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Nonequilibrium kinetics of a radiative CO flow behind a shock wave
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An investigation is presented of a highly nonequilibrium CO flow with consistently coupled vibrational
energy exchanges, chemical reactions, and radiation. A detailed state-to-state model taking into account
vibration-vibration, vibration-translation, and vibration-electronic transitions, dissociation-recombination reac-
tions, and radiative transitions between vibrational and electronic states is developed on the basis of kinetic
theory methods. A closed set of master equations for vibration-electronic level populations, number densities of
atomic species, radiation intensity, temperature, and velocity is derived, and a one-dimensional inviscid carbon
monoxide flow behind a plane shock wave is studied numerically. Several models of vibrational transition and
dissociation rates in high temperature carbon monoxide are tested, and a model satisfying both accuracy and
feasibility requirements is recommended. The role of various energy transfers and chemical reactions in the
formation of nonequilibrium vibrational distributions in a shock heated CO flow is studied, and the influence
of state-to-state distributions on macroscopic flow parameters and radiation intensity is discussed.
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I. INTRODUCTION 21, expanding flows in nozzlg22—-29, flows in boundary
layers[26,27], and near blunt bodid8]. Transport kinetic
Nonequilibrium carbon monoxide kinetics has beentheory in the state-to-state approach was developé@dh
widely discussed in the literature for many years because aind the results 0f30—32 show a significant influence of
its importance for applications: molecular lasers, environ-nonequilibrium vibrational distributions on the heat transfer.
mental problems, planetary atmosphere exploration. The kiHowever, a consistent coupling of vibration-electronic en-
netics of electrical discharges and optically pumped CO haergy exchanges and radiation in real gas flows and a thor-
been investigated thoroughly during the last two decadesugh study of the radiative heat transfer in the state-to-state
(see[1-9)). As a result, in pumped systems with high vibra- approach have not yet been performed. Although equations
tional energy storage, essentially non-Boltzmann vibrationabf aerothermochemistry taking into account radiative effects
distributions have been found both experimentally and byhave been considered by many authf88—37, they are
means of state-to-state calculations. At the same time, aljsyally based on the local thermal equilibriudTE) as-
though some experimental results on CO kinetics in shoclymption, i.e., the existence of a one-temperature thermal
tubes are available in the literatUre0—13, the peculiarities o jilibrium Boltzmann distribution over vibrational energy
of vibration-chemical kinetics in shock heated CO are not ye{g 555 med. This hypothesis can lead to significant errors in

(k:)ompletely kno_wn. _The majority (.)f theoretlcal m_odels A he estimated values of the radiative heat flux from strongly

_ased on quasistationary _dlstrlbuuons over V'bratlonal.enerﬁonequilibrium flow regions. Accurate evaluation of the heat
gies. Quasistationary multitemperature models are valid Un - nsfer caused by radiation is of i ; p d-
der the assumption that characteristic times of vibration- caus y radiation IS ofimportance for many mo
vibration (VV) and vibration-translatiofVT) relaxation and ern.apphcatlons, n partu;ular, in reentry problems and the
chemical reactions differ by many orders of magnitude d€sign of thermal protection systems. o
However, accurate calculations of VV and VT exchange Ageryerall state-to-state kinetic rr_10de| ofg no.neqU|I|br|um
rates[14—17) as well as dissociation ratg7,18 show that flqw taking |'nto accom_mt the coupllrjg.of vibrational relax—'
the validity of this assumption is limited, and in a wide tem- ation, chemical reactions, and radiation was developed in
perature range these characteristic times cannot be distih38], and in[39] this model was extended to take into ac-
guished. That is why for better understanding of nonequilip-count vibration-electroni¢VE) energy transfers as well as
rium CO kinetics behind shock waves a more detailed stateradiative transitions from electronically excited states. In the
to-state approach should be applied. present paper the approach presentd®@&39 is applied for

The main advantage of the state-to-state approach is th#éie simulation of a nonequilibrium one-dimensional inviscid

it is not based on any quasi-stationgBoltzmann or Tre- carbon monoxide flow behind a plane shock wave. The con-
anoy distribution over vibrational energy and therefore cantribution of various energy transfers to the formation of vi-
predict correctly the behavior of vibrational level popula- brational distributions, and their influence on macroscopic
tions. This is the reason for the rapid development of thislow parameters and radiation intensity are studied. Different
method for the investigation of reacting gas flows. Recentlymodels for the rates of vibrational transitions and dissocia-
many various flows have been studied using this approachion are considered, and the choice of an appropriate model
high temperature Nand G flows behind shock wavd49— s discussed.
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Il. KINETIC MODEL of of 1
- . . S g = SRR 08 4
In Refs.[38—4(0, a nonequilibrium gas flow is described at ¢ ooar e cl el
on the basis of kinetic equations for distribution functions.
Distribution functions for material particles,,;;(r,p.,t) are of, i, ad
introduced for chemical species electronic statew, and ot +cQ,- ar =J,7. )

vibrational and rotational energy levdlandj, respectively
(t is the time, and and p are the spatial coordinates and
momentun. For photonsf (r,p,,t) are defined for each
frequencyw.

Kinetic equations for distribution functions of material
particles can be expressed in terms of the microscopic par-
ticle velocity u,:

Here e~ 7.,/ 6 is a small parameter. The collision operators
of rapid and slow processes under conditi@hinclude the
following terms:

Jrap :Jel +JRT (6)

caij Caij caij ?

I caij
ot

I caij —3 1) ‘]ilxij :J\c/;/ij +J\cqij +‘]>:/¢5j +J{:i?j6t+‘]<r:?y?j . (7)
ar caij »

S ' The solution of Egs.(4), using the Chapman-Enskog
whereas for the distribution function of photons the equamethod generalized for highly nonequilibrium flows with

+U-

tions are written in terms of the momentum: rapid and slow process§38,43 can be sought as an expan-
sion of f,;; in a power series oé. The zero-order distribu-
Jf, &_ tion function of material particles is determined by collision
+C v’ =J v (2) . . . s
ot ar invariants of the most rapid procesd@ghose characteristic

) ) o o times are much smaller comparedép and has been found
where ), is the unit vector defining the direction of travel of in the form

the photon, and is the speed of light. The collision opera-
tors J.,i; andJ, describe all collisions leading to the change (

of distribution functions f(CO)ij =

me | *nesy [ meCe e o
27T 2T KT/

_ qel inel react rad
Jeaij = Jeaij T Icaij T Icaij +Jcaij »

cad <em . -abs wherem, is the molecular masg,is the Boltzmann constant,
J,=J,7=3+3,7 T is the gas temperatura,,; is the number density of mol-
ecules ofc species at the internal state,{), C.=u,—V is

el inel : : : :
Jceij @ndJc,;; are the operators of elastic and inelastic col-y,o peculiar velocityv is the macroscopic gas velodifgt®

i react : : ; i ad h i . . 77
lisions, J...;;" describes chemically reactive CO||ISI0n1$m,- andsf“' are, respectively, the rotational statistic weight and

i | y 1 collisiont;

=Jcai +Jcaij cOITesponds to radiative transitions including rotational energy in the corresponding electronic and vibra-
absorption and induced and spontaneous emigsiattering  tiona state, an@®?! is the rotational partition function. The
of photons is neglected in this studyAmong inelastic colli-

. )= o ! . distribution function (8) represents the local equilibrium
sions one can distinguish inelastic rotation-translatiél)  \jaxwell-Boltzmann distribution over velocities and rota-

exchanges, VT transitions, VV exchangegl, and VE transigiona| energies and the strongly nonequilibrium distribution

tions. Consequently, the integral operaftlf,;j can be pre-  oyer vibrational energies and chemical species. It is ex-
sented in the form pressed in terms of the macroscopic parameters(r,t),
v(r,t), andT(r,t). As no quasistationary vibrational distri-

inel _ qRT VT A% VE
Jeaij = Jeaij T Icaij T Jeaij T Jcaij - butionsn.,;(T) exist, vibrational and electronic state popu-

Since the work of Wang Chang and Uhlenbdel] and lations are found by solving the equations of detailed state-

Ludwig and Heil[42], integral operators of collisions be- to-state vibrational-chemical kinetics. A closed system of

tween material particles have been obtained by many authofgacroscopic equations farg,;, v, andT in the zero-order

. . . rad  arad approximation is given in the next section for a one-
\?vr:ac:eac:iri/lgg?ggqu I[88,43. Expressions fodc; ,J, dimensional steady state flow.

. L . The chan f the photon distribution pr he tim
It is well known that relaxation times of translational and e change of the photon distribution proceeds at the time

. scale 7~ # and therefore the distribution functions of pho-
rotational degrees of freedom are much shorter than the v 0 b

brational relaxation time and characteristic times of chemicabnSf” can be found directly from microscopic equatiqbs
. T t is conventional to introduce the specific intendityof the
reactions and radiation:

radiation field
Tel™ TRT< Ty~ TvT™ TVE™ Treact™ Trad™ ¢ () | dvd©,—chufdp, . ©
(Tel, TRT» TvVs TVT» TVE» Treact: Trad @re the characteristic
times of the corresponding processes, arisithe mean time whereh is the Planck constant, andis the frequency. Then
of macroscopic parameter changender condition3), Eqs.  Egs.(5) can be rewritten in the form of equations of radiative
(1) and(2) in dimensionless form can be written as transfer:
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10l ol h*y3 react
-2 v 7 grad Rreact— _» eacquy . (17
c 3t +Q, e e J,. (10 at < ij c

First-order distribution functions of material particles and The radiative heat flugy,q is given by the formula
macroscopic equations in the state-to-state approach were .
obtained in[29,38,39. The first-order transport terms were qrad:J' f 1,Q,dvdQ, (18)
investigated thoroughly ifi29]. In particular, it was shown 0 Jan

that the heat flux is determined by gradients of the tempera- ) ) ) )
ture and nonequilibrium populatioms,,; , and thus depends and can be found directly using the solution of the equations

essentially on state-to-state vibrational distributions. In the?f radiative transfef10) [38]. Note that in the inviscid ap-

present paper, an inviscid gas flow is studied and thereforBroximation the diffusion velocity and heat flux by material
first-order transport terms are not considered. particles vanish as a result of the Maxwellian distribution

over velocities. However, the radiative flg,q cannot be

removed from Eq(14) in the Euler approximation, because

it is determined by the microscopic distribution function of
A closed system of macroscopic equations for the paramphotons, which does not depend on the order of approxima-

etersng,(r,t), v(r,t), T(r,t), andl,(r,t) in the general tion of the asymptotic method.

form was derived from the kinetic equations[B8,39. This In order to write explicitly the production terms in Egs.

system consists of the equations of detailed state-to-statdl), (12), and(15) it is necessary to specify the set of energy

vibration-chemical kinetics fon.,;, conservation of mo- transitions and chemical reactions which contribute to slow

mentum and total energy, and the equations of radiativgprocesses. Vibrational energy transitions included to the re-

transfer. action scheme are as follows: VV exchanges of vibrational
In this paper, a steady state one-dimensional inviscid C@uanta between CO molecules,

flow behind a plane shock wave is studied. It is assumed that ) i

a mixture is constituted of CO molecules in the ground elec- Cq(i) +COk)=CQ(i") + CO(k’); (19

tronic stateX % and excited electronic states°II and .

A I, and of carbon and oxygen atoms C and O. In thisVT transitions M states for CO, C, or )

Ill. MACROSCOPIC EQUATIONS

case, the system of macroscopic equations reads COi)+M=CO(i")+M: (20)
d(';nai) =R,;, @a=12,3,i=0,...L,, (11) and near-resonant VE exchanges,
X
COX '3,i~27)+M—CO(a °IL,i~0)+M; (21
d(U nc) d(U no)
- dx " Rarh (12 COX 13,i~40) + M—CO(A 1I1,i~0)+M. (22
dv  dp The VE transitiong21) and(22) from high vibrational levels
pv — =0, (13)  to approximately isoenergetic excited electronic states are
dx = dx known to be important in the optically pumped systems
[5,6,8,9. One of the objectives of the present study is to
pvd_U+ dQraq pd_U:O (14) check the role of these transitions in the kinetics of shock
dx dx dx 7’ heated CO.
The chemical reaction scheme, at this stage, includes only
&_ Rra (15 dissociation and recombination of CO molecules:
dx v’
CO+M=C+O+M. (23

wherex is the direction of the shock wave propagationis
the flow velocity in thex direction,n,; is the population of
theith molecular vibrational level of the electronic state

L, is the number of excited vibrational levels for the corre-

It should be noted that in high temperature CO flows reac-
tions leading to @ and G formation also take place. How-
ever, it is shown if10] that reactions producing

sponding electronic statagc andng are the number densities n n
of C and O atomsp=nkT is the pressurg is the densitylJ 0+CO=0,+C, 49
is the total energy of material particles per unit makk ( O+0+M=0,+M (25)

depends on the temperature andm}};), and the production

terms in Eqgs(11) and(12) are determined by the collision ¢ontripute very weakly to CO kinetics in shock tube experi-

operator of all slow processes and the operator of chemicghents. On the other hand, @rmation through the reactions
reactions with atom formation, respectively:

C+CO=C,+0, (26)

R,i= Jstdug, 16
« EJ:J allmre 16 C+C+M=C,+M (27)

056306-3



ALIAT, CHIKHAOUI, AND KUSTOVA

PHYSICAL REVIEW E 68, 056306 (2003

can play an important role in high temperature conditionstion in recent decades. There exist some low temperature

Indeed, in shock tube experiment0] the radiation of the

experimental data on the VV and VT energy transfer in car-

C, Swan band q 3H_—_>a %11) has been observed. Neverthe- bon monoxide[4,44], which show that for CO molecules
less, this study is limited by the conditions when the degregaking into account both long-range and short-range forces is
of CO dissociation is low and therefore the concentration obf particular importance. Exact quantum trajectory calcula-

C atoms contributing to reactior{26) and (27) is not suffi-
ciently high to produce a noticeable amount gf @hcluding

tions of rate coefficients for vibrational transitions have been
performed by several authof$4-17,49. One of the com-

reactions(26) and (27) in the kinetic scheme represents an monly used analytical approaches is the semiclassical first-
important perspective for the investigation of high temperayprder perturbation Schwartz-Slawsky-Herzfé&SH theory

ture CO flows.
Two ranges of radiative transitions are consider@g:ir

[46], its generalization for anharmonic oscillators is given in
[47]. It works rather well for low quantum states while at

radiation due to transitions between vibrational states, anfljgh collision velocities and for high quantum numbers it

(2) uv and visible radiation caused by transitions betweerjls. A more rigorous analytical nonperturbative semiclassi-
electronic states. The most intensive band observed in the 4| forced harmonic oscillatofFHO) model elaborated in

and visible range is the CO fourth positive baite respon-
sible transition isA 1—X 13).

[21] gives rather accurate values for probabilities of VV and
VT transitions (including multiquantum jumps Unfortu-

Among radiative transitions, the induced emission and abnate|y1 the direct use of trajectory methods and Comp|ete

sorption

CO(a,i)+hv=CQO(a’,i")+2hv (28
and spontaneous emission
CHa,i)—»CO(a',i")+hv (29

are distinguished.

FHO model in computational fluid dynami¢€FD) codes is
hardly possible due to their complexity, and therefore some
time saving approximations are required for numerical simu-
lations. For this purpose, interpolations of experimental mea-
surements or quantum calculations can be used. One can find
some interpolating formulas of trajectory resylts}, 15 for

N, and Q (se€[27]), but for CO no fitting has been done. In
Ref. [4] semiempirical formulas for the rate coefficients of

Now let us write the production terms. The total produc-VV and VT energy exchanges are given in a form similar to
tion term in Eq.(11) represents the sum of several termsthat of generalized SSH theory, the agreement with experi-

responsible for various processes:

al !

Rai=RZi\/+% (RYF M+ RYE M4 Rigact M) 4 Rrad

(30
whereM =CO, C, O, and
Rzi\/=; k%k % (KK N Mok — K NN ),
| |
(31)
RYT M=ny 2 (K Linai—K) na), (32

i’ #i

RX.E M:nM 2 2 (ki\:ri/aina’i’_k':ia/irnai)a (33)

!
a'#a i

RiE2 M=R%SS M=ny (kM wiNcNo— K gisdai)-
(34

Here kz""ii, are the rate coefficients foii,k—i’,k") vibra-

tional energy exchanges between two molecules in the sa

mental results is achieved by using adjustable parameters.
However, these parameters have been fitted to experimental
data only for low temperatures. A simple asymptotic formula
proposed by Nikitin and Osipop8], which expresses FHO
transition probabilities for collisions with a small resonance
defect in terms of Bessel functions, can also be useful for
numerical simulations. This model permits one to avoid a
singularity in transition probability calculations and notice-
ably saves computational time.

In Fig. 1 the rate coefficients of the VT transitions
CO(X 13,i)+CO—CO(X 3,i")+CO, calculated by
means of different approaches, are given as functions of tem-
perature. Transitions between low -10) and high (20
—19) quantum states are considered. One can see that the
best agreement with the trajectory calculations of Cacciatore
and Billing [45] is achieved by using the FHO modgll]
and the Nikitin and Osipo{48] formula (the results of these
models practically coincide in the whole temperature range
The SSH model is not sufficiently precise for the two cases
considered, while the approximation of Deleon and Ri¢h
works well only for low temperatures. Similar results have
been obtained for the probabilities of VV exchanges. In the
latter case, the best agreement with trajectory calculations is

n?ﬁven by the FHO model; the Nikitin model overestimates

: M M . .
electronic statesk,, ;;, andk,;,, are the rate coefficients ihe probabilities of VV transitions between widely separated
for VT (i—i’) and VE (ai—a’i’) energy transitions in a quantum statef.e., transitions with a high resonance defect,

M

collision with a partnemM; kg, ,; are the state-to-state rate for which the asymptotic solution is not correcHowever,

coefficients of recombination to théh level of the electronic

as shown in the next section, the contribution of VV pro-

stateq; k&fi,diss are the rate coefficients of dissociation from cessegeven when overestimating their probabilijiés high

theith level of the electronic state.

temperature CO vibrational kinetics is rather weak. There-

Modeling of the rate coefficients for vibrational energy fore, the Nikitin model, which represents a quite good
exchanges and dissociation has remained the focus of atteaecuracy/simplicity ratio, can be recommended for numerical
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1x10° gt . . . . : model with the results of quasiclassical dynamical calcula-
1x10° L tions given in[50] shows that in the general case the param-
1x10"°4 1 eter U depends on the temperature and on the vibrational
110" i state of the molecule, especially at low temperatures and
131077 ; high vibrational levels. However, in the high temperature
1107 ; range, setting) equal to a fraction of the dissociation energy
o mo“j i coco r or U=3T leads to a satisfactory agreement with quasiclassi-
5 107 ——SSH 3 cal calculations for all quantum states. The Treanor-Marrone
D ngrsgvfés’éta, model is used for further calculations of dissociation rate
X ¢ T 3 . . . . g
s % Nikitin etal ] coefficients. Rate coefficients for VE transitions are taken
10 1i m  Billing etal. E from [4 6]
10 L ! . . .
R ] Production terms due to radiatid®{?® in Egs. (15) for
Yo (@)F each transition ¢ij —«'i’j') are found in the form
10" e — — — — — —
0 30IOO GOIOO 90IOO 12(I)OO 15(I)00 18(I)00 21000 rad
Temperature ( K) R,T=hv[Nngja, aijaritjr T (Naijby, aijarivjr
1X10755 A R R I S R | k _na’i’j’bv,a’i’j’aij)lv]' (35)
1x107 4 3
1x10'31; é’ H-ere the Coefﬁ(?ientbari/j/aij ’ bo_tija’i’j’ ’ _aaija’i'j' are the
1x10° 4 r Einstein coefficients for absorption and induced and sponta-
1104 R e T r neous emission, respectively. They are related by the detailed
T r balance principle:
‘Tm 1x10° 1 ,‘/. F
"’g 1x10’13i "/. co-c 2SH r ali’ ai
. 1x10™'4 5 E Sj’ bv,a’i’j’aijzsj bv,aija’i’j’ , (36)
3 151 eleon et al. E
S, e Adamovich et al. 3
1x10™° oy % Nikitin etal. r 3
0] = Billing etal E yaijarivjr _ 2hY 37)
o = .
| r by aijarivyr €
w0’y (b) F
10'20 ) T T T T T T T T T T T T T T [ . . . . .
0 2000 6000 o000 12000 15000 18000 21000 Einstein coefficients can be calculated using the method de-

scribed, for instance, if61,52.
The production term due to radiation in E¢§l) can be
FIG. 1. Rate coefficients of VT transitiong;(., cn®s 1) in  written as
collisions with CO molecules. Temperature dependence calculated
for different models(a) transition 1—0; (b) transition 20-19. d
Ri'=2 X
a'<a i’

Temperature ( K)

o]
2 f [—Ngij@yaijarivj’
i’ 0 J4m
+(na’i’j’bv,a’i’j’aij_naijbv,aija’i’j’)lV]dVdQV
- E 2 2 \J’ f [_na”i”j//ay’a”i//j/laij
ii” 0 Janm

a">a i
+ (nall bV,aij a//il/j//_ na”i”j"bV,a”i/,j”aij)I V]dVdQV
(39)

simulations of high temperature CO flows. The results ob-
tained using the SSH and Nikitin models are discussed in the
next section.

Dissociation-recombination reaction rates can also be
simulated using different models. The most reliable data on
state-to-state dissociation rate coefficients are given by the
guasiclassical dynamical approaaee, for instance17] for
nitrogen dissociation ratgesUnfortunately, this method con-
sumes a lot of computational time. The simplest analytical . S . -
model for dissociatign rates is the ladder cI?mbing m)(;del,Wlth @' =a=a" and i’<i<i" for transitions within the
based on the assumption that molecules dissociate throug;:ﬁ“‘me electronic s_tate. S . L
the last level, and each molecule reaching this level dissoci- Thf?se EXpressions ca.n be simplified by introducing inte-
ates immediately with a probability equal to unity. The dis—gral Einstein coefficients:
sociation rate is thus determined by the stream of molecules

from lower lying levels to the last level caused by VV and A aija’i’y = Aaija’i’j' Praija’ivi’ (39
VT vibrational energy transitions. The Treanor-Marrone B
model [49] allows for dissociation from any vibrational Byaijari’ir=Baijatitj v aijarivi s (40)

level; in this case, state-to-state rate coefficients are con- ) i o
nected to the thermal equilibrium rate coefficient by a non-Wheréd, qij.ri/j- is the line shape factor satisfying the nor-
equilibrium factor including an adjustable parametei.ow ~ Malizing condition
values of this parameter correspond to preferential dissocia-

tion from high vibrational levelst) =~ describes nonprefer-

41
ential dissociation from any level. A comparison of this 4D

J’ d’v,aija/i’j’d”:l'
0
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Integral coefficients describe the probabilities of all radiative

transitions that contribute to the transitioni{ —a'i’j’).
With the assumption thdt, andhv are slowly varying func-
tions of frequency over the linewidth, integral Einstein coef-
ficients are related by expressions similar to E@§) and
(37) with v corresponding to the center of the line.

Finally, simplified expressions foR?¢ have been de-

al

rived, taking into account the isotropic character of the ra-
diation field, the existence of the Boltzmann distribution over

rotational energy, and normalizing conditions for thenHo
London factord40]:

R3=47 > >

a'<a i’

+(na’i’Ba’i’ai_naiBaia’i’)lV]dV

fO q)v,aia’i’[_naiAaia’i’

o]
(I)v,a”i”ai[ - na”i”Aa”i"ai

+(naiB _na//i//Ba//i//ai)lv]dv, (42)

aia”i”
where®, ..+ is the band profile functiof53] satisfying
the normalizing condition

j (Dy’aiarirdl/:l. (43)
0

Data for the calculation of the integral Einstein coefficients
Agiair s Baiair» @andB,i,i for absorption and induced and
spontaneous emission, respectively, can be fouri®,B].

At this point, one can see that in Eq4.1)—(15), vibra-

PHYSICAL REVIEW E 68, 056306 (2003

i=0

W =15 i
x . 2
< i=20 E
(@] E
o b
c i=30 E
o 3
2 i=40 L
L
%] [
%]
o} E
= Nikitin et al. 3
= VT __
——VT+wW

s -
10° 10

ey
10™

Distance behind shock (cm)

FIG. 2. Evolution of vibrational level populations behind the
shock front.vy=5200 m/s,To=300 K, po=500 Pa. Influence of
VV exchanges.

pears at shorter distances and with risiad he discrepancy
might be caused by a tendency of the Nikitin model to over-
estimate VV rates of transitions between widely separated
states. When using the SSH model for vibrational exchange
rates, the influence of VV transitions on vibrational distribu-
tions is practically negligible. For both models, the gas tem-
perature and other macroscopic parameters are completely
insensitive to neglect of VV transitions. This fact is very
encouraging, because the calculation of VV rate coefficients
is one of the most time consuming procedures. Thus one can

tional relaxation, dissociation, and radiative transitions areé€liminate VV processes when studying high temperature CO
completely coupled; the radiative production terms are calkinetics, which is not the case in low temperature optically
culated without using the general assumption about Ioca‘i’umpefj systems. . '

thermal equilibrium. A similar approach has been considered [N Fig. 3 the evolution of level populations calculated
in [4,6,9 for the simple case of a motionless gas in a laset!Sing the SSH and Nikitin models is given. While for low
cell. In the next section a gas flow behind a shock wave idevels the two models lead to similar results, for intermediate

studied numerically on the basis of this model.

IV. RESULTS AND DISCUSSION

In this section, a nonequilibrium CO flow behind a shock
wave is investigated in the following free-stream conditions:
vo=5200 m/s,T;=300 K, py=500 Pa, which correspond

to a Mach number of about 15. Since the pressure behind the’
. . . . X
shock is about atmospheric, a Doppler profile is chosen forg

the line shape factor simulation. Initial vibrational distribu-

tions of the CO molecules are supposed to be in equilibrium=

at temperatur@y. Equations(11)—(15) have been resolved
using the Gear method for the solution of stiff ordinary dif-
ferential equation systems.

First let us discuss the influence of VV transitions on vi-

brational distributions and macroscopic parameters. Figure 2

represents the evolution of CO vibrational level populations
behind the shock, calculated taking into account-NYT

and only VT processes. State-to-state distributions have been

obtained using the Nikitin model. One can note a small dis-
crepancy in the populations of high quantum statesadtout

and high levels the difference is significant. The SSH model

1005 — ,..;. 1ol il 1l
3 i=0
10" 4 “iz1 L
107 3 L
O -3
c 1074 E
5 ] i=20
g /
< 1x10% o / 3
0 3/ E
%] Y
<
2 <4
1x10° o -
3 - SSH E
Nikitin et al.
10° T S ey

10™ 10° 10

Distance behind shock (cm)

FIG. 3. Evolution of vibrational level populations behind the

shock front.vy=5200 m/s,T;=300 K, p,=500 Pa. Comparison

0.01-0.1 cm behind the shock front; this difference disapof SSH and Nikitin models.
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10°§.......................................
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—- VT+Dissociation
1 s I 107 4 TS

10000 +
8000 + -

6000 Nikitin et al.

Temperature (K)

4000 —;

T
Mass fraction CO(X'z, i)
=
S
nnlmn n

T T v T M T T -9
0.0 0.1 02 0.3 0.4 10

Distance behind shock (cm)

FIG. 4. Vibrational temperature of different levels as a function

of X. 1g=5200 m/s,To=300 K, py=500 Pa. FIG. 5. Vibrational distributions as functions @fat various

distances from the shock front.q=5200 m/s, Tq=300 K, pq

. - . = Pa. tribution of the di iati :
overestimates the rate of VT transitions between highly lo- 500 Pa. Contribution of the dissociation process

cated states, and thus leads to a more rapid population %EO electronic stategl—6]. In the high temperature case, the

h!gh levels. However, equilibrium values of populatlons of rate of dissociation from the upper vibrational states appears
high quantum states are lower compared to the ones given t{

the model of Nikitin. Moreover, it has been found that the § be much higher than the rate of VE transitions, and ther-

SSH theory developed for harmonic oscillators, providesmal decomposition of CO molecules becomes dominant

. o .. ~compared to VE transitions from the ground electronic state.
Boltzmann-like distributions whereas the models taking |ntoThis can be seen in Fig. 7, which presents the evolution of

account anharmonicity of vibrations give distributions devi- : . L
ating from the Boltzmann one. This can be seen from Fig. 4the CO 40th level population behind the shock, taking into

where vibrational temperatures of different levels introducea‘el ccount successively the VT, VE, and dissociation processes.
by the definition P The effect of dissociation and various models of vibra-

tional transition rates on the gas temperature behind the

shock is demonstrated in Fig. 8. It is not surprising that tak-
(44) ing into account thermal dissociation provides a significant

decrease of the equilibrium gas temperature attained at the
. G ! . end of the relaxation zone. When dissociation is neglected,
(e,; is the vibrational energy of thieh level of the electronic thermal equilibrium is established at a considerably shorter

statea) are plotted. One can see that the vibrational tem-

peratures of various states differ noticeably and reach eqUQ'Stance from the shock front, and an important energy sup-

librium at different times. This seems to be a serious arguply’ which could be spent in the dissociation reaction, is re-

. L : tained in the translational mode. One can see also that using
ment against the validity of multitemperature models for
harmonic oscillators based on the assumption of a single ,
vibrational temperature for all vibrational levels. S I L L L L R
Figures 5 and 6 demonstrate the influence of dissociation
on vibrational distributions. Taking into account the dissocia-
tion process dramatically changes the shape of distributions_
atx>0.01 cm behind the shock because of the depletion of i
high quantum states. The choice of the parameter3T or
U=13y;sd6 (Uqiss is the dissociation energy in kelyin E
weakly affects the shape of distributions, whereas the valueg ix0*

T . _1 Cai T €ai-1
v(all)_Eln(nai/naifl)

-1

107

n CO(X
=
(=]
L

U = J4is420, which corresponds to preferential dissociation § ]
from very high levels, gives a different distribution shape, § 10" 3
with higher population of intermediate levels and sharp de-= :
crease of the distribution tail population. In the case of non- 10° 4
preferential dissociationU =), Boltzmann-like distribu- ] ) ]
tions have been found. 10 e e

It is interesting to emphasize the very weak influence of
VE processes on the vibrational distributions. It is well
known that in low temperature CO systems VE transitions F|G. 6. Vibrational distributions as functions of at x
lead to a crucial depletion of the states close @26 andi =0.2 cm.v=5200 m/s,To=300 K, p,=500 Pa. Influence of the
=40, which are almost isoenergetic with the first and secongarameteiy.
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3.0x10° L — 1 0.10 1
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25x10°H /e
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I—I— 2.0x10° B o = mss/6
W -
= J 0.06 L
S 15x10°+ L 5
5] s = 0.04+ -
@ 1.0x10° L E
w o
a =
< s5.0x10° - 0.02 SSH L

VT+diss — Nikitin et al.
0.1 1 10 100 0.00 —f T T
Distance behind shock (cm) 0 1 2

Distance behind shock (cm)
FIG. 7. Mass fraction of the 40th CO vibrational level as a

function of x. v(=5200 m/s,T;=300 K, py=500 Pa. Contribu-
tion of VE and dissociation processes.

FIG. 9. Molar fraction of atoms as a function of vq
=5200 m/s,T;=300 K, po=500 Pa. Influence of dissociation and
VT transition rates.
the SSH model leads to a slower decrease of the gas tem-
perature. At the present initial conditions, the SSH theorylevel populationsFig. 3), rates of atom formation are very
underestimates rates of VT transitions at low vibrational levclose for both these models. In contrast, for preferential dis-
els, which are responsible for gas temperature values. Singciation, the behavior of the upper vibrational levels is of
the excitation rate of the first vibrational states is lower inimportance. As populations of upper levels obtained using
this case, thermal equilibrium for the SSH model is achievedhe SSH and Nikitin models vary considerably, the rates of
later, especially when dissociation is taken into account.  atomic species formation are also different. Thus the SSH

Figure 9 presents atomic molar fractions as functions ofnodel, which gives a lower population of high levelsxat
the distance from the shock front, calculated using different>0.1 cm (see Fig. 3, provides a lower rate of preferential
models for the rates of vibrational transitions and dissociadissociation.
tion. For nonpreferential dissociationUE ), chemical Let us discuss now the features of VE transitions and
equilibrium is attained faster than in the preferential dissoradiation. Vibration-to-electronic transitions lead to the for-
ciation model. The influence of the model of VT transition mation of electronically excited stat¢€O a *I1 andA *I1
rates on the atom formation rate is rather weak in this casgstates are consideredrhen electronically excited particles,
both SSH and Nikitin models give similar results. This canwhose radiative lifetime is usually shdetbout several nano-
be explained by the fact that in the nonpreferential case dissecond$6]), descend to the ground state, emitting photons in
sociation may proceed from any vibrational level, in particu-the uv range. The influence of dissociation and radiation pro-
lar, from highly populated low levels. Since the SSH andcesses on the mass fractions @fII and A II states is
Nikitin models provide practically the same results for low demonstrated in Figs. 10 and 11. Dissociation diminishes the
population of high vibrational levels of the ground electronic
state, thus making VE transitions from upper vibrational
states less efficient, which explains the significant decrease
of excited state populationsee Fig. 10 for the °I1 state;
similar results are obtained for the Il statd. Taking into
account uv radiation from the fourth positive system also
considerably decreases populations of Ah&1 state due to
radiative decay. Figure 11 gives results forTI. Note that
L all collision processes, VT, VE, and dissociation, are in-
L cluded now in the kinetic scheme. While the effect of uv
- radiation on electronic state populations is found to be im-
portant, the influence of ir radiation on vibrational level
populations of theX '3 state is practically negligible. The
reason for that probably lies in the comparatively long radia-
tive lifetime of excited vibrational levels oKX '3 state
(about several milliseconglslt should be noted also that the
influence of both ir and uv radiative processes on macro-

FIG. 8. Gas temperature as a functionxofv ,=5200 m/s,T,  Scopic flow parametergas temperature, pressure, velocity
=300 K, pp=500 Pa. Influence of dissociation and different mod- is found to be very weak.
els for VT transition rates. Figure 12 presents the intensity of ir and uv radiation

14000 n 1 " 1 n 1 n 1 n 1 n 1 L 1 n 1 L 1

13000 Nikitin etal [
12000 - L

11000

10000 4

Temperature (K)

9000

8000

7000

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

2.0
Distance behind shock (cm)
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1 0 o . E
s 107 VT+VE+diss+rad L 2 VT+VE+diss+rad 3
9 > 3
g 2
= 2
a £ 1000 L
2] E F
< E IR
= ——uv
: 100 -——¥F—7—7—7—
10° 4 0 10 20 30 40 50 60 70 80 90 100
. T . T . T . T .
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Distance behind shock (cm)
FIG. 12. Radiation intensity as a function xfv,=5200 m/s,
FIG. 10. Mass fraction of C@ °II excited state as a function of T,=300 K, po=500 Pa. Influence of dissociation.
X. v9=5200 m/s, To=300 K, pp,=500 Pa. Influence of dissocia- ) o . .
tion. and for thermochemical equilibrium conditiortasing the
Planck function for blackbody radiatipnA great discrep-

: I ancy of results in the nonequilibrium region is found. One
calculated using the complete kinetic scheme and also ne: y g 9

lecting di i It that th | di i an conclude that the assumption of thermal and chemical

glecting dissociation. 1t 1s seen that thérmal dissocia '(.)nequilibrium for calculation of the radiative heat flux in real

strongly affects radiative processes, significantly decreasmgas flows can lead to a significant error

both ir and uv radiation Intensity. o : The mixture composition behind the shock front calcu-
The effect of VT transition rates on the radiation intensity |,

: S S . : ed taking into account all considered procesgesept
is shown in Fig. 13. The complete kinetic scheme mcludlngvv exchanges, whose contribution to the high temperature

all collision and radiative processes is applied here. One c e o X L
see a weak influence of the VT transition probabilities on thaao kinetics is shown to be negligibly smei given in Fig,

i radiation i . h . d i .-15. One can see a weak degree of dissociation as well as low

ger:‘a'ra;'ggr:g;[ggz%/lf;f:e;sgrx t'[r']neqerégg ;nthéo\t/a} g‘rtgg;'concen_traﬁons of_elect_ronically excited molecules. Neverthe-
- i . ~Jess, with increasing distance from the shock front, even low

T.h's IS caused by th_e dlffere_nt rate of population Of. hlghpopulations of excited electronic states provide a greater uv

V|br_at|onal levels, Wh'C.h provide a source of electronically radiation intensity compared to the ir intensity. A similar low

exched states responsible for uv radiation. . . dissociation degree in a shock heated CO flow was found in
Figure 14 presents a comparison of the ir radiation inten

sity [the band corresponding to th{&,1) vibrational transi- [55]

tion] behind a shock wave calculated by means of the de-

. o . V. CONCLUSIONS
tailed nonequilibrium model developed in the present paper

A nonequilibrium high temperature radiative CO flow be-

O e b e hind a strong shock wave has been studied using the detailed
: 100000 L L T L L
£ 10°4 3 10000
s ] E E
o] A
@) 7
c A o
g 4 e E oo
w1074 E >
% 3 - F g
= P e
Nikitin et al. [ = 100 4 % Nikitin etal. £
No radiation [ E = Total |
. Radiation 1 e IR
10° ——— 1 A UV
0 5 10 15 20 25 30 10
LN A I AL L B R L B L B R L B
Distance behind shock (cm) 0 10 20 30 40 50 60

. . . Distance behind shock (cm)
FIG. 11. Mass fraction of C@ II excited state as a function

of X. vo=5200 m/s, Tu=300 K, py=500 Pa. Influence of radia- FIG. 13. Radiation intensity as a function xfv,=5200 m/s,
tion. To=300 K, py=>500 Pa. Influence of VT transition rates.

056306-9



ALIAT, CHIKHAOUI, AND KUSTOVA PHYSICAL REVIEW E 68, 056306 (2003

5000 L1l 2ol 2ol L1l L1l CO(Xlz)
"""" Nikitin et al. o i
4000 4 Band (2,1) N .
N S C [
N Non-equi ilibrium 3
1N Equilibrium F
B 3000 - co(a’n) i
v \ c E
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2 2000 4 = b 3
£ . a E
S < R
=2 = R L
= Cco(A'n)
1000 - L E
0 s s
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FIG. 14. ir radiation intensity as a function of. vq
=5200 m/s, T;=300 K, py=500 Pa. Comparison of equilibrium
and nonequilibrium intensity distributions.

FIG. 15. Mass fractions of all species as functionsxofv,
=5200 m/s,T(;=300 K, po=500 Pa. Complete kinetic scheme.

that the simple asymptotic formula of Nikitin and Osipov for

self-consistent state-to-state kinetic theory approach. VariougT transition rates has good accuracy and can be success-
collision processeéVV, VT, VE transitions, dissociationas  fully used in numerical simulation of CO flows.
well as ir and uv radiation processes have been included Finally, for further improvement of the model developed,
successively in the kinetic scheme. The contribution of thes@ne should include exchange reactions with formation of C
processes to the formation of vibrational distributions and tgnolecules in the kinetic scheme. Although exchange reac-
the evolution of macroscopic flow parameters has been inions will complicate the model considerably, it will give a
vestigated. The main processes affecting the gas temperatuf20d opportunity to study radiation of the Swan system
pressure, and velocity are VT excitation and dissociation.(Wh'Ch_'S usually observe_d in shock tube expe_nm)arasd
The influence of VV and VE exchanges and radiation Onthus will enable us to validate the model experimentally.
these macroscopic parameters is found to be negligible.
However, VE transitions provide a source of electronically
excited molecules and thus contribute significantly to the uv  This work is partially supported by the Russian Founda-
emission intensity. tion for Basic ResearctProject No. 02-03-42044The Uni-

Different models of vibrational transition probabilities versity of Provence and CNRS supported visits of E.K. to
and dissociation rates have been tested. One can conclutgSTI (University of Provence
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