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Ceramics Catalysis Evaluation at High Temperature
Using Thermal and Chemical Approaches
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During the atmospheric re-entry phase, the physicochemical phenomena taking place on space vehicle walls can
lead to an importantexcess ofheatinganddamageof the protective materials.The catalyticrecombinationofatomic
oxygen under conditions nearby Earth’s atmospheric re-entry is studied. The most important conditions for the
simulation (high-temperature, low-pressure air plasma) have been realized in the MESOX setup, which associates a
solar radiation concentrator and a microwave generator. Concerning the dynamic contribution, only low-enthalpy
� ow is reproduced.Studyofatomicoxygenrecombinationonpartiallycatalytic silicon-or aluminum-basedceramic
materials at high temperature (1000–1800 K) is done at different pressures (200–2000 Pa) by a thermal approach
(macroscopic) and leads to a catalytic scale of materials. The in� uence of the pressure on the studied range is
very weak, but the surface temperature strongly changes the catalytic activity of these materials. The variations
are weak in the case of sintered SiC, for which the catalytic recombination � ux is about 32 kW¢ m ¡ 2 , but are
more important in the case of sintered Al2O3, being more catalytic, with � uxes between 65 and 185 kW¢ m ¡ 2 on
the whole pressure range. Alternatively, a chemical approach (microscopic) is developed for the evaluation of the
catalytic recombination coef� cient ° using emission spectroscopy (actinometry) on the same device. The partial
catalytic scale obtained by this method is well suited to that of the thermal approach.

Nomenclature
A = atom
C = concentration,atom/m3

D = binary diffusion coef� cient, cm2/s
I = intensity, AU
kB = Boltzmann constant
L = thickness of the boundary layer, m
M = molar mass, g/mol
NA = Avogadro number
P = total pressure, Pa
q = thermal � ux, W/m2

R = ratio of intensity I
r = radius, m
T = temperature,K
t = time, s
U = mass transfer velocity, m/s
V = mean square atomic velocity, m/s
x = abscissa, m
® = solar absorptivity coef� cient
¯ = accommodation coef� cient
° = recombination coef� cient
1T = difference between two temperatures,K
" = total hemispherical emissivity
¸ = wavelength, ¹m
¾ = Stefan–Boltzmann constant
! = variation of concentration

Subscripts

A = atom
Ar = argon
b = back face of the sample
conv = convective transfer

Presented as Paper 97-2589 at the AIAA 32nd Thermophysics Confer-
ence, Atlanta, GA, June 23–25, 1997; received July 30, 1997; revision re-
ceived April 28, 1998; accepted for publication Nov. 9, 1998. Copyright c°
1998 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved.

¤Senior Scientist, Institut de Science et de Génie des Matériaux et
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f = front face of the sample
g = gas
L = distance from the sample surface
lat = lateral thermal losses at the limit of the reference cylinder
mw = microwave (microwave–material interaction)
O = atomic oxygen
rad = radiative transfer
rec = recombination
sol = solar
0 = zero, where x is 0

Superscripts

air = under air� ow
arg = under argon � ow
¤ = under plasma conditions

Introduction

T HE development of thermal protection materials for space
vehiclesneeds surface� ux calculationsduringatmospheric re-

entry to predict heat rates. Most of the experimentswere realized in
arc-plasma test facilities, where the recombinationis obtained from
stagnation point heat � ux measurement in dissociated arc jet � ow.
The relativeheating rates of a known catalytic sample are compared
to the surface being studied.1¡10

Some evaluation of catalytic recombination is obtained by mea-
surement of atom concentration by several techniques (laser-
induced � uorescence, spectroscopy, etc.)11¡13 to reach the recom-
bination coef� cient ° . Other authors have proposed models for
recombination and compared them to experimental values.2;4;14;15

Another coef� cient, ¯ , accommodation, is rarely evaluated, and
often its valueis takenequal to 1. Some authorshave tried to measure
¯ , and the result is often far from 1 (Refs. 16–20). This coef� cient is
very important because it allows taking into account the real energy
transferred to the surface.

Often, measurementsof both � ux and of the ° coef� cient to study
the recombination process are not realized in the same experiment.
More often, the � ux is measured, and the recombinationcoef� cient
° is obtained by calculation. The experimental setup that we have
developed in our laboratory allows the simultaneous measurement
of the thermal and chemical contributions of the atomic oxygen
recombinationon the surfaceon the same setup, and so the accuracy
may be better.
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274 BALAT, CZERNIAK, AND BADIE

Experimental Setup
The MESOX setup, which associatesa solar radiation concentra-

tor for the sample heating (up to 2300 K under pressures between
102 and 105 Pa) and a microwavegenerator,originallydevelopedfor
oxidation studies,21 has been adapted to allow catalytic recombina-
tionmeasurements.Atmosphericre-entryconditionscanbepartially
simulated22;23 (air plasma with O2 partially dissociated,no dissoci-
ation of N2 or NO present, veri� ed by emission spectroscopy), and
pressure and temperature can be reproduced independently with
high accuracy in contrast to various types of wind tunnels.

The experimental device (Fig. 1) is placed at the focus of a so-
lar furnace equipped with a shutter with variable opening and can
be moved away from the focus to be replaced by a calorimeter to
measure the incident solar � ux. The available incident concentrated
solar � ux can reach 4.5 MW/m2 . The temperaturemeasurementson
the front and back faces of the sample, T f and Tb , respectively, are
realized using a single optical pyrometer (¸ centred at 5 ¹m) with
one rotating mirror and a system of two stationary mirrors.

The experimental chamber consists of a silica tube 50 cm in
length and 5 cm in diameter with CaF2 viewports at the extremities
for pyrometry measurements.This reactor crossing the refrigerated
waveguide contains the sample (25-mm diam and 3-mm height)
placed on a zirconia sample holder in the stagnation point position
at the center of the discharge.

The microwave generatorworks at power between 0 and 1200 W
at a frequency of 2450 MHz. The working power used in this study
is 300 W. A regulator, a gauge, and a vacuum pump are used to
control precisely the total pressure during the experiment.

Thermal Approach: Heat Balance
We have developed a thermal approach for atomic oxygen re-

combination evaluationusing a heat balanceon a referencecylinder
volume in the sample. The surface of this cylinder of 6-mm diam
and 3-mm height in the sample, considered for the thermal balance
(Fig. 2), represents the measurement area by pyrometry.Convective
phenomenaareneglected(rare� edgas � ows), comparedto the radia-
tive � uxes, to establish the equations for steady-state heat transfer
under different environments. The thermal balance is established
under each atmosphere: standard air, air plasma, standard argon,
and argon plasma, the recombination � ux being determined by the
differencebetween the experiments under air plasma (reactive) and
under argon plasma (inert).

Under standard air, the sample is heated only by solar radiation:

® ¢ qair
sol D q air

rad; f C q air
rad;b C qair

lat (1)

Under air plasma, the sample is heated by solar radiation, by
microwave–material interaction, and by atomic oxygen recombina-
tion:

® ¢ qair;¤
sol C q air;¤

mw C ¯ ¢ q air;¤
rec D q air;¤

rad; f C q air;¤
rad;b C qair;¤

lat (2)

Under standardargon, the sample is heatedonly by solar radiation
as with standard air:

® ¢ qarg
sol D q arg

rad; f C q arg
rad;b C qarg

lat (3)

Under argon plasma, the sample is heated by solar radiation and
by microwave–material interaction:

® ¢ q arg;¤
sol C q arg;¤

mw D qarg;¤
rad; f C q arg;¤

rad;b C qarg;¤
lat (4)

The recombination � ux is obtained by the difference between
Eqs. (2) and (4), and we can neglect the difference between the
radial losses by conduction out of the reference cylinder because
the radial losses are of the same order in air and in argon plasmas.
Under the followingassumptions(some are experimentalyveri� ed)
a quasi-one-dimensional equation is obtained:

1) Withoutplasma, the same temperaturelevel is reached for both
air and argon atmospheres, that is, T air

f D T arg
f and T air

b D T arg
b ; this

is due to the constant solar � ux, the experimentsbeing done around
the period of solar zenith.

2) Under plasma, the microwave–material interaction for both
the atmospheres is supposedlyequal, and so qair;¤

mw D q arg;¤
mw ; this will

be veri� ed when the dielectric permittivity of the samples tested is
measured at high temperature, and so the absorbed power will be
known.

3) The absorbed solar energy is constant under different atmo-
spheres for a given shutter opening because during all of the exper-
iment the incident solar � ux is constant.

4) The radial losses by conduction out of the reference cylinder
are neglected. Infrared imaging on the front face of the sample has
permitted the determination of a weak radial temperature gradient
as a function of distance from the center, even when the sample is
heated under air or argon plasma.23 Therefore, the thermal balance
is reduced to a one-dimensionalapproach. Finally,

¯ ¢ q air;¤
rec D qair;¤

rad; f ¡ q arg;¤
rad; f C q air;¤

rad;b ¡ qarg;¤
rad;b (5)

equivalent to

¯ ¢ q air;¤
rec D "¾ T air;¤

f

4 ¡ T arg;¤
f

4 C T air;¤
b

4 ¡ T arg;¤
b

4
(6)

The absorbedrecombination� ux can be calculatedfrom the follow-
ing parameters: the total hemispherical emissivity " and the front-
and back-facetemperaturesunder air and argon plasmas, T ¤

f and T ¤
b .

The uncertainties 1¯ ¢ qrec=¯ ¢ qrec have been calculated, taking
into account the errors in temperature measurements due to the
accuracy of the optical pyrometer (0.5%), in the spectral emissiv-
ity (at 5 ¹m, 1–2% depending on the materials) and in the to-
tal hemispherical emissivity (1%). The emissivity measurements
are done in our laboratory by a direct method using a two-color
(1.3- and 1.55-¹m)pyrometerfor the temperaturemeasurementand
a spectroradiometerfor the luminance determination.The accuracy
is givenin Tables 1 and2 butnot in the � guresforbettervisualization
of the experimental points.

Experimental Results
The pressure and the � ow rate (1:11 £ 10¡6 m3¢ s¡1 ) were � xed

at the beginningof each experiment. Three total gas pressures,200,
1000, and 2000 Pa, were applied for � ve temperature levels (1000,
1200, 1400, 1600, and 1800 K). The surface temperature depends
on the incident solar � ux controlled by the opening of the shutter.

This study was realized on sintered materials (SiC, Si3N4 , AlN,
Al2O3 ) or on samples obtained by oxidation at 1300 K during 24 h
(SiC C SiO2, AlN C Al2O3).

Figure 3 shows the temperatureincreasedue to theatomic oxygen
recombination on the surface of different materials deduced from
the difference under air and argon plasmas at 200 Pa:

1T f D T air;¤
f ¡ T air

f ¡ T arg;¤
f ¡ T arg

f (7)

Table 1 Experimental data for atomic oxygen recombination
on sintered SiC at 200-Pa total air pressure

T f ,a K 1T f
b ¯ ¢ q2D

rec ;
c

kW/m2 ¯ ¢ q1D
rec ;

c
kW/m2

984 § 3 64 35 30 § 3
1191 § 5 38 33 29 § 2
1377§ 7 27 33 30 § 3
1591 § 9 16 27 25 § 2
1780 § 11 7 13 13 § 2
aFront-face temperature.
bFront-face temperature increase due to recombination.
cTwo- and one-dimensional experimental � ux transferred to the surface.

Table 2 Experimental data for atomic oxygen recombination
on sintered Al2O3 at 200-Pa total air pressure

T f ,a K 1T f
b ¯ ¢ q2D

rec ;
c

kW/m2 ¯ ¢ q1D
rec ;

c
kW/m2

975 § 6 281 110 97 § 16
1168 § 9 287 155 139 § 24
1399 § 12 251 161 151 § 29
1577 § 16 153 112 108 § 23
1710 § 20 81 66 65 § 15
aFront-face temperature.
bFront-face temperature increase due to recombination.
cTwo- and one-dimensional experimental � ux transferred to the surface.
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Fig. 1 Experimental setup: 1) silica vessel, 2) viewports, 3) sample, 4) � owmeter, 5) pressure regulator, 6) vacuum pump, 7) pressure gauge, 8) mi-
crowave generator, 9) waveguide, 10) shutter, 11) � xed mirror, 12) rotating mirror, and 13) optical pyrometer.
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Fig. 2 Heat � ux representation on the reference cylinder (6-mm diam,
3-mmheight) on the sample (25-mmdiam,3-mm height) heated by solar
radiation under microwave air plasma conditions.

Fig. 3 Temperature increase due to the atomic oxygen recombination
vs front-face temperature at 200-Pa total air pressure for different ce-
ramic materials.

Fig. 4 Recombination � ux transferred to the surface vs front-face
temperature for different ceramic materials at a total air pressure of
200 Pa.

The contributionof the energy due to the microwaves represents
about 20–40% of the total temperature increase, and globally the
temperature increase due to the catalytic recombination for all of
the testedmaterialsdecreasesrapidlywith temperature.The silicon-
based ceramics have weaker 1T f than that of the aluminum and
particularly of the sintered alumina (1T f D 280 K at 1000 K).

A graphical representation of the results for the recombination
� uxes obtained from Eq. (6) is shown in Fig. 4 for some materials
tested under 200 Pa at � ve temperature levels.

The determinationof the recombination� ux con� rms the tenden-
cies obtained with the temperature increase. Silicon-based ceramic
materials have similar and low catalytic activities. The sintered SiC
has the weakest recombination � ux, which is nearly constant be-
tween 1000 and 1600 K (around 28 kW ¢ m¡2 ), except under ac-
tive oxidation21 at 1800 K (13 kW ¢ m¡2). This con� rms its very

low catalytic activity; the higher values obtained between 1000
and 1600 K are due to the presence of a thin silica layer formed
during the experiment. Aluminum-based ceramic materials have
more pronouncedcatalytic activities, and sintered alumina is by far
the more catalytic material, with an increasing recombination � ux
that reaches 151 kW ¢ m¡2 at 1400 K before decreasing at 1800 K
(66 kW ¢ m¡2).

Bidimensional Model
A bidimensional model has been developed to estimate the ra-

dial thermal losses by conduction,which have been neglected in the
experimental part. This model is based on the simulation of axial
and radial heat transfers in material at high temperature. The bidi-
rectional heat equation is solved with a � nite difference scheme,
which is applied to a cylindrical shape.24 The parameters are the
sample dimensions, the regular grid, the properties of the materials
(density, speci� c heat, and axial and radial thermal conductivities),
and the boundary conditions (emissivity, convective exchange, ab-
sorbed solar � ux, and temperatures for radiative and conductive
heat transfers); recently the microwave heat contributiondue to the
microwave–material interaction25¡27 has been taken into account,
adding a mass � ux in the sample.28

Injecting the experimental results in the numerical bidimensional
model, we establish heat balances for the different plasma environ-
ments.

Under air plasma,

® ¢ qair;¤
sol C q air;¤

mw C ¯ ¢ qair;¤
rec D q air;¤

rad C qair;¤
lat C qair;¤

conv (8)

Under argon plasma,

® ¢ qarg;¤
sol C q arg;¤

mw D q arg;¤
rad C qarg;¤

lat C qarg;¤
conv (9)

We also suppose qair;¤
mw to be equal to q arg;¤

mw . Therefore, the resolution
of the equation system leads to the recombination � ux determi-
nation. Numerical (two-dimensional) values are given in Tables 1
and 2, respectively,for sinteredSiC andAl2O3 . Comparisonwith the
quasi-one-dimensional experimental values shows the same order.

Finally, the studied materials have been classi� ed according to a
catalytic scale available between 1000 and 1800 K:

SiC ¼ SiC C SiO2 · Si3N4 · AlN ¼ AlN C Al2O3 ¿ Al2O3

Chemical Approach: Actinometry
This thermal study is completed with a chemical approach using

visible spectroscopy for the determination of the catalytic recom-
bination coef� cient. The atomic emission spectroscopy allows the
determinationof the relative concentration(species/actinometer) to
obtain the concentration pro� le above the sample. This method is
limited to low pressure and can be applied with several constraints.

Experimental Setup
For the � rst study, measurementsare realizedapart from the solar

radiation. The samples are tested on the same bench MESOX but
withoutsolar exposure.The samples areheatedonly bymicrowaves,
and so the temperature does not exceed 1000 K.

The spectroscopicbench is composed of an optical sampling sys-
tem including a lens and an optical � ber and a monochromator
equipped with an optical multichannel analyzer (OMA).

The microwave discharge is imaged by the silica lens that fo-
cuses the center of the bulk plasma on the entrance face of the
optical � ber. The optical emission is sampled parallel to the surface
material and transmitted by the optical � ber to the slit entrance of
the monochromator. A 60-cm-focal-length monochromator with a
1220-grooves/mm grating is used with a 50-¹m-width slit. The dis-
persed light is analyzed by means of the 1024 diodes of the OMA
detector. Measurements of the atomic spectral lines emitted by the
plasma lead to linewidthsof the orderof 0.07nm. The small aperture
(0.22) of the optical � ber allows spatially resolved measurements.
The effective resolution is estimated to be equal to the core diame-
ter (500 ¹m) of the used � ber. A micrometric displacement of the
sampling system allows analysis of the discharge as a function of
the distance to the surface sample.
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Actinometry
This method is an indirect spectroscopicmonitor of the reactive

species densities. It has been described elsewhere29;30 in detail and
has been used for the determination of the atomic oxygen density
in discharges.31¡34

A low known quantity of an actinometer (more often argon) is
introduced in the � ow, and the evolution of the intensities ratio
IO=IAr of an oxygen line to an argon line is measured along the
discharge zone. The constraints of this techniques are as follows:

1) The actinometer must be introduced in low quantity so as not
to disturb the plasma.

2) The excited species must be produced by electronic impact
from the ground state.

3) The deexcitationof the species must be essentially radiative.
4) The energy dependencies of the cross sections of electronic

excitation of O and Ar must be identical in theory, and at the least,
the energy thresholdsof the transition must be similar.32

To determine the spatial variation of the relative concentration
of atomic oxygen, we use its most reliable transition at 844.6 nm
(Refs. 33 and34). For theactinometerline,we choose theargontran-
sition at 842.4 nm, which presents an energy threshold (13.1 eV)
similar to that for atomic oxygen transition.32 Thus, it is reason-
able to assume that the ratio of the intensities of the two lines is
proportional to the oxygen atom concentration.Both of these lines
can be recorded simultaneously, thus increasing the accuracy of the
intensities ratio measurements.

First, we have studied the in� uence of the argon percentage in-
troduced in the air� ow. Until 8% Ar, the plasma is not modi� ed,
and so we choose to work with 7% Ar. Then the in� uences of
microwave-injected power, total pressure, � ow rate, and stability
of the discharge are studied. By increasing the microwave power,
the ratio IO=IAr increases very slowly, and so the dissociation of
oxygen is nearly constant for power between 300 to 1000 W. The
stability of the discharge is measured without the sample, and the
ratio IO=IAr is constant. Therefore, we have chosen to work at a
constantpower of 300 W, a total pressure of 200 Pa, and a total � ow
of 1:11 £ 10¡6 m3¢ s¡1 with 7% argon.

We consider a cylindrical volume correspondingto the discharge
zone, every point being represented by the coordinates .r; x/. As
the mean free path of the atoms (0.043 cm at 200 Pa) is less than the
diameter of the reactor (5 cm), the atom diffusion is given by the
diffusion equation written in cylindrical coordinates that describes
the variation of the concentration CA of an atom A vs time for a
� xed point in the cylinder .r; x/:

@CA

@t
C divCA ¢ Ux C divC A ¢ Ur C ! D 0 (10)

where ! is the variation of the concentrationdue to the recombina-
tion in the gaseous phase and on the reactor walls. We suppose that
the convective transfer is negligible because the gas temperature
(800 K in these conditions) is near that of the sample.

In steady-state conditions, Eq. (10) becomes

D ¢ @2CA

@x2
C @ 2CA

@r 2
C 1

r

@C A

@r
C ! D 0 (11)

We also suppose that the radial gradient in the reactor is negligible
comparedto theaxial one, so that theconcentrationis onlya function
of x. Moreover, the stabilityof the ratio IO=IAr in the reactor allows
neglecting the recombination in volume and on the reactor wall.

Thus, Eq. (11) can be simpli� ed to

D ¢ @2C A

@x2
D 0 (12)

This equation has two limit conditions.
1) The ratio IO=IAr is constant along the discharge; thus, far from

the sample, the concentrationhas a known � xed value:

C.x D 0/ D C0 D const (13)

2) At the surface sample .x D L/, the mass balance in oxygen
atoms is established by the equality between the oxygen arriving at

the surface by diffusion and the atomic oxygen recombined at the
surface:

¡DO;air ¢ @CO

@x
x D L

¡ CO.x D L/ ¢ ° ¢ V ¤

4
D 0 (14)

with V ¤ the mean square velocity of oxygen atoms written as

V ¤ ¼
NA ¢ kB ¢ T g

MO

(15)

The evolution of the atomic oxygen concentration is given by the
solution of Eq. (12).

As with the actinometry method, the ratio of the concentration is
proportionalto the intensity ratio of the emitted lines.Thus, because
argon is an inert gas with constant concentration along axis x , we
deduce

C0

C .x D L/
D .IO=IAr/x D 0

.IO=IAr/x D L

D
R0

RL

(16)

with R0 and RL the ratio of the intensities IO=IAr, respectively,at the
entrance of the reactor .x D 0/ and at the surface sample .x D L/.

Finally, the intensities ratio obtained by actinometry leads to the
determination of the recombination coef� cient ° by the following
equation:

° D
R0

RL
¡ 1 ¢ 4 ¢ DO;air

V ¤ ¢ L
(17)

We have applied this methodon sinteredSiC, oxidizedSiC (sintered
SiC C SiO2), and sintered alumina. The intensities ratio IO=IAr

functions of the distance to the surface sample are shown in Fig. 5
for the case of sintered Al2O3.

The uncertainties1° =° have been calculatedtaking into account
the errors in R0 , RL (10%), and L (7%), as well as in the � ow
parameters: the diffusion coef� cient determined using Chapman–

Enskog theory, DO;air D 695 cm2/s, and the mean square atomic
velocitydeterminedusing thegas kinetictheory (rare� edgas), V ¤ D
645 m/s; the accuracy of these values is due essentially to that of
the gas temperature (20%) (measured by emission spectroscopy),
leading to a total accuracy of 65%.

In all cases, we observe a constant level for the concentration
pro� le until 6 mm from the surface led by a progressive decrease,
and then, at 2 mm from the surface, there is a change in the slope that
we consider representativeof the catalyticphenomenaoccurringon
the material surface.

The values of the recombinationcoef� cient have been calculated
for each materialwith the concentrationpro� le. The obtainedvalues
are

°O.SiC/ D 0:008 § 65% for T D 870 K

°O.SiO2/ D 0:010 § 65% for T D 850 K

°O.Al2O3/ D 0:085 § 65% for T D 940 K

These results show the very weak catalyticactivityof SiC and silica,
the latter being slightly more catalytic at this temperature. The re-
combinationcoef� cient of alumina,however, is higher by one order
of magnitude than that of SiC, justifying greater catalytic activity.

Fig. 5 Relative atomic oxygen concentration pro� le IO/IAr in the dis-
charge vs distance above a sample of sintered Al2O3 at 200-Pa total air
pressure.
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We can observe that the alumina temperature (heated only by mi-
crowaves) is higher than those of silicon-based material because,
as we have seen in the thermal study, the interaction between mi-
crowave and material is higher for alumina. We have to take into
account this temperature difference (nearly 80 K), but this cannot
justify the catalycity difference.

Comparison with literature data is dif� cult because most of the
studies are realized at room temperatures (or at higher temperature,
more than 1400 K) and on different chemical surfaces, but our ex-
perimental results seem to have a correct order of magnitude if we
use the results on silica of Jumper and Seward2 (° D 1:4 £ 10¡2 at
900 K) and Greaves and Linnett35 (° D 10¡2 at 893 K). Kim and
Boudart11 � nd lower values (° D 2 £ 10¡4 at 920 K). The reaction-
curedglasscoating(borosilicateglass)givesdifferentvaluesaccord-
ing to Rakich et al.36 (° D 5 £ 10¡4) or Stewart et al.5 (° D 10¡3 ).
The results obtained by the Deutschmann et al.14 and Nasuti et al.15

modelizationsagree with our value,both giving ° D 10¡2 at 900 K,
but the Daiss et al.20 result is lower by one order of magnitude.

Concluding Remarks
The determination of the atomic oxygen recombination at the

surface of different sintered ceramic materials at high temperature
under low-air-pressure plasma has been realized in the MESOX
setup using thermal and chemical approaches.

The thermalmethod is based on the study of the thermal behavior
of materials under air and argon plasmas (microwave-excited gas,
sample in the discharge), with a roughly Lambertian surface. This
approach leads to the determinationof the temperature increase due
to the catalytic recombination of atomic oxygen and to the eval-
uation of the recombination � ux transferred at the surface. A low
in� uenceof the pressurehas been observedbetween200- and 2000-
Pa air, which can come from a limitation of the recombination by
the number of active sites and the prevalence of the Eley–Rideal
mechanism, with recombination reactions between an atom in the
gaseous phase and one adsorbed, this being in accordance with lit-
erature results. The temperature increase is more pronouncedat low
temperature levels and decreases rapidly with suface temperature.
Catalytic recombination � uxes have also been calculated from the
heat balancewith a one-dimensionalhypothesis.Catalytic activities
for the different materials move weakly between 1000 and 1400 K,
except for Al2O3 for which recombination � uxes vary strongly and
reach a maximum at 1400 K. Most of the studied materials are
weakly catalytic (except Al2O3 ) and are classi� ed according to a
catalytic scale available between 1000 and 1800 K: SiC ¼ SiC C
SiO2 · Si3N4 · AlN ¼ AlN C Al2O3 ¿ Al2O3.

The chemical approach using actinometry by emission spectro-
scopicmeasurementshavegivengood � rst resultsat around1000K,
for the three materials tested, and partially con� rms the experimen-
tal thermal results. This chemical evaluation is actually transferred
at high temperature simultaneouslywith the thermal method to ob-
tain both the recombination� ux and the recombinationcoef� cient°
in the same range of temperature (1000–1800 K) but only at 200 Pa
due to the validity of actinometry measurements.
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