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Abstract

The mathematical modeling of transport properties in reacting gases on the basis of kinetic
equations for the distribution functions is given in this paper. Thermal and chemical nonequilib-
rium conditions are considered. The influence of rotational and vibrational excitation and chemical
reactions on the pressure tensor, heat flux and diffusion velocity is investigated. The generaliza-
tion of the Chapman-Enskog method is used at the different levels of the strong nonequilibrinm
mixture description. Three nonequilibrium models are presented: the level approach, the general-
ized multi-temperature approach and the one-temperature approach. The macroscopic equations
for macroparameters are derived from the kinetic theory treatment, and the expressions for the
pressure tensor, diffusion velocity and heat flux as well as for the transport coefficients are given.
The role of the different rates of the various energy exchanges, the anharmonism of molecular
vibrations and chemical reactions in the transport properties of reacting mixtures is discussed.
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1. Introduction

The prediction of macroscopic parameters in high-temperature reacting gas flows
requires adequate models for the transport properties such as heat conductivity, vis-
cosity and diffusion. The dissipative processes in gas mixtures with internal degrees
of freedom and chemical reactions have been largely investigated on the basis of the
kinetic theory of gases. The generalization of the classical Chapman-Enskog method
and some algorithms for the calculation of transport coefficients in gases with internal
modes were given in the papers [1,2]. The model developed herein was widely used
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for the investigation of dissipative properties in the case of weak deviation from the
equilibrium when all inelastic processes are more rapid than the macroscopic processes
corresponding to the macroparameters change. The conditions when the characteristic
time of some relaxation processes becomes comparable with the macroscopic time were
considered later by several authors in gases with rotational and vibrational excitation
[3,4], in binary mixtures [5], and in mixtures with chemical reactions [3]. Actually,
many papers devoted to the kinetic theory of reacting gases are reported in a recent
bibliography [6], and the mathematical aspects of the transport theory in a multicom-
ponent mixture are discussed in Ref. [7]. However, up to now the transport theory of
reacting gas mixtures is not sufficiently advanced in order to estimate the impact of
internal modes and chemical reactions on all transport coefficients. In particular, the
influence of vibrational-chemical nonequilibrium on the heat flux, pressure tensor and
diffusion vectors in a reacting mixture is still not clearly understood. In fact, the trans-
port coefficients in reacting mixtures were mainly studied in the case of weak deviation
from the one-temperature Boltzmann distribution over internal energies. In this case all
the collisions with inelastic energy exchanges are supposed to be more frequent in
comparison to the chemically active collisions. Nevertheless, it is important to take
into account the different rates of various energy exchanges, because some of them can
be comparable with the rates of chemical reactions. It becomes particularly significant
in the case of strongly vibrationally excited gases when the storage of vibrational en-
ergy exceeds the translational and rotational ones. This fact leads to the non-Boltzmann
distributions over internal energies and anharmonism of molecular vibrations becomes
important. The influence of the non-Boltzmann distributions on transport processes in
gases with rotational and vibrational excitation is considered in Ref. [8]. In the present
study, the kinetic theory treatment of the heat conductivity, viscosity and diffusion in
high-temperature reacting mixtures with rotational, vibrational excitation and chemical
reactions is developed. Different rates of various energy exchanges and anharmonic
effects in reacting mixtures are taken into account. The formulae for the calculation of
the dissipative coefficients are derived for different relations between the characteristic
times of the processes considered in the present work.

The experimental data concerning relaxation times [9] permit to consider the follow-
ing three cases. First of them corresponds to the conditions

Tet < Tr LXTpipr < Treact ™ 0 5 (1)

where 7./, T,, Tuibr, Treaer ar€ the mean times between the collisions with the transla-
tional, rotational and vibrational energy transfer and those with chemical reactions, 6
is the macroscopic time. The condition Eq. (1) is valid because translational energy
distribution is known to equilibrate fast and the rotational relaxation time is of the
same order as the translational one and much smaller in comparison to the vibrational
and chemical relaxation time. However, this assumption is no longer valid for slow
rotational relaxation of light molecules and in the case of hot-atom chemistry. The
condition given in Eq. (1) provides the so-called level approach in nonequilibrium gas
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dynamics which describes the simultaneous processes of the vibrational and chemical
relaxation. This model can be used for the study of vibrational-chemical coupling in the
boundary layer or in the short relaxation zone behind a shock wave where steady-state
vibrational distributions do not exist.

In the second case, the collisions with vibrational energy exchanges have different
frequencies

Tl < T < Ty, <TVV3 < TRrr < Treaer ~ 0. (2)

here 7py, 18 the mean time between the collisions with the exchange of vibrational
quanta inside every vibrational mode, tyy, is that for the exchanges between different
modes, Tzyr is the time between the collisions with the inelastic rotational-vibrational—
translational transfer. Condition Eq. (2) is valid in vibrationally excited gases such as
in nozzle streams and expanding flows. This condition corresponds to the generalized
multi-temperature approach.

With increasing gas temperature, the relaxation times t,y, and 7y, become compa-
rable and of the same order as tzy7, and the corresponding inelastic exchanges become
more rapid, so that the following conditions take place, especially for the reactions with
a high threshold or for slow reactions

Tet < Tr < Tyy, ~ Tyy, ~ TRYT L Treact ™ 6. (3)

In this case the one-temperature approach follows from the kinetic equations. This
model is widely used in chemical kinetics, particularly for the investigation of the
relaxation zone behind a shock wave. Nevertheless, it does not allow to study the
vibrational-chemical coupling in the vibrational nonequilibrium zone.

The comparison of the kinetic theory approach for the calculation of the transport
coefficients using the different models is discussed hereafter.

2. Level kinetics approach
2.1. Zeroth order distribution functions

We consider the kinetic equations for distribution functions f.;(r,u., ) for every
chemical species ¢, vibrational i and rotational energy level j over the velocities u,,

the spatial and temporal coordinates [3]

afcij afcij 1 rap o/
ot ¢ or 8JCU + J( Y ( )

Here JC',-‘;” , Jg,-’]- are the collision operators of rapid and slow processes, &€ = Trgp/Ts
is the small parameter, 7,,,, Ty are the average times between the frequent and rare

collisions, respectively. Under Condition Eq. (1) the collision operators in Eq. (4)
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can be written in the form:

Jrap Jel + Jr

cif cij »

! ib ct
JSL = guibr y jreact

cij cij cij

where collision integrals Jg, J7;, J&7", Jii* correspond to the elastic collisions and
those including rotational, vibrational energy transfers and chemical reactions, respec-

tively. The expression for JC",’Ib’ has such a form

vazljbr = Z / (fcz 15 rfakr ——r— U kl fCijdkl> gacd ukl dz_Qdud s &)
dkli jk 1 Siry k’l’

where aij;f‘i;il is the inelastic collision cross-section of the molecules of chemical species
¢ and d, respectively, at the ith and kth vibrational levels and jth and /th rotational ones,
i’, j/, k', I' are the numbers of the energy levels after the collision, g is the relative
velocity, d>Q is the solid angle in which the relative velocity after the collision can
appear, si; is the statistical weight. It should be noted that the distribution functions
and the cross-sections are averaged over the internal momentum orientations [10,11].
The expressions for Jfli and J; can be easily written using Eq. (5) Ref. [3].

The collision integral JC",’J’” expresses the V¥V, and V'V, exchanges of vibrational
energy within every mode and between different modes and the rotational-vibrational—
translational energy exchanges:

vibr VV| 14 4] RVT
Jct j ch j ch ij JL ij

The collision integral JC’S"C’ describes binary collisions (chemical exchange reactions)

and collisions with dissociation and recombination

react react (252) react (24—»3)
qu - JCI] +qu

The collision operator J***?~?) has the form [3,7]:

cij
st memg \
react (2—2) __ o My
Jeij - Z / feip favr =g <———> — Seijfak
dc’d'kli'j' k'l S, j'sk’l’ Mmermgy:
d’ /k I/ 2
Xgacd ljk[ d Qdud 3 (6)
i L i _ '
m, is the molecular mass, o', l_ﬂ:/ is the cross-section of the chemically active

collision. The expressions for JL;““QHD are given in Ref. [12-15].

For the solution of Eq. (4) the generalized Chapman—Enskog method is used, so
the distribution functions f;(r,u.,¢) are expanded in a power series of the parameter
&(e € 1). The zeroth approach gives the following relation:

TGS SO+ Iy (SO, ) =0

It traditionally follows that Inf ) /sji (sjc-i is the rotational statistical weight) has to

cij
be a linear combination of the summational invariants of the most frequent collisions
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(eigenfunctions of the linearized collision operator of rapid processes Jcrfj-” ). The in-
variants of any collision are: lpc‘,j’ =1, l,bc(,:‘,iﬂ) = meue, (v = 1,2,3 are the spatial
indices), (/JC(US) = mut/2 + &' (& is the rotational energy of the molecule of chemical
species ¢ at the ith vibrational level). Besides that there exist additional invariants of
the most frequent collisions. In the conditions of slow vibrational exchange and chem-
ical reactions, any variable a.; independent of the velocity and the rotational energy
level j and depending arbitrary on i and ¢ is conserved: l//C.(ij‘LS) =aq, (A=1,...,N,
where N =}~ 1). The conservation of the number of particles is a consequence of
the conservation of 1@;}“) (4 = 1,...,N). Therefore, there exist N + 4 independent

(0}

collision invariants in this case. Hence, f «ij 1s obtained in such a form [3]

2

e . _mect 5
i (anT S 7o\ T kT | 7

Here n,; is the number density of the molecules of ¢ species at the ith vibrational level,
k is the Boltzmann constant, ¢, = u. — v, v is the macroscopic gas velocity, T is the
gas temperature, Z7* is the rotational partition function.

The normalization conditions may be classically written in such a form

Z/fc,,duC:Z/fi?}duc:nc,-, c=12....L, i=0,1,...,L,
J J
ch/ucfcijduc :ch/ucfg')j)duc =pv, (8)

cij cij
mccg c + ci + c f . Z mccf + &€ + gci + &€ f(O)du
Czj _—2 -+ & & € cij Alc = - 5 *j ' cij AU

= 3nkT + pE, + pE, + pEy .

Here n = ), n. is the total number of particles, p = )" .m. Y, ne; is the gas density,
L is the number of chemical species, L. is the number of excited vibrational levels
of species ¢, & is the vibrational energy of a molecule of species ¢, counted from
the minimum of its potential curve, ¢&¢ = —D,, D, is the energy of dissociation of
molecular species c,

PEAT) =3 / & foydue,  pE. =) &na,  pEf =7 &ne,

cij

e =13 ;M E, and E, are, respectively, the rotational and vibrational energy per unit
mass.

The nonequilibrium distribution functions, Eq. (7), are defined in terms of the
macroparameters n.;(r,t), v(r,t), T(r,t). The corresponding macroscopic equations are
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written as follows:

dng;

R +nV v+ V-n;Vei)=R,, ¢c=1,...L, i=0,1,... 9)
d

10
po +V P= (10)
dU

Here U is the total energy per unit mass:
pU = 3nkT + pE, + pE, + pE; .

The right-hand sides of the equations for »; are defined as
Ry = Z /Jcsé du, = Rgfbr + RZ?“C’ , (12)
J

V.: is the diffusion velocity of ¢ component molecules at the ith level
AeiVei = Z/ccfcij du,,
J

P is the tensor of pressure

P=>" / MeCeCe f oy duc

cij

q is the heat flux

q—Z/( +£C’+8 +8)ccfc,~jduc.

cij

In the zeroth approximation q© = 0, V¥ = 0, P©® = pI, I is the unit tensor, p is the
pressure,

RO - Z / T2 gy,

JEH0) corresponds to the collision operator of slow processes after the substitution of

cij
the zeroth-order distribution function f g?}.

The expressions for R%" and R’¢* are given in Ref. [3,16] in the zeroth- and the
first-order approximation. In the first-order approximation RS) contains terms propor-

tional to V - v.
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2.2. First-order distribution functions and transport terms

For the first-order distribution functions f 2}} =f 2?,-)45”; the linear integral equations
follow from Eq. (4):
(0)
- ch,ndkludkw) = f T (13)

Here /.4 is the linearized operator of rapid processes:

Lia(¢) = cij L ani ($eij + Paxs — beijr — barrr) go{iék’j,szdud .

///

Using the peculiar velocities ¢, and taking into account Eq. (7) the following expression
is obtained for df(q-)/dt:

clj

. !
df E?/) o ) [(mei 5 |&
fu] W—E-*- 7{—]—; 4 C(-'VIIIT

+I’ZC, ¢ dcz + T (CLCL — §C§I) - Vv
./
2 2 ci (0)
mec; )4 mec: 3 £ R
- _ 2 2 V-
+ <3kT 2T (Cr + o) ( wr 2 kT )) Y

S RO (32T (657) + &6 + & 2 i ]’
( < > ) mccc_3+l L4

pT(Cir + Cror) 2%T 2

Here the diffusion driving forces d.; are defined as follows:

C,—v(”};’)+(% ”;’)\71 np, (15)

Pe = m¢y N, ¢y and ¢y, denote the translational and rotational specific heats at
constant volume:

3k ZC[ Hei 0E,

Cyp = s Crot = P
25 Meng oT

and the following notation is used

(Cij), is the averaged value of {;; over a rotational spectrum

>, 85 Lexp(—ef' /kT)
js'exp(—e /kT)

(&), =
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Proceeding from Eq. (14) the solution of Eq. (13) may be found under the form:
1
$=r <__AC,, VinT — - ZDZ’; o — ~Buyj 2 V'

1
v %) (16)

The functions A, B.ij, DCU, F,; and G,;; depend on the microscopic velocities u. and
macroparameters n.(r,t), v(r,t), T(r,t), and can be obtained from the linear integral
equations which follow from Eq. (13) after the substitution of Eq. (16) into Eq. (13)
and identifying the coefficients at the gradients of the same macroparameters. The

following additional constraints on the functions A.; = Ag(c.)e., DA% = D¥(c.)e.,

cij cif

Fij, Gej; can be obtained from the normalization conditions, Eq. (8):
> me / [ 4qctdu, =0, (17)
cij
}:mc/fg’j’D;’,’j 2du. =0, d=1,....L, k=0,1,....Ly, (18)
ci}
Z/ff?j)FC,]duc =0, c=1,....L, i=0,1,...,L, (19)
J
Z/fi?l)Gu,duc =0, c=1,....L i=0,1,...,L, (20)
> /fi?] (—— el 4 g;“) Fedu. =0, Q1)
cif
> / 9 (—— el sf> Geyjdu, = 0. (22)
cij

It is obvious that the diffusion driving forces Eq. (15) are not linearly independent
because ) dc; = 0 due to the relations Y . ng/n =1 and Y p./p = 1. Similar to
Ref. [17] the additional condition for DLU is easily obtained in the form:

”;”‘ D =0. (23)

cij
dk

Now the functions A, D% B i» Feij and Gg; are uniquely determined by the corre-

cifs
sponding integral equations and constraints Egs. (17)-(23).
The first-order distribution functions Eq. (16) provide the following expressions for
the pressure tensor:

P:(p—prel)I—ZMS—ﬂv-VI. (24)
Here u, n are the shear and bulk viscosity coefficients, p,.; is the relaxation pressure

= “TBB], n=kTIEF), pr = HIFG, (25)
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the bracket integral [4, B] is defined by analogy with Ref. [17] as

iMdk
[A’B] = Z Cn ([A B]udA + [A B]udk)
cidk

() (0)
(4, Bk = 2n(,n " Z /fu/ f aut(Beij — Beij)

~ /[/

X(Aeij — Acijr Ngo! udk J,d Qdu. duy ,

©) £(0)
[4, Bl = 2nundk Z/fcu f axi(Beij — Beijr)

4 /I
X{Aari — Aarr )CJG’M ,d Qdu, duy .
The additional terms in the pressure tensor such as the relaxation pressure and bulk vis-
cosity appear in this case due to the inelastic translational-rotational 7R energy transfers

in the collisions between molecules of different vibrational and chemical species.
The diffusion velocity in the first approximation may be written as follows:

—Y " Deirdax — DriVInT (26)
dk

where Dy and Dy are the diffusion and thermal diffusion coefficients for every
chemical and vibrational species:

| 1
Deax = (D, D*]  Dr; = —[D“,A]. (27)
3n 3n
The expression for the total heat flux has the next form:
4= -AVT-pY Drdi+y (ng + () e+ f) Ve . (28)
where
.. k
At + Ay = §[A’ A] (29)

is the coefficient of thermal conductivity. The coefficients 7, and A, express thermal
conductivity connected with elastic and inelastic translational-rotational 7R energy
transfers.

Thus, at this stage we obtain the momentum and energy conservation equations and
the equations for the populations of vibrational and chemical species. In the zeroth ap-
proximation the equations for n,, are widely used in the investigation of vibrational and
dissociation coupling [ 18—20]. However, in the case of multi-component vibrationally
excited mixtures, such a detailed description becomes strongly difficult because of the
large number of equations for n., and the lack of data concerning the microscopic
rate constants for vibrational-chemical reactions. A practical implementation of Egs.
(9)—(11) in the first approach for a multi-component mixture of viscous gases requires
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the modeling of the kinetic coefficients Eq. (25), (27) and (29) for all energy levels
and chemical components. Unfortunately, an experimental approach does not seem to
be easy.

Therefore, the derivation of an adequate multi-temperature model and its validation
has a great importance mainly for multi-component mixtures.

3. Generalized multi-temperature approach
3.1. Zeroth order approximation

The model developed in the previous section and based on the detailed description
of level vibrational and chemical kinetics can be simplified due to the reduction of the
number of macroparameters. It is possible in the case when there exist some additional
rapid processes with additional summational invariants of the most frequent collisions.
In vibrationally excited gases the various vibrational energy exchanges have different
rates. Actually, it is known [21,22] that the V'V, exchange of vibrational quanta within
every vibrational mode occurs more often than the exchange between different modes.
The collisions leading to the V'V, exchange may be considered as the most frequent,
together with the ones involving translational and rotational energy transfer.

Therefore, the operator J,;-7 includes the collision integral JC‘;V' with the exchange
of vibrational quantum within every mode

rap ! 124
ct_/ Jc‘elj +Jcr1/ ‘]czj .
Besides the common summational invariants lﬁc, , (A= 1,2,...,5) there exist ad-

ditional summational invariants of the most frequent collisions: npc‘,j‘ = (u =

1,...,Lmot, Limes is the number of molecular species), i, is the number of vibrational
quanta of the cth species, l//c(,;+L""'l ) = a. (v=1,...,L), a. is any variable independent
of rotational and vibrational energy levels and depending arbitrarily on the chemical

species. Invariants |//(“ ) (¢ = 1,...,Ly) are connected with the conservation of

cij
the number of vibrational quanta of every molecular species, and l//c(l;“"””ﬁ) (v =
1,...,L) appear because chemical reactions are frozen in the frequent collisions. There

are L, + L + 4 independent collision invariants in this case because the conservation
of the number of particles follows from the conservation of invariants %&;“”””H) (v=

.,L). We consider here the mixture of diatomic molecules where every molecule
contains one vibrational mode. Proceeding from the set of collision invariants the zeroth
order distribution functions have such a form:

2 ci ¢
(0)___ _meCe & & g
Seij Ry exp( T kT kT ClL‘) (30)

and are expressed in terms of the macroparameters n., 9., T, v. Here n. is a number
density of the molecules of ¢ species, Z, is the total partition function for ¢ species,
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¥, is defined in terms of the total number of vibrational quantum W, of cth component
pW. = Zi/fc,«j du, . (31)
i

(Hereafter, the index ¢ at 7, is omitted for the simplicity of designations.) Similarly
to a one-component gas [21], it is possible to introduce the temperature of the first
vibrational level for ¢ species 7| as follows:

g1 1 e e .
=i (7 op)s A

Vibrational and rotational energy spectra are simulated, respectively, as an anharmonic
oscillator and a rigid rotator [23]. Then Z. = Z"Z°'Z"%’  the vibrational partition
functions Z“*" are expressed as follows:

ZUibr — lezibr T, Tc — ¢ . t(z,c e i{':l _ lgl .
- e (LTY) Z siexp 7 T
The set of normalization conditions has the following form:

Z/fc,-jduczz:/fi?,)du( =n., c=12,..,L
i ij
ch/ucf(,jduc—th/ucfi?j)duc = pv, (32)

cij cif

Z/(mc C g+l +L>/C,jduL Z/(m° + & 4 +L>ff?,}duc

cif cif

= 2nkT + pE, + > _ pcES(T.T{) + pEy .

Z /fujdu‘ Z /f(aj’duc =pWey =12, Lo .
Proceeding from Eq. (30) the level populations can be expressed as

A R I
__ e cexp(— _ . 33
Zr (L, Ty P ( kT ka) (33)

Hej =

In fact Eq. (33) describes the Treanor distribution [21] in a multicomponent mixture.
It should be pointed out that the Treanor distribution is valid only at the levels i <ic.,
where i.. corresponds to the minimum of the function n, over i for every mode
because the additional summational invariant y;; = i. exists only at the levels i. <i..
The magnitude of i.. may be easily found from the equation

and

a| 0

i
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and equals [22]
& T

" 200hv, TF

. 1

lox '2* .

Here # is the Planck constant, v. is the frequency of molecular vibrations, o, is the
anharmonism parameter.

At higher temperatures when 7> 7| the level i., appears to be close to the last
vibrational level i = L., which can be found by equating the vibrational energy & to
the energy of dissociation D.. Therefore, in the case 7> T} the Treanor distribution is
valid practically up to the higher levels.

For strongly vibrationally excited gases with 77> T the refinement of the distribu-
tions Eq. (30), and Eq. (33) is considered in Refs. [24,25].

If the anharmonic effects are negligible, & = &f + i€}, the distribution expressed in
Eq. (33) becomes

ne . ( & )
Ne = S—=siexp | —— (34)
Zyibr kT;

with

ibr i1 ‘th'l
Zor = ZU(Tf) =) sfexp (— ch) ;
i 1

which is the multi-temperature Boltzmann distribution with the vibrational temperatures
of components T = T7.
In the equilibrium case (I' = T7) from Eq. (33) we obtain the one-temperature

Boltzmann distribution:

ne . &
Zcm.brsiexp 7 ) (35)

vibr ibr ‘Li
Z0Pr = Z¥er(T) = Zsfexp (—ﬁ> :

1

Nej =

3.2. Macroscopic equations

The nonequilibrium distribution functions, Eq. (30) are determined in terms of the
macroparameters: n.(r,?), v(r,t), T(r,t), T{(r,t), which are governed by the macro-
scopic equations:

d
%+ch'V‘+‘V'(chc):Rzeaa’ c=1,..,L, (36)

where

t react —
Rzeac — Z /Jcij duc, nCVC = Z/cchij dllc .
ij i
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The momentum and total energy conservation equations coincide with Egs. (10) and
(11). In this case the vibrational energy is a function of the temperatures 7 and 77:

PEc =) pEUTT) =) &na(T.T}).
4 cl

The additional relaxation equations for the number of vibrational quanta W, of the cth
species take the form

dw,
dt

R = Zi/.]jé-duc, q, = Zi/c(.f”j du,,
ij ij

q;, is the flux of vibrational quanta.
Thus, the equations for the number densities of chemical species, momentum and
energy conservation equations and relaxation equations for the number of vibrational

Pe—t + Vg, =RY — Wm R + W,V - (p.Ve), ¢=12,...Lot, (37)

quanta of every component are obtained.
In the zeroth approximation g5 = 0, V) = 0, P© = plI,

RO =3 [ au
i
1(0) __ react(Q)
R;eac( )y — Z /Jcij du,. .
ij

3.3. First-order solution

In the generalized multi-temperature approach the linear integral equations for the
first order distribution functions take the next form

dfy)
= Y nenalea(®) = = = T (38)
d
with the following linearized operator of the rapid processes:

1

Rehg

lcd(¢) =

0) (0 AP
Z /ff‘[j)ffik)[(¢cij + Gart — berjr — Par1 )0 g 4 Qduy

ikl R T

The expression (Eq. (14)) of df(o)/dt becomes

cif

df((')j) (0) mec? 5 35: / & — lgl( ,
Y ce _Z e ! .- VinT
ar Jea\\mr 27 [kTL+[ kT } G vn

iy , . R me 1,0\
+ [leCLcC -VinTy + n—ccc -de + T (cccc — gccl) Vv
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et 3 T4 '+ g —ig]) 1dT
2T 2 |kT), " | kT |,) T ar

e 1’ react(0)
181 1 dTlc mccg ceaa
- Mele 1) v . 39
* [ka]v e dr T\ T T (39)
Here

a=v (%) + (% - %) vinp.

Notation [{;]), corresponds to {; — ({;),. The averaging over vibrational and rotational

spectra in this case is performed as follows:

S, seCiexp(— (e — i&0 )T — (iEf/kTE)) >, SiCexp(—&/kT)

S, siexp(—(ef — 8 AT — (B /KTY)) 5, ssexp(—e5/kT)
The system of the equations for the determination of d7/d¢ and dT7/dt follows from

Eq. (11) and Eq. (37):

(Ct> <Cj>r:

dT T, dT]C react(Q)
pCuE‘l‘ZPCCU Wz_pV'V_ZRc U"’ (40)
¢ ¢
dT aTs
Pe an; + PcC vTvC dt RC:(O)’ c= 1"~~Lm()[ - (41)

where
= 3KT + (&), + (&), + ¢, RAO) = g RMO) _ preact(©®) (jz6y

The following notations are used for the modified specific heats:

oE, 1 1 OF
cu:Ctr+cr0t+cga CUT: 6TL :;ZPCCUT,CZEZPCFTE’
c ¢

g OB o _AEWD  n _ AGW)

Cpe = OTIC’ Che = (3T , Cw,e aTlC

The derivatives d7/dt, dT{/dt can be found from Eqs. (40) and (41) in the explicit
form

dT _ —pV -v~- Z RE Oy, — Z (el e )R
dt -y . pecl (CL'/CMC) ’

" o h b
dT{ _ pcchv,c(PV V4 ZC Rzeaa(O)U') =+ pCuRé(O) + PCCQC - RE(O) Zb#c prVTv,b(sz.l /Cilb)
dr

AR
pecrie (pew = Sy poclp(cl fersy))
Cc = 1 2 mol

The positiveness of the determinant of the system (40) and (41) is evident for the
harmonic oscillator model, when ¢/, . = ¢ = 0. When & is simulated by an anharmonic
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oscillator, the positiveness of the determinant is proved starting from the properties of
the modified specific heats introduced above. It is seen that the derivatives dT/dt,
dT¢/dt are linear functions of V v, RV and RO

Using the solution of the system (40) and (41) and Eq. (39), the first-order distri-
bution functions are found under the form

1 1
(1) _ ~(0) d(l) d
1= (—;AC,-j~V1nT~;§ AN VinTl - § DY, - dy
d

1 1 1
———BC,-I- Vv — —FC,'/‘V -V — ;G(-,']'> . (42)
n o . .

The equations for A, Ail,(,”, B, DW, F.; and G, are obtained substituting Eq.
(39) into Eq. (38) and equalizing the coeflicients of the gradients of the same macro-
parameters.

The set of the normalization conditions, Eq. (32), gives the following additional

constraints:

Z/ SR du =0, d =1, Ly, (43)
cif
S [ 15y duc =0, (44)
cij
Zm/ 5,0,)05,9 du. =0, d=1,...,L, (45)
cij
Z/fi?/)Fmduc:O, c=1,...,L, (46)
i
(0) _ _
o fGadu. =0, c=1,....L, (47)
> / f‘c?/)( )FC,-_,»du(, =0, (48)
cij
Z/f“”( -‘+f-‘.'>G du, =0 (49)
cij *f cif c ’
Ccif "
Zi/fi,,’Fwduf =0, c=1,....Lyoi (50)
ij
Zi/f“”c du, =0, c=1,....L 1)
cij Jeij@He > yeceabimol -
if

The expression (Eq. (23)) in this case has the form:
Z Padpd _g. (52)

cij
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3.4. Transport terms

Now, we consider the transport terms in Eq. (36), (37), (10) and (11) and write
them in a generalized multi-temperature approach on the basis of Eq. (42). The ex-
pression for the pressure tensor coincides with Eq. (24) with the same definition of the
corresponding transport coefficients Eq. (25). In the present case the bracket integrals
[4, B] are written in the form

ReRg
[4.B] = =5°(14. BYy + [4.B); (53)
cd
where
[A, B]i‘d - 2n /fi?,) 51(;()1(Bcij - Bci/j/)
cfld ikl j k'l

W
X(Aeij — Acirjr )ga'aj i d°Qdu.duy

[A B]cd -

(0) ~(0)
/ fClj J at(Beij = Beitjr)
ljk/l JkT
X(Aarr — Aawrv )gaaj f‘,kl, d*Qdu,duy .
The linear integral equations for the functions F;; and G,; are determined by Eq.
(39) and differ from those obtained in the level approach. Here the relaxation pressure
Prer and the bulk viscosity # are expressed as a sum of two terms

n="nr+ e, Prel = Pre + Dret »

which are related in this case to the inelastic 7R and V'V, energy exchanges inside
every mode.
The diffusion velocity in the first order approximation takes the next form

Ve=- Dy ~DrVInT =Y DR"VinT{, (54)
d d

the diffusion and thermal diffusion coefficients, D.; and D7, for chemical species be-
come

1 1
D4 = —[D, D],  Dp = —[D%A],
d 3n[ ] T 3n[ 1 (55)

and the additional thermal diffusion coefficients DAY

gradients

appear due to the temperature 77

1
DA _ __rpe. Ad) )
Te 3n[ SAT] (56)
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The heat flux and the flux of vibrational quanta contain the gradients of T, vibrational
temperatures of the first level of every component 77 and gradients of n, through d.

=— <;,' + Zzg;,) vr-Y (/,UVT, +Eﬂwd>

(4

—p> Drd, pz ZD"“’d +Z< kT +(c5), +l) Ve,

(57)
and
. Ty
Eq = A VT — Z/“’vrd L i ZDd(')d (58)
The thermal conductivity coefficients are defined as follows:
k o KT .
V= g[A,A], Fa =37 [A (D A],
Je S k :
Ky = 3TC T oAy - F A7, A (59)

In this case, the additional thermal conductivity coefficients appear due to the vibrational
energy change in the rapid process. For harmonic oscillator 4 = A5, = 0.

It may be noticed that in the case when the vibrational quanta of various components
do not differ considerably, the next condition

Tyy, ~ Tyy, < TIRY

can take place. In this case the parameters ¥, in Eq. (30) are close to each other. There-
fore, the temperatures are not independent and are determined by the condition follow-
ing from the equality of the parameters ¥J.. For harmonic oscillators a two-temperature
distribution with 7% = T, takes place in that case. Such a suggestion of equal vi-
brational temperatures of different modes is convenient for a practical use, however,
the range of its validity is limited. The empirical two-temperature models for reacting
mixtures are given in Refs. [26,27].

3.4.1. Thermal conductivity, diffusion and thermal diffusion coefficients
In order to calculate the transport coeflicients the integral equations for the functions
Agjy A2V B, DY, F; and G,y following from Eq. (38) have to be solved.

cij cij>
The linear integral equations for the functions A, f,(jl) and DY, defining the
thermal conductivity, diffusion and thermal diffusion coefficients have the form:

2 .c 77 o~

neng (0) 5 & & — I

‘{—; gz lealA) = f”f <2kT 2t [kT},.+ [ iT ]) o
c=1...,L, (60)
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.~ /
Rclg b1 o ([ & _
§dj 3 Lea (AN = f,([;T—l])c be=1,....Lno (61)
n.n c
> = (@) = fﬁ?}( Z)c be=1,..L. (62)
d

In order to solve these equations the functions are expanded into finite series of So-
nine and Waldmann-Triibenbacher orthogonal polynomials. The following polynomial
systems are used:

mee; ") po (& por (8 I8
Aaj = S Z“””"S3/2 (2kT> ! (kT)P"q (T) (63)

d(1y __ McCe d(l) o (&
Acj = g 2% P e ) (64)

2

d _ M d olr) [ M
cij — 2kT - cr=3/2 <2kT) " (65)

The systems of linear algebraic equations for the expansion coefficients a,pg, ac(,”,
d‘c"r are given in Appendix A.

Substituting the expansions (63)65) into Eq. (59), and using the normalizing con-
ditions for the polynomials, one can express the thermal conductivity coefficients in
terms of the expansion coefficients:

Z 5 nc 4 k n, + kn. ¢
ac,lOO E = Credc 010 § = Caclc 001 »
- 2n - 2n

_kn kn. 1 kn, 1
¢ ¢ e _ c T, ) cd _ e c Ty o)
A 2 n chac 001, Ay = 5 n Cacl ) s lw = 5cd/]m,’ Lpp = 5 n Cweld,) >

where

OE; T AE; — EW,) I OE; — &/ W)
oT”’ ac or ’ oT¢ ’

Cre =

¢ 1s the dimensionless rotational specific heat (divided by the factor k/m.), CZ:(, and

T . . . . . .
cq are the modified dimensionless specific heats, connected with anharmonism of
. T T L
molecular vibrations. One can see that ¢]. = I —cl and ca\ = ;. —cylc. Finally, one
can express the thermal conductivity coefficients of the gradients of the temperatures

T and T7, respectively, in the following form

o= S 5 s
Ay = A “ ac 100 + 2 crcaLOIO + Cwacom )
-

(66)

knc TV e(l)

/A»i: = ;»,Cl -+ )“iv = 2 n chacl (67)
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and write the heat flux as follows:

q=—4, VT =D KVT{ - pY Drd, pz ZDd"’d
+ Z (%kT +(e5) 4 () + 8") n.V,. (68)

The nonequilibrium number densities of species n. are found from the equations
of chemical kinetics Eq. (36) which are considered together with Egs. (10), (11)
and (37).

It can be pointed out that the trial functions of the Waldmann-Triibenbacher poly-
nomials in expansions, Eqgs. (63) and (64) differ from those commonly used for the
derivation of the transport coefficients [1,2,5,28]. They are chosen in accordance with
the right-hand sides of Eqs. (60) and (61), which depend on d f 0 /dt, and therefore,

clf
on the collision invariants of the collision operator of rapid processes J;;". In the case

]

of weak deviation from the equilibrium using the WaldmannfTriibenbacjher polynomi-
als over the total internal energy gives a good convergence. The problem of choosing
the trial functions was discussed before by several authors [29,30]. In the case of the
Boltzmann nonequilibrium multi-temperature distribution f ¢ij In a system of harmonic
oscillators, it is reasonable to use the Waldmann-Triibenbacher polynomials over the
rotational and vibrational energies [5]. In the case of strong vibrational nonequilibrium
in a system of anharmonic oscillators and the non-Boltzmann distribution f i, ) the trial
functions chosen in the present paper (see also Refs. [8,31]) permit to get more simple
systems for the coefficients of the expansions and obtain the main expressions for the
transport coefficients in terms of the first nonvanishing members of series, Eqs. (63)
and (64). The thermal conductivity coefficients in this case have been calculated both
on the basis of expansions, Egs. (63) and (64) and the expansions similar to those
suggested in Ref. [S]. In the first-order approximation of the Chapman—Enskog method
these calculations give exactly the same results. However, in the first case more simple
systems are to be solved.

The diffusion and thermal diffusion coefficients can also be expressed in terms of

the expansion coefficients:

Dcd = ddo s (69)
1
Dre = ——acpo0 , (70)
2n
1
an 240
Dy, —E 0 (71)

One can see that just zeroth-order terms of the expansions appear in the formulae for
the diffusion and thermal diffusion coefficients. However, maintaining only the equations

for a.gp0 and a “) in the systems (A.1) and (A.4), leads to zero values of thermal
Y
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diffusion coefficients. The simplest way to yield nonzero thermal diffusion is to keep
terms involving the coefficients a0, ac100, @c010 and acgor for the determination of
Dr. and ad(‘) and ad(l) for the calculation of D‘;fl)[32,17]. The resulting systems must

be solved for a.gp0 and ac0 , respectively.

4. One-temperature approach
4.]1. Zeroth order approximation
Now, we consider the case when 7py, is much less than t,.,; and is comparable with

the mean time between the collisions with the V'V, exchanges of vibrational energies
of different modes and with the V7R exchanges. In this case

rap _ gel r vibr
Jcij JClj + ']Clj JCU *
sl react
J(lj Ju i

The rapid vibrational exchange between the various modes results in equalizing
the vibrational temperatures and the VTR exchanges lead to the one-temperature
distribution.

The zeroth-order solution f (C(,-)} has the following form:

2 ci
0) mec, & T
Sy = Z(T) iy X p( wr kT ) (72)

| . . 5 + ¢
Z=ZIZM(T),  ZM =) siexp (_ T I> .
i

The vibrational level populations are described by the one-temperature equilibrium
Boltzmann distribution Eq. (35).

The equations for n.(r,¢), v(r,¢), 7(r,) can be obtained in the form given in
Egs. (36), (10) and (11). In the zeroth approach we have the system of equations
for one-temperature chemical kinetics, Eq. (36) in the present case contain the one-
temperature equilibrium rate constants for dissociation, recombination and binary reac-
tions, Eq. (11) involves the vibrational energy pE, = pE(T),

n &
PE; =D peEL =3 Zoom D sjexp (—k—T—) (73)
chibr thbr(T) _ Zs exp ( ]fT)
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4.2. First order distribution functions and transport terms

The equations for the first order solution coincides with Eq. (38). Using the zeroth

order macroscopic equations we represent d f’ f,?j)/dt as following:

s meet 5 (&7
eij _ ) [mece 5 L&Y
a T\ 27 [kT} € VinT

n me 1 2 .
+n—ccc . + T (ccec — 321y 1 Uy

mc? p [mct 3 &’ RY
meCe _y _ e _ 2 |5 v. ¢
* ( 3T T \ 2T ~ 27 {kT} M

o (3 ) g
) 2o Re <§kT+<bi/‘>+f‘> (mcc2 3 [i}/) : (74)

pTcy

here &, = z:j-'f + &, [{] = {; — ({ij), the averaging over the internal energy is defined
in the following way:
> SiiCexp(—(&f/kT )
> Siexp(—(&5;/kT))
Proceeding from expression (74) we can write the first-order distribution functions
in the form:

(i) = (75)

1 1 1
(1) (0) .
fej =Fey <f;AC,;,- +VinT - — Ed DG ds = ~Bey U

1 1
__Fci/'v A _G('ij> > (76)
n n

and traditionally obtain the equations for the coefficients of the gradients. In this case
they contain the operators of rotational and all vibrational inelastic transfers. Additional
normalization conditions are given by Egs. (44)—(49) and (52).

The pressure tensor is defined by Eq. (24), with the linear integral equations for
functions B.;;, Fi;; and G.;; determined by Eq. (74), the appropriate kinetic coefficients
can be found from Eq. (25) with bracket integrals determined by expression (53)
containing not only the cross sections of the V'V, exchange but also all the inelastic
energy transfers.

The relaxation pressure and vibrational bulk viscosity coefficient also depend on the
cross sections of all energy exchanges.

The diffusion velocity is written as

Ve=—> Deydy —Dr.VInT (77)
d
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with the following definition of the diffusion and thermal diffusion coefficients:

1 1
Doy = —[D, D], Dr. = —[D", A]. (78)
3n 3n
For the total heat flux we have
q=-VVT—p> Drd.+Y (3K + (&) +&)n.Ve, (79)
C [
k
) = —[A,A].
A 3[ ,A]

The heat conductivity coefficient ' cannot be measured experimentally because of
the thermal diffusion presence. It is convenient to define the thermal diffusion rates
kr.[28,17]:

> Dekrg=Dr.,  c=1,...,L.
d

Then the heat flux can be expressed as follows:

5 & £\ ne
q:—/]»VT+pZ<kTC+(§+<ﬁ>+ﬁ> %) Ve (80)

here 4 is the heat conductivity coefficient for a mixture,

A=3'—nk> kgDr. . (81)
The coefficient 1 may be determined experimentally in a steady-state mixture.

4.2.1. Thermal conductivity, diffusion and thermal diffusion coefficients

Now, the expressions for transport coefficients in the one-temperature approach are
considered. The integral equations for the functions Df,-j has the same form as in the
multi-temperature case and are given by Eq. (62). Therefore, we expand these functions
into the same series of Sonine polynomials, Eq. (65). Functions A; are found from
the following equations:

C

neng 1 (0) mccf 5 aij !
Y =L (A) = = 1 _2 -
p2 Led (A) =TT <2kT 2t ler] )€ (82)

d

In order to solve these equations one can expand the functions A.; into double series
of orthogonal polynomials

mece mc? &
Aoy = 2kT acrpSy) ( 2;T ) PP (ﬁ) . (83)
rp

The equations for coefficients a.,, are given in Appendix B. The thermal conductivity
coefficient becomes

X 5 n kn
F=Y ka0 + ) 3 Cmeeor = 4+ K (84)
c 4
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where

¢

OE¢ . C
Cinte = Pl = Z /(35’ + &) feijdug .
ij

oT

In the case where the rotational and vibrational spectra can be separated the thermal
conductivity coefficient A/, may be written as the sum of two terms connected with
the transfer of rotational and vibrational energy: A, = AL + /..

The diffusion and thermal diffusion coefficients are defined, respectively, by Eqgs. (69)
and (70). The coefficients dﬁ,{, can be found from the same system as in multi-tempera-
ture approach, i.e. (A.7) and (A.9).

It can be noted that using the different polynomial expansions for functions A,
Dfij, etc., seems to be reasonable and provides a good convergence for all transport
coefficients.

5. Conclusions

The expressions of transport terms are derived, respectively, in (i) level approach, (ii)
generalized multi-temperature approach and (iii) one-temperature approach. The level
approach is valid in a wide range of conditions of the rapid exchange of translational
and rotational energy. In this case, the system of macroscopic equations contains the
equations for the populations of vibrational levels of every chemical species n.; and the
conservation equations of momentum and total energy. This model gives the detailed
description of nonequilibrium reacting mixtures, however, it is complicated due to the
large number of macroparameters and transport coefficients. This approach should be
used, for example, in a short zone behind a shock wave. The number of macroparame-
ters is reduced when the exchange of vibrational quanta within every mode occurs more
frequently than the vibrational energy exchange between modes and chemical reactions.
Such a condition takes place, for example, in the zone of vibrational nonequilibrium
behind a shock wave when the steady-state distributions over vibrational levels already
exist and the multi-temperature approach is valid. It is particularly important in expand-
ing streams, nozzle flows or high-enthalpy facilities. The anharmonism of molecular
vibrations and the different rates of the various vibrational energy-exchanges lead to
the non-Boltzmann distribution functions and to the appearance of additional thermal
conductivity and thermal diffusion coefficients. The equations of the level vibrational
and chemical kinetics are reduced in this case to the equations for number densities of
chemical species n. and for the “effective” vibrational temperatures of the first level
of every component 7. For the harmonic-oscillator model the “effective” temperatures
coincide with the vibrational temperatures of components and the relaxation equations
for the number of vibrational quanta are replaced by the relaxation equations for the
vibrational energy. The one-temperature approach is valid in the conditions of ther-
mal equilibrium in chemically nonequilibrium reacting gas mixtures. In this regime the
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number of macroparameters is further reduced, ali vibrational temperatures are equal
to the gas temperature and macroscopic equations are the equations for n., v and T.

The influence of chemical reactions on transport coefficients is defined by their de-
pendence on the number densities of chemical species n, which are governed by the
equations of the detailed chemical-vibrational kinetics, multi- or one-temperature chem-
ical kinetics.

In conclusion, it should be added that the choice of one of the three models consid-
ered in this study is determined by the hierarchy of the relaxation times. It is obvious
that the distribution function in the zeroth-order approximation can be easily reduced
going from the most detailed model to the others. Nevertheless, this is not valid for
the transport terms because they depend on the different inelastic cross sections and
are defined in terms of macroparameters which are found from different macroscopic
equations.
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Appendix A

To derive the equations for the coefficients a.,,, in multi-temperature approach one
should substitute the series (63 )+65) into integral Egs. (60)~(62) and multiply them by
the velocity. After integration over the velocities and summation over rotational, vibra-
tional quantum numbers and chemical species the following system of linear algebraic
equations is obtained:

15kT n 3kT n
Z Z Aif’pp’qq’adf’ﬁ"q’ =5 cérlépo‘;qﬁ + nccrcérﬂ‘spl‘sqo

d r'pq 2 me n me
3kT
000 mdg, ¢ =ToiL, rpg=01,.. (A1)

Here the following notation is introduced:

neny » Lol Reng
Arr’pp’qq’ = 5Cd E 2 [Q pq’ Q pa ]cb +
b

[Q"Pq Q’ Pfi] (Az)

where

rpq me (r) (p) (q) iglc
Q \V 24T €S2 2kT F; kT Pi kT '

One can see that the coefficients of the linear algebraic equations (A.1) are expressed
in terms of partial bracket integrals of the most rapid processes which were defined in
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Section 3.4. In the multi-temperature approach they depend on the cross sections of the
clastic collisions, collisions with the rotational energy exchange and with the transfer
of the vibrational quanta inside every mode.

Eq. (A.1) occur not to be linear independent in the case »r = p = ¢ = 0. It follows
from the momentum conservation and the symmetry of the bracket integrals. Taking
into account the normalizing conditions (44) one can derive the additional equation for
the coefficients ac, ,,

Z e = 0. (A3)

The system (A.1) completed by Eq. (A.3) has a unique solution.
The equations for coeflicients ac(l) are written as follows:

T
ZZ r:i’ Z(:’)_in;calférl, b,Czl,.‘.,L, ’.:0’17'” s (A4)
n
where
Ry ncnd
rr’ = 56‘42 < [Q Q ]cb + [Q Q ]cd > (AS)

and

r M (r) ”?1(
- P! .
© 24T (ka)

Adding to the Eq. (A.4) the condition following from the constraint, Eq. (43)

Z”C A _ 0 d=1,... L (A.6)

one can obtain the system of equations for aff,” which are linear independent.
Similarly, the equations for the coefficients d¢, can be written as

Zzyif,d{},,:3kT<5Cb~&>5,0, be=1,....L, r=0,1,..., (A7)
d r ’ P
where

Yo = /memy (ch”C’jb[Q Oy + "[Q o' ) (A.8)

2
ro__ (r)
o = 2kT €531 ( 2kT ) '

The linear-independent system can be derived taking into account constraints, Eq. (45),
which have the next form in terms of coefficients df,,:

chdco_ , d=1,...L. (A9)
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Appendix B

The linear algebraic equations for the coefficients a.,, in the one-temperature ap-
proach are given here as follows:

15 kT n, 3kT n
cd C o
E E Ar,,pp,ad,,/pr = —m—075r15p0 + m ;ccint,céroopl s

2 .
d r'p
c=1,...,L, r,p=0,1,.... (B.1)
Here
Nelp » o' neng - !
Ay = 0ea ) 51070 T + — 57107, 077 1y (B.2)
b
and

2 C
o me (ry { McCe (P) Ci
" =\l arSe\ur )5 \ar )

In the one-temperature approach, partial-bracket integrals contain the cross-sections
of the collisions with all elastic and inelastic energy exchanges.

The additional equation for a.,,, follows from Eq. (44) and coincides with Eq.
(A.3). The system (B.1) and (A.3) has a unique solution.

References

[1] C.S. Wang Chang, G.E. Uhlenbeck, Transport phenomena in polyatomic gases, Report No. CM-681,
University of Michigan Research Report, July 1951.

[2] E.A. Mason, L. Monchick, Transport properties of polar gas mixtures, J. Chem. Phys. 36 (1962) 2746.

[3] S.V. Vallander, E.A. Nagnibeda, M.A. Rydalevskaya, Some Questions of the Kinetic Theory of the
Chemical Reacting Gas Mixture, Leningrad University Press, Leningrad, 1977 (in Russian), Translation:
US Air Force FASTC-ID (RS) TO-0608-93.

[4] R. Brun, Transport phenomena in relaxing gas mixtures: models and applications, in: A.E. Beylich
(Ed.), Rarefied Gas Dynamics vol. 17, New York, Basel, Cambridge, 1991. VCH, Weinheim.

[5] S. Pascal, R. Brun, Transport properties of nonequilibrium gas mixtures, Phys. Rev. E, 47 (1993)
3251.

[6] C.A Kennedy, Bibliography for the kinetic theory of reacting gases, CECR Report 94-01, The
University of California, San Diego, 1994.

{71 A. Ern, V. Giovangigli, Multicomponent transport algorithms, Lecture Notes in Physics, Series
Monographs, vol. M24, Springer, Berlin, 1994.

[8] E.V. Kustova, E.A. Nagnibeda, The influence of non-boltzmann vibrational distribution on thermal
conductivity and viscosity, in M. Capitelli (Ed.), Molecular Physics and Hypersonic Flows, Kluwer,
Netherlands, 1996.

[9] Ye.V. Stupochenko, S.A. Losev, A.l. Osipov, Relaxation in Shock Waves, Springer, Berlin, 1967.

[10] L. Waldmann, Transporterscheignungen in gasen von mittlerem druck, In: S. Flugge (Ed.), Handbuch
der Physik, Springer, Berlin, 1958.

[11] E.A. Nagnibeda, M.A. Rydalevskaya, Detailed balance principle and kinetic equations for reacting gas
mixture, Vestnik of Leningrad University, Math. Mech. Astr. 19 (1970) 140 (in Russian).

[12] G. Ludwig, M. Heil, Boundary layer theory with dissociation and ionization, in: Advances in Applied
Mechanics, vol. VI, Academic Press, New York, 1960.



552 A. Chikhaoui et al | Physica A 247 (1997) 526-552

[13] E.A. Nagnibeda, M.A. Rydalevskaya, The derivation of the equations for macroparameters from the
kinetic equations in the mixture of dissociating gases, in: Aerodinamika Razrezhennykh Gazov, vol.
IX, Leningrad University Press, Leningrad, 1977 (in Russian).

[14] 1. Kuscer, Dissociation and recombination in an inhomogeneous gas, Physica A 176 (1991) 542.

[15] B.V. Alexeev, A. Chikhaoui, I.T. Grushin, Application of the generalized Chapman-Enskog method to
the transport-coefficients calculation in a reacting gas mixture, Phys. Rev. E 49 (1994) 2809.

[16] E.A. Nagnibeda, M.A. Rydalevskaya, The equations describing a mixture of nonequilibrium viscous
dissociating gases, in: Aerodinamika Razrezhennykh Gazov, vol. X, Leningrad University Press,
Leningrad, 1980 (in Russian).

[17] J.H. Ferziger, H.G. Kaper, Mathematical Theory of Transport Processes in Gases, North-Holland,
Amsterdam, London, 1972.

[18] E.A. Nagnibeda, Level kinetics of the dissociation and vibrational relaxation behind shock
waves, Shock Waves, Marseille, R. Brun, L.Z. Dumitrescu (Ed.), Physico-Chemical Processes and
Nonequilibrium Flow, vol. II, Springer, Berlin, 1995.

[19] J.G. Méolans, M. Mouti, F. Lordet, A. Chauvin, Vibration-dissociation phenomena in shock-heated
nitrogen, Shock Waves, Marseille, R. Brun, L.Z. Dumitrescu (Ed.), Physico-Chemical Processes and
Nonequilibrium Flow, vol. 2, Springer, Berlin, 1995.

[20] D.A. Gonzales, P.L. Varghese, Evaluation of simple rate expressions for vibrational-dissociation
coupling, J. Thermophys. Heat Transfer 8 (2) (1994) 236.

[21] C.E. Treanor, L.W. Rich, R.G. Rehm, Vibrational relaxation of anharmonic oscillators with exchange
dominated collisions, J. Chem. Phys. 48 (1968) 1798.

[22] B.F. Gordiets, A.l. Osipov, L.A. Shelepin, Kinetic Processes in Gases and Molecular Lasers, Gordon
and Breach, Amsterdam, 1988.

[23] G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules, D. Van Nostrand, New York,
1951.

[24] E.V. Kustova, E.A. Nagnibeda, New kinetic model of transport processes in the strong nonequilibrium
gas, in: J. Harvey, G. Lord, (Eds.), Rarefied Gas Dynamics 19, vol. I, Oxford University Press, Oxford,
1995.

[25] E.V. Kustova, Kinetic model of molecular gas dynamics in strong nonequilibrium conditions, Vestnik
of St.Petersburg University, Math. Mech. Astr. 2 (1995) 60-65 (in Russian).

{26] C. Park, Two-temperature interpretation of dissociation rate data for N> and O;, AIAA Paper (1988)
88.

[27] C. Park, Nonequilibrium Hypersonic Aerothermodynamics. Wiley, New York, 1990.

[28] L. Waldmann, E. Triibenbacher, Formale kinetische Theorie von Gasgemischten aus anregbaren
Molekulen, Z. Natur. A17 (1962) 364.

[29] B.G. Thijsse, G.W.’t Hooft, D.A. Coombe, H.F.P. Knaap, J.J.M. Beenakker, Physica A 98 (1979) 307.

[30] R.J. van den Oord, M.C. De Lignie, J.J.M. Beenakker, J. Korving, The role of internal energy in the
distribution function of a heat conducting gas, Physica A 152 (1988) 199.

[317 E.V. Kustova, E.A. Nagnibeda, Strong nonequilibrium effects on specific heats and thermal conductivity
of diatomic gas, Chem. Phys. 208 (3) (1996) 313.

[32] L. Monchick, K.S. Yun, E.A. Mason, Formal kinetic theory of transport phenomena in polyatomic gas
mixtures, J. Chem. Phys. 39 (1963) 654.



