IONIZATION RELAXATION BEHIND SHOCK WAVES IN NITROGEN
AT SPEEDS OF 17 TO 25 km/sec

M. B. Zheleznyak

Component concentration profiles and heavy-particle and electron temperature profiles have been ob-
tained. Relaxation times for nitrogen atoms and electrons have been determined.

Tonization relaxation behind shock waves in air was considered in [1-4]. It was predicted[2] and then
confirmed experimentally [5] that there is a nonmonotonic dependence of relaxation time on shock speed
vg. The nonmonotonic feature increases at vg~9.5 km/sec, when the ionized components begin to make
an appreciable contribution to the enthalpy of the equilibrium gas.

1. The stateofthe gas behind the shock is described by a system of kinetic equations and the equations
expressing the laws of conversion of mass flux, momentum, and energy. The relaxation in nitrogen at
speeds of vg ~ 20 km/sec takes place practically in an atomic gas because of the complete dissociation of
N, molecules in the shock. The kinetic equations are written for N, N*, and N+2 as well as for the transla-
tional temperature of the heavy particles T, and the electron temperature T,.

The following processes are taken into account:
N++ 25 N+te N2Zf2e5N++e (1.1)

An expression for the recombination constant of the first reaction was obtained in [6], based on a
theory accounting for electron diffusion in energy space, and takes the form

Te >;[2!' ZA*Zie ( R )’/: AE; 1 (1 2)

—Ez/Te
“l=2, '1031< sl B ——
[+ 3% 2.3 = -+ 3 Vﬂ?glA Te Te J

Here R is the Rydberg constant, A is the Coulomb logarithm for bound states of the atom (it is cal-
culated using the cross sections for transitions between levels obtained in the Bethe-Born approximation
and also takes account of existing experimental data), Z; is the state sum of the ion, g is the statistical
weight of the atom ground state, E, is the energy of the first excited state of the atom, AE, is the energy
difference between the ground state and the first excited state (energy is reckoned from the continuum,
and the set of main electronic configuration terms* is taken as a single level), and A* is the value of A
for AE ~ 3/2 Te.

The recombination constant «, for the second reaction was assumed similarly. The appropriate quan-
tities relating to N* were substituted into Eq. (1.2). In calculating the Coulomb logarithm for the bound N*
states, Coulomb-Born cross sections were used [7]. The equilibrium constants forreactions (1.1) were
taken from [8].

As was noted in [3, 9], the N (!S, 2P, D) atom terms can have an appreciable relaxation time. There-
fore for these levels one must write individual kinetic equations in which, in contrast to [3, 9},0nly elec~
tronic collisions are accounted for (the cross sections are given in [10]). The influence of heavy particles
on the kinetics of the terms is insignificant in the conditions considered. At the same time the population
of N* (P, 1D, 18) ion terms was taken to be a Boltzmann distribution in T, Since the gradients of T,

*In what follows we shall call these simply terms.

Mosgcow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. §, pp. 126-130,
November-December, 1970. Original article submitted March 9, 1870.

© 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.

1007



4

e

\
y &/ w10 AN
, AN

™
A N |/
N \Y\ N |/
2 \\J 1Y 4 \ .
[/ 1 z2 g / z 0 / z
Fig. 1 Fig. 2 Fig. 3

are small and the electron concentration is significant in the part of the equilibrium zone where N* can
affect the relaxation appreciably, the concentration of the above terms is close to the Boltzmann value.

The equation for the electron temperature has the form

.7, -
o 2% (1.3)

Here Q; is the contribution of the i-th process to the electron energy balance. The following processes
were taken into account: Q; — elastic collisions of electrons with N+ and N+2 jons; Q,— the losses in ioniza-
tion of N atoms and N* ions; Q; and Q, — energy exchange of electrons with terms of N atoms and N* ions,
respectively,

(1.4)

_ d(nyvE) <‘—i-kn v)—l 3 r dinp T, d(np)
-\ ) =T T T

Here ng, nN+ are the concentrations of electrons and N* ions, x is the distance from the shock front,
v is the gas velocity behind the shock, E is the mean energy of the set of N* ion terms, corresponding to a
Boltzmann population at the local T, and p is the density ratio. Expressions for Q, and Q; are given, for
example, in (9], and Q, has a standard form.

2. The system of equations given here was integrated numerically on the Minsk-22 computer, using
an implicit difference scheme. The profiles of the gas parameters behind the shock were obtained.,

Figure 1 shows typical profiles of T, and Tg, in 10*’K,and of p (z=xp; in 10~ atm-cm) for a speed
vg =21 km/sec and pressure ahead of the shock of p; =0.01 mm Hg,

We now consider the processes determining the T, profile (Fig. 2, vg =21 km/sec, p; =0.01 mm Hg;
the symhols correspond to Eq. (1.3), and Qj are in 104°K/atm-cm). The main processes determining Ty are
heating of the electrons due to elastic collisions with ions and losses to ionization by the electron shock.

In addition in the initial stage of relaxation, the electrons are heated by energy exchange with terms of N
atoms. This arises because the population of the atom terms at first rapidly reaches Boltzmann values
near the shock. Later, however, large negative gradients of T¢ oceur due to loss to ionization, and so the
terms cannot adjust to the changing T, values. This causes heating of the electrons by shocks of the second

kind.

Figure 3 shows electron concentration profiles (the numbers indicate vg in km/sec and ng in 1016
cm=3). Inthe initial phase of relaxation the reaction to form N2 takes place vigorously. Later the concen-
tration of N decreases,and the contribution of this reaction to the balance of electron generation diminishes.
At the same time the rate of formation of N*2 increases. The latter process is particularly important for
values of vg for which there is a considerable fraction of N*2 in the equilibrium region.

Figure 4 shows the behavior of the N atom concentration. For vg 3 20 the N concentration passes
through a minimum. The reason is that, after the end of the first ionization, the N concentration reaches a
state of quasiequilibrium with the system at a temperature exceeding the equilibrium value. As we pass
through the second ionization, T decreases,and the N* recombines, resulting in a decrease of N,
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Figure 5 shows N*? concentration profiles. For speeds
N vg € 19.5 km/sec Tg is of such a value behind the shock that the
21t \ 2 equilibrium N*? concentrations corresponding to the local values
7\ IBAN of Te are small. Therefore, before the end of the first ioniza-
7\ \\J tion, the N*2 value reaches quasiequilibrium with the system
AN for Te in excess of the equilibrium value. As the first ioniza-
i N tion becomes complete, T, drops, and therefore the N*2 concen-
v AN /' I tration decreases. Thus, there is a maximum in N*? for vg %
4
0

19.5. For vg > 19.5 km/sec the first ionization proceeds rap-
5 ] idly, and at the final stage of relaxation the system temperature
] 15 2

v %

is determined by the second ionization, since the contribution
of N*2 {o the enthalpy of the equilibrium gas becomes insignifi-
Fig. 6 cant, The result of all this is that the N*? concentration in-
creases monotonically.

We determine the N*? relaxation time similarly to the determination of the ionization time in [1-4],
i.e., for vg ¥ 19.5 km/sec we take the relaxation time to be the time to reach 0.9 of the equilibrium N2
fraction, and for vg £ 19.5 km/sec we take the time to reach the same fraction of the N*? level at maxi-
mum. This determination corresponds to the time for N*2 to reach quasiequilibrium with the system,
which is complete equilibrium for vg > 19.5 km/sec. The N*? relaxation time is shown in Fig. 6 as a func-
tion of vg (t in usec, p; in mm Hg; curve 4 is for p, =0.1, and curve 5 is for p,; =0.U1), and it can be seen that
it depends nonmonotonically on the speed.

Figure 6 also shows the time for ionization relaxation (curve 3), determined as the time to reach 0.9
of the equilibrium degree of ionization. Since the contribution of N+ to the electron balance is small for
vg < 20 km /sec, the ionization time is determined by N+ relaxation. For vg > 23 km/sec the N*2 concen-
tration becomes significant,and the ionization time is then determined by N*? relaxation. Since the N* re-
laxation time (curves 2 and 2') and the N*? relaxation time (curves 4 and 5) have a different dependence on
vg, the result is a change in the dependence and in the ionization time in going from low to high speeds.
From the concentration and temperature profiles behind the shock one can calculate the radiation from the
nonequilibrium region.

By way of example we consider the radiative intensity profiles in the spectral lines of the N7 ion,
which are determined by the concentrations in the excited levels. Behind the shock the gas is not in ioniza~
tional equilibrium, and so the population of the excited states will not be the Boltzmann values at local T

In this case, to calculate the populations of the N levels one must use an expression analogous to that
obtained in [11] for atoms:

ni 7Ry se
5 ) (Fe=1—T1y) (2.1)

= (rlk'n']?"*"ke O

Here ny is the population in the k-th level of N¥; the degree symbols indicate population values cor-
responding to Boltzmann values at the local Tg; and K is the ionization equilibrium constant for the N =
N*2 + e reaction. The coefficients ry; and ry, determine the relation between the levelk and the ground
state and the continuum; they are given in explicit form in [11]. The value of r;) depends slightly on temper-
ature and falls off rapidly with increase of k. For k=2, r;, has the largest value (r;; = 0.1).
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Figure 7 shows the ratio ny /ngP for vg =21 km/sec and p; =0.01
mm Hg (niP is the population of the k~th level in the equilibrium region)
for the 3s levels (k=2, curve 1) and the highly excited state (k » 1, curve
2). The maximum in the 3s-level population arises from T, in the non~
equilibrium region exceeding the equilibrium value of Ty. The profiles of
np/ngP for the remaining levels fall between curves 1 and 2. Figure 7
shows the ratio of the nonequilibrium radiative intensity to the equilibrium
value in the infrared, for A > 24 (curve 3).

Fig. 7

Analogous results were obtained for other values of vg > 20 km/sec.

For vg < 20 km/ sec the radiative profiles in the N* spectral lines ahead of the N*? maximum are
similar to that shown in Fig. 7. After the maximum, because of recombination of N**, the population of the
excited N* states can exceed the Boltzmann values for the local Te i.e., np > ng°. Reduction of Ty upon
relaxation leads to a reduction of ny° and, therefore, to the appearance of a maximum in the ny populations.

3. We consider the effect of the assumptions made here on the results of the calculations.

No account was taken in the calculations of the contribution of radiative processes to the relaxation
kinetics behind the shock. Estimates show that photoionization of ions and atoms does not contribute appre~
ciably to the balance of electron production. Also, precursor effects associated with radiation in advance
of the shock can be appreciable.

In this paper we have not considered the state of the gas in the viscous shock layer, whose thickness
can be commensurate with that of the nonequilibrium region [12] in the conditions examined. A Maxwellian
distribution of heavy-particle velocities becomes established in the viscous shock layer, and there can also
be appreciable dissociation of Ny molecules and ionization [13]. The calculation also ignored heat conduc-
tion of the electron gas. It was shown in [14] for higher speeds that this process affects the T, profile,
particularly ahead of the shock. The heat-conduction effect is less for lower shock speeds, and for the
conditions of the present paper its role is less, because the state of the gas only behind the shock is consid-
ered, Thus, because of photoionization ahead of the shock and ionization in the shock layer, the electron
concentration in the shock layer can be appreciable. However, estimates indicate that it will nevertheless
be substantially less than the equilibrium degree of ionization.

For the shock waves in air with Vg < 12 km/sec examined in [1-4], the chief source of the seed elec-
trons required for the development of ionization by the electron shock wave is associative ionization. For
larger speeds its importance decreases because of the existing initial ionization; the avalanche-type pro-
cess of ionization by the electron shock with large gradients of ng can begin from the front, the result being
that the solution does not depend much on the initial conditions. The profiles of the gas parameters obtained
for different initial values of ng and T differ only in a narrow region near the shock front.

It should also be noted that the results depend on the recombination constant &,. When it changes,the
N* relaxation time changes, but the results remain qualitatively unchanged, i.e., the N*2 profiles change
from nonmonotonic to monotonic with increase of speed, and there is also a change in the manner in which
the ionization time depends on the speed. ' '

4. The individual features of the air components manifest themselves mainly in the molecules and do
not appear strongly at large speeds. Therefore, the present data on ionization relaxation in nitrogen can be
used to estimate ionization in air. Figure 6 shows the dependence of the ionization time in air (curves 1
[1] and 2 [3]) onvg. It can be seen that there is a change in the nature of the dependence of the ionization
time on vg at speeds such that single or double atomic ions begin to contribute appreciably to the enthalpy
and the electron balance of the equilibrium gas. One can also expect a change in the nature of the behavior
of ionization relaxation with time for vg ~ 40.55 km/sec etc., corresponding to triple, quadruple, etc. ioniza-
tions (the data on the contribution of ions are taken from [81).

The author thanks A. Kh. Mnatsakanyan for formulating the problem and discussing the results and
G. A. Kobzev and I. T. Yakubov for useful discussions.
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