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Abstract. The paper deals with modeling of vibration-chemical coupling in mixtures
containing CO2 molecules. The temporal vibrational and chemical relaxation in the
five-component and three-component space-homogeneous mixtures CO2/CO/O2/C/O and
CO2/CO/O is studied taking into account vibrational energy transitions, dissociation,
recombination and exchange chemical reactions.  The vibrational-chemical coupling in
considered mixtures is studied on the basis of three-temperature, two-temperature and one-
temperature vibrational C'O» distributions. Governing equations for macroscopic mixture
parameters in the three-temperature, two-temperature and one-temperature approximations
are solved numerically for different initial conditions. Comparison of the results obtained in
three approaches showed the influence of non-equilibrium vibrational distributions on chemical
reaction rates and on the temporal variation of the gas temperature, mixture composition and
vibrational temperatures in two considered mixtures. The role of exchange chemical reactions
in relaxation processes is also discussed in the paper.

1. Introduction

Modeling of non-equilibrium processes in mixtures containing C'Os molecules is important for
prediction of gas parameters near bodies moving in the Mars or Venus atmosphere [1, 2], in laser
physics [3, 4, 5, 6, 7], chemical technology problems and other applications. During several last
decades different models for non-equilibrium vibration-dissociation kinetics in C'Os flows were
elaborated. First of these models were proposed introducing a single vibrational temperature
for three modes of a C'O2 molecule vibrations [8, 3, 9], then more accurate two-temperature
COy vibrational distributions were derived using the kinetic theory methods [10] and applied
for simulations of a flow in a shock layer near a spacecraft Mars Sample Return Orbiter (MSRO)
entering the Mars atmosphere [11]. In the present time, advances in numerical modeling made
it possible to study the detailed vibrational CO; kinetics in the frame of the most accurate
state-to-state approach [12, 13] solving the equations for populations of vibrational levels of
all three (symmetric, bending and asymmetric) CO2 modes. However, a practical use of the
state-to-state kinetic model for prediction of COy flow parameters calls some difficulties. First,
practical realization of this model for mixtures containing C'Os molecules requires to solve a
huge number of equations for populations of vibrational levels of all three CO2 modes. Another
problem is connected with a lack of data for state dependent rate coefficients for vibrational
energy transitions within three CO2 modes and between different modes. Therefore simplified
CO- kinetic models based on multi-temperature vibrational distributions remain attractive for
practical applications.
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In the present paper we study the vibrational-chemical coupling in the space-homogeneous
five-component mixture CO2/CO/02/0/C with the use of three models proposed in [11], [10].
Within the first model, non-equilibrium vibrational distributions of C'O2 molecules are expressed
in terms of two vibrational temperatures for combined symmetric-bending and asymmetric
modes. In the second case the total vibrational temperature different from the gas temperature
is introduced for all three C'O2 modes whereas the third model corresponds to the thermal
equilibrium vibrational C'Oy distributions depending only on the gas temperature. Temporal
relaxation of the considered mixture for different initial conditions is studied taking into account
vibrational energy transitions of C'Oy molecules as well as dissociation, recombination and
exchange reactions and the influence of COs vibrational distributions on reaction rate coefficients
and variation of macroscopic mixture parameters with time is analyzed. Calculations have
been done also for a simplified case of vibration-dissociation relaxation in the three-component
mixture CO3/CO/O. The comparison of the results obtained for two considered mixtures
showed a role of a chemical kinetics scheme in relaxation processes.

2. Vibrational distributions and basic equations
We consider vibrational-chemical kinetics in the high-temperature five-component mixture
CO2/CO/0O2/0O/C taking into account dissociation of CQOsz, Oz and CO molecules,

recombination and exchange reactions:

COy+ M < CO+ O + M, (1)
Os+M-O0O+0+M, (2)
CO+M < C+0+ M, (3)
M = CO,,CO,0,,0,C,

COy+ 0 < CO + Oy, (4)
CO+0 < C+ Oy, (5)
CO+CO + COy + C. (6)

Internal energy relaxation includes different processes. It is well known that the translational
and rotational energy relaxation proceeds much faster comparable to vibrational relaxation,
therefore we consider equilibrium distributions over translational and rotational energy with
the gas temperature. The vibrational kinetics in the considered mixture includes the following
channels [11]: intra-mode V'V, vibrational energy exchanges within the each COy mode (m =
1,2,3) and in Oy and CO molecules (VVp,, VVeo); VT, VTo,, VIco vibrational- translational
energy transitions of different CO2 modes and of Oz and C'O molecules; V'V vibrational
exchanges between molecules of various species VVi_co, VVi_a_co, VVica_0,, VVeo-0,.
Existing experimental data on relaxation times of different processes in mixtures containing
C'O2 molecules [14, 15] show that under wide conditions intra-mode V'V, transitions and V'Vj_o
exchanges between the bending and symmetric modes in C'Os molecules occur much faster than
all other energy V'V exchanges between two or three modes, V'T,,,(m = 1,2,3, CO, O3) exchanges
of translation and vibrational energies and chemical reactions. In this case the following relation
between relaxation times of various processes can be written [11]:

Ttr < Trot < TVVi ~TVVi_o < VT, ™~ TVVQ_S ~ TVV1_2_3 ~ TVTS ~ Treact ™~ 95 m = ]-a 27 37 (7)

here 6 is the mean time of variation of macroscopic mixture parameters.
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Rapid energy exchanges between bending and symmetric modes and within the asymmetric
mode makes it possible to introduce the vibrational temperature T7o for combine symmetric-
bending mode and T3 for the asymmetric mode of C'O2 molecules. In this case vibrational level
populations of two-temperature vibrational distributions take the form (see [16, 17]):

nco,(iz + 1) ( 11€100 + 12€010 i35001>
Nirigia(112,13) = —=———"—¢€X — — . 8
et ( 2 3) Zggf (Tlg, Tg) k’TlZ k‘Tg ( )

Here nco, is the CO2 number densities, £ is the Boltzmann constant, Zgl?f (T, Ty2,T3) is the
non-equilibrium C'Oy vibrational partition function.

Following [11] we also suppose that CO and Oz molecules equilibrate faster than COy and
therefore vibrational level populations of these molecules may be described by the thermal
equilibrium Boltzmann distributions:

e exp ( ci )
Zglbr(T) kT )’

where Z¢, (1) is the vibrational partition function of spicies ¢, €{ = ihv, is the vibrational
energy of diatomic molecule ¢ in the case of harmonic oscillations, v, is the frequencies of
vibrations molecules ¢, h is the Plank constant. All distributions hereafter are considered for
the harmonic oscillator model.

Under the conditions (7) closed description of vibrational-chemical relaxation in the space-
homogeneous mixture CO2/CO/02/0O/C is given by the set of macroscopic parameters including
number densities of chemical species nco,,nco,no,,no,nc, gas temperature 7' and two
vibrational temperatures 115, T3 of coupled symmetric-bending and asymmetric COs modes.

The system of equations for these macroscopic parameters includes equations of non-
equilibrium vibrational-chemical kinetics coupled to the conservation equation for the total
mixture energy:

ni(T) =

dne.

e = Rreact, (9)
c=C05,C0,0-,0,C,

pe0 o2 = Ruy — moo, BuRigs! (10)
pCOg% = R3 — mco, EsRE5, (11)
gnk‘T + (nco, + nco +n0y)KT + poo, ESS? (Tia, Ts) + pco ESS.(T)+ (12)
+ 00, EQ (T) 4+ nco,ec0, + ncocco +no,€0, + noco + noec = const.

Here n = nco, +nco +no, +no+nc is the total numeric density, €. is the formation energy,
FE15, E3 are the vibrational energies of the coupled and asymmetric COs modes:

nco . . 11€100 + 92€010
pco,E12(Ti2) = m 2(216100 + 12€010)(i2 + 1) exp <_kT12 ) ; (13)
nco 13€001
pco,E3(T3) = s 2238001 exp ( KT ) ) (14)

where Z12(Th2), Z3(T3) are the vibrational partition function of the coupled and asymmetric
C'O9 modes.
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In (12) EC92(Tyy, T3), ECO(T), E92 (T

vibr vibr vibr
O per the unit mass:

(T') are the vibrational energies of molecules CO2, CO,

nco . . . .
pCO2Embr (Tlg, T3) C’02—2 Z (215100 + 22€010 + Z35001)(Z2 + 1)' (15)
Zmbr (T127 T3) 11,12,13
ex _41€100 + 228010 ©3€001
k‘T12 kaS
hv,
Pec mbr(T) = nc+’ ¢= 00’02.
exp ( C) -1

Production terms R¢.,., Ri2, R3 in equations (9) — (11) describe variation of mixture
composition due to chemical reactions and changing of vibrational energies E12, Fs.

If all V'V vibrational energy exchanges within and between three CO2 modes proceed faster
than VT, transitions and chemical reactions the total vibrational temperature T, = T1o = T3
for CO2 molecules may be introduced and vibrational distributions (8) take the form:

(16)

nco,(t2 +1 11€100 + 92€010 + ©3€001
ni1i2i3 (Tv) = # exp <— > .

7992(T,) kT,

vibr
In this case the system of governing equations contains, instead of two equations (10), (11),
only one equation which follows from (15) if Tho = T35 = T):

dEg, (Ty)

ib t
peo,— 4 = Recoy —mco, Eco, (Tv) REo,
where
b nco . . . . 11€100 + 12€010 + 13€001
pco. E¢o,(Tv) = —ao, s > (ire100 + 2010 + i3€001) (i2+1) exp <— T
szbr ( U) 11,32 ,1 v
11,12,23

is the vibrational energy of C'O2 molecules.

If the relaxation time of all internal energy modes of mixture components occurs considerably
shorter than the mean time of chemical reactions, vibrational level populations are described by
the Boltzmann thermal equilibrium distributions (16) with 7;, = T'. In this case non-equilibrium
chemical reactions are simulated on the basis of maintaining thermal equilibrium vibrational
distributions. The set of equations for macroscopic parameters nco,, nco, no,, no, nc, I’
contains equations of chemical kinetics (9) with reaction rate coefficients depending only on the
gas temperature and the energy conservation equation.

3. Reaction rate coefficients
Let us consider right hand part of equation (9):

Rzeact _ Rziiss + RSICh, c= COQ, CO, 027 07 C.

Dissociation-recombination processes are described by the following expressions:

dzss

M
COQ Z TLM 'rec ,COo (T)nCOnO - kdiss,COz (Ta T2, T3)nco2) )

dzss

M
CO - Z 7"LM 7"50 CO T)nonc B kdiss,CO (T)nCO) )

dzss _ Z nM rec 02 T)nQO — k%ss,OQ (T)TLOQ) s
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here k2 | kM are the coefficients of dissociation and recombination ratea of spicies ¢, M is
3 5

the collision partner.

The dissociation rate coefficient for carbon dioxide in the three-temperature approximation
may be written in the form of the generalized Treanor-Marrone model for multiatomic molecules
[10]:

CcO
kil\;[ss CO2 (T, Tho, T3) = kcelgéi\/lco (T) CO Zvibrzc(g) (i2 +1)- (17)
’ e Zvibr2 (_U)Zvibr2 (TH’ T3) 11,12,13

11€100 + 92€010 1 1 13€001 1 1 Eirinis
eXp(( 2 )(T T12>+ k <T T3>+ KU )

here €;,4,i5 = 11€100 + 22€010 + 23001, kflgs’i\flcog (T') is the equilibrium dissociation rate coefficient
defined by the Arrenius law, U is a model parameter, in calculations we had U = D/6k. The
dissociation of diatomic molecules is assumed equilibrium and dissociation rate coefficients are
calculated according to the Arrenius law as well as CO5 dissociation in the one-temperature
approach. The dissociation rate coefficients in two-temperature approach take the form (17)
under conditions T = T3 = 7T, and the dissociation rate coefficients in one-temperature
approach are equilibrium kg(i]st\{COQ (T'). For calculation of rate coefficients in the paper used
the Park model [1].

Recombination rate coefficients are determined on the basis of detailed balance principle [10]:

khee.co,(T) = kggéfcoz (T)-
. mCO2 3/2 (277]{3T)_3/2h3 Zgbor? (T)ZT’C;tO2 (T) _6002 —E€COo — €0
mcomo ZCo(T)ZE9(T) kT ’

rot

vibr

M M
krec,CO(T) = kg(i]ss,CO <T)

3/2 _ —
< mco > (2mkT) 3213 259 (T) ZE9 (T) exp (—ECO 0 60),

memo vibr rot LT

3/2
M M 2 ~3/2;3,0 ) 2e0
0, (T) = kit (1) (2] mky 20 205, () 28T oo (32 ).
O
here m, is the mass of species ¢, Z£9? (T), Z59(T) 702
c P » “rot » “rot » “rot
of COs, CO and Oy molecules.

For accurate determination of exchange reaction rate coefficients state-dependent coefficients
for rates of these reactions should be averaged over non-equilibrium vibrational distributions.
However at present time analytical expressions for rate coefficients depending on vibrational
levels of C'Oy modes are not available in the literature. Therefore in the present paper we
consider the classical expression for RE**" with one-temperature rate coefficients:

h d'—d d—d'
R = Z <kc,_>c (T)neng — ki3S (T)ncnd> .
dc'd’

(T') are the rotational partition functions

Rate coefficients for the backward reactions are found using the detailed balance principle:
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3/2 2
KEO2000(T) = KEG TSP (T) mgo \** (2G5 (1) 25 (1) exp 200+ 2Dco
A CO—C Mo, Me 700, (T) 7C0> (T) kT )

vibr rot

3/2 co co
RCO—COz () _ CO2=C0 ) <mcogmo> / Zyi (1) 2,61 *(T) .
e o T \meomo, ) 200257 (T)Z 3 (T)Z14(T)

—Dco — Do, + Dco,
. eXp ij y

3/2
KS=CO(T) = kEOZC(T) <mCOmO> 1 260.(1)252(T) exp <—D02 + Dco) ’
o— —02 memo, Z02 (T)ZOQ (T) kT

vibr rot

where Dco,, Dco, Do, are the dissociation energies.
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In figure 1 COy dissociation rate coefficients calculated within three-temperature, two-
temperature and one-temperature approaches are presented as well as one-temperature rate
coefficients for dissociation of diatomic species (2), (3) and exchange reactions (4)-(6). Three-
temperature and two-temperature coefficients are presented for fixed vibrational temperatures
T = 6000 K, T35 = 3000 K and T, = 6000 K. It may be noticed that the one-temperature
coefficients for CO2 and Oz dissociation (1), (2) as well as the forward exchange reaction
(4) noticeably exceed coefficients for CO dissociation (3) and reactions (5), (6). In addition,
comparing C'Oy dissociation rate coefficients calculated under considered conditions in three
approaches one can conclude that one-temperature description provides underestimated values
of coefficient kg;ss,co,(T") for the condition T' < Ty = 3000 K and overestimated values of
this coefficient for 7" > T3 = 6000 K in comparison with the more accurate three-temperature
coefficients kg;ss,co, (T, Ti2,T3). Similarly, we can notice that the one-temperature model leads
to lower values of the coefficient kg;ss,co,(T") for T < T;, = 6000 K and higher its values for
T > T, = 6000 K in comparison with the two-temperature coefficient kg;ss.co, (T, Ty)-

Now we consider the right hand parts of equations (10), (11) which describe changing of
vibrational energies F12 and E3 due to vibrational energy transitions. Following [18] we use
approximate expressions of these parts via relaxation times:

E{H{T) — E15(T:
Ry — moo, RESY = poo, Y 12(1) - 12 12)7 (18)
Y

v
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react Z E?fq(T) — E3(T3), (19)

R3 —mco,Rco, = pco,
Ty
S
where 7.,y = V15, VVa_3,VVi_3_3 were calculated on the basis of analytical approximations
of experimental data [3, 14].

4. Results and discussion

In this section we present the results of numerical solutions of equations for number
densities of species nco,, nco, no,, "o, nc, vibrational temperatures 712, T3, T, and
translation temperature 7" obtained for space-homogeneous five-component mixture in the three-
temperature, two-temperature and one-temperature approaches. Calculations were done for
the following initial conditions for temperatures and mixture composition: 7' = 12000 K,
T2 = 6000 K, T35 = 3000 K, T, = 6000 K, nco, = 100%, nco = no, = no = nc = 0,
p =1 atm. To solve stiff systems of ordinary differential equations we used the Gear method
with a variable time step.

3
= —_— .
" Figure 2. The gas tem-
—_T .
—O perature 1" and the vibra-
- 7@ tional temperature 7Tis,
v .
- T3, T, in dependence on
o t; 1 — one-temperature,
---T(g) 9 3
4000 | | | | — two-temperature,
0.2 0.4 0.6 0.8 1 — three-temperature ap-
t[s] -7
x10 proach.

In figure 2 temporal variation of the gas temperature 1" and vibrational temperatures 7o,
T3, T, is shown whereas changing of the mixture composition in time for three approaches is
demonstrated by figures 3 (a, b, ¢, d). It can be noticed that under considered conditions the
use of the one-temperature approach provides noticeably overrated the gas temperature values
than more accurate two-temperature and three-temperature kinetic models because in the one-
temperature approach the mixture is considered in the thermal equilibrium and translation-
vibrational energy transitions are not taken into account. The maximum difference between
temperature values obtained in the three-temperature and one-temperature approaches reaches
12% whereas the two-temperature approach provides better consistency with 7" values obtained
within the three-temperature model: the maximum discrepancy does not exceed 3%. In the
considered cases of high initial values of the gas temperature vibrational relaxation proceeds
much faster than chemical reactions which lead to chemical equilibrium establishing. The
difference between parameters found in the frame of different kinetic schemes diminishes with
time rising approaching to the equilibrium. Vibrational excitation of C'Os molecules due
to translational-vibrational energy transitions is seen in a short time interval (close to the
initial moment of time) in the three-temperature and two-temperature approximations. Under
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considered conditions this process is found more fast within the two-temperature description,
whereas in the frame of the three-temperature model increasing of the vibrational temperature
of the combined symmetric-bending mode proceeds more rapid than increasing of the vibrational
temperature of the asymmetric mode.

b
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Figure 3. The relative number density of COs (a), O (b), CO (c), O2 (d) in dependence on t;
1 — one-temperature, 2 — two-temperature, 3 — three-temperature approach.

Figures 3 (a, b, ¢, d) show variation of number densities of mixture components COs (a),
O (b), CO (c), Oz (d) with time. Again, the difference between parameters found within
the non-equilibrium two-temperature and three-temperature COs models occurs smaller than
a discrepancy between the values obtained for thermal equilibrium and non-equilibrium COs
description. The values of number densities nco,/n and np,/n found in the three-temperature
approach exceed equilibrium values more than in three times whereas the difference between the
values found in the three-temperature and two-temperature approaches reaches 50%.

Rapid decreasing of C'O2 number densities due to dissociation reaction (1) (figure 3 a)
resulting in increasing of number densities of O atoms (figure 3 b) and C'O molecules (figure 3
c) is best seen in the one-temperature approach. Slower COy dissociation within the two-
temperature and three-temperature models than in the frame of one-temperature description is
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explained by a delay of dissociation for vibrational COs excitation for small ¢ values in a short
time interval.

It is interesting that though diatomic species are considered in this paper in the thermal
equilibrium, one can see a noticeable influence of C'Os kinetic models on number densities of
C'O molecules and oxygen atoms. As it is seen in figures 3 (b, ¢) densities of these species are
rather high because they form mainly as a result of COs dissociation with high reaction rate
coeflicients as it is seen in figure 1. Oxygen molecules are formed in result of the active exchange
reaction (4) with the high rate coefficient (see figure 1), however the density of Oz molecules
decreases fast due to active Oy dissociation as it is also shown in figure 1. The impact of CO2
kinetics on variation of Oz molecules (figure 3 d) and C' atoms is not so important because
densities of these species are rather low.

Now let us discuss the influence of a mixture composition on variation of the gas temperature
and number densities of species. For this purpose we compare the results presented above for
the five-component mixture CO2/CO/O3/O/C with ones obtained for the three-component
mixture CO2/CO/O under the same initial conditions. The dissociation reaction (1) is taken
into account with M = CO,, CO, O, whereas dissociation of CO molecules is not included to
the kinetic scheme. Vibration-dissociation relaxation of this mixture was studied numerically in
[19] on the basis of the equations for number densities of molecules CO2, CO, atoms O and the
total energy conservation equation. In the present paper calculations of the gas temperature
and three-component mixture composition were carried out for the same initial conditions and
using the same models for COs dissociation and vibrational energy transitions as were applied
for the five-component mixture. Below we present the comparison of the results obtained in the
most accurate three temperature approach for two mixtures.

10000 1
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- -COZICO/O 0.8

9500
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8500

g
= 8000
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7000
esof o T===
6000 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t[s] x10° t[s] x10°
Figure 4. The gas temperature in depen- Figure 5. The relative number density
dence on t. nco,/n, in dependence on t.

Figures 4, 5, 6 (a, b) plot the gas temperature T' (figure 4) and number densities of species
COy (figure 5), CO (figure 6 a), O (figure 6 b) as functions of time for two considered mixtures.
It may be noticed that in the beginning of the process, close to the initial moment of time, values
of the gas temperature and number densities of species are found very close for both mixtures. It
is explained by different characteristic times for vibrational and chemical relaxation. For small
time values chemical reactions in both mixtures are frozen and the main process is the vibrational
excitation of C'O2 molecules due to translational energy transitions to the vibrational energy.
This process proceeds similarly in two mixtures and leads to close values of mixture parameters
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Figure 6. The relative number density nco/n (a), no/n (b) in dependence on t.

during a short time interval. Chemical relaxation and establishing of chemical equilibrium
proceed differently in two mixtures. Calculations show higher temperature values in the five-
component mixture (figure 4) and consequently more rapid dissociation and chemical reactions
in this case than in the three-component mixture. Fast dissociation reaction (1) provides more
intensive decrease of COy number densities (figure 5) and increase of CO densities (figure 6 a)
in the five-component mixture. Oxygen atoms form in result of the same dissociation reaction
(1) in both mixtures. However values of np/n in the mixture CO2/CO/0O2/0O/C (figure 6 b)
are found lower than in the three-component mixture. It is explained by active Os dissociation
reaction (2) in the five-component mixture.

5. Conclusion

In this paper vibrational-chemical kinetics in the high-temperature five-component mixture
CO3/C0O/02/0/C is numerically studied taking into account dissociation of molecular species,
recombination, exchange reactions and vibrational energy transitions of C'O molecules.
Calculations were carried out with the use of three-temperature, two-temperature and one-
temperature description of COy vibrational relaxation. Comparison of the results obtained in
the frame of three CO5 kinetic models showed the influence of C'O4 vibrational distributions on
temporal variation of the gas temperature and mixture composition. The difference between
mixture parameters obtained in the frame of the three-temperature and two-temperature
models is found less than deviations from the data found using the thermal equilibrium one-
temperature distributions. Calculations show that thermal equilibrium distributions establish
under considered conditions much faster than the chemical equilibrium.

The results obtained for the mixture CO3/CO/0O2/0O/C are compared with the data found
for the three-component mixture CO2/CO/O taking into account vibration-dissociation C'Oq
kinetics. The comparison showed the influence of a mixture composition on C'Oy vibration-
dissociation relaxation, number densities of species CO2, CO, O and the gas temperature.
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