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Modeling of Catalytic Reactions on Silica Surfaces
with Consideration of Slip Effects

A. Daif3,* H.-H. Fruhauf, and E. W. Messerschmidi
University of Stuttgart, 70550 Stuttgart, Germany

A detailed surface chemistry model is presented for the reactions of N,, O,, NO, N, and O on a silica
surface. The model distinguishes adsorption, desorption, and recombination reactions according to the
Eley- Rideal and Langmuir- Hinshelwood mechanisms as well as dissociative adsorption reactions of the
molecular species. The model parameters are adjusted by comparison of predicted recombination coef-
ficients for N and O with experimentally determined recombination coefficients. For the calculation of
surface heating rates of re-entry vehicles, the model is implemented into a multiple-temperature Navier-
Stokes code and coupled with a slip model to take into account rarefaction effects at high altitudes.
Computational results obtained with the surface chemistry model for Shuttle-equivalent hyperboloids are

compared to Shuttle flight data.

Nomenclature

= average particle velocity

= activation energy

= energy flux

= velocity distribution function
particle energy

enthalpy

Planck constant

moment of inertia

= equilibrium constant

= rate coefficient or Boltzmann constant
vibrational level

particle mass

particles per unit surface area

steric factor

= partition function

= sticking coefficient

= temperature

= particle velocity

= particle flux per unit surface area

= accommodation coefficient

= chemical energy accommodation coefficient
= recombination coefficient

= characteristic vibrational temperature
= symmetry number

= mole fraction

= reaction rate per unit surface area
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Subscripts
Ad = adsorption
AS = adsorbed atom and active site

DA = dissociative adsorption

Des = desorption

ER = Eley-Rideal mechanism

LH = Langmuir- Hinshelwood mechanism
r = rotation

S = active site

t = translation
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v = vibration

W = wall

Superscripts

+ = fluxes going to the surface

— = fluxes coming from the surface

0 = conditions at an empty surface
Introduction

T HE modeling of gas-phase and surface processes in non-
equilibrium re-entry flows has a strong influence on the
heat fluxes and surface temperatures calculated with numerical
flow simulation codes. While the differences in stagnation
point heat fluxes computed with different gas-phase chemistry
models may attain up to 25%, the differences obtained with a
different assumption concerning the catalytic behavior of the
surface may be even larger. For flow cases with a high degree
of dissociation in the boundary layer the heat fluxes calculated
for non- and fully catalytic surfaces will differ by more than
a factor of 2. Therefore, reliable models are needed for the
description of surface reactions in nonequilibrium flows to ac-
curately predict the heat transfer to the surface of a re-entry
vehicle.! For silicon-dioxide surfaces the existing experi-
mental data indicate that the recombination coefficients for
atomic oxygen and nitrogen strongly increase with increas-
ing surface temperature and then rapidly decrease after reach-
ing a maximum at a temperature of about 1600 K. This non-
Arrhenius temperature dependence cannot be explained by a
single-step reaction mechanism. At least a two-step reaction
mechanism involving adsorption/desorption and recombina-
tion reactions is required to describe this behavior.™>

Various models have been proposed for the description of
surface reactions of air species on silicon-dioxide surfaces.'®
These models can be separated into purely phenomenological
ones, for instance, the models of Scott' and Zoby6 and models
that are based on mechanistic considerations.” * While the phe-
nomenological models try to match the available experimental
data by an Arrhenius-type surface temperature-dependent ex-
pression for the overall recombination coefficients of the
atomic species, the mechanistic models consider a probable
reaction mechanism that is commonly thought to be constituted
of an adsorption/desorption process of the atomic species N
and O and surface recombination reactions according to the
Eley-Rideal (ER) or Langmuir- Hinshelwood (LH) mecha-
nism and subsequent desorption of the recombined molecules.

However, in the slip flow regime caused by the temperature
jump between the surface and the adjacent gas phase, highly



DAIB, FRUHAUE, AND MESSERSCHMID 347

excited and fast molecules may hit the surface and thus may
also give rise to dissociative adsorption processes and in the
upper slip flow regime even to dissociation reactions. Addi-
tionally, the occurrence of the temperature jump effect raises
the question of which temperature should be introduced in the
rate coefficients of the various surface reaction processes.

Since the energy balance at the surface is not only affected
by the reaction rates, but also by the amount of energy inherent
to the molecules that leave the surface after recombination
reactions, the B for these reactions are needed also.” In most
of the current surface reaction models, 8 is assumed to be
one,"””*” although Melin and Madix suggest in their work,” at
least for recombination reactions of oxygen atoms on metal
oxide surfaces, that the accommodation coefficient can be
much less then unity.

The objective of this work is to present a detailed surface
chemistry model for the reactions of air species on silicon-
dioxide surfaces distinguishing adsorption, desorption, recom-
bination, and dissociative adsorption reactions. The relevance
of the different elementary reaction steps will be studied for
the continuum and the slip flow regime. Also an estimate will
be given for B and the energies stored in the internal and
translational degrees of freedom of molecules being formed in
surface recombination reactions.

Finally, simulation results obtained with the presented model
and the multiple-temperature Navier- Stokes code URANUS ®
will be shown for axisymmetric flows around Shuttle-equiva-
lent hyperboloids.

Catalysis Model for Silica Surfaces

At the interface of a silicon-dioxide/air system various
chemical processes may occur. Nitrogen and oxygen atoms can
be adsorbed at special locations on the surface, called active
sites, which they may leave after some time because of mi-
gration processes or thermal desorption from the surface (Fig.
1). They may also be involved in recombination reactions ac-
cording to the ER and LH mechanisms (Figs. 2 and 3). In the
ER mechanism a gas-phase atom strikes an occupied active
site and recombines with the adsorbed atom by forming a gas-
phase molecule. In contrast to this, the LH mechanism de-
scribes a recombination reaction where a migrating surface
atom collides with another surface atom to form a gas-phase
molecule. If the thermal energy in the gas phase next to the
surface is high enough, the reverse process of the ER mech-
anism, the dissociative adsorption (Fig. 2), becomes important.
A gas-phase molecule hits the surface and forms an adsorbed
atom and a gas-phase atom. Since this process is strongly en-
dothermic it can only happen if the gas-phase temperature is
much higher than the usually met surface temperatures (Ty, =
2000 K). However, in the slip flow regime the temperature

active site S

Fig. 3 LH mechanism for AB.

jump at the surface can be large enough for the occurrence of
this reaction. If the temperature jump becomes very large the
dissociation of molecules into gas-phase atoms may take place.
This type of reaction is not considered here.

Basic Model Assumptions

The construction of a tractable catalysis model necessitates
some simplifications. Therefore, the following assumptions are
made concerning the behavior of the adsorbed atoms:

1) The adatoms behave like harmonic oscillators on the sur-
face. They possess different vibrational frequencies 6 and 8,
for their oscillations parallel and perpendicular to the surface,
respectively.

2) The partition function Q 45 of the adsorption complex AS
can be factorized into a contribution Qs coming from the sur-
face and a contribution Q44 coming from the oscillations.

3) The vibrational levels are Boltzmann-populated with the
surface temperature Ty

These assumptions allow us to write the partition function
of the adsorption complex AS as

Ons = Qs' Qaan= Qs Quf(Tw) 0., (Tw) (1)

with Q, (Ty) and Q,,(Ty) being the partition functions for the
adatom vibrations perpendicular and parallel to the surface

expl—(8, .4/2Tw)]

QV.L(TW) = 1 — exp[—(eL'A/TW)]
[—(0,./2T2)] ”
__exp[—(8.4/2Tw
Qv.H(TW) = exp[—(eu,/\/TW)]

In literature, typical values of 8 and 6, for chemisorbed mol-
ecules are 6 =~ 100 K and 6, ~ 600 K.° In our approach we
use the values n = 80 K, 8, x = 600 K for nitrogen and 6,0
=90 K, 6, o= 600 K for oxygen.

Also, for the gas-phase particles, simplifications are neces-
sary. It is important to note that they should be consistent with
the assumptions made for the modeling of the gas-phase pro-
cesses:

1) The electronic excitation of the gas-phase particles is ne-
glected, although it might be important for oxygen molecules.

2) For the description of the rotational motion of the gas-
phase molecules the infinite rigid rotator model is used.

3) The vibrational motion is sufficiently enough reproduced
by the truncated harmonic oscillator model and the vibrational
levels of the oscillators are T,-Boltzmann-populated.

With the previous simplifications one gets for the partition
functions of the molecules AB

QAB = Qr,AB' Qr.ABl QV~AB
_(2mmaskT 3/2. 87T ask T
- h? O ash’
1 = expl=Unfan/T)] | _ b
. { 1 — exp[—(6as/T.)] } P < 2Tv> ®

with [, being the vibrational level just beyond the dissociation
limit, and for the atoms A one gets

)

32
2m kT
h2

Q/\: Qr./\ = <

Adsorption/Desorption Reactions

The adsorption reaction of an atom A on an active site S
and its corresponding reverse reaction, the thermal desorption,
can formally be written as

A+ §=AS 5)
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For the rate of adsorption it is supposed that the following
expression is valid™*:

Oaa = SaZA(ns/ng) (6)

Herein s, is the sticking probability of A striking a vacant S.
Z . denotes the molar flux of A impinging on the surface per
area and time unit and ng/n? is the ratio of the actual active
site concentration to the active site concentration of a com-
pletely free surface. For n%, Newman® gives the value 2 X 10"
m~

The rate of desorption is expressed as a function of the rate
coefficient kpes and the concentration of adatoms nas on the
surface

Opes = Kpeas @)

kpes 1s determined by using the transition state theory. In the
framework of this theory kp., reads

kT Qs E. .
km:Pm'ng—As'exp <—ﬁ> (8)
AS W,

with Qs being the partition function of the adsorption com-
plex AS and Q%s being the partition function of the activated
adsorption complex (without the reaction coordinate) that has
the form

Q,J&s = Qs'QiH 9)
Using Eq. (1) we get for the rate coefficient of desorption

KT
h

kpes = Ppes*

Eis
0.1 (Tw) exp <_W> (10)

The parameter Ppe is a catchall factor that will be adjusted
later.

The sticking coefficient s, is evaluated by means of equilib-
rium considerations. In the case of thermodynamic equilib-
rium, the rates of desorption and adsorption must be equal,
thus, Wy = @Ope. Furthermore, the particle flux of A colliding
with the surface now satisfies the effusion relation Z = né,
/4, where n, is the concentration of A and ¢, represents their
average particle velocity ¢4 = V8kT/mm,. Using these two
relations together with Eqs. (6) and (7) we get

4n° B
5, = ”b<%> K (1)

Ca Nas

The ratio of concentrations in Eq. (11) can be expressed by
the adsorption/desorption equilibrium constant

_ hans QAQsl _ E,s
K names = e _QAS exp < _ERTW> (12)

Introducing this expression into Eq. (11), together with the
expressions for the partition functions, gives the final form of
the sticking coefficient

50 = Ppo ——— == Q2(T, 13
Sa Des Darmak T2 v.H( w) (13)

where the T of the atoms that hit the surface has been intro-
duced instead of the equilibrium surface temperature 7'y, to take
into account the temperature jump effect. The sticking process
is strongly exothermic and no bond has to be broken. We as-
sume, like other authors,>' that the adsorption reaction needs
no activation energy. Different values have been given for the
desorption energy E,—s in literature.”' In our approach for

nitrogen and oxygen we use the values En_s = 250 kJ/mol and
Eo 5250 kJ/mol, respectively.

ER Mechanism/Dissociative Adsorption

The ER recombination rate wgr of an adatom A with a gas-
phase atom B

AS +B=AB + S (14)

is proportional to molar flux Z; of B colliding with the surface
and it is also proportional to the surface coverage nas/ns with
A. Hence, we write

wu{:kﬁk'n_A:'Z; (15)

N

where kgr is the rate coefficient. For the reverse reaction, the
dissociative adsorption, the rate is proportional to the flux
Z s of AB and it is also proportional to the surface coverage
with vacant S, thus, we have

Wpa = kDAZ.ZB(nS/n S) (16)

The rate coefficient kp, is evaluated by means of a simple
collision rate approach. It is supposed that every particle AB
that possesses enough energy for surmounting the activation
barrier of dissociative adsorption will react when it hits a va-
cant active site. Assuming that the vibrational energy fully con-
tributes to the activation energy and that only the translational
degree of freedom perpendicular to the surface provides energy
for the reaction, we get the minimum normal velocity v, of a
reacting particle in the vibrational state /

v = Vmax[2 (Epa — &')/M s, 0] a7

where £’ = ROapl is the energy of the oscillator AB in / and
Epa is the activation energy of dissociative adsorption. Mag
represents the molar mass of the molecule. For simplicity, we
have supposed here that the considered surface is perpendic-
ular to the z axis of a Cartesian coordinate system. A V.-
weighted integration of the velocity distribution function fas
over the velocity half-space —% < v, == —v’ and subsequent
summation over all vibrational energy levels gives the flux of
molecules that are able to react at the surface. By multiplying
the resulting expression with the surface coverage of the va-
cant active sites, one gets

Ip—1 —vi +ao +oo
Ne
Goa = XPor D, p’f f f vfan dvesS o (18)
— —co —co —co S

=0

with p’ = exp(—&RT,). Two additional factors, ¥ and Ppa,
have been introduced. x takes into account that a molecule AB
can dissociate into A + BS, but also into AS + B. Thus, we
assign for x the value 0.5 if A # B, and 1 if A = B. Ppais a
catchall factor that includes all of the uncertainties in the mod-
eling and it has to be adjusted by means of comparison with
experimental data. An evaluation of Eq. (18) for a Maxwellian
velocity distribution function and comparison with Eq. (16)
now yields the coefficient

kpa(T, T.) = xPoa' A(T, T.)exp[—(Epa/RT)]  (19)
with A being

QAT*) + [QUT) — QVNT)]exp(Epa/RT)

AT, T, = 0P,

(20)

The superscripts DA and D signify that in the vibrational par-
tition functions Q, of the truncated harmonic oscillators AB,
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the truncation limits /A (dissociative adsorption) and I, (dis-
sociation) have to be introduced, respectively. The pseudotem-
perature T* is defined by 1/T* = 1/T, — 1/T. Similar to the
sticking coefficient s,, the rate coefficient kg is evaluated from
equilibrium considerations. Under this special condition @gx
must satisfy the equality @z = wp, and the flux of particles
B can be calculated from Z, = nzcs/4. From Egs. (15) and
(16) and the previous relations, one gets

Cp [ NaBls

_ -1
e = =22 [M’} koa 21)

Once again the ratio of the concentrations is expressed by
the equilibrium constant
AH
P 22
exP <9RTW> @2)

Introduction of the partition functions and some algebraic
manipulations finally give

Nasle QAsQB

Nagls QABQ_S

Kl:‘R/DA

kex = XPoa 'fnﬁ AT QynelTo) * QAT

B

Ewx
X Qi (Tw) Quan(Tw) " exp <_97t_T> (23)

In the Boltzmann factor T of B hitting the surface has been
introduced instead of T4, since the activation barrier of the
recombination process has to be overcome by the kinetic en-
ergy of B.

The activation energies Egr and Ep, are still unspecified. We
use the semiempirical correlation of Hirschfelder' for their
estimation from the desorption energy E.—s.'® The relation of
Hirschfelder reads

Err = 0.055"Es_s (24)

The calculated activation energies Egg are then corrected to
give best agreement with experimental data. If Egg is known
one can determine the activation energy of the dissociative
adsorption by Epy = —AHgz + Egg. Numerical values for the
activation energies of nitrogen are Epron,n, = 24.94 kJ/mol
and Epan,,on = 716.08 kJ/mol, and for oxygen one gets
Errz0,0, = 24.94 kJ/mol and Epazo,0, = 269.62 kJ/mol.

LH Mechanism

The modeling of the Langmuir-Hinshelwood mechanism
has been adopted from the work of Nasuti and Bruno.”> Only
the determination of the activation energy for surface migra-
tion E,, that plays a major role in this model has been modified.
For this activation energy we use the rough estimate E,, » =
E,_2.%° Additionally, a steric factor P,y has been introduced
since the modeling of the surface migration process contains
some simplifications. The activation energies used in our work
are Erpon,n, = 125.0 kJ/mol and Evuzo,0, = 125.0 kJ/mol.

Average Energy of Recombining Molecules

For the determination of the surface heating of a re-entry
body it is not only important to know the surface reaction rates
but it is also necessary to know in which state the various
particles are formed. For the estimation of the states of parti-
cles being formed in the ER recombination we first consider
the state of molecules that are vanishing in the reverse process.
The average vibrational energy G.ps of molecules vanishing

in dissociative adsorption reactions is given by the following
expression:

+ + .
woa = Flpalpa

:Es'p'fj f Vofas dv
fffvade (25)

where F . pa is the vibrational energy flux transported by mol-

ecules AB that vanish in dissociative adsorption reactions. An-

alogically, one finds for the average translational energy
+

.DA

rDA = rDA/wDA

s [f
Sof [ [ oo

with F/pa being the translational energy flux of the reacting
molecules AB. In the thermodynamic equilibrium the rates of
the ER recombination and the dissociative adsorption must be
equal, hence, @z = @pa. Moreover, the average vibrational
excitation and the average translational energies have to be
equal for the direct and the reverse process, hence, Gipa =
Goer and Gon = G . Using these arguments we get for the
average vibrational excitation and the average translational en-
ergy of particles that come into being within the ER mecha-
nism under equilibrium conditions

fAB dv

(I15aR 0x8/2)
Ipa + [QIJ)(TW) - Q]\;)A(TW)]CXP(EDA/%TW)
[QX(TWL(Ty) — QVNTw)LPN(Ty)] % <EDA>
exp | =——

Ipa + [Q l\:)(TW) - Q]\;)A(TW)] %TW
27

G\T.ER:

with
exp[—(0as/Tw)]
1 — exp[—(0xs/Tw)]

_ Ip* exp[_(lD.ABHAB/TW)] + l
1 — exp[—(Es—p/RTw)] 2

LATw) = ROxs {

(28)

For the determination of L®(Ty) the dissociation energy
E,_in Eq. (28) has to be replaced by the activation energy
Epa of the dissociative adsorption.

The molar translational energy of a molecule being formed
in the ER recombination reads

G = QRTy + Epy)

B R Oanl Dal2
lpa + [QIJ)(TW) - Q]\;)A(TW)]eXp(EDA.AB/%TW)
_ lDA%eAB[Ql\:)(TW) - Q]\;)A(TW)]eXp(EDA/%TW)

2
lon + [07(Tw) — OPNTw)lexp(Eon/RTw) 29)

These values are not exact under nonequilibrium conditions
because the energies of the molecules AB coming into being
in the recombination reaction are also affected by the kinetic
energy of the recombining atoms B. Since the energy of B is
usually much smaller than the energy values G, and G, g
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calculated for AB under equilibrium conditions, the nonequi-
librium values of AB will not be strongly affected by the ki-
netic energy of B and, thus, the equilibrium values can be used
as a quite reasonable approximation even for thermal non-
equilibrium situations. The LH recombination reaction is an
endothermic process. Therefore, it is assumed that molecules
that are formed within this process do not possess any excess
energy and we assign the values G, =~ e(Ty) and G,y =~
2RTy for the average vibrational and translational excitation,
where e (Ty) is the molar average vibrational energy of Boltz-
mann-populated truncated harmonic oscillators.

The rotational degrees of freedom are assumed to be in equi-
librium with the surface conditions for all considered reactions,
hence, G, e = RTy.

Results

Extensive parameter studies have been carried out to adjust
the coefficients Ppes, Ppa, and Py First, the case of a pure
nitrogen system N/N, is studied. In Fig. 4 the recombination
coefficient y{\HNZ, which is defined by

Yion, = (Z% = ZRIZE (30)

and the energy recombination coefficient yx,n, Which is the
product of y{\HNZ times the average energy accommodation co-
efficient BE,NANZ, are plotted as a function of the inverse sur-
face temperature 1/Ty together with experimental results of
Refs. 1 and 12. The steric factors are Ppegn= 0.1, Ppan = 0.01,
and PN = 0.02. The partial pressures of N and N, in the gas
phase are px = 10/100/1000/10,000 N/m* and pn, = 0 N/m>.
Each time it is assumed that thermal equilibrium exists be-
tween the surface, the gas phase, and the different degrees of
freedom.

The recombination coefficients show the typical rollover at
a temperature of about 1600 K. Furthermore, one can see that
v' and <y differ strongly at low temperatures where the ER
mechanism is dominant, but lie closely together where the LH
mechanism becomes the more important process. This can be
explained by the fact that in the model presented the accom-
modation coefficient ﬂuiNANz of the LH mechanism is unity,
whereas the ER mechanism has a much smaller value
Bern,n, of about 0.2. The values of Brrn,n, and Bzn,n,
shown in Fig. 5 are calculated from the terms G,gran and

G #,ER/LH*

a1
10 F I — ’Y‘N—>N2

o Experiments of Scott, Ref.'

- Experiments of Kolodziej
and Stewart, Ref.”?

-
o
*

T=Typn=Tw
“’N=1 ’ ‘«Vnz=0

Recombination coefficients v, .- Th_x2
—
S
w

p=10Pa

| I L | . B | L

0.001 0.002 0.003
/T, [1/K]

10™

Fig. 4 Recombination coefficients yy and y%.

For a pure oxygen system the same investigations have been
carried out as for nitrogen. The steric factors used are Pp..o =
0.1, Ppao = 0.01, and Pryo = 0.02.

In Fig. 6 the comparison between the calculated recombi-
nation coefficients Yo, o0, and 7&02 and the experimental val-
ues of y5 from Kolodziej and Stewart'” and Dickens and Sut-
cliffe”® is shown. As one can see, good agreement is found
between the experimental data and the calculated values for
the chosen set of steric factors.

The same features that have been depicted for nitrogen are
found for oxygen, although the differences between the two
coefficients y’ and 7y are not as much pronounced in this case.
This arises from the fact that the coefficient Bero, 0, is about
0.4 (Fig. 7) and thus is much closer to unity than the value
for nitrogen.

Also, the influence of the gas-phase composition on the re-
combination coefficient has been investigated for an O/O, sys-
tem. In Fig. 8 the recombination coefficient Yo, 0, is shown as

1.0

0.0l /BZ,N—)NZ » P=10Pa T=TVib,N2=TW
Yy=1.0, y,=0.0

0.8} Brnonz s p=10°Pa

\
0.7 !
i \\ Bnonz - p=10°Pa
2 06! .
= i \\ Bsnonz s P=10Pa
[:4
& 0.5+ I
2 04
z_. -
& -

,7 BER,N—>N2 , p=10 - 10'Pa

L L L L )

© @ o ©
o ~ N W
'-\I
\
i

L | L | L
0.002 0.003

1/T,, [1/K]

N
0.001

Fig. 5 Energy accommodation coefficients Brrn o, of the ER
mechanism and s , of the entire recombination process.
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. | L
0.001 0.002
1/T,, [1/K]

-t
e
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L [ .
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Fig. 6 Recombination coefficients y, and y&
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Fig. 7 Energy accommodation coefficient Byxo o, of the ER
mechanism and Bz ., of the entire recombination process.
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Fig. 8 Influence of the gas-phase composition on the recombi-
nation coefficients yo o, and 'y{—,_ﬂ_.

a function of the inverse surface temperature 1/Ty for different
mole fraction ratios f = /o, Since the translational tem-
perature of the particles impinging on the surface is chosen to
be 5000 K and the pressure p = po + po, is 200 N/m?, this
can be seen as a typical low-density case. Furthermore, the
vibrational temperature is assumed to have the same value as
the translational temperature (T‘,,o2 = T). One can see that the
recombination coefficient defined earlier becomes negative for
small ratios f because more atomic oxygen is formed in dis-
sociative adsorption reactions than vanishes in recombination
reactions. This means that in low-density flows the catalytic
surface reactions may also have the potential to reduce surface
heat fluxes.

For further validation of the model the heat flux distributions
around Shuttle-equivalent hyperboloids are calculated with the
present model for different STS-2 trajectory points and com-
pared to STS-2 flight data (Figs. 9-12). The calculations are
performed with the slip model of Refs. 14 and 15 and for the
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= 50 N
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% 1 2 34 5 & 7 8 9 90
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Fig. 9 Heat flux distribution for a Shuttle-equivalent hyperboloid
and STS-2 freestream conditions of the trajectory point 92.35 km.

250 -
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200 Kn,, = 8.14x10°
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FR = Finite Rate

100
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(3]
o
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Fig. 10 Heat flux distribution for a Shuttle-equivalent hyperbo-
loid and STS-2 freestream conditions of the trajectory point 85.74
km.
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£ \ -3
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= 250F Y/
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T 100+
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Fig. 11 Heat flux distribution for a Shuttle-equivalent hyperbo-
loid and STS-2 freestream conditions of the trajectory point 77.91
km.

calculations the particles that leave the surface after scattering
processes are assumed to be fully (& = 1.0) or partly accom-
modated (e = 0.6) to the surface conditions. Furthermore, a
radiation equilibrium surface with a surface emissivity of € =
1.06 X 0.85 = 0.9 has been used. In Fig. 9 the heat flux
distribution along the hyperboloid is displayed for the trajec-
tory point H = 92.35 km. Since the Knudsen number for this
trajectory point is 0.028, it can be considered as a typical slip
flow test case. As one can see the agreement between the cal-
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Fig. 12 Heat flux distribution for a Shuttle-equivalent hyperbo-
loid and STS-2 freestream conditions of the trajectory point 66.81
km.

culated and measured heat flux is quite poor. However, in con-
trast to other catalysis models the presented model gives a heat
flux that is almost the same as the heat flux calculated with
the noncatalyic boundary condition. Because of the strong in-
fluence of a for this test case a possible reason for the dis-
crepancies between the experimental and computational results
might be that the accommodation coefficient is smaller than o
= 0.6. Furthermore, for the trajectory point H = 92.35 km it
has been found that the modeling of the chemical processes in
the gas phase has an important influence on the calculated heat
fluxes.

The rate of dissociative adsorption is not high enough to
produce a significant decrease of the heat flux in comparison
with the noncatalytic case.

The heat flux distributions calculated for the trajectory
points H = 85.74, 77.91, and 66.81 km are shown in Figs.
10-12, respectively. It becomes apparent that the catalysis
model predicts distributions that are in very good agreement
with the experimental values. The shift of the catalytic behav-
ior from the noncatalytic case at high altitudes to the fully
catalytic case at low altitudes is well described. It is also in-
teresting to see that the influence of « strongly decreases with
decreasing Knudsen number.

Conclusions

A detailed catalysis model has been developed that distin-
guishes adsorption, desorption, and recombination reactions
because of the Eley-Rideal and Langmuir-Hinshelwood
mechanisms as well as dissociative adsorption reactions. Fur-
thermore, an expression for the estimation of 8 of the Eley-
Rideal mechanism has been derived. The model shows a strong
dependence of the recombination coefficient on the gas-phase
temperature and the chemical composition of the gas phase.
This dependency is because of the modeling of the sticking
coefficient of the adsorption reaction and the rate coefficient
of the dissociative adsorption reaction.

Surface heat flux comparisons have been made between
Shuttle flight data and computational results for the model,
which show a rather poor agreement in the slip flow regime
and a good agreement in the continuum regime. The poor
agreement in the slip flow regime is probably a result of the
uncertainties in the values of the accommodation coefficients.

Because of the low surface temperatures in the slip flow
regime, the dissociative adsorption does not lead to a signifi-
cant decrease of the calculated heat fluxes.
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