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Abstract

The algorithms of non-equilibrium transport coefficients calculation in reacting gas mixtures are discussed. The
influence of the molecular interaction potential on the transport properties is estimated in the various temperature

ranges. © 2001 Published by Elsevier Science B.V.

PACS: 51.10.4y; 51.20.--d; 82.20.Mj; 82.20.Rp

Keywords: Transport properties; Kinetic theory; Molecular interaction potential

1. Introduction

In the present paper some peculiarities of the
transport coefficients calculation are discussed.
The transport kinetic theory of polyatomic gases
has been widely developed since the famous
work of Eucken [1]. A great amount of papers and
monographs are devoted to the mathematical
study of dissipative properties in pure gases and
gas mixtures. Transport processes under assump-
tion of local thermal equilibrium are investigated
in Refs. [2-9], transport coefficients in chemical
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equilibrium are given in Refs. [10-12]. Essentially
non-equilibrium transport properties are consid-
ered in Refs. [9,12-17]. In these studies the efficient
algorithms for the transport coefficients calcula-
tion are proposed, thermal conductivity, viscosity
and multi-component diffusion coefficients are
calculated with a high accuracy. However, up to
now, in the numerical codes simulating various
Navier—Stokes problems the quite trivial models of
transport properties are usually introduced, this
can give a noticeable error in the predicted values
of heat fluxes. In gas mixtures the simplified ex-
pressions for the transport coefficients like Wilke
and Mason—-Saxena approximations for viscosity
and thermal conductivity, respectively, are often
used. The pure species transport coefficients are
usually deduced from the constant Prandtl, Lewis
and Schmidt numbers using experimental data or
semi-empirical formulas for the viscosity coeffi-
cient. And even when more accurate methods of
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transport coefficients evaluation are applied, the
rather old data on the collision integrals and mo-
lecular interaction potentials may lead to a con-
siderable accuracy loss.

In this paper we discuss briefly three basic parts
in the procedure of non-equilibrium transport co-
efficients calculation, which affect considerably
their accuracy: (1) the choice of appropriate ki-
netic approach; (2) algorithms of linear transport
system solution; (3) models of molecular interac-
tion. The main focus is on the influence of mo-
lecular interaction potential and its parameters on
the transport properties. Different potentials are
studied, and the practical recommendations on the
choice of potential and parameters for various air
species at various conditions are proposed.

2. Kinetic models and algorithms

The method of transport coefficients evaluation
must be chosen in accordance to the specific
flow conditions. The majority of the models of
non-equilibrium transport properties is based on
the quasi-stationary one-temperature or multi-
temperature distributions over vibrational levels.
These distributions are valid under conditions
when the characteristic times of chemical reac-
tions exceed essentially the mean time of vibra-
tional relaxation or of the V'V vibrational energy
exchanges within different modes. The transport
terms for a polyatomic gas mixture in the one-
temperature approach are given in Refs. [7,9,14],
this model is based on the local equilibrium
Boltzmann distribution over internal energy. The
multi-temperature models for a gas mixture with
internal modes and chemical reactions based either
on the Boltzmann distribution with vibrational
temperature 7, # T or on the Treanor distribution
are elaborated in Refs. [13-15].

Under high temperature conditions the rates of
vibrational energy transitions become comparable
with the rates of chemical reactions. It leads to
a strong vibrational-chemical coupling, and the
simulation of non-equilibrium flows in the frame
of quasi-stationary distributions is not longer
valid. In this case the detailed state-to-state ap-
proach is required: the Navier—Stokes equations

must be solved with the equations for vibrational
level populations, and the transport terms depend
on the non-equilibrium vibrational distributions.
The state-to-state kinetic transport theory has
been developed in Refs. [16,17].

The procedure for the transport coefficients
calculation differs for the various approaches [14].
It occurs due to the two facts. First, the transport
coefficients are determined by the different sets of
macroscopic parameters: species concentrations
and gas temperature in the one-temperature ap-
proach, species concentrations, gas temperature
and vibrational temperatures of molecular species
in the multi-temperature approach, and, finally,
gas temperature, vibrational level populations and
atomic concentrations in the state-to-state model.
Second, the linearized integral operator which
determines the bracket integrals depends on the
cross sections of the most rapid processes, and
these processes are not the same in three ap-
proaches considered [14].

Below a simple example is given. A comparison
of the results obtained on the basis of state-
to-state, multi-temperature and one-temperature
models is shown in Fig. 1. The algorithms deve-
loped in Refs. [14,16] are applied to the (N,, N)
mixture flow behind a shock wave. The initial
conditions are: Ty = 293 K, p, = 100 Pa, M, = 15.
In Fig. 1(a) the binary diffusion coefficient Dy, is
presented as a function of the distance x from the
shock, and in Fig. 1(b) one can see the total heat
flux behind the shock. It is seen that the value of
diffusion coefficient varies within 50% for different
models, this variation is connected with the be-
havior of macroscopic parameters in the relax-
ation zone. Similar results are obtained for the
remaining transport coefficients. The absolute
value of the total heat flux, as it can be expected,
decreases approaching the equilibrium, where all
three approaches converge. On the contrary, in the
beginning of the relaxation zone an essential dis-
crepancy between the heat fluxes calculated using
different models is observed. The one-temperature
and two-temperature approaches give consider-
ably lower values of the heat flux just behind the
shock front.

It is evident that a comparison with experi-
mental data is necessary for the validation of dif-
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ferent models. Unfortunately, the experimental
data on the heat transfer in the considered flow
are not available. Nevertheless, it can be pointed
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Fig. 1. Binary diffusion coefficient, Dx,n (m*/s) (a), and total heat flux, ¢ (kW/m?) (b) calculated using different approaches as
functions of x.

out that only state-to-state description gives an
adequate shape of vibrational distributions in
strongly non-equilibrium conditions. For instance,
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in papers [18-20] the experimentally measured
vibrational distributions in optically pumped CO
and other diatomic gases are compared with the
state-to-state and quasi-stationary distributions.
An excellent correlation between the state-to-state
and measured distributions is observed, whereas
all quasi-stationary models give a very poor
agreement. This fact is a good reason to believe
that the results of state-to-state simulation of the
heat transfer in essentially non-equilibrium con-
ditions will be much more accurate compared to
the results obtained by means of quasi-stationary
one-temperature or multi-temperature models.

Although an essential difference in the transport
coefficients computation in various approaches
exists, qualitatively the main algorithm remains
the same. Thus, in all cases transport coefficients
are found as solutions of similar linear algebraic
systems derived from orthogonal polynomial ex-
pansions of the perturbed distribution func-
tions [6,7,9,14]. The coefficients of the algebraic
systems are the bracket integrals determined by
the linearized integral operator of the most fre-
quent processes. Applying some assumptions de-
scribed in details in Refs. [7,9,14,16], the bracket
integrals can be reduced to the combinations of
collision integrals (see Refs. [3,4,9] for the defini-
tion).

At this step the procedure of transport coeffi-
cients calculation can be developed in two direc-
tions: the first one consists in analysis of linear
transport systems and derivation of the approxi-
mate mixture-averaged formulas. These formulas
are based on some additional assumptions and
therefore their accuracy is not always high. On the
other hand, mixture-averaged formulas express
transport coefficients of a mixture in terms of pure
species transport coefficients and thus permit to
reduce the computational cost. Such approxi-
mations have been introduced by Wilke [21]
and Mason and Saxena [22] for the viscosity and
thermal conductivity coefficients, respectively, and
more recently in Refs. [9,23,24] for all transport
coefficients. For binary mixtures at low tempera-
tures the approximate results given by Wilke and
Mason-Saxena formulas correlate well with ex-
perimental data, but for complex mixtures and
high temperature conditions their accuracy should

be further validated (see Ref. [9] for a detailed
discussion).

More precise algorithms of transport coeffi-
cients calculation require solution of transport
linear systems. The most evident way is the direct
solution of algebraic systems by the Cramer’s rule
which allows one to express the transport coeffi-
cients explicitly as ratios of determinants. This
algorithm is used in Refs. [2-4,7] for mixtures in
thermal and chemical equilibrium and in Refs.
[14,16] for various non-equilibrium conditions.
In particular, in papers [15,17] the transport co-
efficients have been computed in the generalized
multi-temperature and state-to-state approaches
for shock heated gas mixtures. Nevertheless, solv-
ing the linear systems by the Cramer method is
extremely computationally expensive. Another di-
rect method using the Gaussian elimination is
considered, for instance, in Ref. [24]. This method
is noticeably less time consumable but still not
satisfactory as a majority of direct methods. Re-
cently the mathematical properties of transport
linear systems have been studied carefully in Ref.
[9] and new efficient iterative algorithms have been
proposed. This technique provides very fast and
accurate evaluation of transport properties.

Whereas the method described in Ref. [9] gives
rather good results for the one-temperature and
multi-temperature models, the calculation of state-
to-state transport coefficients remains very slow
because of the great amount of linear algebraic
equations solved at each step of numerical simu-
lation. In order to deduce the thermal conductivity
and viscosity coefficients one must solve systems of
3N, + 2L, and Ny, equations respectively (N is
the total number of chemical and vibrational spe-
cies: Nyt = Ly + Ny, Ly, 1s the number of atomic
species, N, = Zfz‘;‘ L. is the total number of vi-
brational states, L. is the number of molecu-
lar species, L. is the total number of vibrational
energy levels in molecular species ¢). Besides that
there are N (N + 1)/2 independent diffusion
coefficient, each of them is found from the system
of Ny equations. It is obvious that such a scheme
cannot be used in numerical simulations. In the
recent paper [25] a simplified procedure of the
state-to-state transport coefficients calculation is
proposed. It permits to reduce essentially the
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number of transport coefficients and algebraic
equations, and at the same time, to maintain the
advantages of the state-to-state transport theory.
In particular, using these scheme, the thermal
conductivity and viscosity coefficients are com-
puted from the systems of 3L, + 2L, and L =
Lo + Ly equations; the number of independent
diffusion coefficients is diminished to N, + Lo +
L(L+1)/2, each coefficient is found from the
system of only L+ | equations. Such a simplifi-
cation allows one to implement the state-to-state
transport theory to the computational fluid dy-
namics and therefore to get more accurate results
compared to the ones given by one-temperature
and multi-temperature approaches.

3. Interaction potential and transport coefficients

Another important source of error in the evalu-
ation of transport terms is the old data on the
molecular interaction potentials for the computa-
tion of collision integrals. Indeed, for the exact
solution of the transport linear systems as well as
for the use of approximate mixture-averaged ex-
pressions, one needs the collision integrals. Since
the work of Hirschfelder et al. [3] a large amount
of collision integral calculations has been per-
formed for different potential models: Lennard-
Jones, Buckingham, Morse, Stockmayer, repulsive
ones, etc. One can find the tables of collision in-
tegrals in Refs. [3,4,26], the approximate interpo-
lating expressions are also given by many authors
(see, for instance, Refs. [27-29]). Nevertheless,
these data require an additional justification. The
specific potential models are valid only in a limited
temperature range, and the potential parameters
should be chosen carefully in accordance with the
experimental results.

Let us consider first the equilibrium transport
properties of air species. We start the discussion
from the transport coefficients of NO molecule
which is less investigated than the remaining air
components. The influence of the potential on the
transport properties of N, and O, have been
studied, for instance, in Refs. [16,30,31]. In the
present study the shear viscosity # and heat con-
ductivity coefficient 4 of pure NO have been cal-

culated on the basis of the following models for the
elastic collision integrals: the Lennard-Jones po-
tential with the parameters ¢ (collision diameter)
and €/k (potential well depth) reported in Refs.
[23,32]. The values of the parameters can be taken
also from Refs. [3,33]. However, it is shown in
Refs. [16,30] that using the data of Hirschfelder
[3] leads to a significant underestimation of the
transport coefficients at high temperatures. On the
other hand, the data from Ref. [33] give results
close to the ones obtained with the parameters
taken from Ref. [23], that is why we limit our
consideration by only two parameter sets. Two
other models used for calculations are the repul-
sive potential with the parameters given by Ref.
[34], and also approximate formulas for the colli-
sion integrals proposed in Ref. [29]. The results are
compared with the experimental data [35-37], with
the Blottner approximation for the viscosity coef-
ficient [38], and with the reference data of Ameri-
can Society of Mechanical Engineers for the heat
conductivity coefficient [39].

Figs. 2 and 3 plot the shear viscosity and heat
conductivity coefficients calculated in the differ-
ent temperature intervals (200 < 7 < 1500 K and
1500 < T'< 10000 K respectively). It is seen that
the repulsive potential gives an essential deviation
from the experimental data in the low temperature
range (T < 500 K) where the main role in the in-
teraction between particles belongs to the attrac-
tion forces. On the contrary, for the temperatures
200 < T < 1000 K the Lennard-Jones potential
fits very well the experimental results. The accu-
racy lies within 2% for the parameters from Ref.
[32] (a mean error is about 0.8%), and within 5%
for the parameters reported in Ref. [23]. The
Blottner approximate formula [38] underestimates
the viscosity coefficient up to 5-7%, and the Capi-
telli approximation [29] leads to a slight overesti-
mation of n (about 3-4%). Finally, for the low
temperature (7 < €/k) the Lennard-Jones poten-
tial with the parameters from Ref. [32] is recom-
mended for the shear viscosity computation.

The same choice of the model can be suggested
also for the calculation of heat conductivity in the
low temperature interval (see Fig. 3(a)). However,
for this coefficient the discrepancy between the
experimental and calculated values is higher. The
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Fig. 2. Shear viscosity coefficient, 7 (107¢ Pas) of NO at low temperatures (a) and at high temperatures (b).

Lennard-Jones potential with the parameters 3.5%, using the parameters from Ref. [23] enlarges
proposed by Ref. [32] gives a mean error about the deviation up to 7-9%, the approximate ex-
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Fig. 3. Thermal conductivity coefficient, 4 (10~ W/mK) of NO at low temperatures (a) and at high temperatures (b).

pressions from Ref. [29] also lead to some under- experimental data at the low temperature range is
estimation of 1 (about 6%). One should mention achieved using the Lennard-Jones potential with
here that for N, and O, molecules the best fit with parameters given in Ref. [23]. The recommended
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Table 1

Parameters for the Lennard-Jones potential
Interac- o (A) e/k (K) Ref.
tion
No-N, 3.621 97.5 [23]
0,-0, 3.458 107.4 [23]
NO-NO 3.47 119 [32]
N-N 3.298 71.4 [23]
0-0 2.75 80 [23]

parameters of the Lennard-Jones potential for low
temperature air species are summarized in Table 1.
The parameters for the interaction between dis-
similar species can be calculated using the rules
described in Ref. [4].

With temperature rising the estimation of the
model accuracy becomes difficult because of the
lack of experimental data, especially for the heat
conductivity. It is known [29,31,34,40] that at high
temperature the Lennard-Jones potential does not
give satisfactory results, and it is necessary to take
into account the repulsive forces. The best way to
proceed is to choose the repulsive potential in the
form proposed by Cubley and Mason [40]:
V = TVyexp(—pr), r is the distance between inter-
acting particles, ¥}, f§ are the potential parameters.
These parameters for different chemical species
interaction can be found in Refs. [29,34,40], the
values used in the present paper are given in Table
2. In the paper [28] the interpolating formulas for
the collision integrals computed on the basis of the

Table 2

Parameters for the repulsive potential
Interaction ¥ (eV) B (A Ref.
No-N, 4157 2.573 [34]
N,-O, 2316 3.267 [34]
N,-NO 52.38 1.761 [34]
N,-N 184.9 2.614 [34]
N,-O 860.4 3.331 [34]
0,-0, 1.485 x 10* 3.964 [34]
0,-NO 6373 3.644 [34]
0,-N 905.7 3.32 [34]
0,-0 4530 4.039 [34]
NO-NO 2678 3.303 [34]
NO-N 428.6 2.983 [34]
NO-O 2142 3.717 [34]
N-N 86.0 2.68 [40]
N-O 348.2 3.41 [40]
0-0 1410 4.14 [40]

repulsive potential are obtained, these formulas
are applied for the calculations.

In order to validate our results we have com-
puted the shear viscosity coefficient of five com-
ponents partially dissociated air. In this case the
experimental results up to 6000 K are available in
Ref. [37]. In Fig. 4 the results obtained by means of
the models [26-29], are compared with the experi-
mental data and with the calculations on the basis
of the Lennard-Jones potential. Using the models
proposed by Refs. [28,29] leads to a good agree-
ment with experimental data in the whole tem-
perature range, while the Lennard-Jones potential
and the model proposed in Ref. [27] underestimate
significantly the viscosity coefficient. The model
of Yun and Mason [26] also predicts the values
of viscosity close to experiment, however, in the
temperature interval 3000 < 7' < 6000 K its accu-
racy is worse compared to the models Refs.
[28,29]. At 6000 < T < 10000 K the results of this
models and repulsive models given by Refs. [28,29]
converge.

In Figs. 2(b) and 3(b) the shear viscosity and
heat conductivity coefficients of NO are presented
for high-temperature. In both cases the Lennard-
Jones potential with different parameters as well as
the Blottner formula for the shear viscosity lead to
lower values of transport coefficients compared to
the models [28] and [29]. The repulsive potential
[28] with parameters from [34] and the model of
Capitelli [29] give approximately the same values
of the heat conductivity. In the absence of experi-
mental data on high temperature transport coef-
ficients of NO and other separate air species it is
difficult to decide which model gives the most re-
liable results. Nevertheless, one can expand the
results obtained above for partially dissociated air
to the case of pure species. It is shown that the
Lennard-Jones potential underestimates signifi-
cantly the high temperature air viscosity coeffi-
cient. One can suppose that the same effect takes
place in pure gases. Finally, in high temperature
interval (7 > ¢/k) we recommend the repulsive
model [28] for practical use.

The above discussion concerns the role of
different potentials under chemically and ther-
mal equilibrium conditions. In order to check the
non-equilibrium case, the total energy flux behind
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a shock wave has been computed using the Len-
nard-Jones potential and the repulsive potential
(formulas of Ref. [28]) in the most detailed state-

to-state approach. The flow conditions are given in
the previous section. The comparison is shown in
Fig. 5. A noticeable discrepancy is found between
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the two fluxes, the heat flux calculated using the
Lennard-Jones potential is about twice less than
the one computed with the repulsive potential.
Therefore the proper choice of the interaction
potential is very important for the correct evalu-
ation of the heat transfer in reactive gas flows.

4. Conclusions

The transport properties in a non-equilibrium
reacting gas mixture flow are considered on the
basis of the kinetic theory. Three main factors in-
fluencing the accuracy of transport coefficients are
discussed: the kinetic approach; the algorithm of
linear transport systems solution; the model of
molecular interaction. The state-to-state kinetic
approach is expected to be more precise under
strongly non-equilibrium conditions compared to
quasi-stationary models. The algorithm proposed
in Ref. [9] provides the most rapid and accurate
solution of transport linear systems. The effect of
the molecular interaction model on the transport
coefficients and heat flux also is found to be im-
portant. The Lennard-Jones potential with pa-
rameters from Ref. [23] (for N, and O;) and from
[32] (for NO) gives the best accuracy for low
temperatures (7 < ¢/k), for higher temperature the
repulsive potential from Ref. [28] with parameters
given in Ref. [34] or the data from Ref. [29] are
recommended.

Acknowledgements

This work is supported by Université de Prov-
ence and INTAS Grant (99-00464).

References

[1] E. Eucken, Ueber der Warmeleitvermogen die spezifische
Warme und die innere Reiburg der Gase, Physik. Zeitschr.
14 (1913) 324-332.

[2] S. Chapman, T. Cowling, The Mathematical Theory of
Non-uniform Gases, Cambridge University Press, Cam-
bridge, 1970.

[3] J. Hirschfelder, C. Curtiss, R. Bird, The Molecular Theory
of Gases and Liquids, Wiley, New York, 1954.

[4] J. Ferziger, H. Kaper, Mathematical Theory of Transport
Processes in Gases, North-Holland, Amsterdam, 1972.

[5] C.S. Wang Chang, G. Uhlenbeck, Transport phenomena
in polyatomic gases, Cm-681, University of Michigan
Research Report, 1951.

[6] L. Waldmann, E. Triibenbacher, Formale kinetische
Theorie von Gasgemischen aus anregbaren Molekulen, Z.
Naturforsch 17a (1962) 364.

[7] L. Monchick, K. Yun, E. Mason, Formal kinetic theory of
transport phenomena in polyatomic gas mixtures, J. Chem.
Phys. 39 (1963) 654.

[8] F. McCourt, J. Beenakker, W. Kohler, 1. Kuscer, Non-
equilibrium Phenomena in Polyatomic Gases, vols. I & II,
Clarendon Press, Oxford, 1990.

[91 A. Ern, V. Giovangigli, Multicomponent Transport Algo-
rithms, Lect. Notes Phys., Series Monographs, M24,
1994.

[10] R. Brokaw, Thermal conductivity of gas mixtures in
chemical equilibrium ii, J. Chem. Phys. 32 (1960) 1005.

[11] M. Capitelli, Transport properties of partially ionized
gases, J. de Physique Colloque C3 38 (supplement au num.
8) (1977) C3-227-237.

[12] S. Vallander, E. Nagnibeda, M. Rydalevskaya, Some
Questions of the Kinetic Theory of the Chemical Reacting
Gas Mixture, Leningrad University Press, Leningrad, 1977
(in Russian), Translation: US AirForce FASTC-ID (RS)
TO-0608-93.

[13] S. Pascal, R. Brun, Transport properties of nonequilibrium
gas mixtures, Phys. Rev. E 47 (1993) 3251.

[14] A. Chikhaoui, J. Dudon, E. Kustova, E. Nagnibeda,
Transport properties in reacting mixture of polyatomic
gases, J. Physica A 247 (1-4) (1997) 526-552.

[15] A. Chikhaoui, J. Dudon, S. Genieys, E. Kustova, E.
Nagnibeda, Multi-temperature kinetic model for heat
transfer in reacting gas mixture, Phys. Fluids 12 (1)
(2000) 220-232.

[16] E. Kustova, E. Nagnibeda, Transport properties of a
reacting gas mixture with strong vibrational and chemical
nonequilibrium, Chem. Phys. 233 (1998) 57-75.

[17] E. Kustova, E. Nagnibeda, State-to-state approach in the
transport kinetic theory, Rarefied Gas Dynamics 21, vol. 1,
CEPADUES, Toulouse, France, 1999, pp. 231-238.

[18] R. Deleon, J. Rich, Vibration energy exchange rates in
carbon monoxide, Chem. Phys. 107 (1986) 283-292.

[19] E. Plonjes, P. Palm, A. Chernukho, I. Adamovich, J. Rich,
Time-resolved Fourier transform infrared spectroscopy of
optically pumped carbon monoxide, Chem. Phys. 256
(2000) 315-331.

[20] E. Plonjes, P. Palm, W. Lee, M. Chidley, I. Adamovich, W.
Lempert, J. Rich, Vibrational energy storage in high
pressure mixtures of diatomic molecules, Chem. Phys.
260 (2000) 353-366.

[21] C. Wilke, A viscosity equation for gas mixtures, J. Chem.
Phys. 18 (1950) 517-519.

[22] E. Mason, S. Saxena, Approximation formula for the
thermal conductivity of gas mixtures, Phys. Fluids 1 (5)
(1958) 361-369.



E.V. Kustova et al. | Chemical Physics 270 (2001) 459469 469

[23] R. Kee, J. Warnatz, J. Miller, A Fortran computer code
package for the evaluation of gas-phase viscosities, con-
ductivities, and diffusion coefficients, SAND®83-8209, San-
dia National Laboratories Report, 1983.

[24] R. Kee, G. Dixon-Lewis, J. Warnatz, M. Coltrin, J. Miller,
A Fortran computer code package for the evaluation of
gas-phase multicomponent transport properties, SAND86-
8246, SANDIA National Laboratories Report, 1986.

[25] E. Kustova, On the simplified state-to-state transport
coefficients, Chem. Phys. 270 (2001) 177-195.

[26] K. Yun, E. Mason, Collision integrals for the transport
properties of dissociating air at high temperatures, Phys.
Fluids 5 (4) (1962) 380-386.

[27] R. Gupta, J. Yos, R. Thompson, K. Lee, A review of
reaction rates and thermodynamic and transport properties
for an 1l1-species air model for chemical and thermal
nonequilibrium calculations to 30000 K, NASA reference
publication 1232, 1990.

[28] J. Bzowski, J. Kestin, E. Mason, F. Uribe, Equilibrium and

transport properties of gas mixtures at low density: Eleven

polyatomic gases and five noble gases, J. Phys. Chem. Ref.

Data 19 (5) (1990) 1179-1232.

M. Capitelli, C. Gorse, S. Longo, D. Giordano, Transport

properties of high temperature air species, AIAA Paper 98-

2936, Seventh AIAA/ASME Joint Thermophysics and

Heat Transfer Conference.

[30] E. Kustova, E. Nagnibeda, Thermodynamic and dissipa-
tive properties of vibrationally nonequilibrium diatomic
gas, in: C. Shen (Ed.), Rarefied Gas Dynamics 20, Peking
University Press, Beijing, China, 1997, pp. 633-638.

[31] E. Kustova, E. Nagnibeda, State-to-state and multi-tem-
perature models of transport properties in reacting gas

[29

flows, in: R. Harris (Ed.), Proceedings of the 3rd European
Symposium on Aerothermodynamics for Space Vehicles,
ESTEC, Noordwijk, The Netherlands, ESA Publication
Division, ESA SP-426, 1998, pp. 269-274.

[32] G. Glotz, W. Schonauer, Einflu des Chemiemodells und
der Randbedingunden auf die Hyperschallgrenzschicht bei
Lift, Internet Bericht no.12/77, Universitat Karlsruhe-
Rechenzentrum, 1977.

[33] J. Anderson, Hypersonic and high temperature kinetic
model for ionized air, AIAA paper 87-1574.

[34] V. Riabov, Approximate calculation of transport coeffi-
cients of Earth and Mars atmospheric dissociating gases,
J. Thermophys. Heat Transf. 10 (2) (1996) 209-216.

[35] Y. Touloukian, Viscosity, NBS Edition, New York,
1974.

[36] C. Ho, Properties of Inorganic and Organic Fluids,
CINDAS Data Series on Material Properties, vol. V-1,
Hemisphere Publishing, New York, 1988.

[37] N. Vargaftick, Handbook of Physical Properties of Liquids
and Gases — Pure Substances and Mixtures, 2nd ed.,
Hemisphere Publishing, 1975.

[38] F. Blottner, M. Jonson, M. Ellis, Chemically reacting
viscous flow program for multicomponent gas mixture,
Technical Report SC-RR-70-754, Sandia Laboratories,
1970.

[39] American Society of Mechanical Engineers, Reference
data, Engineering Software Database http://www.
mecheng.asme.org.

[40] S. Cubley, E. Mason, Atom-molecule and molecule—
molecule potentials for transport collision integrals for
high-temperature air species, Phys. Fluids 18 (9) (1975)
1109-1111.



