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Oxidation Behavior of Siliconcarbide-Based Materials
by Using New Probe Techniques
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Hysteresis of passive to active and active to passive transition of SiC oxidation behavior has been investigated the-
oretically, numerically, and experimentally. Theoretical and experimental investigations show a strong interaction
between transition and catalysis. Dependence on plasma composition is shown. A recently developed reaction model
has been implemented in the advanced nonequilibrium Navier-Stokes code URANUS. Results are presented for
the highly dissociated flow around the MIRKA capsule. In this case, radiation adiabatic surface temperatures have
been found to be 120 K higher for active oxidation conditions as compared to passive oxidation conditions. To inves-
tigate transition behavior in detail, various new probe measurement techniques have been developed. Important
additional observations have been made in chemical nonequilibrium. Within plasma wind-tunnel testing, a sudden
temperature increase of up to 400 K was found with the transition from passive to active oxidation. Theoretical
and numerical predictions show good qualitative and quantitative agreement with experimental results.

Nomenclature
A = section area
c = heat capacity
M, = Machnumber
)4 = pressure
q = integral heat flux
s = thickness
T = temperature
t = time
Vv = volume
v = velocity
X = distance from plasma generator outlet plane
y = ratio of heat capacities
AH = reaction enthalpy
) = boundary-layer thickness
£ = emissivity
o = density
o = angle
Subscripts
amb = ambient
(g) = gaseous
in = related to temperature of water coming into

cooling system
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out = related to temperature of water leaving cooling system
(s) = solid

tot = total

W = related to wall

1 = situation before shock

2 = situation behind shock

Introduction

EENTRY flight experiments have already been performed in

which SiC-based thermal protection systems (TPS) were used
with the emphasis to investigate their reusability.!~* Tt was shown
that C/C-SiC, which is carbon fiber-reinforced SiC, is able to with-
stand severe thermal loads even at temperatures of about 2500 K
(Ref. 2). However, such loads are extraordinary and represent an
adversity of the desired reusability of the TPS. Additionally, for
typical reentry vehicles, high lift over drag ratios are aimed for to
realize both controllability and high crossrange. Therefore, subsys-
tems such as flaps and rudders are required in combination with an
appropriate aerodynamic shape, which is usually associated with
narrow radii or sharp edges. Moreover, the connections of TPS seg-
ments and the interfaces between substructures lead to steps or gaps.
With the occurrence of the so-called active oxidation regime, which
is ongoing with an evident temperature jump at the passive to ac-
tive oxidation transition (PAT), substantial mass loss rates arise that
have to be taken into account, because they can be mission critical
otherwise. Therefore, at the Institut fiir Raumfahrtsystem (IRS), ex-
tensive campaigns were performed to investigate the PAT.” These
investigations were supplemented by additional work in the field of
plasma—surface interaction® with in-flight measurements.!

In principal, chemical reactions of SiC with oxygen lead to the
formation of SiO, SiO,, CO, and CO,, the latter of which is of
negligible importance at the expected temperatures. Both SiO and
CO are gaseous at those temperatures, thereby leading to erosion
and a rapid material loss. In contrast, SiO, is liquid or solid at the
lower temperatures. It forms a layer on top of the SiC and acts
as a diffusion barrier, which can be considered a self-protection
mechanism because oxygen flux to the surface is hindered. Hence,
mass loss rate under these so-called passive oxidation conditions is
much lower. At higher temperatures and lower oxygen pressure, an
SiO; layer is removed and SiO formation becomes more likely. This
process is called active oxidation. Figure 1 shows the trajectories of
the recent reentry mission EXPERT (and X-38) in comparison to the
PAT regime based on the equilibrium model of Heuer and Lou.” As
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Fig. 1 Nominal entry trajectories of EXPERT* and X-38 (Cycle8) re-
lated to active, passive, and transitional oxidation regimes (model of
Heuer and Lou”).

Fig. 2 PAT using plasma source IPG3, pure oxygen plasma.

can be seen, active oxidation may occur at the TPS of both vehicles.
However, equilibrium models are not able to predict the transition
during reentry properly because the boundary layer around vehicles
is characterized by chemical nonequilibrium at high altitudes.

The temperature increase that appears with the PAT is associ-
ated with an increase of thermal load that can cause mission failure.
Within the German research program Ausgewihlte Technologien fiir
Zukiinftige Raumtransportsystem-Anwendungen (ASTRA), IRS
investigates basic pressureless sintered siliconcarbide (SSiC) mate-
rials and C/C-SiC composites [ German Aerospace Center, Stuttgart,
Germany (DLR-S) and MAN Technologie AG (MAN-T)] using
pure oxygen and air plasmas to identify the involved reaction
schemes. This is of very high importance, because previously per-
formed investigations imply that a decisive share of the energy seen
by the TPS during active oxidation could be contributed by nitrogen
reactions that are ongoing with the oxidation regime.® Test cam-
paigns in oxygen atmospheres have been performed using the in-
ductively heated plasma wind tunnel 3 (PWK3). This facility offers
the advantage to be operated even with pure reactive gases such
as oxygen”'? leading to a significant simplification of the reaction
regimes. This is of importance because Hilfer,’ for example, in-
vestigated more than 170 potential reactions in his work, which he
reduced to six essential reactions for SiC. Laux investigated the
oxidation behavior of sintered silicon carbide experimentally, with
theoretical analysis for air and for pure oxygen plasma, from which
he found out that the temperature jump as well as the erosion rate are
smaller than in air plasma, leading to the conclusion that nitrogen,
especially atomic nitrogen, plays an important role in explaining the
sudden temperature increase.!! However, it is found that all mea-
sured transitions lie within the regime predicted by Heuer and Lou.’
Figure 2 shows an SSiC material sample in PWK3 (oxygen plasma)
in the active oxidation regime (Fig. 2a) and the passive oxidation
regime (Fig. 2b) as investigated by Laux.'!

The change in plasma brightness (on the left-hand side of Fig. 2)
which is accompanied with green color, can be explained by the
creation of gaseous molecules such as CO and C, in which the
carbon is contributed as erosive product by the material sample.
Simultaneously, temperature rises by around 200 K, and the erosion
increases by orders of magnitude.

The campaigns and measurements are combined with nonintru-
sive techniques such as laser-induced fluorescence (LIF). In addi-
tion, new probe technologies have been developed at IRS to char-
acterize the oxidation regimes. One of them is a double probe with
different materials at an identical plasma condition. In fact, this
probe has been developed for the measurement of recombination
coefficients from local heat flux measurements.'> However, simula-
tions using the nonequilibrium URANUS code indicate that cataly-
sis plays an important role for the consideration of PAT and active
to passive transition (APT). Fertig et al. introduced in this flow
simulation code a detailed surface reaction model that accounts for
catalytic and oxidative reactions at the surface resulting in different
transition mechanisms from passive to active oxidation for SiC and
an evident influence of the catalycity.®

To extend the knowledge of the chemical behavior, especially at
these transition condition, a spectroscopic probe has been devel-
oped. In the present paper, the measured spectra in the boundary
layer in front of the material sample and first measurements are
presented. First a brief introduction in relevant surface reactions is
given and comparisons to more difficult computations are made.
The used probe technique for the investigation of catalytic effects
on the PAT together with numerical results is shown as well.

Surface Reactions

Although more than 170 different reactions are possible in the
Si—C-N-O system, most phenomena responsible for reentry vehicle
heating can be explained by a small subset. In the reactions of SiC
with oxygen at the surface of a reentry vehicle, either gaseous SiO,

SiC(s) + 0, & SiO(g) + CO, AH? = —139 kI mole™" (1)
SiC(s) + 20 & SiO(g) + CO, AH? = —638 kI mole™'  (2)

or SiO,, which may be either solid or liquid,
SiC(s) + %Oz % SiO,(s) + CO, AH]? = —950 kJ mole™!
3)
AH? = —1697 kJ mole ™
)

are formed together with gaseous CO. In principle, passive oxida-
tion, that is, formation of an SiO; layer, could lead to a material gain
because two oxygen atoms have higher mass than one carbon atom.
However, this is only the case until a stationary-layer thickness is
reached. Under reentry conditions, the stationary state is typically
reached within a few seconds. Afterward, the formation of SiO leads
to surface erosion.

Fundamental work on surface oxidation has been performed by
Wagner'3 and Turkdogan et al.'* Their models have been discussed
in the past to explain the conditions that lead to PAT of SiC. Wagner
investigates two possible states: either the oxidation with Si or the
reactions with an already passive oxidized surface, that is, an SiO,-
layer. Depending on the oxygen pressure, he can calculate the condi-
tions for PAT in steady-state conditions. Turkdogan also investigated
theoretically the Si surface, but he already introduced a possible va-
porization of the Si from the surface with adjacent reactions with
oxygen. He introduces a possible loss of vaporized Si due to a veloc-
ity parallel to the surface that can result from an axial flow velocity.
Therefore, the model of Turkdogan can be understood as a model
including a gas flow. The simplified explanations given by Wagner
and Turkdogan both do not consider bubble formation, which is one
reaction mode leading to fast surface erosion.’ They both explain
the conditions when PAT occurs, but do not explain an ongoing
temperature increase.

In the reaction environments considered in this paper, active oxi-
dation occurs if an SiO; layer is neither present nor formed. Trans-
fer of Wagner’s model to SiC oxidation indicates that the chemical
equilibrium of SiO depending on the oxygen partial pressure is re-
sponsible for PAT. Hence, two reactions, that is,

$i0s(5) 5 SiO(®) + 30, AH? =810k mole™  (5)

AHfO = 1059 kJ mole™"  (6)

SiC(s) + 30 = SiO;(s) + CO,

Si0,(s) & SiO(g) + O,
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for molecular and atomic oxygen may be formulated. Both reac-
tions are endothermic and produce gaseous species. It follows from
both reactions that SiO formation velocity increases with rising
temperature and decreasing oxygen pressure. Because formation
of SiO from SiC is exothermal, surface heating should be higher
after transition. In measurements with conditions close to chemical
equilibrium, no such increase has been observed so far. Because
surface emission and absorption coefficients change during APT,
measurement may be impossible under equilibrium conditions, es-
pecially if changes are small. To explain the temperature increase
of about 200 K, more sophisticated models have to be introduced.
Fertig et al.,® for example, included catalytic reactions while solv-
ing the flow situation numerically. One of the major problems in
PAT prediction is that SiO, formation under passive oxidation con-
ditions takes place at the interface between SiO, and SiC (Ref. 15),
whereas SiO, decomposition proceeds at the SiO,—gas interface or
anywhere within the SiO, layer. Hence, PAT is a function not only
of diffusion characteristics in the gas but also of diffusion charac-
teristics in the SiO, layer. Moreover, transition at oxygen pressures
of about 10° Pa arises at temperatures above 2000 K. Hence, it is
in question whether measurements of PAT in chemical equilibrium
are possible at all. The situation becomes more complicated in the
case of chemical nonequilibrium because catalytic phenomena arise
additionally.'®

Turkdogan et al. developed models to explain nonequilibrium ef-
fects caused by, for example, gas flow. Gas flow removes reaction
products from the reaction zone but transports reaction educts to the
reaction zone. Because of a higher oxygen fraction, the formation
of SiO,, but also SiO, speeds up. Removal of SiO, on the other
hand, speeds up SiO, decomposition such that transition might be
expected at lower temperature. The model of Turkdogan et al. de-
termines reaction rates depending on a combination of sublimation
and diffusion. Transfer of their model to the PAT of SiC would state
that Si sublimates at the surface and moves into gas phase such
that the gas close to the surface would consist of Si vapor. Oxygen
from the gas diffusing toward the surface reacts with the Si vapor,
forming SiO and SiO,. Hence, a gas flow would remove the Si va-
por such that erosion speeds up. This model, however, has multiple
deficiencies: The SiO, layer would grow at the outer SiO, surface
due to condensation, which is in contrast to measurements.”> SiC
is stable up to about 2600 K in an inert atmosphere even with gas
flow. The fraction of Si to C should change, which is not the case.
Under reentry conditions in which gas temperature rises from val-
ues of about 2000 K at the surface to about 7000 K at the edge
of the boundary layer, no formation would be possible. However,
SiO;-layer formation is possible under such conditions as well.

However, Wagner’s model states that PAT is associated with a
much lower SiO partial pressure than the reversal process, that is,
APT. Hence, Wagner states that transition characteristics are associ-
ated with a hysteresis concerning SiO and oxygen partial pressures.
The observation that transition from active to passive oxidation is
also possible in rarefied gas flows in which the SiO partial pres-
sure is about zero'’ indicates that neither Wagner’s nor the model
of Turkdogan et al. is applicable for the prediction of APT under
reentry conditions.

Moreover, Wagner’s model is not able to explain the value of
the sudden temperature rise in nonequilibrium air with PAT. Al-
though a change from the endothermic decomposition of SiO, to
a rapid exothermic erosion of SiC due to SiO formation allows for
an explanation of the temperature jump of about 200 K in pure
oxygen plasma, it is not sufficient to explain a surface temperature
rise of about 400 K as measured in air. Catalytic effects and het-
erogeneous kinetics have to be considered in addition, as shown by
Fertig et al.} SiO, is of medium-to-low catalytic activity with re-
spect to oxygen and nitrogen at temperatures of transition. SiC, on
the other hand, has a high catalytic activity under these conditions
for nitrogen recombination.'® Hence, PAT in air increases not only
heating due to SiC erosion increases, but also catalytic heating due
to atomic nitrogen recombination. This observation is confirmed
by the analysis of Laux who performed tests with varying oxygen
mass flow with pure oxygen tests, leading to the conclusion that the
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lation for MIRKA peak heating conditions with multiple gas—surface
interaction models applied.!”

higher temperature increase in air plasma can be a result of atomic
nitrogen recombination reactions.'!

Results

The heterogeneous surface model proposed in Ref. 8 has been
employed for the simulation of the reentry loads of the Mikro-
Riickkehrkapsel (MIRKA) vehicle.'®

Figure 3 shows surface heat loads computed with the axisym-
metric URANUS nonequilibrium Navier—Stokes code at peak heat-
ing conditions in about 60 km of altitude performed within the
German ASTRA program.'® Free flow conditions in all simulations
are v, = 6626.3 m-s~! at a density of ps, =5.043 x 10~* kg - m™>
with an ambient pressure of p., = 37.88 Pa. SiC and SiO; catalysis
models and the surface reaction model proposed in Ref. 8, which
is labeled AP transition study and PA transition study, with radia-
tion equilibrium surface have been applied. For reference, results of
noncatalytic and fully catalytic boundary conditions are shown. To
investigate whether PAT oxidation was possible for MIRKA'’s flight
conditions, results obtained with the SiO, catalysis model have been
used as an initial solution. For the APT study, the surface tempera-
ture was set to 2300 K initially. The hysteresis of the results shows
that MIRKA flight was in the transition regime between active and
passive oxidation. From the agreement of the heat fluxes computed
for the PA transition study with the SiO, catalysis model, it fol-
lows that chemical energy release at the surface is dominated by
catalytic reactions on the protective SiO, layer. The agreement of
the SiC catalysis results where surface erosion is neglected with the
AP transition study in the stagnation area show the domination of
catalytic processes under active oxidation conditions as well. How-
ever, this domination of catalytic heating, which is significant for
MIRKA, is not expected to be a general feature. For the European
Experimental Re-Entry Testbed (EXPERT) reentry flight, for exam-
ple, about one-third of the total heat flux to the surface might arise
due to active oxidation.

Probe Techniques

In the following text, the probe technique used to investigate the
PAT is described. First, the well-established probes such as steady-
state heat flux and a pitot pressure probe are presented because they
are used to investigate the plasma flow itself. Afterward, the newly
developed probe technique is explained in more detail with spe-
cial focus on the applicability to investigate catalytic and oxidative
behavior.

The steady-state heat flux is measured on an insert that can easily
be changed and can be made out of different materials, normally
copper because of its high catalycity. For the stationary case the
flow rate through the insert V and the temperature difference of the
incoming and outgoing water (7, — T;,) are measured, the latter by
electrically insulated and shielded resistance thermometers Pt100.
The heat flux per unit area is then given by

q = Cp,pr VW(Toul - Tm)/A (7)

where ¢, ,, is the heat capacity of water, py the water density, and
A the surface area of the probe exposed to the plasma (Fig. 4).
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Fig. 4 Steady-state heat flux and pitot pressure double probe.

3g/s Sauerstoff, p =30 Pa, U,=6,3 kV, P,=110 kW, k=4, n=5,5, x=200 mm

(1 ): Ptot1: P1s T1| Y10 Vi Pqs Ma1
X

@)

<
<

—>
6<15 mm

(2): Prot 21 Pa: Tas 2, Vo, oy Ma,

Fig. 5 Supersonic flow condition in PWK3 (IPG3) with notation for
flow parameters and axis definition.

5
4,5 o 3.9 i
4 BRD e
o 8% H
3,5 gt —
_ 3 P 3 Sl
:'l 3 % % Equation ]
- 8.4 8 9 L
g 2.5 P ° o o y=11
2 92 g . o y=12
A A a =13
1’5 ) [] o y=14 ]
0 ; ‘.l! """ Regression
04 .

17 3 5 7 9 1 13 15 17 19 21 23 25
Ptot2/P1 1 [-]

Fig. 6 Ma; depending on pressure ratio p 2/p1.
The pitot pressure enables statements on the flow condition,

in particular on the Mach number of the plasma flow, by using
(subsonic)

L+ [y = 1)/2IM}; = (piot/ parm)” =77 ®)
For the supersonic case, we have to use
(v + D/2AM2, B ( P )”‘W
{27/ + DIM2, — [y = D/(y + DI} \Pamd

©))
where y is the adiabatic coefficient and M, is the Mach number.
The notations are shown in Fig. 5 (p; & pumb). Both equations
assume constant heat capacities. The static pressure is assumed to
be the ambient pressure in the vacuum chamber. In Fig. 6, the re-
sulting Mach numbers are illustrated. The full symbols show the

interval calculated using Eq. (10), whereas the empty symbols were
calculated with Eq. (11). Here, y is varied between 1.1 and 1.4.

Newly Developed Probe Techniques

Catalysis Probe

To enhance the measurement technique toward a better heat flux
estimation of the real heat shield material sample, a new probe with
two pyrometric devices has been developed. The new double probe
for both material and catalytic investigations in the plasma streams
has recently been developed and qualified at IRS. With the dou-
ble probe, it is possible to investigate two materials simultaneously
under the same plasma condition. It is equipped with two miniatur-
ized pyrometers (Pyrex™) integrated in the measuring heads using
the standard European sample geometry (Fig. 6). Each pyromet-
ric device records the surface temperature of the rear side of the
investigated material sample. The probe allows for transient and
steady-state heat flux measurements, whereas the steady-state tem-
perature of the investigated sample can reach the value of about
2200°C.

Radiation with a 630-nm wavelength from the sample’s rear side
is fed through the optical path of the Pyrex sensor to the electronic
box where the photodiodes are installed (Fig. 7). The optical path
consists of one silicon carbide tube, a lens system, and a bundled
fiber optic cable. The electronic box contains two photodiodes and
the electronic components required for the photodiode’s signal treat-
ment. The output signal of the electronic box is a RS422 data word.
The temperature measurement rate is 10 Hz for each channel. Be-
cause of the geometric shape of the sensor head and silicon carbide
tube, the measured temperature values do not depend on the surface
emissivity of the material. The geometrically formed cavity leads
to an effective emissivity value of almost one.

With the measured temperature history data, the heat flux history
on tested material samples can be calculated employing the thin-
wall method. Because of the high-temperature insulation behind
the material sample, the rear side of the sample can be assumed
adiabatic. Because the ambient temperature is quite low, the ambient
radiation can be neglected. When the one-dimensional theory of heat
flux propagation is considered, the heat flux on the material sample
can be calculated according to

dT, (1)
1 (10)

q.sample ~ SUTS(t) + Cplos
With the probe, both the determination of material emissivity and
recombination coefficients is possible in situ (Fig. 8).

Spectrometer Probe

Although emissions spectroscopic measurements are already
known at IRS, a new probe technique including this measurement
possibility is needed because of two reasons: From the measure-
ments using a spectrometer outside of the vacuum chamber, it is im-
possible to get a line of sight parallel to the plasma flow. The second
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(Pyrex).
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Fig. 8 Material double probe in operation (PWK2, RDS).
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reason is that future flight experiments will need a setup consisting
of the main parts of this new probe. Hence, it is understood to be a
first step to the new flight experiment. The design of the so-called
spectrometer probe is based on the experiences made in the past,
for example, with Pyrex! and the IRS radiometer probe used for the
measurement of the radiative heat flux.2’ However, the measurement
task is even more ambitious in this case because emission spectra
in a wavelength range between 200 and 880 nm are measured. This
is achieved by application of a miniaturized spectrometer (Avantes
S2000) together with an optical access, that is, a bore hole through
the material sample. Correspondingly, the species, that is, both the
species from the reactive plasma flow and the erosion products in
the boundary layer in front of the material sample, shall be mea-
sured. Figure 9 shows the expected species based on the expected
air plasma species and corresponding erosion products, for exam-
ple, Egs. (1-6). The setup has to be thermally resistive and possess
active cooling of the optical path, and the material sample must be
prevented.

When both the design and the approval of the probe during plasma
tests are considered, the probe can be considered as a laboratory
model for EXPERT’s flight experiment RESPECT.?!

The setup is shown in Fig. 10. The material sample (in these in-
vestigations, pressureless sintered SiC) itself is equipped with a hole
to allow for the needed optical access to the boundary layer. Behind
the sample, an SiC tube that serves as an optical path is placed. The
setup, in particular the sample and tube, are pressed together using
a spring system. With this system, the setup becomes more flexible,
for example, for the integration of samples with different hole di-
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Fig. 11 Heat flux history on different materials investigated with dou-
ble probe.

ameters. The fiber-optic system that transmits the detected radiation
to the spectrometer housing is mounted in an adapter. This adapter
is separated from the hot structures by an insulation ring. Between
the adapter and SiC tube, a protection window is mounted. This
window is sealed by using two flexible graphite foil (SIGRAFLEX)
sealings. The modular design enables the integration of filters. The
material sample and the SiC tube are integrated in an SiC cap and
surrounded by an Al,O3-based insulation. The probe geometry cor-
responds to the European standard design of plasma wind-tunnel
probes (diameter of 50 mm).

Measurement Results

The newly developed probes have both been used to underline
the commonly known phenomena of PAT. In the following section,
results from conventional measurements are presented to introduce
the problems that can probably be solved using the new probe tech-
nique. These results are added after this more general introduction
into the measurements made at IRS.

Erosion Behavior and Temperature Increase

Catalytic properties of the materials used have been compared
qualitatively with results from experiments in the plasma wind tun-
nel PWK2. A quantitative comparison of the catalytic activities of
the investigated materials was done with the heat flux and plasma
characteristic values measurements performed in the plasma wind
tunnel PWK3. (See also Ref. 12.) Measured values of the heat
fluxes on the different materials obtained in the plasma wind tunnel
PWK?2 allow the qualitative comparison of the catalytic behavior of
the investigated materials. Figure 11 shows the heat flux histories
on four materials, namely SSiC, Spinel, C/C-SiC with CVD-SiC
coating (DLR, German Aerospace Research Institute, Stuttgart),
and C/C-SiC with yttrium silicate coating (DLR-Stuttgart). These
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measurements have been performed in the PWK?2 with the plasma
generator RDS. A description of the magnetoplasmadynamically
driven PWK2 can be found in Ref. 22. The condition was at an am-
bient pressure of 490-Pa using a current of 1070 A with a voltage
of 91.3 V. The plasma generator RD5 was operated with 6.14 g/s
nitrogen, 1.86 g/s oxygen, and 0.3 g/s argon.

As expected, the results show approximately equal hear fluxes
on the SSiC and C/C-SiC with CVD-SiC coating. The heat flux
on Spinel is clearly lower than that on SSiC, whereas the heat flux
on the C/C-SiC with yttrium silicate coating is higher compared to
the one on SiC. This indicates that Spinel is less catalytic vs air as
silicon carbide; yttrium silicate is shown to be more catalytic vs air
than SSiC.

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,
Spinel has a total emissivity value of about 0.4, whereas the SSiC’s
value is about 0.8. Hence, the total surface emissivity is a very im-
portant factor for correct material investigation. Although low heat
fluxes are measured, caused for example, by low catalytic activities
of the material, the surface temperature can be quite high because
of the low emissivity value.

Figure 12 shows a typical PAT under the same plasma generator
condition. The transition occurs when the probe is moved slightly in
direction of the plasma generator’s outlet, such that the temperature
of the probe reaches the temperature where active oxidation may
occur. Reaching x =280 mm, where total pressure p,,, = 760 Pa as
measured with the pitot pressure probe, shown in Fig. 4, the tem-
perature increases. This temperature increase shows a typical relax-
ation behavior. After almost 100 s, a sudden temperature increase
of roughly 380 K occurs. Simultaneously, the erosion rate increases
by more than one order of magnitude from 2.97 to 54.48 kg/(m? - h)
(SSiC), as theoretically analyzed in the “Surface Reactions” sec-
tion. A similar behavior can be observed for the tested CVD coated
C/C-SiC material from DLR Stuttgart (Table 1). Experimentally,
the erosion rate is measured by balancing the probe before and after

Table 1 Erosion rate and temperature data

Erosion rate, kg/(m2 -h)

Condition T/K (time in plasma jet/s)
Passive SSiC 1652 2.9734
(600)
Passive C/C-SiC 1647 3.9641
(172)
Active SSiC 1683 (start) 54.4833
2060 (182)
(maximal)
Active C/C-SiC 1708 (start) 39.1113
2015 (181)
(maximal)
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Fig. 12 SSiC transition from passive to active oxidation in PWK1 air
plasma.

test together with the time the probe replaced at a certain oxidation
state.

Figure 13 shows a hysteresis experiment: Here, the sam-
ple was stepwise moved (back) to the nominal active condition
(x =288 mm). The presented temperature increase, however, does
not represent a steady-state value because the sample was moved
back stepwise to a nominal passive position at x =338 mm. Here,
it can be observed that it takes more than 4 min before APT is fi-
nalized. For a reentry flight, this situation is very critical. If active
oxidation occurs, the vehicle may rest again for a longer time in
the critical active oxidation, even when active oxidation conditions
(Fig. 1) are not given anymore. An explanation for this observation
is that the surface temperature decreases because the greater dis-
tance to the nozzle exit takes time, whereas the chemistry again has
a longer delay. Theoretical studies of this material behavior have
not been performed so far.

In Fig. 14, PAT in pure oxygen plasmas using the inductively
heated plasma wind tunnel PWK3 for different ambient pressures
between 40 and 3000 Pa are shown. Major differences to PAT in air
plasma are the lower temperature differences AT that are between
150 and 250 K and the higher erosion rates that are between 117
and 167 kg/mth.

Both observations can be generalized. This is in good agreement
with predictions based on the surface reaction model implemented
in the URANUS code. (see Results section). Correspondingly, the
additional energy release accompanying the active oxidation in air
plasmas can be explained by nitrogen recombination. This result is
confirmed by the considerations of Laux, who measured PAT both
in air plasma using IRS arcjet-driven facilities and the inductively
driven PWK3 (Ref. 11).
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Fig. 13 PAT and APT of SSiC in PWK1-MPD air plasma, hysteresis
effect.
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Fig. 14 PAT in pure oxygen plasma (inductively heated PWK3).
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Plasma Species

For more detailed experimental investigation of the plasma
species in the boundary layer, spectroscopic measurements are re-
quired. In Fig. 15, an exemplary result using the spectroscopic probe
in PWK2 (RD5) is shown.

Apart from species resulting from the air plasma and plasma
generation processes, for example, NT, species such as Si, SiN, and
CN can be seen (Fig. 9). In fact, the change of the spectra themselves
with PAT is rather low. However, when Fig. 16, which is a zoomed
interval of the upper part of Fig. 15, is considered, it can be seen that
Si increases with PAT. This corresponds very well to the theoretical
approaches that assume Si gas near the surface, as well as with
mass spectroscopic measurements by Dabala.® Almost all of the
mentioned erosion products (Fig. 4) are detected for both oxidation
regimes. Nevertheless, a change of the signal is not detected for
most of the erosion products, which can also be due to resolution
effects of the spectrometer. The Si signal and, marginally, the CN
signal at 385 nm increase with PAT. For some of the species, for
example, SiO and SiN, this observation may be explained as follows:
In particular, these species are not that chemically stable, and it is
evident that the produced SiO experiences a diffusion process toward
the hot boundary layer, leading to its dissociation. Additionally, it is
possible that these erosion products are not highly excited, such that
a possible emission can be seen. In this manner, the increase of the
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Fig. 15 Boundary-layer spectra, PAT: comparison of situation under
passive oxidation and active oxidation.
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Fig. 16 Zoom of PAT spectrum (Fig. 15), increase of Si radiation.

Si could be an indirect measurement of Si-related erosion products
dissociated in the hot zone of the boundary layer in front of the SSiC
material sample.

The present investigation belongs to the initial measurement cam-
paigns being performed with the new spectroscopic probe. It has to
be emphasized that further analysis and experiments are required for
a better understanding of the situation. For example, with the ex-
ception of CN, carbon containing species could hardly be identified.
From the systematic point of view, two approaches have to be per-
formed. First, disturbing radiation of the species originating from the
plasma generation process could be reduced by slightly turning the
probe around its axis. However, it must investigated whether active
oxidation can still be triggered in this case. The second approach is
performing PAT experiments in the inductively driven plasma wind
tunnel PWK3 using pure oxygen to reduce the amount of different
species in general and to underline the PAT behavior as shown in
Fig. 12. This may simplify the analysis of species, for example, in
the wavelength intervals shown in Fig. 15. Finally, an appropriate
wavelength filter can improve the measurements for certain species.

Recommendations

Active oxidation may occur during the flight of EXPERT. In par-
ticular, the trajectories with entry velocities of 6.9 km/s (250 kg) and
6 km/s (400 kg) seem to have this potential. This has to be inves-
tigated more in detail by means of testing and numerical analysis.
However, all of the trajectories are in the transition area shown in
Fig. 1, although the model used for the determination of the transi-
tion zone in Fig. 1 has been calculated employing the equilibrium
model of Heuer and Lou.” Therefore, nonequilibrium effects due
to significant heterogeneous processes at the surface are not con-
sidered, but have to be accounted for as shown exemplarily for the
MIRKA capsule by Fertig (Fig. 8).

In addition, experience concerning structural coupling and struc-
tures that trigger active oxidation is rather limited. Therefore, exper-
imental investigations and modeling must be extended to elementary
structural elements.

Summary

New numerical and measurement techniques to characterize
both catalytic and oxidation behavior of TPS materials were pre-
sented. The hysteresis of SiC oxidation behavior with respect to
PAT and vice versa has been explained theoretically. The theo-
retical model accounting for catalysis and oxidation behavior has
been implemented in the advanced nonequilibrium Navier—Stokes
code URANUS. Results for the highly dissociated flow around the
MIRKA capsule show strong interaction between catalytic and other
reactive processes. Radiation adiabatic surface temperatures have
been found to be 120 K higher for active oxidation conditions as
compared to passive oxidation conditions that depend mainly on
atomic nitrogen recombination.

Results of exemplarily shown measurement campaigns feature
particular characteristics such as the difference in temperature in-
crease and erosion rate in air and oxygen plasmas. On the basis of
surface reaction considerations, these features could be explained by
the significance of atomic nitrogen recombination within air plas-
mas. In addition, these results are confirmed by further analytical
and experimental investigations in Ref. 11. In a further step, emis-
sion spectroscopic measurements in the boundary layer were made.
The expected erosion products and a release of Si with PAT could
be detected that can be explained by the dissociation of erosion
products in the hot boundary layer close to the surface. However,
the spectroscopic investigation still lacks systematic investigations
with respect to further species such as CO.
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