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Abstract

In the present Letter, state dependent dissociation rate coefficients in diatomic gases with non-equilibrium vibrational and
electronic excitation and chemical reactions are studied. A widely used Treanor-Marrone model is generalized to take into account
state-to-state vibrational and electronic distributions. The influence of electronic excitation on the rate of dissociation from various

electronic states of CO molecules is estimated.
© 2004 Published by Elsevier B.V.

1. Introduction

Recent experimental and theoretical results on non-
equilibrium kinetics in high temperature and high en-
thalpy flows [1] proved the existence of a strong coupling
between the processes of internal energy relaxation and
chemical reactions. Moreover, accurate calculations of
the rate coefficients of vibrational energy exchange and
dissociation [2—-6] show that in a wide temperature range
the rates of these processes are comparable, and there-
fore multi-temperature models based on various quasi-
stationary distributions over vibrational energy are not
valid. This fact has lead to a rapid development of state-
to-state modelling of kinetics, dynamics and transport
processes in real gas flows [1,7]. The state-to-state ap-
proach describes flow kinetics and dynamics in terms of
gas velocity, temperature and populations of all vibra-
tional levels of molecular species. These flow parameters
are found from the momentum and energy conservation
equations solved simultaneously with the equations of
detailed vibrational-chemical kinetics. The production
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terms in these last equations are determined by the state-
to-state rate coefficients of all strongly non-equilibrium
processes, in particular, different vibrational energy
transitions and chemical reactions.

Modelling of the state-to-state rate coefficients of vi-
brational energy exchanges and dissociation is a crucial
point for the correct solution of master equations. Since
experimental data on the state dependent rate coeffi-
cients are limited by a low temperature range (see for
instance [8,9]), theoretical models for the rates of non-
equilibrium physical-chemical processes are of great
importance. The most reliable data on the cross-sections
and rate coefficients of vibrational transitions and dis-
sociation are obtained by means of quantum trajectory
calculations [2-4,10] and quasi-classical dynamical ap-
proach [6,11,12]. However, a direct use of these accurate
but extremely time consuming methods in computa-
tional fluid dynamics is possible only by exploiting
computing grid technologies which at present time are
still in their infancy (see [13-15] for the description of
grid computing tools). A review of more simple ana-
lytical and semi-empirical models for the state-to-state
and multi-temperature rate coefficients is given in [1,16].

While there exist several models of dissociation rate
coeflicients taking into account state-to-state vibrational
distributions, no analytical model taking into account
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electronic excitation has been developed up to now.
Nevertheless, recent studies of non-equilibrium kinetics
show an important role of electronic states in the for-
mation of vibrational distributions [17-20] and radia-
tion from non-equilibrium regions [18-20].

The aim of this Letter, is to develop a simple model of
dissociation rate coefficients which permits to account
for electronically excited states. For this purpose, the
Treanor-Marrone model is generalized for dia-
tomic gases with non-equilibrium vibration—electronic
excitation.

2. Model description

In the present study, a non-equilibrium reacting gas
flow is considered under the following condition:

Tir ~ Trot K Tyibr ™~ Telectr ™~ Treact ™~ 07 (1)

where Ty, Trots Tvibrs Telectrs Treact ar€ the characteristic
times of translational, rotational, vibrational and elec-
tronic relaxation and chemical reactions, and 0 is the
mean time of macroscopic parameters change. Such a
hierarchy of characteristic times represents the basis for
the development of the state-to-state approach, which
apparently provides the most appropriate description of
the kinetics and gas dynamics in the majority of strongly
non-equilibrium flows [1,7].

Under condition (1), in the zeroth order approxima-
tion of the generalized Chapman-Enskog method, the
particle distribution functions over velocity and rota-
tional energy are found, respectively, in the form of the
Maxwell and the Boltzmann distributions whereas the
highly non-equilibrium state-to-state distributions over
vibrational and electronic energy as well as concentra-
tions of chemical species must be obtained as solutions
of master equations [18,19].

Dissociation of a diatomic molecule 4., (¢ is the
chemical species, o and i are the electronic and vibra-
tional levels correspondingly) in a collision with a
partner A; which does not change its internal state
during the collision proceeds through the reaction

Aei +Ag = Ay + Ay + Ag, (2)

where A, and 4, are the atomic reaction products. We
suppose that atoms 4, and 4, appear in their ground
electronic states and therefore, only those molecular
electronic states which dissociation energies are ap-
proximately the same: D¢ ~ D, Vo are included to our
consideration.

In the state-to-state approach, the rate coefficient
k354 of reaction (2) is introduced for each vibrational
and electronic levels of chemical species c. In the inviscid
Euler regime k%% is defined as a dissociation cross-
section 6955 averaged with the Maxwell-Boltzmann

distribution over velocity and rotational energy. In the

Euler regime, the state-to-state rate coefficients depend
only on the gas temperature 7 while in the Navier—
Stokes regime they depend also on the non-equilibrium
electronic—vibrational level populations n.,; and velocity
divergence V - v [21].

Since the reliable data on the cross-sections of process
(2) taking into account excited electronic states are
not available in the literature, theoretical modelling of
coefficients k%5 is required. In this study, similarly to
[22-24], we express the state-to-state dissociation rate
coefficient in terms of the thermal equilibrium rate

coefficient 25 and a non-equilibrium factor V.

K = Yokl ®)
The thermal equilibrium dissociation rate coefficient
ks> can be found using the Arrhenius law

” D
s —arep (- 7). @
where parameters 4 and n are found by fitting the rate
coefficients to the experimental data. In the general case
these parameters depend on the chemical species ¢ and d
of the reaction reagents.

In order to calculate the non-equilibrium factor V,,;
one can introduce a dimensionless ratio

diss,d
7 k, ey

_ Mo

i = iy (5)
c

which can be considered as a probability that a molecule
¢ dissociates from the electronic o and vibrational i
levels. In expression (5), n. =) . n.; 1s the number
density of ¢ species, an averaged dissociation rate coef-
ficient 9554 reads

diss,d __ diss,d
koS = = N7 i,

ne -
€ i

Since coefficients k%% do not depend on the electronic-

vibrational level populations #.,;, then

; ; P . P
k(,hs»s'd — kdlss,d coi kélss4d coi . 6
coi c nm”_/nc c,eq (ncoci/nc)eq ( )

Under thermal equilibrium conditions the populations
of electronic—vibrational levels follow the Boltzmann
distribution:

ma\U_ s (s )
n. )~ z5(0)za (1) <P i)

vibr

where &, ¢ are the vibrational and electronic energies
of corresponding states, s¢*, s¢ are the vibrational and
electronic statistical weights, & is the Boltzmann con-
stant, Z3,, Z are the thermal equilibrium partition
functions:

COL Ccol SICD/
Zvibr = Zsi eXp ( - ﬁ)’
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: : &,
75 = Z:s;exp <kT>
The commonly accepted Treanor—Marrone dissocia-
tion model [22] assumes that a molecule dissociates with
equal probability in any collision which has a sufficient
translational energy, and that decomposition proceeds
preferentially from the high vibrational levels. Gener-
alizing this model to the conditions of electronic exci-
tation, we also admit preferential dissociation from the
highly located vibrational levels of each electronic state.
In this case, the probability P¢, can be written in the
form:
Pl = CU 4 (D= (& + 7)) (®)
here .#(D.— (& +&”)) is the fractional number of
collisions with line-of-center relative energy more than
D. — (&5 +&*) and F“, is the probability that the mole-
cule ¢ at the vibrational level i and electronic level o,
when colliding in a sufficiently energetic collision, will
dissociate. The constant C is found from the normaliz-
ing condition

D Fu=1. 9)

The probability £¢, in (8) reads

D, — (& + &~
Ry = Grep (-2 B, (10)

where U, is an additional parameter which has a di-
mension of a temperature and describes how rapidly the
dissociation probability decreases for low levels, C; is
the constant independent of o and i.

For the Maxwell distribution over velocities
o D, — (&€ + &)

M(D, — (& + &) =C e I
( (601 + & )) 2 €Xp ( KT )

(11)
constant C, is also independent of « and i.

Finally, using expressions (5)—(11) and a common
assumption that the parameter U; does not depend on
the partner d in reaction (2), i.e., that U; = U Vd, one
can rewrite the non-equilibrium factor in the form:

e ] ]
1T ) = Zy(Dyexn (75 1))

T U
c cf -
c 8/3 Zvibr(_U)
[ (@ o

This factor represents a state-to-state vibration—elec-
tronic-dissociation coupling factor for preferential dis-
sociation from highly excited electronic and vibrational
levels. If only the ground electronic state of a molecule ¢
is taken into account, expression (12) reduces to a state

dependent vibration-dissociation coupling factor ob-
tained in [23,24]

VC,-(T,U)Z%CXP (% {lﬁ-%}) (13)

In the limit case U = oo the non-equilibrium factor (12)
takes the form:

S%LC/; -
2 i (T)] . (4

Vo(T) = Z4(T) exp (L)
p vibr

kT

where L. is the number of excited vibrational levels of
the molecular species ¢ at the electronic state . Formula
(14) describes a coupling factor for non-preferential
dissociation which proceeds with equal probability from
any electronic and vibrational level. When only the
ground electronic state is considered, the non-equilib-
rium factor (14) corresponds to the coupling factor of
the well known Hammerling model for non-preferential
dissociation [25].

The choice of the parameter U is rather important for
a correct prediction of the non-equilibrium dissociation
rate coefficients. It can be obtained by fitting the rate
coefficients to the experimental results or the results of
more rigorous calculations. Thus in [24] it is shown that
for nitrogen under moderate and high temperature
conditions, values U = 3T and U = D/(6k) provide a
satisfactory agreement of the state-to-state dissociation
rate coeflicients to the results of the quasi-classical dy-
namical approach. Unfortunately the experimental data
or exact quantum calculations of the state dependent
dissociation rate coefficients in gases with electronic
excitation are not available. Consequently further
analysis of coefficients k%5 for different U values can

cou

give only some qualitative estimations.

3. Results and discussion

Let us consider carbon monoxide molecule and its
electronic states X'X, a*IT, A'TI which contribute to the
reaction

CO(X'E,a’I,A'TI) + M = CCP) + OCP) + M.  (15)

The state-to-state rate coefficients of this reaction have
been calculated on the basis of formulas (12) and (13)
taking into account three electronic states and only
the ground state X'X, respectively. Parameters in the
Arrhenius law (4) are those given by Park et al. [26].
Different values of the parameter U have been studied:
U=3T, U=D/(6k), U=D/(3k) for preferential
dissociation and U = oo which corresponds to the
non-preferential dissociation model. These values are
chosen accordingly to the most commonly employed
values of the Treanor—Marrone model parameter U
[16].
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Fig. 1 presents the temperature dependence of the
state-to-state rate coeflicients kgigslxlm of CO dissocia-
tion from the ground electronic level calculated using
expressions (12) and (13) in the temperature range 5000—
25000 K for preferential (U = 37T) and non-preferential

(U = o) dissociation models. One can see that all rate
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Fig. 1. Rate coefficient kgiés_xlz_i of dissociation from the ground elec-
tronic level as a function of temperature. (a): i = 1; (b): i = 15; (c):
i = 30. Curves 1, 2 are obtained using formula (12); 1/, 2: with formula

(13). 1,1': U =3T3 2,2": U = c.

coefficients increase with temperature, the rate of dis-
sociation from highly located vibrational states exceeds
noticeably the corresponding rate for lower lying states.

Taking into account several excited electronic levels
leads to a considerably lower rate of dissociation from
the ground electronic state for all vibrational levels in
the whole temperature range (if the same model of dis-
sociation is applied). It is a consequence of the internal
energy redistribution between electronic states. Indeed,
the thermal equilibrium vibrational level populations of
the state X' (see (7)) depend on the electronic partition
function Z which is determined by the number of ex-
cited electronic states.

When several electronic states are involved to the
process (15), the rate of non-preferential dissociation
remains higher compared to the rate of preferential
dissociation for all vibrational levels, although this dis-
crepancy decreases significantly with i. If only the
ground electronic level contributes to the reaction (15),
for low and intermediate vibrational levels the rate co-
efficients corresponding to non-preferential dissociation
exceed the ones obtained for preferential dissociation
whereas for high vibrational states this relationship be-
comes inverse.

In Fig. 2 the non-equilibrium factor Ve x15; is given
for the same case as the rate coefficients in the previous
figure but for a wider temperature range: 7 = 1000—
50000 K. Consideration of the coupling factors instead
of the rate coefficients is quite useful because it allows to
avoid the uncertainty introduced by the empirical form
of the Arrhenius law and eliminate its temperature
limitation. It is interesting to emphasize a different be-
haviour of the factor Vo xiz; for various vibrational
levels. While for highly located states the coupling factor
decreases with temperature, for low and intermediate
levels its temperature dependence may have a non-mo-
notonous character.

Fig. 3 demonstrates the temperature dependence of
the ratio

diss
K — keo: Voo 16
T pdiss 7 ’ ( )
COX!S,i COX!%i
where k&S and k&, are calculated taking into ac-

count three electronic levels and only the ground one,
respectively. Different curves correspond to various
values of the parameter U. It should be noted that ratio
(16) does not depend on the vibrational level (see for-
mulas (13) and (12)). One can notice a weak temperature
dependence of K for the case of non-preferential disso-
ciation (U = o00): at low temperatures K =~ 5, and at the
high temperature limit K — 2. In the cases U = D/(3k)
and U = D/(6k) the factor K still remains a slow varying
function of T whereas for U = 37T a significant variation
of K has been found. At low temperatures values of K
achieve several hundreds, and with temperature rising
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Fig. 2. Non-equilibrium factor Ve xiz; of dissociation from the
ground electronic level as a function of temperature. See Fig. 1 for
explanations.

they decrease and become close to the values obtained
for non-preferential dissociation.

In Fig. 4 the influence of the parameter U on the
dissociation rate coefficient gi(s)s_xlz‘l is shown. The
highest value of the coefficient is obtained in the case of
non-preferential dissociation, the value U = D/(6k)
provides a slowest rate of dissociation at 7' > 7000 K
since it corresponds to preferential dissociation from
very highly located vibrational levels.
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Fig. 3. Ratio K of the rate coefficients calculated using formulas (12)
and (13). (1): U = o0; (2): U =3T; (3): U = D/(3k); (4): U = D/(6k).

, 3
kdiss cm’/s
1

i=1

102 £ . . . " T,K
5000 10000 15000 20000 25000

Fig. 4. Rate coefficient kgicsixlz.l as a function of temperature. (1):
U =o0; (2): U =3T; 3): U=D/(3k); (4): U =D/ (6k).
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Fig. 5. Rate coefficients kg%ﬁml of dissociation from different electronic
levels. Curves 1-3 correspond to the electronic states X'Z, a’TI, A'TI.
(H)-(3): U =3T; 1'-3": U = <.
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A comparison of the dissociation rate coefficients for
various electronic states (for i = 1) is presented in Fig. 5.
It is seen that the rate coefficients increase considerably
for high electronic levels, the discrepancy between co-
efficients calculated using the preferential and non-
preferential dissociation models decreases with o and
becomes rather weak for the level A'TI. It is interesting
to note that the dissociation rate coefficients for elec-
tronic levels possessing a higher degree of degeneracy
(like the level a*TT which statistical weight is equal to
three), can be comparable and even exceed in some cases
the rate coefficients for more energetic but non-degen-
erated levels.

4. Conclusion

In this Letter, a simple model of the state-to-state
dissociation rate coefficients taking into account elec-
tronic excitation is proposed and applied for the calcu-
lation of the rate coefficients of dissociation from several
electronic levels of CO. Different values of the model
parameter U are tested, and the influence of the disso-
ciation model on the rate coefficients is estimated. In
particular, it is shown that consideration of several
electronic levels can reduce the rate coefficients for the
ground electronic state by 10-100 times.

Further validation of this model can be performed
using rigorous quantum calculations or experimental
results on the dissociation cross-sections in electronically
excited gases (which are still not available in the litera-
ture). Nevertheless, the model improves the existing
semi-empirical models, and can be used in the compu-
tational fluid dynamics.
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