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Plasma Generators for Re-Entry Simulation
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The qualification of thermal protection systems (TPS) and numerical design tools for re-entry vehicles
and space probes requires the ability to understand and duplicate the prevailing complex physico-chem-
ical phenomena, including thermal and chemical nonequilibrium near the surface of a body that enters
the atmosphere of the Earth or another celestial body. At the Institut fur Raumfahrtsysteme of the
University of Stuttgart, four plasma wind tunnels (PWK1-4) are in operation to simulate the thermal,
aerodynamic, and chemical loads on the surface of a space vehicle. Three different plasma sources have
been developed for this purpose: 1) a magnetoplasmadynamic generator for the simulation of the high-
enthalpy and low-pressure environment during the first phase of re-entry, 2) a thermal arcjet device for
the follow-on flight path at moderate specific enthalpies and higher stagnation pressures, and 3) an
inductively heated generator for basic materials experiments over a wide range of specific enthalpies and
pressures. Special efforts were made to avoid electrode erosion to preclude impairing the erosion and
catalytic behavior of TPS materials. A detailed description of these plasma generators and an overview
of the simulation regions and operation areas of the plasma wind tunnels are presented.

Introduction

A VARIETY of devices are in use for ground-based simu-
lation of re-entry phenomena to acquire the understanding

necessary for the design of modern reusable re-entry vehicles
and space probes and for the qualification of thermal protection
systems. Shock tubes and tunnels have been built for the in-
vestigation of real gas effects,1'2 but because of their short op-
eration time, a full characterization of the gas conditions nec-
essary for code validation is laborious and costly; moreover,
they cannot be used for material qualifications that need the
duplication of the full thermal load over the mission time. For
these purposes plasma wind tunnels of different sizes and op-
eration areas are in use in the U.S.,3'5 Japan,6'7 Russia,8 and
Western Europe.9'11 Large facilities for the region of moderate
specific enthalpy and high stagnation pressure are used for
investigations of large models and for qualification of materials
under aerothermodynamic load. They are equipped with ther-
mal arcjet devices of the Huels- or constrictor type3'4'9 and can
be operated up to a power level of 100 MW for several
minutes, some of those even for hours.

Much smaller facilities6'7'12'13 are adequate for the investi-
gation and qualification of thermal protection system (TPS)
materials and for the validation of aerothermodynamic codes.
For the work described in this report, four medium-size plasma
wind tunnels, dubbed PWK (plasmawindkanal) have been
built. They can be run from 40 kW up to the megawatt level
continuously, creating a plasma jet with diameters between
100-350 mm at specific enthalpies up to 150 MJ/kg, and stag-
nation pressures in the range from 10 Pa to several 10 kPa.
These devices are designed for the European projects de-
scribed in the next section and equipped with plasma genera-
tors of different types to meet the qualification requirements
of fiber ceramic and ablative materials for these missions14'16

as well as for scientific materials investigations14'17 and code
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validation.18 20 Magnetoplasmadynamic (MPD), thermal arc-
jet, and inductively heated generators have been developed,
based on the experience with a large variety of plasma thrust-
ers.21 Numerical design tools for further improvement of these
plasma generators are under development, based on the nu-
merical experience in plasma thruster modeling.22'24 Special
emphasis was placed on the minimization of gas impurities,
which is of great importance for the investigation of the ero-
sion behavior and the catalycity of the TPS materials, the latter
strongly influencing the heat input during re-entry maneuvers.
For the qualification of a plasma wind tunnel for the work
previously described, a detailed experimental and numerical
analysis of the composition and condition of the high-enthalpy
gas flow is required.25'29 Therefore, several experimental mea-
surement techniques and numerical tools have been devel-
oped for the wind tunnels described in this article.20'30'34

Simulation Requirements in Europe
The requirements for re-entry simulation of European space-

craft, which can be covered partly by medium-size plasma
wind tunnels, will be illustrated with four examples: 1) the
now defunct Space Shuttle project Hermes, 2) the Express bal-
listic capsule, 3) the semiballistic capsule project Colibri, and
4) the Huygens scientific probe mission that will enter the
atmosphere of Saturn's moon Titan.

Hermes Space Vehicle
During the first phase of re-entry, the Hermes vehicle was

expected to be exposed to high specific enthalpies at a low
level of stagnation pressure, as shown in Fig. 1 for the leading
edge. The maximum temperature of about 1600°C (with the
assumption of a fully catalytic material) was expected at a
specific enthalpy of —30 MJ/kg and a stagnation pressure of
—400 Pa. At 2500 Pa, the temperature is reduced to less than
900°C. Carbon-carbon (C-C) or silicon-carbide (C-SiC)
were planned as TPS oxidation-protected ceramic materials.
Because of active oxidation, the erosion of these materials is
high at low pressure and high temperature.35 This is the case
for the first flight path of Hermes.14'15 As discussed later, the
re-entry specific enthalpy, stagnation pressure, and correspond-
ing mass flux rate can be simultaneously simulated within the
plasma wind tunnels PWK1 and PWK2, which are equipped
with so-called MPD generators. These wind tunnels have been
used for most of the qualification work for the Hermes TPS,
and the tests for the Japanese space plane Hope are in prepa-
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Fig. 1 TW9 pt, h, and m at the leading edge of Hermes during re-
entry for landing in Cayenne. (Thick lines, simulation region with
PWK1 and hatched zone, simultaneous simulation with PWK1.)

ration, for which the simulation requirements are similar be-
cause of the similar sizes of these vehicles.

Since the interest of the European space policy has shifted
away from the winged space plane to re-entry capsule projects,
the simulation requirements have also changed. In contrast to
the space plane projects, where high specific enthalpies of
about 30 MJ/kg have to be simulated at low stagnation pres-
sures in the range between about 4-3500 Pa, for capsule proj-
ects the maximum load case occurs at lower altitudes of about
40 km. For this reason the maximum load case is shifted to
higher pressures in the range of more than 20 kPa at lower
specific enthalpies. To simulate high stagnation pressures at
moderate heat flux levels, the coaxial thermal plasma generator
RB2 (described later) has been developed.

Express Capsule
The conditions expected for the German-Japanese re-entry

mission Express16 are plotted in Fig. 2. The maximum heat
flux was calculated to be ~2 MW/m2 at a stagnation pressure
of —80 kPa. The ablative heat shield was built by the Rus-
sian company Khrunichev, but for the German and Japanese
re-entry experiments, a 300-mm-diam ceramic tile made of
C-SiC material was inserted, which had to be qualified within
the PWK. The heat flux profile was simulated in PWK2 and
the maximum temperature (2600°C) of the tile was determined
during this experiment. The required pressure level for a com-
plete simulation of this flight path could not be achieved with
the MPD generator available during the qualification phase of
Express in 1993. For such missions the newly developed ther-
mal arcjet can be used in the future.

Colibri Capsule
An example of the calculated conditions for the semiballistic

Colibri capsule project36 are shown in Fig. 3. The maximum
heat flux of —2.2 MW/m2 is expected at a stagnation pressure
of 20 kPa and a corresponding specific enthalpy of 26 MJ/kg.
These conditions are well within the simulation region of the
plasma wind-tunnel PWK4, equipped with the thermal plasma
generator.

Huygens Probe
The qualification of the TPS material for the space probe

HUYGENS within an arc-driven plasma wind tunnel was very
difficult because of the chemical composition of the atmo-
sphere of Saturn's moon Titan. It contains —80% N2, 1-10%
CH4, and possibly —10% Ar. Dealing with carbon containing
gases within plasma generators is difficult because of the form-
ing of carbides with hot metallic parts such as the cathode and
the formation of carbon layers (soot) on the surface of the cold
electrodes and insulators. These problems were solved using
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the PWK237; and the point of maximum heat flux of — 1 MW/
m2 at a stagnation pressure of —3 kPa (see Fig. 4) has been
achieved. The new inductively coupled PWK3 can now be
used with carbon containing gases or even tests with pure CH4,
CO2, or O2. However, this wind tunnel was not available when
this qualification work was performed in 1992.

Facilities
The wide range of re-entry conditions that must be simulated

requires a correspondingly wide range of test facilities. The
vacuum system and power supply units available at the Institut
fur Raumfahrtsysteme for plasma wind-tunnel operation are
described briefly next.
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Power Supplies
The electric power for the plasma generators of the wind

tunnels PWK1, PWK2, and PWK4 is supplied by a current-
regulated thyristor rectifier consisting of six identical units sup-
plying 1 MW each. These may be connected in series or in
parallel, thus varying the desired output level of current, volt-
age, and power. The current ripple is less than 0.5%. The max-
imum current is 48 kA supplied at 125 V and the maximum
voltage is 6000 V at a current of 1000 A.

For the inductively heated plasma wind-tunnel PWK3 a ra-
dio frequency generator with a primary power of 400 kW is
used. This device allows the operation of an induction-coupled
plasma generator with a coil power of 150 kW at a nominal
frequency of 650 kHz. An external resonance circuit is de-
signed for an optimal coupling into the plasma over a wide
pressure range with different gases.

Vacuum System
A vacuum pump system is used to simulate pressures at

altitudes up to 90 km. This pumping system consists of four
stages: the first two stages consist of roots blowers, the third
stage is a multiple-slide valve-type pump, and the last stage
(pumping up to atmospheric pressure) is a rotary-vane-type
pump. The total suction power of the pumps amounts to 6000
m3/h at atmospheric pressure and reaches about 250,000 m3/h
at 10 Pa measured at the intake pipe of the system, which has

a diameter of 1 m. The base pressure of the system is 0.5 Pa.
The desired tank pressure can be adjusted between the best
achievable vacuum and 100 kPa by removing one or more
pumps out from the circuit and/or mixing additional air into
the system close to the pumps.

Eight vacuum tanks of different sizes are connected to this
system, four of which serve as the plasma wind tunnels
PWK1—4, the others for plasma thruster development.

Plasma Wind Tunnels
The plasma wind tunnels PWK1 and PWK2 are both

roughly 6 m in length and 2 m in diameter. As an example, a
schematic of PWK2 is shown in Fig. 5. Windows for spectro-
scopic diagnostics are installed on three sides of the tank, en-
abling the measurement of the whole plasma jet, starting from
the exit section of the plasma source downstream. The tanks
are made of stainless steel to prevent corrosion caused by
atomic oxygen. They are equipped with a water-cooled double
wall to withstand high heat flow rates. An additional cooling
system is mounted at the end of each tank to cool the gas to
prevent damage to the vacuum system. To protect all devices
that come in contact with the hot plasma against damage by
the heat load, they can be connected to two special cooling
water supplies, which provide cooling water at pressures of
~2 and 6 MPa, respectively. PWK1 and PWK2 are both
equipped with four-axis positioning systems for material or
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Fig. 5 Scheme of PWK2.
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Fig. 6 Scheme of PWK3.
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measurement probes. The plasma wind tunnels PWK3 (see
Fig. 6) and PWK4 are also connected to the vacuum and high-
pressure cooling water systems described previously. Power is
supplied by an rf-generator and a de-power supply, respec-
tively. Both PWK3 and PWK4 are installed in smaller vacuum
tanks of, respectively, 0.8 and 1.2 m in diameter. They are
equipped with a positioning system that allows the probes or
material samples to be moved along and perpendicular to the
jet axis.

Magnetoplasmadynamic Generator
Since high-specific enthalpies are required at a low power

level for TPS qualifications for vehicles like Hermes14 (see Fig.
1), so-called magnetoplasmadynamic generators (MPG) have
been developed for the plasma wind tunnels PWK1 and
PWK2, based on the experience gained in the investigation of
high-power (MPD) thrusters.38 The nozzle-type MPG plasma
generators (dubbed RD) (Fig. 7) consist of two coaxial elec-
trodes, separated by neutral, water-cooled copper segments.
The nozzle exit, which is also a water-cooled copper segment,
forms the anode. The cathode, made of 2% thoriated tungsten,
is mounted in the plenum chamber.

Fig. 9 Average specific enthalpy at nozzle exit as a function of
the arc current for RD5.

The arc is ignited by Paschen breakdown. Current passes
through the expansion nozzle from the tip of the cathode to the
end of the nozzle. The test gas is dissociated and partly ionized.
To avoid oxidation of the cathode, only the nitrogen component
of the test gas is fed in along the cathode into the heating cham-
ber, heated up by the arc and accelerated partly by the thermal
expansion and the electromagnetic forces because of the self-
induced magnetic field in the nozzle. The magnitude of the mag-
netic acceleration force strongly depends on the current level of
operation.39 With this MPG, the oxygen needed for the dupli-
cation of high enthalpy airflows is fed in radially at a high
velocity at the supersonic part of the nozzle, but still within the
arc region. The various gas injection points enable the operation
of the MPG with different gas mixtures. As pointed out earlier,
this capability is used for the investigation of entry maneuvers
into the atmospheres of other celestial bodies such as Titan and
Mars, containing CH4 and CO2, respectively.

Special efforts have been made to minimize the erosion of
the plasma generator. Therefore, to avoid spot-arc attachment
on the anode, which would cause contamination of the flow,
a small amount of argon is injected tangentially along the an-
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Fig. 10 Plasma generators RD5 (nozzle diameter 125 mm), RD6 (nozzle diameter 242 mm), RD7 (nozzle diameter 340 mm).

ode contour. This method has been shown experimentally to
eliminate anode erosion. Within the whole region of operation
the only contaminating part of the MPG is the cathode. The
2% thoriated tungsten cathode reaches more than 3000 K dur-
ing operation.40 The high temperature and low work function
of the cathode results in a diffuse arc attachment and, conse-
quently, a very low cathode erosion rate compared with those
of the thermal plasma generators running with cold cathodes.
Furthermore, the very low cathode erosion results in operation
periods of the MPG of hundreds of hours without refurbish-
ment of the generator.

The MPGs are operated at ambient pressures between 5 Pa
and 5 kPa. For RD5, with a nozzle exit diameter of 125 mm,
the mass flows are between 0.3-50 g/s at current levels between
200-4000 A and power levels of 40 kW to 1 MW, whereas the
average specific enthalpy varies between 2-150 MJ/kg.

The current-voltage behavior and the corresponding aver-
age specific enthalpies are plotted in Figs. 8 and 9. Raising the
mass flow increases the arc voltage and decreases the specific
enthalpy; raising the current increases the arc voltage as well
as the specific enthalpy. The thermal efficiency of the MPG,
which is defined as the ratio of the plasma jet power to the
electrical input power, varies between 70-85%, improving
with increasing mass flow rate, but showing nearly no depen-
dency on power over a wide range of operation.11

For the qualification of larger parts, the nozzle has been
extended to 242 mm in the case of RD6 and 340 mm in the
case of RD7 (see Fig. 10). Figure 11 shows a radial heat flux
profile for the RD7 with 10 g/s N2/O2 mass flow at 3100 A at
a position 280 mm downstream of the nozzle exit.

To change the conditions in the measurement section of the
plasma jet, there are four adjustable parameters that influence
the state of the plasma in the freejet. These are: the arc current
/, the mass flow rate m, the ambient pressure px in the mea-
surement section, and the distance x of a probe tip or a material
sample to the end section of a plasma source.

There are several approaches to enlarging the stagnation
pressure range of the MPGs. For example, the behavior of
stagnation pressure and surface heat flux is plotted as a func-
tion of the arc current in Fig. 12. An increase of current or a
decrease of the distance to the plasma source results in higher
stagnation pressure, specific enthalpies, and surface heat flux.
It is possible to simulate stagnation pressures of more than 10
kPa if the arc current is increased. These high-pressure and
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high-specific enthalpy conditions are required for missions
such as the re-entry of a Mars return probe or a comet sample
return probe.41'42

Inductive Plasma Generator
For additional investigations of the catalytic behavior and

erosion mechanisms of TPS materials, a plasma wind tunnel
with an induction-coupled plasma generator has been built. Its
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advantage over those with arc-heated plasma generators is the
electrodeless operation, which results in very high purity of
the plasma and allows the use of pure oxygen and carbon-
containing gases. In the case of PWK3, the if generator de-
scribed earlier supplies the induction plasma generator (IPG).
As schematically shown in Fig. 6, it consists of an external
resonance circuit, including the inductor, a gas supply unit, a
quartz tube as plasma plenum, and for special cases, an addi-
tional nozzle. The power is supplied to the resonance circuit
by means of five coaxial cables. The resistance of the plasma
depends on the working gas, the pressure in the quartz tube,
and on the power level. By changing the number of capacitors
or the number of turns of the inductor coil, the frequency can
be changed between 400-900 kHz and adjusted to optimize
the energy input into the gas. The ignition of the plasma takes
place because of the induced electric field in the working gas
without requiring any additional measures within a pressure
range of 50 to -1500 Pa.

The first experiments for material investigations duplicated
the Hermes test case (see Fig. 1) to compare it with the results
obtained in the other PWKs. In case of the inductively heated
plasma wind tunnel PWKS, the adjusted parameters for ma-
terial tests are anode voltage at the triode of the rf generator,
mass flow rate, ambient pressure, and distance of the material
probe to the end section of the quartz tube. The measured
stagnation pressure and the heat flux to a copper probe posi-
tioned at the centerline of the jet as a function of the anode
voltage at the triode for an ambient pressure of 100 Pa and
mass flow rate of 1 g/s at a distance of 10 mm to the exit
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Fig. 13 Heat flux and stagnation pressure in the center of the
plasma jet in PWK3 as a function of the anode voltage at the
triode.

plane of the plasma generator are shown in Fig. 13 for air,
pure nitrogen, and pure oxygen. These pressure and heat flux
results were used to calculate specific enthalpy using Pope's
theory.43 The test conditions required for Hermes (see Fig. 1)
could be achieved with an anode voltage of 7.2 kV, a mass
flow rate of 1 g/s air at a distance of 10 mm.

Thermal Plasma Generator
The operating principles of the PWK1 and PWK2 MPGs

limit their use to situations where the stagnation pressure is
less than about 5 kPa. To simulate high-enthalpy airflows at
pressure levels above 5 kPa and in heat flux ranges between
100 kW/m2 and about 3 MW/m2, a coaxial thermal plasma
generator (TPG) called RB2 (Fig. 14) has been developed for
the PWK4. The test gas is heated in the discharge chamber by
an electric arc and accelerated in a nozzle. In the present ver-
sion a 2% thoriated tungsten cathode is used. The anode is a
water-cooled copper cylinder, whereas the nozzle is electrically
isolated. Since contact between the oxygenic part of the test
gas and the cathode has to be avoided, the air used for re-
entry simulation is divided into three parts. The main part of
the nitrogen is passed along the cathode into the plenum cham-
ber. The oxygen is injected at the downstream end of the anode
toward the nozzle throat. To ensure good mixing of nitrogen
and oxygen, the injection point is positioned in the subsonic
part of the TPG, so that a backflow of oxygen into the cathode
region cannot be ruled out completely. However, tests have
shown that the cathode erosion rate for RB2 is as low as ob-
served in the MPGs operated in PWK1 and PWK2. To avoid
anode erosion caused by to spot arc attachment, a coil is used
to generate an axial magnetic field that spins the arc.

As with the MPG wind tunnels, the adjustable parameters
in RB2 are the arc current, mass flow rate, ambient pressure,
and the distance to the exit of the plasma source. The arc
voltage is almost constant with rising arc current and is in the
order of 120 V, increasing with mass flow. The thermal effi-
ciency is about 65-10%, with a mass flow rate of 5 g/s and
about 75% with 10 g/s. It decreases slightly with increasing
current caused by the increase of pressure in the arc chamber,
whereas the specific enthalpy increases (see Fig. 15). The arc
chamber pressure, which determines the maximal expansion
ratio, is in the order of 50-100 kPa, increasing with mass flow
and arc current.

The conditions in the measurement section of PWK4,
namely, the stagnation pressure, the heat flux measured with a
cold copper probe, and the corresponding local specific en-
thalpy calculated with Pope's theory,43 are plotted as functions
of the ambient pressure in Figs. 16 and 17 for two different
mass flow rates. With 5 g/s (Fig. 16) at an ambient pressure
of 450 Pa, the maximal heat load situation of the Japanese

Cathode
Gas Injection

Anode
0 50mm

Fig. 14 Thermal plasma generator RB2.
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space plane Hope can be simulated. By increasing the mass
flow rate to 10 g/s (Fig. 17) and slightly increasing the ambient
pressure, the stagnation pressure reaches about 10 kPa at a heat
flux level of -2.2 MW/m2 and a specific enthalpy of 24 MJ/
kg, respectively. To meet the requirements of Colibri, the stag-
nation pressure has to be increased again by a factor of 2,
which can easily be done by further increasing the mass flow
rate and ambient pressure.

Erosion Behavior
For the investigation of ceramic TPS materials of modern

re-entry vehicles, chemically pure high enthalpy airflows are
required so as to not influence the catalytic and erosive be-
havior. In contrast to the inductively heated generator IPG,
where the plasma is not in contact with metallic electrodes,
erosion of the electrodes cannot be completely avoided in arc-
heated devices (MPG and TPG).

Different kinds of erosion products may contaminate the
plasma flow created by TPGs and MPGs. In principle, in TPGs
operated with cold copper cathodes (Huels-arc and constricted
arc heaters), the arc attachment on the cathode is spotty. It is
possible to reduce, but not to eliminate, copper erosion by
applying magnetic fields that swirl around the arc foot on the
electrode and by injecting a protection gas flow in the electrode
region.3

Since copper is nearly fully catalytic for atomic nitrogen and
oxygen, for catalycity investigations copper contamination has
to be avoided. For this reason all arc heated devices in our
studies are operated with hot cathodes made of 2%-thoriated
tungsten, which means that the electron emission is thermionic
and the cathode erosion is lowered to the level of sublima-
tion.40 In Fig. 18 the impurity levels within the MPG and TPG
wind tunnels at the IRS are compared to those equipped with
Huels-arc heaters and constricted arc heaters. As described in
the sections above copper erosion from the anode can be
avoided completely by additional protection gas injection and
by applying an axial magnetic field in case of the TPG-RB2.

In addition to the importance of the absolute quantity of
eroded material in the jet, the influence of different materials
on the materials tests has to be considered. For example, cop-
per particles ejected from arc spots are found to be partly de-
posited on the material samples and influence the catalytic be-
havior of the materials samples tested in facilities equipped
with TPGs.

Tungsten, however, eroded from MPG cathodes reacts with
the oxygen within the air. Since tungsten oxides are volatile
at the high temperatures of the material samples, tungsten de-
posits have never been detected on material samples tested in
the IRS wind tunnels. But even the tiny cathode erosion, which
is about equal to the sublimation rate, may also substantially
influence the catalytic behavior of TPS materials or heat flux
probes under heat load. To clarify the uncertainties about this
influence on the surface catalycity, heat flux measurements
within the MPG tunnel PWK2, and the electrodeless induc-
tively heated PWK3 have been conducted and compared. For
these tests, heat flux probes manufactured with different ma-
terials were used to determine the dependency of the heat
transfer rate on the material type. The heat transfer rates as a

Ea
"0

1
•tzfi—

Q.
E
CO
E
(0
03
(L

1000-

100-

10-

1-

P
/ Vortex-driven Arc (NASA)

,/ \(Huels-Arc) p
T •

A
Magnetically-driven Arc (NASA) A
(Constricted-Arc) w

\
m-**

*/A PWK1 and PWK2-1RS

oHQ
o-e-8"3'̂ '3'̂ ^

a^̂ Î̂
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18 Erosion rates in plasma generators (partly from Refs. 7
44).
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Fig. 19 Heat fluxes within the PWK2 under peak heating con-
ditions for Hermes leading edge (Fig. 1) as a function of the radial
probe position measured with stationary (stat.) and transient
(inst.) probes of different materials.

function of the radial probe position within the PWK2 are
shown in Fig. 19. The very high catalycity of copper compared
to gold can clearly be seen. The heat flux ratio qcJ<JAu under
Hermes peak heating conditions within PWK2 is approxi-
mately 2.5. Measurements within PWK3 under similar con-
ditions show the same heat flux ratio. This result showed that
the heat flux measurements performed in PWK2 are not influ-
enced by cathode erosion products, and therefore, qualify the
MPG tunnels PWK1 and PWK2 for catalycity investigations.
Since the erosion rates of the TPG-RB2 are of the same qual-
itative magnitude as in the MPG (see Fig. 18), this is also true
for the TPG tunnel PWK3.

Summary
Four medium-size plasma wind tunnels have been built up

at the Institut fur Raumfahrtsysteme. They are equipped with
different plasma sources: MPD devices, a thermal arcjet gen-
erator, and an inductively heated accelerator. With these facil-
ities the most important parts of the trajectories of small space
planes, capsules, and space probes can be simulated adequately
with respect to the qualification of the TPS systems. Further-
more, these plasma wind tunnels are excellent tools for the
validation of aerothermodynamic codes creating reacting high-
enthalpy gas flows close to the plasma source, which are in
neither chemical nor thermal equilibrium. A wide range of
measurement techniques have been qualified and are available
for detailed characterization of the re-entry simulation plasma.
For all wind tunnels, the quality of the high-enthalpy gas is
very good in terms of purity, which makes them reliable in-
struments for the investigation of erosive and catalytic behav-
ior of TPS materials.

Acknowledgments
This work was partly sponsored by the German Space

Agency (DARA) and the German Research Foundation (DFG)
within the SFB-259 program, for which the authors are greatly
indebted. The authors would also like to thank all colleagues
who were involved in the operation of the plasma wind tun-
nels.

References
Lukasiewicz, J., Whitfield, J. D., and Jackson, R., Hypersonic

Flow Research, edited by F. R. Ridell, Vol. 7, Progress in Astronautics
and Rocketry, Academic, New York, 1962, pp. 473-511.

2Vennemann, D., Eitelberg, G., and Francois, G., "Simulation of
Hypersonic Flight — A Concerted European Effort," European Space
Agency Bulletin, Vol. 74, May 1993, pp. 62-69.

3Winovich, W., and Carlson, W. C. A., "The 60 MW Shuttle In-
teraction Heating Facility," Proceedings of the 25th International In-
strumentation Symposium (Anaheim, CA), ISBN 87664-434-5, 1979.

4Smith, R. T., and Horn, D., "Results of Testing the AEDC 5 MW
Segmented Arc Heater at Pressures up to 171 ATM," Arnold Engi-
neering and Development Center, TR-75-127, Arnold AFB, TN, Nov.
1975.

5Lordi, J. A., "Aerothermodynamic Facilities and Measurement,"
AIAA Professional Study Series, Colorado Springs, CO, 1994.

6Watanabe, Y., Matsuzaki, T, Ishida, K., Itagaki, H., Yudate, K.,
and Yosghinaka, T., "Characteristics of the 750 kW Arc Heated Wind
Tunnel," 19th International Symposium on Space Technology and
Science, 94-d-36, Yokohama, Japan, 1994.

7Hinada, M., Inatani, Y, and Yamada, T., "Performance Charac-
teristics of the Huels-Type Arc Heater," Proceedings of the 19th In-
ternational Symposium on Space Technology and Science (Yokohama,
Japan), ISTS Secretariat, Tokyo, Japan, 1994, pp. 383-390.

8Anfimov, N., "TSNIIMASH Capabilities for Aerogasdynamical
and Thermal Testing of Hypersonic Vehicles," AIAA Paper 92-3962,
July 1992.

9Buscher, M., Esser, B., Kindler, K., and List, V, "Developments
at the Arc Heated Facility LBK of DLR," Proceedings of the 2nd
European Symposium on Aerothermodynamics for Space Vehicles
(Noordwijk, The Netherlands), European Space Agency, SP-367,
Paris, France, 1994, pp. 357-362.

10Charpentier, P., and Leroux, R., "SIMOUN—Un Nouveau
Moyen d'Essais Pour le Developpement des Protections Thermiques
d'HERMES," Proceedings of the ESA Symposium on Space Appli-
cations of Advanced Structural Materials (Noordwijk, The Nether-
lands), European Space Agency, SP-303, Paris, France, 1990, pp.
419-425.

nLaure, S., Auweter-Kurtz, M., and Kurtz, H., "Plasma Flows for
Reentry Simulation," Proceedings of the 12th International Sympo-
sium on Plasma Chemistry, Vol. 3, Univ. of Minnesota, Minneapolis,
MN, 1995, pp. 1749-1754.

12Lago, V, Schonemann, A., Buuron, A., Lasgorceix, P., and Du-
deck, M., "Supersonic Plasma Jet Device for Testing Spacecraft Ma-
terials," 2nd European Symposium on Aerothermodynamic s for Space
Vehicles (Noordwijk, The Netherlands), European Space Agency, SP-
367, Paris, France, 1994, pp. 349-356.

13Kolesnikov, A. F, "The Aerothermodynamic Simulation in Sub-
and Supersonic High Enthalpy Jets: Experiments and Theory," 2nd
European Symposium on Aerothermodynamic s for Space Vehicles
(Noordwijk, The Netherlands), European Space Agency, SP-367,
Paris, France, 1994, pp. 583-590.

14Auweter-Kurtz, M., Habiger, H., Laure, S., Messerschmid, E.,
Rock, W, and Tubanos, N., "The IRS Plasma Wind Tunnels for the
Investigation of Thermal Protection Materials for Reentry Vehicles/'
Proceedings of the 1st European Symposium on Aerothermodynamic s
for Space Vehicles (Noordwijk, The Netherlands), European Space
Agency, SP-318, Paris, France, 1991, pp. 283-293.

15Elsner, M., "Thermal Protection System—Comparison of Her-
mes Flight Environment and Test Facility Environment of the IRS
Plasma Wind Tunnel," Messerschmidt-Bolkow-Blohm, TR H-NT-1B-
0006-MBB, Munchen, Germany, 1990.

16Auweter-Kurtz, M., Hald, H., Koppenwallner, G., and Speck-
mann, H.-D., "German Reentry Experiments on EXPRESS," 45th
Congress of the International Astronautical Federation, 94-1.3.192.
Jerusalem, Israel, Oct. 1994.

17Dabala, P., Hilfer, G., and Auweter-Kurtz, M., "Investigation of
the Oxidation Behaviour of Thermal Protection Materials Supported
by Mass Spectrometry," Proceedings of the 2nd European Symposium
on Aerothermodynamics for Space Vehicles (Noordwijk, The Nether-
lands), European Space Agency, SP-367, Paris, France, 1994, pp.
237-246.

18Fasoulas, S., Auweter-Kurtz, M., and Habiger, H., "Experimental
Investigation of a Nitrogen High Enthalpy Flow," Journal of Ther-
mophysics and Heat Transfer, Vol. 8, No. 1, 1994, pp. 48-58.

19Fasoulas, S., Sleziona, P. C., Auweter-Kurtz, M., Habiger, H.,
Laure, S. H., and Schonemann, A. T., "Characterization of a Nitrogen
Flow Within a Plasma Wind Tunnel," Journal of Thermophysics and
Heat Transfer, Vol. 9, No. 3, 1995, pp. 422-431.

20Auweter-Kurtz, M., Bauer, G., Behringer, K., Dabala, P., Habiger,
H., Hirsch, K., Jentschke, H., Kurtz, H., Laure, S., Stockle, T, and
Volk, G., "Plasmadiagnostics Within the Plasma Wind Tunnel
PWK," Zeitschrift fur Flugwissenschaften und Weltraumforschung,
Vol. 19, No. 3, 1995, pp. 166-179.

21 Auweter-Kurtz, M., "Plasma Thruster Development Program at
the IRS," Acta Astronautica, Vol. 32, No. 5, 1994, pp. 337-391.

22Auweter-Kurtz, M., Boie, C., Kaeppeler, H. J., Kurtz, H. L.,
Schrade, H. O., Sleziona, P. C., Wagner, H. P., and Wegmann, T.,
"Magnetoplasmadynamic Thrusters—Design Criteria and Numerical



AUWETER-KURTZ, KURTZ, AND LAURE 1061

Simulation," International Journal of Applied Electromagnetics in
Materials, Vol. 4, 1994, pp. 383-401.

23Sleziona, P. Q, Auweter-Kurtz, M., and Schrade, H. O., ''Com-
putation of MPD Flows and Comparison with Experimental Results,"
International Journal of Numerical Methods in Engineering, Vol. 34,
No. 3, 1992, pp. 759-771.

24G6lz, T. M., Auweter-Kurtz, M., and Sleziona, P. C., "Initial Ef-
forts in Computing the Flow Field of a Thermal Arcjet Thruster,"
Computational Fluid Dynamics 1994, edited by S. Wagner, J. Periaux,
E. H. Hirschel, and R. Piva, Wiley, New York, 1994.

25Scott, C. D., "Survey of Measurements of Flow Properties in Arc
Jets," AIAA Paper 90-1765, July 1990.

26Arepalli, S., Yuen, E. H., and Scott, C. D., "Application of Laser
Induced Fluorescence for Flow Diagnostics in Arc Jets," AIAA Paper
90-1763, June 1990.

27Park, C., "Radiation Enhancement by Nonequilibrium in Earth's
Atmosphere," Journal of Spacecraft and Rockets, Vol. 22, No. 1,
S.27-36, 1985, pp. 27-36.

28Lasgorceix, P., Lago, V, Dudeck, M., Hochard, L., Cernoga, G.,
and Gousset, G., "Thermal Measurements in a Rarefield Nitrogen
Plasma Jet," EUROMECH 209, Conference on Real Gas Effects in
High Enthalpy Flow, Gottingen, Germany, 1992.

29Schonemann, A. T., Auweter-Kurtz, M., Habiger, H. A., Sleziona,
P. C., and Stockle, T., "Analysis of the Argon Additive Influence on
a Nitrogen Arcjet Flow," Journal of Thermophysics and Heat Trans-
fer, Vol. 8, No. 3, 1994, pp. 466-472.

30Boie, C., Auweter-Kurtz, M., Kaeppeler, H. J., and Sleziona, P.
C., "Numerical Simulation of MPD Thrusters on Adaptive Unstruc-
tured Mesh," Computational Fluid Dynamics 1994, edited by S.
Wagner, J. Periaux, E. H. Hirschel, and R. Piva, Wiley, New York,
1994.

31Schonemann, A., and Auweter-Kurtz, M., "Mass Spectrometric
Investigation of High Enthalpy Plasma Flows," Journal for Ther-
mophysics and Heat Transfer, Vol. 9, No. 4, 1995, pp. 620-628.

32Gogel, T. H., Auweter-Kurtz, M., Golz, T. M., Messerschmid, E.
W, Schrade, H. O., and Sleziona, P. C., "Numerical Study of High
Enthalpy Flow in a Plasma Wind Tunnel," Journal of Computer
Methods in Applied Mechanics and Engineering, Vol. 89, Nos. 1—3,
1991, pp. 425-434.

33Habiger, H. A., Auweter-Kurtz, M., and Kurtz, H. L., "Electro-

static Probes for the Investigation of Arc-Driven Electric Propulsion
Devices," Proceedings of the 23rd International Electric Propulsion
Conference (Seattle, WA), Electric Rocket Propulsion Society, Colum-
bus, OH, 1993, pp. 1137-1147.

34Messerschmid, E. W, Fasoulas, S., Gogel, T. H., and Grau, T.,
"Numerical Modeling of Plasma Wind Tunnel Flows," Zeitschriftfur
Flugwissenschaften und Weltraumforschung, Vol. 19, No. 3, 1995, pp.
158-165.

35Rosner, E. D., and Allendorf, H. O., "High Temperature Kinetics
of the Oxidation and Nitridation of Pyrolytic Silicon Carbide in Dis-
sociated Air," Journal of Physical Chemistry, Vol. 74, No. 9, 1970,
pp. 1829-1839.

36Burkhardt, J., "COLIBRI—Datenzusammenstellung zur Refer-
enzmission," Inst. fur Raumfahrtsysteme, Univ. of Stuttgart, Internal
Rept. IRS-95 IB2, Germany, 1995.

37R6ck, W., and Auweter-Kurtz, M., "Experimental Investigation
of the Huygens Entry into the Titan Atmosphere Within a Plasma
Wind Tunnel," AIAA Paper 95-2112, July 1995.

38Wegmann, T., "Experimentelle Untersuchung Kontinuierlich Be-
triebener Magnetoplasmadynamischer Eigenfeldtriebwerke," Ph.D.
Dissertation, Inst. fur Raumfahrtsysteme, Univ. of Stuttgart, Germany,
Nov. 1994.

39Auweter-Kurtz, M., Lichtbogenantriebe fiir Weltraumaufgaben, B.
G. Teubner Verlag, Stuttgart, Germany, 1992.

40Auweter-Kurtz, M., Glocker, B., Kurtz, H. L., Lpesener, O.,
Schrade, H. O., Tubanos, N., Wegmann, T, Wilier, D., and Polk, J.
E., "Cathode Phenomena in Plasma Thrusters," Journal of Propul-
sion and Power, Vol. 9, No. 6, 1993, pp. 882-888.

41Park, C., and Davies, C., "Aerothermodynamics of Sprint-Type
Manned Mars Missions," Journal of Spacecraft and Rockets, Vol. 27,
No. 6, 1990, pp. 589-596.

42Atzei, A., Schwehm, G., Coradini, M., Hechler, M., De Lafon-
taine, J., and Eiden, M., "Rosetta/CNSR—ESA's Planetary Corner-
stone Mission," European Space Agency, Bulletin 2, Aug. 1989, pp.
18-29.

43Pope, R. B., "Measurement of Enthalpy in Low-Density Arc-Heated
Flows," AIAA Journal, Vol. 6, No. 1, 1968, pp. 103-109.

"Stahl, T. J., Winovich, W, Russo, G., and Caristia, S., "Design
and Performance Characteristics of the CIRA Plasma Wind Tunnel,"
AIAA Paper 91-2272, July 1991.


