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Catalytic Model on SiO,-Based Surface
and Application to Real Trajectory

Takuji Kurotaki*
National Aerospace Laboratory, Tokyo 182-8522, Japan

Introduction

HEN a reentry vehicle flies at very high Mach numbers, a

strong bow shock forms in front of the body, and dissociation
of air takes place inside the shock layer. Some of dissociated atoms
recombine according with the drop of temperature; however, if the
flow is in nonequilibriuma large part of atoms remain through the
boundary layer and finally recombine on the surface, which causes
the increase in aerodynamic heat.

One way to protectthis additionalincreaseof heat flux is touse the
thermal protection system (TPS) with materials as little catalytic as
possible. SiO,-based materials are now widely used for this purpose
because of their low catalytic properties. However, even the slight
catalysis of these materials increases considerable amount of heat
flux around the body compared with the one with noncatalytic wall
assumption.

In the design of reentry vehicles, the heat load is usually pre-
dicted through computational fluid dynamics (CFD), and two ex-
treme assumptions are usually applied; non- or fully catalytic con-
ditions. Designing reentry vehicles with fully catalytic condition
seems to be too conservative today because it may sometimes
lead to overestimation of weight of TPS and even misunder-
standing of correct aerodynamic properties.!'> Therefore, construc-
tion of the model describing the correct physics of heteroge-
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neous catalytic processes and being easy to incorporate into the
CFD codes are now of great importance. For this purpose sev-
eral models have been proposed in which the catalytic processes
are treated as the combination of each elementary step.'™* How-
ever, more improvements in physical considerations are neces-
sary to predict catalytic efficiencies quantitatively for various flow
conditions.

In the treatment of surface catalysis in airflow, it is usu-
ally assumed that no production of NO molecules occurs. Re-
cently, Copeland et al.’> demonstrated that a significant concen-
tration of NO is generated from a surface-catalyzed reaction
on quartz surfaces in the room temperature range. They also
pointed out that N and O atoms do not act independently and
that NO may be a significant reaction product from a catalytic
process.

In this Note a model describing heterogeneous catalysis on the
surface of SiO,-based materials is constructed in a new approach.
The concept of the phenomenologicaltheory proposed by Kovalev
et al.% are generalizedto describethe overall heterogeneouscatalytic
phenomenon including NO production in each elementary step in
detail. To prove the validity of this theory and investigate the effects
of NO productionon the surface, this model is incorporatedinto the
CFD codes, the flow around OREX (Orbital Reentry Experiment)
is solved, and results are discussed.

Description of Heterogeneous Catalysis
and Construction of Model
In this Note the following elementary steps are assumedin hetero-
geneous catalytic processes under the assumption that the surface
temperature is not extremely high and that there are no slip effects.
1) Adsorption-desorptian of atoms:

0+()=(0-9) 1
N+ (@)= N-=S5) )

2) Recombination between gas atoms and adsorbed atoms
(adatoms) [Eley-Rideal (E-R) recombination]:

0+(0—S8)=0,+(S) 3)
N+ (N=S8)=N,+(S) )
O+ (N—S) =NO+(S) (3)
N+ (0—S) =NO+ (S) )

3) Recombination between adatoms [Langmuir-Hinshelwood
(L-H) recombination]:

(O0—=35), +(O0—=S) =0, +2(5) 5)
(N—=3S5),, + (N=S) = N, +2(5) 6)
(O—=195), + (N—=S) = NO +2(S) (5"
(N—=38), +(O0—=S8) =NO+2() (6"

Here (S) is a free active site and (Y-S) means an Y atom absorbed
by the surface (adatom). The subscriptm means migrating adatoms
on the catalytic surface.

In L-H recombination only collisions between this migrating ad-
atomand a “stilladatom” are considered ? Furthermore, adsorption-
desorption of molecules in the wall temperature range considered
in this study is sufficiently small and can be neglected ® Under these
assumptions the specific mass formation rates 7, per unit surface
area in reactions Egs. (1-6) and Egs. (3'-6') are given from the
acting surface law by®

1(0) = =11 (0—=S) = =My pki (X060 — 6o /PK)), etc. (7)

under the condition that

0+60p+6y=1 ®)
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where M; and X; are molecularmass and molar fractionof speciesi;
p is pressure of mixture gas; k, and K, the rate constantof forward
reaction and the equilibrium constantin Eq. (n), respectively;; the
surface fraction of the adsorbed species i; and 6 the surface fraction
of the free adsorption sites.

If the quasi-steady state is assumed during catalytic processes,
the overall mass formation rate of adatoms should be equal to zero.
Then, we obtain the following quadratic forms:

00/0 = (1/Ago) (ki + 2ksK,00)X o 9
On/0 = (1/Agn) (ky + 2k K20n) Xy (10)

where

Ago = (k3 +2ksK,0)X o + (k) + 2ksK,00)/pK,
+ K Xy + (k4 K)6n/p (1n
Agn = (k4 + 2k K20) Xy + (ko + 2ks K20y) /pK>

+kiXo+ (ki +k2)6o/p (12)

In this study we divide catalytic efficiency y into two parts, for
instance, for O atoms ygo, the ratio of the number of O atoms
recombininginto O, to the total numbers of atoms impinging on the
surface and yoy, the ratio of the number of O atoms recombining
into NO to the total numbers of atoms impinging on the surface.
Then, the final expressions of catlytic efficiencies for O atoms are
given by

Yoo = (\/ 8ﬂM0RT/A90){(k1k3 +k1k5K19 + k3k5K190)X0

—ksK\0o[k; Xy + (k5 +K2) (0n/P)]}6 (13)

Yo = V2t Mo RT {(1/Agw)[ K% (ks + 2ke K20y) X v |

+ (1/Ago) (k) +2ks K 00) [k Xy + (k2 + k2) 6n /P)] }0
(14)

where we use the relation Mo pXo =pRTcy, p is the density of
mixture gas, R the universal gas constant, 7' the temperature of
mixture gas, and ¢; mass fraction of species i. For N atoms similar
expressionsfor ynn, Yno are obtained.

The expressions of each rate constants of forward reactions and
equilibrium constants can be obtained from the kinetic theory and
the transition state theory.

Results and Discussion

Catalytic efficiency y for O,-O or N,-N binary mixture gas can
be calculated if unknown surface properties are determined by the
curve fit with experimental data under several conditions for partial
pressure of dissociating gas.

Comparisons of catalytic efficiency y between the present model
and experimental data for O,-O binary mixture gas are shown in
Fig. 1. Two sets of experiments tabulated in Ref. 3 with different
partial pressure of O atoms p, (one is for silica with lower p, and
another for reaction-cured glass with higher p,) are selected. In
Fig. 1 itis observedthat, in the lower surface temperaturerange less
than about 500 K, E-R recombination is dominant for both cases.
However, as the surface temperature increases the effect of L-H
recombination appears. Figure 1 also shows that for L-H recombi-
nationin high-temperaturerange the partial pressure of dissociating
gas has strong effects on y and as p, increases the value of y
decreases.

Comparisons of y for N,-N binary mixture gas are shown in
Fig.2. Experimentaldatafromtabulateddatain Ref. 4 and calculated
results from the present model under the corresponding N partial
pressure py are presented. Experimental results of SiC with glass
sealant developed for OREX are also shown. The same tendencies
as the O,-O binary mixture cases are observed. For both cases the
present model can reasonably predict y in the wide range of both
surface temperature and partial pressure of dissociating gas.
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Fig. 1 Comparison of present model with experimental data for O,-O
mixtures gas.
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Fig. 2 Comparison of present model with experimental data for N;-N
mixtures gas.

To investigate the validity of this theory and estimate the effects
of NO production in the heterogeneous catalytic processes for air-
flow cases, this model is incorporated into the CFD codes and is
applied to a real flight trajectory of OREX. OREX was a capsule-
type vehicle successfully launched in 1994 from Japan. Its shape
consists of a 50-deg sphere cone with a nose radius of 1.35 m and
maximum diameter was 3.4 m. Detailed data of flight history are
publishedin Ref. 7. SiC with glass sealant was used around the stag-
nation region. In this study axisymmetric Navier-Stokes equations
for seven-species air considering both thermally and chemically
nonequilibrium are solved, and AUSM* scheme® is used with the
second-orderaccuracy in space for convectiveterms. Only forebody
is treated with 81 x 81 mesh points.

InFig. 3 flighthistory of heatflux g,, and CFD results with noncat-
alytic, fully catalytic,and finite rate catalyticboundary conditionsat
the stagnation pointare shown. A parameter« representsthe degree
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Fig. 3 Flight history of stagnation point heat flux and corresponding
CFD results in OREX trajectory.

of NO production in L-H recombination compared with the one of
correspondingN, or O, production.For instance,« = 0 corresponds
tono NO productionand @ = 1 means NO productionis in the same
degree with N, or O, production.

Except for a very high altitude, more than about 80 km around at
the flight time of 7400 s where slip conditionsshould be considered,
flight data of heat flux exist between two extreme noncatalytic and
fully catalytic cases. Therefore, the finite rate catalytic treatments
in real flight cases are very important in a practical sense.

From CFD results with various «, which represents the degree of
NO production in L-H recombination, Fig. 3 also indicates that
the NO production in the heterogeneous catalytic processes has
great effects for the heat flux. If the production of NO molecules
in L-H recombination is totally ignored (¢ =0) or underestimated
(¢ =1, 10), it is difficult to evaluate heat flux correctly.

The reason for the increase of heat flux according with « can be
explained from the following reaction:

NO + N = N, + O + 76.4 Kcal/mol (15)

Because the forward reaction rate of Eq. (15) is very high in the
temperature range near the surface, NO molecules produced in the
heterogeneous catalytic processes immediately react with dissoci-
ating N atoms near the surface with the amount of heat release.
Furthermore, newly produced O atoms collide with the surface and
contribute to the increase of heat flux through the catalysis on the
surface again. These synergy effects should be very high in the
mediumrange of altitudes between 60 and 80 km (correspondingto
flight time of 7420-7470s) becausein this range the flow is strongly
in nonequilibrium, and, therefore, there are enough dissociating N
atoms inside the boundary layer as a resource to react with NO
molecules.
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Only from this OREX case the specific value of « cannot be
determined; however, the appropriate range of it can be estimated
as

a2 100 (16)

For this range the agreement between flight data and CFD predic-
tions is excellent as can be seen in Fig. 3. This result indicates that
in L-H recombination N and O adatoms reacts to each other more
preferentially than among the same species of adatoms.

These discussions strongly support the experimental results of
NO formation from a surface-catalyzedreaction on quartz surfaces
by Copeland et al.,’ although NO formation in the OREX case is
observed in more higher surface temperature range where the L-H
recombinationis dominant.

Conclusions

In this Note a new model describing heterogeneous catalysis on
the surface of SiO,-based materials is constructed. Especially, NO
production in each elementary step during heterogeneous catalytic
processes is treated in detail. The overall phenomenon is formu-
lated with phenomenological theory, and expressions for catalytic
efficiencies are derived. Each unknown variable in them is evaluated
in terms of kinetic theory and the transition state theory.

To investigatethe validity of this theory, itis applied to areal flight
trajectoryof OREX and compared with the stagnationheat flux data.
CFD results indicate that NO productionin L-H recombination has
great effects for the heat flux. For the appropriate degree of NO
productionestimated in this study, this model can reasonably predict
the heat flux throughout the flight trajectory.

References

'Barbato, M., and Bruno, C., “Heterogeneous Catalysis: Theory, Mod-
els and Applications,” Molecular Physics and Hypersonic Flow, edited by
M. Capitelli, Kluwer Academic, Norwell, MA, 1996, pp. 139-160.

2Nasuti, F., Barbato, M., and Bruno, C., “Material-Dependent Catalytic
Recombination Modeling for Hypersonic Flows,” Journal of Thermophysics
and Heat Transfer, Vol. 10, No. 1, 1996, pp. 131-136.

3 Jumper, E. J., and Seward, W. A., “Model for Oxygen Recombination
on Reaction-Cured Glass,” Journal of Thermophysics and Heat Transfer,
Vol. 8, No. 3, 1994, pp. 460-465.

4 Jumper, E. J., Newman, M., Kitchen, D.R., and Seward, W. A., “Recom-
bination of Nitrogen on Silica-Based, Thermal-Protection-Tile-Like Sur-
faces,” AIAA Paper 93-0477, Jan. 1993.

5Copeland, R. A, Pallix, J. B., and Stewart, D. A., “Surface-Catalyzed
Production of NO from Recombination of N and O Atoms,” Journal of
Thermophysics and Heat Transfer, Vol. 12, No. 4, 1998, pp. 496-499.

%Kovalev, V. L., Suslov, O. N., and Triskiy, G. A., “Phenomenologi-
cal Theory for Heterogeneous Recombination of Partially Dissociated Air
on High-Temperature Surfaces,” Molecular Physics and Hypersonic Flow,
edited by M. Capitelli, Kluwer Academic, Norwell, MA, 1996, pp. 193-
202.

7“High Enthalpy Flow Organized Session and Workshop,” Proceedings of
the 13th NAL Symposium on Aircraft Computational Aerodynamics, edited
by K. Soga, National Aerospace Lab., SP-29, Tokyo, 1996, pp. 213-215.

8Liou, M. S., “A Sequel to AUSM: AUSM™,” Journal of Computational
Physics, Vol. 129, 1996, pp. 364-382.

T. C. Lin
Associate Editor



