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Abstract

The Letter presents a generalization of the kinetic model for radiative flows of reacting gas mixtures with strong
vibrational and chemical non-equilibrium. The new model takes into account the vibration—electronic (VE) transitions
and radiative transitions from the electronically excited states. A closed set of macroscopic equations taking into ac-
count the coupling of vibrational relaxation, chemical reactions and radiative transitions is derived. The peculiarities of
non-equilibrium kinetics of CO in different conditions are discussed. © 2001 Published by Elsevier Science B.V.

1. Introduction

Non-equilibrium  state-to-state  vibrational—-
chemical kinetics of diatomic molecules is widely
discussed in the recent papers on molecular lasers,
atmosphere chemistry and various gas dynamic
applications. A short review of the results obtained
for different flows by means of solution of master
equations for the vibrational level populations
together with conservation equations is given, for
instance, in [1,2]; the kinetic theory of state-specific
transport properties and reaction rates is devel-
oped in [2,3].

An extension of the state-to-state model which
permits to treat properly radiative transitions is of
importance for laser technology, photochemistry,
shock tube measurements as well as for estimation
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of the heat transfer caused by radiation. A self-
consistent model which allows one to describe a
non-equilibrium gas mixture flow with coupled
vibrational relaxation, chemical reactions, ab-
sorption and emission of photons based on the
rigorous kinetic theory is proposed in [1]. This
approach has been elaborated for the conditions
when excitation of electronic molecular states can
be neglected, i.e., for moderate gas temperatures or
for the case of low storage of vibrational energy.
Such a model can fail to describe optically pumped
systems or some high temperature and high enth-
alpy flows.

In the present Letter the state-to-state model
given in [1] is generalized by including in the ki-
netic scheme the vibration—electronic (VE) transi-
tions and emission from the electronically excited
states. As in the previous paper, the approach is
based on the assumption of rapid equilibration of
translational and rotational modes compared to
the remaining processes. In this case the distribu-
tions over velocities and rotational energies follow
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the Maxwell-Boltzmann form, while no quasi-
stationary distributions over vibrational energies
(Boltzmann or Treanor) is established in the sys-
tem. A closed set of macroscopic equations taking
into account coupled vibrational and electronic
relaxation, chemical reactions and radiative tran-
sitions is derived. The detailed non-equilibrium
kinetics of carbon monoxide is considered as an
example of possible application of the proposed
model.

2. Kinetic theory approach

The gas flow is described on the basis of the
kinetic equations for distribution functions. The
distribution functions f,;(r,p.,t) are introduced
for every chemical species ¢, electronic state o,
vibrational and rotational energy levels i and j,
respectively, and for photons f,(r,p,,?) (¢ is the
time, r and p are the spatial co-ordinates and
momentum). For the convenience of notations one
can designate the set of internal states by a unique
number: g = (o,i,7). The kinetic equations for
distribution functions of material particles can be
expressed in terms of microscopic particle velocity
u:

0feq Ofeq
o T T M

whereas for the distribution function of photons
the equations are written in terms of momentum
of, ofy

ot + CQ‘,- g = J\v, (2)

where Q, is the unit vector defining the direction of
travel of the photon, ¢ is the speed of light. The
collision operators J,, and J, describe all the col-
lisions leading to the change of distribution func-
tions. They represent a sum of several terms
corresponding to different processes

_gel inel react rad
ch - ch + ch + ch + ch .

The integral operators of elastic and inelastic col-
lisions J& and J¢! correspond to the collisions of
material particles which do not result in the change
of chemical species:

Acq + Adr = Acq + Adr7 (3)
Acq + Adr - Acq’ + Adr’- (4)

Elastic collisions (3) lead to the change of only the
particle velocities, and in collisions (4) the internal
state of molecules varies also. Reaction (4) can
describe the inelastic rotation—translation (RT)
exchange (in this case only rotational quantum
numbers j change during the collision); vibration—
translation (VT) transitions, intramode vibration—
vibration (VV) exchange, intermode VV’ transfer
of vibrational quanta between unlike molecules (in
all these cases both rotational and vibrational
states i and j change); and, finally, VE transitions
(this process leads to change of all internal states i,
J» @). Consequently, the integral operator JI' can
be presented in the next form

Jel = JRT L VT TV + WY+ I

The collision operator of chemical reactive colli-
sions J;5* describes exchange reactions

qu + A, = Ac/q/ + Ay (5)
and dissociation—-recombination process
Acq +Aa = Aar + AC’q’ + Af"p" (6)

Therefore, J3 = Jo 4 Jasree,

The collision operators for processes (3)-(6),
except for the VE transitions, since the papers of
Wang Chang and Uhlenbeck [4] and Ludwig and
Heil [5] are obtained by many authors and sum-
marized in [6,1]. The integral operator for VE
transitions represents an extension of that for in-
elastic collisions without change of the electronic
state

sesd

VE -
Jog = § : / fch’fd"chSd — feaSar

ql 'J

drg »
q/r/ 2
X gl’do—cd,qrd Qc’d’ dlld, (7)

where s{ i/s,the statistical weight of corresponding
state ¢; o7, . is the differential cross-section of the
transition of particles at the internal states
q = (a,i,j) and r=(f,k,1) and possessing the
velocities u. and u; to particles at the internal
states ¢’ = (o/,7',j) and # = (B, k',I') with the
velocities u/, u); g, is the relative velocity of col-
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liding particles; dQ., is the solid angle in which
the relative velocity after the collision can appear.
Note, that the integral operator of inelastic colli-
sions within the same electronic state can be easily
deduced from (7) by keeping constant o, f and
omitting the summation over B, o, 8.

Among the radiative collisions the ones leading
to absorption, emission and scattering of photons
may be distinguished. The following transitions
correspond to absorption and induced emission
processes

Aoy +hv = Aoy + 20, (8)

(h 1s the Planck constant, v is the frequency), while
spontaneous emission is described by the transi-
tion

Acq — Acq’ + hv (9)

and has no corresponding inverse process. An-
other possible process is scattering of photons by a
material particle. In the present study we neglect
scattering as a much less probable process com-
pared to (8) and (9) (see [1] for the definition of
corresponding integral operator). Moreover, we
consider the conditions when the degree of ion-
ization is negligibly small. In this case one may
take into account only the bound-bound radiative
transitions between rotational, vibrational and
electronic states of molecules and neglect the
bound-free and free—free radiative transitions.
Under this condition and neglecting scattering
Jrad — Jém—abs.

The integral operators for processes (8) and (9)
neglecting electronic excitation have been derived
in [1]. The generalized operator Jo™** taking into
account electronic states can be written in the
form

KDY / (f Jor g, f‘"(f‘ ' )>

x ¢4 dp, duc. (10)

cv,q

Here o< Z is the differential cross-section of in-
duced emission of a photon with frequency v by an
excited particle of ¢ chemical species at the internal
state ¢ = (o, £, /) with a consequent deactivation of
a particle to the lower state ¢’ = (o, 7, f).

The integral operator J, which describes the
change of the distribution functions of photons
contains two terms: J, = J™ = J¥ 4 J¢, the first
term corresponds to the radlatlve transitions be-
tween vibrational levels within the same elec-
tronic state, and the second one is for the
transitions between electronic states. The expres-
sion for J) is given in [1], it can be easily gen-
eralized for J¢ by performing the summation over
electronic states.

For the solution of kinetic Egs. (1) and (2) the
Chapman-Enskog method generalized for rapid
and slow processes [6,7] can be used. The zero-
order distribution function is determined by the
eigenfunctions of the linearized collision operator
of rapid processes J5iP. Under conditions consid-
ered in the Letter the operators of rapid and slow
processes may be written in the form:

=0, (11)
sl __ yVV vV’ VT VE t d
T = TV IV VT JE ety e,

Jot =g, (12)

ra el RT
i
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The zero-order distribution function of material
particles /) is obtained in the form of the
Maxwell-Boltzmann distribution over velocity
and rotational energy depending on the non-
equilibrium level populations of chemical species
[1,6]

(0) m, \3/? ncvzswl me CC2 Sjii
Jouy = (27tkT) ze P\ T Tk )
(13)

where m, is the molecular mass, k is the Boltzmann
constant, 7 is the gas temperature, n., is the
number density of molecules of ¢ species at the
internal state («,7), C. = u, — v is the peculiar ve-
locity (v is the macroscopic gas velocity), s“’ and
j“’ are, respectively, the rotational statistic welght
and rotational energy at the corresponding elec-
tronic and vibrational state, Z< is the rotational
partition function. Distribution function (13) is
expressed in terms of macroscopic parameters
Neyi(t,8), v(r,t), T(r,t). On the contrary, as it is
shown in [1], the distribution functions of photons
f, are to be found directly from microscopic
equations (2).
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The generalized Chapman—Enskog method al-
lows one to derive a closed system of equations for
the macroscopic parameters [1,6]. This system
consists of the master equations for n.,, conser-
vation of momentum and total energy and equa-
tions of radiative transfer [1]

d(”;cal+ Laczv V+V (ncocz cacz):Rcocia
c=1,....,L,a=1,...,Le., i=0,..., Ly,
(14)
d
d +V-P=0, (15)
dU O0F g
dt+ ” +V-q+V-quq+P:Vv=0
(16)
101, of, V' .4
ca Pa= el
=V, Va,..., VR (17)

Here L is the total number of chemical species, L.,
is the number of considered electronic states for
this species, L., is the number of excited vibra-
tional levels for the corresponding electronic state,
R corresponds to the number of characteristic
frequencies in a flow, p is the density, U is the total
energy of material particles per unit mass (U de-
pends on the temperature and all n.,;), V., is the
diffusion velocity of ¢ species at the VE state («, i),
P and q are the tensor of pressure and heat flux for
material particles, 7, is the specific intensity of the
radiation field

1,dvdQ, = chvf, dp,, (18)

E.q and q,,4 are the radiation energy and radiative
heat flux

Erad:l/ /IvdVdvi Qrad
¢ Jo 4n
= / / 1,9, dvdQ,. (19)
0 4n

gs. (14)—(17), represent a set of macroscopic
equations describing a flow of a reacting and ra-
diating gas mixture under strong non-equilibrium
conditions. In order to close the system it is nec-
essary to define all transport and production
terms.

First, the radiative flux can be found directly
using the solution of equations of radiative trans-
fer (17) [1]. Note, that in the zero-order approxi-
mation of the Chapman-Enskog method the
diffusion velocity and heat flux by material parti-
cles vanish as a result of the Maxwellian distribu-
tion over velocities (V%) = 0, q© = 0). However,
the radiative flux q,,4 cannot be removed from Eq.
(16) in the Euler approximation, because it is de-
termined by the microscopic distribution function
of photons which does not depend on the order of
approximation of the asymptotic method.

The expressions for the first-order state-specific
transport terms of material particles at the ground
electronic state have been derived in [2]. Taking
into account electronic excitation these expressions
can be generalized. Thus, the tensor of pressure is
given by

P= (p *Prel)l

Here I is the unit tensor, S is the tensor of defor-
mation velocities, u, # are the shear and bulk vis-
cosity coefficients, p. is the relaxation pressure.
Strictly speaking [1], Eq. (15) should contain the
terms responsible for the transfer of momentum in
a photon—particle interaction (mean momentum of
photons and tensor of pressure for photons).
However, the contribution of these terms to the
conservation of momentum is usually negligibly
small. On the contrary, the exchange of energy in
the photon—particle collision is not negligible be-
cause the energy of a photon is of the same order
of magnitude as the kinetic energy of a material
particle, and therefore the radiative heat flux
cannot be neglected in Eq. (16).
The diffusion velocity takes the form

—2uS —yV -vL (20)

cocz - ZD”” ddﬁk - DTcociv In T7 (21)
d.pk
where fol]‘ and Dy,,; are the diffusion and thermal
diffusion coeflicients for every chemical species and
VE state. The diffusion velocity is expressed in
terms of non-equilibrium distributions through the
diffusion driving forces

deyi = V("”") - (n——
n n

pmi
—2 |Vinp,
A
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where p,,; is the mass fraction of the species ¢ at
the state (o, ).

The total energy flux is given by the following
expression:

q= —AVT —pZDTmidmi

C,0,0

5 —coi Co C
—+ Z <2kT+ Sj —+ 81- + ¢ )nmivczxi; (22)

c,o,i

where Ej“i is the averaged rotational energy, /A is the
coefficient of thermal conductivity connected with
elastic and inelastic translational-rotational TR
energy transfers. The transfer of vibrational and
electronic energy is described by introducing the
diffusion coefficients for every VE state.

The transport coefficients involved in the ex-
pressions for V., P and q depend on the cross-
sections of rapid processes (elastic collisions and
RT transfers) and can be calculated following the
method proposed in [2]. Finally they are expressed
in terms of gas temperature, state-to-state level
populations and elastic collision integrals. One
should mention that in this approach the heat flux
is determined by gradients of temperature and
non-equilibrium populations n.;, and thus de-
pends essentially on the state-to-state vibrational
distributions.

The production terms due to slow processes in
Eq. (14)

Rcazi - Z /Jjolu'jduc
J

—_ RVV +RVV/ +RVT +RVE +R:§;Cl +Rrad

coi coi coi coi coi

(23)

represent the functions of VE level populations,
number densities of atoms and non-equilibrium
rate coefficients of corresponding reactions. The
kinetic theory of the state-specific rate coefficients
is developed in [3]. The zero-order state-to-state
rate coefficients correspond to the Maxwell-
Boltzmann distribution over velocities and
rotational energies and depend only on the gas
temperature. On the contrary, the first-order rate
coefficients depend on all level populations and
atomic number densities. Moreover, the first-order
rate coefficients in a moving gas contain the terms

proportional to V -v. These terms are equal to
zero if there is no any rapid inelastic process and
only the elastic collisions determine the rapid
process.

3. Non-equilibrium CO Kkinetics

The kinetic model presented above can be ap-
plied for investigation of any flow of a diatomic
neutral gas mixture. A molecule of carbon mon-
oxide is chosen because of its importance for many
applications: molecular lasers, environmental
problems, planetary atmospheres exploration. CO
kinetics has been widely discussed in the literature
for many years, the peculiarities of shock-heated
CO flows have been studied experimentally in [8,9],
the kinetics of electrical discharges and optically
pumped CO remains the focus of attention for the
last two decades [10-18]. The aim of this section is
to give a short summary of recent results in this
field and to list the main processes which have to
be taken into account for the simulation of CO
flow using the model described in the previous
sections.

3.1. Radiative transitions

Two kinds of radiative transitions are distin-
guished: (1) IR radiation due to the transitions
between vibrational states, and, (2) UV and visible
radiation caused by the transitions between elec-
tronic states. The most intensive bands observed in
the UV and visible range are: CO fourth positive
band (the responsible transition is A'TI — X'Z);
CO Cameron band (a*IT — X'X), which is about
10? times less intensive than the fourth positive one
[8]; C, Swan band (d’TI — a*II). Actually, several
additional bands can be detected in the system
(like CO third positive, C, Deslandres-d’Aza-
mbuja, Fox-Herzberg and Mulliken, and some O,
bands) but they appear to be rather weak [17].
Finally, we take into account only three electron-
ically excited states: the lowest singlet and triplet
CO states: CO(A'IT), CO(a’I), and also C,(d’IT).
The production terms due to radiation can be
calculated using the FEinstein coefficients [19] for
the radiative transitions between vibrational levels
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within the same electronic state, and using the
formulas given in [15] for the transitions between
electronic states.

3.2. Vibrational energy exchange

Among the vibrational energy transfers we
distinguish the VV exchange between the same
molecules

CO(i) + CO(k) = CO(i') + CO(K'), (24)

VV’ exchange between different vibrational modes,
an example is the near-resonance exchange be-
tween CO and O, [20]

CO(i) + 05(0) = CO(i — 1) + Os(1),
i~ 25, (25)

asymmetric one-by-two quanta near-resonance
VV exchange [18]

CO(i) + CO(0) = CO(i — 2) + CO(1),

i~ 35-40 (26)
and VT transfer
CO>i)+M = CO(/') + M. (27)

The state-specific rate coefficients for processes
(24)—(27) are given by [21,15,22]. One should
mention that processes (25) and (26) involving
transitions between highly excited states do not
contribute significantly to the formation of vibra-
tional distributions in shock-heated CO. However,
they can influence noticeably the level populations
in optically pumped systems and expanding flows
with high storage of vibrational energy.

3.3. Vibration—electronic transitions

In VV pumped systems the VE transitions from
high vibrational levels to the approximately
isoenergetic excited electronic states are found to
be important [14,15,17,18]:

CO(X'E, i~ 27)+ CO(k)

— CO(2’M, i ~ 0) + CO(K), (28)
CO(X'Z, i~ 40) 4+ CO(k)

— CO(A'TI, i ~ 0) + CO(K). (29)

In particular, transition (29) is the main reason for
the persistent termination of the VV up-pumping
to the levels above i ~ 40 observed in many ex-
periments [14,15,17,18]. On the contrary, process
(28) does not stop the VV up-pump. Nevertheless,
perturbation of the ground electronic state vibra-
tional populations due to this transfer has been
observed by Farrenq et al. [14].

3.4. C, formation and other chemical reactions

We propose two different mechanisms of C,
formation. The first one can take place in high
temperature gas. It comes through the thermal
decomposition of CO

CO+M=C+0+M (30)

and consequent C; formation in the exchange re-
action [8]:

C+CO=C;+0, (31)
or recombination of carbon atoms [8,17]:
C+C+M=C+M. (32)

In both reactions (31) and (32) C, forms at the
electronically excited state C; [8,17] which comes
to the ground state by spontaneous radiation de-
cay.

The activation energy of reaction (30) is about
11 eV and therefore it cannot be the main source
of carbon atoms in the low temperature gas. In this
case the preferable mechanism is the following
[10,17]: the initial formation of carbon proceeds
through the reaction

CO(i) + CO(k) = CO, + C. (33)

This reaction might become exothermic at high
vibrational excitation of reactants (at & + &, > 5.7
eV) [17]. Exchange reaction (31) is endothermic
and cannot play any important role under the low
temperature conditions. Therefore formation of C;
in this case proceeds either through recombination
of carbon atoms (32) or by means of the scheme
proposed in [16,17]

C+CO(k)+M = C,0+C+M, (34)
C+C,0 = C; + CO. (35)



644 E.V. Kustova et al. | Chemical Physics Letters 344 (2001) 638-646

The reactions leading to formation of molecular
oxygen in both ground and excited electronic
states are the following:

0+CO=0,+C, (36)
O+0+M=0,+M. (37)

It is shown in [8,17] that reactions (36) and (37)
contribute very weakly in the CO kinetics in shock
tube experiments as well as in the VV pumped
systems. However, the role of these processes is
important in discharges [11].

Some carbon line radiation has been also ob-
served by [8,17] in both low- and high-temperature
conditions. Formation of electronically excited
carbon atoms C* can proceed through dissociation
of CO: CO(i) + CO(k) = C"+ O + CO if vibra-
tional excitation of reactants is high.

The state-dependent rate coefficients for reac-
tions (30)—(37), similarly to [23], can be repre-
sented as a production of thermal equilibrium rate
coefficient k(7) and non-equilibrium factor de-
pending on the vibrational state of reagents. The
data on the thermal equilibrium rate coefficients
for the reactions listed in this section are given in
[24,25].

3.5. Application to a flow behind shock wave

The kinetic model presented above has been
applied for the investigation of non-equilibrium
CO flow behind the shock wave. The free-stream
conditions are the following: My, = 8§, T, = 293 K,
po = 540 Pa, the initial vibrational distributions of
CO molecules are supposed to in equilibrium at
temperature 7y. Eqs. (14)-(17) have been solved in
the stationary one-dimensional Euler approxima-
tion. VV, VT, VE exchanges (24) and (27)—(29) as
well as dissociation-recombination reaction (30)
and radiative transitions (8) and (9) have been
taken into account for the simulation of produc-
tion terms in Eq. (14); rate coefficients for these
processes are summarized in [26,15]. Reactions
(31), (32), (36), (37) leading to C, and O, forma-
tion have been neglected because of low dissocia-
tion degree in the considered conditions, and
therefore low concentration of C and O atoms.
Reaction mechanism (33)—(35) requires very high

vibrational excitation of the reactants and cannot
be responsible for C, formation in a post shock
flow.

It is well known that in electrical discharges and
in optically pumped systems, where the stock of
vibrational energy is high compared to that of
translational energy, the shape of vibrational dis-
tributions of CO molecules is often essentially non-
Boltzmann (see [12,15,18] and many other papers).
However, in a shock-heated gas, the vibrational
distributions are usually supposed to be close to
the Boltzmann ones except some rather slight de-
pletion of high states population due to dissocia-
tion. In Fig. 1 the vibrational distributions at
different distances x from the shock front are gi-
ven. For a comparison, at x = 0.01 cm the corre-
sponding Boltzmann distribution with the
temperature 7 calculated from the first vibrational
level energy storage (7 = ¢ /k1n(ny/ny)) is given.
One can see a noticeable deviation of the state-to-
state distribution from the Boltzmann one. This
can be explained by the peculiarities of VV and VE
exchanges in CO molecules.

The mass fractions of atoms and electronic
states CO(a*I1) and CO(A'II) are plotted in Fig. 2
as functions of x. Under the present conditions the
degree of dissociation is found to be weak. The
concentrations of excited electronic states are also
rather low. This is the reason for a weak contri-
bution of UV radiation to the total radiation in-

@ E 10cm

2 1E-101 o ="

< ] iii*‘i

g. E Xi*‘x

9] 1 i

Q 1E-15 4 o

5 .

>

H k
b 9.,

® 1E20+ *®e, , X=0.05cm

E oo,

5 i . Ny v 0.

1 E 5 N Vo, e

1E-25 - 1 x=0.01cmyy, By Vv
k \ P v =0.02cm
- . \ Boltzmann ' Sa, "*?(«7‘88 ¢
A x=10"cms v x=0.01cm Boa, Ve
1E-30 — —n — . )

0 10 20 30 40

vibrational quantum number

Fig. 1. Vibrational distributions of CO molecules at various
distances x behind a shock.
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1x10™

Mass fraction

%10 e ————
o 1 2 3 4 5 6 7 8 9 10

Distance behind shock (cm)

Fig. 2. Mass fractions of C, O, CO(a’Il) and CO(A'II) as
functions of x.

IR radiation
£ CO (a°-X'x)
g
2
‘B
c
k]
= CcO (A'n-X's)
T T T T 1
4 6 8 10
X (cm)

Fig. 3. Total IR radiation intensity and intensities of UV ra-
diation from CO(a’IT) and CO(A'II) states (W m~2 sr™') as
functions of x.

tensity. It can be seen from Fig. 3 where a com-
parison of total IR radiation intensity and inten-
sities of UV radiation from CO(a’Il) and
CO(A'TI) electronic states is presented. At higher
temperature conditions the role of electronic states
in radiative processes is expected to be more im-
portant.

4. Conclusions

The kinetic model of a non-equilibrium gas
mixture flow with coupled VV, VT, VE exchanges,

radiative transitions and chemical reactions is
presented. The carbon monoxide kinetics is dis-
cussed in details, and the flow of CO behind a
shock wave is studied using the state-to-state ap-
proach. The non-Boltzmann shape of vibrational
distributions in a shock-heated gas has been ob-
tained. The influence of electronic excitation on
the total radiation intensity is found to be weak
under conditions considered in the Letter.
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