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The problems of construction of a kinetic model of a medium (gas, plasma) based on the choice of
the most important physicochemical processes are considered. The optimum kinetic mechanisms of a
medium that describe the main nonequilibrium processes behind the shock-wave front are constructed
with the example of the problem of propagation of a direct shock wave in the atmosphere of planets
of the solar system. The investigations have been carried out using an automated system described
earlier.

In connection with the expected flights to the planets of the solar system (Venus, Mars), there ap-
peared numerous works devoted to nonequilibrium physicochemical processes in the atmospheres of these
planets [3−8]. In a number of these works, the radiation from atmospheric gases was assumed to be locally
equilibrium. However, even in early investigations (carried out in both air and a CO2−N2 mixture), it was
established that behind a shock wave the Boltzmann distribution of particles over electronically excited states
can be disrupted [7, 8]. This leads to a significant difference between the detected values of the radiation
intensity and its locally equilibrium values. Thus, in the calculations of the radiation from atmospheric gases
one must consider additionally the possibility for the electronically excited states of molecules to form di-
rectly as a result of chemical transformations. When the velocities of entry into the atmosphere are high, the
radiation from the CO2−N2 mixtures can contribute substantially to the total heat flux toward the surface of a
descent module of a spacecraft. However, even in the case where the entry velocity is low and this radiation
has no influence on the heat exchange, it remains an important characteristic determining the operation of
optical devices aboard the descent module [6].

In the present work, we constructed optimum kinetic mechanisms of the main physicochemical proc-
esses in a gas behind a shock wave that describe the radiation-intensity distribution, the electron concentra-
tion, and the translational temperature of the gas.

Kinetic Model of High-Temperature Radiating CO2−N2−Ar Mixtures. The calculational investiga-
tions were carried out using an automated system [1, 2] in which the following units are functioning and
interacting: structurized bases of kinetic data; a generator of kinetic equations that allows one, using the data
bases, to effeciently form the functional relations describing changes in nonequilibrium variables; a software
system for direct calculation allowing the modeling of the flow field (with regard for the nonequilibrium
processes); a programmed module for construction of a kinetic mechanism of the most important processes
occurring in a gas medium; a programmed module for a search for the optimum conditions of functioning of
the investigated object.

In the numerical modeling of nonequilibrium processes occurring in a gas CO2 + N2 + Ar mixture at
high temperatures, we took into account the following chemically active particles and their electronic and
vibrational states:
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CO2, N2, CO, O2, O, NO, N, Ar, C, C2, CN ,

e, N+, O+, N2
+, NO+, O2

+, C+, CO+, Ar+ ,

CN (X2 Σ+), CN (A2Π), CN (B2Σ+), C2 (X1Σg
+), C2 (d3Πg) ,

CO (X1 Σ+), CO (A1Π), CO (B1Σ+), CO (b3Σ+), CO (a3Π), CO+ (X2Σ+), CO+ (B2Σ+) ,

CO2 (v1), CO2 (v2), CO2 (v3), N2 (v), O2 (v), CO (v), NO (v) .

In the last line, the symbol v denotes a vibrationally excited molecule (symbols v1, v2, and v3 denote,
respectively, the symmetric, deformation, and antisymmetric types of vibrations of CO2 molecules).

In such modeling of the processes in shock waves propagating in the atmosphere of Mars (or Venus),
the electronic states of molecules excited with the participation of N particles (besides CN) were not taken
into account, since the initial concentration of N2 molecules is much lower than the concentration of CO2

molecules (the modeled composition of the Mars atmosphere was as follows: 96% of CO2 + 3% of N2 + 1%
of  Ar).

The base of kinetic data that was used for modeling of relaxation processes behind a shock wave in
the Mars atmosphere at high temperatures contained information on the following processes: chemical reac-
tions with the participation of neutral and charged particles, processes of excitation and deactivation of elec-
tronic states of molecules, radiation processes with the participation of electronically excited particles,
processes of vibrational−translational (VT) and vibrational−vibrational (VV′) energy exchange with the partici-
pation of different modes of multiatomic molecules, and CV processes involving chemical reactions that de-
termine the vibrational relaxation [2, 6]. The rate constants of the main chemical and ionization reactions
have been taken from the literature data [3–6, 9], and a certain part of the excitation cross sections of the
electronic states of CN and C2 molecules that are the main sources of radiation was determined earlier from
the appropriately processed data of special experiments carried out in a shock tube [6]. The values of the
inverse rate constants of the reactions proceeding with the participation of neutral and charged particles were
calculated in terms of the equilibrium constant with the use of a reduced thermodynamic potential [10]. The
times of the vibrational energy exchange are indicated in [6].

In a nonequilibrium gas where an equilibrium between the translational and vibrational degrees of
freedom of molecules-reagents is absent, the rate constant of a chemical reaction depends not only on the
translational temperature T but also on the vibrational temperature Tv. In this case, the rate constant is con-
veniently written in the form k(T, Tv) = Z(T, Tv)k0(T), where k0(T) is a thermally equilibrium rate constant
and Z(T, Tv) is the nonequilibrium factor. An analysis of the available two-temperature models of the rate
constants of chemical reactions and of the nonequilibrium factor is given in [11]. We used the Kuznetsov
model [12] to describe the thermally nonequilibrium decay of CO2 molecules. 

In collisional processes that lead to the excitation of electronic states, electrons are very active. The
electron temperature Te in the gas behind the shock-wave front was determined using the equation of elec-

tron-energy balance ne Σ
k
 Qk

e = 0, where Qk
e is the rate of energy exchange between the electrons for different

processes (elastic collisions with atoms and molecules; elastic collisions with ions; excitation of molecule ro-
tations; excitation of molecular vibrations; excitation of electronic states of atoms and molecules; ionization
of atoms, molecules, and recombination of charges) [6].

Construction of a Kinetic Mechanism of the Main Processes. One of the primary goals of the
modeling of kinetic processes in gas dynamics is the development of minimum-complexity mechanisms that
would allow one to describe adequately the basic phenomena in gases and the experimental data obtained. In
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solution of this problem, it is necessary, as a rule, to answer the following questions: what stages of the
analyzed kinetic system determine the kinetics of one component or another (an arbitrary functional in the
general case), what stages are redundant for the considered system, and it can be simplified? Thus, solving a
concrete problem, a researcher can propose choosing the data on the most important physicochemical proc-
esses from the data base.

In [1, 2, 9], the problem of determination of a compact mechanism of the main processes has been
formulated and solved relative to arbitrary functionals ϕ dependent on both the nonequilibrium and gasdy-
namic variables, and the mechanism obtained satisfies the condition of minimality in the number of elemen-
tary stages. In fact, this means that for each value of the threshold accuracy ε there are a minimum number
of main processes, the use of which in modeling guarantees the fulfillment of the accuracy criterion

 _ϕ0 − ϕ∗ _ ≤ ε _ϕ0_ , (1)

where ϕ0 is the value of the investigated functional ϕ with regard for the initial base of kinetic data and ϕ∗
is the value of ϕ for the subset of the main kinetic processes. The mechanism of the main processes is opti-
mum if a further procedure of elimination of elementary processes from the data base leads to the violation
of inequality (1).

Investigation Results. Using the above-mentioned base of kinetic data, we calculated the concentra-
tions of particles in the ground and excited states behind the front of a shock wave propagating in the Mars
atmosphere and in the mixture 10% of the Mars atmosphere + 90% of Ar for shock-wave velocities V to 11
km/sec and pressures on the order of several torr. The calculation data obtained were compared to the analo-
gous data obtained by other authors, in particular, to the data from [3] obtained for the Mars atmosphere. Our
results were found to be close to the data from [3] in concentration of neutral and charged particles, vibra-
tional temperature, and equilibrium radiation intensity. We note that in [3], the nonequilibrium distribution of
electronically excited particles was not taken into account.

Figure 1a shows the changes in the concentrations of the components of neutral and charged particles
behind the shock-wave front. The initial pressure P1, the shock-wave velocity V, and the composition corre-
spond to the experimental data from [6]. It is seen from the figure that the changes in the concentrations of
the components in the region of experimental measurements are nonequilibrium in character (the duration of

Fig. 1. Distributions of the molar fractions ξi for neutral and charged
particles (a) and of the translational T, electronic Te, and vibrational tem-
peratures (b) versus x′ = log (x/Lf). P1 = 133.3 Pa, V = 3.45 km/sec,
9.6% of CO2 + 0.3% of N2 + 90.1% of Ar.
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the gas luminescence behind the shock-wave front is denoted by the vertical line 1). In Fig. 1a, the distribu-
tions of the concentrations of electronically excited particles that determine the radiation spectrum behind the
wave are omitted: the data necessary for this case are given in Fig. 2. Figure 1b shows the analogous distri-
butions of the translational T1, electronic Te, and vibrational temperatures. It is seen that in the region of
experimental measurements, all the temperatures are close to each other.

Figure 2 shows the changes in the concentrations of CN(A2Π), CN(B2Σ+), C2(d3Πg), CN(X2Σ+), and
C2(X1Σg

+) particles behind the shock-wave front that correspond to the data of experiments carried out in a
shock tube [6]. The experimental and calculated radiation distributions obtained for the best chosen rate con-
stants of the excitation and deactivation of the electronic states of CN(A2Π), CN(B2Σ+), and C2(d3Πg) parti-
cles are given in [6]. Comparison of these data shows that the agreement between them occurs in the region
of violet and red CN bands and in the Swan band for the C2 molecules. The dash-dot lines in Fig. 2 corre-
spond to the model in which the populations of the electronic states of CN(A3Π), CN(B2Σ+), and C2(d3Πg)
particles satisfy the Boltzmann distribution. It follows from the results presented that the population of the
states of CN(B2Σ+) and C2(d3Πg) differs significantly from the Boltzmann distribution, and the population of
the states of CN(A2Π) is close to the Boltzmann distribution, which finally warrants the use, in modeling, of
an approximation in which each of the electronically excited states is considered as an individual component
whose concentration is determined from the corresponding kinetic equation.

To construct the kinetic mechanism in accordance with criterion (1) determining the concentrations of
electronically excited states of CN(A2Π), CN(B2Σ+), and C2(d3Πg), we used the base of kinetic data on 124
chemical reactions. In this case, we used the model of one-temperature kinetics, since, according to the cal-
culation data from [6], the distributions of the concentrations of particles in the Mars atmosphere differ little
from each other.

The constructed kinetic mechanism of the main stages can depend substantially on the concrete form
of the functional ϕ, the accuracy ε, and the initial and boundary conditions as far as the nonequilibrium and
gasdynamic variables are concerned. In particular, a change in the parameters (in the temperature, first of all)
of the gas behind a shock wave can lead to a significant change in the characteristic times of the elementary
stages and to a transformation of the kinetics of the main processes. Thus, for the chosen functional ϕ and
the given accuracy ε, the mechanism of the main processes behind a shock wave in the Mars atmosphere will
depend on the velocity of its propagation.

Fig. 2. Distribution of the molar fractions ξi of CN(X2Σ+), CN(A2Π),
CN(B2Σ+) ,  C2(X1Σg

+) ,  and C2(d3Πg) particles versus laboratory time
tlab(µsec) in the region of experimental measurements. P1 = 133.3 Pa, V
= 3.45 km/sec, 9.6% of CO2 + 0.3% of N2 + 90.1% of Ar. 
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If the distribution of the concentrations of  CN(A2Π), CN(B2Σ+), and C2(d3Πg) with a threshold accu-
racy ε = 0.3 is chosen as the investigated functional ϕ, for the shock-wave-front velocities 5 km/sec ≤ V ≤ 7
km/sec (P1 = 133.3 Pa = 1 torr) the mechanism will include the following reactions with the participation of
neutral particles:

CO2 + M → CO + O + M ,   CO2 + O → CO + O2 ,

CO + C ↔ C2 + O ,   O + N2 → N + NO ,

CO + N ↔ CN + O ,   O2 + C ↔ CO + C ,

CO + M → C + O + M ,   N + O2 → O + NO , (2)

and also the processes

CN (X2 Σ+) + M → CN (B2 Σ+) + M ,

CN (X2 Σ+) + M → CN (A2 Π) + M ,

C2 (X1 Σg
+) + M → C2 (d3 Πg) + M ,

CN (B2 Σ+) → CN (A2 Π) + hν ,   CN (B2 Σ+) → CN (X2 E+) + hν ,

CN (A2 Π) → CN (X2 Σ+) + hν ,   C2 (d3Πg) → C2 (a3Πu) + hν . (3)

The problem was solved under the assumption that the length of the considered relaxation zone is
equal to 1 m. In order that the criterion (1) be fulfilled for the velocity V = 8 km/sec, the mechanism (2)
should be extended due to the reaction of dissociation of NO molecules, i.e., due to the NO + M → N + O
+ M channel, and for the velocity V = 9 km/sec it should additionally include the reactions  CN + O ↔ NO
+ C, CN + N → C + N2, and C2 + N ↔ CN + C. The necessity of considering the processes (3) remains
also for the velocities 8 and 9 km/sec. For the velocity V = 10 km/sec the model of the main processes is
extended owing to reactions with the participation of the electron e and charged particles CO+ and C+ (see
below).

In the calculations of the radiation from atmospheric gases, of interest is not only its integral intensity
but also its spectral composition. Under comparable conditions, the radiation of the air differs qualitatively
from the radiation of the considered mixtures CO2−N2−Ar. We note two qualitative distinctions. First, for
moderate velocities of flight the intensity of radiation from such mixtures is much higher than that of air and,
second, in these mixtures the main radiation sources are molecules formed as a result of chemical reactions
(CN, CO, C2) [6] by analogy with nitrogen-oxide molecules in a high-temperature air. On the other hand,
processes of electronic excitation of molecules that determine the entire radiation spectrum of the gas in the
Mars atmosphere are not clearly understood, and the rate constants corresponding to them are determined
with a large error (although, at the present time, there are works in which the above-mentioned cross sections
were refined, for example, for CN and C2 molecules [6]). In this connection, Table 1 presents the mecha-
nisms (obtained for different shock-wave-front velocities V) of the main reactions that determine the distribu-
tion of the concentrations for CN, C2, and CO molecules without specifying the channels of their electronic
excitation. Here and in Table 2 (see below), in the corresponding column of the chosen velocity V, a concrete
structure of the main reaction and its direction necessary for modeling are specified. Table 1 also presents the
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TABLE 1. Main Processes behind a Shock Wave Propagating in the Mars Atmosphere with Different Velocities
of the Front V (ϕ = nCN, nC2

, nCO; ε = 0.3; ni is the concentration of particles)

Main reactions log A n Ea
V, km/sec

4 5 6; 7 8 9 10 11

CO2 + M = CO + O + M 12.70 0.5 52310 → → → → → * →
O + N2 = N + NO 13.83 0 37980 → → → * * →
CO + N = CN + O 14.60 0 33080 * * * * * * *

CO + C = C2 + O 21.23 –1.5 57200 * * * * * * *

CO + M = C + O + M 20.36 –1.0 129000 → → → → → * →
N + O2 = O + NO 9.81 1.0 3150 → → * * * *

O2 + C = CO + O 12.97 0.25 0 → → → → → →
CO2 + O = CO + O2 13.22 0 27800 → → → → → →
CO2 + N = NO + CO 11.93 0 1106 → →
O2 + M = 2O + M 21.30 –1.5 59750 → ←
NO + M = N + O + M 17.04 0 75500 → →
CN + O = NO + C 13.20 0.1 14600 * *

C2 + N = CN + C 14.42 0 1400 * * *

N2 + C = CN + N 13.80 0 23200 →
C2 + M = 2C + M 14.57 0 69900 →
CN + CO2 = NCO + CO 14.60 0 19200 →
NCO + M = CO + N + M 16.80 –0.5 24080 →
C + O = CO+ + e 8.944 1.0 33100 * *

CO+ + C = CO + C+ 10.97 0.67 6270 * *

C + e = C+ + 2e 33.59 –3.78 130700 *

TABLE 2. Main Processes behind a Shock Wave Propagating in the Mars Atmosphere with Different Velocities
of the Front V

Main reactions

ϕ = ne, ε = 0.5 ϕ = T, ε = 0.05

V, km/sec 

5; 6 7 8 9 10 11 4; 5; 8 6 7 9 10 11

CO2 + M = CO + O + M → → → → → → → → → → → →
O + N2 = N + NO → → * → → → → →
CO2 + O = CO + O2 → → → →
N + O2 = O + NO → * * *

O2 + M = 2O + M ← * ← ←
O2 + C = CO + O → →
NO + M = N + O + M → → → → → →
CO + N = CN + O * * * * *

CN + O = NO + C * * * * *

N2 + C = CN + N → →
CO + M = C + O + M → → → →
N + O = NO+ + e * * * *

O + O = O2
+ + e * * * *

C + O = CO+ + e * * * *

CO+ + C = CO + C+
* * * *

C + e = C+ + 2e * * *
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parameters of the rate constant of the direct reaction in the form of the generalized Arrhenius formula kj =
AT n exp (−Ea

 ⁄ RT). For the reactions given in the table, the rate constants have the dimensions of
cm3/(mole⋅sec), and the activation energy Ea has the dimensions of K. In Table 1, the data on the rate con-
stants with the participation of M are given for M = CO2. The relative efficiency of the remaining particles
is given in [5]. In this case, we, naturally, assume that excitation and deactivation channels of type (3) can
be included in the mechanisms presented in Table 1 if reliable data on the rate constants kj of these processes
are at hand. Even though the electronically excited particles make the main contribution to the radiation spec-
trum of the Mars atmosphere, they are very small components whose concentrations are much lower than the
concentrations of the components in the ground states. Because of this, the influence of the errors of deter-
mining the rate constants kj of formation of these particles in electronic states on the distribution of the total
concentrations of CN, C2, and CO components (without specifying the degree of electronic excitation) is
practically absent. 

Figure 3 presents the distributions of the concentrations of CO, CN, and C2 behind the shock- wave
front, obtained using the initial data base and a small mechanism of the main reactions for V = 9 km/sec.

For the problems of heat exchange and radio communication with a spacecraft, of importance is the
determination of the gas temperature and the concentration of charged particles. As a quantitative charac-
teristic of the total concentration of charged particles, the electron density ne can be chosen. Table 2 presents
the mechanisms of the main kinetic processes, in which the translational temperature of the gas (ϕ = T, ε =
0.05) and the concentration of the electrons (ϕ = ne, ε = 0.5) are used as the investigated functional. Just as
in Table 1, the mechanisms presented in Table 2 correspond to different velocities of the shock-wave front V.

We note some features of the results obtained. When ϕ = T, the set of the main physicochemical
processes includes a minimum number of reactions (for example, it is a subset of the model for ϕ = ne), and
the complete set of the main reactions (from Table 1) which determine the distribution of the concentrations
of CN, C2, and CO corresponds to both the mechanism by the electron e and the mechanism by the tempera-
ture T. Immediately behind the shock-wave front, CO2 molecules dissociate and the reaction CO2 + M → CO
+ O + M appears in all the mechanisms obtained. N2 molecules decay not as a result of dissociation, but as
a result of the exchange reaction N2 + O → NO + O. In the case where the front velocity is V ≤ 8 km/sec,

Fig. 3. Distribution of the molar fractions ξi for CO2, CN, and C2 mole-
cules versus distance x (cm) from the shock-wave front. The solid lines
denote the data calculated with the use of the initial data base containing
the data on 124 reactions, the dash-dot lines denote the data calculated
with the use of the model containing 12 main reactions for V = 9 km/sec
(see Table 1). P1 = 133.3 Pa, 96% of CO2 + 3% of N2 + 1% of Ar.
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electrons form predominantly in the course of the associative-recombination reactions N + O ↔ NO++ e and
O + O ↔ O2

+ + e (not shown in Table 1), while at velocities of ≈ 9 km the mechanism changes and for
V ≥ 10 km/sec, electrons and ions form predominantly in the reactions C + O = CO+ + e, C + e = C++ 2e,
and CO++ C = CO + C+. We note that in the Mars atmosphere, the translational temperature T behind the
front of a shock wave propagating with velocities V ≤ 8 km/sec (and accuracy ε = 0.05) is determined by only
1−2 processes. The model should be extended in the case where V ≥ 9 km/sec.

Thus, the results presented show that the initial base of physicochemical data describing the non-
equilibrium processes occurring behind a shock wave in the Mars and Venus atmosphere can be significantly
simplified. As a result, we are able to choose a small number of the main physicochemical processes, the use
of which in numerical modeling will allow us to describe adequately such important characteristics as the
distribution, the electron concentration, radiation, and the gas temperature.

This work was carried out with financial support from the International Science and Technology Cen-
ter, project 1549−00.

NOTATION

T, Tv, and Te, translational, vibrational, and electronic temperatures, respectively; ϕ, investigated func-
tional; ε, threshold accuracy; ne, concentration of electrons; ni, concentration of the components (i = CN, C2,
CO); ξi, molar fraction of the ith component; kj, rate constant of the jth process; k(T, Tv), two-temperature
constant of the reaction rate; k0(T), thermally equilibrium rate constant; Z(T, Tv), nonequilibrium factor; P1,
pressure ahead of the shock-wave front; V, shock-wave velocity; x, distance from the shock-wave front; Lf,
mean-free path behind the shock-wave front; A, n, and Ea, parameters of the rate constant of a reaction. 
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