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The perturbation of the velocity distribution of a reactamt by a chemical reaction and the subsequent alteration
of the diffusion rate are analyzed within the framework of a modified BGK equation. An intuitive explanation of
the process giving 1ise to non-equilibrium corrections 1o the diffusion coefficient is presented. The effects of perturbed
internal-state populations, which are more importani than velocity perturbations for most chemical reactions, are also

qualitative ly discussed.

1. Introduction

It has been known for some time now (refs. [1-8])
that, in fast chemicel reactions, the perturbation of
the maxwellian velocity distribution, which is caused
by the reaction, can give rise to non-equilibrium cor-
rections to the theoretical rate coefficient. When
these corrections are non-negligible, we can no longer
interpret measured rate coefficients as equilibrium
averages of the relative energy multiplied by the cross
section for reaction.

It is the purpose of this paper 1o demonstrate how
the competition between velocity relaxation and se-
lective depletion of high-speed reactantst can yield
corrections to transport coefficients other than the
chemical rate coefficient. Our analytical result [eq.
(15)] for the diffusion coefficient of one of the re-
actants is obtained from a model kinetic equation (a
maodified BGK [9] equation), and is not intended to
provide a general formula for the estimation of non-
equilibrium corrections. The essential point is that the
chemical reaction can have effects on other transport
coefficients, and these effects are significant under

-

t The argument presented here is valid for any type of selec-
tive depletion, We choose to discuss the depletion of high-
speed particles because this is probably the most common
case,
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the same conditions for which non-quilibrium cor-
rections to the chemical rate coefficient are impor-
tant.

2. The model kinetic equation

Let us consider an irreversible, bimolecular gas-
phase reaction in which each species possesses a sin-
gle internal quantum state

A+B=C+D. (1)

The concentration of species B is taken to be so large
that we need only consider A—B and B—B collisions.
It is consistent to assume that the initial phase.space
distribution function-of species B, which we take to
be uniform in space and maxwellian in velocity, per-
sists throughout the course of the reactiontt:

Sl 1) =h;" VX%)” exp [~ J};:—l:] : {2)

The distribution function of species A is now as-
sumed to be governed by the following modified
BGK equation Tt

tt F is the volume of the reaction vessel, T is the tempera-
ture of the B particlkes, and My is the molecular mass of
a particle of type B,
t1t The number density n is obtained from f by integrat-
ing over velocity.
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8f (r, v, )bt +'rvf‘(r,r,r}

= —(xk +T(M))/, ﬁ(r,v,.r} + xlbh{v]u A{"“'} i {3)

where @, (v) is a maxwellian velocity distribution for
species A. The velocity-dependent reactive collision
frequency is T{v), and the non-reactive collision fre-
quency is denoted by x. Because the local number
density n, (r,f) contains information regarding the
rates of chemical reaction and of diffusion, its caleu-
lation is our primary objective.

Eq. (3} is readily solved by introducing the
Fourier—Laplace transforms of f, (r,#,) and ny (r, t):

Fkway=far [ des, @m0 expl=ikr-z], (@)
0

Ak,2) = [dv Fik,v,2) . (5)

The resulting solution for n(k,z) is compactly written
as

n(k,2)= (1 —x [A®, G)dv] ! S ATk 1=0)dv
(6)

where f(k,v,r=0) is the Fourier transform of the
(arbitrary) initial distribution function and A is de-
fined by

Alk,v,z,k) = [z +x +T() +ikw] ~L (7)

To invert the Laplace-transformed number density
n(k,z), we must find the poles of  in the complex

z plane. The long-time behavior of 1, (r, £), which is
of primary interest to us, is determined by the pole
zp(k) of n(k, z) whose real part is least negative.
Asymptotically expanding T the denominator of eq.
(6} in inverse powers of k, we find the following long-
time pole

Zyky= - +x~ 16T — k=267
-k Yol -k~ 2k (8)

t This expansion is meaningful if the velocity relaxation time
k™1 is smaller than the inverse of the pseudo-first order rate
constant (ng/¥) kpy (.. Later, we show that the most inter-
esting situation arises when ™! < [(ng/¥) k1] 7!, but
not k™! < [(ng/¥) kpapel 7
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which is correct to second order in k —!. The flucrua-
tion in the reactive collision frequency is §T(v) =
w - (%)
and the bracket means an average over ¢, (v), e.g.,

M= [8,(:)T04)dv. (10)

Thus, furr long times, Le., after the effects of the other
poles of n(k, z) have become negligible, the Fourier
transform of ny (r, 1) is given by

" A(k, 1) =R (k) exp [Zﬂi.kj.r] : (1)
which implies
dnﬁfdr=zﬂ{k}na[k,t], (12)

where R 3(k) is the residue of nik,z)at Z olk)
The phenomenological equation for ny (r, 1)

dn, (r.t)idr =D ﬁv’-’ n,(r.1)

= ‘“[‘"BJ’H kme H‘A[f, ﬂ {Ij'.}

involves the chemical rate coefficient &, for the re-
action and the diffusion coefficient D, of species A.
Comparing the Fourier transform of eq. (13) to the
kinetic-equation result given in eq. (12}, we can im-
mediately extract expressions for k., and D, as
power series in x~!: %

Ko = (Ving)UD =k ~16TH +x =257 (14)
and
D, =i 'wh k203D . (15)

3. Physical interpretation

The terms in eqgs. (14) and (15) involving the fluc-
tuation 87(v) arise because of the coupling between
velocity relaxation and the chemical reaction. To il
lustrate these effects, assume that in a short period of
time the chemical reaction selectively consumes high-
speed particles of Wype A. The velocity distribution of
the particles which remain after this period is no
longer maxwellian; the high-speed tail of the max-
wellian has been reduced in magnitude. Immediately
following this time period, collisions with molecules
of type B will cause the velocity distribution to relax
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towards its equilibrium maxwellian form. However,
as this relaxation proceeds, both diffusion and further
chemical reaction can occur. Thus, during the time
(k1) it takes the velocity distribution to relax, chem-
ical reaction and diffusion proceed under the influ-
ence of a velocity distribution which is deficient in
high-speed particles. This temporary deficiency causes
both the diffusion and reaction rates to be reduced
from the values which would result if the velocity dis-
tribution were maxwellian for all time. Of course, if
the velocity relaxation is very much faster than the
rate of depletion of high-specd particles by the reac-
tion, then the non-cquilibrium effects in k. and D,
will be negligible. However, for reactions whose bi-
molecular rate coefficient is of the order of 108 1o
1010 sec=1 mole~1 liter, these corrections to D, and
ke can be important T

We have examined the first non-equilibrium correc-
tions to k. and D, for the line-of-centers cross-
sectiont¥. We find that the corrections to D, are sig-
nificant if both the threshold energy of the reaction
is small with respect to &T and the amplitude of the
reactive cross section is of the same order of magni-
tude as the velocity-relaxation cross section, These
conditions are identical 10 the conditions [1—8] under
which non-equilibrium corrections to &, become
non-negligible.

Although the non-equilibrium effects discussed
above are insignificant for all but very fast chemical
reactions, analogous perturbations of vibrational-
state (or other internal-state) populationst 1%, caused
by the non-uniform reactivity of various vibrational
levels, may lead to significant non-equilibrium correc-
tions to D, . That is, if the size of the molecule de.
pends relatively strongly on the vibrational state, then

t We cannot discuss a reaction whose rate constant is so
large as to violite the condition discussed in footnote, p,
000,

t1 See ref, [6] for the definition of this model cross section.
T+ The effects of perturbed internal-state populations on
the chemical rate coefficient have previously been dis-
cussed, For example, see refs, [1-8] and ref. [10].
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molecules in different states will diffuse at different
rates¥. Thus, the selective depletion of certain vibra-
tional levels leads to a non-equilibrium internal-state
distribution which then decays toward equilibrium.
During this decay, diffusion occurs at a rate which
differs from the equilibrium rate obtained in the ab-
sence of chemical reaction. The importance of such
non-equilibrium contributions to D is, of course,
determined by the ratio of the rate of the chemical
reaction to the rate of internal-state relaxation, Be-
cause internal-state relaxation can be relatively slow,
the possibility does exist for observing the corrections
to D, discussed above, We defer a more complete
treatment of this interesting problem to a future pub-
lication,
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t Even in a non-reactive case, if sirong electromagnetic ra-
diation is used 1o pump higher vibrational states of a
malecule, one can perturb the diffusion coefficient from
its equilibrium value,
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