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Heat transfer in a high temperature reacting gas flow is investigated taking into account the influence
of strong vibrational and chemical nonequilibrium. Rapid and slow vibrational energy exchanges in
a mixture of molecular gases with realistic molecular spectra are taken into account and the
deviation from the Boltzmann distribution over vibrational levels is studied. A kinetic theory
approach is developed for the modeling of transport properties of a reacting mixture of polyatomic
gases and a generalized multitemperature model is given. This theoretical model is applied for the
analysis of the heat transfer and diffusion behind a strong shock wave propagating in air. The heat
conductivity, diffusion coefficients, and heat flux are calculated on the basis of this model and
compared to the one-temperature approach. The influence of anharmonicity of molecular vibrations
is evaluated. ©2000 American Institute of PhysidsS1070-663199)00807-1

. INTRODUCTION Ter< 7r< Tyv, < Tyv, < TRVT< Treact~ - 1)

. The investigation of high t.emperatur_e reacting gas flowsHere 7, 7,, and r,e5are, respectively, the mean times be-
like those around space vehicles requires adequate modeigeen collisions with translational, rotational energy transfer
for transport properties such as thermal conductivity, diffu-and those with chemical reactiongjs the macroscopic re-
sion, and viscosity. The excitation of internal degrees of freetaxation time,r\,vl is the mean time between the collisions
dom and nonequilibrium chemical reactions should be takexjth an exchange of vibrational quanta between molecules of
into account in the modeling of mass and heat transfer in reghe same chemical species,y. is that for the vibrational

. . . . 2
gas flows. The, k|net|c theory approach. gives theoret',c.aknergy exchanges between different speciggy is the time
models for dissipative processes under different nonequilibpepyeen collisions with inelastic translational—rotational—
rium conditions. Starting from Refs. 1 and 2 the k'net'c_vibrational transfer. The conditiofl) corresponds to rapid
theory of molecular gases was developed by many authors; @, nsjational and rotational relaxation and rapid vibrational
bibliography can be found in Refs. 3—-5. Most results con-gnergy exchange between molecules of the same chemical
cerning transport properties of reacting mixtures were Obgpecies, From many experimental dagaich a relation is
tained under the condition of weak vibrational nonequilib-nown to be valid in vibrationally excited gases at high tem-
rium. Such models are based on the assumption that thgarature and also in nozzle streams and expanding flows.
distribution over internal energies deviates weakly from theith increasing the gas temperature, the characteristic time
Boltzmann one, and it is supposed that all exchanges of inss \/T relaxation becomes comparabledg, andry., es-

1 2’

:ﬁrna:henerr]gy ha\I/e corpparatzle rgtr—.:[s XVE.'CE tare mucth 'aff. recially for the reactions with a high threshold or for slow
an the chemical reaction rates. sut at high temperature it | eactions, so that the condition is modified as follows:

important to take into account different rates of various en-

ergy exchanges because some of them become comparable r_ < 7 < Tyv, ™ Twv, ™ TRVT< Treact™ 6. (2)

with the rates of chemical reactions. Under such conditions

the chemical—-vibrational coupling can influence significantlyin this case the one-temperature approach follows from the

the gas flow paramete?s? Kinetic models of transport prop-  kinetic equations. This model is widely used in chemical

erties of reacting gas flows taking into account different ratekinetics but it does not allow one to study the vibrational—

of various vibrational energy exchanges are given in Refs. 1@hemical coupling in the vibrational nonequilibrium zone. In

and 11 and in Ref. 12 where some applications are also preke present paper the kinetic theory treatment of transport

sented. In the present paper heat transfer in a high temperproperties of reacting mixture of polyatomic gases is per-

ture reacting flow behind a shock wave is studied using théormed for condition(1). The generalized multitemperature

method given in Ref. 11. model based on non-Boltzmann distributions and taking into
We consider the following relation between the charac-account realistic molecular spectra is given. This theoretical

teristic times of different processes in a reacting mixture: model is applied for the investigation of heat transfer and

1070-6631/2000/12(1)/220/13/$17.00 220 © 2000 American Institute of Physics
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diffusion in a nonequilibrium five component reacting mix- <€ Sgl
ture behind a plane shock wave propagating in air. The re- ~ Jieact(-2)— f fc,i,j,fd,k,,,c,”—d,
sults are compared with the ones obtained for the harmonic de’d"kli’j" k"I’ S S
oscillator model and also in the one-temperature approach 3
under condition(2). ( MMy ) o )

X —TeijTaki

mclmdl
Il. MULTITEMPERATURE APPROACH Cd K 2
o ) XGocg ikl d<Q duy, 8)
A. Kinetic equations S
where o$’ ;) ¥ is the cross section of the chemically

We consider the kinetic equations for distribution func-
tions f;;(r,u,t) for every chemical species vibrationali,
and rotational energy levejover the velocityu, and spatial

active collision. The expression a5 *~) in a mixture
of diatomic molecules and atoms can be written in the form

coordinates? eact (3.3) LS g
af &f 1 ‘]Cij = 2 fC’ff/fdk’Vh Sd
Cij Cij _ = qrap 1sl dklk'l’ K17
m
HereJg} and\]ﬁ'ij are the collision integrals of rapid and slow X ( < ) - fcijfdkl)
processes, and = 7.,/7y is the small parameter, with Me Mg
Traps Tsl the average times between the frequent and rare col- ¢4, KV g du’ du’ du!
lisions, respectively. Under conditiofl) the operatorJ; XQ0cq,ijki AU dudu, duz, ©
may be written in the form whereoly (%" is the cross section for dissociation of the
Jap=gel 4 gr 4 vV (4 ~ molecule ofcth species at theth and jth vibrational and
v c\'/'v el rotational levels in a collision with the molecudith species
Here Jﬁ!j, cij » Jij - are the collision integrals correspond- atkth andlth vibrational and rotational levels;, f' are the

ing, respectively, to elastic collisions, collisions with rota- atomic species product of dissociatiok!, and |’ are the
tional energy change, and collisions with the exchange ovibrational and rotational levels of the partner after the col-

vibrational quanta between molecules of the same chemicdision (usually it can be supposed thit=k, |'=I); u, u;
species. andu’, uy, u; are the velocities of particles before and after
The operatoﬂi'”- has the form collision, respectively.
VV.
I =Jg; 2+ e+ I (5)

W B. Zero-order distribution functions and macroscopic
Here the collision integrald ;2 and ;" describe the/V,  equations
exchanges of vibrational energy between different species
and translational, rotational, and vibrational energy ex

changes. The integra]rc‘?}SlCt may be split into parts corre-

sponding to collisions with chemical exchange reactions an

Using the generalized Chapman—Enskog method given
‘in Ref. 11 for the solution of Eq(3), the zero-order distri-
gution functions may be approximated in the following form:

to collisions with dissociation and recombination: ©o_Ne ¢ m.c? sjci el )
react_ qreact (2-2) react (2-3) fcij :Z_Sij exp — 2kBT - kBT - kB_T =l |- (10)
Jeij = Jeij +Jaij . (6) c

Expressions for the latter collision operators can be found jfierenc is the number density of molecules of speaekg
the Boltzmann constanf] the gas temperature, arc=u

Refs. 13-16,4. The general formula for the inelastic collision _ _ NS
inel —v(r,t), with v the macroscopic gas velocity;" is the

integralJg;;” for a mixture has the form ) _ oo
rotational energy of a molecule of specieat theith vibra-
el sfjsﬂl tional level, f is the vibrational energy of a molecule of
Jeij = E feirjrfawrr =——a— feijfan speciec and Z, is the total partition function for species
dkli Kl ik The parameters), can be expressed in terms of the average
Xgaic/&]'m'(ll’dzﬂdul’ 7) Egnmtper of vibrational quante/, carried by thecth compo-

wheres, ands{| are statistical weight factors and " is

the inelastic collision cross section of the molecules of pCWCZE if f(c?j)du. (11)
chemical specieg and d, respectively at theth and kth Y

vibrational levels and jth and Ith rotational ones; The distribution function10) is based on the system of the
i",j", k', 1" are the labels of the energy levels after collision; collision invariants of the most frequent collisions described
g=u—u, is the relative velocity, and*Q) is the solid angle py the operatod(;? (4) and reflects the conservation of mo-
referring to the relative velocity after collision. The expres-mentum, total energy, and the number of vibrational quanta
sions ford?*, 3¥V2 JTRV gt 3¢l can be written in such for each molecular species. Similarly as for a one-component
cij cij clj cij»=cij

manner using the cross sections for corresponding collisiongias!’ it is possible to introduce the temperatufé of the

The collision operatoﬂ’c‘?f‘“(z"z) has the form first vibrational level of species as follows:
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distributions which depend only on one temperatdigand
T, respectively. The distinction is due to the fact that the
rapid vibrational energy/'V,; exchange inside every mode is

Since vibrational and rotational energy spectra are simulatedionresonant in case of a realistic molecular spectrum, and
respectively, in terms of an anharmonic oscillator and a rigighus the vibrational energy of each species is not conserved

rotator® we haveZ.=Zz"Z!z", with the vibrational parti-

tion functions

c_:.c
€j |81

B ief
ksT kgTS)

zg:zg(T,TEj):Z s¢ exp( —

in such collisions.

In Ref. 11 it is shown that distributioflL4) is adequate
for real vibrational level populations when the storage of
vibrational energy of the species is not very high/T
<1. Such conditions, typical for shock waves, are consid-
ered in the present paper. In the case of the high storage of

The distribution functions are normalized in terms of thevibrational energy like in expanding flowsT{/T>1) the

macroscopic parametens(r,t), v(r,t), T(r,t), T5(r,t):

2} ffcijdu=i2j ffg?j)du=nc, c=1.2,...L,

>

cij

mcf uf g du= >, mcf uf® du=pv,

cij

2 f(mccz c Cc (12)
+eitey|fedu
< 2 i jllcij
mCCZ c c| £(0) 3
:CEIJ 2 +8|+8J fc”dU: gnkBT-l-pEr-l—pEv,

> if foy du=2, if 1) du=pWe(T,T9),

c=1,2,. ..

aLmoI-

Here n=3.n. is the total number density of particlep,
=3X.m:n; the gas densityp.=m:n,, L the total(molecular
and atomi¢ number of chemical species, ahg,, the num-
ber of molecular specieg, and E, are the rotational and
vibrational energy per unit mass, respectively:

pEM=3 [ oftadu pE,-3 oS,
(13

ch\C,(T,TE):Ei 8?ncia nci:; chij du.
The expression for the level populatiomg follows from Eq.

(10):

Ne c ef—ief e}
Ng=—————S exp — -
o zue T, TS keT  KkgTS

. (14

Equation(14) may be considered as the generalized Treanor

distribution'” for a multicomponent mixture.
If anharmonic effects are negligible, distributi@) re-
duces to the multitemperature Boltzmann distribution,

Cc
Ne €j
ng=—,-siexp ———|, Ty=Ti.
ZC kBTV

(15

In equilibrium (T{=T) Eg. (14) reduces to the one-

temperature Boltzmann distribution.
The important feature of the distributidi4) is its de-
pendence on two temperatur€sand TS in comparison to

model developed in Ref. 19 can be used, and (Ed). then
describes the populations of only the low levels.

The nonequilibrium distribution functiond0) are speci-
fied in terms of the macroscopic parametergr,t), v(r,t),
T(r,t), Ti(r,t). The differential equations for these param-
eters are obtained from E(B) using the classical procedure
of kinetic theory and can be expressed in the following
form:!

dn
d—t°+nCV-v+ V-(nVe) =R c=1,...L, (16
dw,
P+ V-0 = R = WmeREH WY (V)
c=1,... ,Lm0|, (17)
dV+V P=0 18
P dt =Y ( )
U
pm'f—v-q'f‘P:VV:O. (19)
HereU is the total internal energy per unit mass:
pU= 3nkgT+pE,+pE, +pE;, (20

with pE;=X.¢°n., e°=—D, D, is defined by the energy
of dissociation.

The diffusion velocityV. of componentc is obtained
from

nCVC=iEj fcfcij du. (21
Next, P is the pressure tensor,

P=CZ” fmcccfcij du, (22)
g the heat flux,

qzczij f(mzcz+sj°i+si°+s° cf¢ij du (23
andqg, the flux of vibrational quanta

q@=% if cf¢;j du. (24)

The expressions fdR-*andRY on the right-hand sides

distributions for harmonic oscillators and the equilibrium of the equations fon, andW, are
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RE*CS) | 3gau, COR S, X
] z7V7v &,
ctd ikk
RV=> JiJz'ijdu, (26) . sftep—isi—kel el kel
! keT keTS  KgT®
Equationg(16) are the equations for number densities of o
chemical species, Eq618) and (19) the momentum and en- x pdissdk’ 1), (33
ergy conservation equations, and HG7) the relaxation . ik
equations for the number of vibrational quanta for each com¥here the state-to-state rate coefficienByi' * (T),

ponent. Equationél7) appears due to strong vibrational and Pgi;?k”k (T) are obtained after averaging the inelastic cross

chemical nonequilibrium and rapMV,; exchange. It may be sections of reactive collisions over velocities and rotational
noticed that under conditio2) when all vibrational energy energies® Usually in Eq.(33) it is supposed thakt’ =k and

exchanges occur more often than chemical reactions, the sysereforePd538K = pdiss . The rate coefficient&S. , k7,

tem of macroscopic equations includes only Ed$), (18),  and ki5° have a dimension #s %, and the dimension of
and(19). KSeq is mPs™ .

The transport termg21)—(24) and production terms
(25), (26) in Egs.(16)—(19) are found proceeding from the

L . 2 C. First-order solution and transport terms
distribution functions. In the zero-order approximatid),

q©@=0,q"@=0,v?=0, PO =p|, The first-order distribution functions are derived in Ref.
11 using the generalized Chapman—Enskog method for Eq.
RA(O) = ; f 1955 du, en O
1 1
R(r:eact(O): E J J(rﬁact(O)du_ (28) d
' ] 1 . 1 1 1

The expressions f®R2(?andRY®) are obtained after sub- n ; Deijda— 1 Beij : VW= CFeijVov— <Gy |-
stitution of the distributiong10) into the collision integrals
(6): (34)

Rreact(0)_ 2-2(0) | g2-3(0) The functions Agjj, Aé‘i(jl), Beij » Df;’i,- Feij and Gg;; are

C C C 4

found from linear integral equations and additional con-
L (29 straints following from the normalizing condition.
RZ72O0= (nc'ndrkﬁ%,—ncndkgdd ) The first-order distribution functions in the multitem-
de’d’ perature approximation contain gradients of the gas tempera-
20:3(0)_ . dis tureT, of the temperatures of the first vibrational lev&fsof
Re —% Ng(NerNirKrecg = NeKeg ) (30 the different chemical species, and of the corresponding
‘ number densities. These distribution functions describe the
where K5, (T,TS,T9), KIYT, 75, T9), kseq(T, TS, TS) are  strong vibrational and chemical nonequilibrium and differ
the nonequilibrium rate coefficients for exchange reactionsfrom the weak nonequilibrium solutidnin the latter case
dissociation, and recombination, respectively. The conT{=T, so thatf(c}j) contains the gradient of the gas tempera-
straints connecting the rate constants of the forward anture VT only and does not contai@.;; .
backward reactions follow from the detailed balance prin-  Now the pressure tensor, diffusion velocities, the flux of

ciple total energy, and the fluxes of vibrational quanta for each
cd . molecular species in the first-order approximation will be
Kerar _ Ll Krecd _ L 31) derived. The distribution function&4) provide the follow-
kg;d’ ZoZyr ' k‘é‘j‘s Ztcr,thr, ' ing expressions for the pressure tensor:
P=(P—Pre)! —2uS—7V-vl. (35

Z,=Z{(MZy(T)ZL(T.TY).
Hereu, n are the shear and bulk viscosity coefficientg, is

The nonequilibrium rate coefficients may be written in thethe relaxation pressure:

form
kBT[B B] kgT[F,F] kgT[F,G]
g1 pn=—-=[B,B], #=kgT|F,F], pe=ksT[F,G].
kSf = > ssd 10 re
VAVARDTIY (36)
eS+el—isS—ked igS kel ;I'he bracket integralgA,B] are introduced in Ref. 11 in the
Xexp — - -— orm
KeT keT{ KeTi
I [A B]_z ncnd([A B]/ +[A B]// (37)
XPgic (T, (32 BT o 7 o WABled LA Bled),
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where is the diffusive driving force for each chemical species. The
1 diffusion and thermal diffusion coefficienB.4 and Dy _are:
[A,B]éd=m ) Z - f fg?j)fg%(Bcij_Bci'j') 1 1
c ijkli"j k"l Dcd:3_n[DC1Dd]v DTC:3_n[DC'A]' (39)
X (Acij—Acirj)gosd K4 d2Q duduy,
(Aeij = Acirj1)8cq, i ' Additional thermal diffusion coefficient®{") at the gradi-
[A.B] 1 D FOFO(B_ —B..) ents of T{ are found to be zero under the assumption of
d2neng ey J ST ci"y! uncorrelated translational and internal motions:
Srar 1
X (Adii—Agi1)90ed, ifg d°Q dudu. D$(1)=3—n[D°,Ad(1)]=0. (40)
Cc
The bracket integrals contain the cross sections of the most o )
frequent collisions. The heat flux and the flux of vibrational quanta contain

The additional terms in the pressure tensor such as thie gradients off, vibrational temperatures of the first level
relaxation pressure,. and bulk viscosityy appear in this  ©f cvery componenT; and the gradients af involved in
case due to the inelastic translational—rotatiohRl energy de:
transfers and/V; vibrational exchanges in the collisions be-
tween molecules of the same chemical species. They are ex- 4= —\{,VT— 2 ASVTS—p>, Dt dc
pressed as a sum of two terms: ¢ ¢

=t 7, Pre= p{el"' p\r/eli +; (gkBT+<8}:>r+<8?>v+8c)chc, (41)
which are related to the inelasticR and nonresonan¥V,
energy exchanges inside every mode. The bulk viscosit@nd
phenomenon is widely discussed in the literafiire:?1-% 6305 = — S VT—\S,VTY. (42)
The transport kinetic theory shows that the appearance of
bulk viscosity in the diagonal elements of the pressure tensdriere(&j), and(e7), are the averaged rotational and vibra-
is connected with weakly nonequilibrium inelastic tional energies. The thermal conductivity coefficients are de-
processeé?3132L26 The distribution functions(10) corre-  fined as follows:
spond to a weak deviation from the Maxwell-Boltzmann Ke ke TS
equilibrium distribution over translational and rotational en-  \'= g[A,A], )\\C,t=3—T[A°(1),A],
ergy and to a strong vibrational and chemical nonequilib-

rium. In this case bulk viscosity describes the equilibration KeT Ke (43
only due to rapid inelastic process@snslational—rotational N = [A A, )\\‘j\,:?[AC(”,AC(”],

energy exchange and nonreson&t; exchange of vibra- 1

tional quanta inside each mod€ The equations forf})

contain the operator of only rapid processes. Strong vibra- )\t’,vz)\’+§ N, ANS=NG TN, (44)

tional and chemical nonequilibrium leads to additional relax-

ation equations for the number densities of species and forhe coefficient\’ determines the transport of the transla-
the numbers of vibrational quantar for the fictitious vibra-  tional and rotational energy and a small part of vibrational
tional temperaturd@?) of each molecular species and also toenergy which transfers to the translational one in the rapid
the appearance of relaxation pressure. The modeling of nofprocess due to the nonresonant charact&f\éf exchange in
equilibrium processes only in the frame of bulk viscosity all vibrational modes:\’=\,+\,+\,. The coefficients
without additional relaxation equations is possible only in)\\clv correspond to the transport of the total number of vibra-
the case when all inelastic processes are weakly nonequilitional quantaw, of each molecular species. The remaining
rium and have the characteristic times much shorter than th@)efﬁcients)\st, \¢, are determined by the transport of vi-
mean time of change of macroscopic parametér®n the  brational quanta as well as by the loss or gain of vibrational
contrary, if all inelastic processes can be considered as thghergy in nonresonantV,; exchange in species For har-
slow ones, the bulk viscosity does not appear, and relaxatioponic oscillators\$,=\¢,=\,=0, and vibrational bulk vis-
processes in all internal modes should be described by thegosity and vibrational relaxation pressure vanish too, because

equations for the populations of internal states. rapid VV; exchange is resonant and does not contribute to
The diffusion velocity in the first-order approximation these transport coefficients.

takes the following form:

- _ _ d(1) d
Ve ; Deadg =D VIn T % Dy, VinTy, (39 D. Thermal conductivity, diffusion, and thermal

diffusion coefficients
where o .
In order to calculate the thermal conductivity and diffu-

d=v Ne n Ne pc vin sion coefficients, the linear integral equations for the func-
c n P tionsAg;; , ALH, andDY; following from Eq.(3) have to be
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solved. Approximate solutions are found using finite expansion integrals of the most frequent collisions, and nonequi-
sions in Sonine and Waldmann-THenbacher orthogonal librium specific heat$52) determined by the nonequilibrium

polynomials:

2
m.c mec
Adi =5y T > ac,rpqsg,’2< m)

pPq
c_:.¢C
pi(Q)(Si—lsl)'

(p)
X P}
P kgT

i
J kT

m.C igs
d1)y_ ¢~ d)p(n| =1
Aci 2kgT Z 3c P (kBTi)'

2
M€ Sy g MeC
2kgT 2 A5 S 2kgT)

T

d _
Deij=

The ensuing systems of linear algebraic equations for th
are given in Ref.

expansion coefficients, pq, a2, dd
11.

c,r ' *c,r

Substituting the expansiori45)—(47) into Eqgs.(39) and
(43) and using the normalizing conditions for the polynomi-
als, one can express the diffusion, thermal diffusion, an
thermal conductivity coefficients in terms of the expansion

(49)

(46)

(47

coefficients. The lowest-order approximations are

Dcd:%dg,o’ (48)
1
D1.= = 5, 3c.000: (49
, ne [ 5kg k3C: ¢ k3C! .
)\trvzzc: | 2 8100 ac,010" —— 8,001
C C
(50)
2T 2
C_nc kBCv,lc c(1) c _nc kBCL,C
T nTm, 81’ ATy Tcac,om:
1
. 61

c _E B Wrcac(l).

v n m. c,1

distribution (14). The macroscopic parameters should be
found from the macroscopic equatiofih)—(19). Similarly

as in Ref. 19, the calculation shows that the contribution of
the inelastic collision integrals to the thermal conductivity
and diffusion coefficients is rather small and does not exceed
2%. The main information about the nonequilibrium vibra-
tional distributions is contained in the specific heats.

It should be pointed out that simplified formulas for the
evaluation of transport properties in reacting gas mixtures
based on the various assumptions were obtained by several
authors. One can find a review of the models in Refs. 27—-29.
In Ref. 27 the approximate expressions for transport coeffi-
cients are given in the cases of thermal equilibrium, frozen
and nonequilibrium mixtures of dissociating and ionized
gases. In the nonequilibrium case the vibrational modes are
supposed to be completely excited and the single vibrational
temperature is introduced for a mixture. The assumption
about the same vibrational temperature for all species is
questionable and is not always adequate for realistic non-

OIequilibrium conditions.

The one-temperature weakly nonequilibrium regime in
mixtures of ionized and neutral gases is considered in Ref.
28. Simplified useful formulas for transport properties are
obtained on the basis of the Hirschfelder approximafion
and using chemical equilibrium distributions.

In papef® numerous results concerning the transport co-
efficients of dissociating gases of Earth and Martian atmo-
spheres are reported. The transport properties have been cal-
culated in the frame of the one-temperature Chapman-—
Enskog approximation for the chemical equilibrium mixture
composition. Empirical approximate expressions for the
transport coefficients are also analyzed.

All these papers do not take into account the different
rates of VV and TRV energy exchange and the non-
Boltzmann vibrational distributions. It is supposed that the
distributions over vibrational energy and chemical species
deviate only slightly from thermal equilibrium. In the present
study we calculate the transport coefficients using expres-
sions obtained in the case of strong vibrational and chemical
nonequilibrium in mixtures of neutral particles.

Here modified specific heats at constant volume are intro-

duced as follows:

d d
Cre=77Er,  Cle=orEUT.TY),

Jd
ch= FES(T,T&),

v,C
1

(52

dJ J
Cl == (s5W(T,T9), C! =F(s§WC<T,T§>),

w,C

aT

Cl.=Cy/.~Ch. Cli=clt-c

w,c? ac  “v,c

In this way all transport coefficients are expressed in

lll. THE ONE-TEMPERATURE APPROACH

The results obtained above in the generalized multitem-
perature approach can be compared with the ones obtained
on the basis of the one-temperature model which is appro-
priate under conditiorf2). In this case the zero-order solu-
tion f{)) has the form of thermal equilibrium Maxwell—
Boltzmann distribution with the gas temperatufeand is
determined by the macroscopic parametef&,t), v(r,t),
T(r,t). These macroscopic parameters are found from the
equations of nonequilibrium one-temperature chemical kinet-
ics.

The first-order distribution functions are obtained in the

terms of macroscopic parameters, elastic and inelastic collform:
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1 1 1 where the tempered reaction regime is considered when the

f)= f(c?j)< A ViInT—— ; Dg;j-dy— +Beij:VV  chemical characteristic times are greater by an order of mag-
nitude than the mean free time. Expressions of transport

1 1 properties in this regime are derived and the mathematical

N ﬁFcijV‘V_ ﬁGcij> . (33 aspects of the linear equations for coefficients and computa-

tional algorithms are discussed.
These distribution functions describe strong chemical non-
equilibrium under the condition of weak vibrational—
rotational nonequilibrium. They contain only the gradient of V- APPLICATION TO THE FLOW BEHIND A PLANE
the gas temperaturg and do not depend on the vibrational SHOCK WAVE
temperature gradients as in the multitemperature approach. |n this section the nonequilibrium kinetics and transport
In this case the equations for the coefficients of the graproperties in a five-component reacting air mixture behind a
dients contain the Operators of rotational and all Vibrationab|ane shock wave is studied using the mu|titemperature ap-
inelastic transfers. The pressure tensor is defined by3).  proach developed in Sec. II. The reaction system is the fol-
the appropriate kinetic coefficients can be found from Eqjowing:
(36) with bracket integrals containing not only the cross sec- ;
tions of theVV, exchange but all inelastic energy transfers. N, (j)+M=N+N+M,
Consequently the relaxation pressure and vibrational bulk b
viscosity coefficient also depend on the cross sections of all ‘

energy exchanges. O,(i)+M=0+0+M,
The diffusion velocity and the total heat flux contain the b
gradients ofn. and gas temperature and have the form: ;

N,(i)+0=NO(i")+,N,
Ve=—2, D¢gdg— D7 VInT, (54) b
d Cc
f
O,(i)+N=NO(i")+ O,
q=-\'VT-p> Drd, b
Cc
f
NO(i) + M=N+0+M,
+2 (3keT+(ef)+e%ncVe. (55) b
Cc
o o ~ where M is any molecule. Since the vibrational relaxation
Here the diffusion, thermal diffusion, and thermal conductiv-jme of NO is rather short compared to those ofand O,

ity coefficients are expressed by Eg9) and the first expres- 1o NO molecules are close to thermal equilibrium with the
sion in(43) but the function®\;; are found from the integral gas temperature.

equations different from the ones in the multitemperature

case. In order to solve integral equations for the functions

Acij one can expand them into double series of the Sonin@ Governing equations

and Waldmann-Tienbacher polynomials over the dimen- ) . )
sionless translational and internal energies. The equations for 1he system of macroscopic equatio(f)—(19) will

the coefficientsa, ,, of these expansions are given in Ref. NOW be solved in the zero-order approximation. The one-
11. The thermal conductivity coefficient becomes: dimensional stationary version of the system is considered.

This gives an approximation of the macroscopic parameters

=S Ne Ek N K&Cint,c NI 56 of the mixture which are used in order to compute the trans-
<~ n\4 B3c,10 . 8co1| =N TN, (56) port coefficients. The numerical resolution of the complete
system(16)—(19) with dissipative termg35), (38), (41) and
where (42) requires the calculation of transport coefficients at each
JES, _ step of the gas dynamic code and will be considered in a
Cim,c=ﬁ—_|_, chi"ng j(gjcl+si°)fcij du.. future work.

In the zero-order approximation, the one-dimensional

In the case when the rotational and vibrational spectra can bationary version of the syste(d6)—(19) for a multicom-
separated, the thermal conductivity coefficierft, may be ~Ponent mixture can be rewritten as
written as the sum of two terms connected with the transfer ¢

of rotational and vibrational energy;,,=\, +\.,. ax(PYeV)= mRE™, c=1,...L, (57)
The diffusion and thermal diffusion coefficients are de-
fined, respectively, by Eqg48) and (49). The coefficients d w ~
dg’r can be found from the same system as in the multitem- &(pYCWCV):RC v =1, Lo (58)
perature approach.
One should mention here that the one-temperature ap- d P _
proximation for reacting mixtures was studied in Ref. 4, &(pv +p)=0, (59
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d compared to the probability o¥/ T vibrational energy ex-
ax(PUFTPIV)=0. (60 change, and therefore the production té&th"?" reduces to
RYVT. One can introduce the relaxation time\6T process
whereY . =p./p is the mass fraction of the speciesand i, molecular species in the following way:
Lm0| is the number of those species that require the introduc-
tion of a distinct first-level vibrational temperatuf§ .
The numerical code used to compute the solution of sys- Eij|f~]>;/|-]rdu
tem (57)—(60) is the extension to real molecular spectrum of Tvibnc:pc(wc(-l- T)—W(T,T9)
the codé! based on the Boltzmann distribution and valid for

the harmonic oscillator model. The vector of unknowns is RY: vT
(61)
v pc(W (T, T)=W(T,TD)
T
X= .
Yo, c=1,...L and thus connect the production teRfiV'" due toV T relax-
ation with some empirical data on the vibrational relaxation
YW,, c=1,...Ln

time. We use for the computation of;, . the empirical
In order to expressl L_J/dx in terms ofdX/dx, we use Egs. expression of Millikan and Whit& corrected by Parf The
(20) and(13) and notice that production termR! 2 is simulated using the method de-

d4ES Cye gl T scribed in Ref. 6
v _ (J e (T Wo) = ( ) ) , The chemical production terRe " may be written in
dx CIlc (T.T3) dx A the form:
whereJ Tc)(T W,) denotes the Jacobian matrix of,{V,)
w$h respect to T,T). The mod|f|ed specific hean cand R(r:eacENE (v —vl)) kf,rH §§§"—kb,rﬂ g:g,r ’
CV}C, as well asC\TVC andC,; 1 are defined by Eq(52). A r ' ’ s s
simple computation shows thﬁt ! is nonnegative, which (62)
ensures the invertibility Oﬂ(T,Tg)(T W,). Hence,
. T where is the Avogadro number. The summation is taken
o7 _ch d—T+ C,c dW, over all the reactions (r=1,... R), and the products are
dx ¢t dx taken over all the species Furthermorev; , andv¢ . denote
e e the stoichiometric coefficients of the reactinrespectively,
dEy vibrational nonequilibrium associated to the reagents and to the products of the forward
dx reaction, andé.=n./N denotes the molar concentration of
(CT +C 1y specie.
dx The forward and backward rate constakis andk, ,
| vibrational equilibrium. aggsconnected to the nonequilibrium rate coefﬂcmkif%, ,
The production term$27)—(28) are expressed as functions kg:,ls" reca 9IVen in Es.(32), (33) by the following rela

of (T,T]) and not as functions of T(\W,;). In the present

computation,T{ is computed starting from the calculated

value of W, for T fixed by a Newton procedure, using the N B N o
nonnegativeness @I\ch- Ker=———ka - kb,r:ﬁkdd,,
c,r c,r

B. Production terms

. . . . for exchange r ion
In this section we consider the zero-order production or exchange reactions, (63)

terms(27) and(28) in Egs.(57)—(60) [hereafter we will omit
the index(0) at the production termsUsing (27) and(5) the N A2
vibrational production terniR{ splits into three parts: kf'r:—kdiss kp,=—— c

" ’ cd » " ’ recd
14 - 14

cr Ver cr Per

RW RW VV2+ RW TRV+ RW react
whereR""""2 andRY TRV express the change of vibrational
guanta of molecules af species due to slowV, andTRV
vibrational energy exchangBy""***'describes the change of
vibrational quanta of molecules species due to chemical The dimensions of the rate constarks, and k,, are
reactions. mol~*m3s™! for exchange reactions and dissociation, and
In our calculations we suppose that the probability of themol ?m®s™! for recombination.
simultaneous translation—rotation—vibration transition is low  The vibrational production term corresponding to

for dissociation, recombination. (64)
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chemistry—vibration exchangeR?""**", reads: Pt r.ci=CiNgM (A —e)F, ¢ (68)

W, react__ _ . . . .
Re =N 2 , (ver—ver) Here A, is the activation energy of the reaction M (A,
" Ver” Ve —¢{) is the fractional number of collisions with line-of-

) " center relative energy exceeding,(-¢{), andF, . is the
x| ke I1 &5 Gapprc—ko, [ 1 E:S‘era,b,r,c> probability that the molecule is at theith vibrational level,
s s when colliding in a sufficiently energetic collision, will react

in the reactiorr. The coefficientC, is found from the nor-

+N Z , (Ver—vér) malizing condition:

r, Vc,r<"c,r
X kf,r]._s.[ g:S'era,f,r,c_kb,r];.[ f:s'rGappb,r,c>1 2 Pf’ryci:].,
I

(65)

whereG ;. andGy, . are the numbers of vibrational quanta The probabilityF, ¢; in (68) reads:
gained or lost when the molecuteis created or destroyed.

The subscriptsf,r and b,r indicate, respectively, that the Ciexp(— (A —gl)/kgU,) for ef<A,
energy exchanges happen during the forward and backward Froi= (69)
reactionr. ' C, for ef>A,,

We will write the rate constants as

Kir=Zs KfT, (66)  whereU, is an additional parameter with a dimension of

whereZ; , is the nonequilibrium factork‘}"‘?r is the rate con- temperature anc, is a constant independent ofIn the

stant of a forward reaction calculated under assumption of resFe nt coMm putatlllocr;'Jr 'Z ta}ken equal tld\r./:.”ks' he f .
thermal equilibrium. For the computation of the nonequilib- h or;’:l faxwe Istribution over velocities, the function
rium factorZ; , the state-specific rate constants are deﬁnecﬁvI as the form
by
1 C2 eX[X—(Ar—sf)/kBT)
kf,r:n_C 2| ncikf,r,ci' M(Ar—Sic): for 8iC$Ar (70)
Cc
Then, following Treanor and Marroffewe introduce a di- Co for ei=A,
mensionless coefficied; , .; which may be considered as a
probability of the fact that a molecuteinvolved in forward ~ whereC, is the constant independent iof
reactionr was at theith vibrational level: Taking into account Eqg70), (68) and the nonequilib-
rium Treanor distribution(14) we compute the nonequilib-
_ Meikt,r ci _ rium factors. For exchange reactions,

p, .=
f,r,ci nckf,r
The state-specific rate constakhis ; do not depend on the S(T, THZY (T, T)

distribution over vibrational levels of molecular species. Z (T, T =
This yields

(71)

ST, T)ZP(T,T5)

eq eq
Pf,r,ci fr F)f,r,cikf,r

eq )
nci I"|CI

where

where the superscript “eq” refers to thermal equilibrium . . o1 1
with T=T. From the last expression it follows that for each ~ Se(T,T1)= 2 STEXR e | e T T
vibrational leveli we can write: hoesAr

; 1 1
Ne; (feqrci kfr + & —A <_+ ) + 2 C
— = =7 6 r S
NGiPrrci  Kir o (©7 keUr KeT ~ kgUy i, oel>A I
For the calculatiorP; , .; we use the Treanor—Marrone Jf 1 1 gl
modef* for dissociation and its extension to exchange reac- xXexp —igf| ———=|———= (72
odef” for dissociation and its extension to exchange reac 1 keTe Kol Kol

tions given in Ref. 31. It is supposed that reactions occur
with equal probability in any collision that has sufficient
translational energy and that they occur preferentially fromThe summation is taken over all the vibrational levels.

the high vibrational levels. In Ref. 31 the probabil®y , . The backward reaction rate constant is written similarly
for exchange reaction is given in the form: to (66), the nonequilibrium factozy, , for exchange reaction
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FIG. 1. Translational and vibrational temperatufes(® , K, as functions
of distancex. Curve 1—T, one-temperature approach; 2;-2T, multitem- FIG. 2. Molar fractions of molecules as functions of distarc€urves 1,
perature approach, anharmonic and harmonic oscillator'l'%.—S’ —TSZ, 1, Y—ny,/n, 2, 2, 2’—ng,/n, 3, 3, 3—nyo/n. 1, 2, 3—one-
4—T'1\'2, 4'_TC‘2_ temperature approach;,12’, 3'—multitemperature approach, anharmonic
oscillator; I, 2’, 3'—multitemperature approach, harmonic oscillator.

is given by expressiofi71) whereA, =0 andT{ is the tem-

perature of the first level of a molecule being destroyed i
the backward reaction. Gappp.r.c{T) =Guaf.r.o(T,T). The backward terms are de-

For dissociationZ; , is given by expression§71) and duced from the forward terms by substitutidg=0. For

(72) where A, is adjusted to the dissociation energy of adiSS0ciation,Gappsr,c=Guap,r,c=0; finally Gyaf,rc is ob-
molecule. Note that in this case the second sum in(gg.  (@inéd by adjusting\, to the dissociation energy of a mol-

vanishes. The nonequilibrium factor for recombination is€CUl€ in expressiofi73). _ o
Zy,=1. It is to be noted that when the anharmonism of vibrations

The number of vibrational quanta lost when the mol-iS N€glected, the expressions @y, Zy, Gapp and Gy, pre-
eculec is destroyed in reaction is 3;iP;, .;, where the sented here reduce to the ones obtained in Ref. 31 for har-

summation is taken over all the vibrational levels. ThisMonic oscillators.
yields the following expressions for exchange reactions, The thermal equilibrium rate constarkg] are supposed
V(T T) to follow an Arrhenius law,
c 111

ALY (73 Ke9=C, T exp(— A, /kgT),

where with the coefficients taken from Ref. 35. In particular, the
. . o 1 1 rate constants of dissociation are the ones given in Ref. 36.
V(T T = EC: ISTEXR T | e T kT The rate constants of exchange reactions are taken from
b esA Bl1 "8 Refs. 37 and 38.
The backward rate constant at vibrational equilibrium

pmal equilibriumRY""**°=0 and from Eq(65) it follows that

Gva,f,r,c(TaT(i)

Cc
¢ 1 . .
+k8_l_Af(k_+k_ + > st are computed from the forward ones using the chemical
sUr BT 8Ur i, el>A equilibrium constank, . :
1 1 &f ki =Ki1/K,
i
xexp —ief T KaT| Kot 74 nd

Vr

By aid of the detailed balance principle it can be shown that _ expl v, IRT),

P«
Gappp.r,c 1S function of only the gas temperatufe In ther- ' (RT
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wherep, is the standard pressure,=Z¢(vg,—vs,), R is
the universal gas constant, angl, the affinity of the reac-
tion at standard pressure.

proach it is assumed that just behind the shock front, the
distribution over the vibrational levels of molecular species
is of the one-temperature Boltzmann type. The difference
between the one-temperature and multitemperature models
C. Results and discussion decreases with the distance from the shock. The influence of
The system(57)—(60) of one-dimensional ordinary dif- @nharmonism on the temperatuge is small, the maxianum de-
ferential equations is solved using theoDE package® and  Vviation dOGS not exceed 5% di,*. The behavior ofT,?,
thus all macroscopic parameters are computed in the relaxr, N2 and T T\C,)2 reflects the relation between relaxation
ation zone behind a strong shock wave propagating in alfmes of Nz and Q. In the region close to the front where
mixture. Using these macroscopic parameters the heat coRibrational excitation plays a more important role compared
ductivity, diffusion, and thermal diffusion coefficients and tg chemical react|ons'|'02 andTOZ are much higher thaﬁN
the total heat flux are calculated for the same conditions. Thg4 TNz due to rapid V|brat|ona| excitation szQTv.bro

results are obtained on the basis of three models: < b, ) Then the effects of chemical reactions and vie

(1) Multitemperature model, anharmonic oscillator, brational relaxation become comparable. A similar behavior
(2) multitemperature model, harmonic oscillator, of T°2 and T™2 in air mixtures is shown in Refs. 7 and 31.

\% \
(3) one-temperature mode. With rising x the gas temperature and vibrational tempera-
The results are presented in Figs. 1-6. In Fig. 1 the gatires converge to the equilibrium valué’02 e T02 €4
temperature and the vibrational temperatures gfaNd Q TTZ = T02 ®9=Ted The results obtained in the one-
computed in the three approaches are given as a function @émperature approach correspond to the ones given in Ref. 6.
the distancex from the shock front. The conditions in the Figs. 2 and 3 give the molar fractions of molecular and

free stream are the following, respectively, for the Machatomic species, respectively. The one-temperature model
number, temperature, pressure, and molar fractidis:  does not describe the delay of dissociation, this effect may be
=15, To=271 K, pp=100 Pa,ny,=0.79,n5,=0.21. One  seen only in the frame of the multitemperature approach. It is
can notice that the one-temperature model underestimates teeen that dissociation of,@s more rapid, whereas that oL, N
gas temperature in the beginning of the relaxation zone. It iss delayed. One can also see the maximum of NO concentra-
due to the fact that this model does not take into account thgon in the beginning of the relaxation zone. The influence of
process of excitation of the vibrational modes. In this ap-anharmonism on the concentration of ¥ negligible(about
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proach, anharmonic oscillator. oscillator; 3—multitemperature approach, harmonic oscillator.

29%), whereas it becomes much more significant for the reperatures, the deviation of the yibrational distribution. f_rom
maining speciegup to 25% for @ and O and up to 36% for the BoIt;mann one does .rjot_ mfll_Jence these coefﬁm_ents.
NO and 34% for N. In the case of harmonic oscillators the Strong V|brat|c_)nal .noneqU|I.|b.r|um influences the diffusion
results given in Figs. 1—3 coincide with the ones obtained ifR"d thermal diffusion coefficients only through the macro-
Ref. 31 scopic parameter§ and n.. The anharmonic effects on
The vibrational heat conductivity coefficients in thermal these coefficients are rather smaibt more than 5%
nonequilibrium are plotted in Fig. 4 for the harmonic and N Fig. 6 the total heat flux calculated for the three mod-
anharmonic oscillator models. It is seen thé’?, )\52 grow els is given. It is seen that the one-temperature fapproach
o _ . . leads to an overestimation of the heat flux in the beginning of
rapidly in the beginning of the relaxation zone due to vibra- . . .
. o . p c o 0, \ N, the relaxation zone because this model does not describe the
tional eXC.ItatIOI’l(WIth T, andT; rlsmg). ThenA®, \,* de- initial process of vibrational excitation and gives a very steep
crease withx due to the decrease in the molecular molary,.,, of the gas temperature. The difference between the val-
fractions through dissociation. These coefficients are Sma”eﬁes of the heat flux decreases with distance from the shock
for harmomc oscillators than for ?lr;harmonlc oneg,2 the d'f'front and atx>0.5—0.7 cm the gas flow may be described by
ference being about 10%—12% oy and 18% forA . I the simpler one-temperature model. In the multitemperature
translational and rotational heat conductivities anharmonicityegime with the anharmonic oscillator model the heat flux
is negligible, these coefficients decrease wittoward the  gppears to be less than in the other cases because this model
equilibrium values. gives a more exact description of vibrational excitation espe-
The multicomponent diffusion coefficients of,Nor  cially in the beginning of the relaxation zone where the an-
one-temperature and multitemperature models are presentgdrmonic effect reaches 25%.
in Fig. 5. One can see the noticeable discrepancy between the \yith increasing the Mach number in the free stream the
two models(up to 40%. The diffusion coefficients calcu- |ength of the initial nonequilibrium zone, where the role of
lated in the multitemperature regime exceed the ones comhe multitemperature model is particularly important, de-
puted in the one-temperature approximation due to th@reases due to rapid vibrational excitation at high tempera-
higher value of the gas temperature obtained in the formeyre.
case. Near equilibrium the diffusion coefficients calculated
for the different models approach each other. It has bee
shown in Ref. 12 that the diffusion and thermal diffusion V. concLusions
coefficients depend on the gas temperature and molar frac- The multitemperature kinetic model of heat transfer in
tions of species, and do not depend on the vibrational temreacting gas mixtures is developed and applied for the con-
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