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Introduction

T is well known that the chemical rate constants are strongly in-

fluenced by the vibrational distribution of reactant molecules, for
example, the molecules possessing a high degree of vibrational exci-
tation can dissociate more easily than molecules lying in low vibra-
tional levels, at least for not too high temperatures.'~* Consequently,
in high translation-rotation temperature flows, if the vibrational dis-
tribution is out of equilibrium and corresponds to low-vibrational
temperature, the dissociation rate constants are smaller than the
equilibrium Arrhenius-type constants, as it is the case behind strong
shock waves. Conversely, in a low-temperature environment, like
in hypersonic expansion flows in which the vibrational temperature
might be high, the recombination is favored, and the high vibra-
tional levels might be overpopulated. The influence of the chemical
reactions on the vibrational populations is also important and can
contribute to strong nonequilibrium distributions.

Many analyses of this coupling have been made in the past,* ei-
ther with more or less realistic and sophisticated physico-chemical
models,>® or with semi-empirical methods easily usable in hy-
personic computation codes.”® Recently, the present authors have
proposed an approach of the problem by using a generalized
Chapman-Enskog method®!'? (GCE), applied to the resolution of
the Boltzmann equation governing the processes for vibrational and
chemical nonequilibrium.!" As in the classical case, this method is
based on an expansion of the molecular distribution function in a
series of a “small” parameter, which is the ratio of a characteris-
tic relaxation time of a physical process and a reference flow time.
However, because of the possible simultaneity of vibrational and
chemical relaxation, the classical method leads to a nonunique ex-
pansion and to different formulations.!? The GCE method, based on
an asymptotic expansion, gives a unique formulation valid whatever
the degree of chemical nonequilibrium might be, assuming that the
“small” parameter is the ratio of the vibrational relaxation time and
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the reference flow time.!' These conditions are usual in the ma-
jority of the hypersonic flows. Thus, universal formulas have been
obtained for the dissociation rate constants and for the vibrational
energy loss caused by dissociation, taking into account the vibra-
tional nonequilibrium. However, the method can only give a partial
description of the vibration-recombination coupling process,!! but
this coupling is generally considered as weak.” !

Practical applications of the general formulas obtained by the
GCE method have been developed in most characteristic nonequi-
librium flows like flows behind strong shock waves, expanding flows
in nozzles and hypersonic boundary layers.!' However, they are es-
sentially concerned with pure diatomic gases, and no generalization
to gas mixtures has been provided. Thus the aim of the present paper
is to extend the results of the GCE method to reacting gas mixtures
like air at high temperature and to show that this method is as effi-
cient and fruitful in these cases as for pure dissociating gases. An
application to the hypersonic airflow behind strong shock waves is
also presented, as a test of the model.

Generalized Chapman-Enskog Method

From a macroscopic point of view, it is well known that reacting
gas flows are usually described by Navier-Stokes or Euler equa-
tions completed by chemical species conservation equations and
by vibrational relaxation equations for molecular species.'* The
coupling between these last equations arises from their compara-
ble timescales. Thus, for each component of the mixture the mass
source term caused by chemical reactions W depends on vibra-
tional populations and therefore on the nonequilibrium. In the same
way, the vibrational energy source terms Wy are influenced by the
loss, or gain, of reactant molecules.

The GCE method essentially consists in expanding the distri-
bution function of reacting molecules (on an internal level i) in a
series of a small parameter representing the ratio of a characteristic
time (here the vibrational characteristic time) and a reference flow
time. The method applies to nonequilibrium zones up to complete
equilibrium. Truncating the expansion to the first order, a complete
expression of the distribution function can be obtained, and the cou-
pling between vibrational and chemical nonequilibrium appears at
this order. Details about the method can be found in Ref. 11. Explicit
expressions for W and Wy are thus found, so that the rate constant
K¢ of each reaction participating in W can be written:

Kc = XKc M
where K = K¢ (T) is the rate constant of the reaction in vibrational
equilibrium conditions, depending only on the translation-rotation
temperature 7. X is equal to

X =1+ [(evp — ev)/kT1[(ey —ev)/ev] )
where eyp is the mean vibrational energy lost (or gained) by the
considered species in the reaction, ey and ey respectively the vibra-
tional energy in local conditions and in equilibrium conditions, and
k is the Boltzmann constant.

Here eyp must be computed with the aid of a physical vibrational
model. For example, in the case of dissociation reactions, eyp is
equal to 0.5¢p (where e, is the dissociation energy), when the har-
monic oscillator model is used and when truncating the expansion
of the distribution function at the zeroth order. The value of eyp is in
the range 0.4—0.5¢, for the anharmonic oscillator model at the same



J. THERMOPHYSICS, VOL. 20, NO. 1: TECHNICAL NOTES 149

order of the distribution function.!! At the first order, an approximate
value of 0.3e can be used instead of the complete expression1 L. itis
also close to the value recommended by Sharma et al.!> Details can
be found in Ref. 11. For exchange reactions, eyp represents a fraction
of the activation energy, also depending on the oscillator model.

In the same way, the term Wy appearing in the vibrational energy
relaxation equations and caused by various reactions is proportional
to (ey —eyp)Wp (vibrational energy loss) and to a similar term
(ey — eyr) Wk (vibrational energy gain), with W =Wy — Wp. So,
these terms can be computed in the same way, taking into account
the requirements caused by equilibrium conditions.

Application to Gas Mixtures

As already indicated, the method has been first applied to pure
diatomic gases essentially in the dissociating regime. In situations
where the recombination is preponderant (an expanding flow for
example), the model can be only applied to recombination reactions
involving molecular species, as for example,

and the reactions with only atoms cannot be described by the present
model, but, in fact, this is not a major drawback, because the cou-
pling between vibration and recombination processes is generally
considered as weak.

Anyway, considering high-temperature hypersonic airflow be-
hind a strong shock wave as a typical example of a reacting gas
mixture, in a temperature range 5—15,000 K, it is usual to take into
account five neutral species (N,, O,, O, N, NO), with 15 dissociation
reactions for the molecular species and two exchange reactions for
the creation of NO (Ref. 16). In a reverse way, when approaching
equilibrium, 15 recombination reactions can become significant, as
well as the two reverse exchange reactions. Among these 34 possi-
ble reactions, only six among the recombination reactions are not
affected by the present interaction model: thus, we can consider that
this model describes the essential aspects of the nonequilibrium zone
behind the shock.

Computation is performed for shock Mach numbers 12 and 25
and for initial pressures corresponding to altitudes of respectively
55 and 75 km: one-dimensional Euler equations are simultaneously
solved with species mass conservation and vibrational relaxation
equations including the present interaction model. The relaxation
equations also take into account the TV and V'V transitions.!”~1* A
simple fourth-order marching procedure is applied from conditions
“just” behind the shock, where “shock-slip” conditions are taken
into account because of strong gradients of various parameters, up
to complete equilibrium.

Results and Discussion

Rate Constants

The main expected result of this analysis concerns the modifica-
tion of the rate constants because of the vibrational nonequilibrium;
thus, as an example, the evolution of dissociation rate constants of
N, is represented in Fig. 1 for a shock Mach number 25, initial
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Fig. 1 Dissociation-rate constants of nitrogen behind a shock in air:
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Fig. 2 Dissociation-rate constants of oxygen behind a shock in air:
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Fig. 4 Evolution of species concentrations behind a shock in air: —,
with interaction; ———, without interaction.

pressure 2.5 Pa, and initial temperature 205 K. These constants are
computed from Eq. (2) and compared with their Arrhenius equi-
librium values.'> As expected, these equilibrium values decrease
from the shock because of the temperature decrease in the nonequi-
librium region. On the contrary, the nonequilibrium rate constant
increases up to a maximum and then decreases. This behavior of
course comes from the increase of the vibrational temperature from
the ambient temperature just behind the shock wave; the maximum
of vibrational temperature is attained before the end of the chemical
relaxation, so that the computed rate constants decrease, following
the temperature decrease in the chemical nonequilibrium zone.

The rate constants computed from Eq. (2) are also compared to
those obtained from the empirical formula given by Park,? generally
considered as realistic and widely used in hypersonic codes: Thus,
in Fig. 1 (dissociation rate constants of N,) the trend of the curves
is similar, and quantitative values are close. It is the same for NO.

However, for O, (Fig. 2), there is a rather strong difference, prob-
ably caused by the particular behavior of the vibrational relaxation
and the dissociation of O, (Figs. 3 and 4).
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Vibrational Temperatures

The evolution of the vibrational temperatures of O, and N, is
represented in Fig. 3 for the same conditions and compared with the
vibrational temperatures obtained without interaction.

The first comment concerns the fact that the vibration-chemical
reaction interaction contributes to lengthen the relaxation zone,
and so the translational temperature decrease is more progres-
sive. The vibrational temperature of O, exhibits a minimum in the
nonequilibrium phase, caused by the rapid initial dissociation of
oxygen molecules (see Fig. 2 of Ref. 11) followed by the efficient
translation-vibration O, — O collisions® quickly increasing Tyo,.
This minimum does not exist when the interaction is not taken into
account and is not encountered in pure gases.'! As for N, its vibra-
tional temperature presents a maximum in the same phase before
tending to equilibrium.

Concentrations

The lengthening of the nonequilibrium zone is clearly visible
also in the evolution of the concentrations when the interaction is
taken into account. In Fig. 4, the evolution of the atomic species O
and N is represented, and, as expected, the dissociation is delayed
because of this interaction. The dissociation of oxygen presents a
maximum caused by a short vibrational relaxation zone and a sub-
sequent temperature decrease associated with reactions involving
atomic oxygen, when the concentration of N continues to increase
because of the longer vibrational relaxation zone of N,.

Conclusions

The previously established model for the interaction between vi-
brational relaxation and chemical reactions has been extended to
gas mixtures and especially to the case of air submitted to a strong
shock wave. A realistic description of the nonequilibrium zone is
so obtained, which shows the interest to use this physically based
model in hypersonic flow description. Other applications, notably
in hypersonic boundary layers, are being considered.
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