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Nonequilibrium Vibrational Kinetics of Air Hitting
a Catalytic SiO, Surface

I. Armenise,* M. Capitelli,"' and C. Gorse*
Bari University, 70126 Bari, Italy

The effects of a SiO, partially catalytic surface on the nonequilibrium chemical and vibrational kinetics of
a five-species (N, N2, O, Oz, NO) air mixture in the boundary layer of hypersonic reentry vehicles have been
investigated. To this aim, boundary-layer equations coupled to vibrational master equations have been solved. The
surface atomic recombination reactions have been considered as pumping the last bound vibrational level of N,
and O, molecules. The results show a combined influence of gas-phase and surface reactions on NO formation.

Nomenclature

Cx = pon/p

Cro = pno/p

Cn, = pn/p

Co = po/p

Co, = po,/p

C, = pu/p

Dy = diffusion coefficient of nitrogen in the
mixture, m? s~

Do = diffusion coefficient of oxygen in the
mixture, m?s~!

f = stream function

k = Boltzmann constant, JK~!

ky = pseudo-first-order gas-phase NO formation
rate, s~ !

my = atomic nitrogen mass, kg

mo = atomic oxygen mass, kg

Niot = total number density

P = pressure, Nm~2

Pr = Prandtl number

OO x = rate coefficients, cm® part~'s™!

ORDN

Sc = Schmidt number

Sr = source term of the energy equation

S, = source terms of the continuity equations

T = temperature, K

v = lastbound level of diatomic molecule

X = body-parallel coordinate

y = body-normal coordinate

B = du,/dx,s™!

y90, y™, = recombination coefficients of different

yON, yNO surface reactions

n = body-normal coordinate

0 = T/T,

& = body-parallel coordinate

0 = total density, kg m—3

ON> PNas Po» = N, Ny, O, O, and NO density, kg m~>

Po,> PNO

Pv = density in the vth vibrationallevel, kg m~3

U, = longitudinal speed at the edge of the

boundary layer
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Subscripts

e external edge of the boundary layer

wall

Introduction

HE boundary layer of hypersonic vehicles is the ideal envi-

ronment to study state-to-state vibrational kinetics and related
quantities.' = A sophisticated kinetic model including vibration-
vibration (vv), vibration-translation (vTm, vTa) energy exchange,
dissociation,recombination,atom exchange processes has been de-
veloped by our group and inserted in a one-dimensional flow code
describing the boundary layer of a reentering body.* More recently
the model has been implemented to consider state-to-state selective
pumping of O, during atom recombinationon SiO,.

A catalytic surface can experience aerodynamic heating a factor
two or more larger than a noncatalytic one®; however, when the
surface is considered fully catalytic, the heat load on the surface
is overestimated® Thermal protection systems (TPS) are partially
catalytic; therefore, it seems interesting to insert in fluid-dynamic
codes surface reactions with appropriate rates. In principle, this is
not too difficult from a numerical point of view. Problems, however,
arise as a result of the poor knowledge of recombination probabil-
ities of air components on different materials. Many studies have
been performed in discharge tubes as well as in other environments
to understand how walls affect the gas composition’~!° In addition,
theoretical recombination studies have used recombination coeffi-
cients as parameters to be estimated by a comparison with some ex-
perimental measurements or with other theoretical calculations ! !!2
Theoretical models do exist for predicting catalytic recombination
rates of O and N over different materials without specifying the
nascent vibrational distribution function.!*~!® The corresponding
rates will be called in the following global recombination coef-
ficients. The same level of information comes from experimental
recombination coefficients.!”!8

Recently a molecular dynamic calculation yielded state selected
recombination probabilities of atomic oxygen hitting a SiO,
surface.!” These data were used to study the effects of atomic re-
combination in the boundary layer of a blunt body.2® A comparison
between results obtained by using ab initio state to state and global
models for the recombinationrate coefficients on SiO, surface have
been performed?° In this context SiO, is the main component of
the U.S. shuttle TPS coatings made of a borosilicate reacting cured
glass (RCG: 92% SiO,, 5% B, 03, 3% SiB,).!

In this paper we extend the results of Ref. 20 to air hypersonic
flows. To this end a five-species mixture (N, N, O,, O, NO) hitting
at hypersonic speed a blunt SiO, body has been investigated by us-
ing global recombination coefficients of N,, O,, and NO,!* pumping
howeverselectively the lastlevel (for O, and N, only). The proposed
model can be considereda good approximationin light of the results
described in Ref. 20. A good agreement was in fact found between
the results obtained by detailed state-to-state recombination model
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and the corresponding ones obtained by the global recombination
coefficient pumping the last vibrationallevel of the vibrationalman-
ifold for atomic oxygen impinging on a SiO, surface 2° We want to
stress that the novelty of our approach is the coupling between a de-
tailed five-species, gas-phase, state-to-state chemical kinetics and
a partially catalytic surface that promoves recombinationreactions.
The aim of this coupling is to understand how the gas-phase pro-
cesses and surface reactions influence in turn each other as well as
the role they play in the fluid dynamic properties. The output of
the code include N, and O, vibrational distribution functions, NO
gas-phase formation rates, and temperature gradients.

This approach gives us detailed informations about nonequilib-
rium vibrational distributions and non-Arrhenius behavior of re-
action rates in the boundary layer, information that cannot be ob-
tained by using macroscopic approach such as the multitempera-
ture one. The differences between a state-to-state approach and a
macroscopic one have been discussed in Ref. 3, where nonnegligi-
ble differencesalso on macroscopic quantities such as heat-transfer
flow were shown. We believe, however, that in the future a state-to-
state approach will completely substitute for the multitemperature
approach also in more complex flows. The presence of nonequilib-
rium vibrational (and electronic) distributions in fact can promote
reactions, which in general are hidden by a macroscopic approach.

Equations and Numerical Method
To investigate the air behavior in the stagnation region of the
boundary layer of an hypersonic reentering space vehicle, the fol-
lowing system of one-dimensional boundary-layer equations has
been solved along the normal to the surface:

Cl'+ f*Sc*C, =S, v=0=281 (1a)
0" + f*Preg' = Sy (1b)

Equations (1a) are continuity equations of the concentrations of
each vibrational level of N, and O,, of N and O atoms, and of NO
molecules, the latter considered without detailing the internal struc-
ture. Equation (1Db) is the energy equation. The relevant derivatives
refer to the coordinate n normal to the surface in the self-similar
reference system according to Lees-Dorodnitsyn transformations

u y
= —= d (1c)
n &/{pr c

§= / Pelt, dx (1d)
0

The source terms S, and Sy include state-to-state nonequilibrium
vibrational kinetics for O, and N, according to the ladder-climbing
model as well as chemical reactions for forming NO from vibra-
tionally excited N, (v) molecules and atomic oxygen O.*?!

The following vibrational and chemical processes have been in-
cluded in the source terms as follows.

vv (vibrational-vibrational):

Ny (v) + Np(w) < No(v — 1) + No(w + 1) ()
0y (v) + Oy (w) <> O2(v — 1) + O2(w + 1) (3)
vTm (vibrational-translational):

N () +N; & No(v =D+ N )
0,(v) + 0, & 0, (v —= 1 + 0, ®)

vTa (vibrational-translational):

N,(v) + N < Np(w) + N 6)
0,(v)+0 < O0,(v—1)+0 @)

Exchange reactions:
N,(v) + O < NO+N ®)
N,(A) + 0 — NO +N(D) 9
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Fig. 1 Molecular O, concentration as a function of 7 (1 =0 surface
kept at T=1000 K; 17 =8 freestream at 7 =7000 K).

Details can be found in Refs. 4 and 22. Note that vT processes
involving nitrogen atoms consider also multiquantum transitions.
Dissociation and recombination processes have been described in
the framework of the ladder climbing model.**? Equation (9) has
been included by considering a population density of A state equal
to the concentrationof level v = 25. This hypothesis probably limits
the importance of Eq. (9) in producing NO. We are neglecting also
the second Zeldovich reaction, i.e., the process

N+ 0,(v) < NO+ 0O (8a)

It is not simple to assess the importance of this process for the
present conditions. A recent work?? has in fact shown that Eq. (8a)
can be neglectedfor nozzle expansion flows characterized by reser-
voir pressure P, of 1 atm and reservoir temperature 7j in the range
4000-8000 K, being, however, important for the high-enthalpy flow
characterizedby Py = 300 atm and 7, = 7000 K. A preliminary cal-
culation of the importance of reaction

0;+N < NO+O

without considering the O, vibrational distributionin the boundary-
layer kinetics shows that this reaction modifies the NO profile in the
n range 0.5-2 with small conseguences on the other components.

The recombination reactions enter also into the boundary con-
ditions, as shown in the next paragraph. To solve system (1), the
derivatives have been discretized by finite central differences ap-
proximation and calculated on the nodes of the uniform grid in
which the coordinate normal to the surface has been divided.?? The
discretized system, written in matrix form, has been solved in an
iterative way up to convergence with the following boundary con-
ditions. At the external edge of the boundary layer, the temperature
T, has been chosen according to typical values met under reentry
conditionsand inserted in the code in a parametric way. At the same
time vibrational distributions at the edge of the boundary layer have
been considered to satisfy Boltzmann distributionsat 7,. The coor-
dinate n has beendiscretized from zero to n,,x, Which represents the
edge of the boundary layer. An 1, value of 8 has been considered
in the present paper. This choice is accurate for many conditions
with some exceptions (see Figs. 1 and 2a).

Surface temperature 7, is considered constant, and the deriva-
tives of each species (i.e., of each vibrational level of N, and O,
molecules, of N and O atoms, and of NO) satisfy the following

equations:
aC kT kT
NP N -CN+M —.cy (10
an N Dy ¥V 2mmy Dy ¥V 2mmy
aCx, kT
N | W - Cx (11)
an y Dy Y 2mmy
aC kT kT
2o} _ Yoo .CO+M — . C, (12
an N Dg ¥V 2mrmg Dq ¥V 2mmg
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different assumptions.
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These derivatives are considered equal to zero for a noncatalytic
surface (i.e., for y values equal to zero).
Equations (10-14) describe the following surface reactions:

00

0+ 0" L5 0,(v) + wall 15)
)/NN

N+ N* L5 N, (v) + wall (16)
yON

0+ N* L5 NO + wall (17
yNO

N+ 0* L5 NO + wall (18)

where N* and O* are ad-atoms, i.e., atoms adsorbed by the surface
active sites. Surface recombination occurs essentially through the
Eley-Rideal mechanism.!41%:20

State-to-state recombination coefficients for air on SiO, are un-
known, as was pointed out in the Introduction. The influence of a
silica catalytic surface on a five-species (N,, N, O,, O, NO) hyper-
sonic flow has been therefore studied using global recombination
coefficients and considering the atoms recombining on the last vi-
brational level of N,, O, molecules. The NO molecule has been
considered as a whole system. Neglection of vibrationallyand elec-
tronically excited states of NO is a serious limitation of the present
model specially concerning the radiativeload in the boundary layer.
This point, however, needs a lot of informations on the relevantrate
coefficients, most of them at the moment unknown.

The following global recombination coefficients on SiO,
[Egs. (15-18)] have been respectively used: y°° =102, yNN=

1.2x 1073, yON=6.5x 1074, YN0 =6 x 1073 (Refs. 13 and 14).
Regarding the gas-phasereactions, the rate coefficients of processes
(2-8) are the same used in Ref. 4, whereas for Eq. (9) we have used

the following rate coefficient®:
Outon =7x107"7 cm’s™ (19)
Results

Before discussing the results, we recall that we have selec-
ted typical reentry conditions characterized by 7, =7000 K,
T, =1000 K, P, =1000 N/m?, and 8 = 5000 s~!. The last param-
eter can be roughly considered as a residence time of molecules in
the boundary layer. We impose at the edge of the boundary layer
an equilibriumcomposition at the selected 7, and P, values. Differ-
ent edge conditions can alter the first part of profiles without large
consequences near to the surface. The selected conditions roughly
correspond to a nose radius of 0.3 m, a velocity of 6000 m/s, and a
density of 3107 kg/m® (see also Ref. 25).

When a catalytic surface is considered, we should expect as a
result of Egs. (15) and (16) an increase in the N, and O, population
densities on the surface as well as in the boundary layer. This is
indeed shown in Figs. 1 and 3, where we have compared results for
noncatalytic (curve 1) and catalytic surface (curve 2). The higher
value of the oxygenrecombinationcoefficienty ©° as compared with
y™ increases the differences in the profiles of the concentration
of the two molecules compared with the corresponding ones for
noncatalytic surface.

Figures 4 and 5 report the profiles of atomic nitrogen and atomic
oxygen along the coordinate n, respectively.N atom profile follows
inareverse way the N, profile, while a flat O atom profile is observed.

In Figs. 1 and 3-5 curve 3 appears, which has been calculated
by neglectingthe gas-phase reactions described by Eqgs. (8) and (9);
comparison of the results of the whole model (curves 1-2) with
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Fig. 3 Molecular N, concentration as a function of n (=0 surface
kept at T=1000 K; 17 =8 freestream at 7 =7000 K).
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Fig. 6 N, vibrational distributions a) near the surface calculated ac-
cording to different assumptions and b) at different steps along the
normal to the surface, in the boundary layer, calculated according to
the full model.

these curves (3) gives us an idea of the importance of the reaction
involvingvibrationallyexcited N, moleculesand atomic oxygen and
its reverse in affecting the relevant profiles. In general, inclusion of
catalytic effects smooths the role of Egs. (8) and (9) in affecting the
profiles of N,, O,, N, and O species.

A dramatic and unexpected effect is on the contrary observed on
NO profile (Fig. 2a): neglect of Eq. (8) in fact completely modifies
the NO profile by increasing the concentration of NO by orders of
magnitude. It seems that the neglectionof gas-phasereactionallows
a complete action of surface reaction in yielding NO. A possible
explanation of this behavioris that the reverse of Eq. (8) is effective
in destroying NO.

Figure 2b reports the NO population density in the boundary
layer obtained according to different assumptions on the surface re-
combinationreactions described by Egs. (15-18): one can note that
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Fig. 7 O, vibrational distributions a) near the surface calculated ac-
cording to different assumptions and b) at different steps along the
normal to the surface, in the boundary layer, calculated according to
the full model.

Eq. (18) is the most important heterogeneous process in affecting
the NO profile. Impinging nitrogen atoms form NO with adsorbed
oxygen atoms, this point being in agreement with the observationof
Copeland et al.® on the catalytic formation of NO under conditions
characterized by a high dissociation degree of N».

Figures 6a and 7areportthe vibrationaldistributionsof N, and O,
molecules near the wall calculated with the different assumptions.
These results confirm that highly nonequilibrium vibrational distri-
butions are present near the surface as a result of both homogeneous
and heterogeneousrecombination of atomic species in line with our
previous results *

Figures 6b and 7b report the vibrational distributions of N, and
O, for the full model at different  values. In the boundary layer,
going from the surface toward the external edge, the distributions
are deactivated by vT processes.

The vibrationaldistributionswill affect the pseudo-first-orderNO
formation rate in gas phase defined* as

(20)

Ky =
Ntot Ntot

v

A non-Arrhenius behavior of these constants against instantaneous
1/T isclearly shownin Figs. 8a and 8b. These results can be thought
asafunctionof n by remindingthat 1 /7 increases with decreasing.
The results strongly depend on the different assumptions. In partic-
ular, the inclusionof a catalytic surface (Fig. 8a) increases by orders
of magnitude the formation rate of NO from the forward Eq. (8) as
a consequence of the increase in the vibrational distribution func-
tion in the boundary layer. On the same line it must be understood
the dependence of gas-phase NO formation rate on the different
assumptions on heterogeneous processes (Fig. 8b). Finally, Fig. 9
reports the temperature gradientd?'/dn vs n accordingto the differ-
ent assumptions. We can divide the boundary layer in three regions.
In the first one, i.e., close to the surface from =0 up to n=0.4,



486 ARMENISE, CAPITELLI, AND GORSE

3
10 = — T o
E —_— ]
10° [ s - ]
F [ \ 2 E
':\ 101 E / E|
‘n F E
w o[ )
w10 E
10t L -Z
E 1 - not catalytic wall 3
F 2 - cat. wall ]
1072 R I I R
2 1074 6 1074 1 10°°
a) 1/T
10°
" n 1
* 10t L -_
2 / 3
F 3y, 1 - cat. wall :
r 2 - cat. wall, no react.l7
L \ / 3 - cat. wall, no react.18
10° Ll [ R B
2 107* 6 10°* 1107
b) 1/T

Fig. 8 Pseudo-first-order NO gas-phase formation rate as a function
of instantaneous 1/7 values, calculated according to different assump-
tions.

7 10° | 1 1 1 ! 1
1 - not catalytic wall
3 2 - cat. wall
6 10" - 5 - cat. wall, no react.s 8-9 F
5 10° —\ 7 10°—2 .
2 E b
3 = -
§ 4 10 \ ] L
%31037; 410*\2 o
AN FLAN |
2 10° { T 1T
TR 1 0%
X
1 103 B N 0 1 L
0 10° ——— T ——
0 1 3 4 5 6 7 8
n

Fig. 9 Temperature gradient vs 7).

the temperature gradient suddenly increases when the surface is
catalytic. From a general point of view, this might be explained
by saying that, when the surface is catalytic, surface recombination,
whichis anexothermicprocess,increasesthe heat flux. The opposite
occurs in the second zone, from n = 0.4 up to n = 3, where the cat-
alytic surface causes a lower temperature gradient. This behavior
can be explained by the interplay of recombination and diffusion
processes. Recombination on the surface delivers heat increasing
the temperature gradient, whereas diffusion of molecules from the
surface through the boundary layer is accompanied by dissociation,
i.e., by an endothermic process. In the third zone, from =3 up to
the external edge of the boundary layer, the temperature gradient is
not affected by the cataliticity of the surface.

Conclusions
We have presented a state-to-state approach for describing the
dissociationrecombinationkinetics of a five-componentair mixture
interacting with a SiO, surface.
The results confirm and implement the previous ones! ~* obtained
by consideringa noncatalytic surface. Homogeneous and heteroge-

neous recombination generate in fact non-Boltzmann vibrational
distributions of N, and O, molecules with strong consequences on
the NO formation rate. At the same time the presence of a catalytic
surface alters the temperature gradients and therefore the heat flux
to the surface.

The present results must be considered from a qualitative point
of view because we use experimental global recombination rates,
which selectively pump the last vibrational level of the molecule.
This assumption can be overcome by molecular dynamic calcula-
tions. This improvement, while changing quantitatively the results,
will not change the qualitative picture reported in this paper.
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