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We study coupling of vibrational relaxation and chemical reactions in nonequilibrium viscous multitemperature
flows. A general theoretical model is proposed on the basis of the Chapman-Enskog method modified for strongly
nonequilibrium reacting flows; the model differs from models commonly used in computational fluid dynamics
since it is able to capture additional cross-coupling terms arising in viscous flow due to compressibility and mutual
influence of all nonequilibrium processes occurring in a mixture. The set of fluid dynamic equations is derived
starting from the Boltzmann equation; the relaxation terms in these equations are described using the kinetic
transport theory formalism. Reaction and relaxation rates depend on the distribution function and thus differ in
the zero-order and first-order approximations of the Chapman-Enskog method. An algorithm for the calculation
of multitemperature reaction and relaxation rates in both inviscid and viscous flows is proposed for the harmonic
oscillator model. This algorithm is applied to estimate the mutual effect of vibrational relaxation and dissociation
in binary mixtures of N, and N, and O, and O, under various nonequilibrium conditions. It is shown that
modification of the Landau-Teller expression for the VT relaxation term works rather well in nitrogen, whereas
it fails to predict correctly the relaxation rate in oxygen at high temperatures. In oxygen (in contrast to nitrogen),
the first-order cross effects of dissociation and VT relaxation are found to be significant. A method for calculation
of vibrational relaxation time based on the kinetic theory definition is suggested. Two-temperature dissociation

rate coefficients are calculated in the zero- and first-order approximations and compared to other models.

DOLI: 10.1103/PhysRevE.93.033127

I. INTRODUCTION

Modeling of vibrational-chemical coupling in viscous high-
temperature flows still remains a challenging task in modern
nonequilibrium gas dynamics. Although dozens of papers
are devoted to this subject, starting from the widely known
works by Hammerling [1] and Treanor-Marrone [2] (see also
Refs. [3-9] for multitemperature and [10—18] for state-to-state
models), most of models are derived for the case of inviscid
gas flows. Viscous effects in nonequilibrium chemical kinetics
appear as cross-coupling terms between the rates of various
reactions and velocity divergence resulting in the violation of
the mass action law [19]. These coupling terms were discussed
in Refs. [20-23] for one-temperature chemically reacting
flows. However, the viscous effects and corresponding cross-
coupling terms in vibrationally nonequilibrium flows have not
been well studied up to the present time. There are only a few
papers dealing with some aspects of vibrational-chemical cou-
pling in viscous multitemperature [24-27] and state-to-state
[28-30] flows. Nevertheless, taking into account the above-
mentioned cross effects can be important in two-dimensional
(2D) and 3D simulations of high-temperature flows.

In our recent paper [27], a self-consistent treatment of reac-
tion rates in viscous multi-temperature flows was proposed and
the methods described applied to study vibration-translation
(VT) relaxation in a single-component molecular nitrogen
flow. However, the complexity of the resulting equations in
the general case makes it fairly nontrivial and computationally
expensive to study first-order effects in viscous flows, espe-
cially in multicomponent mixtures, where numerous chemical
reactions need to be accounted for. Thus, the objective of the
present paper is to derive a simplified set of equations for the
harmonic oscillator model and to study the cross influence of
vibrational and chemical relaxation in binary mixture flows
under various conditions.
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The paper is organized as follows: First, we derive the
closed set of fluid-dynamic equations for a nonequilibrium
multitemperature gas mixture flow with vibrational relaxation
and chemical reactions. Molecules are simulated by harmonic
oscillators. Then we define the transport and relaxation terms.
The relaxation terms are calculated in the zero-order (inviscid)
and first-order (viscous) approximations of the Chapman-
Enskog method [19]. In the zero-order approximation, we
assess the limits of applicability of the commonly used
Landau-Teller relaxation equation. For this purpose we in-
troduce the vibrational relaxation time on the basis of a
strict kinetic theory definition, as the integral of vibrational
energy variation in VT transitions. We calculate this integral
using advanced models of collisional cross sections and
compare the obtained relaxation times to the commonly used
theoretical values and experimental results. In the first-order
approximation, we derive linear integral equations specifying
the first-order (viscous) corrections to the reaction rates and
develop the method for their solution. The rates of vibrational
relaxation and dissociation are then calculated for N,-N and
0,-0 binary mixture flows under various thermal conditions
and mixture compositions. The mutual influence of vibrational
relaxation and dissociation in viscous flows is assessed, and
some distinctive features of vibrational-chemical coupling in
nitrogen and oxygen are discussed. Thermally nonequilibrium
dissociation rate coefficients calculated using the zero- and
first-order Chapman-Enskog solutions are compared to those
commonly used in computational fluid dynamics.

II. GOVERNING EQUATIONS

We consider a nonequilibrium flow of gas mixtures
taking into account vibrational and rotational energies of
molecules and chemical reactions. Electronic excitation [31]
and coupled rotational-vibrational nonequilibrium [15,16]
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are not accounted for, since we limit our considerations to
temperatures below 15000 K.

In order to simplify the flow description we simulate
molecular vibrations in the frame of a harmonic oscillator
model. For harmonic oscillators, the vibrational energy &f
(c is chemical species, i is the vibrational state) is given by

ef = hve(i +3) = (i + 3)ef, (1)
where 4 is the Planck constant and v, is the frequency.

For strongly nonequilibrium flows, when both rapid and
slow processes occur in the gas, the Boltzmann equation for
gas mixtures with internal degrees of freedom in the absence
of external forces takes on the following form

Afoii 1
Ja(‘tlj + u, - Vf-“] — _Jrap _I_ J:ll]’ (2)

where f;; is the distribution function of particles of species
c at the i-th vibrational and j-th rotational levels, u. is
the velocity of particles of species ¢, J; and J3, are the
integral operators of rapid and slow processes, respectively,
€ = Trap/Ts1 ™~ Trap/V 1is the small parameter in which the
distribution function is expanded in the Chapman-Enskog
framework, 7., and 7y are the characteristic times of rapid
and slow processes, respectively, and ¢ is the gas-dynamic
time.

We would like to emphasize that for our study we use
a quasiclassical approach proposed by Wang Chang and
Uhlenbeck in Ref. [32] treating the translational degrees of
freedom classically and internal degrees of freedom in the
frame of quantum mechanics. The expressions for collision
integrals of chemical reactions in the quasiclassical approach
are obtained, for instance, in Refs. [19,20]. More rigorous
approach for writing the Boltzmann equation with chemical
reactions based on purely quantum-mechanical approach is
considered in Ref. [33]. However, implementation of this
approach for derivation of fluid-dynamic equations for viscous
flows appears to be too complicated.

In the present study, we take into account elastic and
inelastic processes resulting in the exchange of internal energy
and chemical reactions; each collisional process has its own
characteristic time. Thus the following microscopic processes
are considered: elastic collisions with the characteristic time
Ty, Totational energy exchanges with the characteristic time
Trot, V'V exchanges of vibrational quanta between molecules
of the same species (tyy), VV' exchanges of vibrational quanta
between molecules of different species (tyy/), VT transitions
of vibrational energy into translational (ryt), and chemical
reactions (Tpeact). We assume that the characteristic times
satisfy the relation [19]

Ty < Trot < Tvy K vy < VT < Treact ~ V. 3)

Under this relation the small parameter in the Boltzmann
equation is chosen as ¢ = tyy/¥; this yields the basis for
multitemperature flow modeling. During the rapid relaxation
stage, quasistationary vibrational distributions establish de-
pending on the model for molecular vibrations: the Treanor
or Boltzmann distributions for anharmonic and harmonic
vibrations respectively [19,34].

The set of macroscopic variables providing the closed
description of a strongly nonequilibrium flow is introduced on
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the basis of the collision invariants of rapid processes [19,34].
Under condition (3) mass, momentum, and total energy are
conserved in any collision; an additional invariant of the
most frequent collisions is the vibrational energy &{ (since it
remains constant in VV collisions due to equidistant locations
of vibrational levels).

The macroscopic parameters corresponding to quantities
conserved during rapid processes are defined in terms of the
distribution function as follows:

nC:Z/fC,-jduC, c=1,...,L, )

pv=7" / meu, fuijdu,, )
cij
U = _nkT +i,0c Erot,c +i,0c Esivr,c +chEfc

-/ (%

cij

chvibr,c :ng/fcijdu07 c= 1»~--aLma (7)
ij

i c + & +8c>fcijduc’ (6)

where n., m. are the number density and mass of particles of
species c; v is the flow velocity; i and j are the vibrational and
rotational levels of a molecule of species c; p is the mixture
density; U is the total energy per unit of mass; o, is the density
of particles of species c; L is the number of chemical species
in the mixture; L,, is the number of molecular species; ¢, =
u, — v is the peculiar velocity of a particle of species c; 8l‘J =
&' 4 ¢&f; 5" is the rotational energy of a molecule ¢ in the
vibrational state i and rotational state j; &, is the formation
energy; and Eoc, Evipr,c, and E s are the specific rotational,
vibrational, and formation energies of molecular species c.

The governing flow equations for a multitemperature
mixture of harmonic oscillators can be derived from the
Boltzmann equation multiplying it by the collision invariants
of rapid processes, integrating over velocities and summing
over internal states and chemical species. The set of equations
is obtained in the following form [7,19,34]:

dnﬂ redct
T +n.V-v+V.0V.)=R, c=1,...,L, (8)
dv
P =V.P, )
du
pwz—V~q+P:VV, (10)
dEw c
Pc dtbr +V qv1br c — RVIbr Evibr,cmcheaCt

"'Evibr,cV : (IOCVc)a
c=1,...,L,, )

Here V. is the diffusion velocity of particles of species c,
P is the stress tensor, q is the energy flux, and qyibr is the
flux of vibrational energy of molecules of species c. The set
of governing Egs. (8)—(11) includes conservation equations
for the momentum and total energy (9) and (10) coupled to
the equations of multitemperature chemical kinetics (8) and
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relaxation equations for specific vibrational energies Eyipy c.
Conservation of mass follows from Eqgs. (8).

The transport terms in Eqs. (8)—-(11) V., P, q, Qyibrc are
defined by the following expressions:

nVe=> f ¢ feijdu, (12)
ij

P=-Y [ e fdu, (13)
rij
=[5
cij
Qe = Y. [ ecfusdu. (1)
ij

The relaxation terms are defined as follows [19]:

RY™ =% "ef / Idue, RE=)" / Jidu,, (16)
ij ij

<y 8@: +&f + 5L>chc,]duc, (14)

sl vV’ VT 2222 2223 . .

where J3, = J;" + J;; +J5; T+ J5; 7 is the integral op-
\avd VT 222 23 .

erator of slow processes (JLIJ s Juj s Juz and Ju] being

the operators corresponding to slow VV’ exchanges, VT
transitions, bimolecular exchange reactions, and dissociation-
recombination reactions; correspondingly, [19,27]) and
Jc‘fj““ = Ji =2y ijg is the collision operator for chemical
reactions.

The integral operator of slow processes can be split into

several terms in the form proposed in Refs. [22,27]:

Nyy/ Nyr No=
sl VV r VT r 2<~2$r
JCU Zvru cij +Zv’” cij + Z Vru cij
Noz=3
2<—3,r
+ E Vr, il cij . amn

Here Nyv', Nyt, No=2, Na=3 denote respectively the amount
of VV’ exchanges, VT transitions, chemical exchange reac-
tions, and dissociation-recombination reactions occurring in
the mixture; J C\ZIJV "J CYJTV J Cz{;:*z " and Jei; 237 are the operators
for the r-th VV’ exchange, VT transmon, chemical exchange,
and dissociation reactions, correspondingly. The expressions
for these integral operators are given in Ref. [27]; v, are
the global stoichiometric coefficients for the r-th transition.
It should be noted that when using such a representation, it
is sufficient to explicitly consider reactions of only one kind
(“forward” reactions), as the corresponding reverse processes
are included via the stoichiometric coefficients.

Based on this representation, one can introduce the reaction
rate for a specific reaction r [22]:

1
- FZ/JL’”duL (18)
¢

and the corresponding reaction rate coefficient:

=Ny Yy / Jeij fau LT o5 dugdu,., (19)

i NeiNgk
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where g is the colliding particles relative velocity; o7, =
G 1-(g) is the integral cross section for the r-th process (i.e.,
the differential cross section integrated over velocities of
particles after collisions [19]); N, is the Avogadro number;
and vibrational levels i, i, k, k" are fixed for each particular
reaction r.

To simplify further notation, we denote the different sets of
types of slow processes as follows:

V={VV,VT}, R={2=2,23},
VR ={VV' VT, 2=22,2=3} (20)

Then the relaxation terms RY"®", R™ can be expressed in
terms of reaction rates:

Ny
RzeaCt — Na Z Z Z vrﬁciéy,rv (21)

i yeRr=1

Ny Ny
N, 28: Z Zvr,ciéy,r =N, Z ZAgicéy,r’

i yeVR r=1 yeVR r=1
(22)

vibr __
R =

where Agf = ¢, — &/ and i’ denotes the vibrational level after
the inelastic collision.

The relaxation terms in case of a binary mixture with
slow VT transitions and dissociation-recombination reactions
can be simplified taking into account the fact that only
single-quantum vibrational energy transitions are allowed for
harmonic oscillators. Thus instead of energy variation Ag;,
the constant value hv, appears in the reaction rates:

Naz=j
Rreact —N, Z ngQ ., (23)
Nvt ) Nyt '

Na Z AE;.EVT,r = _thNa Z §VT,r, (24)

r=1 r=1

Noe=s Noe=s
No Y Aethyos, = —hveNy Y i byesrn (25

r=1 r=1

where in the last equation i is the vibrational level of the
dissociating molecule (fixed for a specific reaction r). In the
above expressions, only “forward” reactions appear, which in
this case are VT deactivation transitions (with i’ =i — 1) and
dissociation reactions. As is mentioned before, “backward”
transitions are taken into account in the integral operators via
stoichiometric coefficients.

It is worth mentioning that in Egs. (21) and (22), vibrational
relaxation and chemical reactions are coupled naturally and
self-consistently; the rate of vibrational energy production
RY™ depends on the rates of all slow processes including
VT, VV’ transitions, and chemical reactions. There is no
need to introduce artificially some phenomenological coupling
factors like in commonly used coupled vibration-dissociation-
vibration (CVDV) and coupled vibration-chemistry-vibration
(CVCV) models [2,6]. Note also that in the present model, the
coupling factors depend on the order of the Chapman-Enskog
expansion and therefore differ in the zero-order (inviscid) and
first-order (viscous) approximations. The difference appears

033127-3



E. V. KUSTOVA AND G. P. OBLAPENKO

in the expressions for the reaction rates £ and &V calculated
on the basis of the zero- and first-order distribution functions.

III. ZERO-ORDER APPROXIMATION

In the zero-order approximation of the Chapman-Enskog
method in the multitemperature case, the distribution function
for a molecule with harmonic vibrations is a combination of
Maxwell-Boltzmann distributions over velocity and internal
energies with a vibrational temperature 7, differing from the
temperature 7':

© m 3/2 n
) c c ¢
Jeij = <2nkT> Zzin i %

(26)

where s7; is the degeneracy of the molecular state with internal

energy Bl = = g¢ f " + &7, k is the Boltzmann constant, and Z;_“‘
the internal partition function defined as follows:

int Ct 8C
zi Zsuexp( o kTC) @n

Considering the rotational energies to be independent of the

vibrational states (8 =&f i S5 = S]c»), we can rewrite Z™:

Zml Zrot ZVlbr (28)

where Z™ and ZY™" are the rotational and vibrational partition
functions, correspondingly, defined as

7o = ZS exp< ) (29)
VA Zexp( ch) (30)

Thus, the vibrational level population n.; is given by the
expression

ne &f 31)
N = ——exp| — .
Zzyier P\ e

A. Zero-order reaction and relaxation rates

By substituting the zero-order distribution function into the
integral reaction operators and applying microscopic laws of
energy conservation during collisions, it is possible to obtain
that

0 0 0
I =Ty / 135 fa85 rrdug. (32)
i

In the case of VT exchanges, one should omit summation over
!’ and in the case of dissociation reactions one should omit
summation over j'l’. Here

I'"=1-—exp (I?T) (33)

A, are quantities introduced by analogy with affinities of
chemical reactions [25]. For the harmonic oscillator model,
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these generalized affinities take on the following form:

. T T
Ayy, = Ag |1 — Te + Aek 1 - T_vd ) (34)

v

T
Ayr, = A&’ (1 - F) 35)

3 1nt int

= —le kT In d
mc’md’ + thth

Ar=a

—len

+80’+8d’_8c_8d

ver( L o) el L 1) —e( L -
&; — & — — & —
i TUL k Tvd i TUL/

= Elen Me

3
— —kT In2rkT)
My gy g 2

ne

+3kTInh+kTInZ™ — kT In

ne allfrq

+86’,a +8f’,a — & +8lc(% - 1) (37)
where indices ¢’,a and f’,a denote the atomic products of
the dissociation reaction. Note that for harmonic oscillators
Ag{ does not depend on the vibrational state: Agf = Lhv,.
For a binary mixture of homonuclear molecules and atoms we
need only the expressions for Ay, Ax=3 ,; the latter takes a
simplified form since me o =myp g =me/2, nenp o = ni,
Eca+€pa— 8= D, D, is the dissociation energy of a
molecule of species c.

Substituting Eqgs. (26) and (32) into Eq. (18), we find
that reaction rates in the zero-order approximations are linear
functions of I'",

. o o (ng o
£0 =Tk HH( ) (38)

and involve zero-order reaction rate coefficients k;) obtained
substituting distribution function (26) into the definition (19).
Here L, denotes the number of vibrational levels in chemical
species ¢ and v i is the reactant stoichiometric coefficient.
It is evident that for the distribution function (26), Eq. (38)
differs from the mass action law since the reaction rate
depends on both temperatures 7 and 7 through the vibrational
distributions. When the flow approaches thermal equilibrium,
vibrational level populations follow the equilibrium Boltz-
mann distribution, and Eq. (38) reduces to the mass action law.

Using Eq. (38), one can easily calculate the relaxation
terms (21) and (22) in the zero-order approximation. This
gives the reaction rate and vibrational energy production rate
in inviscid gas flows. Once again, we emphasize here that
RY™ takes into account all slow processes occurring in a
flow and therefore provides a self-consistent coupling between
vibrational relaxation and chemical reactions.

Macroscopic equations (8)—(11) can be written in terms of
variables n., v, T, and T, instead of n., v, U, and E.jp,
which is useful for the derivation of the first-order distribution
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function. The specific energies U and Eyip . can be expressed
using the zero-order distribution function

3 Ly
pU = —nkT+Z/0c rolc(T)+ZlOL vibr,c T)
c=1

L
+ ) peEpe =U(ne.T.TY), (39)

c=1

1
Evitr,o(T.TY) = o > eine
¢

1 g.c
= me Zv1br Tc ZS exp< ch) (40)

Then, introducing the specific heats

U 3kn Pc aErot,c
Cu=a—T=Ctr+Cmt=§7 E T (41)
aEvibrc
v,e — - ’ 42
Co, aTe (42)

one can obtain the expressions

L
U X
du =Y e dn. + c,dT + Z ?cv cdTS,  (43)
c=1 c=1
dEvibr,c = Cy,c dTUC' (44)

Calculation of the derivatives is straightforward and is omitted
for the sake of brevity. Thus one can see that the sets of
macroscopic variables (n., v, U, Eyi) and (n., v, T, T;))
are equivalent.

B. Landau-Teller equation and relaxation times

In nonequilibrium fluid dynamics, the rate of vibrational
energy production caused by VT transitions is commonly
calculated using the Landau-Teller expression [35]:

v1br L(T) Vlbr,c (TUL)

c VT ’
rC

RVibr,VT — (45)

where EVlbr C(T) is the equilibrium vibrational energy per unit

of mass and 7T is the VT relaxation time for species c. Derived
initially [35] for the conditions of sound dispersion assuming
weak deviations from equilibrium and harmonic vibrations, it
became very popular in computational fluid dynamics due to its
simplicity and now is commonly used for arbitrary deviations
from equilibrium without justification.

In Ref. [27] it was shown that the Landau-Teller expression
can be obtained from a strict kinetic-theory definition of the
relaxation terms (by expanding the expressions in a power
series and keeping only linear terms) under the following
assumptions: (1) the vibrational spectrum of molecular species
is harmonic, (2) deviations from vibrational equilibrium are
weak (T/T,~ 1), and (3) vibrational specific heats are
constant.
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An intermediate version of the Landau-Teller expression
was also obtained:

. T n,.
br,VT __ c
RV = T_,f(T — TY) pecuc Ed ?, (46)

where r Tis the VT relaxation time for collisions of molecules
of spec1es ¢ with particles of chemical species d. It was
shown that such an expression for the relaxation terms provides
significantly better agreement with strict kinetic theory results
for a harmonic oscillator case. Thus, it is of interest to compare
results obtained using different versions of the Landau-Teller
formula, since the modified expression can be considered
an easy-to-implement and more accurate replacement of the
classic Landau-Teller formula.

A model for calculation of vibrational relaxation times is
also needed. The Millikan-White formula is commonly used
(often with the high-temperature correction proposed by Park
[4]), but, as shown in Ref. [8], it does not provide a satisfac-
tory agreement with experimental data at high temperatures
(T > 6000 K). VT relaxation times can be calculated using
a rigorous kinetic-theory definition if the cross sections of
various VT transitions are known. The strict kinetic-theory
definition of the VT relaxation time Tc\élT for collisions between
molecules of species ¢ and particles of species d is as follows
[19]:

1 4kn vibr
T = <(A5 b) >

T.qd meCy,c

where AEYP = (¢, — £)/ kT and averaging is defined by:

T\ /2 §¢sd

VT kl 3

(Flea = (27de> Z len]tzlnt/FCingexp
€ c “d

cd > 47)

iki' jlj'l
c d
2 ¢ & €k
x <—g0—5j & - kTe de)
v
X 0,4 ) d*udgo, (48)

where m.; = m.my/(m. + my) is the collision reduced mass,
80 = ~/m¢q/2kT g is the dimensionless relative velocity, 5 ¢ =

///

€}/kT is the dimensionless rotational energy, and o, l’],]:ll is
the cross section of a VT transition in which the vibrational
level i and rotational level j of a molecule of species ¢ change
to i’ and j’ after colliding with a particles of species d with
vibrational level k and rotational level /, the latter of which
changes to /’. It is worth noting that this strict definition of
relaxation times includes a dependence both on 7' and on
Ty, while the Millikan-White formula does not. However, the
calculation of relaxation times using formula (47) requires
significant computational effort and is not very well suited for
implementation in practical CFD solvers, but the results of
calculations using formula (47) may be precomputed for the
chemical species of interest and approximated numerically in a
wide range of temperatures, and these approximations are used
instead of the Millikan-White formula. The obtained formula
for the VT relaxation time is similar to the general formula
given in Ref. [36] for relaxation times of internal degrees of
freedom.

To calculate the vibrational relaxation times using formula
(47), the VT cross sections were calculated using the method
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FIG. 1. VT relaxation times in molecular oxygen (a) and nitrogen (b) as a function of temperature; solid line, definition (47) with 7, = T;
dashed line, definition (47) with 7, = 6000 K; dots, Millikan-White formula; dotted line, Millikan-White formula with Park’s high-temperature
correction; triangles, approximation of experimental results [8] for the case of oxygen (a) and relaxation times calculated using definition (47)

with 7, = 1000 K for the case of nitrogen (b).

detailed in Ref. [27], using the forced harmonic oscillator
(FHO) model [37] for VT transition probabilities and the
variable soft sphere (VSS) model [38] for elastic cross
sections.

Relaxation times calculated as a function of temperature
using various models in molecular oxygen and nitrogen are
shown on Fig. 1, along with an approximation of experimental
data for oxygen VT relaxation times given in Ref. [8]. It
can be seen that vibrational nonequilibrium has a noticeable
effect on vibrational relaxation time which increases as the
difference between T and T, grows. At temperatures lower
than 6000 K, relaxation times calculated using definition (47)
with T = T, give a good agreement with the Millikan-White
formula (the discrepancy between approximation [8] and the
Millikan-White formula at temperatures lower than 6000 K
can be neglected, since the approximation was made for
temperatures between 6000 and 11000 K), while at higher
temperatures definition (47) shows a nonmonotonic behavior
of the relaxation times, providing qualitative agreement with
both the Park correction and experimental results, while the
Millikan-White formula gives physically unrealistically low
VT relaxation times. However, the values given by formula
(47) are higher than those obtained using other models (in
Ref. [39] it was also shown that accounting for vibrational
anharmonicity when using formula (47) leads to higher values
of vibrational relaxation times at high temperatures). The
method of calculation of relaxation times using definition (47)
can be expanded to other gas species if the VT transition
cross sections (or probabilities) are known. In Ref. [9],
precomputed values of vibrational relaxation times calculated
using definition (47), depending on both the translational and
vibrational temperatures, were used in conjunction with the
modified Landau-Teller formula (46), and it was shown that

such a model provides good agreement with experimental data
on temperatures behind shock waves [8].

Therefore, we can see that the Millikan-White formula,
even with the Park corrections, significantly underestimates
the vibrational relaxation times at high temperatures and is
poorly suited for modeling of strongly nonequilibrium high-
temperature flows (see also Ref. [9]).

For molecular-atom collisions in oxygen, relaxation times
have recently been calculated using an accurate three-body
potential surface [18], and it is shown that at high temperatures
they are indeed nonlinear functions of temperature; however,
there is a discrepancy between results obtained in Ref. [18] and
other models, namely the fact that at lower temperatures, the
vibrational relaxation times do not decrease as the temperature
rises. Comparisons to vibrational times calculated in Ref. [18]
are not presented in this paper, since we consider only VT
relaxation via molecule-molecule collisions, for which there
is experimental data and which is correctly described by the
Millikan-White formula at low temperatures.

IV. FIRST-ORDER APPROXIMATION

The first-order correction to the distribution function can
be written as .fc(;].) = L.(;_)j)qﬁci j» where function ¢,;; satisfies the
integral equation,

=Y nenalija(®) = Dfy) — I3, (49)
d

where I.;j,4 is the linearized integral operator of rapid processes
and Df O s the streaming operator [19].

cij
Calculating the streaming operator on the basis of the zero-
order distribution function (26) and zero-order fluid dynamic

equations, one can rewrite the first-order distribution function
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in terms of the gradients of macroscopic variables:

©
fc(i‘j?:fﬂ Agij-VInT — ZA"“) VinT!

n cij
L

— Y DY -dy—Bg;: Vv
d=1

— FyVov—=Y_ Y Ghirr |, (50)

yeVR r

where d, are diffusive driving forces:

ne ne
dczV(—>+(———>Vlnp (&)
n n 0

da .
Aci‘,-,.Aci(j), B.ij, D‘Ciij, Fij, Gijj. y € VR are unknown
functions of the peculiar velocity and macroscopic variables.
It must be noted that such a form for the first-order correction
(50) differs from the usual one reported in Ref. [19] since
instead of one term G.; we have a combination of four
sums, which explicitly include the generalized affinities T'VV'",
FVT,r F2<:’2,r and F2<:>3,r-

A. Integral equations

Integral equations for functions A.;;, A; 11), B, Da i Feijs

GZI ; are obtained by substituting representation (50) into (49)
and equating corresponding terms in the right- and left-hand
sides of the resulting equation. For F;;, these terms are the
ones appearing in front of V - v, while for G’” the terms
appearing in the right-hand side of correspondmg equations
(49) are multipliers in front of the generalized thermodynamic
forces I'V".

The equations for F¢;; can be found in Ref. [19], while the

equations for G7* ; are as follows:

neng
Z n2 cz;d(Gyr)— fc(g)CDC”, 1,...,N},,y€V’R’
d
(52)
where @7 are defined as:
H.; Ag? &< 7
(Dyrz—N 2 %—(0)+N |: :|
v ’ Cu dz; Pd kTvC vibr
I | Asf 7
x FCU,C S}([O; y res ¥V EV, (53)
v C
L
. H. En Agd —y E.. m
Ol = —No—2 ) rd Zibrd M 0
A Cu Pd

+N, |: EiC i| ic‘71 Agf — Vr,cEVibr,cmcE(())
‘ kT vibrTC e Pe

v

vué“” Tyres v ER. (54)
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Here vy =" Vrcis Jyre =Vrei Yy | f, k,gof,dud (for
the case of y =2 = 3 summation over j’, [’ is omitted),
(8100 = &7 — (&) o @nd [&i)yine = i — (i) vibe> Where (&)
and (;),;,, denote averaging over the rotational and vibrational
energy spectrum, respectively:

SC

(@)oo = 7o Z $5¢j exp( kT) (55)
&f

(Q)vlbr - Zv1br Z gl eXP( kTC> (56)

The function H,; is defined as follows:

= L(2me  [4] (57)
ST\ 2 2T o LkT],)

It can be seen that the equations defining functions G ;
for a flow with molecules with harmonic vibrational spectra
are less complicated than those in the general case, as given
in Refs. [26,27]. This leads to a simplified set of equations
for calculation of first-order corrections to normal mean stress
and reaction rates.

For a binary mixture of molecules and atoms with

slow single-quantum VT transitions and dissociation-
recombination reactions, the definitions of functions @El *
VT _ _&thé_(o) (HMj B |: eM ] 1 ol )
Mij — VT, M M “u,M
Y oM "\ KTM { e TN
- NtMs (58)
N, . H
VT, a 0 A
oY = — vy, —, (59)
Pm Cy
223, Na ;0 M
(I)Mij = - —(’;:VTJ(AE + Evibr,mMy)
M

HMj SiM 1 1 Nu 2(0)
X - M 2 Com | — ‘i:y,r
Cu kTv vibr Tv ny

Hy: U ~
— N, M (2= — E(O) — Jvrrm, (60)
Cu ony any M ’
223, Na ;0 M
D =—- _§VT,r(A€ + Evior,mMy)
« g<0> N, 4 (903U \io
” “eo \On,y dny )T
— rra (61)
Here M and A denote the molecular and atomic species,
correspondingly.
Additional constraints for the functions G} follow from

cij
the normalization conditions imposed on the distribution

function [27]:

O ~v.r
E /fCUGCUduC_O
ij

’N}/s )/ € VRv (62)

c=1,...,L,

r=1,...
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2
) McCe r
Z/fc,.j(7+ )Gf,, du. =0, r=1,...N,,
cij
y € VR. (63)
Zef/ffg)Gf”rduC =0, c=1,....Ly,
i
r=1,....N,, y € VR. (64)

The first-order correction to the reaction rates can be
expressed in terms of integral brackets of functions F;; and
Gz‘/ljr

D = IG".GP TP +[GY FIV -v.  (65)
B,s

The integral brackets are introduced similarly to Refs. [19,27]
on the basis of the linearized integral operator of rapid
processes.

One can see that in the first-order approximation, the
rates of all nonequilibrium processes depend on the velocity
divergence and affinities of other reactions; moreover, the
normal mean stress is also expressed in terms of the same ther-
modynamic forces. Such a coupling has been reported before
[20-22] for one-temperature flows and in our previous paper
[27] for multitemperature flows. Therefore, in viscous flows,
coupling of vibrational relaxation and chemical reactions is
much more complex compared to the case of inviscid flows

J

d q'p

WL
aq'pp'8d.q'p’

d q'p

+ 5q0p0

where the bracket integrals ﬁ;j/’;;}:, are defined in the same
manner as in Ref. [19], ¢ 1S the specific heat capacity of
rotational degrees of freedom of species ¢, and the quantities
M{"", M]’" are given by the following expressions:

L
Ny & Ag?
W RS
d=1
MY — N, on Agd — Vra Evibr,ama ()
r= > &
Tcy, = Pd
Ni o~ U
a 0)
V, -~ )
+ TCM ; r.d Bnd ‘i:y,r
y € R, 71

cd,y,r r ne 3 ,r o Me rMe 1 r 0
Z ZIB(M Zﬂ ZJ/q P = ;[ESqISpOMly + 5q05p1 (Mly Tcrolc M;L 2 v,c):| - ; Z/ Q?{;y fL(,,)Jy rcduca
ij

ne 3 V,r rm(‘
:; anlapOMl +8q08p1 M1 A —Crot,c —

“un ) -
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corresponding to the zero-order approximation. That is why,
commonly used in computational fluid dynamics, zero-order
CVDV and CVCYV models similar to the Treanor-Marrone one
[2] are not able to capture these mutual effects of reactions,
relaxation, and flow compressibility.

B. Numerical solution methods

The general approach to numerical computation of first-
order corrections to the reaction rates is given in Refs. [19]
and [27], and the reader is referred to Ref. [27] for a detailed
description of the methods and quantities involved. However,
compared to the expressions for the general multitemperature
case [27], since we consider only harmonic vibrational spectra,
some simplifications can be made. The unknown functions

Gl ; are expanded in terms of Sonine polynomials Si /> and

Waldmann-Trubenbacher polynomials Pi(jp ).

y.r @ » P
GClj - gé/,qu]/z(ZkT )PU <kT + kTC)’ Y € VR.
qp

(66)

System of linear equations for the expansion coefficients g/,
are obtained by multiplying equations (52) by the quantity

ap _ o) [ McCe (p) j Sic
Quij = SW( 2kT >P’f (kT + kT;)’ ©7)
integrating over u, and performing summation over i, j, which
results in the following equations:

y eV,
(68)
Myr UC

)]

/Q‘f”’ fOT .du.,y €R, (69)
cij cij Jy.re Y
[
r Nl —

My = T‘C Ug 5;03, y €V, (72)

» Ny _; A& N E M
M = St ——E) e R (T3)

u l){,‘ ) pc l

Equations (68) and (69) have to be completed by constraints
arising from the normalization conditions (62)—(64):

gl =0 r=1,...N,, y€eVR, (74)
ne (3 me P
; (282/10 + A Crot Lg‘ ()1 + 7@),08101) =0,
r=1,...,N,, y € VR.
(75)
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Introducing the generalized averaging operators [19,27]

x (—gé & - & - ,fT - %)af,rdzszdgo,
y =VV' VT, 222, (76)
(Flog " = (2:;)1/2;;1—2 f Fggexp
<(-d-g -6t - - o Jonden

(77)

and the generalized collision integrals

@m) af (& & V"
QZ”S m)T <Vr,cig0 (Pij <k_T + ﬁ)) > s (78)

c

we can write out the expressions for the bracket integrals
[F,G?"]and [G""",G#*]in terms of expansion coefficients of
functions GZ;; (considering only the zero-order and first-order
expansion coefficients):

r ne NG p o Me
[F,G"'] = Z ;(—gi 0~ p?gcy,mfcv,c)’ (79)

c

(07,07 = 32t Mo+ )

c

B.s Med F0.0 2 oyro)
—na 126052 (00 - Sary
me

+8¢% (v, .. PV S WL s
cONTemid \kT kT

c
Solving the linear systems (68)—(69), we can find the expansion
coefficients g/ ,,, substitute them into expressions (79) and
(80), and thus calculate the first-order corrections to the
reaction rates (65).

The computational costs for solving the given linear sys-
tems are similar to those required for the calculation of trans-
port coefficients. The number of equations in the linear systems
is the same as in the systems for the calculation of bulk viscos-
ity. However, calculation of the right-hand sides of the systems
requires evaluation of integrals over the magnitude of the rela-
tive velocity of the colliding particles, which, coupled with the
large number of processes (for each of which a linear system
needs to be solved), leads to increased computational costs.

V. NUMERICAL RESULTS

We applied the model developed above to binary mixture
flows of nitrogen (N,-N) and oxygen (O,-O) under various
conditions (translational and vibrational temperatures, mixture
composition) to study the influence of first-order effects on
vibrational relaxation rates and the influence of cross-coupling
between dissociation-recombination reactions and VT tran-
sitions on the vibrational relaxation rates. We also studied

PHYSICAL REVIEW E 93, 033127 (2016)

the influence of first-order effects and coupling between
vibrational relaxation and chemical reactions on chemical
relaxation rates.

For numerical modeling, VT transition cross section were
calculated using the FHO and VSS models, while dissociation
cross sections and dissociation rate coefficients were computed
using the rigid sphere model, accounting for the vibrational
energy of the dissociating molecule. While such a model for
dissociation cross sections gives less precise values of the rate
coefficients compared to other dissociation models, it allows
us to calculate higher-order generalized collision integrals (78)
[whereas other models, such as the Treanor-Marrone [2] or
Park [40] models, give only expressions for the dissociation
rate coefficients and do not provide a way to compute higher-
order integrals which appear in Egs. (69)].

It should be mentioned that while expression (65) includes
a term depending on the velocity divergence, its influence on
nonequilibrium rates is found negligibly small (for the case
of a pure gas see also Ref. [27]). Therefore, this term is not
included in the following discussion.

Figures 2-5 give the ratio of vibrational relaxation terms
RY®rVT due to VT transitions in nitrogen and oxygen flows
to the Landau-Teller vibrational energy production term (45)
as functions of temperature T for various fixed values of the
vibrational temperature 7, and various mixture compositions.
It can be seen that under strongly nonequilibrium conditions,
such as those in Fig. 2, the modified Landau-Teller expression
does not provide accurate values for the vibrational energy
production terms. In nitrogen, first-order effects are significant
(a correction of up to 50%) at high temperatures and low
vibrational temperatures (strong vibrational nonequilibrium);
as the vibrational temperature increases, the influence of these
first-order effects diminishes. In addition, in nitrogen flows,
the influence of dissociation on VT transition rates (through
first-order coupling effects) is insignificant. In oxygen, at
low vibrational temperatures and high temperatures, the
influence of first-order corrections is even more significant
(a contribution of up to 300%). Moreover, as the vibrational
temperature increases, cross-coupling between dissociation
and VT transitions starts to play an important role. This can
be attributed to the low dissociation energy of oxygen and the
increase of numeric density of oxygen molecules at higher
vibrational levels (which leads to increased dissociation due
to preferential dissociation from levels with higher internal
energy). Therefore, while in nitrogen flows the modified
Landau-Teller formula provides a good approximation of
vibrational energy production due to VT transitions under
a wide range of conditions, in oxygen, strict kinetic theory
results which account for cross-coupling effects show that
variations on the Landau-Teller formula do not work, since
they do not account for the influence of dissociation on VT
transition rates.

Figure 6 shows the ratio of vibrational relaxation terms
RY®rVT due to VT transitions in nitrogen and oxygen flows to
the full vibrational energy production rate defined as

chvibr,c = Rzibr - Evibr,cmcheaC[~ (81)

Near the point of vibrational equilibrium 7 = T, chemical re-
actions provide the main contribution to the vibrational energy
production, while at high temperatures and low vibrational
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FIG. 2. The ratio of relaxation terms due to slow VT transitions calculated using various models to the VT relaxation terms as given by the
Landau-Teller formula (45) as a function of temperature in N,-N (a) and O,-O (b) flows. T, = 1000 K, xx = xo = 0.5.

temperatures, VT transitions play the more important role,
while the effect of chemical reactions is negligible. Combined
with the fact that for nitrogen the Landau-Teller formula works
in a wide range of flow conditions, these facts may be utilized
to simplify calculation of vibrational energy relaxation rates.
By contrast, in oxygen, when first-order effects are taken into
account, the relative contribution of VT transitions declines
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at high temperatures due to strong cross-coupling effects, as
described earlier.

Figure 7 shows the ratio of RY™"VT due to VT transitions
in nitrogen and oxygen flows to the full vibrational energy
production rate p.Eyib under conditions of vibrational
equilibrium (7" = T,) for various mixture compositions. Due
to chemical nonequilibrium, first-order VT transition rates

5 i i A
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FIG. 3. The ratio of relaxation terms due to slow VT transitions calculated using various models to the VT relaxation terms as given by the
Landau-Teller formula (45) as a function of temperature in N»-N (a) and O,-O (b) flows. T, = 5000 K, xx = xo = 0.5.

033127-10



MUTUAL EFFECT OF VIBRATIONAL RELAXATION AND ...

0 th order

1 st order (no dissociation influence)
1-st order

modified Landau-Teller

vibr, VI’

02,LT
»
[ ]

,VI'/R

vibr

02

T, =5000K

8000
T (K)

4000 6000

2000

0

10000 12000 14000 16000

PHYSICAL REVIEW E 93, 033127 (2016)

4.5 : : "
— 0 thorder .
40L1% * 1 st order (no dissociation influence) .
* * ]-storder R
15 e ¢ modified Landau-Teller R
St N .
a .
§ 30+
- B
£
5925
&
\
= a0f
S
EXe
& o1s)
1.0}
0.5 T, =5000K
0.0 : . : : : : :
0 2000 4000 6000 8000 10000 12000 14000 16000
T (K)

FIG. 4. The ratio of relaxation terms due to slow VT transitions calculated using various models to the VT relaxation terms as given by the
Landau-Teller formula (45) as a function of temperature in a O,-O flow with xo = 0.25 (a) and xo = 0.1 (b). T, = 5000 K.

are nonzero; however, their contribution to vibrational energy
production rates does not exceed 5%.

Figure 8 shows the ratio of the chemical relaxation terms
in the first-order approximation to the chemical relaxation
terms in the zero-order approximation (R%t(® 4 Rreact.(l)y,
RO in nitrogen and oxygen flows in vibrational equilib-
rium. In nitrogen, even at high temperatures, the first-order
correction to the dissociation rates does not exceed 10%, while
in oxygen, where the effects of dissociation are more signifi-
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cant, the first-order correction exceeds 200%. However, when
the number of atoms in the flow decreases, the first-order cor-
rections also become less significant (for oxygen the first-order
correction is less than 20% when xo = 0.1). This decrease is
due to the larger dissociation cross section for molecule-atom
collisions compared to molecule-molecule collisions.

To compare the dissociation rate coefficients obtained in the
zero- and first-order approximations of the Chapman-Enskog
method to other models [2,40], we first computed effective
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FIG. 5. The ratio of relaxation terms due to slow VT transitions calculated using various models to the VT relaxation terms as given by the
Landau-Teller formula (45) as a function of temperature in N,-N (a) and O,-O (b) flows. T, = 10000 K, xx = xo = 0.5.
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FIG. 6. The ratio of relaxation terms due to slow VT transitions in the zero- and first-order approximation of the Chapman-Enskog method

to the full vibrational relaxation term p. E\, . (Which takes into account the dissociation and recombination of molecules and the associated
change in specific vibrational energy) as a function of temperature in N,-N (a) and O,-O (b) flows. T, = 1000 K, xy = xo = 0.5.

dissociation rate coefficients, based on expression (38):

keff

diss,r

1. r
= [réra=s I1

LC

c=1i=1

[

Nei “Vrci
9
N,

(r)

(82)

and then calculated an effective multitemperature rate coeffi-
cient by averaging the state-specific effective rate coefficients

tional level i is a function of the specific reaction r, therefore,
summation over all the vibrational levels is interchangeable
with summation over all possible dissociation reactions):

eff __
kdiss

r

-y

vibr
ZC

" ¢
kSins , exp (— leC ) (83)

where ¢ denotes the chemical species of the dissociating

over the nonequilibrium Boltzmann distribution (the vibra- molecule.
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FIG. 7. The ratio of relaxation terms due to slow VT transitions in the first-order approximation of the Chapman-Enskog method to the full

vibrational relaxation term p.Eyiv . (Which takes into account the dissociation and recombination of molecules and the associated change in
specific vibrational energy) as a function of temperature in N»-N (a) and O,-O (b) flows in a state of vibrational equilibrium for various values

of the atom molar fractions.
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FIG. 8. The ratio of the chemical relaxation rates in the first-order approximation to the corresponding zero-order chemical relaxation term
as a function of temperature in N,-N (a) and O,-O (b) flows in a state of vibrational equilibrium for various values of the atom molar fractions.

Figures 9 and 10 show a comparison between the effective
multitemperature rate coefficients obtained using the approach
presented in the paper in both the zero- and first-order
approximations and Treanor-Marrone [2] and Park [40] models
for dissociation reactions of nitrogen and oxygen with different
collision partners (atoms and molecules). The Park model
underestimates the dissociation rate at lower temperatures,
but the discrepancy becomes lower at higher temperatures. A
comparison with the Macheret-Fridman model [5] was also
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made, and the results given by it are very similar to our
calculations; however, so as not to complicate the plots, they
are not presented. It can be seen that for both oxygen and
nitrogen for temperatures lower than 10000 K, the zero-order
and first-order dissociation rate coefficients are close to the
values given by the Treanor-Marrone model; the contribution
of viscous coupling terms becomes more important at high
temperatures and high ratio 7/T, (conditions specific for
strong shock waves). Thus, in shock-heated gases, taking into
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FIG. 9. A comparison between effective multitemperature dissociation rate coefficients computed using the approach present in the paper
and the Treanor-Marrone and Park’s models for dissociation of nitrogen, where the collision partners are N (a) and N, (b) as a function of

temperature 7. T, = 1000 K, xx = 0.5.
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FIG. 10. A comparison between effective multitemperature dissociation rate coefficients computed using the approach present in the paper
and the Treanor-Marrone and Park’s models for dissociation of oxygen, where the collision partners are O (a) and O, (b) as a function of

temperature 7. 7, = 1000 K, xo = 0.5.

account first-order effects may result in higher dissociation
rates close to the shock front.

VI. CONCLUSIONS

Coupling of vibrational relaxation and chemical reactions
in nonequilibrium viscous multitemperature flows is studied
in this paper. The developed general theoretical model differs
from the well-known CVDV and CVCV models commonly
used in computational fluid dynamics since it is able to capture
additional cross-coupling terms arising in the first-order
approximation of the Chapman-Enskog method. The set of
fluid dynamic equations for reacting thermal nonequilibrium
flow is derived starting from the Boltzmann equation; the
relaxation terms in these equations are described using the
kinetic theory formalism similar to the procedures applied
for the calculation of the transport terms (heat flux, stress
tensor, etc.) and transport coefficients. It is shown that reaction
and relaxation rates depend on the distribution function and
thus differ in the zero-order and first-order approximations of
the Chapman-Enskog method. In viscous flows corresponding
to the first-order approximation, the rates of nonequilibrium
processes depend on the velocity divergence and affinities of
all reactions and energy transitions occurring in a flow.

An algorithm for the calculation of multitemperature
reaction and relaxation rates in both inviscid and viscous flows
is proposed for the harmonic oscillator model. This algorithm
is applied to estimate the mutual effect of vibrational relaxation
and dissociation in binary mixtures of N, and N as well
as O, and O under various nonequilibrium conditions. The
results are compared to those obtained using other models. It
is shown that modification of the Landau-Teller expression for
the VT relaxation term works rather well in nitrogen, whereas
it fails to predict correctly the relaxation rate in oxygen at high

temperatures. This is explained by the fact that in oxygen (in
contrast to nitrogen), the first-order cross effects of dissociation
and VT relaxation are found to be significant.

A method for calculation of vibrational relaxation time
based on the kinetic theory definition is suggested. The strict
definition does not involve any empirical parameters and
depends only on the cross sections of VT transitions. In
multitemperature flows, the relaxation time depends on both
translational and vibrational temperatures, and its temperature
dependence is nonmonotonic, which is in line with the recent
experimental studies. It is demonstrated that the Millikan-
White formula, even with the Park’s correction, cannot be
applied for temperatures higher than 10 000 K.

Two-temperature dissociation rate coefficients are calcu-
lated in the zero- and first-order approximations and compared
to other models. Our results are in agreement with the
Macheret-Fridman and Treanor-Marrone model; the Park
model underestimates the rate coefficients; the first-order
effects become noticeable at 7 > 10000 K. It is interesting
to note that the first-order cross effects give a more important
contribution to the reaction rates than to the rate coefficients.
Accounting for the cross-coupling can be important in viscous
shock heated flows, when the temperature is highand 7, < T'.

As we see, coupling of vibrational relaxation and disso-
ciation manifests in different ways in oxygen and nitrogen.
Including exchange reactions into consideration may consid-
erably change the rates of other processes. In future work we
plan to study the cross-coupling of relaxation, dissociation,
and exchange reactions in viscous air flows.
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