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Abstract-Non-equilibrium axisymmetric flow about spherically blunted cones is considered on the basis of 
the Navier-Stokes equations. Vibrational relaxation of carbon dioxide molecules, non-equilibrium 
chemistry and radiative energy transfer are taken into account. The solutions are obtained numerically with 
the use of implicit finite-difference schemes. The effect of nitrogen, argon and sodium impurities on the shock 

layer parameters is investigated. 
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NOMENCLATURE 

time ; 
pressure ; 
translational temperature; 
effective temperature of electronic 
excitation; 
specific enthalpy ; 
mass fraction ; 
specific vibrational energy of carbon di- 
oxide molecules ; 
energy of excited electronic state; 
distance along the body surface ; 
normal distance from the body surface; 
velocity components in s, n directions ; 
distance between the symmetry axis and 
the body surface ; 
molecular weight ; 
body nose radius; 
Reynolds number ; 
Schmidt number ; 
universal gas constant ; 
Boltzmann constant ; 
number of mixture components ; 
convective heat flux ; 
radiative heat flux; 
skin friction coefficient ; 
number density of electrons ; 
degeneracy. 

Greek symbols 

Pt density; 

w, mass production rate; 
4 curvature of generatrix of the body surface; 
8, angle between generatrix and free stream 

direction ; 
e C) cone half-angle ; 
Pt viscosity ; 
3 *> thermal conductivity ; 
=w vibrational relaxation time; 
C, shock wave distance from the body surface. 

Subscripts 

mfi, free stream; 

W, wall ; 
I, ith species ; 

e9, equilibrium value. 

Superscripts 
* 
0’ 

excited state; 

f ground state. 

1. INTRODUCTION 

AT HYPERSOMC velocities the flow field about a blunt 
body is influenced to a great extent by various physical 
and chemical processes. With reduction in the gas 
density, the relaxation times of these processes become 
comparable with the characteristic flow time and this 
dictates the necessity of allowing for the non- 
equilibrium effects. Concurrently, diffusion, viscosity 
and heat conduction grow in importance and they 
start to influence the entire flow area. Under these 
conditions, the non-equilibrium flow past blunt bodies 
should be studied numerically on the basis of the 
Navier-Stokes equations. This situation is typical, for 
instance, of the hypersonic flight in the Earth’s atmos- 
phere at altitudes 60-90 km. 

A non-equilibrium viscous gas flow in the vicinity of 
the stagnation line was studied by many authors 
[l-6]. Numerical solutions for axisymmetric flows 
about the bodies of analytical shape (sphere, hyper- 
boloid) and about spherically blunted cones have 
been obtained in [7-121. The majority of these in- 
vestigations have been carried out for a non- 
equilibrium flow of air. 

The present paper considers a hypersonic carbon 
dioxide flow past spherically blunted cones with large 
half-angles under the conditions of entry into the 
Martian atmosphere (u, = 4000-7OOOm/s, pm = 
1O-5-1O-2 kg/m3). The flow field on the upstream 
side of the bodies, convective and radiative heat 
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transfer in the shock layer and non-equilibrium ioni- 
zation are investigated. Under the conditions stated, 
the effects of ionization and radiation on the flow field 

parameters are rather small and therefore they are not 
allowed for in the calculation of gasdynamic functions 
and concentrations of neutral species. These results are 

then used to estimate the upper limit of the non- 
Continuity (for mixture componentsi 

equilibrium radiative heat flux to the body surface and Xi (Y ‘; 
;-; + L’ ; + “- 

?c‘i 

to study the shock layer ionization. 

-- ;I(;-_[ 
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2. AYALYSIS OF THE FLOW FIELD 
&ySci i;n) sq in 1 

The flows considered are characterized by Reynolds 

numbers Re 2 102. Variation ofgas parameters occurs 

Lv i 
=o (i = 1.. ., N) (6) 

i’ 
mainly across the shock layer. Therefore, in order to Here 
simplify the computations, only normal components 
of mass and energy fluxes caused by diffusion and 
thermal conduction are included into continuity equa- 

y7 =.. ” + .~ 
cos H sin 0 

l+KF7 r + n cos H’ 
.ilr = 

r + II cos 0’ 
tions for mixture components and energy conservation 

equations. Besides, viscous terms are neglected which 
are by the order of magnitude less than l!‘JRe 

Y. = - /. tin ‘I- - j, hi& $ - Cc-,,, ;,, 2. 

throughout the whole shock layer [13]. Vibrational relaxation of carbon dioxide molecules 

The governing equations are : is described as follows [14]: it is assumed that first 
Continuity (for mixture) molecular collisions produce excitation of the bending 

mode and then its energy is instantaneously distri- 
buted among all of the vibrational modes. The vib- 
rational relaxation time 7a is evaluated from the data of 

+ P(YIZ’ + y2u) = 0; (1) [14]. The vibrational degrees of freedom of the 
remainder molecules as well as the rotational degrees 

Momentum of freedom of all the molecules are assumed to be 
excited in equilibrium consistent with the translational 
temperature. 

The viscosity and thermal conductivity of the mix- 

ture are calculated by the Wilke and Mason-Saxena 
formulae, with collision integrals being adopted from 

[15, 161. In most calculations, multicomponent dif- 

(2) fusion is taken into account by means of the constant 

effective Schmidt number SC = 0.5. 
In calculations of pure carbon dioxide and C’OZ + 

Ar flows about bodies, the following chemical re- 
actions are accounted for: 

Energy 

1 
&! 

?n 1 

COtM~C’+O+M, co, + o* co + 0,. 

=o: (3) where M denotes any particle of the mixture. The study 
of CO2 + N, flows is performed with the use of the 
McKenzie and Arnold chemical model [17] com- 
plemented with oxygen molecules. The rate constants 
are taken from [I& 17, 1X]. 

The flow area considered is bounded by the de- 
tached shock wave, symmetry axis, wall and some 
surface located far enough from the stagnation point. 
The Rankine-Hugoniot relations modified to account 

(4) 
for shock slip effects are used to evaluate the flow 
parameters behind the shock [19]. Shock thickness is 

Vibrational energy of carbon dioxide molecules 

~ + L’ _ + A.... !? - !_ ?E ?E 

?t Sn 1 + WI Ps p 

approximately equal to a few mean free paths of 
molecules. Therefore vibrational excitation processes 
and chemical reactions are assumed to be frozen 

within the shock. At the wall boundary the velocity 
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FIG. 1. Profiles ofshock layer parameters on the stagnation line for u, = 6000 ms; po: = 2 x lo-“ kg/m3 ; a 
= 0.2m; 0, = 60”; T, = 25OOK. 

components are assumed to be equal to zero. The 
wall is regarded as being catalytic and having a 
constant temperature. The symmetry relations and the 
backward difference approximations are used on the 
stagnation line and at the downstream boundary of the 
flow region considered, respectively. 

Stationary flow field parameters are obtained by the 
time-dependent technique. An implicit finite-difference 
scheme of the second order accuracy in the spatial 
coordinates is used. At each time step the non-linear 
set of finite-difference equations is solved by using the 
Newton iterative method. In each iteration, it is 
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split into independent subsets along the normals to 
the body surface. The linear equations along each 
normal are solved by using the vector elimination 
method. For full details on the numerical solution and 
calculation of flows past spherically blunted cones see 
[20, 211. 

The step of integration over s was taken as 0.1745. In 
most calculations the number of mesh points per each 
normal s= const was equal to 31. The regions of steep 
gradients near the shock wave and the body surface are 
stretched by applying analytical transformation of the 
normal coordinate [20]. The accuracy of the results 

FIG. 2. Variation of shock layer thickness and maximum FIG. 3. Convective heat flux and skin friction coefficient 
carbon monoxide concentration along the shock layer for v, 

= 2 x lo-“ kg/m3; a = 0.2m; T, = 
distributions along the cones with different half-angles for v, 

= 6OOOm/s; pm = 6OOOm/s; pz 
2500 K. 

= 2 x lo-“ kg/m3; a = 0.2m; T, = 
2500 K. 
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FIG. 4. Comparisor~ of shock detachment distance with 
experimental results of Miller and Moore [22] for I‘, = 5000 
m/s : p , =4.74x lO”“kp~~m’:c~= O.O1’7m:7’,~=~ 3OOOK. 

presented in Figs. 1 -6 is estimated to be within a few 
percent which conforms to the accuracy of the avail- 
able data on chemical kinetics. 

The calculation results are presented in dimension- 

less form. Linear dimensions are related to the body 
nose radius, pressure to p, I,‘<. heat fluxes -to 
p,, I::, specific vibrational energy of carbon dioxide 
molecules- --to 2.:. temperature----to M, I,“, 32R. The 

skin friction coefficient is defined as a ratio of the shear 

stress on the body surface to p, 1~: 2 
The results presented in Figs. 1 ~6 are obtained for 

pure carbon dioxide flows. The shock layer parameters 
on the stagnation line are plotted in Fig. I, Solid curves 

i! -.“._--_-_~ . _-__ 

/ ,- -, 

,, IT 

C‘IC;. 6. ~“~~ll~parison ofcalculated shock layer parameters and 
the results of [I21 for I., := 5SMl mts: 11, = 1.83 ,: 10 i 

kg’m’: (1 3 I m: 0, = 60 \ =- !.i;7. ‘f’,, -= lOOOK 

show the profiles calculated with vibrational re- 
laxation of CO* taken into account. dash 

curves -under the assumption of vibrational equilib- 

ria. This figure also shows the c~~n~entration profiles of 
element f which are evaluated with the use of two 
models of multicomponent diffusion. According to the 

first model all of the mixture components are classified 
into three groups and the diffusion properties of the 
components within a single group are postulated to be 
identical. Thus, six different hinary diffusion coef- 

ficients and three molecular weights were used in 
evaluating the diffusion fluxes. The results of this 
calculation are shown by a dash dotted curve. The 
solid line corresponds to the use of the effective 
Schmidt numbers SC,; = 0.5 for all of the mixture 
components. The figure clearly shows that a more 

precise description of the multi~orl~ponent diffusion 
hardly changes the results. The convective heat RLIX 

FIG. 5. Comparison of shock layer parameters and the numerical results of Afonina and Gromov [ 121 for i' j 
= 5500 m/s: II1 = 3.83 x t().Skg:m3; (I T 1 m: 0,. r 60 : \ = 0: T,. 7 t(jo(jE; 
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and the skin friction coefficient differ by only a few 
percent. 

Some results of calculation of flows about the cones 
with different half-angles are depicted in Figs. 2 and 3. 
Curves 1,2 and 3 correspond to 0, = 70,60 and 50”. 
The quantity CFO denotes the maximum of the carbon 
monoxide concentration on the line s = const. It is 
seen from Fig. 2 that the ffow past a cone with 0, = 70” 
is characterized by a significant increase in the shock 
layer thickness. In this case the concentration of 
species along the shock layer varies non- 
monotonically. Comparison of calculated shock wave 
location for the cone having the half-angle @, = 70 
with the experimental data of Miller and Moore [22] is 
presented in Fig. 4. 

In Figs. 5 and 6, the profiles of gasdynamic functions 
and carbon dioxide concentration are compared with 
the numerical results obtained by Afonina and Gro- 
mov [12] who used a shock capturing method to solve 
the Navier-Stokes equations. Dashed curves in these 
figures correspond to their solution. 

In order to study theeffect ofimpurities on the shock 
layer parameters, the following mixtures have been 
used : 73% COZ + 27% Ar and 95% COZ + 5% N, (by 
volume). In the first case a notable (15-ZOO/,) increase 
of the shock layer thickness and temperature has been 
revealed. Nitrogen added in the amount of 5% mar- 
kedly affects the species concentrations only. Pressure, 
convective heat flux and skin friction coefficient do not 
differ more than by a few percent. 

3. ESTIMATES OF RADIATIVE HEATING 

Available theoretical and experimental data [23] 
show that under the conditions considered non- 
equilibrium shock layer radiation of CO, + N, + Ar 
mixtures is mainly controlled by electronic transitions 
in carbon monoxide and cyanogen molecules, namely, 
by the C04+, CN violet and CN red band systems. 
The lack of the necessary information on the kinetics of 
electronic excitation does not permit an exact ana- 
lysis of non-equilibrium shock layer radiation. There- 
fore all that will be given here are some estimates of 
radiative heating of the surfaces of bodies. To this end, 
a simple two-level model of non-equilibrium radiation 
[24] is used. The parameters of electronic states are 
borrowed from [25]. The concentrations of the excited 
molecules are determined by integration of the re- 
spective stationary continuity equations. The requisite 
data on the flow field parameters are taken from the 
numerical solution of the previous Section. This 
solution is assumed to provide the concentration of 
molecules in the ground electronic state. The effective 
Schmidt number for excited molecules is assumed to be 
0.5. The production rate of the excited molecules is 
determined with account for two-body collisions and 
radiative processes. Because of lack of data on CO& 

lisional quenching cross-sections for the electronic 
states CO(A’II), CN(B’C+) and CN(AZIIi), these 
are assumed to be equal to the gas-kinetic one (U = 

IO-i5cm2), which allows upper estimation of radi- 
ative heating. In such a procedure, one may neglect 
electron impact excitations, the quenching cross sec- 
tion of which is about 10-l’ cm’, according to [26]. 

The radiative production rate of the excited mol- 
ecules is determined from the solution of the radiation 
transport equation in the approximation of a one- 
dimensiona tangent slab [24]. This approximation is 
also applied for evaluation of the radiative heat flux to 
the body surface. The values of the absorption cross 
sections are taken from tables of [25]. For other details 
see [6, 191. 

The continuity equations for excited molecules are 
the equations of a parabolic type. The boundary 
conditions at the detached shock wave are formulated 
in the same manner as in the previous Section. The 
concentration of the excited molecules at the body 
surface is assumed to be equal to the value in a state of 
equilibrium at the wall temperature. On the stagnation 
line the problem is reduced to the ordinary differential 
equations that are solved numerically. To obtain the 
solution along the body surface the implicit finite- 
difference scheme of Crank-Nicholson type is used. 
Iterations are applied to account for the reabsorption 
of radiation. 

Some results are depicted in Figs. 7-9. Figure 7 
shows the dependence of the convective and radiative 
heat fluxes at the forward stagnation point on the 
ambient density for initial mixture composition 95% 
CO, + 5% N, (by volume). The contributions of 
CO4 +, CN violet and CN red band systems are shown 
by curves 1, 2, 3. Dash curves correspond to the 
equilibrium values of convective and total radiative 
heat fluxes. Nonequilibrium radiative heating signi- 
ficantly exceeds the equilibrium values and this is in 
qualitative agreement with the available experimental 
data [23]. It is also seen from Fig. 7 that under the 

Pco~ kg/m3 

FIG. 7. Convective and radiative heat fluxes at the stagnation 
point vs ambient density for U, = 6000 m/s; a = 1 m; @, = 

60”; T, = 2900K. 



FIG. 8. Temperature profiles for I’ )_ = 7000 m/a ; p , = 2.07 
x 10e4 kg/m3; (1 = 0.2m; 0, = 60 ; s = 0.524: T, = 

2500 K. 

assumptions accepted above for the electronic exci- 

tation kinetics it is quite possible to consider the 

radiation of the fourth positive band system only to 

estimate the radiative heating of the body surface. 
Figure 8 shows typical profiles of the translational 

temperature and the effective temperature ofelectronic 
excitation of carbon monoxide molecules 

E* 
T* = _ ____-..__ 

k ln(g”C*/q*C”)’ 
(7) 

Dash curves indicate the translational temperature 
profile calculated under the assumption of local ther- 
modynamic equilibrium and the profile of T* eva- 
luated under the assumption of transparency of the 
shock layer for C04+ emission. It is seen that re- 
absorption notably affects the excited molecules con- 
centration near the wall. The role of reabsorption in 
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FIG. 9. Variation of heat fluxes along the body surface for 1:, 
= 7OOOm/s;p, = 2.07 x 10m4kg/m3;a = 0.2m;8, = 60’; 

T, = 2500K. 

the electronic excitation kinetics of the CN molecules 
was found to be negligible. 

It should be noted that at the adopted value 01 
collisional quenching cross-section. only radiative 
processes violate the electronic equilibria. The effective 
temperature T* calculated for non-radiating shock 

layer does not differ from the translational one. 
Variation of the C04+ radiative heat flux along the 

body surface is depicted by curve 1 in Pig. 9. Other 
solid curves in this figure show the radiative heat fluxes 

evaluated under the following assumptions : (2) opti- 

cally thin shock layer; (3) T& = T: (4) local 

thermodynamic equilibrium. The dashed cur\e in- 

dicates the convective heat I’lux. It is clear that under 
the conditions considered the assumption on the local 
thermodynamic equilibrium is inadequate for e\:l- 

luation of the radiative heating of body surface. The 
assumption that T* = ‘r results in overestimation of 
Ihe radiative heat flux. Account for the radiative 

processes in the electronic excitation kinetics yrelds 
more realistic values of q,. The radiative heat flux turns 
then to be lower than the convective heat flux over the 

entire body surface. 

.I. 4\ALYSlS OF NONEQUIL,IBR1UM IOKIZAI‘IOR 

In the study of nonequilibrium shock layer iom- 
zation the mixture is assumed to be quasi-neutral. 

Ambipolar diffusion is described by means of the 
constant effective Schmidt number. The distributions 
of gas-dynamic functions and of neutral species ob- 
tained in Section 2 are used. Under the conditions 
considered, ionization of the shock layer occurs mainly 

due to collisions of heavy particles. Because of this fact 
and high efficiency of energy exchange between elec- 
trons and molecules it is possible to assume the 
electron temperature to be equal to the translational 
temperature of heavy particles [271. 

Determination of the density of electrons reduces to 

the Solution of a set of parabolic stationary continuity 
equations for ions. The problem is formulated and 
solved in the same manner as in the previous Section. 
The body surface is assumed to be non-conducting and 
catalytic as regards recombination of ions. An appro- 
ximate wall boundary condition, Ci, = 0, is used the 
validity of which was demonstrated by Knight 1281 
and Nishida [29]. 

Ablation of some body surface materials results in 
appearance of sodium vapour in the shock layer. To 
account for its effect the continuity equation for 
element Na is solved. The corresponding wall boun- 
dary condition represents a balance between the 
diffusion flux of element Na to the body surface and its 
production rate due to ablation. 

In preliminary calculations, 27 ionization and 
charge exchange processes were taken into consider- 
ation. A numerical analysis showed that the following 
reactions provide a main contribution (above 907;) to 
the electron density : 
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(1) N+O*NO+ +e, (6) CO+CO+*C+ +CO,, 
(2) C+OF?CO++e, (7) Na+M+Na++e+M, 
(3) O+OFtOz +e, (8) O2 + Na’+O: + Na, 
(4) CO+NOf~CO* +NO, (9) NO+Na’+NO+ +Na, 
(5) CO+O’$CO++O, (10) CO+Na+PCO++Na. 

The rate constants for reactions (lt(4) are taken from 
[18], for (5) and (6)--from [30] and for (7)-( 10kfrom 
[31,32]. For pure carbon dioxide flows only reactions 
(2)-(6) are included in the analysis. 

The calculation results are given in Figs. 10-14. The 
profiles of number density of electrons N, ( l/cm3) on 
the stagnation line are shown in Fig. 10 for a pure 
carbon dioxide flow. These results demonstrate the 
influence of some assumptions accepted in the for- 
mulation of the problem. Thus, curves 1 and 2 
correspond to two limiting cases of a catayltic and a 
non-catalytic wall as regards dissociation- 
recombination reactions. Solid and dashed 
lines 2 are the profiles of electron number density 
evaluated with the use of the ambioplar Schmidt 
numbers SC, = 0.25 and 0.5. It is seen that the N, 
profile is only slightly influenced by variations in the 
catalytic properties of the body surface and ambipolar 
Schmidt numbers. All other calculations were perfor- 
med for the case of a catalytic wall with the ambipolar 
Schmidt number equal to SC, = 0.25. The profiles of 
mass fractions of ions are plotted in Fig. 11. 

To study the effect of thermal non-equilibria be- 
tween electrons and heavy particles the calculation has 
been performed with the electron temperature as- 
sumed to be equal to the vibrational temperature of 
CO, molecules. A corresponding change in the elec- 
tron density profile was found to be negligible. 

The N, profile calculated under the assumption of 
vibrational equilibria for all molecules is indicated by 
dash line 1. It is seen that thereis a significant influence 
of carbon dioxide vibrational relaxation on the elec- 
tron concentration in spite of rather a small length of 

I I I 
, 0 02 004 006 

FIG. 10. Profiles of electron number density on the stag- 
nationlineforu, = .55OOm/s;p, = 2.07 x 10-4kg/m3;a = 

0.2m; 0, = 60”; T, = 11OOK. 
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0 0 02 004 006 

FIG. 11. Profiles of mass fractions of ions on the stagnation 
lineforu, = 55OOm/s;p, = 2.07 x 10S4 kg/m3 ; a = 0.2 m; 

8, = 60”; T, = 11OOK. 

the vibrational relaxation zone, see Fig. 1. 
Profiles of the electron number density for various 

ambient density values are shown in Fig. 12 by curves 
1,2,3 which correspond to pm = 3 x 10m5, 3 x low4 
and 3 x 10m3 kg/m3. Evolution of the N, profile 
illustrates a transition from frozen to equilibrium 
shock layer ionization. The maximum in the electron 

‘-c.-._. -.-.-.-. 

N, 

ioioii 
0 0 015 0030 0045 0060 

" 

FIG. 12. Profiles of electron number density on the stag- 
nation line for various ambient densities and initial mixture 
compositions, v, = 55OOm/s;a = lm;@, = 60”; T, = 

1lOOK. 
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@@I5 0 030 0045 

Frc;. 13. Profiles of mass fractions of ions on the stagnation 
line for initial mixture composition 99% CO1 + l”, N,, I‘, = 
55OOm/s:p, =3x10~4kg/m3;u=1m;8,=60’;~,.= 

1lOOK. 

density becomes more explicit and moves towards the 
shock front when the ambient density increases. 

Solid curves in Fig. 12 show the results for a pure 

carbon dioxide free stream. Dash line 2 corresponds to 

the initial mixture composition 99% CO, + 1% N, (by 

mass). The profiles of mass fractions of ions for this 
case are plotted in Fig. 13. Dasheddotted curve 2 in 
Fig. 12 shows the electron density profile evaluated 
with sodium impurity effect taken into account for the 
initial mixture composition 99% CO, + l”i, N,. 
According to the data presented in [18] the rate of 

element Na production at the body surface was 
assumed to be equal to 5 x 10e4 kg/m%. It is seen that 
there is a significant effect of impurities on the shock 
layer ionization. 

FIG 14. Variation of electron number density profile along 
the shock layer for v, = 5500 m/s; p,, = 3 x 10e4 kg/m3; u 

= lm; 0, = 60”: T,. = 1lOOK. 

Evolution of the electron number density protile 

along the shock layer is shown in Fig. 14 for free stream 
mixture 983; CO1 + 2’;;) N2. Curvca 1.3. 3 correspond 

to s = 0,0.698 and 1.92. A non-monotonic variation oi 
the .V, maximum along the shock laqcr ix apparcn!. 

Carbon dioxide flows about the blunted cones w-ith 

large half-angles are numerically investigated for the 
Mars entry conditions. The flow tield, skin friction and 
heat-transfer parameters as well as mixture com- 
ponents concentrations are calculated. The estimated 

values of the radiative heat flux to the body surface 
prove to be smaller than the convective heat flux 
values. The processes providing a main contribution to 
the shock layer ionization are revealed. A significant 
effect of the vibrational relaxation of carbon dioxide 

molecules as well as of nitrogen and sodium impurities 

on the electron concentration is demonstrated. The 

dependence of the flow field. heat transfer and electron 
density on the free stream parameters and the hod! 
shape is investigated. 
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ETUDE NUMERIQUE DE L’ECOULEMENT SUPERSONIQUE ET HORS 
D’EQUILIBRE DU GAZ CARBONIQUE AUTOUR D’OBSTACLES 

Race-~~oulement axis~~trique hors ~~quilibre autour de cones ayant un nez spherique est itudie a 
partir des equations de Navier-Stokes. On prend en compte la relation vibrationnelle des molecules de gaz 
carbonique, la physico-chimie des Ctats hors d’equilibre et le transfert d’energie par rayonnement. Les 
solutions numiriques sont obtenues par utilisation d’une mithode implicite aux diffkences finies. On ttudie 

l’effet des impure& d’azote, d’argon et de sodium sur les paramitres de la couche de choc. 

NUMERISCHEUNTERSUCHUNG EINERUBERSCHALL-NICHTGLEICHGWICHTS- 
STR~MUNGVONKOHLENDIOXIDUM STUMPFEKZjRPER 

Zusammenfassung-Auf der Grundlage der Navier-Stokes-Gleichungen wird die achsensymmetrische 
Stromung urn kugelformig abgerundete Kegel untersucht. Schwingungsrelaxation der Kohlendioxidmole- 
kiile, Nichtgleichgewichtsreaktionen und Strahlungsw$rmeaustausch werden beriicksichtigt. Losungen 
werden numerisch unter Verdwendung von impliziten liniten Differenzenverfahren ermittelt. Der EinffuR 
von Sticksto&, Argon- und Nat~um-Verunreinigungen auf die Sto~front-Parameter wurde untersucht. 

qHCJIEHHOE MCCJlEAOBAHME CBEPX3BYKOBOFO HEPABHOBECHOIO OETEKAHMII 
3ATYflJIEHHbIX TEJI Yf’JlEKMCJlbfM IA30M 

AH~T~UH~ - Ha OCHOBe ypaEHeHNii HaBbe~CTOKCa paCChlaTpHBaeTCa HepaBHOBeCHOe OCeCEiMMeTpWi- 

Hoe 06TeKaeee c@epurecKn 3aTynnetmblx ~o~ycoa. YqnTbmaeTca KoneGarenbHas penaKcarxmi Mo.leKyn 

CO,. nepaenoeecnoe nporekaune xnsin~ec~oix peakuuti n paauauwoesbr~ nepeuoc 3neprnu. Pemenue 
3aRaqH HaXOLlNTCIl ‘IMCJleHIIO C IIOMOmbKJ HeRBHblX KOHeVHO-pa3HOCTHbIX CXeM. kkCJlenyeTCrt B.!lifSfHHe 

npaweceii a3ora.aproua II Pappas ~a napaivwrpbt yuapffor-0 cnon. 


