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Nonequilibrium Kinetics and Heat Transfer
in O2/O Mixtures near Catalytic Surfaces
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Nonequilibrium vibrational-chemical kinetics and heat transfer in an O2 /O mixture near the surface of a
space vehicle under reentry conditions are studied. Vibration-translation, vibration-vibration energy exchange,
dissociation-recombination processes in the gas phase as well as heterogeneous recombination, dissociation, and
deactivation of vibrational states on a silica surface are taken into account. The effect of nonequilibrium kinetics
and surface catalysis on the total heat � ux and averaged dissociation-rate coef� cients is examined. It is shown that
both heterogeneous recombination and dissociation on the surface must be incorporated in the kinetic scheme.
The contribution of thermal conductivity, thermal and mass diffusion, and vibrational energy diffusion to the heat
transfer is evaluated. In particular, vibrational energy diffusion near the surface is found to play an important
role.

Nomenclature
ci = mass fraction of molecules at the i th vibrational level
cO = mass fraction of atoms
cp = constant pressure speci� c heat, J ¢ kg¡1 ¢ K¡1

D, D®¯ = diffusion coef� cients, m2 ¢ s¡1

DT®
= thermal diffusion coef� cients, m2 ¢ s¡1

f ¤ = stream function
i = vibrationalquantum number
k = Boltzmann constant, J ¢ K¡1

k.M /

diss = averaged rate coef� cient of dissociation by the
collision with a partner M , m3 ¢ s¡1

k.M /
eq = thermal equilibrium Arrhenius dissociation-rate

coef� cient, m3 ¢ s¡1

k.M /

i;diss = state-to-state dissociation-ratecoef� cient, m3 ¢ s¡1

m = molecular mass, kg
m O = mass of atoms, kg
n = total number density, m¡3

ni = number density of molecules at the i th vibrational
level, m¡3

nO = number density of atoms, m¡3

Pr¤ = Prandtl number, Pr¤ D ¹cp =¸0

p = pressure, Pa
q = total heat � ux, W ¢ m¡2

Sc¤ = Schmidt number, Sc¤ D ¹=½ D
Si , ST = source terms
T = gas temperature,K
Vi = diffusion velocity of molecular species at i th

vibrational level, m ¢ s¡1

Received 9 April 2001; revision received 26 September 2001; accepted
for publication 27 September 2001.Copyright c° 2001 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0887-8722/02
$10.00 in correspondence with the CCC.

¤Associate Professor, Mathematics and Mechanics Department, Bib-
liotechnaya pl. 2.

†Professor, Mathematics and Mechanics Department, Bibliotechnaya
pl. 2.

‡Researcher, Chemistry Department, Centro di Studio per la Chimica dei
Plasmi del CNR, Via Orabona 4.

§Professor, Chemistry Department, Centro di Studio per la Chimica dei
Plasmi del CNR, Via Orabona 4.

VO = diffusion velocity of atomic species, m ¢ s¡1

v = macroscopic gas velocity, m ¢ s¡1

°deact = heterogeneousdeactivationprobability
°diss = heterogeneousdissociation probability
°i = probability of heterogeneous recombination

to the level i
"i = vibrational energy of a molecule, J
h"rot;i i = averaged rotational energy, J
"O = energy of oxygen atom formation, J
´ = body-normal coordinate
µ = reduced temperature, µ D T=Te

¸0 = thermal conductivity coef� cient, W ¢ m¡1 ¢ K¡1

¹ = shear viscosity coef� cient, Pa ¢ s
» = body-parallel coordinate
½ = density, kg ¢ m¡3

Subscripts

e = parameters at the external edge of boundary layer
O = atomic
O2 = molecular
w = parameters at the surface

Introduction

T HERMAL protection of hypersonic reentry vehicles is a vital
problem of modern aerothermochemistry.It requires adequate

models of transport properties in extremely nonequilibriumcondi-
tions. In particular, heat transfer and diffusion around a body enter-
ing a planetary atmosphere should be evaluated taking into account
nonequilibriumvibrational-chemicalkinetics in the boundary layer
and gas-surface interaction.

Many papers are devoted to this problem, and at the present time
different models of heat and mass transfer near reentering bodies
exist.1 Such modelsaremost commonlybasedonphenomenological
expressions for the total heat � ux and its dependenceon the surface
catalyticity (see Refs. 2–4). In some papers the transport kinetic
theory is used for heat-� ux calculations, but these considerations
are usually restricted to small deviationsfrom thermal equilibrium.5

Strong deviationsfrom equilibriumover vibrationaldegreesof free-
domhavebeenstudiedin Refs. 6 and7 on thebasisof differentquasi-
stationary vibrational distributions.However, these approaches are
not suf� ciently rigorous because in boundary layers under reentry
conditionsthe vibrationaldistributionsare far from equilibriumand
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quite different from the quasi-stationary distributions.8¡10 A more
accurate kinetic theory model of dissociation-vibration coupling in
the boundary layer is proposed in Refs. 11 and 12. Nevertheless,
the in� uence of nonequilibriumkinetics in the gas phase and at the
surface on the macroscopicgas � ow parameters and heat � ux is still
not clearly understood.

Recently we have considered this problem in the frame of
the kinetic theory of gases in the state-to-state approximation13;14

This study includes three consequent steps. First, the state-to-state
transport kinetic theory has been developed15 and applied to the
boundary-layer problem.13 Then, in Ref. 13, nonequilibrium state-
to-state vibrational distributions obtained in Ref. 8 have been in-
serted in the transport theory algorithms as input data for the heat-
transfer evaluation. The catalytic activity of the surface has also
been described in the state-to-state approximation, and probabili-
ties of heterogeneousrecombinationon the silica surface calculated
by means of quantum-classicalmethod16¡18 have been preliminary
used for the transport properties computation.14

The present paper extends and completes the study started in
Ref. 13. We consider the � ow of O2/O mixture with vibration-
vibration (VV) and vibration-translation (VT) energy exchange,
dissociation and recombination in the boundary layer, and focus
the main attention on the dependenceof the heat transfer and diffu-
sion on the mechanism of nonequilibriumprocesses at the surface.
Compared to our previous preliminary study,14 the present paper
presents a more realistic model for heterogeneousreactions at a sil-
ica surface. First, recombination of oxygen atoms is permitted to
proceed through any O2 vibrational level.16;17 Also, the processes
of O2 dissociation and deactivation of its vibrational levels at the
wall are taken into account. The in� uence of these features on the
transport properties in the O2/O mixture is estimated.

Further important characteristics of a reacting � ow are the aver-
aged chemical reaction-rate coef� cients. Under strongly nonequi-
librium conditions these quantities depend on the actual vibrational
state populations. In the present paper the effect of state-to-state
distributions and surface catalyticity on the dissociation-rate coef-
� cients in the boundary layer is also studied.

Transport Properties in the State-to-State Approach
We consider a binary mixture of dissociating O2 molecules and

recombining O atoms and suppose that equilibration of the trans-
lational and rotational energies proceed much more rapidly with
respect to vibrational relaxation and dissociation-recombination
processes. The later processes are assumed to have characteris-
tic times comparable with the residence time of a particle in the
boundary layer. The complete set of equations of a nonequilibrium
� ow follows from the kinetic equations and contains in this case
the equations of detailedvibration-chemicalkinetics for vibrational
level populations of molecular species, number density of atomic
species, and conservationequations of the momentum and total en-
ergy. These equations and corresponding transport terms are given
in Ref. 15. In Ref. 15 it has been shown that in the state-to-stateap-
proximation the diffusionvelocitiesof each vibrationalstate instead
of diffusion velocities of molecular chemical species must be intro-
duced. A similar approachhas been proposedpreviouslyin Ref. 19;
however, the diffusion velocities are calculated by using Fick’s law
instead of rigorous expressions given by the kinetic theory.

In the boundary-layer approximation the state-to-state transport
terms can be simpli� ed. Thus, the diffusion velocities of oxygen
molecules at different vibrational levels Vi and oxygen atoms VO

and the total heat � ux q take the following form14:
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One can see that diffusion velocities and total heat � ux depend not
only on the gradients of gas temperature but also on the gradients
of all level populations and number density of atoms with corre-
sponding diffusion coef� cients. The method of the calculation of
the transport coef� cients in the state-to-state approach is given in
Refs. 15 and 20, where after some simpli� cations they are expressed
in terms of ni , nO , T , and elastic collision integrals (see Refs. 15
and 20 for the details). All diffusion and heat conductivity coef� -
cients are computed using the nonequilibriumvibrational distribu-
tions found in the boundary layer in Ref. 10. The nonequilibrium
kinetics in the boundary layer is considered in the next section.

Equations of State-to-State Kinetics
in the Boundary Layer

To evaluate state-to-state distributions in the boundary layer
around a reentering body, the equations for the vibrational level
populations and atomic number density have been coupled with
� uid dynamic equations, and some simpli� cations have been car-
ried out. A stationary� ow in the vicinity of the stagnationpoint has
been considered, and boundary-layerequations have been obtained
using the Lees–Dorodnitsyn coordinate transformation21;22:

» D
Z x

0

½eve dx; ´ D vep
2»

Z y

0

½ dy (4)

Introducingthese variables,one can write the boundary-layerequa-
tions in the one-dimensional form:

c00
i C f ¤Sc¤c0

i D Si ; i D 0; 1; : : : ; 33 (5)

µ 00 C f ¤Pr¤µ 0 D ST (6)

where Eqs. (5) for i D 0; 1; : : : ; 32 are the equations for the mass
fractions of molecules at the bounded vibrational levels, i D 33 cor-
responds to atomic mass fraction cO , and Eq. (6) is the energy con-
servation equation. The derivatives have been done with respect to
the surface normal coordinate ´.

In Eqs. (5) and (6) the left-hand side describe the diffusive and
convection terms. The Schmidt and Prandtl numbers are supposed
to be constant: Sc¤ D 0:49, and Pr¤ D 0:71. The source terms Si

and ST describe, respectively, vibrational energy exchanges and
dissociation-recombination processes in the gas phase as well as at
the surface. Among vibrational energy exchanges only the single-
quantum ones have been retained10:

O2.i/ C O2.k/ *) O2.i ¡ 1/ C O2.k C 1/ (7)

O2.i/ C O2 *) O2.i ¡ 1/ C O2 (8)

O2.i/ C O *) O2.i ¡ 1/ C O (9)

O2.i/ C wall ! O2.i ¡ 1/ C wall (10)

Following the ladder-climbing model, the pseudolevel located just
above the last bounded level of a molecule has been introduced,and
it has been supposed that dissociation and recombination proceed
only through this level.8 Finally, dissociationand recombinationre-
actions in the gas phase are treated as VV and VT energy exchange
processes involving the pseudolevel. Recombination and dissocia-
tion at the catalytic surface are described by two main mechanisms:
the Eley–Rideal mechanism10;17

O C O¤ *) O2.i/ C wall (11)
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and the Langmuir–Hinshelwood one10;17

O¤ C O¤ *) O2.i/ C wall (12)

O¤ is an adatom of the surface. Another possible mechanism

O2.i/ C wall ¡! O C O (13)

has also been taken into account.

Boundary Conditions
Now we consider the boundary conditions for Eqs. (5) and (6).

At the external edge of the boundary layer, the gas temperature is
� xed as a parameter Te , and the level populations are supposed to
follow the thermal equilibriumBoltzmann distributionwith the gas
temperature Te . On the surface the gas temperature is also � xed
at T D Tw . Regarding the mass fractions of vibrational species and
atoms, three different models are investigated.

The � rst model assumes that the surface is totally noncatalytic.
This model is referred hereafter as nCnDnD (no catalyticity, no
dissociation, no deactivation). In this case the derivatives of both
vibrational level populations and atom mass fractions, with respect
to the coordinate ´ normal to the surface, are equal to zero:

@ci

@´

­­­­
w

D 0; i D 0; 1; : : : ; 33 (14)

Then, a partiallycatalyticsilicasurfacehasbeenconsidered;thepro-
cesses of heterogeneousrecombinationand dissociation[Eqs. (11–

13)] as well as oxygen molecules deactivation [Eq. (10)] have
been taken into account. This model is subsequently called CDD
(catalyticityC dissociationC deactivation). In this case, the condi-
tions for ci and cO at the wall read10
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where recombination coef� cient °i represents the ratio of the � ux
of atoms recombiningon the surface to the � ux of atoms impinging
the surface; the diffusion coef� cient D is assumed to be indepen-
dent of the vibrational level number, and the values of the diffusion
coef� cients are taken from Refs. 23 and 24. We would like to note
that in the right-hand sides of Eqs. (15) and (16) the � rst term is
from recombination at the surface, the second one is due to hetero-
geneous dissociation, and the third and fourth ones in Eq. (15) are
caused by deactivation at the wall.

Finally, the model taking into account only heterogeneous re-
combination [direct reactions Eqs. (11–13)] has been studied, and
this model is named as CnDnD (catalyticity, no dissociation, no
deactivation).

For a silica surface the probability of oxygen recombination to
each vibrational level has been calculated by Armenise et al.10 and
Cacciatore et al.16;17 by means of quantum-classicalmolecular dy-
namics approach. The dissociation probability °diss as well as the
deactivationone °deact havebeenestimated in Ref. 10.The procedure
proposed in Ref. 10 can give some overestimation of the dissocia-
tion probability at the same time underestimating the deactivating
probability.

The rate coef� cientsof thegas phase reactions[Eqs. (7–9)] are the
same as the ones used in Ref. 9. In the last paper the results of accu-
rate quantum-classicalcalculationsof rate coef� cients performedin
Refs. 25 and 26 have been interpolated in a wide temperature range,
and simple analytical formulas for the rate coef� cients have been
proposed.

Results
Equations (5) and (6) for ci , cO , T with boundary conditions in

Eqs. (14–16) have been solved numericallyusing a � nite difference
methoddescribed in details in Refs. 8 and 10. A uniformgrid is used
to divide the coordinate ´ normal to the surface into 80 steps. The
derivatives in the system are approximatedwith central differences.
The nonlinear system is solved in an iterative way: in each step i
of a generic iteration, the unknowns are calculated taking into ac-
count theirvaluesboth in the cell .i ¡ 1/, calculatedin the preceding
step of the same iteration, and in .i C 1/ calculated in the preced-
ing iteration. The code has been validated using different grids and
varying the limit values of ´ D 4, 8, 16. It has been shown8;10 that
the numerical method itself is suf� ciently precise.However, the ac-
curacy of the results depends signi� cantly on the state dependent
rate coef� cients of considered processes [Eqs. (7–13)] and the sur-
face recombination coef� cients. The sensitivity of the vibrational
distributions and macroscopic � ow parameters to the input data is
discussed in Refs. 9 and 10.

Finally the variablesci , cO , T as well as their gradientshave been
found along the coordinate ´. Then, this solution has been inserted
into the kinetic transport theory algorithm15;20 to compute the diffu-
sion and heat conductivity coef� cients and the total heat-� ux. The
heat-� ux sensitivity to the catalytic properties of the surface has
been studied, and some interesting effects have been observed.

In the present section we discuss the nonequilibriumvibrational
distributions,gas temperature,and then heat � uxesanddissociation-
rate coef� cients calculatedusing the three surface catalyticitymod-
els already discussed:CDD, CnDnD, and nCnDnD. The conditions
at the high temperatureedge of the boundary layer are Te D 7000 K,
pe D 1000 Pa, while the wall temperature is Tw D 1000 K.

First, let us consider the reduced O2 level populations ni=n vs
vibrational quantum number i for different values of coordinate ´
(´ D 0 at the surface,´ D 8 at the externaledge of a boundary layer).
Figures 1a–1c present ni=n for three cases: Fig. 1a gives the results
for the CDD model (catalytic wall with dissociation and deactiva-
tion); Fig. 1b corresponds to CnDnD model (catalytic wall neglect-
ing dissociation and deactivation); Fig. 1c displays the results ob-
tained by means of nCnDnD model (completely noncatalyticwall).
These � gures show the evolution of vibrationaldistributionsacross
the boundary layer starting from the extremely nonequilibriumdis-
tribution in the vicinity of the wall toward the thermal equilibrium
imposed at the external edge. The results for the noncatalytic wall
(Fig. 1c) look similar to those reported for a � ve-species mixture9

(N2, N, O2, O, NO). The vibrational distributions present long de-
clining plateaux as a result of the recombination process in the gas
phase. Near the surface (curves 1–2) the plateau is quite stable.
However, the concentration of molecules is very small in all of
the points of the boundary layer. Distributions change dramatically
when recombination at the surface is taken into account (Fig. 1b).
This reaction leads to a signi� cant increase of O2 concentration
close to the surface and thus to much higher populations than in
the preceding case. The vibrational distribution at the surface is
not completely smooth because of the form of the used state-to-
state rate coef� cients of the recombination catalytic process.10 In
the case of the complete CDD model (Fig. 1a), heterogeneousdis-
sociation diminishes noticeably the concentrationof molecules and
therefore level populations near the wall compared to the CnDnD
model. The distinction between vibrational distributions at the sur-
face in casesa) andb) is mainly causedby dissociation;the in� uence
of deactivation on the distribution is shown to be weak.10 For the
CDD model the nonsmoothdistributionat ´ D 0 is very pronounced;
this behavior is caused by the nonmonotonouscharacter of recom-
bination probabilities10 and, perhaps, some overestimation of the
dissociation-ratecoef� cient.

Figures 2a and 2b present the gas temperature T and molecu-
lar oxygen molar fraction nO2 =n across the boundary layer for all
three models considered. As expected, in the case of complete ki-
netics (CDD model) the temperature close to the surface is higher
than in the remainingcases becauserecombinationand deactivation
processes raise the gas temperature as the surface is approached.
The concentration of molecules under the noncatalytic boundary
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a)

b)

c)

Fig. 1 Reduced level populations ni/n as functions of i at different ´:
a) – CDD; b) –CnDnD; c) –nCnDnD. Curves 1: ´ = 0; 2: ´ = 0:1; 3:
´ = 0:2; 4: ´ = 0:5; 5: ´ = 1; 6: ´ = 4; 7: ´ = 6; 8: ´ = 8.

conditions is very low and increases quite weakly toward the wall
as a result of the gas phase recombination. Comparison of curves
CDD and CnDnD shows a competition of heterogeneous dissocia-
tion and recombination:neglectingdissociationat the surface leads
to an overestimationof O2 concentration.Let us emphasize that the
gradientsof chemical speciesconcentrationscomputedby means of
CnDnD model are much higher compared to other models; this fact
is responsiblefor overstatingthe contributionof diffusionprocesses
to the heat � ux in this case.

Figures 3a and 3b depict the total heat � ux (Fig. 3a) and Fourier
� ux caused by thermal conductivity qF D ¡¸0rT (Fig. 3b) calcu-
lated using the current three surface interaction models. It is seen
that near the surface the CDD model gives a qualitatively differ-
ent behavior of the heat � ux compared to the other two models.
For the CDD model the absolute value of q at the surface is much
greater, then it decreases rapidly with ´, and for ´ > 1 the solutions

a) Gas temperature

b) O2 molar fraction

Fig. 2 Functions of ´.

a) Total heat � ux

b) Fourier � ux

Fig. 3 Functions of ´.



242 KUSTOVA ET AL.

obtained with the CDD and nCnDnD models become close to each
other.Comparisonof the total � uxes obtainedwith the CDD scheme
and neglectingdissociationand deactivation(CnDnD) shows an es-
sential discrepancy practically in the whole range of ´. These pe-
culiarities can be explained after examinationof the contributionof
various processes to the heat � ux. First, let us consider the Fourier
� ux (Fig. 3b). A noticeabledifferencebetweentheFourier � uxes ob-
tainedusing theCDD and CnDnD modelsmanifests itselfonly close
to the surface; at ´ > 1:5 the two � uxes are nearly the same. Such a
behaviornear the wall is governedby the temperaturegradients: the
CDD models give the highest temperature gradient at ´ < 1. A sig-
ni� cant distinction between the total � uxes given by the CDD and
CnDnD models shows the important role of heterogeneous disso-
ciation and deactivation in the case of a partially catalytic surface.
Recombination at the surface augments considerably the concen-
tration of molecules, and this effect must be compensated by the
corresponding reverse process. Taking into account only recombi-
nation at the wall and neglectingdissociationat the same time leads
to an inadequate description of the heat � ux. Thus, a strong dis-
crepancybetween the total heat � uxes for CDD and CnDnD models
(see Fig. 3a) is dictated mainly by the different character of the O2

and O concentrationgradients (in the CnDnD case the gradients are
too high). Concerning the case of a completelynoncatalyticsurface
(nCnDnD), the heat � ux is determined only by thermal conductiv-
ity; the values of q and qF coincide within 1%, which means that
if one neglects recombination, dissociation, and deactivation at the
wall, then in some cases it is suf� cient to use the Fourier law for the
heat-� ux evaluation.Nevertheless,one should be careful using such
an approximation: in Ref. 13 it is shown that for a N2/N mixture
the contribution of diffusion processes can reach 60–65% even if
the surface is absolutelynoncatalytic.Finally, one can conclude that
although the nCnDnD model gives a good agreementwith the CDD
scheme at ´ > 1 it is better to use the CDD model and the expres-

a)

b)

Fig. 4 Contribution of various processes to the heat � ux: a) CDD and
b) CnDnD models. Curves 1: total heat � ux; 2: Fourier � ux; 3: � ux
caused by thermal diffusion; 4: � ux caused by mass diffusion of atoms;
5: � ux caused by diffusion of vibrational energy.

sion in Eq. (3) instead of the Fourier law (especially near the wall)
in order to get satisfactory accuracy.

The next � gures (Figs. 4a and 4b) represent the contribution of
various transport processes to the total energy transfer. Among the
diffusion processesone can distinguish thermal diffusion,mass dif-
fusion of chemical species, and diffusion of vibrational energy by
excited molecules. In Fig. 4a the CDD model is considered, and
in Fig. 4b CnDnD models are considered. The corresponding plot
for the nCnDnD model is not reported because from the preceding
discussion it is clear that in this case the contribution of diffusion
to the heat � ux is negligible.Figure 4 shows that for both the CDD
and CnDnD models the heat � ux is scarcely affected by thermal
diffusion (its maximum contribution does not exceed 6% in the
vicinity of the surface and then decreases to 3%). For the CDD
model (Fig. 4a) the in� uence of mass diffusion of atoms is also
small, and the main role in the heat transfer belongs to heat con-
ductivity and diffusion of vibrational energy. Near the wall a com-
petition of these two processes is observed. In the case of CnDnD
model, the contribution of heat conductivity, mass diffusion, and
diffusion of vibrational energy is of the same order of magnitude.A
similar tendency has been found in Ref. 14 where the partially cat-
alytic surface without dissociationhas been consideredfor different
conditions.

The subsequent discussion is devoted to the rate coef� cients
of dissociation in the gas phase. In many essentially nonequilib-
rium � ows a non-Arrhenius temperature dependence of averaged
dissociation-ratecoef� cientshas been discovered.9;27;28 The present
investigation con� rms this statement. The global-rate coef� cients
can be expressed in terms of the state-to-state coef� cients28

k.M /

diss D 1
nO2

X

i

ni k
.M/

i;diss (17)

a)

b)

Fig. 5 Averaged dissociation-rate coef� cients k(M )
diss

(cm3 /s) and corre-
spondingArrhenius coef� cients for a)CDD model andb)ratiok(at)

diss=k(at)
eq

for three models as functions of ´.



KUSTOVA ET AL. 243

For the ladder-climbing model, as dissociation proceeds only
through the last bounded level L , this de� nition is reduced to the
following one:

k.M /

diss D .nL =nO2 /k
.M /

L ;diss (18)

Coef� cient k.M/

L ;diss is determined by the rate coef� cients of VV and
VT vibrational energy exchanges.

Figure 5a plots the averaged rate coef� cients k.mol/
diss and k.at/

diss for
dissociation through the collisions with molecules and atoms, re-
spectively, across the boundary layer (CDD model). The corre-
sponding thermal equilibriumArrhenius-ratecoef� cients k.mol/

eq and
k.at/

eq are also presented. One can see a quite different behavior of
the rate coef� cients calculated using the state-to-state distributions
compared to the Arrheniusones, close to the surface the curveshave
an opposite tendency. Figure 5b displays the ratio k.at/

diss=k.at/
eq com-

puted for the three models already discussed. It can be noticed that
taking into account heterogeneous recombination dissociation and
deactivation produces a decrease of the ratio k.at/

diss=k.at/
eq in the gas

phase.
The limit value ´ D 8 is suf� cient for the calculationof the main

macroscopicparameters: gas temperature, density, species concen-
trations, and heat � ux. The exception is for the dissociation-rate
coef� cients. These quantities do not converge to the equilibrium
values at ´ D 8, and for the correct predictionof k.M /

diss a greater limit
value ´ D 16 has been chosen. It is connected with peculiarities of
the ladder-climbingmodel: in this case the dissociation-ratecoef� -
cientsare determinedmainlyby the populationof the last vibrational
states, and those states are strongly disturbed by dissociation.In the
present calculation the populations of the highest 2–3 vibrational
levels do not reach their equilibrium values at ´ D 8, and therefore
coef� cients k.M /

diss behave similarly. One can expect that using an-
other dissociation model, for instance, the Treanor–Marrone one,
will provide a better convergence and a good accuracy of the solu-
tion at ´ D 8.

Conclusions
Nonequilibriumvibrational-chemicalkineticsand transportprop-

erties in the O2/O mixture � ow in the boundary layer adjacent to a
catalytic silica surface have been investigated by using the detailed
state-to-state approach. Three different models of the catalytic ac-
tivity have been examined: 1) a partially catalytic surface model,
which accounts for heterogeneousrecombination,dissociation,and
deactivationof excited vibrational states; 2) a model that takes into
accountonly heterogeneousrecombinationand neglectsreversedis-
sociationprocessand deactivationat the wall; and � nally, 3) a totally
noncatalyticmodel.

The state-to-statevibrationaldistributionsas well as the gas tem-
perature and chemical species concentrations have been computed
across boundary layers in the vicinity of a stagnation point. The
in� uence of surface catalyticity models on the vibrational distribu-
tions and other macroscopic parameters has been estimated. In all
cases essentially nonequilibriumdistributions have been found for
the conditions investigated. For the case of a noncatalytic surface,
the concentration of molecules near the wall as well as its change
across the boundary layer are shown to be low. For the catalytic
surface neglectingdissociationat the wall leads to excessivelyhigh
variation of species concentrations and their gradients across the
� ow. Taking into account all heterogeneous processes provides a
fast rise of the gas temperature just near the wall compared to the
other two models.

Then the calculatedmacroscopicparameters and vibrational dis-
tributionshavebeenused as inputdata for evaluationof the totalheat
� ux, which in the state-to-state approach depends on the gradients
of all level populations, atomic number density, and gas tempera-
ture. The role of surface catalysis and the contribution of various
processes to the heat transfer have been estimated. In particular, it
is shown that using the noncatalytic boundary conditions gives an
underestimation of the heat � ux near the surface; in this case the
heat transfer is determined mainly by thermal conduction; neglect-
ing dissociation at the surface leads to a big discrepancy between

the calculated heat � uxes practically in the whole region consid-
ered. The contribution of vibrational energy diffusion to the heat
transfer is particularly importantwhen the complete kinetic scheme
at the surface is applied. The role of thermal diffusion in the heat
� ux is quite weak in all cases examined. In conclusion, it can be
pointed out that the self-consistentCDD model taking into account
heterogeneousrecombination,dissociation,and deactivationshould
be used in order to get adequate values of the total heat � ux.

Finally, the nonequilibriumrate coef� cient of dissociation in the
gas phase across the boundary layer has been calculated, and its
temperature dependence is found to be essentially non-Arrhenius
for all models of surface catalyticity.
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