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Abstract. This work is related to the determination of the local thermodynamic equilibrium (LTE)
data of 90.5% air and 9.5% CHy mixture. The results of chemical composition, thermodynamic
properties and transport coefficients are presented for temperatures (300K to 30kK) and pressure
(1 and 10 bars) or mass density (0.1481 and 1.111kg.m~3). The chemical composition is determined
using the mass action law. Input data come from the NIST and JANAF sites. For pressure equation,
Debye-Huckel’s first order and virial’s second order corrections are used in the equation system to take
into account the different particle interactions. For the considered mixture (90.5% air and 9.5% CHy)
the properties are compared to those of pure air.
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properties, transports coefficients..

1. Introduction

The CHy—air gas mixture is generally used in the
ignition studies of thermal engines [1-3]. The used
mixture proportions change according to the litera-
ture works, and are sometimes subject of parametric
studies [1, 3]. However, it is difficult to find the data
for the desired conditions (temperature range, pres-
sure, or mixture proportions). So mixing laws are
sometimes used, whereas they are inappropriate for
reactive gases. Other authors consider the mole pro-
portion of methane in the mixture to be small (5-10%)
and use air data [2, 4]. These assumptions may lead
to erroneous results, or at least far from real behavior.
Our goal in this paper is to determine a database for a
mixture of 90.5% air and 9.5% CH, in order to be able
to implement in the future a plasma modelling after
the spark phase of an ignition process. We present our
calculation method and the equations system under
the hypothesis of local thermodynamic equilibrium
(LTE). The results of the air-methane mixture will be
compared with those of air, and with results from the
literature.

2. Theory

2.1. Partition function

The determination of the data needs generally the
internal partition functions Qj,; of species and their
derivatives. They are calculated from equations (1)
or (8). The input parameters used come from the
NIST [5] and JANAF [6] sites. Using atomic levels
from the NIST database, the sets are not complete
as some levels are missing. In this case, the NIST
dataset should be completed before the calculation of
the partition function. Several theoretical approaches
allow to complete the database set [7-9]. For example,

the semi-empirical procedure from Ritz-Rydberg [10],
applying a simplified formula to available, experimen-
tal or calculated, electronic levels, allows to complete,
interpolating and/or extrapolating, the level series.
Two adjustable parameters are calculated sometime
by solving a system of two equations from adjacent
levels. In our case the NIST database was not com-
pleted. However a good agreement is obtained with
Capitelli et al [10] in case of an air plasma. These
equations are solved for a temperature step of 1K
and the derivatives passed in a spline to avoid oscilla-
tions in thermodynamic properties as well as transport
coefficients.

O Atomic Species

Tmax Ei
Qe (T) = Z gi eXp (— kBT) (1)

with g; the satistical weight given by ¢g; = 2J + 1,
where J is the quantum number of angular moment,
kg the Boltzmann constant, T the temperature, E;
the energy of electronic level, and i,y the limit of
the summation such as:

Ei < Eion - AE (2)

max

FEion is the ionization energy and AFE the lowering
of ionization potential [11]. A suitable cut-off is
necessary to prevent the divergence of electronic
partition functions. Mainly, three criteria can be
used as explained by Capitelli et al [10]: (a) The
ground state method. (b) The Debye-Hiickel cutoff
criteria (Griem and Margenau and Lewis) (c¢) The
Fermi criterion. Some works were devoted to this
specific point as the study of Colonna et al [9]. In
our tool we have used the Griem criterion.
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Laws

Equations

Mass action

Conservation of atomic nucleus

Conservation of electrical neutrality

Dalton

Conservation of mass density

N N
L7 =11 (3)
Nz:l =1 N
&Y niCix=ery n;Ci; (4)
% N 4
N %
P= Z n; kBT + A]DDebye + A-Pvirial (6)

N
P:Znimi (7)

Table 1. Basis equations used to determine the chemical composition.

O Molecular Species

e

Qint (T) -

P, h?
k‘B 2rm kBT

<[H(O) - HJ(“Tr)hANAF a [G - T{I(Tr)]JANAFﬂ
(8)

with P, and T} respectively the pressure and ref-
erence temperature in the JANAF table [6], h the
Planck constant, m the mass of the species, N,
the Avogadro number, [H(0) — H(T;)] the enthalpy
evaluated at zero kelvin, and [G — H(T})]/T the
temperature-dependent Gibbs energy. The internal
partition functions of molecules are calculated ac-
cording to the formalism mentioned by Godin et al
[12]. This approach is based on the enthalpy eval-
uated at zero kelvin and on the Gibbs free energy
given versus temperature. JANAF tables usually
consider only one electronic level of the molecules,
and neglects quasi-bound states. These effects can
be important at high temperature and pressure
[10]. Nevertheless the comparison made with Bil-
loux [13] in case of an air plasma at 100 bars which
has used another formalism for the calculation of
the partition functions gives similar results. Indeed
molecular species can be assumed negligible at high
temperature compared to the atoms.

1
exp { N, ks

2.2. Chemical composition

The calculation of chemical composition was devel-
oped using the mass action law including the chemical
base concept [14]. This method allows us to general-
ize the equations for different types of pure gases and
gas mixtures. If calculation is performed at constant
pressure, Dalton’s law is used with the corrections
of Debye-Hiickel 0 Ppehye and virial 6 Pyiiar [11, 15].
Correction needs also to be made for the mass ac-
tion law. In the equation (3) the correction term is
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included in the total expression of the partition func-
tion. For a calculation performed at constant density,
the mass density equation is used. The basic equa-
tions for the determination of chemical composition
are summarized in Table 1.

In Table 1, N represents the total number of chem-
ical species, n; the density of the species i, v; the
stoichiometry coefficients of the reaction, Qot,; the
total partition function by volume, € the atomic pro-
portion of the species j or k, C; , and C; ; the elements
of the composition matrix [11], and Z; the charge of
the species.

2.3. Thermodynamic properties

Knowing the densities of each species, as well as their
internal partition functions, the thermodynamic prop-
erties can be calculated (such as mass density p, en-
thalpy H or specific heat capacity at constant pressure
C}). These properties are generally presented for a
given pressure [15]. Here we will look at internal en-
ergy U and specific heat capacity at constant volume
C,. These data are used particularly in variable pres-
sure and constant volume systems. Their equations
are illustrated in Table 2 where N; [in kg™!] is given
by N; = n;/p, and E'*f is the reference energy. All
the virial corrections according to Kallmann [16], and
Debye-Hiickel corrections from Capitelli et al [10] are
included in ours developments. More complete cor-
rection expressions are given by Capitelli et al [10].
Nevertheless in our work the corrections are limited to
the first term (Second virial coefficient) [16]. In equa-
tions (9) and (10), AU, and AC,,, refer respectively
to the internal energy correction and to the specific
heat correction at constant volume.

2.4. Comparison - Validation

In this section we present in order to validate ours
developments a comparison of some literature results
with ones obtained with our tool. The first compari-
son is devoted to the plasma composition in the case
of an air plasma for a temperature range 300K to
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Thermodynamic properties

Equations

Internal energy

Specific heat at constant volume

3 N N DlnQint N
_ 2 7 ref
U =3 ksl Ei N; + kgT Ei :Ni.iaT + Ei N BT+ AU, (9)

ou

C, = (a—T)V +AC,, (10)

Table 2. Equations to calculate thermodynamic properties.
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Figure 1. Air composition versus temperature com-
pared with Capitelli et al [10].

50kK. The chosen pressure is P = 1bar. The results
are compared with them of Capitelli et al [10] and
a good agreement is found (in Figure 1). Based on
this plasma composition, the thermodynamic proper-
ties can be calculated. As an example of validation
we compare in Figure 2 the specific heat at constant
pressure with the works of Wang et al [17] and Boulos
et al [18]. A good agreement is also found. Never-
theless it is interesting to analyse the specific heat
at low temperature for higher pressure in order to
see the effect of the corrections on the specific heat.
Figure 3 presents the evolution of the specific heat for
several pressure values compared with the ideal gas
in nitrogen case (Na2).

This gas is chosen as it allows a comparison
with Capitelli et al [10]. We can observe that the
correction effect acts at low temperature increasing
with the pressure values. This effect is also encoun-
tered by Capitelli et al [10]. However some small
differences can be observed with this author due
to the fact that in our case the correction is lim-
ited to the first order with the second virial coefficient.

2.5. Transport coefficients

The conventional formulations of the literature based
on the third approximation order of Chapman-Enskog

4.0 10 1T 1] \ ‘ ‘
- This work |
4 | = wanetal[17] I
3510 = Boulos et al [18]
3.010*
2510
~
22010
=

o
VU1.510*
1.010*

5.0 103

10k 20k 30k 40k 50k 60k
Temperature [K]

Figure 2. Specific heat of air at 1bar compared with
Wan et al [17] and Boulos et al [18].

method are used for the determination of transport
coefficients [19, 20]. The equations to be solved require
the knowledge of additional input data that are the
collision integrals. In our code, they are calculated in

40 ‘ ‘ T
L Ny _
— Ideal
38 |— 40Obars |
60bars
L |— 100bars _

28 | | | | | | | | | |

400 600 800 1 000 1200 1 400
Temperature [K]

Figure 3. Comparison of the constant pressure specific
heat in Ny calculated using second virial coefficient
from Van der Waals equation with ideal gas calculation
according to [16].
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Figure 5. Chemical composition: 90.5% air and 9.5% CH, for 0.1481 and 1.111kg.m™® at LTE.

first approximation from the hard sphere potentials.
However, following available data, the appropriate
formalism according to the type of collision of the
species (Table 3) is considered.

O Case of Charged-Charged interaction: The collision
integrals are calculated from Mason et al [21]. The
interactions between charged particles are described
by Coulomb potential screened by Debye length.

O Case of Neutral-Neutral interaction: Lennard-Jones
potential (atoms or molecules). The reduced tem-
perature Tiequceq is used. This formalism depends
on the maximal energy attraction. Tabulated values
for the 12-6 Lennard-Jones potential are used [22].

O Case of Neutral-Charged: Electron/Neutral and
Charged/Neutral (Input: charge, polarity and
Treduced)- The parameters used to calculate the

24

collision integrals come from Capitelli et al [23] for
air, and from Baronnet et al [24] as well as Sanon
(25, 26] for methane.

In case of neutral-neutral and neutral-ion calcula-
tions, we have used cross sections available in the
literature (see [27] for example). A comparison of
cross-section is of course useful; a comparison with
the data used in our article [28] with other authors
from literature can be found in the paper from A.
D’Angola et al [27].

3. Results and Discussion

We present the results obtained for a mixture of 90.5%
air and 9.5% CHy for a temperature range from 300 K
to 30kK. 51 species were considered in our calcula-
tions: N, N*, N*2 N,, N7, NO, NO*, N,O, NH, CN,
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Species(i) /Species(j) Electron Neutral Charged
Electron Coulomb Polarity Coulomb
Neutral Reciprocity Lennard Jones Polarity
Charged Reciprocity  Reciprocity Coulomb

Table 3. Used formalism according to the species collision type.

CNO, 0, 0", 072,07, 0y, OF, O;, OH, OH*, COy,
HO,, NO,, C, Ct, C*2, Cy, CO, COT, CH, CHN,
CHO, CyH, CoHs, H, H+, H—, Hy, H,O, Hy0O5, HNO,
NHQ, NHd, CHQ, CHs, CH4, CH207 AAI'7 AI’+7 AAI'—i_g7
e~ . A comparison is made between the thermody-
namic properties and the transport coefficients of the
air-methane mixture and the pure air. For validation,
we compare our results with those available in the
literature.

3.1. Chemical composition

The chemical compositions for a pressure of 1bar
and 10bars and at a density of 0.1481kg.m™3 and
1.111kg.m~3 are shown respectively in Figure 4 and
Figure 5.

At a given pressure (Figure 4), we observe that
neutral species dominate the medium at low tempera-
ture (T' < 10kK). The densities of molecular species
gradually decrease with temperature. Then these
molecules dissociate to give neutral atoms. The vari-
ous processes of electron formation, recombination and
ionization of species then occur. At high temperatures
the ionized species become predominant and neutrals
negligible. Increasing pressure changes species behav-
ior. The processes of species transformation are then
shifted to higher temperatures. Chemical composi-
tions (Figure 5) with constant density have character-
istics similar to those at a given pressure. The species
N3, HyO and CO4 are the most predominant at low
temperature. As the temperature increases, they are
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Figure 6. Internal energy: 90.5% air and 9.5% CH,
for 0.1481 and 1.111 kg.m™® at LTE.

replaced by neutral atoms, then electrons as well as
ionized species. Species densities increase with the
value of the mass density. For a given value of mass
density, densities of dominant species vary slightly
with the temperature. Variations occur only when a
given energy is reached (dissociation or ionization tem-
perature) allowing the species to dissociate or ionize
according to the type.

3.2. Thermodynamic properties

In Figures 6 and 7 the internal energy and the specific
heat at constant volume of the air-methane mixture
and air are compared. Figure 6 shows an increasing
evolution of internal energy with temperature. Small
waves are observed that correspond to the various
chemical reactions occurring. The value of internal
energy is inversely proportional to the mass density.
For the gases compared here, above around 4 kK,
the mixture of 90.5% air and 9.5% CH, allows a
better heat exchange between the system and the
external medium compared to pure air because its
internal energy is more predominant. With regard
to Figure 7 representing specific heat at constant
volume, three main peaks, more or less pronounced
are present. They correspond to the dissociation of
the molecule Og, then that of No, and the ionization
of N that we find in the case of air. The peaks that
correspond to the different processes move towards
higher temperatures with the increase in mass density

T 17T ‘ T 1T ‘ T 1T ‘ T 1T
14k—| — 90.5% Air - 9.5% CH, .
= |- Air .
12k |-

3
10K -0-1481 kg.m

o)
®
\

C, [J.kg" K"

P T T T O Y I Y
5k 10k 15k 20k 25k 30k
Temperature [K]

Figure 7. LTE Specific heat capacity at constant vol-
ume: 90.5% air and 9.5% CH; for 0.1481 and 1.111
kg.m™® at LTE.
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as we found on chemical compositions (Figure 5). For
9.5% of methane in air, the results show significant
differences compared to pure air.

3.3. Transport coefficients

Figures 8, 9 and 10 respectively show the thermal con-
ductivity, the electrical conductivity and the viscosity
of 90.5% air and 9.5% CHy mixture and the pure air
at a pressure of 1 and 10bars. In order to validate
our developments, we compare these data with the
available literature results.

Figure 8 describes the evolution of thermal con-
ductivity. They result from the contribution of three
terms including internal thermal conductivity, trans-
lation and reaction. Below 20kK, the medium is
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dominated mainly by thermal conductivity of reac-
tion, and by small contributions of the internal com-
ponent as well as the translation of heavy particles.
This explains the presence of peaks series similar to
the specific heat curves reflecting the chemical reac-
tions that occur. Through the formation of electrons
and ionization processes at high-temperature, neutral
species begin to disappear. From there, the electron
translation component represents an essential part of
the total thermal conductivity. We also notice in this
case the dependence of the thermal conductivity on
the pressure. The peaks also shift to the high tempera-
tures and their amplitudes decrease when the pressure
increases. However, when the electronic translation
component becomes dominant, the phenomenon re-
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Figure 10. Viscosity : 90.5% air and 9.5% CHy and Air for

verses and the thermal conductivity increases with the
pressure. In comparison with air, the air - CHy mix-
ture allows overall a better ability to drive heat. For
electrical conductivity, Figure 9 compares our work
with two literature results. There is a strong increase
for temperatures up to 10kK, followed by a quasi-
linear variation and finished with a constant profile
where the electron density begins to stabilize as can be
seen in the case at 1 bar above 25 kK (Figure 9 left).
The electrical conductivity depends heavily on the
electronic density, the differences observed between
the two gases studied are in principle in the region
of the strong gradient (7' < 10kK). In this area of
temperature, electrons vary as a result of ionization
phenomena such as molecule NO. In the case of the
air— CHy mixture, the formation of this molecule re-
sults from several species, and as the proportion of air
is reduced in the mixture, its quantity in the medium
also decreases. As a result, the ionization of NO is
delayed compared to that of air, hence a relatively
low electronic density.

In Figure 10 the viscosities of 90.5% air and 9.5%
CH,4 mixture, as well as the air at a pressure of 1 and
10bars are confronted with the literature. We find
the typical bell shape, with a maximum that reflects
the transition from neutral or weakly ionized plasma
to a fully ionized medium. As the molar fraction of
the species is involved in the viscosity equation, it
also depends on the pressure. We then see an increase
values and the movement of the maximum toward
higher temperatures when the pressure increases. The
gap observed between the two gases presented here
can be explained by the difference in the values of
molar masses and the number of collisions between
particles, especially neutrals.

For the transport coefficients compared with the
literature presented in this work, we find generally a
good agreement. The differences may be due to the

5k 10k 15k 20k 25k 30k
Temperature [K]

1 and 10bars at LTE. Comparison with literature [29, 31]

lack of consideration of some species or the choice of
collision integrals.

4. Conclusions

The objective of this study was to determine the
LTE data for the mixture of 90.5% air and 9.5% CHy
(chemical composition, thermodynamic properties and
transport coefficients). For this purpose, tools have
been developed allowing access to these quantities
for a large temperature range. We first showed
the ability of our developments to calculate the
chemical composition for a given pressure or density
value.The results illustrate fairly similar behavior of
the different species transformation processes between
the case at P = 1 or 10bars and at p = 0.1481 or
1.111kg.m~3. However, for a given mass density,
species evolve differently with the particularity of
keeping a linear variation up to their respective
dissociation or ionization temperatures. We then
presented the thermodynamic properties and trans-
port coefficients of the air—CH4 mixture compared
with those of air. For a proportion of 9.5% of CHy in
air, the results show an important difference in the
properties of these two gases. If we want a better
prediction of the real plasma behavior in the models,
these differences cannot be ignored and the data
of 90.5% of air and 9.5% of CH4 mixture must be used.

Information: The authors can be contacted at
the given email to obtain the plasma composition,
thermodynamic properties and transport coefficients.
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