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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

Nonequilibrium carbon monoxide kinetics has be
widely discussed in the literature for many years becaus
its importance for applications: molecular lasers, enviro
mental problems, planetary atmosphere exploration. The
netics of electrical discharges and optically pumped CO
been investigated thoroughly during the last two deca
~see@1–9#!. As a result, in pumped systems with high vibr
tional energy storage, essentially non-Boltzmann vibratio
distributions have been found both experimentally and
means of state-to-state calculations. At the same time,
though some experimental results on CO kinetics in sh
tubes are available in the literature@10–13#, the peculiarities
of vibration-chemical kinetics in shock heated CO are not
completely known. The majority of theoretical models a
based on quasistationary distributions over vibrational en
gies. Quasistationary multitemperature models are valid
der the assumption that characteristic times of vibrati
vibration ~VV ! and vibration-translation~VT! relaxation and
chemical reactions differ by many orders of magnitud
However, accurate calculations of VV and VT exchan
rates@14–17# as well as dissociation rates@17,18# show that
the validity of this assumption is limited, and in a wide tem
perature range these characteristic times cannot be di
guished. That is why for better understanding of nonequi
rium CO kinetics behind shock waves a more detailed st
to-state approach should be applied.

The main advantage of the state-to-state approach is
it is not based on any quasi-stationary~Boltzmann or Tre-
anor! distribution over vibrational energy and therefore c
predict correctly the behavior of vibrational level popul
tions. This is the reason for the rapid development of t
method for the investigation of reacting gas flows. Recen
many various flows have been studied using this appro
high temperature N2 and O2 flows behind shock waves@19–
1063-651X/2003/68~5!/056306~11!/$20.00 68 0563
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21, expanding flows in nozzles@22–25#, flows in boundary
layers@26,27#, and near blunt bodies@28#. Transport kinetic
theory in the state-to-state approach was developed in@29#,
and the results of@30–32# show a significant influence o
nonequilibrium vibrational distributions on the heat transf
However, a consistent coupling of vibration-electronic e
ergy exchanges and radiation in real gas flows and a t
ough study of the radiative heat transfer in the state-to-s
approach have not yet been performed. Although equat
of aerothermochemistry taking into account radiative effe
have been considered by many authors@33–37#, they are
usually based on the local thermal equilibrium~LTE! as-
sumption, i.e., the existence of a one-temperature ther
equilibrium Boltzmann distribution over vibrational energ
is assumed. This hypothesis can lead to significant error
the estimated values of the radiative heat flux from stron
nonequilibrium flow regions. Accurate evaluation of the he
transfer caused by radiation is of importance for many m
ern applications, in particular, in reentry problems and
design of thermal protection systems.

A general state-to-state kinetic model of a nonequilibriu
flow taking into account the coupling of vibrational rela
ation, chemical reactions, and radiation was developed
@38#, and in @39# this model was extended to take into a
count vibration-electronic~VE! energy transfers as well a
radiative transitions from electronically excited states. In
present paper the approach presented in@38,39# is applied for
the simulation of a nonequilibrium one-dimensional invisc
carbon monoxide flow behind a plane shock wave. The c
tribution of various energy transfers to the formation of v
brational distributions, and their influence on macrosco
flow parameters and radiation intensity are studied. Differ
models for the rates of vibrational transitions and dissoc
tion are considered, and the choice of an appropriate mo
is discussed.
©2003 The American Physical Society06-1
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II. KINETIC MODEL

In Refs.@38–40#, a nonequilibrium gas flow is describe
on the basis of kinetic equations for distribution function
Distribution functions for material particlesf ca i j (r ,pc ,t) are
introduced for chemical speciesc, electronic statea, and
vibrational and rotational energy levelsi and j, respectively
(t is the time, andr and p are the spatial coordinates an
momentum!. For photonsf n(r ,pn ,t) are defined for each
frequencyn.

Kinetic equations for distribution functions of materi
particles can be expressed in terms of the microscopic
ticle velocity uc :

] f ca i j

]t
1uc•

] f ca i j

]r
5Jca i j , ~1!

whereas for the distribution function of photons the eq
tions are written in terms of the momentum:

] f n

]t
1cVn•

] f n

]r
5Jn , ~2!

whereVn is the unit vector defining the direction of travel o
the photon, andc is the speed of light. The collision opera
torsJca i j andJn describe all collisions leading to the chan
of distribution functions

Jca i j 5Jca i j
el 1Jca i j

inel 1Jca i j
react1Jca i j

rad ,

Jn5Jn
rad5Jn

em1Jn
abs.

Jca i j
el andJca i j

inel are the operators of elastic and inelastic c
lisions, Jca i j

react describes chemically reactive collisions,Jca i j
rad

5Jca i j
em 1Jca i j

abs corresponds to radiative transitions includin
absorption and induced and spontaneous emission~scattering
of photons is neglected in this study!. Among inelastic colli-
sions one can distinguish inelastic rotation-translation~RT!
exchanges, VT transitions, VV exchanges, and VE tran
tions. Consequently, the integral operatorJca i j

inel can be pre-
sented in the form

Jca i j
inel 5Jca i j

RT 1Jca i j
VT 1Jca i j

VV 1Jca i j
VE .

Since the work of Wang Chang and Uhlenbeck@41# and
Ludwig and Heil @42#, integral operators of collisions be
tween material particles have been obtained by many aut
and are summarized in@38,43#. Expressions forJca i j

rad ,Jn
rad

were derived in@38,39#.
It is well known that relaxation times of translational an

rotational degrees of freedom are much shorter than the
brational relaxation time and characteristic times of chem
reactions and radiation:

tel;tRT!tVV;tVT;tVE;t react;t rad;u ~3!

(tel , tRT , tVV , tVT , tVE , t react , t rad are the characteristic
times of the corresponding processes, andu is the mean time
of macroscopic parameter change!. Under condition~3!, Eqs.
~1! and ~2! in dimensionless form can be written as
05630
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] f ca i j

]t
1uc•

] f ca i j

]r
5

1

e
Jca i j

rap 1Jca i j
sl , ~4!

] f n

]t
1cVn•

] f n

]r
5Jn

rad . ~5!

Heree;tel /u is a small parameter. The collision operato
of rapid and slow processes under condition~3! include the
following terms:

Jca i j
rap 5Jca i j

el 1Jca i j
RT , ~6!

Jca i j
sl 5Jca i j

VV 1Jca i j
VT 1Jca i j

VE 1Jca i j
react1Jca i j

rad . ~7!

The solution of Eqs.~4!, using the Chapman-Ensko
method generalized for highly nonequilibrium flows wi
rapid and slow processes@38,43# can be sought as an expa
sion of f ca i j in a power series ofe. The zero-order distribu-
tion function of material particles is determined by collisio
invariants of the most rapid processes~whose characteristic
times are much smaller compared tou), and has been found
in the form

f ca i j
(0) 5S mc

2pkTD 3/2nca isj
ca i

Zrot
ca i

expS 2
mcCc

2

2kT
2

« j
ca i

kT D , ~8!

wheremc is the molecular mass,k is the Boltzmann constant
T is the gas temperature,nca i is the number density of mol
ecules ofc species at the internal state (a,i ), Cc5uc2v is
the peculiar velocity~v is the macroscopic gas velocity!, sj

ca i

and« j
ca i are, respectively, the rotational statistic weight a

rotational energy in the corresponding electronic and vib
tional state, andZrot

ca i is the rotational partition function. The
distribution function ~8! represents the local equilibrium
Maxwell-Boltzmann distribution over velocities and rot
tional energies and the strongly nonequilibrium distributi
over vibrational energies and chemical species. It is
pressed in terms of the macroscopic parametersnca i(r ,t),
v(r ,t), andT(r ,t). As no quasistationary vibrational distr
butionsnca i(T) exist, vibrational and electronic state pop
lations are found by solving the equations of detailed sta
to-state vibrational-chemical kinetics. A closed system
macroscopic equations fornca i , v, andT in the zero-order
approximation is given in the next section for a on
dimensional steady state flow.

The change of the photon distribution proceeds at the t
scalet;u and therefore the distribution functions of ph
tons f n can be found directly from microscopic equations~5!.
It is conventional to introduce the specific intensityI n of the
radiation field

I ndndVn5chn f ndpn , ~9!

whereh is the Planck constant, andn is the frequency. Then
Eqs.~5! can be rewritten in the form of equations of radiati
transfer:
6-2
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1

c

]I n

]t
1Vn•

]I n

]r
5

h4n3

c3
Jn

rad . ~10!

First-order distribution functions of material particles a
macroscopic equations in the state-to-state approach
obtained in@29,38,39#. The first-order transport terms wer
investigated thoroughly in@29#. In particular, it was shown
that the heat flux is determined by gradients of the temp
ture and nonequilibrium populationsnca i , and thus depend
essentially on state-to-state vibrational distributions. In
present paper, an inviscid gas flow is studied and there
first-order transport terms are not considered.

III. MACROSCOPIC EQUATIONS

A closed system of macroscopic equations for the par
eters nca i(r ,t), v(r ,t), T(r ,t), and I n(r ,t) in the general
form was derived from the kinetic equations in@38,39#. This
system consists of the equations of detailed state-to-s
vibration-chemical kinetics fornca i , conservation of mo-
mentum and total energy, and the equations of radia
transfer.

In this paper, a steady state one-dimensional inviscid
flow behind a plane shock wave is studied. It is assumed
a mixture is constituted of CO molecules in the ground el
tronic stateX 1S and excited electronic statesa 3P and
A 1P, and of carbon and oxygen atoms C and O. In t
case, the system of macroscopic equations reads

d~vna i !

dx
5Ra i , a51,2,3, i 50, . . . ,La , ~11!

d~vnC!

dx
5

d~vnO!

dx
5Rat

react , ~12!

rv
dv
dx

1
dp

dx
50, ~13!

rv
dU

dx
1

dqrad

dx
1p

dv
dx

50, ~14!

dIn

dx
5Rn

rad , ~15!

wherex is the direction of the shock wave propagation,v is
the flow velocity in thex direction,na i is the population of
the i th molecular vibrational level of the electronic statea,
La is the number of excited vibrational levels for the corr
sponding electronic state,nC andnO are the number densitie
of C and O atoms,p5nkT is the pressure,r is the density,U
is the total energy of material particles per unit massU
depends on the temperature and allnca i), and the production
terms in Eqs.~11! and ~12! are determined by the collisio
operator of all slow processes and the operator of chem
reactions with atom formation, respectively:

Ra i5(
j
E Ja i j

sl duc , ~16!
05630
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react52(

a i j
E Ja i j

reactduc . ~17!

The radiative heat fluxqrad is given by the formula

qrad5E
0

`E
4p

I nVndndVn ~18!

and can be found directly using the solution of the equati
of radiative transfer~10! @38#. Note that in the inviscid ap-
proximation the diffusion velocity and heat flux by materi
particles vanish as a result of the Maxwellian distributi
over velocities. However, the radiative fluxqrad cannot be
removed from Eq.~14! in the Euler approximation, becaus
it is determined by the microscopic distribution function
photons, which does not depend on the order of approxi
tion of the asymptotic method.

In order to write explicitly the production terms in Eq
~11!, ~12!, and~15! it is necessary to specify the set of ener
transitions and chemical reactions which contribute to sl
processes. Vibrational energy transitions included to the
action scheme are as follows: VV exchanges of vibratio
quanta between CO molecules,

CO~ i !1CO~k!
CO~ i 8!1CO~k8!; ~19!

VT transitions (M states for CO, C, or O!,

CO~ i !1M
CO~ i 8!1M ; ~20!

and near-resonant VE exchanges,

CO~X 1S,i;27!1M→CO~a 3P,i;0!1M ; ~21!

CO~X 1S,i;40!1M→CO~A 1P,i;0!1M . ~22!

The VE transitions~21! and~22! from high vibrational levels
to approximately isoenergetic excited electronic states
known to be important in the optically pumped system
@5,6,8,9#. One of the objectives of the present study is
check the role of these transitions in the kinetics of sho
heated CO.

The chemical reaction scheme, at this stage, includes
dissociation and recombination of CO molecules:

CO1M
C1O1M . ~23!

It should be noted that in high temperature CO flows re
tions leading to O2 and C2 formation also take place. How
ever, it is shown in@10# that reactions producing O2,

O1CO
O21C, ~24!

O1O1M
O21M , ~25!

contribute very weakly to CO kinetics in shock tube expe
ments. On the other hand, C2 formation through the reaction

C1CO
C21O, ~26!

C1C1M
C21M ~27!
6-3
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can play an important role in high temperature conditio
Indeed, in shock tube experiments@10# the radiation of the
C2 Swan band (d 3P→a 3P) has been observed. Neverth
less, this study is limited by the conditions when the deg
of CO dissociation is low and therefore the concentration
C atoms contributing to reactions~26! and ~27! is not suffi-
ciently high to produce a noticeable amount of C2 . Including
reactions~26! and ~27! in the kinetic scheme represents
important perspective for the investigation of high tempe
ture CO flows.

Two ranges of radiative transitions are considered:~1! ir
radiation due to transitions between vibrational states,
~2! uv and visible radiation caused by transitions betwe
electronic states. The most intensive band observed in th
and visible range is the CO fourth positive band~the respon-
sible transition isA 1P→X 1S).

Among radiative transitions, the induced emission and
sorption

CO~a,i !1hn
CO~a8,i 8!12hn ~28!

and spontaneous emission

CO~a,i !→CO~a8,i 8!1hn ~29!

are distinguished.
Now let us write the production terms. The total produ

tion term in Eq.~11! represents the sum of several term
responsible for various processes:

Ra i5Ra i
VV1(

M
~Ra i

VT, M1Ra i
VE, M1Ra i

react, M !1Ra i
rad ,

~30!

whereM5CO, C, O, and

Ra i
VV5(

k
(

k8Þk
(
i 8Þ i

~ka, i 8 i
k8k na i 8nak82ka, i i 8

kk8 na inak!,

~31!

Ra i
VT, M5nM (

i 8Þ i
~ka, i 8 i

M na i 82ka, i i 8
M na i !, ~32!

Ra i
VE, M5nM (

a8Þa
(
i 8

~ka8 i 8a i
M na8 i 82ka ia8 i 8

M na i !, ~33!

Ra i
react, M5Ra i

diss, M5nM~krec,a i
M nCnO2ka i ,diss

M na i !.
~34!

Here ka, i i 8
kk8 are the rate coefficients for (i ,k→ i 8,k8) vibra-

tional energy exchanges between two molecules in the s
electronic states;ka, i i 8

M and ka ia8 i 8
M are the rate coefficient

for VT ( i→ i 8) and VE (a i→a8i 8) energy transitions in a
collision with a partnerM; krec,a i

M are the state-to-state ra
coefficients of recombination to thei th level of the electronic
statea; ka i ,diss

M are the rate coefficients of dissociation fro
the i th level of the electronic statea.

Modeling of the rate coefficients for vibrational energ
exchanges and dissociation has remained the focus of a
05630
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tion in recent decades. There exist some low tempera
experimental data on the VV and VT energy transfer in c
bon monoxide@4,44#, which show that for CO molecule
taking into account both long-range and short-range force
of particular importance. Exact quantum trajectory calcu
tions of rate coefficients for vibrational transitions have be
performed by several authors@14–17,45#. One of the com-
monly used analytical approaches is the semiclassical fi
order perturbation Schwartz-Slawsky-Herzfeld~SSH! theory
@46#, its generalization for anharmonic oscillators is given
@47#. It works rather well for low quantum states while
high collision velocities and for high quantum numbers
fails. A more rigorous analytical nonperturbative semiclas
cal forced harmonic oscillator~FHO! model elaborated in
@21# gives rather accurate values for probabilities of VV a
VT transitions ~including multiquantum jumps!. Unfortu-
nately, the direct use of trajectory methods and comp
FHO model in computational fluid dynamics~CFD! codes is
hardly possible due to their complexity, and therefore so
time saving approximations are required for numerical sim
lations. For this purpose, interpolations of experimental m
surements or quantum calculations can be used. One can
some interpolating formulas of trajectory results@14,15# for
N2 and O2 ~see@27#!, but for CO no fitting has been done. I
Ref. @4# semiempirical formulas for the rate coefficients
VV and VT energy exchanges are given in a form similar
that of generalized SSH theory, the agreement with exp
mental results is achieved by using adjustable parame
However, these parameters have been fitted to experime
data only for low temperatures. A simple asymptotic formu
proposed by Nikitin and Osipov@48#, which expresses FHO
transition probabilities for collisions with a small resonan
defect in terms of Bessel functions, can also be useful
numerical simulations. This model permits one to avoid
singularity in transition probability calculations and notic
ably saves computational time.

In Fig. 1 the rate coefficients of the VT transition
CO(X 1S,i )1CO→CO(X 1S,i 8)1CO, calculated by
means of different approaches, are given as functions of t
perature. Transitions between low (1→0) and high (20
→19) quantum states are considered. One can see tha
best agreement with the trajectory calculations of Caccia
and Billing @45# is achieved by using the FHO model@21#
and the Nikitin and Osipov@48# formula ~the results of these
models practically coincide in the whole temperature rang!.
The SSH model is not sufficiently precise for the two cas
considered, while the approximation of Deleon and Rich@4#
works well only for low temperatures. Similar results ha
been obtained for the probabilities of VV exchanges. In
latter case, the best agreement with trajectory calculation
given by the FHO model; the Nikitin model overestimat
the probabilities of VV transitions between widely separa
quantum states~i.e., transitions with a high resonance defe
for which the asymptotic solution is not correct!. However,
as shown in the next section, the contribution of VV pr
cesses~even when overestimating their probabilities! to high
temperature CO vibrational kinetics is rather weak. The
fore, the Nikitin model, which represents a quite go
accuracy/simplicity ratio, can be recommended for numer
6-4
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simulations of high temperature CO flows. The results
tained using the SSH and Nikitin models are discussed in
next section.

Dissociation-recombination reaction rates can also
simulated using different models. The most reliable data
state-to-state dissociation rate coefficients are given by
quasiclassical dynamical approach~see, for instance,@17# for
nitrogen dissociation rates!. Unfortunately, this method con
sumes a lot of computational time. The simplest analyti
model for dissociation rates is the ladder climbing mod
based on the assumption that molecules dissociate thro
the last level, and each molecule reaching this level diss
ates immediately with a probability equal to unity. The d
sociation rate is thus determined by the stream of molec
from lower lying levels to the last level caused by VV an
VT vibrational energy transitions. The Treanor-Marro
model @49# allows for dissociation from any vibrationa
level; in this case, state-to-state rate coefficients are c
nected to the thermal equilibrium rate coefficient by a no
equilibrium factor including an adjustable parameterU. Low
values of this parameter correspond to preferential disso
tion from high vibrational levels;U5` describes nonprefer
ential dissociation from any level. A comparison of th

0 3000 6000 9000 12000 15000 18000 21000
10-2 0

10-1 9

10-1 8

10-1 7

1x10-1 6

10-1 5

1x10-1 4

1x10-1 3

1x10-1 2

1x10-1 1

1x10-1 0

1x10-9

1x10-8

(a)

k 1,
0 (

cm
3  s

-1
)

Temperature ( K)

CO-C O
 SSH
 Deleon et al.
 Adamovich et al.
 Nikitin et al.
 Billing et al.

0 3000 6000 9000 12000 15000 18000 21000
10-2 0

10-1 9

10-1 8

10-1 7

1x10-1 6

10-1 5

1x10-1 4

1x10-1 3

1x10-1 2

1x10-1 1

1x10-1 0

1x10-9

1x10-8

1x10-7

1x10-6

(b)

k 20
,1

9 (
cm

3  s
-1
)

Temperature ( K)

CO-C O
 SSH
 Deleon et al.
 Adamovich et al.
 Nikitin et al.
 Billing et al.

FIG. 1. Rate coefficients of VT transitions (kii 8 , cm3 s21) in
collisions with CO molecules. Temperature dependence calcul
for different models.~a! transition 1→0; ~b! transition 20→19.
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model with the results of quasiclassical dynamical calcu
tions given in@50# shows that in the general case the para
eter U depends on the temperature and on the vibratio
state of the molecule, especially at low temperatures
high vibrational levels. However, in the high temperatu
range, settingU equal to a fraction of the dissociation energ
or U53T leads to a satisfactory agreement with quasicla
cal calculations for all quantum states. The Treanor-Marro
model is used for further calculations of dissociation ra
coefficients. Rate coefficients for VE transitions are tak
from @4,6#.

Production terms due to radiationRn
rad in Eqs. ~15! for

each transition (a i j →a8i 8 j 8) are found in the form

Rn
rad5hn@na i j an,a i j a8 i 8 j 81~na i j bn,a i j a8 i 8 j 8

2na8 i 8 j 8bn,a8 i 8 j 8a i j !I n#. ~35!

Here the coefficientsba8 i 8 j 8a i j , ba i j a8 i 8 j 8 , aa i j a8 i 8 j 8 are the
Einstein coefficients for absorption and induced and spo
neous emission, respectively. They are related by the deta
balance principle:

sj 8
a8 i 8bn,a8 i 8 j 8a i j 5sj

a ibn,a i j a8 i 8 j 8 , ~36!

an,a i j a8 i 8 j 8

bn,a i j a8 i 8 j 8

5
2hn3

c2
. ~37!

Einstein coefficients can be calculated using the method
scribed, for instance, in@51,52#.

The production term due to radiation in Eqs.~11! can be
written as

Ra i
rad5 (

a8,a
(
i 8

(
j , j 8

E
0

`E
4p

@2na i j an,a i j a8 i 8 j 8

1~na8 i 8 j 8bn,a8 i 8 j 8a i j 2na i j bn,a i j a8 i 8 j 8!I n#dndVn

2 (
a9.a

(
i 9

(
j , j 9

E
0

`E
4p

@2na9 i 9 j 9an,a9 i 9 j 9a i j

1~na i j bn,a i j a9 i 9 j 92na9 i 9 j 9bn,a9 i 9 j 9a i j !I n#dndVn

~38!

with a85a5a9 and i 8, i , i 9 for transitions within the
same electronic state.

These expressions can be simplified by introducing in
gral Einstein coefficients:

an,a i j a8 i 8 j 85Aa i j a8 i 8 j 8fn,a i j a8 i 8 j 8 , ~39!

bn,a i j a8 i 8 j 85Ba i j a8 i 8 j 8fn,a i j a8 i 8 j 8 , ~40!

wherefn,a i j a8 i 8 j 8 is the line shape factor satisfying the no
malizing condition

E
0

`

fn,a i j a8 i 8 j 8dn51. ~41!

ed
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Integral coefficients describe the probabilities of all radiat
transitions that contribute to the transition (a i j →a8i 8 j 8).
With the assumption thatI n andhn are slowly varying func-
tions of frequency over the linewidth, integral Einstein co
ficients are related by expressions similar to Eqs.~36! and
~37! with n corresponding to the center of the line.

Finally, simplified expressions forRa i
rad have been de-

rived, taking into account the isotropic character of the
diation field, the existence of the Boltzmann distribution ov
rotational energy, and normalizing conditions for the Ho¨nl-
London factors@40#:

Ra i
rad54p (

a8,a
(
i 8

E
0

`

Fn,a ia8 i 8@2na iAa ia8 i 8

1~na8 i 8Ba8 i 8a i2na iBa ia8 i 8!I n#dn

24p (
a9.a

(
i 9

E
0

`

Fn,a9 i 9a i@2na9 i 9Aa9 i 9a i

1~na iBa ia9 i 92na9 i 9Ba9 i 9a i !I n#dn, ~42!

whereFn,a ia8 i 8 is the band profile function@53# satisfying
the normalizing condition

E
0

`

Fn,a ia8 i 8dn51. ~43!

Data for the calculation of the integral Einstein coefficien
Aa ia8 i 8 , Ba ia i 8 , andBa8 i 8a i for absorption and induced an
spontaneous emission, respectively, can be found in@6,54#.

At this point, one can see that in Eqs.~11!–~15!, vibra-
tional relaxation, dissociation, and radiative transitions
completely coupled; the radiative production terms are c
culated without using the general assumption about lo
thermal equilibrium. A similar approach has been conside
in @4,6,9# for the simple case of a motionless gas in a la
cell. In the next section a gas flow behind a shock wave
studied numerically on the basis of this model.

IV. RESULTS AND DISCUSSION

In this section, a nonequilibrium CO flow behind a sho
wave is investigated in the following free-stream conditio
v055200 m/s,T05300 K, p05500 Pa, which correspon
to a Mach number of about 15. Since the pressure behind
shock is about atmospheric, a Doppler profile is chosen
the line shape factor simulation. Initial vibrational distrib
tions of the CO molecules are supposed to be in equilibr
at temperatureT0 . Equations~11!–~15! have been resolved
using the Gear method for the solution of stiff ordinary d
ferential equation systems.

First let us discuss the influence of VV transitions on
brational distributions and macroscopic parameters. Figu
represents the evolution of CO vibrational level populatio
behind the shock, calculated taking into account VV1VT
and only VT processes. State-to-state distributions have b
obtained using the Nikitin model. One can note a small d
crepancy in the populations of high quantum states atx about
0.01–0.1 cm behind the shock front; this difference dis
05630
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pears at shorter distances and with risingx. The discrepancy
might be caused by a tendency of the Nikitin model to ov
estimate VV rates of transitions between widely separa
states. When using the SSH model for vibrational excha
rates, the influence of VV transitions on vibrational distrib
tions is practically negligible. For both models, the gas te
perature and other macroscopic parameters are compl
insensitive to neglect of VV transitions. This fact is ve
encouraging, because the calculation of VV rate coefficie
is one of the most time consuming procedures. Thus one
eliminate VV processes when studying high temperature
kinetics, which is not the case in low temperature optica
pumped systems.

In Fig. 3 the evolution of level populations calculate
using the SSH and Nikitin models is given. While for lo
levels the two models lead to similar results, for intermedi
and high levels the difference is significant. The SSH mo
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FIG. 2. Evolution of vibrational level populations behind th
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VV exchanges.
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overestimates the rate of VT transitions between highly
cated states, and thus leads to a more rapid populatio
high levels. However, equilibrium values of populations
high quantum states are lower compared to the ones give
the model of Nikitin. Moreover, it has been found that t
SSH theory developed for harmonic oscillators, provid
Boltzmann-like distributions whereas the models taking i
account anharmonicity of vibrations give distributions de
ating from the Boltzmann one. This can be seen from Fig
where vibrational temperatures of different levels introduc
by the definition

Tv~a,i !5
1

k

«a i2«a i 21

ln~na i /na i 21!
~44!

(«a i is the vibrational energy of thei th level of the electronic
statea) are plotted. One can see that the vibrational te
peratures of various states differ noticeably and reach e
librium at different times. This seems to be a serious ar
ment against the validity of multitemperature models
harmonic oscillators based on the assumption of a sin
vibrational temperature for all vibrational levels.

Figures 5 and 6 demonstrate the influence of dissocia
on vibrational distributions. Taking into account the dissoc
tion process dramatically changes the shape of distribut
at x.0.01 cm behind the shock because of the depletion
high quantum states. The choice of the parameterU53T or
U5qdiss/6 (qdiss is the dissociation energy in kelvin!
weakly affects the shape of distributions, whereas the va
U5qdiss/20, which corresponds to preferential dissociati
from very high levels, gives a different distribution shap
with higher population of intermediate levels and sharp
crease of the distribution tail population. In the case of n
preferential dissociation (U5`), Boltzmann-like distribu-
tions have been found.

It is interesting to emphasize the very weak influence
VE processes on the vibrational distributions. It is w
known that in low temperature CO systems VE transitio
lead to a crucial depletion of the states close toi 526 andi
540, which are almost isoenergetic with the first and sec

FIG. 4. Vibrational temperature of different levels as a functi
of x. v055200 m/s,T05300 K, p05500 Pa.
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CO electronic states@4–6#. In the high temperature case, th
rate of dissociation from the upper vibrational states appe
to be much higher than the rate of VE transitions, and th
mal decomposition of CO molecules becomes domin
compared to VE transitions from the ground electronic sta
This can be seen in Fig. 7, which presents the evolution
the CO 40th level population behind the shock, taking in
account successively the VT, VE, and dissociation proces

The effect of dissociation and various models of vibr
tional transition rates on the gas temperature behind
shock is demonstrated in Fig. 8. It is not surprising that t
ing into account thermal dissociation provides a signific
decrease of the equilibrium gas temperature attained at
end of the relaxation zone. When dissociation is neglec
thermal equilibrium is established at a considerably sho
distance from the shock front, and an important energy s
ply, which could be spent in the dissociation reaction, is
tained in the translational mode. One can see also that u
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FIG. 5. Vibrational distributions as functions ofi at various
distances from the shock front.v055200 m/s, T05300 K, p0

5500 Pa. Contribution of the dissociation process.
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the SSH model leads to a slower decrease of the gas
perature. At the present initial conditions, the SSH the
underestimates rates of VT transitions at low vibrational l
els, which are responsible for gas temperature values. S
the excitation rate of the first vibrational states is lower
this case, thermal equilibrium for the SSH model is achiev
later, especially when dissociation is taken into account.

Figure 9 presents atomic molar fractions as functions
the distance from the shock front, calculated using differ
models for the rates of vibrational transitions and dissoc
tion. For nonpreferential dissociation (U5`), chemical
equilibrium is attained faster than in the preferential dis
ciation model. The influence of the model of VT transitio
rates on the atom formation rate is rather weak in this ca
both SSH and Nikitin models give similar results. This c
be explained by the fact that in the nonpreferential case
sociation may proceed from any vibrational level, in partic
lar, from highly populated low levels. Since the SSH a
Nikitin models provide practically the same results for lo
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FIG. 7. Mass fraction of the 40th CO vibrational level as
function of x. v055200 m/s,T05300 K, p05500 Pa. Contribu-
tion of VE and dissociation processes.

FIG. 8. Gas temperature as a function ofx. v055200 m/s,T0

5300 K, p05500 Pa. Influence of dissociation and different mo
els for VT transition rates.
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level populations~Fig. 3!, rates of atom formation are ver
close for both these models. In contrast, for preferential d
sociation, the behavior of the upper vibrational levels is
importance. As populations of upper levels obtained us
the SSH and Nikitin models vary considerably, the rates
atomic species formation are also different. Thus the S
model, which gives a lower population of high levels atx
.0.1 cm ~see Fig. 3!, provides a lower rate of preferentia
dissociation.

Let us discuss now the features of VE transitions a
radiation. Vibration-to-electronic transitions lead to the fo
mation of electronically excited states~CO a 3P andA 1P
states are considered!. Then electronically excited particles
whose radiative lifetime is usually short~about several nano
seconds@6#!, descend to the ground state, emitting photons
the uv range. The influence of dissociation and radiation p
cesses on the mass fractions ofa 3P and A 1P states is
demonstrated in Figs. 10 and 11. Dissociation diminishes
population of high vibrational levels of the ground electron
state, thus making VE transitions from upper vibration
states less efficient, which explains the significant decre
of excited state populations~see Fig. 10 for thea 3P state;
similar results are obtained for theA 1P state!. Taking into
account uv radiation from the fourth positive system a
considerably decreases populations of theA 1P state due to
radiative decay. Figure 11 gives results forA 1P. Note that
all collision processes, VT, VE, and dissociation, are
cluded now in the kinetic scheme. While the effect of
radiation on electronic state populations is found to be
portant, the influence of ir radiation on vibrational lev
populations of theX 1S state is practically negligible. The
reason for that probably lies in the comparatively long rad
tive lifetime of excited vibrational levels ofX 1S state
~about several milliseconds!. It should be noted also that th
influence of both ir and uv radiative processes on mac
scopic flow parameters~gas temperature, pressure, velocit!
is found to be very weak.

Figure 12 presents the intensity of ir and uv radiati
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55200 m/s,T05300 K, p05500 Pa. Influence of dissociation an
VT transition rates.
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calculated using the complete kinetic scheme and also
glecting dissociation. It is seen that thermal dissociat
strongly affects radiative processes, significantly decrea
both ir and uv radiation intensity.

The effect of VT transition rates on the radiation intens
is shown in Fig. 13. The complete kinetic scheme includ
all collision and radiative processes is applied here. One
see a weak influence of the VT transition probabilities on
ir radiation intensity. At the same time, uv and total inten
ties are considerably affected by the rate of the VT proce
This is caused by the different rate of population of hi
vibrational levels, which provide a source of electronica
excited states responsible for uv radiation.

Figure 14 presents a comparison of the ir radiation int
sity @the band corresponding to the~2,1! vibrational transi-
tion# behind a shock wave calculated by means of the
tailed nonequilibrium model developed in the present pa
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FIG. 10. Mass fraction of COa 3P excited state as a function o
x. v055200 m/s,T05300 K, p05500 Pa. Influence of dissocia
tion.
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and for thermochemical equilibrium conditions~using the
Planck function for blackbody radiation!. A great discrep-
ancy of results in the nonequilibrium region is found. O
can conclude that the assumption of thermal and chem
equilibrium for calculation of the radiative heat flux in re
gas flows can lead to a significant error.

The mixture composition behind the shock front calc
lated taking into account all considered processes~except
VV exchanges, whose contribution to the high temperat
CO kinetics is shown to be negligibly small! is given in Fig.
15. One can see a weak degree of dissociation as well as
concentrations of electronically excited molecules. Nevert
less, with increasing distance from the shock front, even
populations of excited electronic states provide a greate
radiation intensity compared to the ir intensity. A similar lo
dissociation degree in a shock heated CO flow was foun
@55#.

V. CONCLUSIONS

A nonequilibrium high temperature radiative CO flow b
hind a strong shock wave has been studied using the det

0 10 20 30 40 50 60 70 80 90 100
100

1000

10000

100000

1000000

VT+VE+diss+rad

VT+VE+rad

In
te

n
si

ty
 (

W
 m

-2
 s

r-1
)

Distance behind shock (cm)

 IR
 UV

FIG. 12. Radiation intensity as a function ofx. v055200 m/s,
T05300 K, p05500 Pa. Influence of dissociation.
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self-consistent state-to-state kinetic theory approach. Var
collision processes~VV, VT, VE transitions, dissociation! as
well as ir and uv radiation processes have been inclu
successively in the kinetic scheme. The contribution of th
processes to the formation of vibrational distributions and
the evolution of macroscopic flow parameters has been
vestigated. The main processes affecting the gas tempera
pressure, and velocity are VT excitation and dissociati
The influence of VV and VE exchanges and radiation
these macroscopic parameters is found to be negligi
However, VE transitions provide a source of electronica
excited molecules and thus contribute significantly to the
emission intensity.

Different models of vibrational transition probabilitie
and dissociation rates have been tested. One can conc
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FIG. 14. ir radiation intensity as a function ofx. v0

55200 m/s,T05300 K, p05500 Pa. Comparison of equilibrium
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that the simple asymptotic formula of Nikitin and Osipov f
VT transition rates has good accuracy and can be succ
fully used in numerical simulation of CO flows.

Finally, for further improvement of the model develope
one should include exchange reactions with formation of2
molecules in the kinetic scheme. Although exchange re
tions will complicate the model considerably, it will give
good opportunity to study radiation of the Swan syste
~which is usually observed in shock tube experiments!, and
thus will enable us to validate the model experimentally.
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