fig. lb). 

We note that  in the reg ion  of r e l a t i v e l y  l o w - e n e r g y  quanta the s p e c t r a  a lmos t  coincide,  while at the point 
of  T =0.2 eV the s p e c t r u m  is v e r y  c lose  to the s p e c t r u m  of e scap ing  radia t ion.  It is seen  that quanta with 
energ ies  of 6.5-10 eV a l r eady  p lay  an apprec iab le  ro l e  in the rad ia t ion  s p e c t r u m  at the s t a r t  of  the cool zone. 
In this  reg ion  the s p e c t r u m  is s t rong ly  , j agged ,"  whe rea s  it is smooth  at e_<6.5 eV. The s p e c t r u m  of escap ing  
rad ia t ion  is a lso  smooth.  In the sec t ion  f r o m  1.5 to 5 eV the effect ive t e m p e r a t u r e  T e v a r i e s  slowly,  in the 
r ange  of 5.6-6 eV. He re  it p roves  to be  even higher  than the gas t e m p e r a t u r e  T a. This  is connected with the 
ro l e  of  the t e m p e r a t u r e  peak. Although the rad ia t ion  of this l aye r  d o e s h a v e  the c h a r a c t e r  of  the volume r a d i a -  
tion, having r a t h e r  sho r t  wavelengths ,  which is m o s t l y  emi t ted  by this reg ion ,  th is  p roves  to be no longer  so for  
the long-wavelength  rad ia t ion ,  p a r t i c u l a r l y  the v i s ib le  r ange ,  for  which the m e a n  f r ee  path of  the rad ia t ion  in 
the p l a s m a  is cons ide rab ly  s ho r t e r .  At the s a m e  t ime ,  the i nc rea se  in b r igh tness  t e m p e r a t u r e  owing to the 
peak  is pa r t i a l l y  compensa t ed  for  by  the absorp t ion  of this rad ia t ion  in the hot zone of the heat ing layer .  In the 
reg ion  of quantum energ ies  e < 1.5 eV the value of T e fa l ls  r a t h e r  rap id ly ,  which mus t  be kept in mind when 
us ing  s t r o n g  shock waves  as  b r igh tness  Standards .  

As for  the r ad ia t ion  emi t ted  by the f ront ,  its s p e c t r u m  di f fers  s t rong ly  f r o m  a Planckian s p e c t r u m  at  
quantum energ ies  of  m o r e  than 9-10 eV. As follows f r o m  Fig. 3, where  the dependence of I e on e is given for  
the sec t ion  f r o m  9 to 19 eV, m a n y  s t rong  and b road  l ines a r e  dis t inguished against  the continuous background.  
And the s p e c t r u m  is no l e s s  compl i ca t ed  at all  the in te rmedia te  points between the shock wave f ront  and the 
cool zone. It g radua l ly  con t r ac t s ,  as  it we re ,  owing to the cutoff  on the hard  side.  Thus,  at the point of T =0.7 
eV the s p e c t r u m  st i l l  extends to 12 r a t h e r  than to 10 eV, as o c c u r r e d  at the point with T = 0 . 5  eV. At the s a m e  
t i m e ,  the cutoff  of  pa r t  of  the s p e c t r u m  takes place  in an uneven way and the s p e c t r u m  is s t rong ly  jagged in the 
en t i re  reg ion ,  with l ines and absorp t ion  bands playing an impor tan t  ro le .  Thus ,  in the reg ion  of e s s en t i a l l y n o n -  
equi l ibr ium rad ia t ion  (in the t e m p e r a t u r e  peak and in the heat ing layer)  the rad ia t ion  s p e c t r u m  is compl ica ted .  
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The r e s u l t s  of calculat ions with detailed allowance for the spec t ra l  composit ion of the radiat ion are  p re -  
sented above and later .  It was in teres t ing to ascer ta in  how n e c e s s a r y  is such a degree of detail in the de te r -  
ruination of the spect rum.  Calculations were  made in which the spec t rum was taken into account in a 13-group 
approximation with the following group boundaries:  0 ... 1.596 ... 3.084 ... 4.076 ... 6.524 ... 7.052 ... 7.950 ... 
13.663 ... 9.965 ... 10.90 ... 12.38 ... 18.61 ... 80.59.. .  248 eV. It turned out that the values of T + and T_  were  ca l -  
culated with an accu racy  of about 15-20%, while the difference in the thickness of the cool zone was large.  

! 

Thus, for the case  of v =20 k in / see  and a re la t ive  air density 5 = 0.03 the thickness x0. 2 of the layer  with 
a t empera tu re  T> 0.2 eV obtained in the solution of the spec t ra l  problem at 6.5 ttsec a l ready differs more  than 
threefold f rom the analogous value obtained in the 13-group approximation. It is possible that with an i n c r e a s e  
i[n the number of groups in the region of 6.5-10 eV one could reduce  this difference,  but such a laborious inves-  
l:igation was not c a r r i e d  out, s ince the expenditures of computer  t ime on the solution of the problem with 456 
spec t ra l  intervals  using the averaging method [7] proved to be almost  the same as that for the solution of the 
problem in the 13-group approximation. This indicates the efficiency of the use of methods like that of [7] in 
solving problems of such a kind. 

It is natural  that the fo rm of the radiat ion spec t rum,  and with it the s t ruc ture  of the heating layer ,  a re  
connected with the cha rac t e r  of the var ia t ion of the spec t ra l  coefficients of absorption as a function of t empera -  
ture  and frequency.  

The logar i thms of the average  group coefficients of absorption K i as functions of the tempera ture  T at a 
re la t ive  air density 5 =0.1 for two groups of radiat ion are  shown in Fig. 4. Curve 1 pertains to the group with 
boundaries of 6.52-7.95 eV and curve 2 pertains to the group with boundaries of 7.95-9.96 eV. The solid 
curves  co r respond  to the average  Planckian values of the coefficients in these groups while the dashed curves  
cor respond  to the var ia t ion with t empera tu re  of the t rue  average  coefficients of absorption calculated in ac-  
cordance with the method of [7] f r o m  the t rue  spec t rum occur r ing  at the points with the given tempera tu re  in 
the heating layer  at 7.3 psec .  Quanta with energies  e> 9.96 eV are  a lmost  ent i re ly  abosrbed in the hot zone 
and do not penetrate  into the cool zone, while quanta with energies e < 6.5 eV, weakly absorbed by the coolzone  
~br the mos t  part ,  ~depart to inf[nity.~ 

Thus, the format ion of the cooi zone is dependent on quanta with energies  lying in the range of 6.5-10 eV. 
]$ is seen f r o m  Fig. 4 that in the region of t empera tures  up to 0.35 eV the average  coefficients of both groups 
of radiat ion of this range  of e are  la rge  (on the o rder  of 1-5 cm-~), thanks to which the leading front of the cool 
zone develops. Then, in the t empera tu re  range of 0.4-0.6 eV, the values of K i fall  sharply,  which resul ts  in the 
format ion of a t empera tu re  plateau. It is in terest ing to note that, according  to Fig. 4, in the t empera tu re  range 
above 0.6 eV the P lanckian-averaged  group coefficients of absorption exceed by more  than an o rder  of magni-  
tude the t rue average  coefficients of  absorption which determine the distance to which the radiat ion is t r ans -  
fe r red .  

There fore ,  in solving the mult igroup problem using Planekian coefficients a considerable  portion of the 
radiat ion with quantum energies  of 6.5-10 eV will be absorbed at the edge of the hot zone at a t empera tu re  of 
] eV, which leads to a considerable  decrease  in the propagation veloci ty and thickness of the cool zone in c o m -  
par ison with the solution of the spec t ra l  problem. 

Various p roces se s  contribute to the value of the total coefficient of absorption. But in the roughest  ap- 
proximation the absorption by re la t ive ly  cool air  in the region of 7-9 eV takes place mainly in the dissociation 
continuum of molecular  oxygen adjacent to the Schumann-Range  bands and the bands of ni t r ic  oxide. The c l ea r -  
ing of air at t empera tu re s  above 0.4-0.5 eV is connected with the dissociat ion of 02 and NO. In fact ,  according 
to the Tables of [8], at t empera tu res  of 2000, 3000, 4000, 5000, and 6000~ and a re la t ive  air density 5 =0.1 the 
02 concentra t ion is 0.205, 0.166, 0.048, 0.005, and 0.001, respec t ive ly ,  while the NO concentrat ion is 0.008, 
0.043, 0.056, 0.032, and 0.018. So the increase  in the coefficient of absorption at low tempera tu res  in some 
regions  of this par t  of the spec t rum is connected with the format ion of NO, with the excitation of molecules ,  
and with the s t rengthening of absorption in the molecular  bands of O 2 and NO. 

Thus, the c lear ing  of air  in the plateau region of the low- tempera tu re  zone of the heating layer  is con-  
fleeted mainly with the dissociat ion of molecular  oxygen and ni t r ic  oxide, while the leading front of the coolzone  
can be called a wave of dissociat ion of 02 and NO with subsequent dissociat ion of N 2 and ionization. 

A complicated s t ruc tu re  of the heating layer  can evidently develop in the propagation of shock waves not 
only in air  but also in other  molecular  gases ,  as well as in mixtures of atomic gases with considerably dif- 
ferent  ionization potentials of individual components of the mixture.  
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The compl ica ted  two- f ron t  and two-zone  s t r u c t u r e  of  the heat ing l aye r  was obse rved  in the en t i re  range  
T 

of ve loc i t i es  of shock wave motion and r e l a t i ve  a i r  densi t ies  analyzed.  The dis tance  x0. 8 (the point with a t e m -  
' (the point with a t e m p e r a t u r e  of 0.2 eV (solid curves))  p e r a t u r e  T =0.8 eV (dashed curves) )  and the d is tance  x0. 2 

which c h a r a c t e r i z e  the th icknesses  of the hot and cool l a y e r s ,  r e spec t i ve ly ,  a r e  given in Fig. 5 as ftmetions of 
the t ime  t for  the ca se  of  a r e l a t i ve  a i r  dens i ty  6 = 0.1. The numbers  nea r  the cu rves  give the piston ve loc i ty  
v ,  k i n / s e e .  It is seen  that the extent of the cool zone cons ide rab ly  (by a lmos t  2 o r d e r s  of magnitude) exceeds  
the ex ten t  of  the hot zone. A s i m i l a r  s i tuat ion is a lso  r e t a ined  for  o ther  a i r  densi t ies .  

? 

The values  of  x0. 2 for  r e l a t i ve  dens i t ies  6 =0.01 and 0.03 (dashed and sol id cu rve s ,  r e spec t ive ly )  a r e  
p r e sen t ed  in Fig. 6. As follows f r o m  Figs.  5 and 6, as well  as f r o m  the r e s u l t s  p re sen ted  in [4, 5], the th ick-  
ne s se s  of  the hot and cool zones i nc r ea s e  with an i nc r ea se  in the ve loc i ty  of the shock wave f ront  or  the piston 
ve loc i ty  and with a d e c r e a s e  in the a i r  density.  With this the th ickness  of the cool zone can r e a c h  v e r y  l a rge  
s i zes .  For  example ,  accord ing  to Fig. 6, for  the ea se  of  v =30 k i n / s e e  and 5 =0.01 the value of x'0. 2 has a l -  
r e a d y  r e a c h e d  100 c m  by  5.5 p s e e ,  and it continues to grow rapidly .  Wenote  t h a t T  + and T _ have a l r eady  
r eached  a l m o s t  the i r  l imi t ing  va lues  by this t ime;  the  th ickness  of  the hot zone,  which is about 7 cm,  also con-  
t inues to  grow, but s lower  than x0. 2. Thus,  the quas i s t eady  s ta te  of the wave s t r u c t u r e  is s t i l l  fa r  f r o m  being 
r eached ,  on the whole. Such l a rge  values  of the th ickness  of the heat ing l aye r  lead to r e q u i r e m e n t s  of a v e r y  
l a rge  t r a n s v e r s e  s ize  for  the channel in which the shock wave propaga tes  in those  c a s e s  when such a shock 
wave s t r u c t u r e  is inves t igated exper imenta l ly ,  which g r ea t l y  h inders  such invest igat ions because  of the in- 
c r e a s e d  demands  on the total  ene rgy  of the instal lat ion.  At the s a m e  t ime,  the effect  of  "c lea r ing"  of g rea t  
t h i cknesses  of gas for  u l t rav io le t  rad ia t ion  with r e l a t i v e l y  low air  heat ing  ahead of the shock wave front  can 
evident ly  be  used  both for  va r ious  technical  purposes  and for  diagnost ics  of  the rad ia t ion  within the heat ing 
layer .  It t h e r e f o r e  s e e m s  des i r ab l e  to ve r i f y  it exper imenta l ly .  

In conclusion,  we note that  in fu ture  theore t ica l  invest igat ion of the s t r u c t u r e  of  the heat ing layer  ahead 
of the f ront  of a s t rong  in tense ly  emi t t ing  shock wave it is des i r ab le  to c l a r i fy  the poss ib le  influence of some  
nonequi l ibr ium in the s ta te  of the gas in this zone. 

2. 

3. 

4. 

5. 

o 

7. 

8. 

L I T E R A T U R E  C I T E D  

Ya. B. Ze l 'dov ich  and Yu. P. R a i ze r ,  ,H igh-ampl i tude  shock waves  in gases , "  Usp. Fiz. Nauk, 6_33, No. 3, 

613-641 (1957). 
Ya. B. Ze l ' dov ieh  and Yu. P. R a i ze r ,  Phys ics  of Shock Waves  and H i g h - T e m p e r a t u r e  Hydrodynamic  
Phenomena  [in Russ ian] ,  2nd ed.,  Nauka, Moscow (1966). 
J.  Zinnand R. C. Anderson ,  "S t ruc ture  and luminos i ty  of s t rong  shock waves  in air ,~ Phys.  Fluids,  16, 

No. 10, 1639-1644 (1973). 
I. V. Nemchinov,  T. I. Or lova ,  V. Y. Svettsov,  and V. V. Shuvalov, nOn the r o l e  of radia t ion  in the motion 
of me teo ro id s  with v e r y  high ve loc i t ies  in the a t m o s p h e r e , "  Dokl. Akad. Nauk SSSR, 231, No. 5, 60-63 
(1976). 
I. V. Nemehinov,  V. V. Svet tsov,  and V. V. Shuvalov, ~Solution of the p r o b l e m  of the propagat ion of s t rong  
in tensely  emi t t ing  shock waves  in a i r  by  the method of ave rag ing  of r a d i a t i o n - t r a n s f e r  equat ions,"  in: 
L o w - T e m p e r a t u r e  P l a s m a  in Space and on Ea r th  [in Russian] ,  Izd. Vses .  As t ronomogeodez .  Ova., Mos-  

cow (1977). 
I. V. Avi lova,  L. M. B ibe rman ,  V. S. Vorob 'ev ,  V. M. Zamal in ,  G. A. Kobzev,  A. N. L a g a r ' k o v ,  A. Kh. 
Mnatsakanyan,  and G. ]~. Norman ,  Optical  P r o p e r t i e s  of Hot Air  [in Russian] ,  Nauka, Moscow (1970). 
I. V. Nemchinov,  ~Average equations of  rad ia t ion  t r a n s f e r  and their  use  in the solution of gasdynamic  
p r o b l e m s ,  ~ Prikl .  Mat. Mekh.,  3_44, No. 4, 706-721 (1970). 
N. M. Kuznetsov,  ~Thermodynamie  Functions and Shock Adiabats  of Air  at High T e m p e r a t u r e s  [in R u s -  

s ian],  Mash inos t roen ie ,  Moscow (!965). 

648 


