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Abstract: One of the main problems of the non-equilibrium physical-chemical gas-dynamics
is considered: derivation of gas-dynamics equations for reactive gas mixtures. By non-
equilibrium effects we mean all kinds of effects caused by deviation of the distribution
function from its quasi-equilibrium value. The method which is used to obtain the normal
solution for the generalized Boltzmann equation is discussed. As opposed to the tradi-
tional approach, it permits a description of experimentally observed pressure dependence
of the reaction rates (low- and high-pressure limits) and to generalize the theory of ther-
mal dissociation for the arbitrary reaction case and for spatially inhomogeneous systems.
Conclusions concerning the necessity of revising the traditional approach to the chemical
reaction description and of developing the non-equilibrium chemistry are argued. In the
framework of the non-equilibrium chemistry, chemical reactions are no longer independent
of each other (Guldberg and Waage law is not applicable under the non-equilibrium condi-
tions) and corresponding reaction rates are functions of the reacting mixture composition.
Exact expressions for reaction and relaxation rates for the cut-off harmonic oscillator model
are obtained. Only the case of hard potentials in Grad’s meaning is considered, while soft
potentials remain an issue.
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1 Introduction

Gas-dynamics is one of the most formalized areas of physics, which has given rise to a now
global industry that is the computational fluid dynamics (CFD). However there are still many
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unsolved issues in this field, which mostly concern attempts to take into account complex physical-
chemical processes. These processes are usually connected with the non-equilibrium effects, by
which we mean all kinds of effects caused by the deviation of the distribution function from its
quasi-equilibrium value. In many cases non-equilibrium effects themselves are the reason for the
deviation and therefore need a self-consistent description. For reacting gases non-equilibrium ef-
fects lead to a dependence of the reaction rates, not only on temperature, but also on velocity
and concentrations of mixture species, i.e. on the composition of the mixture [1, 2]. The nucle-
ation problem meets the same problem, what is clear from recent investigations [3] and from the
quasi-chemical model analysis [4].

It is worth noting that such processes determine the behavior of gases under high Mach number
conditions, of plasma (rf- and other discharges are widely used in PECVD reactors), etc, which
means searching for their appropriate description is of great importance.

One of the challenging problems faced is: derivation of gas-dynamic equations for reacting
gas mixtures. After pioneering works on thermal dissociation of Stupochenko et al [5], the quasi-
stationary state (QSS) method for quasi-stationary distribution function calculation, and thus for
non-equilibrium reaction rates calculation was proposed and used in publications [6]. In paper [7]
the expression was derived for the reaction rate within the model that allows the exact solution.
This is a one-temperature model for the small admixture of the reacting gas, for which is assumed
the perturbation of the Maxwell-Boltzmann distribution for translational and vibrational degrees of
freedom for all components is negligible. In paper [8] the comparison was between our expressions
for reaction rates with corresponding results of the QSS method and appreciable differences were
observed. The QSS method is used in solving the set of state-to-state equations, derived from the
Boltzmann equation under the assumption the translational (and in some case rotational) degrees
of freedom obey the Maxwell-Boltzmann distribution. It does not permit building the rigorous
asymptotic approach for the gas dynamic equations derivation, within the QSS methodology. No
consequential asymptotic procedure within the QSS method is considered; only the path to calcu-
late the quasi-stationary state (zero-order approximation) and first-order corrections is discussed.
Thus, any approach that involves an asymptotic method based on the Boltzmann equation is more
general than the QSS method. Besides that, considering only state-to-state equations, none of the
QSS methodology authors deal with the spatially inhomogeneous effects. Taking the above into
account as well as the reasons discussed in [1, 2], the new method of deriving the solution for the
generalized Boltzmann equation for chemically reacting gases, proposed in [1] is the most general
to date method.

As discussed in paper [1] the difficulties one meets when trying to obtain macroscopic equations,
which can describe experimentally observed switching of the dependence of unimolecular reactions
under pressure from the square-law dependence at low pressures (bimolecular mechanism), to the
linear dependence at higher pressures (unimolecular mechanism). Analysis of the thermal dissoci-
ation problem [5] have shown that for reactive gas mixtures corresponding reaction rates are the
functions of the small parameter of the theory (Knudsen number). This means that to describe
the experimentally observed system behavior the re-normalized theory allowing the summation of
the contribution of the terms of different orders of magnitude is needed to be build. For this the
new method of obtaining a normal solution for the generalized Boltzmann equation for reacting
gas mixtures was proposed. It is based on the following items: (i) slow variables are introduced via
approximate summational invariants (ASI), defined within the method, (ii) a renormalized asymp-
totic procedure is formulated, which is made up of the distribution function separated into ’slow’
and ’fast’ parts. The kinetic equation is presented in the form of a singularly perturbed system for
gas-dynamic (slow) variables and for the ’fast’ part of the distribution function, (iii) a collisional
integral is not expanded into the series over the Knudsen number (no assumption is made that the
part of a collisional integral, responsible for the chemical reactions, can be treated as the pertur-
bation of its ’elastic’ part, as was suggested in publication [9] and since has been the basis for the
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general approach [10, 11]). While deriving the gas-dynamic equations it was shown that the role of
non-equilibrium effects is far more essential in our approach, than is generally accepted. Physically
non-equilibrium effects originate from the high sensitivity of the high-threshold-physical-chemical
processes, to the distribution function perturbations.

From several examples it was ascertained that non-equilibrium corrections and the traditional
equilibrium rate constants could be of the same order of magnitude. Our previous studies [2, 12]
show that via kinetics of high threshold physical-chemical processes, all generalized relaxation pro-
cesses described by Euler equations, became interdependent. By generalized relaxation processes
here we mean all processes that are described by gas-dynamic variables related to the approximate
summational invariants introduced in [1]. Evolution equations for these variables contain source
terms that determine coupling of their behavior with the evolution of other variables. Derived
gas-dynamic equations have more symmetrical form in comparison with traditional equations from
the point of view of describing the impact of the gas-dynamic variables on each other. Due to sym-
metry mentioned above these source terms will be called ”generalized relaxation rates” (GRR). All
GRR, being the rates of corresponding reaction/relaxation processes, are the complex functions
of species concentrations and coincide with the corresponding equilibrium values [10, 11] only if
the ratio of vibration and chemical characteristic time is set to zero. In this sense these terms are
called re-normalized. First attempt to obtain general expressions for these re-normalized GRR was
done in paper [12].

Detailed in this paper are the generalized relaxation rates considering the two-temperature
approximation and cut-off harmonic oscillator model. It is shown that the GRR are expressed as a
linear combination of the quasi-equilibrium GRR (i.e. calculated via quasi-equilibrium distribution
function) with coefficients being the functions of the set of gas-dynamic (slow) variables.

The paper is organized as follows. First the basic items of our method of solving the generalized
Boltzmann equation for reacting gases are described. The expressions for GRR for the cut-off har-
monic oscillator model are derived in the second section. As discussed the analysis pays attention
to the non-solved problems and traces further research.

2 State-of-the-art

2.1 Method description

Here the set of generalized Boltzmann kinetic equations for reacting gases, written in the dimen-
sionless form is under review

OF, 1
8t +Vo¢'vFa—gIa(F)7 (1)

where F,, I, and v, is the distribution function normalized to the number density, the collisional
integral and the velocity of the molecule of sort a respectively; € is the ratio of characteristic times
of inelastic process to characteristic gas-dynamic time. The collisional integral can be represented
as [7, 13]

[v'[<2v|v|<1 , ’ , Fy F Fy
I, = / ququ'Wo'f v (Vaa kou Vo, kV|VV/7 ku’) - N
; ,;; ’ Bg, sp(ks)  sa(ka) ﬂl;[V s5(ks)

(2)
Here W is the transition probability that satisfies the microscopic reversibility law W' (v, ky |V, k) =
WY (vyr, ky|Vy, ky); v characterizes the reaction channel: v = {vy, ..., vy, ...}, where v, is a number
of particles of sort « in channel v; |v| = v1 + ... + v, + ... is a total number of particles in channel
vi k, = {kq : « € v} and k, are quantum numbers of species a, the subindex at v, has the same
meaning; the summation in (2) is carried out over all pairs of channels for which the number of
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particles in the initial or final channel does not exceed two (with an arbitrary number of particles
in the opposite channel); sg(kg) is a statistical weight of state kz. Primes over sums and integrals
mean that the corresponding summation and integration is performed in a way which avoided
multiple accounts of the same states.

The method of introduction of slow (gas-dynamic) variables is unobvious for the systems for
which a number of slow variables exceeds the number of exact summational invariants. Therefore
the description of gases with internal degrees of freedom appears to be a challenge to the theory.
This problem can be solved by generalizing the definition of slow variables. They should be
determined not only by summational invariants, but also by approximate summational invariants
(ASI) v; [1], that are defined by the following relationship

Wi, I(F)) <0(),  (bp)=>> / AVata (Vaska) Pa (Vaska) (3)
a kg

Here the angle brackets denote the scalar product. The corresponding set of slow variables is
determined as

According to this definition variables I'; evolve over a long time scale. Equations for slow variables
are derived by multiplying the Eq. (1) by ASI and integration over velocities and summation over
quantum numbers.

Following our previous publication [1], where F,, = F9° + ®,, the first item does not depend
on either time or coordinates explicitly, i.e. it depends only on slow variables F2¢ = F2¢({T;}).
For quasi-equilibrium distribution functions FZ¢ we chose the function that maximizes the entropy

density for a fixed set of slow variables: F%¢ = exp (ln Sa (ko) — Zfil Yitia (Va, ka)) Here ~; are
determined by the relationship (4), when F'9€ is substituted instead of F. ®,, satisfies the equation

(i, @) = 0. (5)

The advantage of an introduced quasi-equilibrium distribution function is that it normalizes the
procedure of introducing generalized thermodynamics (multi-temperature for instance).

Using the new variable ® the Eq. (1) together with the corresponding equation for slow variables
can be transformed into the singularly perturbed set of equations:

M €
Eag;a :Jpqea(qu+@) _'Ev'vq’a‘i‘E;a;‘é (v <Vwi>qu+<I)> _V'VFZ')
(6)
M 90
Jo(F) = 1(F) = 3 o= (i, 1(F),
i=1 [
Ot = e (P9 +®)) — V- (v, (F 4 @)). )

Equation (6) coinciding with that commonly used only where all ; are exact summational invari-
ants (ESI). Additional terms in the modified collisional operator J are due to the slow evolution
of the system: relaxation of slow variables adiabatically impacts the collision process.

2.2 Gas-dynamic Equations

Considering a so-called 'weak’ non-equilibrium situation, where @, function is assumed to be of
the order of ¢, for the one-velocity model the following zero-order (Euler) gas-dynamic equations
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have been derived [1]. Following the Chapman-Enskog asymptotic procedure modified in [1] the
expressions for ® and OT'/Jt are represented as

P = @) (I, VI, ..., VsHIT L= sBE) (I, VI, ..., V°D).
;5 (0 VL, Vo), ;5 (I, VT, .., V°T) (8)
Then for the zero order approximation we obtain
1 M gFae
/ VPO = _Z Jpge (F9€ . N v . fae
Thae (FI€)® ~Jpa (F )+; AT, [v-VI; — V- (v, F99)], (9)
S = S L(E) + (s I (98 - V- v P, (10

Here J’ is the linearized modified collisional operator, that is determined via the linearized colli-
sional operator I’ as

M

qe
Tpae (F19) 20 = ['(F1€)9©) — % 88]; <w I’(qu)®(0)> . (11)
i—1 i

As in traditional approaches, function ®(©) can be represented as a linear combinations of terms,
proportional to gradients of gas-dynamic variables. Taking into account that only scalar part of
®©) and the part which is proportional to mean velocity divergency, contributes the zero-order
gas-dynamic equations (10), these equations have the following form:

Oong,

T4V (ung) = Ra({T}),  a=1,..N,
ot
(12)
R = (o 1 (F9)) + (0, I (F1°) (07 + 00V - u) ) = RIC + Bi + RE)V -,
dpu 1 2 1ge
- TV (u)+Vp=0,  p=z(me F*) =n/yp, (13)
or
o TV (e +p)w =0, (14)
ar; .
5 T V- (uly) = R;({T'}), i=N+5,.., M,
(15)

Ri= (e, T(EO) + (g, 1 (F7) (8 4 00 u) ) = R+ B 4 BV -,

Here {T'} = {T',,,Tp, 5, Tai}. R are the reaction rates. The sum of the first two terms in the
RHS of Eq. (12), R3" = RZ¢ + R"¢, describe the kinetics of chemical reactions in spatially homo-
geneous systems, the last term, R&Sih) = RéOO)tV -u, describes the impact of spatial inhomogeneity.
R; are the relaxation rates for I'; variables. Similarly, the sum of the first two terms in the RHS
of Eq. (15), Ri" = RI® 4+ R, describe the relaxation in spatially homogeneous systems, while
the last term R*™ = R{))V . u arises in spatially inhomogeneous systems. Due to the similar
structure of all R-terms we will call them ”generalized relaxation rates” (GRR).

Euler equations derived within the presented approach differ from the traditional [10, 11] by
source terms: they consider additional summands R}° + R;OO)tV -u and RI'®+ Rg?v -uin Egs. (12)
and (15) respectively, so that the non-equilibrium effects are taken into account within the zero-
order approximation. This is the consequence of not assuming the chemical reactions as being the
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perturbation in the collisional integral in Eq. (1). It was discussed in the previous papers [1, 2] in
detail.

It should be emphasized that in contrast to the traditional method our approach does not
include any assumptions other than this: the ratio € = 7,/74q is small, where 74, is the fast
process characteristic time and 744 is the gas-dynamic characteristic time. For example we don’t
use the expansion of the collisional integral over the Knudsen number; [9] being the starting point.
This means that the gas-dynamic equations derived in paper [1] are of the most general form.
Considered here 'weak’ non-equilibrium situation is the simplification of the result, obtained in [1],
but is still beyond the assumptions of the general approach [10, 11] and catches the majority of
non-equilibrium effects mentioned above.

In situations where corrections to the reaction rates are not small non-equilibrium effects dra-
matically impact the chemical kinetics of the reacting gas mixture [8]. This leads to the necessity of
the revision of the concept of ascertaining information on the reaction rates from the experiments.

3 Two-temperature approximation within cut-off harmonic oscillator
model

3.1 Gas-dynamic equations

Two-temperature approximation means that the vibrational quantum number of the selected vi-
brational mode, ¢1, is assumed to be the approximate summational invariant (only one vibration
mode is assumed for simplicity), thus ¢y = ¢ada1; it is additional to traditional Kronecker’s delta,
Y, (@) = dq,1, (which corresponds to species number densities), mixture momentum, ¥, = MmqyVa,
and mixture total energy, g = el (Vo) + efj)(ka% where el = mav2 /2 and el are transla-
tional and internal energies of the molecules of sort « respectively, and k,, are the quantum numbers
determining the internal energy of the molecule. Corresponding gas-dynamic variables defined ac-
cording to (4), are number densities of species, n,, the mean mixture momentum, I'y, = p, the
mean total energy I'p = I'grin) + Dgen + Dy, (Where T painy = p2/2p, Tpen = 3n/2vg) and
quantum number density I'y. It is connected with the usual mean quantum number g, [14] by the
relationship I'vy = n1g,. Thus the quasi-equilibrium distribution function can be written as

Sa (ka) ) exp [*’YE (ﬁ (Va — ll)2 + eﬁ,f)(ka)) - VVQQaa,l} ) (16)

e — g 20 \Pe)
¢ “QalvE: W 2

where s, is a statistical weight, Q) a statistical sum and g is connected with the gas temperature:
v = 1/kpT. Parameters vy ({T'y, }, g, I'v) and yg({Ty, }, Tk, T'v) should be determined from
the relationships below

- 3n i e {- ¢
Pp =5+ 2 2 el )X, Tv =3 aiXly,
a kg n=0
(17)

e nis v
Xia = : 1(5?1) eXp [_’YEeg )(111) - ’YV(h} )
@

where Zka tar [ dvoF, = X4,4, is a vibrational population density and summation is aggregated
over all quantum numbers except qi; fE = I'gern + oy e(lv)(ql) is the energy of the corre-
sponding vibrational mode uncoupled with other degrees of freedom: egi)(lﬁ) = egv)(ql) + ef;
e} is the energy of the remaining internal degrees of freedom; Q") = ng)Q(i)’ and ng) =

> OXD {—VEegv)(ql) - “thh] is a vibrational statistical sum.
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For the harmonic oscillator egv)(ql) = hwer(q1 + 1/2) and thm, ~ e vERwa/2 /(1 — 70V,
where 0y = yghwe+7yy. Therefore (17) is reduced to the Boltzmann distribution with a vibrational
temperature that can be introduced by the relationship kgTy = fiwe1 /6y .

For the above mentioned set of slow variables the zero-order gas-dynamic equations are as
follows: for Ty, , I'p, T'g they are (12), (13) and (14) respectively, while for Iy the set of equations
(15) reduces to one equation:

or -
itV lv) = Ry(Tn, Tp, Tp.Tv),
(18)

Ry = (v, 1 (F*)) + vy, ' (F*) (21 + 0"V -u) ) = RY + B!} + R,V - u.

3.2 Generalized Relaxation Rates

To calculate the spatially homogeneous part of GRR the scalar part of distribution functions, <I>§ a) ,

should be calculated. For simplicity we consider the model within which the Maxwell-Boltzmann
distribution for translational and rotational degrees of freedom for all components is assumed.
Therefore the equation for q)go)’ obtained from Eq. (9) by gathering scalar terms, can be reduced

(0)

to the equation for the ’fast’ part, X of the vibrational population density X; , of species 1,

1,q9°
as is done in [7], by representing the distribution function in factorized form F, = FI¢TEX, .,
3. JdvaFs = Xo(qa), where FI° TR s a translational-rotational part of a distribution function.
This means that the vibrational and rotational modes are assumed to be independent.

The vibrational collisional operator I 1(V), that is the operator I; from equation (1), integrated
over velocities v and summed over rotational quantum numbers j, is represented as

where superscripts ch, VT and V'V correspond to chemical reactions (both unimolecular and
collisional) and to Vibration-Translation and Vibration-Vibration transitions respectively. For
one-quantum transitions probabilities of VI' and V'V transitions can be represented as P, , =
(Op.g+1 + Opig—1) Pogs QY = (Opg4101,541 4 Opg—101,6—1) Q5L respectively; thus the relaxation
parts of the collisional operator becomes

VT
Il(,q ) = (1 - 5q,0) (Pq—l,qXLq—l - Pq,q—lxl,q) - (1 - 5’17‘1771,) (Pq7q+1X17q - Pq+17qX17q+1) )

Y~ -4 oy, x X, X
1,q ( - q,O) ZZO QQ*LQ 1,q—1 1,l+1*Qqq 1<31,q21,1

ll+1 1+1,1
+(1 = 64,4,0) Z ( g+ 1,5 1,g+1X1,0 — Qg g 11 X1, X1, z+1)

= (1 - 6q70)Qq—17q(X)X1,q—1 - Qq,q—l(X)Xl,q - (1 - 5q,qm) (Qq,q-&-l(X)XLq - Qq+1,q( )Xl cg—&-l)) .

where g, is the highest vibrational level. Introducing the effective transition probabilities PZ, i(Xh) =
P; j + Q; ;(X1), the following expression for the vibrational collisional operator is derived:

I(V)(Xl) -1~ 5q,0)jq—1(Xl)Xl + (1 - 5q,qm)5q(X1)X1 — 0g,qm (Pa,qX1,g = Prgnana),
(21)
jq(X)Y = Pq+1,q(X)Yq+1 - Pq,q+1(X)Yq-
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Here P;, is the dissociation probability of the molecule in state g; P, is the recombination
probability of the dissociation products to initial molecule in state g respectively, and subindexes
3 and 4 denote the dissociation products. Py, and P, , with ¢ < ¢,,, assumed to be negligible. The

linearized collision operator I; v )(Xl) can be expressed as:

Vv e ~ ~ e
I (X9 X1g = —(1 = 600)jq1 (XI) X1 g + (1 = 64.0,)7a(XT) X1,

—(1 = 00,0)dq1 (XD)XTG + (1= 80,4,)34(X0) XTI = 0q.0,, PagX1.0, (22)

5q/(X)Y = Qq+l.,q(X)Yq+1 - Qq,q+1(X)Yq'

For the model under consideration, after integration over velocities and summation over quan-
tum numbers, scalar part of the Eq. (9) can be written for the new variable, X; = X{° + X(O).
For this the following notations have been introduced: R; = R}® + aRﬁO), Ryy = R{7, + Rgﬁ)‘),,
Rye = R%, + R, Ry = R 4+ cR\? | where equations j, (X)X, = j, (X)X + j,(x7)x
and j/(X (0))X ¢ = j/(X1)X{° are taken into account. The last equation follows from the rela-
tionships j, (X +Y)Z zjq’(X)Z—l—jq( )Z and ] (X9 XTe = 0. Here

dm

R = (o T (%)) = (i, IV (X])) = =37 (Pag X = Prgnana)

q=0
(23)
O = (g 1 () XY = (0, 107 (x5 XY = Zqu i}
RY = (v, I (F{)) = (o, IV) (X{9)) = RE, + RIS,
qm—1
R?/SV = Z jQ(Xi]e)Xi]e7 VC - Zq qu 1 q Pr,qn3n4) s
q=0
(24)

/
R = (g, I (F) ) = (o, 10 (x5 X(V) = R, + R,

QM_l
0 ~ e 0 0 e
RO == 3 (axmx® 3 Oxe), RO = - apa,x0),
g=0 q=0

where R‘{f"/(o) contains only vibrational transition probabilities, while R?f’c(o) contains reaction prob-
abilities; 1, and iy are introduced at the beginning of the previous section. Prime sign over the
angular brackets in the last formulas mean that, unlike the previous definition, the corresponding
scalar products don’t contain the integration over velocities and summation over rotational quan-
tum numbers. Sums in expressions (23) and (24) reduce to their last terms, since we neglect all
dissociation and recombination processes except at the highest excitation level.

As a result, from Eq. (9) we obtain (dimensional variables are used here)

(1= 84,0)Jq—1(XT) X1 = (1 = 04,0, )1 (XT) X1 + (1 = G4,0)74—1 (X1)XT*

ge (25)

- 0X{
—(1- 6q,qm>jq/(X1)Xile + 0q,qm (Pd,le,q - Pr:q”3n4) + S(qu JR1 + ar‘;qR
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From expressions for Ry and Ry it is seen that the reaction rates are determined not by the equi-
librium or quasi-equilibrium distribution, but by the quasi-stationary, X{*, which is the solution
of Eq. (25).

For solving Eq. (25) the procedure proposed is similar to what was applied in the one-

temperature case in paper [7]. The only difference is that additional variable, Ty, needs the
am

additional relationship I'yy = Z gX1 4 to be satisfied. Then we obtain the following expression for
q=0
the quasi-stationary distribution

X1, = (ag/a+ Ag+ RiB, + Ry By ) X{°,

(26)
Ay = Go(XT) — ,C(XP®)/a,  B,=2é¢;—a,Cla,  By,=2éy,—a,0Ov/a,
q—1 ~ -1
x9e) xae (m)
g = (1_ _ Jm (X{9) X7 >’ éq:Z _ S(etm)

qe qge qe qe
Pm+1ﬂn (X1 )Xl,m+1 m=0 m+1,m(X1 )Xl,m+1

)

m=0
= N (x-S XXy
ve= ) = L (X)) ==) = ,
0 P (X{) XT 01 =0 Prtm (XT9) X510
Gm L am _ am ) Im
d:Zaqufq/nl, C:ZéquZ/nl, CzZéqufq/nl, Cv:Zéquf,eq/nl.
n=0 q=1 q=1 q=1

Further the following consequences of the detailed balance relationship are used: P, X, =
Pq’leB’q and Q;v)quprlB’s = qu’j)quXfl, while for isoquantum transitions we also have Q;’)ZX%’:;X{":;' =
Lo XTrX{T, where Treanor distribution function X" = X% is defined by (16) and X7 =
XT7 (7, = 0) is the Boltzmann distribution function. Thus we have j,(X9¢) X = Py o X5 (1
V) = Pq7q+1Xf’eq(e*W —1).
Substituting expression (26) for X , into the expression for relaxation rate (24): Ry = Ryv +
gm—1
gmR1, Ryv(X1) = — Z (Jo(X{) X, —l—jg(Xl)Xfe), and into expression for reaction rate (23),
q=0
we obtain the following equations for generalized relaxation rates

Ry (1 — Ryy(By X{9)) = Ryv(aX{)/a+ Ryv(AX{) + (Ryv(BX{) + gm) Ru,

Ry (1 + Py, By, X15 ) =—Pyq,, (ozqme6 Ja+ A, Xi°

1,gm sdn 1,qm

+ RVBqu, qu

1,gm

) + Pr)qmngnél.
(27)
Functions A,, B, and By, are defined in Eq. (26). Such a simple relationship is a consequence of
the assumption that the dissociation takes place only from the highest vibrational level.
Using the first relationship from (27), expression (26) can be written as

BV RV\/<Ozqu/a,) «
X{% = (A + A, + Ry B)) X{ A=A ¢ ! A=
1,9 ( + A+ q) 1,9 q gt 1— Ryv(By) ) q P
(28)
RV\/(AXfe) va(Bqu) + qm
A=A B B' =B B L .
0 = A Y T Ry (By XT) 0 P T VT Ry (ByXT)

Finally, using the second relationship from (27), the scalar parts of the generalized relaxation

rates are represented as
Pag,, (8, + A4,) X1, = Pra,nana
1 + Pd)qm B qu ’

am " 1,qm

(29)

1= -
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va(OéXge/d) + va(AXfE) + (va(BXge) + qm) R,

R =
v 1— Ry y(ByX%)

(30)

The expression for relaxation rate Ry can be represented as a sum of two terms [14]: Ry =
R + Ry
due to energy exchange between vibrational and translational degrees of freedom, and
responsible for 'y relaxation due to chemical reactions. The last term being proportional to R;.

, one of which, Rg), is responsible for the quantum number density I'y, relaxation
RIM s

3.3 Cut-off Harmonic Oscillator Model

For the cut-off harmonic oscillator model, expressions (29) and (30) can be simplified. Using that

Pryim = (m+1)Py, Q'lr;fi%,m = (I+1)(m+1)Q%, (31)
and that
am —Ov (1 — —9v(qm+1)) 1)e—0v (am+1)
_ qe _ yae [ € e ~ (gm t1)e
'y = ZqXLq =X ( (1= e 0v)? 1_eOv
(32)
e fv e
R (”1 — (qm + 1)X37;L) ) Ov = vphwe + v,
we can calculate
G —
J(X)XE = Qly(m+ XY, ( S et - FV)
1=0
= Q% (m + 1)Xf,6m (670‘/ Tv —amXq,, + 11— Xg,,) — FV)
= Ol(m + 1)Xiz,€m(qm + 1)6_9‘/ (X]lie(bn - Xl,an) :
- T
Applying operators 0 and S to both parts of Eq. (32), and using that On = oy =0, we
o'y o'y ong
obtain
0 2 90y 0
S(0v) = ko (e?V = 1) Ty /nd, 3T, = o (e?V =1) /nq,
v (33)

ko= [14+Tv/ni+ (gm+1—-Tv/n1) ((e? =1) Ty /ny — 1)}71 :

Taking into account that

Qm,_l
Priim = (m+1) <P10 + Qe Z (I+ 1)Xfez+1> = (m+1) (Pio+ Q%e? Ty ),
1=0
¢4 can be represented as
(gm +1) (XT3, = X1.0,) Pio

gq(Xl):_ By =

egvrv(ﬂv ].) e %e"VFV'
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After some algebra one derives

: (gm +1) : g _of
Aq(quS) == (1 +mﬂv)eev (Xizaeqm o X{Iihn) ﬁ - j 4

1—e‘9V—1I‘ n1P1n1
o (1+ﬁ)v;/€/9") — (34)

Ryv(Ag(X{)X{) = — (Al —1+ A (X{*)+ B, )Ar

where

dm 0v 12 dm T
Fy = mx Ty L DT PNy o LV
Ty =Y mol'X{, ~aly—j— = CX T
q=1

C(Brew +1\" s o (1—e) (1 - (0416—9‘/)qm+1)
ag = ——r =o; =1+ (Bv), a= (1 _ e—9v(%l+1)) (1 — Oéle_av)

L l-ev (- e™)(1+8y)
Tl—ae T 1—e 0 4 By (1 — )

=1+ 0(By).
Here and further on the sign "=” is practiced to designate that approximations based on the
following relationships: e~ ?v(@n+1) <« 1 and 1/qs < 1 are used. These expressions make it

possible to calculate A} (X{") according expression from (28):

AYXT) = (A, — 14+ A, (X{°)+ RiB, ) QqX{

q 1,qm>
Q, = (gn+1) (g of ArPro By
q (1 + ﬂv)eg" FV C~Ln1 1-— va(Binle) a (35)
(gm + DTv 14 By (1+245) (Q_O/f>
(1+Bv)(ni+Tv) 1481+ Ag) \I'v  am
It - ~ (1+ (1 —eW)Fv/nl) FV
Ap~Arp =1 1—emwv = —
pR ARSI (L e)Pvln, AR = G = e )Ty fan)
Solved for ¢ = gy, this equation leads to the explicit expression for A] (X{*)
Qg X1,
A (X)) =(A! -1 B ) —r —im
qm’( ! ) ( o + Rl ‘1m> 1 - qu X%f‘hn (36)

Being substituted into equation (29), it leads to the renormalized expression for the reaction rate,
which is exact for the cut-off harmonic oscillator model, and to corresponding changes in the
expression for relaxation rate (30):

7P‘Im7d(A¢1m B QQmXiI:gqm)X{Ifqm - Pf]mvrn3n4(1 - Q(Ileq,eqm)
1 + (PqNL:dBé’nL - Qan)qu .

1,gm

(37)

R =
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This equation can be written as

— pRae " qe qge __ qe
Rl - Rl F— (Pd7Q7nA + Q(Im T ‘Imn3n4) Xl,anF7 Rl - (Pd,anXLqWL - P7'7(J7nn3n4) ’

—1
F = (1 + (Pd’q7"' q'"l QqT'L) 7q’NL) ? A/qITIL = A;"L - Qq"]’ 7‘]7”
(38)
For Ry we obtain
Ry — Ryy(aX{"/a) + Ryy (AX{")XT") + (Rvv (BX]) + gm) Ra
1-— RVV(BVXfe)
RE+(1—-ev)|1- v Prol'y — gmR{*
v a(l+ pyev )Ty me
1-— RVV(BVXfe)
(39)

(gm +1)(A), —1)e v AP XS,
(1+B8v)(1 = Qq, X%)(1 — Ryy(By X{°))

(qm —+ I)B/ eievARploX?e

qe _ dm sdm

(RW(BX1 S T B Q)

+ e )
1— Ryy(By X{9)

where
R = Ry +auBE, Ry = Rov(XI) = ~(1- ) Pyly,

so that R; and Ry are represented as linear combinations of corresponding quasi-equilibrium rates,

and
Yg I efvm 1 efv (am+1)
_ E 9 = - E ~ 1 n»
e AN L it
_ adnm by
Y= Z Zq(av) A~ dm IHQma
q=1 "
c Bv Iy (T Iy
R BX9) ~ — W — (€77 — 1 LA el
vv(BXT) 1+ By © (e ) ng \T'v a4+ Bverv)m
+ <1 + FV) % _ ifV BV ~ qm/FV - alm /anl
n ny  a(l+ Bvew)n ' dm (1+6v)Q% (n1+Ty)’
e aque P e —1 f e A
Iy = Zqu Rvv ( - 1»(1) - ;0(5 + Bvev)v)va Ryy (By X{°) ~ —7 —lﬁ—vﬁv Ag.

Expressions (38) and (39) can be significantly simplified if smallness of the parameter Sy is

used. Taking into account that Ry v (BX{®) ~ Ry v (ByX{%) ~ By, we finally obtain (yy =
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heo (1/Ty —1/T) [kp)

R1 = Rtlze (1 — quXfe ) F(), RV = P10 (eW — 1) FV + qm,R(lzer7

sdm

P, m+ 1 X
Fo<1+qm< GRS C s )”1) Mm)

1 am
QW Ty ny +I'y ny

1 (40)

Obtained expressions have a traditional form. Though it should be mentioned that under assump-
tion By < 1, the ratio of two-temperature non-equilibrium reaction rate constants of forward and
reverse reactions does not depend on the kinetic parameters (transition probabilities) and can be
expressed via the equilibrium constant (thermodynamic function). This is not the case for a non-
simplified expression (38), obtained for the arbitral value 8y,. The expression for Ry has a common
structure: the sum of the relaxation term and the term responsible for the ’thermal’ effect caused
by dissociation-recombination reactions. The relaxation term is presented as containing factor
€’V — 1. The Landau-Teller equation, strictly speaking, is correct only for the harmonic oscillator
model, while the obtained expression is correct for arbitral models with one-quantum transitions.

4 Discussion

Considering the two-temperature approximation and the widely used cut-off harmonic oscillator
model, we have shown that generalized relaxation rates (reaction and relaxation rates) are the linear
combinations of the quasi-equilibrium ones (calculated with the quasi-equilibrium distribution
function). Coefficients in these expressions are the functions of the whole set of gas-dynamic
variables. This result is important for modeling the reacting gas flows, using existing data on rate
constants, since, as was shown in papers [2, 12], only equilibrium reaction rates can be calculated
using rate constant conception. The obtained result is also of high importance for developing the
methodology of getting data on chemical reaction rates from experiments.

Attention should be drawn to the fact that for high energies F'9¢ is of the order of ¢ and
therefore F'9¢ ~ ¢® here. This high-energy range is responsible for reaction-rate values and thus
high-energy particles play an important role in the macroscopic description of the reacting gases,
in spite of their limited number. One of the advantages of our method is that it permits the correct
description of the contribution of high-energy particles into the gas-dynamic equations.

Here it should be mentioned that the method under development is valid only for the hard
potentials in Grad’s meaning [16]. As was found by Grad, the spectrum of the Boltzmann collision
operator for the case of soft potentials (power potentials V' = Vy(rg/r)® with s < 4) dramatically
differing from the case of hard potentials (s > 4). For hard potentials the collision operator
has five zero eigenvalues and continuous spectrum, which is separated from zero by the value
vo = v(€ =0) = 273p2°T (), @ = (28 — 4)/(s — 1), fp is a multiplier in the total cross-section
that is independent of the relative velocity of colliding particles £ = |[v — v’| [16]. For £ — co we
have v(£) — oo, so that continuous spectra fills the zone w < —vjq of the complex plane. Opposite
to this, for soft potentials continuous spectra fills the strip —vy < w < 0. It should be pointed
out that for high velocities the spectrum is infinitesimally close to zero (v(£) — 0, while & — 00).
Though the existence of the Boltzmann equation solution is proofed for the general case [16], the
asymptotic theory of obtaining the solution thereto has been built for the hard potentials only. So,
the approach to the quasi-equilibrium of the perturbed distribution can have non-exponential time
dependence. This can have far-reaching consequences for the corresponding gas-dynamic equations.
Corresponding integral equations of the Chapman-Enskog method are incorrect in the sense that
the reverse to the linearized collisional operator is unbounded. This leads to the results being very
sensitive to the chosen basis, when a traditional expansion of the kinetic equation over the full
set of orthogonal functions is used within the Chapman-Enskog method. Mentioning that plasma
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and nuclear matter are described by soft potentials (Coulomb and Yukawa), deriving gas-dynamic
equations for these cases is of great importance. Some aspects of this problem were considered
in [17]. There it was shown that the perturbation relaxation in spatially homogenous gas for soft
potentials obeys the g0t law, not the e™** law as for hard potentials, where § and 3 are
the functions of the potential parameter s. So the perturbation decay rate is slower for the soft
potentials. Conclusions have yet to be formed on how this fact impacts the gas-dynamic equation
structure and thus is one of the challenges of contemporary physical-chemical gas-dynamics.

In this connection one more result of the recent research should be mentioned. As it is discussed
in [18], there is an even more profound problem with applying classical statistical mechanics to
systems with so called long-range (LR) forces. These forces are described by the potentials which
decay with exponents smaller than the dimensionality of the embedding space: V' = Vy(ro/r)?,
where s < d and d is the dimensionality of the space. For such systems traditional thermody-
namics fails and the velocity distribution in the stationary state will not have the characteristic
MaxwellBoltzmann form. As it is mentioned in [18], examples of such systems include galaxies and
globular clusters, colloids at interfaces as well as magnetically confined plasmas. We hope that
listed challenges will attract the attention of the experts in the physical-chemical gas dynamics
and related fields.

Further work on developing of our approach will consist in: (1) Choosing the suitable set
of polynomials, (2) Integral brackets calculation, (3) Tabulating of the generating functions for
generalized thermodynamics.
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