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The vibrational relaxation of a nonequilibrium molecular gas (Ty>T) plays an im-
portant role in the physics of gas lasers, laser chemistry [1], and plasma chemis—
try [2]. This paper is devoted to an analysis of the dynamics of VT relaxation
with spatially inhomogeneous perturbations of the translational temperature taken
into account.

We assume that the translational T and vibrational Ty temperature distributions
Tt=0, 2) = Ty + glz), Ty(t =0, ) = Tyy + h(z) (1)

at the initial time fluctuate weakly in the space (|g(x)| << To, Ih(x)| << Tyo) and the VT
relaxation rate depends on the space coordinate. If the vibrationally excited molecule den-
sity is relatively large and their heterogeneous deactivation can be neglected (i.e., the
inequality Tty << Lz/xv‘is satisfied, where tyr is the VT relaxation time, ¥y is the vibra-
tional thermal diffusivity factor, and L is the characteristic dimension of the system), then.
in the case of a sharp temperature dependence of the V-T relaxation time Tyy = Té&exp(B/T )
[1], the heat conductivity and convective heat transfer cannot restore the spatial homo-
geneity of the gas temperature distribution. Under these conditions, the relaxation to equi-
librium will be inhomogeneous in nature.

The effect mentioned can be described by the following system of equations:
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where n is the gas density, T and Ty its translational and vibrational temperatures, eV(TV) =
e[exp(a/kTV) — 117 is the mean vibrational energy per molecule, € is the quantum of vibra-
tional energy; Arp, A% are translational and vibrational heat conduction factors [3]. Let us
note that in the case of a strong distinction between the vibrational and Boltzmann distribu-~
tion functions, the influence of the vibrational—translational conductivity Ay must be taken
into account [4].

It was assumed in writing (1) and (2) that the convective heat transfer can be neglected
as compared with the heat conduction. This is valid if the inequality (1/T)(d8T/dt) << xp/a®
is satisfied that corresponds to small Peclet numbers Pe = va/xr, where XT = AT/ch is the
translational thermal diffusivity factor, v is the scale of the mean mass flow rate, g is the
characteristic dimension of the temperature inhomogeneity, and d8T/dt is its rate of change
with time.

In order to follow the evolution of small perturbations T,(x, t), Ty,(x, t) of the trans-
lational and vibrational temperatures at times when the main background (T,, TVo) can still
be considered invariant, we linearize the system (1)

T o*r,

a .
—5t—1=03TTT1+03TVTV1+XT-0:z‘, (4)
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It follows from (4) and (5) that the rate of change of the perturbation amplitude of the
form e’t cos kx is determined by the expression

5 (=% o — %k -+ 0yy) 4 (— Xpk® + opp + %k — 0y )
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(6)

+ oryoyr.

For the relaxation of a strongly excited gas (ey(Ty) — ey(T) >> cyT) proceeding from the lower
vibrational level (TVT < 0, Xt > Xy [4]) we obtain wpp > 0, wyy < O, wytwry < 0 from (6). The
dependence of Re X on k® is represented in Fig. 1 for these conditions, whence it is seen that
the fine-scale perturbations damp out in the initial stage of the relaxation because of heat
coriduction while the "longwave'" fluctuations grow. The characteristic spatial scale

-E cyT 1 ‘
lc = 2n I/G)_T; = 21 VXTTVTSV (TV)—EV(T)'\'?VTI’ (7)

which corresponds to the mean length of the heat conduction, can be extracted in the system.

To study the nature of V-T relaxation in times when the translational temperature starts
to grow explosively, the mixed boundary value problem (2), (3) with initial (1) and boundary
conditions
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was solved numerically. The initial perturbation g(x) was given in the form of "white noise"
with <8T*> = 0.8-107" deg®. TFour vibrational degrees of freedom of the CO, molecule and its
dissociation because of stored vibrational energy [2] were taken into account in the computa=-
tion whose results are represented in Fig. 2. The following values of the parameters were
used: n = 3-10'% em™®, To = 100°K, Ty, = 3500°K, e, = 2396 cm™', e, = 1351 cm™?, e5 = 672

em™ 1!, X7 = 3xy = 1.4 cm®/sec, B = 72 deg¥?, cy = (5/2)k, T%T = 107% sec. The nature of the
solution does not change qualitatively when the thermal diffusivity factor XxT(T), dependent
on the translational temperature, is used.

The substantially inhomogeneous nature of the relaxation during which three stages can
provisionally be separated out should be noted. Initially intensive damping of the fine-
scale perturbations occurs, then a quite definite spatially inhomogeneous temperature dis-
tribution is formed that is smoothed out as thermodynamic equilibrium is approached. This
qualitative description is illustrated graphically in Fig. 3 where the time dependence of
the r.m.s. deviation of the solution of the problem (1)-(3), (8) from the spatially homo-
geneous solution of (2) and (3) is displayed.

The presence of temperature gradients in the relaxing system results in a change in the
mean relaxation time. In fact, we write T = <T> + 8T(x), where <T> is the value of the tem—
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perature averaged with respect to the space, and ST(x) << <T> is the deviation from the mean
background. Lét us expand the relaxation velocity in a power series in the inhomogeneity:

Ovr (1 @) =TEA D g, (ry) + Drtor 1+ T2 L oy

and let us take the average of this expression with respect to the space

(Qyr> = Qur (T + 0VT<6T>+ 9T + ...

Considering the fluctuation spectrum Gaussian (<6T>==O), we obtain that if aZQVT/aTZ >0, the
the mean relaxation time for an inhomogeneous temperature distribution will be higher than
for a homogeneous distribution

Qyp 1
oy = Tyr (KTD) [1 + ‘;T <5Tz>]

If Qyr(T) is a concave function of the translational temperature (32QuT/5T? < 0), then the
spatially inhomogeneous relaxation will be slower than the homogeneous on the average. The
first case is realized in the initial stage of the relaxation when a temperature increase re-
sults in an acceleration of the V-T exchange, the second is near thermodynamic equilibrium,
where a rise in the translational temperature of the gas results in a reduction in relaxation
intensity because of depletion of the vibrational reservoir.

Let us note that the spatially inhomogeneous vibrational relaxation mode can be related
to the decay of an elevated pressure discharge on separate filaments extended along the gas
flow. If the characteristic length (7) 1s taken as the spacing between the filaments, then
we obtain the quantity ~0.1 cm for the parameter values mentioned above, which is in agree-
ment with visual observations on a microwave plasmotron in a supersonic gas flow [5].
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