TEMPERATURE DEVELOPMENT IN A PARTIALLY
IONIZED, REACTING GAS UNDER UNSTEADY
IONIZATION CONDITIONS

N. K. Osipov and I. G. Pershin

A solution is presented for the thermal and ionization balance equations for a partially ionized, binary,
reacting, multicomponent gas mixture. The conditions for establishment of the temperature of the gas mix-
ture components and of the electron concentration under unsteady ionization conditions are analyzed as a
function of the secondary electron energy.

The thermal regime for nonequilibrium ionization conditions in a partially ionized gas mixture with
defined chemical kinetics is studied. The limit on ionization (r = ng/n = 10°, where ng and n are the elec-
tron and neutral concentrations, respectively) assumed in the work ensures that the neutral component
properties are thermally static., This limit allows the basic equations to be simplified substantially.

The energy conservation and transport equations for a reacting, binary, spatially uniform gas mixture
may be represented in the form [1]
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Here n,, T,, and m, are the concentration, temperature, and mass of particles of the » component;
k is Boltzmann's constant; q,, is the rate of formation of n~type particles as the result of external proc-
esses; and Qyys Qg B are the rate constants for creation and annihilation of n~type particles.

The first term on the right side of Eq. (1) relates to elastic interactions of the #-th and 7 -th com-
ponents of the mixture, the second sum corresponds to reactions of the form « + 7' — «a+ g, and the third
sum to reactions of the form o + g — n + A (correspondingly, eg‘ﬁ is the energy effect of this reaction).

The coefficients under the summation sign on the right side of Eq. (1) are determined by the interac-
tion cross section
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Here O is the differential cross section for elastic interactions and ¢*

"y oy g are the differen-
tial cross sections for inelastic interactions.

The set of Egs. (1) and (2) is nonlinear and the possibility of its linearization is associated with limit-
ing the degree of ionization. This permits consideration of only neutral components in the gas medium in
accounting for elastic collision interactions.

Then, from Egs. (1) and (2), the equations which determine the electron temperature and concentra-
tion take the form
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and the ion temperature under quasineutral, ng = Znj, and thermally static conditions, Tp = const (the index
relates to neutral particles), may be found from the equation
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For solution of Eq. (7) it is convenient to introduce the notation
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The energy relationship for the reacting system has the form
My+hyy=M}+e
where I =1, 2, ...,k corresponds to the characteristic ionizing radiation frequency, determined by the
electron concentration of the gas mixture without account of additional heat sources, and is characterized
by two fundamental values: the ionization rate q = g + q, + . . . gg;and the mean energy effect of the reac-
tion, i.e., the average secondary electron energy
. nig1 -+ nage . .. b ngey (8)
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It is known that the relationship between these values is one of the most significant characteristics of
heat transfer., Thus, establishing this relationship together with determination of the temperature develop-
ment time is the primary aim of this work,

We introduce the average effective values of (@) and (o*y by the equationst

*
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and transform Eqgs. (5)-(7) to the form
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TIn the following the ¢ ) will be deleted, i.e., it shall be understood that & and o * refer to the average
values,
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Transforming to the dimensionless variables
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and taking into account the known relationship between the differential cross sections of the dissociation-
recombination reaction and the effective recombination coefficient
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we transform Eq. (9) to the following form:
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Here Te is the initial electron temperature.
In this case, solution of Eq. (12) may be obtained in the following manner:
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The most general case in which it is convenient to use experimental data in the analysis is the case

of rapid change in ionization rate when the function q(t) may be approximated by the step function
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We represent solution of Eq. (10) in the form
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Putting Eq. (14) into (13) we obtain
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We determine the rate of development of electron concentration and temperature, i.e., the values
which characterize the time rate of approach of z and ye to their asymptotic values,

As a criterion for steady state development we select the conditions
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Here 6 and &, are arbitrary positive numbers, and y, and z, are the asymptotic values of y, and z.
Using Eq. (16) we obtain, in analogy with [2], an estimate of the time for establishment of the electron con-
centration:
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TABLE 1 Equation (17) permits estimation of the time for establish-

gem™ssec™h 05 106 108 102 ment of the electron temperature tyes °K, as a function of §;. There-
tey=0.7 1.8 5.7 22  (A=10) fore, if it is assumed that ty, °K = tye, °K, we obtain the relation-
tev=0.8 2 5.7 17.5 (A =100)

ship 6; = f(8). For sufficiently large values of t,, °K corresponding
to small values of §, it may easily be seen that 6; = 6\, while z; =
nge/n (nye is the initial value of the electron concentration),
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Using this fact we obtain the equations for the relationship between € and q knowing, for example,
A from experiment:
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As an example of the use of the relationships obtained, we estimate the time for establishment of ng
and Tg characteristic for the auroral ionosphere, i.e., the region of the ionosphere in which the dominant
role in the energy balance and ionization is played by a flow of electrons with a density Ie = 10°-10% cm™ %
sec™! and an energy of 1-10 keV [3]. Computations show that for q, = 10° cm ™ *sec™

re = n; = 108 cm=3, g = 1077 cm® » sec=1

. 2%5sec for g =104 cm®+sec=!
;= l10sec for g-=105 cm®.sect

Using the relationship between the secondary electron energy and the change in ionization function,
we compute, for values of the parameter A = 10 and 107, values of Ty = 10%°K and Ty = 3 - 10% °K for q, =
10 em~sec™!. It may be seen that these values, which are shown in Table 1, are in agreement with one
another, Actually, increase in the ionization rate, and correspondingly in the density of heating sources in
the gas mixture, leads to much more intense heat transfer (decrease in temperature establishment time)
and decrease in the energy of secondary, hyperthermal electrons.
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