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Recombination Coefficients and Spectral Emissivity of Silicon
Carbide–Based Thermal Protection Materials

S. Pidan,∗ M. Auweter-Kurtz,† G. Herdrich,‡ and M. Fertig∗

University of Stuttgart, 70550 Stuttgart, Germany

The method for determining the recombination coefficients for ceramic materials in air plasma and pure oxygen
plasma is described. Additionally, a new method for the in situ determination of the spectral emissivity of high-
temperature ceramic materials is presented. Values of the recombination coefficients for considered materials,
resulting from the described methodology, are given at temperatures between 1483 and 1851 K and pressures
between 356 and 950 Pa and compared with literature. Values of the spectral emissivities of the investigated
materials are presented in a temperature range from about 1200 to 1820 K and compared with values obtained by
other authors. Obtained results will be used for the development of catalytic sensors in the frame of the European
reentry program EXPERT.

Nomenclature
A = area
a = transfer coefficient of pyrometer
b = linearity factor of pyrometer
c = specific heat
h = enthalpy
K = spectral emissivity correction factor
k = recombination rate, number of capacitor
L = spectral radiance
Le = Lewis number
M = molar mass
Ma = Mach number
ṁ = mass flow
n = coil windings
p = pressure
q̇ = heat flux
R = radius
� = universal gas constant
Sc = Schmidt number
s = thickness
T = temperature
U = inductively coil voltage
u = velocity
x = coordinate, axial distance
y = coordinate, radial distance
β = accommodation coefficient
γ = recombination coefficient
ε = emissivity
µ = dynamic viscosity
ξ = dissociation degree
ρ = density
σ = Stefan–Boltzmann constant
ϕ = quotient
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Subscripts

amb = ambient pressure
c = cylinder
coil = inductively coil
D = dissociation
e = boundary layer edge
eff = effective
full cat = fully catalytic
finite cat = finite catalytic
O = atomic oxygen
p = at constant pressure
pl = plasma
s = stagnation
tot = total
w = wall, water
∞ = freestream

I. Introduction

T HE catalytic efficiency of a thermal protection system (TPS)
defines the finite catalytic reaction rates of gases in chemical

nonequilibrium on the material’s surface. During reentry of space
vehicles into Earth’s atmosphere, the airflow molecules (i.e., oxygen
and nitrogen) passing through the bow shock become dissociated.
The atoms can then recombine at different rates (depending on the
catalytic efficiency of TPS materials) to molecules on the TPS sur-
face or in the gas phase. Because of transfer of the recombination
energy to the material surface, the heat flux on the reentry vehi-
cle depends on catalytic efficiency of the TPS materials. Because
the catalytic properties of these materials depend on temperature,
the heat flux indirectly depends on the vehicle surface temperature
and, consequently, on the thermal emissivity of the TPS materials.
Therefore, for accurate prediction of thermal loads during reentry
and for the lightweight design of the TPS, it is important to know
both the catalytic efficiency and the emissivity of the material used.

Experimental investigations1 show the temperature dependency
of the oxygen and nitrogen recombination coefficients on investi-
gated materials in the air plasmas, for example, on silicon carbide
and silicon dioxide (quartz). Stewart1 reported that silicon carbide
(SiC) and borosilicate glass have maximum oxygen recombination
coefficients. Both materials were investigated in a side-arm reactor
and arcjet facilities. (SiC has a maximum at about 1330 K and glass
at about 1600 K.) Moreover, the borosilicate glass also has a maxi-
mum nitrogen recombination coefficient value at about 1600 K.

The theoretical modeling done by Fertig et al.2 predicts the peak
values of recombination coefficients for SiC and quartz glass (SiO2)
for oxygen recombination. The peak values of γSiC(O) = 0.2–0.3 are
typical for high-catalytic materials. In the low-temperature regions
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(300–500 K) the values of γSiC(O) are about 10−3 (quite low), typical
for medium catalytic materials.

This paper presents the investigation of five materials regard-
ing their catalytic behavior in air plasma and pure oxygen plasma,
namely sintered silicon carbide (SSiC), chemical-vapor-deposited
silicon carbide (CVD-SiC) coating on the carbon/carbon silicon
carbide (C/C-SiC) sample, yttrium silicate coating on the C/C-SiC
sample, synthetically produced magnesium spinel, and oxidized alu-
minum. Additionally, investigations on SSiC, CVD-SiC coating, yt-
trium silicate coating, and spinel, referring to their spectral emissiv-
ity at 900 nm in air plasma, are described. The investigations of the
C/C-SiC samples with CVD-SiC and yttrium silicate coatings were
performed within the German space research program Ausgewählte
Systeme und Technologien für zukünftige Raumtransportsystem-
Anwendungen.

The catalytic experiments have been conducted with the magne-
toplasmadynamic generator RD53,4 (qualitative comparison tests)
in the plasma wind tunnel PWK2 and with the inductively heated
plasma generator IPG33,4 (quantitative comparison tests) in the
plasma wind tunnel PWK3 of the Institute of Space Systems (IRS)
of the University of Stuttgart. The planned catalytic experiments
with PWK3 in nitrogen and air plasmas will be conducted in the
near future.

The emissivity investigations were conducted in the IRS PWK2
plasma wind tunnel, which is equipped with the RD5 magnetoplas-
madynamic generator.

II. Determination of the Recombination
Coefficients and Spectral Emissivity

This section describes the methods for determining the recombi-
nation coefficients in oxygen plasma flows and in situ determination
of the spectral emissivities of the investigated materials.

A. Determination of Recombination Coefficients
The methodology used for determining the recombination coef-

ficients of the investigated materials is similar to the methodology
for determining the effective recombination coefficients in nitrogen
and air plasmas used by Scott,5 with the exception that the experi-
ments at IRS for quantitative comparison of the catalytic behavior
of the investigated materials have been conducted in pure oxygen
plasma. The determination of the recombination coefficients has
been carried out based on the Goulard’s theory6 and heat fluxes
were measured for the investigated materials in the stagnation point
in oxygen plasma flow. The recombination rate constant kw (and the
recombination coefficient γo) on the material surface can be deter-
mined from the ratio of the fully catalytic heat flux to the measured
finite catalytic heat flux and under the assumption of complete ac-
commodation of the released chemically energy (i.e., the energy
accommodation coefficient, β = 1).

For the calculation of the fully catalytic heat flux, copper oxide
(CuO) has been used as reference material, because other materials
that could be highly catalytic and for which the literature data of the
oxygen recombination coefficients can be found were not available
for this work.

The fully catalytic heat flux q̇full cat was calculated with the heat
flux q̇full cat = q̇CuO measured on a cooled oxidized copper sample.
With the known oxygen recombination coefficient of CuO, one can
calculate the recombination rate constant kwCuO(O) for the oxygen
recombination on a CuO surface using

kwCuO(O) = 2γCuO(O)
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where the fully catalytic heat flux can be calculated. The dissociation
degree ξO in the oxygen plasma flow at the measurement position
has been determined to be very close to unity.7

In the next step, the heat flux measured on the investigated ma-
terials was used to calculate the recombination rate constant on the
material surface from Eqs. (2) and (3) and eventually to calculate
the recombination coefficient by using Eq. (1).

All plasma parameters (gas constant, density, etc.) at the
boundary-layer edge and at the sample wall have been calculated
under the assumption that the plasma at the boundary-layer edge
and at the wall is in thermochemical equilibrium. Admittedly, this
simplification results in erroneous values of some of the terms of
Eqs. (2) and (3), which lead to discrepancies in values of recombi-
nation coefficients. However, the assessment of the influence of the
equilibrium assumption for calculation of plasma parameters leads
to values of recombination coefficients of the same order of magni-
tude. Schmidt and Lewis numbers and viscosity values have been
calculated according to Ref. 8.

For the calculation of the local stagnation enthalpy at boundary-
layer edge hse, the following equation was used7:

hse(x, 0)

htot
≈ R2

pl

2

[
q̇(x, 0)√
ppitot(x, 0)

/∫ Rpl

0

q̇(x, y)√
ppitot(x, y)

y dy

]
(4)

where Rpl = 100 mm.
The total flow enthalpies htot were measured with a cavity

calorimeter7 and the radial profiles of the heat flux and pitot pres-
sure were measured with the double probe for the heat flux and pitot
pressure measurements (Fig. 1).7

To calculate plasma speed u∞, Mach number Ma∞ and the effec-
tive isentropic exponent κ∞ are needed. Their values were obtained
from the pitot and ambient pressure measurements and from the
measurements with the wedge probe7 (Fig. 2). The measurements

Fig. 1 Double probe for the heat flux (calorimetric) and pitot-pressure
measurements.

Fig. 2 Wedge probe in operation (PWK3, IPG3): condition 1, distance
from IPG3 is 210 mm.
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Table 1 Test conditions with RD5/PWK2

Distance from
Condition Gas mass flow p∞, Pa ppitot, Pa RD5 current, A RD5, mm

1 2 g/s air (0.47 g/s O2; 1.53 g/s N2) 20 60 1258 450
+ 0.3 g/s argon

2 8 g/s air (1.86 g/s O2; 6.14 g/s N2) 490 660 1071 730
+ 0.3 g/s argon

Table 2 Test conditions with IPG3/PWK3

Gas mass Distance from IPG3,
Condition flow, g/s O2 k n p∞, Pa ppitot, Pa Ucoil, V mm

1 3 4 5.5 40 Variable 6300 90, 120, 150, 180
2 3 4 5.5 500 950 6300 393

Fig. 3 Material double probe with Pyrex minipyrometers.

with the wedge probe allow the Mach number to be defined from
the oblique shock relation for the deflection and shock angles.

The effective radius of the probe has been estimated using two
calculations performed with the URANUS code9 under the same
freestream condition for the standard IRS sample holder (cylin-
der diameter = 50 mm) and for a hemispherical blunt body (hemi-
spherical radius = 25 mm). The freestream conditions are Ma∞ = 4,
p∞ = 40 Pa, and h∞ = 34 MJ/kg. The value of the effective radius
has been estimated as Reff = 2.42Rc, where Rc is the cylinder ra-
dius of the sample holder. This is not in agreement with the data
from Mizuno et al.,10 who used the relation obtained by Boison
and Curtiss.11 The data used by Mizuno have following relations: at
Ma∞ = 2.01, Reff = 2.9Rc; at Ma∞ = 4.76, Reff = 3.7Rc. The pos-
sible reason for this difference can be other pressure levels and,
consequently, other flow Knudsen numbers.

B. Heat Flux Measurements
Heat flux measurements have been conducted with two probes

developed at IRS: a calorimetric heat flux–pitot-pressure double
probe (Fig. 1) and the material double probe12 (Figs. 3 and 4).

Because water is a good heat capacitor, it has been used for calori-
metric heat flux measurements on the cooled samples. With the mea-
sured temperature difference in the inlet and outlet of cooling water
flows, one can calculate the heat flux on the sample:

q̇sample calor· = cpwṁ(Toutlet − Tinlet)/Asample (5)

The temperature measurements of the cooling water flows are per-
formed with two resistance thermometers of type PT100. The re-
sistance thermometers are placed as close as possible to the water-
cooled surface.

Heat flux measurements on a copper sample oxidized under a
temperature of about 450◦C and on an aluminum sample oxidized
in the oxygen plasma flow have been taken by using the calorimetric
heat flux and pitot-pressure double probe. The temperature of these
samples was about 300 K during the tests.

Fig. 4 Material double probe in operation (PWK2, RD5).

Heat flux measurements on SSiC, CVD-SiC, yttrium silicate coat-
ing, and synthetically produced magnesium spinel have been per-
formed with the material double probe. This probe is equipped with
two Pyrex13 minipyrometers for the temperature measurement of
the rear side of the sample. During the experiments the material
double probe is brought into the plasma flow and stays there until
the sample temperature has reached a constant value. Due to high-
temperature thermal insulation between sample and probe, the rear
side of the sample can be assumed to be adiabatic. Neglecting am-
bient temperature, the heat flux on the sample with a temperature of
Tw(t) can be estimated, employing the thin-wall method:

q̇sample ≈ εσ T 4
w(t) + cpρs

dTw(t)

dt
(6)

where ε is the total emissivity of the material sample. The advantage
of the material double probe is that two samples of different materials
can be tested in one experiment and under the same test conditions by
turning the probe 180 deg in the plasma wind tunnel. The design of
the material double probe allows transient heat flux measurements.

C. In Situ Measurements of Spectral Emissivity
The in situ measurements of the spectral emissivity have been

performed in the PWK2 plasma wind tunnel with the RD5 magneto-
plasmadynamic generator. Material samples have been placed in the
material double probe and the temperature T1 of the rear side of the
samples has been measured by Pyrex sensors during experiments.
Because of the geometric shape and the placement of the ceramic
tube behind the material sample (cavity is formed), the measured
temperature of the sample’s rear side does not depend on its emis-
sivity. In this case the effective emissivity is almost equal to unity.
The measurement with an external linear pyrometer and spectral
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emissivity value equal to ε2 would deliver an incorrect value of T2.
By adjusting the emissivity value on the external pyrometrical de-
vice until the temperature measured by the external pyrometer and
the Pyrex measured temperature are the same (as soon as the sample
temperature has reached a constant value), it is possible to correct
the emissivity value. By using the external pyrometer with a defined
measuring wavelength (e.g., to avoid the radiation bands of plasma),
the spectral emissivity of the investigated materials can be defined
in this way (also depending on the surface temperature). It should be
noted that for correctly determining the spectral emissivity value the
transfer function of the external pyrometer is required, because only
the linearity of the spectral radiance L and pyrometer output volt-
age U is given. With the known transfer function of the pyrometer,
U = f (T ), given by the manufacturer of the pyrometrical device,
one can calculate the corrected emissivity values of the investigated
material sample with following relation:

K = Ucorr(T1)

U2(T2)
= L(T1) · bcorr

L(T1) · b2
= L(T1) · a/εcorr

L(T1) · a/ε2

= ε2

εcorr
⇒ εcorr = ε2

K
(7)

The transfer function of the pyrometrical device has been approxi-
mated with a fifth-degree polynomial function. With the temperature
measurement uncertainty of ±1.5% (given by the manufacturer14),
the error of the spectral emissivity determination is estimated as
±11.3%.

Because the pyrometer has only one measuring wavelength equal
to 900 nm, the spectral emissivity is investigated only at this wave-
length.

III. Test Conditions
The experiments in the PWK3 plasma wind tunnel have been

conducted in pure oxygen plasma under the following conditions.
Figure 5 shows the stagnation enthalpy profiles calculated with

Eq. (4) for PWK3 test condition 1 (y is the radial distance from flow
symmetry axis). Stagnation enthalpy for PWK3 test condition 2 was
calculated as 10 MJ/kg, and the Mach number as 1.05. The Mach
number and the pitot pressure for both test conditions in PWK3
are given in Fig. 6. One can see from Fig. 6 that both PWK3 test
conditions are supersonic.

Fig. 5 Stagnation enthalpy profiles in PWK3 at condition 1.7

Fig. 6 Pressure and Mach number values for PWK3 tests.7

During each test the probes were driven into the middle of the
plasma flow along the flow symmetry axis to change the distance to
the plasma generator and to obtain the axial profiles of the temper-
atures or stagnation pressures.

IV. Test Results
A. Catalytic Properties

Catalytic properties of the materials used have been compared
qualitatively with results from the experiments conducted in the
PWK2 plasma wind tunnel at conditions shown in Table 1. The
quantitative comparison of the catalytic activities of the investigated
materials was done with the heat flux and plasma characteristic value
measurements performed in the PWK3 plasma wind tunnel at con-
ditions presented in Table 2. The methodology described in Sec. II
was applied to calculate the recombination coefficients for oxygen.

1. Qualitative Comparison
The measured values of the heat fluxes on the different materials

obtained in the PWK2 plasma wind tunnel allow the qualitative
comparison of the catalytic behavior of the investigated materials.
Figure 7 shows the heat flux histories of four materials, namely
SSiC, spinel, C/C-SiC with CVD-SiC coating, and C/C-SiC with
yttrium silicate coating. These measurements have been performed
under condition 1 in PWK2 with RD5. In Fig. 8, the heat fluxes vs
time on the same materials under condition 2 are given.

As expected, the results demonstrate approximately identical heat
fluxes on the SSiC and C/C-SiC with CVD-SiC coating. The heat
flux on the spinel is clearly lower than that on the SSiC, whereas the
heat flux on the C/C-SiC with yttrium silicate coating is higher than
that on the silicon carbide. These facts indicate that spinel should be
less catalytic in air than silicon carbide; the yttrium silicate should
be more catalytic vs air than SSC.

However, during the tests the steady-state temperature of the
spinel sample was higher than the steady-state temperature of the
SSiC sample, whereas the heat flux on spinel was much lower than
that on SSiC. This difference in temperature is caused by the differ-
ence in total emissivity of both materials. In this temperature range

Fig. 7 Heat flux history of the investigated materials under condition 1
(PWK2, RD5).

Fig. 8 Heat flux history of the investigated materials under condition
2 (PWK2, RD5).
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spinel has a total emissivity value of about 0.4,15 whereas the SSiC’s
value is about 0.8.16 This shows the important role of the total sur-
face emissivity. In spite of the low heat fluxes, caused, for example,
by low catalytic activities of the material, the surface temperature
can be quite high because of the low emissivity value.

In Figs. 7 and 8 the values of the heat fluxes are calculated using
Eq. (6). Here the peak values are considered as total heat flux val-
ues for the investigated materials. These values attenuate with time
because the heat flow in the probe’s structure becomes noticeable.
The difference between the heat flux peaks on spinel and SSiC at
condition 1 is greater than this at condition 2, although the sample’s
surface temperatures at both conditions are approximately equal. A
possible reason for this might be the lower dissociation degree of
the plasma flow at condition 2 because of the greater distance from
the plasma source.

2. Quantitative Comparison
The quantitative comparison of oxygen recombination coeffi-

cients has been done for three materials, namely SSiC, spinel, and
oxidized aluminum. For the calculations of the oxygen recombina-
tion coefficients of the investigated materials, the oxygen recom-
bination coefficient of the reference material (i.e., oxidized copper
assumed as CuO) has to be known. The literature values for the
copper oxide recombination coefficient have been found at room
temperature as two values: 0.15 (Ref. 17) and 0.045 (Ref. 18). Be-
cause these values differ by about a factor of 3, which might lead to
miscalculations, the recombination coefficient calculations for the
investigated materials have been performed with both values.

In Fig. 9 the calculated values of the oxygen recombination co-
efficients of SSiC (labeled as SiC), together with values from other
sources,1,19 are shown. These values have been calculated using the
heat flux measurements in pure oxygen plasma in PWK3. The error
bars mark the deviations of about 60% of the calculated values of
the recombination coefficients. This follows from Eqs. (2) and (3)
together with the errors of the heat flux measurements. These errors
lie at approximately 12% of the measured heat flux values.

The calculated values of the oxygen recombination coefficients
for SSiC at 1650 K are about two to three times greater than values
obtained at approximately the same temperature by Stewart in the
arcjet facility.1 The temperature dependence of the oxygen recom-
bination coefficients of the SSiC is evident from Fig. 9.

The oxygen recombination coefficients of spinel have been cal-
culated in the same way as those for SSiC. Figure 8 shows the
values of γO for these materials (in Fig. 10 SSiC is labeled as SiC).
Unfortunately, measurement at only one position in PWK3 in pure
oxygen plasma with spinel is available at the present. In spite of
this, and even with some different temperature values of the sam-
ples during the tests at the measured positions, one can see from
the measurements with air in PWK2 (see Figs. 7 and 8) and from
the oxygen recombination coefficient value obtained from PWK3
that the synthetically produced magnesium spinel used in this ex-
periment should have lower catalytic activity for oxygen atoms than
SSiC.

Fig. 9 Oxygen recombination coefficients of SSiC with stagnation
pressure values: conditions 1 and 2 (PWK3, IPG3).

Fig. 10 Oxygen recombination coefficients of SSiC and spinel: condi-
tion 2 (PWK3, IPG3).

Fig. 11 Oxygen recombination coefficients of oxidized aluminum: con-
dition 1 (PWK3, IPG3).

Fig. 12 Spectral emissivity values of the tested materials (PWK2,
RD5).

During the experiments with the oxidized aliminum sample in
pure oxygen plasma in PWK3, the sample’s temperature was al-
most constant and had a value of about 300 K. The heat fluxes
measured on the oxidized aluminum sample lie between the val-
ues of the heat fluxes on copper oxide and SSiC. Figure 11 gives
the oxygen recombination coefficients of oxidized aluminum over
the stagnation pressure. A pressure dependency of the oxygen re-
combination coefficients of the oxidized aluminum can be seen,
whereas the pressure dependency becomes weak toward the low
pressures.

B. Spectral Emissivity
The measurements of the spectral emissivity of the investi-

gated materials were performed in the PWK2 facility equipped
with the RD5 magnetoplasmadynamic generator. The methodology
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Fig. 13 Total emissivity values of the tested materials.

for determining the spectral emissivity values is described in
Sec. II.

Figure 12 shows the measured values of the spectral emissivity
values of the SSiC, CVD-SiC, spinel, and CVD yttrium silicate in
comparison to values form other sources. The method used can be
considered to give good agreement with the methods employed by
other authors.15,16,20

The total emissivities of the investigated materials are shown in
Fig. 13. The total emissivity of yttrium silicate layer was estimated
independent from temperature as 0.7.

V. Conclusions
Within the frame of this work, a methodology for determining

the recombination coefficients of ceramic materials such as SSiC,
synthetically produced magnesium spinel, yttrium silicate, and CVD
SiC, in a wide range of temperatures and metallic materials (oxidized
aluminum) at a constant temperature of 300 K has been adapted. The
tests conducted in air plasma under two conditions obtained with the
RD5 magnetoplasmadynamic generator show that qualitative com-
parison between the catalytic activities of the investigated materials
is possible. In addition, the experiments performed under two con-
ditions with help of the inductively heated plasma source, IPG3, in
pure oxygen plasma confirm the tests with air plasma in regard to
the catalytic activities of the tested materials.

By using the employed methodology, the values of oxygen recom-
bination coefficients of the investigated materials have been calcu-
lated. The calculated values of oxygen recombination coefficient for
the SSiC at temperatures between 1483 and 1851 K lie in the range
from 0.012 to 0.23. These values are in reasonable agreement with
Stewart’s data.1 Further improvement is necessary for determination
of boundary-layer and sample wall ambient conditions.

The methodology for the in situ determination of the spectral
emissivities of ceramic materials has been proposed. The following
ceramic materials have been investigated: SSiC, CVD-SiC, spinel,
and yttrium silicate. The obtained values of the spectral emissivities
at 900 nm for SSiC lie at about 0.8, for CVD-SiC at about 0.9, for
yttrium silicate at about 0.6, and for spinel at about 0.5.

Further investigations concerning the determination of recombi-
nation coefficients are planned. The results of these investigations
will be used for experiments in the framework of the European
reentry program EXPERT.
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