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Abstract

In the present paper, a theoretical model for the state specific dissociation–recombination rate coefficients taking into account
electronically excited molecular states is proposed. The dissociation model generalizes the well known Treanor–Marrone model
whereas the recombination model is derived using the microscopic detailed balance principle. The developed models are then applied
for the investigation of a non-equilibrium high temperature CO flow with strongly coupled vibrational and electronic energy tran-
sitions, dissociation, recombination, and radiative transitions. The influence of dissociation from electronically excited states on the
flow parameters is found to be important.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that in strongly non-equilibrium high
temperature reacting gas flows, some of elementary
physical–chemical processes like vibrational and elec-
tronic energy exchanges, and chemical reactions often
proceed at the gas dynamic time scale, i.e. they go simul-
taneously with the change of macroscopic flow parame-
ters. Such a coupling shown both experimentally and
theoretically [1] provides a convincing argument against
using multi-temperature and one-temperature non-equi-
librium flow descriptions based on some quasi-station-
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ary molecular distributions over internal energies.
Moreover, accurate calculations of the rate coefficients
of physical–chemical processes [2–6] confirm that the
assumption about a strong difference between the char-
acteristic times of vibrational transitions and chemical
reactions, which provides a basis for quasi-stationary
models, is violated under high temperature conditions.

Another point is that radiative processes are often
considered independently from the collisional processes
on the basis of the local thermal equilibrium (LTE)
assumption. This uncoupled description can imply
noticeable errors in estimated values of radiation inten-
sities and radiative heat flux from strongly non-equilib-
rium flow regions.

These aspects of non-equilibrium kinetics have led to
a rapid development of state-to-state models for the
description of real gas flows with internal energy
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transitions, chemical reactions and radiation [1,7,8]. The
state-to-state approach has the main advantage to treat
directly vibrational level populations thus avoiding to
introduce any quasi-stationary distributions over vibra-
tional energy (the Boltzmann, Treanor ones or their
modifications). In [8], a state-to-state model taking into
account a strong coupling between the radiative and
physical–chemical processes was developed. In [9,10],
this model was extended to take into account molecular
electronic states, i.e vibration–electronic (VE) energy
transfers as well as the radiative transitions from the
electronically excited states. In [10,11], the developed
models were applied for the numerical investigation of
a non-equilibrium reactive and radiative CO flow behind
a shock wave. This allowed one to study the evolution of
the vibrational level populations for each electronic state
as well as the macroscopic flow parameters and radia-
tion intensities behind a shock wave. However the model
has been still limited by the assumption that molecules
can dissociate only from the ground electronic state,
which is not the case in high temperature flows.

Recently, a dissociation model taking into account
electronically excited states was proposed in [12], and
the effect of electronic excitation on the state-to-state
dissociation rate coefficients was studied. However, an
important question raises: has the model properly
accounting for electronic excitation a real impact on
the macroscopic flow field parameters or this effect can
be neglected in numerical simulations? This issue still re-
mains open. The objective of the present paper is to
accomplish the study started in [12]. First, the theoreti-
cal model is completed by deriving expressions for the
state specific recombination rate coefficients for each
vibrational and electronic level. Then, developed models
of dissociation and recombination are applied for the
simulation of a shock heated CO flow. A substantial ef-
fect of dissociation–recombination involving electroni-
cally excited states on the vibrational distributions, gas
flow parameters and radiation is found, which gives a
good reason to recommend the new model for using in
computational fluid dynamics.
2. Kinetic model

In [8–10], a non-equilibrium reactive and radiative
gas flow is described on the basis of the kinetic equations
for distribution functions in the spatial and temporal co-
ordinates (r,t). The atomic and molecular species are
characterized by their chemical sort c, electronic a,
vibrational i and rotational j states. The photons are
specified by their frequency m. A gas flow is considered
under the following condition:

sel � sRR � sRT � sVV � sVT � sVE � schem � srad � h;

ð1Þ
where sel, sRR, sRT, sVV, sVT, sVE, schem, srad indicate
respectively the characteristic times of the elastic colli-
sions, Rotation–Rotation (RR), Rotation–Translation
(RT), Vibration–Vibration (VV), Vibration–Translation
(VT), Vibration–Electronic (VE), chemical and radiative
processes; h is the mean time of macroscopic parameters
change. It is proved experimentally [1,13] that condition
(1) holds in a wide temperature range, in particular, it
describes very well high enthalpy and high temperature
hypersonic flows. This relation provides a basis for the
state-to-state description of a non-equilibrium flow.

Distribution functions satisfy the Boltzmann equa-
tions modified to take into account internal degrees
of freedom and chemical reactions as well as different
rates of elementary processes. Asymptotic methods
for solution of these kinetic equations are developed
in [7,14] on the basis of the Chapman–Enskog method.
The modification takes into account the fact that char-
acteristic times of various elementary physical–chemical
processes differ by several orders of magnitude, more-
over, some of the microscopic processes proceed at
the macroscopic time scale. The modified Chapman–
Enskog method allows one to give a self-consistent
description of a non-equilibrium flow appropriate to
a specific relation between the characteristic relaxation
times.

Under condition (1), using the modified Chapman–
Enskog method [7,8,15], the zero order distribution
functions of chemical species are found in the form:

f ð0Þ
at;c ¼

mc

2pkT

� �3=2
nat;c exp �mcC

2
c

2kT

� �
ð2Þ

for atomic species, and

f ð0Þ
caij ¼

mc

2pkT

� �3=2 ncaiscaij

Zcai
rot

exp �mcC
2
c

2kT
�
ecaij

kT

� �
ð3Þ

for the populations of electro-vibrational levels of
molecular species. Here, mc and k are respectively the
species c mass and the Boltzmann constant; nat,c is the
number density of atoms c, ncai is the number density
of molecules c at the electro-vibrational state (a,i);
Cc = uc � v is the peculiar velocity where v is the macro-
scopic gas velocity. Terms scaij ; ecaij and Zcai

rot are respec-
tively the rotational statistical weight, rotational
energy of level j and the rotational partition function
at the corresponding electro-vibrational state of a
molecule.

Distribution functions (2) and (3) represent local
equilibrium Maxwell distributions of molecules and
atoms over velocities, and the Boltzmann distribution
of molecules over rotational energy at the gas tempera-
ture T. Non-equilibrium atom number densities nat,c and
electro-vibrational level populations ncai are found as
solutions of master equations. One can notice that dis-
tribution functions (2) and (3) are expressed in terms
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of macroscopic parameters nat,c(r,t), ncai(r,t), v(r,t) and
T(r,t).

Since the photon distribution function changes at the
macroscopic time scale (see Eq. (1)), no macroscopic
parameters can be assigned to the photon distributions
in the frame of the Chapman–Enskog method. There-
fore the distribution functions of photons are to be
found directly from the microscopic kinetic equations
which, introducing the specific radiation intensity Im,
can be rewritten in the form of equations of radiative
transfer [8,10].

Finally, macroscopic parameters nat,c(r,t), ncai(r,t),
v(r,t), T(r,t) together with the specific radiation inten-
sity Im(r,t) form a reduced set of variables which pro-
vides a closed self consistent flow description in the
state-to-state approach. A system of governing equa-
tions for these variables was derived in the general
form in [8–10]. It includes the equations of vibration–
electronic–chemical–radiative kinetics for the vibra-
tional level populations, equations of chemical kinetics
for atomic number densities, conservation of momen-
tum and total energy, and equations of radiative
transfer.

In the Euler approximation for a stationary one-
dimensional gas flow behind a shock, the system of gov-
erning equations reads:

dðvnat;cÞ
dx

¼ Rat;c; ð4Þ

dðvncaiÞ
dx

¼ Rcai; ð5Þ

qv
dv
dx

þ dp
dx

¼ 0; ð6Þ

qv
du
dx

þ dqrad
dx

þ p
dv
dx

¼ 0; ð7Þ

dIm
dx

¼ Rrad
m : ð8Þ

The variable x corresponds to the direction of the
shock wave propagation, v is the flow velocity in the x

direction; p = nkT is the pressure (n is the total number
density), q is the gas mixture density and u is the total
energy of material particles per unit mass. It should be
noted that the radiative flux qrad appears in Eq. (7)
due to the coupling of physical–chemical and radiative
processes. This strong coupling is also introduced by
the molecular production term in Eq. (5). Indeed, this
term represents the sum of several terms responsible
for various processes:

Rcai ¼ RVV
cai þ RVT

cai þ RVE
cai þ Rchem

cai þ Rrad
cai : ð9Þ

The term Rrad
cai is associated to radiative processes and

can be written as [11]:
Rrad
cai ¼ 4p

X
a0<a

X
i0

Z 1

0

dmUc
m;aia0i0

� �ncaiA
c
aia0i0 þ nca0i0Bc

a0i0ai � ncaiBc
aia0i0

� �
I m

� �
� 4p

X
a00>a

X
i00

Z 1

0

dmUc
m;a00i00ai �nca00i00A

c
a00i00ai

�
þ ncaiBc

aia00i00 � nca00i00Bc
a00i00ai

� �
Im
�
: ð10Þ

These radiative source terms have been derived tak-
ing into account the isotropic character of the radiation
field, the existence of the Boltzmann distribution over
rotational energy and the normalizing conditions for
the Hönl–London factors [10]. The band profile func-
tion Uc

m;aia0i0 associated to the transition (ai! a 0i 0) satis-
fies the normalizing condition [16]:Z 1

0

dmUc
m;aia0i0 ¼ 1: ð11Þ

The terms Ac
aia0i0 ; Bc

aiai0 and Bc
a0i0ai in Eq. (10) corre-

spond to the band Einstein coefficients for absorption,
induced and spontaneous emission, respectively. In the
present study, they are calculated using the data for
CO molecules given in [17–19]. The expression for the
radiative production term in Eq. (8) depends on the
spectral Einstein coefficients and can be found in [10,11].

Let us discuss now the production terms in Eq. (5) due
to the vibrational energy exchanges. In [10,11] it is shown
that the vibration–vibration (VV) transitions do not affect
the evolution of vibrational distributions and macro-
scopic parameters in a high temperature reacting CO flow
behind the shock. Since we consider a similar flow in the
present study, the VV processes are neglected hereafter.

The production term in Eq. (9) associated to the VT
vibrational energy exchanges reads:

RVT
cai ¼

X
M

nM
X
i0 6¼i

kMca;i0incai0 � kMca;ii0ncai
� �

; ð12Þ

where M indicates a collision partner with the number
density nM. Coefficients kMca;ii0 ði ! i0Þ and kMca;i0iði0 ! iÞ in
the production term (12) are the rate coefficients of the
VT process described by the following reaction:

Acai þM �Acai0 þM : ð13Þ
Modelling of the state specific rate coefficients for

vibrational energy exchanges is widely discussed in the
literature. Exact quantum calculations [2–4] provide a
good accuracy but appear to be rather computationally
laborious. They are often used for the validation of
more approximate approaches [20–22]. Approximate
analytic expressions for the rate coefficients are also in
common use in kinetic modelling, mainly because of
their simplicity. One of the most popular models is the
Schwartz, Slawsky, Herzfeld one [23] based on the
first-order perturbation theory; its generalization for
anharmonic oscillators is given in [24,25]. It works
rather well for low quantum vibrational states but fails
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at high collision velocities, high quantum numbers and
can not be applied for multi-quantum processes
(ji 0 � ij > 1 in reaction (13)). A more rigorous theoretical
approach is used in the nonperturbative forced har-
monic oscillator (FHO) model elaborated in [26–29].
The FHO model takes into account the coupling of
many vibrational states during a collision and is there-
fore, applicable for high temperature conditions and
multi-quantum jumps.

Unfortunately, the direct use of accurate trajectory
methods and complete FHO model in computational
fluid dynamics codes is hardly possible due to their com-
plexity, and therefore some time saving approximations
are required for numerical simulations. For this purpose,
interpolations of experimental measurements or quan-
tum calculations can be used. Comparing three-dimen-
sional semi-classical calculations by Cacciatore and
Billing [30] and experimental data [31,32] on the VV and
VT transition probabilities in CO with the results ob-
tained by means of analytical models, we can recommend
the asymptotic model proposed by Nikitin and Osipov
[33] for the calculation of the FHO transitions probabili-
ties [10,11]. This asymptotic model saves noticeably the
computational time especially for the energy exchange
at high vibrational quantum numbers. We also utilize
expressions given by Adamovich and Rich [34] to calcu-
late the steric factor to take into account the effects of real-
istic three-dimensional collisions and molecular rotation.
In the present study, the steric factor for the VT mono-
quantum transitions is supposed to be equal 1/p which
corresponds to the expected theoretical value 1/3 [29].

The production term in (9) due to the VE exchange
has the form

RVE
cai ¼

X
M

nM
X
a0 6¼a

X
i0

kMca0i0ainca0i0 � kMcaia0i0ncai
� �

; ð14Þ

where kMcaia0i0 ðai ! a0i0Þ and kMca0i0aiða0i0 ! aiÞ are the rate
coefficients of the VE energy transitions described by
the following reaction

Acai þM �Aca0i0 þM : ð15Þ
The VE transitions are very effective when the electro-

vibrational levels (a,i) and (a 0,i 0) are isoenergetic. The
data for the rate coefficients of these processes for CO
molecules can be found in [32].

Let us turn to the production terms by chemical reac-
tions. In this study, only one reaction of dissociation
and recombination is considered

Acai þM �Af þ Ag þM : ð16Þ

Atoms f and g are the components of the diatomic
molecule c. Atomic species are assumed to be in the
ground electronic state. Then the chemical production
terms in Eqs. (4) and (5) read:

Rat;c ¼ Rdiss–rec
at;c ; Rchem

cai ¼ Rdiss–rec
cai ; ð17Þ
with

Rdiss–rec
at;c ¼ �

X
ai

Rdiss–rec
cai : ð18Þ

The molecular dissociation–recombination produc-
tion term has the form

Rdiss–rec
cai ¼

X
M

nM krec;Mcai nat;f nat;g � kdiss;Mcai ncai
� �

; ð19Þ

where kdiss;Mcai and krec;Mcai are respectively the state-to-state
dissociation and recombination rate coefficients.

Modelling of the dissociation–recombination rate
coefficients is one of the crucial points for the correct pre-
diction of vibrational distributions and gas dynamic
parameters. The most reliable data on the reactive cross
sections are obtained by means of quantum and quasi-
classical dynamical approaches. We can refer to works
[35–45] by Clary, Miller, Laganà, Gilibert with coau-
thors which present accurate data for specific reactions
in molecular systems containing H2, D2, OH, H2O, N2,
O2, NO and other species including electronically excited
states. Unfortunately, the number of reactions studied
using quantum and semiclassical methods is rather lim-
ited. Moreover, a direct use of these precise but extre-
mely time consuming methods in computational fluid
dynamics is possible only by exploiting computing grid
technologies [46–48] which at present time are still under
development. That is why in numerical simulations, sim-
pler but less accurate models are commonly used. There
exist a variety of phenomenological and few analytical
dissociation models, one can find an exhaustive list of
models in [49], among them the ladder-climbing model,
Treanor–Marrone [50], Macheret [51] models and other
ones. These models are based on different physical
assumptions and thus have various degree of accuracy.
However, the common issue is that they describe dissoci-
ation only from the ground electronic state, which is not
satisfactory in high temperature and high enthalpy flows.

Recently, a generalization of the Treanor–Marrone
model, which accounts for electronic excitation has been
proposed in [12]. In this paper, the state-to-state rate
coefficient of species c dissociation from the ith vibra-
tional level of the electronic state a kdiss;Mcai is expressed
in terms of the thermal equilibrium rate coefficient
kdiss;Mc;eq and a non-equilibrium factor Zcai

kdiss;Mcai ¼ Zcaik
diss;M
c;eq : ð20Þ

The thermal equilibrium coefficients can be found
using the Arrhenius law whereas the following expres-
sion for the generalized non-equilibrium factor Zcai is
obtained in [12]:

ZcaiðT ;UÞ ¼ Zc
elðT Þ exp

ecai þ eca
k

1

T
þ 1

U

	 
� �

�
X
b

scb exp
ecb
kU

� �
Zcb
vibrð�UÞ
Zcb
vibrðT Þ

" #�1

; ð21Þ
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where Zc
el; s

c
a are the partition function and statistical

weight of the electronic state a:

Zc
elðT Þ ¼

X
a

sca exp �eca=kT
� �

; ð22Þ

Zca
vibr is the vibrational partition function for the given

electronic state:

Zca
vibrðT Þ ¼

X
i

exp �ecai =kT
� �

; ð23Þ

(the vibrational statistical weight scai is equal to unit for
diatomic molecules); ecai ; e

c
a are the vibrational and elec-

tronic energy of corresponding states; T is the gas tem-
perature; U is an adjustable parameter which has a
dimension of a temperature and describes how rapidly
the dissociation probability decreases for low levels. It
is shown in [52] that in the general case, parameter U

should depend on the temperature and on the vibra-
tional state of the molecule especially at low tempera-
tures and high vibrational levels. However, in the
whole range of temperature and quantum vibrational
states setting U equal to a fraction of the molecular dis-
sociation energy #diss leads to a satisfactory agreement.

The factor Zcai represents a state-to-state vibration–
electronic–dissociation coupling factor for preferential
dissociation from highly excited electronic and vibra-
tional levels. If only the ground electronic state of a mol-
ecule c is taken into account, expression (21) reduces to
a state dependent vibration–dissociation coupling factor
obtained by several authors (for instance, in [52]):

ZciðT ;UÞ ¼ Zc
vibrðT Þ

Zc
vibrð�UÞ exp

eci
k

1

T
þ 1

U

	 
� �
: ð24Þ

The value of parameter U = 1 corresponds to the
case of non-preferential dissociation from any vibra-
tional level.

Fig. 1 presents the temperature dependence of the
state-to-state rate coefficient kdiss;COCO;a;1 for CO dissociation
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Fig. 1. Rate coefficients kdissCO;a;1 of dissociation from different electronic
levels. Curves 1, 2, 3 correspond to the electronic states X1R, a3P, A1P.
1 0 corresponds to kdissCO;X 1R;1 calculated using formula (24).
from the first vibrational level of various electronic
states in the temperature range 5000–25,000 K for the
case of preferential dissociation (U = 3T). The coeffi-
cient of dissociation from the ground electronic state is
calculated using both expressions (21) and (24). One
can see that all rate coefficients increase with tempera-
ture, the rate of dissociation from excited electronic
states exceeds noticeably the corresponding rate for
lower states. Taking into account several excited elec-
tronic levels leads to a considerably lower rate of disso-
ciation from the ground electronic state; it is explained
by the repartition of internal energy between electronic
states [12].

Let us derive now the state-to-state rate coefficients of
recombination. They can be obtained by means of ki-
netic theory methods using the principle of microscopic
reversibility. Indeed, the chemical production term (19)
is connected to the microscopic integral operator of
the dissociation–recombination reaction Jdiss–rec

caij by the
formula:

Rdiss–rec
cai ¼

X
j

Z
duc Jdiss–rec

caij ; ð25Þ

where

Jdiss
caij ¼

X
M

Z
dufdugdu

0
MduMduc

� ff
m3

f

fg
m3

g

fMðu0MÞ
m3

M

W caij;M
f ;g;M � fcaij

m3
c

fMðuMÞ
m3

M

W f ;g;M
caij;M

" #
:

ð26Þ

In the last expression, W f ;g;M
caij;M is the probability per

unit time of the reaction between a particle of c species
with the velocity uc and internal states (a, i, j) and a par-
ticle M with the velocity uM leading to the formation of
species (f, g, M) with the velocities ðuf ; ug; u0MÞ. The
prime indicates the change of the particle M velocity
during the reaction. The term W caij;M

f ;g;M corresponds to
the probability per unit time of the backward reaction,
i.e. recombination. It is essentially assumed that the par-
ticle M is structureless or it does not change its internal
state during the reaction.

Substituting the distribution functions (2) and (3) to
expression (26), using conservation of the total energy
in a dissociation–recombination reaction:

mcC
2
c

2
þ eca þ ecai þ ecaij þ ecf þ

mMC
2
M

2

¼
mfC

2
f

2
þ eff þ

mgC
2
g

2
þ egf þ

mMC
02
M

2
ð27Þ

(ecf is the formation energy of the species c), and finally
applying the principle of microscopic reversibility
[14,53,54]:

duMducW
f ;g;M
caij;Mh

3scas
ca
i s

cai
j ¼ dufdugdu

0
MW

caij;M
f ;g;M ð28Þ
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Fig. 2. Rate coefficient krecCO;X 1R;i of recombination as a function of
temperature. (a) i = 1; (b) i = 15; (c) i = 30. Curves 1, 1 0 are obtained
using formula (29); 2 0, 2 0 with formula (31). 1, 2 for U = #diss/6; 1
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(h is the Planck constant, scai ¼ 1 for diatomic species),
the production term (25) can be reduced to the form
(19) with the state-to-state recombination rate coefficient
connected to that of dissociation by the relation:

krec;Mcai ¼ kdiss;Mcai

mc

mfmg

� �3=2

scað2pkT Þ
�3=2h3Zcai

rotðT Þexp �De
kT

� �
:

ð29Þ

Here, De is the energy variation during the collision:

De ¼ eca þ ecai þ ecf � eff � egf : ð30Þ

It should be noted that Eq. (29) generalizes the well
known expression connecting the dissociation and
recombination rate coefficients for the ground electronic
state [7]. Indeed, taking into account only fundamental
electronic state, one can easily obtain the following
relation:

krec;Mci ¼ kdiss;Mci

mc

mfmg

� �3=2

ð2pkT Þ�3=2h3Zci
rotðT Þexp �De

kT

� �
;

ð31Þ
with the variation of energy

De ¼ ecai þ ecf � eff � egf : ð32Þ

This last relation is identical to the one given in [7].
Let us note that the ratio

Kcai ¼
krec;Mci

krec;Mcai

ð33Þ

of the recombination rate coefficients (29) and (31) de-
pends on the ratio of the corresponding state-to-state
dissociation rate coefficients and thus can be expressed
in terms of the ratio of vibration–dissociation and vibra-
tion–electronic–dissociation coupling factors Zci and
Zcai. For the ground electronic state, it does not depend
on the vibrational level: Kcai ¼ Kca (for instance, when
a = X1R for CO molecules).

Fig. 2 presents the temperature dependence of the
recombination rate coefficients for the CO ground elec-
tronic state X1R and vibrational levels i = 1, 15, 30. The
values of krec;CO

CO;X 1R;i are obtained using both formula (29)
taking into account the first three electronic energy lev-
els (X1R,a3P,A1P) and formula (31) for only the ground
electronic state. The rate coefficients are calculated for
U = #diss/6 (preferential dissociation) and U =1 (non-
preferential dissociation).

One can notice that taking into account excited elec-
tronic states leads to a reduction of the recombination
rate coefficients. This decrease is stronger in the case
of the preferential dissociation model when the ratio
(33) can reach approximately a factor 30 (see Fig. 3).
This ratio is about 5 in the non-preferential case, and
varies weakly with the temperature. Let us emphasize
that if only the fundamental electronic state is taken into
account, for upper vibrational levels, the recombination
rate coefficient for the preferential case becomes higher
than that for the non-preferential model. It is not the
case when three electronic states are taken into account.

Fig. 4 shows that recombination of CO molecules is
more effective for high vibrational states. Fig. 5 illus-
trates the temperature dependence of the recombina-
tion rate coefficients of CO molecules at the
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electronic states X1R and A1P, and vibrational level
i = 1. One can see that recombination to the excited
electronic state is more effective, the ratio of the recom-
bination rate coefficients associated to the electronic
states A1P and X1R can reach 100. It is interesting to
note, that for the ground electronic state, the preferen-
tial character of dissociation changes considerably the
rate coefficients whereas for the A1P state, the rate
coefficients for preferential and non-preferential models
are close to each other.

In the thermochemical equilibrium, the populations
of the electronic and vibrational levels follow the Boltz-
mann distributions with the gas temperature T. There-
fore, the relation between the molecular and atomic
number densities takes the form [10]

nat;gnat;f
nc

¼ mfmg

mc

� �3=2

ð2pkT Þ3=2h�3½Zc
elðT ÞZc

vibðT ÞZc
rotðT Þ�

�1

� exp
ecf � eff � egf

kT

 !
; ð34Þ

which expresses the mass action law in gases with elec-
tronic excitation.
3. Applications

In this section, a steady-state one-dimensional invis-
cid CO flow behind a plane shock wave is studied. It
is assumed that the mixture is constituted of CO mole-
cules at the ground electronic state X1R and excited elec-
tronic states a3P and A1P, and atoms C and O in their
fundamental state 3P. The elementary processes taking
place in the flow are the VT transitions:

COða; iÞ þM �COða; i0Þ þM ; ð35Þ
the near-resonant VE exchanges:

COðX 1R; i � 27Þ þM �COða3P; i � 0Þ þM ; ð36Þ

COðX 1R; i � 40Þ þM �COðA1P; i � 0Þ þM ; ð37Þ
which are known to be important in optically pumped
systems [18,55,56].

We also take into account dissociation and recombi-
nation of CO molecules at their fundamental and ex-
cited electronic states:

COðX 1R; iÞ þM �Cð3P Þ þOð3P Þ þM ;

COða3P; iÞ þM �Cð3P Þ þOð3P Þ þM ;

COðA1P; iÞ þM �Cð3P Þ þOð3P Þ þM :

ð38Þ

The state specific rate coefficients of these reactions
are developed in the previous section. The thermal equi-
librium rate coefficient for CO dissociation are com-
puted using the data from [57].
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Two range of radiative transitions are considered: IR
radiation due to the transitions between vibrational lev-
els of the fundamental electronic state, and UV and vis-
ible radiation caused by the transitions between
electronic states. The most intense bands observed in
the UV and visible range are the CO fourth positive
band due to the transitions between electronics states
A1P and X1R. Among radiative transitions the induced
emission and absorption

COða; iÞ þ hm�COða0; i0Þ þ 2hm; ð39Þ
and spontaneous emission

COða; iÞ ! COða0; i0Þ þ hm ð40Þ
are distinguished.
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Fig. 6. Atomic molar fraction as a function of time. 1: dissociation
from X1R, a3P, A1P states; 2: dissociation from X1R state. Bold
vertical line corresponds to the experimentally measured incubation
time of dissociation [58].
4. Results and discussions

A gas upstream the shock is initially composed of
pure CO at the ambient temperature 300 K, with a pres-
sure of 500 Pa. The speed of the shock wave is 5200 m/s.
We study here the influence of electronic states on the
evolution of vibrational distributions and various mac-
roscopic variables in a flow behind the shock. The pref-
erential dissociation model with U = 3T is chosen.

First, let us analyze the influence of VE and radiative
transitions on vibrational distributions and macroscopic
parameters. The contribution of VE processes (36) and
(37) to the formation of vibrational distributions in a
shock heated CO is found to be very weak compared
to the role of these transitions in low temperature CO
systems [31], where a strong depletion of the ground
electronic state vibrational levels close to i = 26 and
i = 40 has been observed. In the high temperature case,
the rate of dissociation from the upper vibrational states
appears to be much higher than the rate of VE transi-
tions [11], and thermal decomposition of CO molecules
becomes dominant compared to VE transitions from the
ground electronic state. However VE transitions provide
a source of electronically excited molecules and thus
influence significantly the dissociation process and the
UV emission intensity.

Concerning the role of radiative transitions, our cal-
culation show that while the distributions over vibra-
tional and electronic energy are the main factors
determining the IR and UV radiation intensity, the in-
verse effect of radiation on the distributions and macro-
scopic parameters is practically negligible. An exception
is the population of electronically excited states which
depends strongly on the radiative transitions.

Further discussion is focused on the impact of disso-
ciation and recombination involving electronically ex-
cited states on gas dynamic parameters, vibrational
distributions and radiation. In order to study this effect,
we have applied two models of the dissociation–recom-
bination rate coefficients described in Section 2: taking
into account three CO electronic states (model 1) and
only the ground state (model 2). The results are given
below.

Fig. 6 presents the time evolution of atomic molar
fractions behind the shock wave for the case of preferen-
tial dissociation (U = 3T). One can see that dissociation
from only the ground electronic state X1R provides a
faster atomic production behind the shock. It is not
unexpected: analyzing the dissociation rate coefficients
(see Fig. 1) one can conclude that the rate of dissociation
from the ground electronic state is considerably higher
(curves 1 and 1 0), therefore neglecting higher electronic
states in the dissociation model leads to a noticeable
overestimation of the atomic production rate.

From the theoretical point of view, model 1 seems to
be much more accurate compared to the model 2. Nev-
ertheless, practical recommendations on the choice of
the model can be done only after its validation in terms
of experimental results. Unfortunately, no experimental
data on the gas dynamic parameters distribution behind
a shock wave for a chosen molecular system are avail-
able in the literature. We have found only one criterion
for the model validation: experimentally measured dis-
sociation incubation time [58]. The bold vertical line in
Fig. 6 represents the CO dissociation incubation time
sinc measured by Appleton in a shock tube at
T � 13,000 K which corresponds to our test case condi-
tions just after the shock front (T = 12,920 K). One can
see that the model 1 provides a satisfactory agreement
with the experiment (at t = sinc the molar fraction of
atoms is less than 1%) whereas the model 2 taking into
account only ground electronic state dissociation, gives
the calculated incubation time shorter than the mea-
sured one by an order of magnitude. Thus, we conclude
that the model 1 accounting for dissociation from ex-
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cited electronic states is more suitable for the description
of a high temperature flow behind a shock wave.

Fig. 7 presents the evolution of translational–rota-
tional temperature T with the distance x behind the
shock front. The temperature relaxation is considerably
faster in the case when only ground electronic state takes
part in dissociation. For this model, thermal equilibrium
is attained at x � 3–5 cm whereas for the model 1, the
relaxation zone becomes approximately ten times longer.
Nonetheless, the equilibrium temperature value attained
at the end of the relaxation zone, coincides for both
models 1 and 2. The high rate of thermal equilibration
found using the model 2 can be explained by the fact
that fast dissociation removes more energy from the
translational mode and thus decreases rapidly tempera-
ture values.

This conclusion is confirmed by Fig. 8 which illus-
trates the vibrational distribution of CO(X1R) mole-
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Fig. 7. Translational temperature as a function of the distance x

behind the shock. 1: dissociation from X1R, a3P, A1P states; 2:
dissociation from X1R state.
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Fig. 8. Vibrational distribution of CO(X1R) molecules at x = 0.1 cm.
1: dissociation from X1R, a3P, A1P states; 2: dissociation from X1R
state.
cules. In this figure the mass fractions qCO;X 1R;i=q ¼
mCOnCO;X 1R;i=q are plotted as functions of i. One can no-
tice that molecules being at the intermediate and higher
vibrational levels dissociate more quickly when only the
ground electronic state takes part in dissociation. While
the shape of vibrational distributions for the model 1 is
close to the Boltzmann one, for the model 2, fast disso-
ciation process disturbs noticeably the tail of
distribution.

Fig. 9 gives the mass fraction of the A1P electronic
state as a function of x. Neglecting dissociation from
electronically excited states yields a lower population
of the level A1P, a discrepancy may reach a factor 100
just behind the shock front. It is not surprising because
in this case, dissociation of the highly excited vibrational
levels of the ground electronic state proceeds faster com-
pared to the case of dissociation from all electronic lev-
els (see Fig. 8). Since levels i � 40 of the X1R state
participating in the VE transition (37) are more depleted
by the dissociation process, this VE transition becomes
less efficient, and the concentration of the A1P level oc-
curs lower in the case of dissociation from only the
ground electronic state.

As far as molecules CO(A1P) are responsible for the
UV emission, its intensity is found to be lower when
neglecting dissociation from the excited electronic levels,
especially close to the shock front (see Fig. 10). On the
other hand, the IR radiation remains practically identi-
cal in both cases, because it is emitted essentially by the
first vibrational levels of the X1R electronic state which
are not affected by the dissociation model.

Finally, we can conclude that using the model 2 leads
to a considerable loss of accuracy; it overestimates the
dissociation rate and the rate of temperature relaxation,
distorts the vibrational distributions, underestimates
the electronic excitation rate and thus the intensity of
UV radiation. When the electronic states are taken
into account in dissociation, the total thermochemical
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Fig. 9. Excited electronic state A1Pmass fraction as a function of x. 1:
dissociation from X1R, a3P, A1P states; 2: dissociation from X1R state.
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equilibrium is attained at a longer distance behind the
shock: the length of the relaxation zone is about
30–40 cm in this case compared to 5 cm in the case of
dissociation from only the X1R state. It can be seen from
Fig. 11, where the ratio qCqO/qCO is plotted as a func-
tion of x. For a comparison, the same ratio calculated
using expression (34) at a given temperature is pre-
sented. This last expression represents the ratio of the
reaction products and reagents concentrations under
chemically equilibrium conditions. One can notice a
considerable deviation from the mass action law in the
region of non-equilibrium chemical reactions.

The last figure, Fig. 12, illustrates the influence of the
model parameter U on the gas temperature. This param-
eter determines the preferential character of dissocia-
tion. Two values of the parameter have been tested
U = 3T, U = #diss/6k (#diss is the CO dissociation en-
ergy). It is seen that under the conditions of this study,
the various values of U provide quasi-identical tempera-
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Fig. 11. Ratio qCqO/qCO as a function of x. Solid lines: dissociation
from X1R, a3P, A1P states; dashed lines: dissociation from X1R state.
Equilibrium ratio is calculated using formula (34); non-equilibrium
ratio represents real flow conditions.
ture relaxation. Similar results are obtained for the
vibrational distributions and other flow parameters. It
leads us to the conclusion that in dissociation modelling,
the role of the parameter U appears to be much weaker
compared to the effect of excited electronic states.
5. Conclusion

A theoretical model for the state specific dissocia-
tion–recombination rate coefficients for diatomic elec-
tronically excited molecules is proposed. Taking into
account electronic states provides a decrease in the dis-
sociation and recombination rate coefficients, the dis-
crepancy is weak for the non-preferential dissociation
model and increases for the preferential case. The reac-
tion rate coefficients are greater for excited vibrational
and electronic states.

The model developed in the paper needs further val-
idation using rigorous quantum calculations and exper-
imental results on the dissociation and recombination
cross sections in electronically excited gases (which are
still not available in the literature). However it can be
used for the estimation of the role of the excited elec-
tronic states in high temperature kinetics.

Thus, it is shown that dissociation from the excited
electronic states affects significantly the evolution of
macroscopic variables in a non-equilibrium reactive
and radiative CO gas flow behind a shock wave.
Neglecting electronic states leads to significant errors
in predicted values of high temperature non-equilibrium
flow parameters, particularly, to an underestimation of
the relaxation zone length.
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en déséquilibre physico-chimique et radiatif derrière une onde
de choc, Ph.D. thesis, Universitéde Provence, Marseille (2002).
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