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Introduction

E LECTRODELESS inductively heated plasma generators en-
able basic thermal protection system material tests (e.g.,

catalycity) and the simulation of atmospheres such as of Mars or
Venus. The generators have an optimized design, where the induc-
tion coil is closer to the plasma than it is with other designs. There-
fore, the electromagnetic � eld loss is reduced. The water-cooling
system surrounds both the coil and the plasma tube. The design of
inductivelyheated plasma generator (IPG) 4, the associatedplasma
wind tunnel, and experimentalresults using CO2 are described.Test
cases characterizing the power balances are demonstrated, leading
to rough estimations of the plasma temperature.Additionally, heat-
� ux pro� les are shown for the newly developed prototype plasma
generator equipped with a graphite nozzle. The values are taken at
lower power modes reaching typical Mars scenario values of 0.5
MW/m2 and more. The total pressures are in the order of 1 kPa,
that is, typical values as expected for the well-known Mars Sample
Return Mission or the balloon mission of Mars Society. A powder
feeder is available to simulate the dust particles in the Martian at-
mosphere.Here, preliminary tests with O2-plasmaswere performed
using metal particles to get an understandingof the operational be-
havior of the facility.

Concurrently, there are a lot of planetary probe missions, soft
landing missions, and sample return missions such as Venus Sam-
ple Return Mission, Mars Mini-Probes,1;2 Mars Society Balloon
Mission,3 or Mars Sample Return Mission.4 For such missions both
thermal protection system (TPS) and environment (plasma) dur-
ing the entry have to be investigated by means of computational-
and ground-facility-based simulations. Such ground facilities are
the IRS plasma wind tunnels PWK 1-5, reproducing the thermal,
aerodynamic, and chemical load on the surface of a space vehicle
entering an atmosphere. They are operated with different plasma
generators.5¡9
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Inductively heated facilities for entry simulation exist in France,
Belgium, and Russia.10¡12 Test with CO2 are documented by the
Institute for Problems in Mechanics of the Russian Academy of
Science in Moscow.11 The facility in France is used with argon and
air as working gases. With the Belgian facility CO2 tests were per-
formed as well. This facility has a so-called cold-cage technology,
where erosion in the plasma generator is expected. In comparison
with a lot of the inductively heated generators such as described in
Ref. 10, the cold cage, a water-cooled copper frame lying within
the plasma container (e.g., a quartz tube), is absent. The Institute of
Space Systems-IPGs (IRS-IPGs) have no cold cage. This ensures
thatno metallic erosionfrompartsexposedto the plasma can appear.

Nonintrusive measurement techniques like emission spec-
troscopy, Fabry–Perot interferometry, and laser-induced � uores-
cenceare used to investigatethe plasma � ows.13 They are applied to
determineatomicandmoleculardensityand thevelocitydistribution
in the boundary layer. The laser absorption spectroscopy technique
of the Department of Aeronautics and Astronautics, Tokyo Univer-
sity, was used for IRS-PWK3 to determine number densities and
translational temperatures, for example, of O2.14

Besides the nonintrusive measurement techniques, mass spec-
trometry,electrostaticand radiationprobesbelong to thegroupof in-
trusive measurement techniques.Mechanical probes are among the
most important instruments for plasma-diagnostic measurements
and are often used. Besides the standard sample support system,
which carries the TPS material sample to be tested, probes for pitot
pressure,Mach number, heat � ux, enthalpy,and oxygenpartialpres-
sure determination are used. Electrostatic probes are used to ascer-
tain the plasma potential, electron density and temperature, energy
distribution of the electrons, ion temperature, and � ow velocity.
Radiometric probes are unavoidable when the radiation heat � ux
cannot be neglected compared to the convective part. This is the
case when during sample return missions the entry speed into the
Earth’s atmosphere is especially high or when the atmosphere of
another celestial body (which is to be entered) contains strong radi-
ating species,as, for example, the atmosphereof Titan. An overview
for the IRS plasma diagnostic tools is given in Ref. 13.

Setup of PWK3 and the IPG
The facility consists of the IPG and the vacuum chamber and has

already been described.15 It is about 2 m in length and 1.6 m in
diameter. Optical accesses to the chamber enable the measurement
of the plasma. A heat exchanger at the end of the chamber protects
the vacuum system from being damaged. The � at lid of PWK3 is
equipped with the IPG and the connected capacitors.

The right-side � ange of the vacuum chamber is connected to the
IRS vacuum pump system, which simulates pressures at altitudes
up to 90 km (Earth). Total suction power of the pumps amounts to
6.000m3/h at atmosphericpressureand reachesabout250.000m3/h
at 10 Pa measured at the intake pipe of the system, which has a di-
ameter of 1 m. The base pressureis 0.5 Pa. The desired tank pressure
can be adjusted between the best achievable vacuum and 100 kPa
by removing one or more pumps from the circuit and/or mixing
additional air into the system close to the pumps. A powder feeder
is available for the simulation of dust particles during Mars entry.

It is known that CO2 requires a deactivationusing a suitable gas
such as N2 as the produced CO can create an explosive mixture
that especially could endanger the zones of higher pressure of the
facility, that is, parts of the vacuum pump system. Hence, all CO2
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Fig. 1 View of the plasma source IPG4.

experiments are carried out using an injection of N2 at the right-
side � ange of the chamber. Common studies16¡18 point out that the
ignition regime for CO is between 12.5 and 74 (volumetric relative
shares). Furthermore, the deactivating of CO requires a volumetric
share of O2 lower than 5%. If the maximum productionof CO (total
dissociation of CO2/ is assumed, the required deactivating gas N2

can be calculated,which leads to the need that 5.4 g/s N2 deactivate
a plasma derived from 1g/s CO2.

The external resonant circuit is water cooled. With this, the coil
and the capacitors, which have a capacity of 6 nF § 20% each,
are cooled. The resonant circuit is built in Meissner-typeswitching
using a metal-ceramic triode with an oscillator ef� ciency of about
75% (Ref. 15). Its nominal frequencycan be changed by switching
the number of capacitorsas well as by the use of coils with different
inductivities.The circuit is switched to a 375-kW power supply.

The alternating current in the coil induces a mostly azimuthal
electric � eld inside the tube. This electric � eld initiates an electric
discharge in the gas that is injected at one side into the tube (Fig. 1).
The produced plasma is expanded into the vacuum chamber. The
plasma current amplitude, and thus the ohmic heating, strongly de-
pends on the electric conductivity of the plasma and the resonant
frequency.

An axial optical access through the inner injection head enables
investigationsof the plasma inside the generator (Fig. 1). The tube-
cooling system is transparent; hence, the position of the plasma
� ame in the tube can be observed with regard to differentoperating
parameters such as chamber pressure, gas, mass � ow, and anode
power. This coolingsystem is quite unique in terms of designand its
transparency.The design enablesa minimizationof � eld losses.The
observationof the plasma is supportedby the axial optical window.
The quartz tube contains the produced plasma, which leaves the
generator through the water-cooled chamber adapter and sustains
very high operational powers.7 The induction coil is connected to
the external resonant circuit deliveringpower and cooling water for
the IPG.

The length of IPG4 is about0.46 m. First investigationswith CO2

were done with the IPG4 prototype con� guration using graphite
nozzles8 and a water-cooled brass/copper nozzle. The nozzle con-
sists of three modular parts such that the inner nozzle geometry
(throat diameter) can be easily changed as the cooling water chan-
nel is milled into the outer part of the nozzle. The modular design
of IPG4 enables the use of different types of nozzles.

Measurement Techniques
The techniquesused for the measurementsare described.Related

accuracies of the calorimeter and the probes were analyzed and
presented in Ref. 7.

Operational Parameter of PWK3-IPG3
The resonantcircuit is suppliedby thedcanodepower PA (triode’s

plate power) measured during the operation of the device.6¡9;14;15

The anode voltage UA is controlled, and the anode current IA re-
sults from the plasma load and the accompanying operating con-

ditions. Tube-cooling power and circuit power are measured using
resistance thermometers. They are electrically sealed and installed
at an acceptable distance from the plasma source to prevent the
rf � eld from disturbing the measurement. The cooling water � ow
rates are measured.Thermal plasma power is measuredwith a cavity
calorimeter.7 Mass � ow of the test gas and the pressure of the inner
gas injection head are measured. A current monitor can be used to
determine operational frequencies and coil currents.19

Cavity Calorimeter
The working principle is quite easy. The plasma enters the cone-

shapedcoppercavitythrougha hole.The hole’s diameter is 120 mm,
which is roughly 25% bigger than the plasma jet diameter. The dis-
tance between calorimeterand IPG outlet is about 100 mm. Smaller
distances can result in retroactions toward the IPG that manipulate
the discharge behavior.7 Copper is used because of the very high
speci� c heat conductivity and because of its high catalycity. The
copper walls are heated up through radiation, convection, and re-
combination. The cavity is equipped with spiral copper tubes that
guide the cooling water.

With the cooling exit temperature the cooling inlet temperature
and the cooling water � ow rate measured the plasma power can be
calculated:

Pcal D ½water
PVwatercp;water.Tout ¡ Tin/ (1)

Here ½water is the density of the cooling water, PVwater is the cooling
water � ow rate, cp;water is the heat capacity, Tout is the cooling water
outlet temperature and Tin is the cooling water inlet temperature.

The accuracy of calorimeter and heat-� ux measurement is in the
order of 10% taking into account the accuraciesof the applied mea-
surement techniques such as the resistance thermometers and the
water � owmeter. This accuracy can be estimated using a differen-
tial for 1Pcal with the differences 1 PmWater and 1.Tout ¡ Tin/. The
heat-� ux measurement is less accuratebecause of the adjustmentof
the probe and the sensor area accuracy 1A [Eq. (2)].

The pitot probe is geometrically similar to the steady-state heat
� ux probe (Fig. 2) that was also used for the investigation.The ge-
ometries, that is, the outer diameterof 50 mm and the corresponding
coupon material sample diameter of 26.5 mm, became the so-called
European standard geometry.

The probe area of the calorimeters of the steady-state heat-� ux
probe (Fig. 2) is given by the front side of small inserts into the
front plate of a water-cooled support providing thermal shielding
and insulation for other surfaces of the inserts. The inserts consist
of a water-cooled tube for steady-state measurements. When the
probe is moved into the plasma jet, the heat � ux to the insert probe
area of the front side facing the plasma is measured. The area of

Fig. 2 Pitot-pressure/material probe and steady-state heat-� ux probe
(European standard).
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the insert, which is exposed to the plasma, is similar to the area of
a typical material sample:

Pq D
cp;Water PmWater.Tout ¡ Tin/

A
(2)

Pyrometer TMR 85H
The temperature of the graphite nozzles was measured using a

pyrometer. The measurement wavelength is 900 nm, whereas the
spectral emission coef� cient of graphite is about 0.85. The temper-
ature measurement range is between 610 and 2600±C. The optical
system of the pyrometer is suitable for the geometries that have to
be faced by the diameter of the PWK.

Experimental Results
IPG4 Operational Behavior (CO2)

Experiments within the development of IPG4 were presented in
a previous paper.12 It showed that high-enthalpyCO2-plasma � ows
can be operated steadily.The nozzle throatdiameters 40 and 50 mm
were found to be feasible in terms of operatingthe generatorwithout
endangering the tube. Three cases were measured using graphite
nozzles with 40- and 50-mm throat diameter and the water-cooled
nozzle (40-mm throatdiameter). All tests were performedwith CO2

plasma using four capacitors and a water-cooled � ve-turn coil with
0.12 m in length (2 ¹H, f D 0:73 MHz). The ambient pressure was
set to thePWK3 basepressure,which is about1 hPa underthechosen
mass-� ow rates. All conditions that were performed for these tests
have been made using N2 to deactivate the hot � ow before entering
the vacuum system.

To reproduce the thermochemical behavior of a Mars entry, 3%
N2 (volumetric) were injected together with the CO2 into IPG4.
Three different mass-� ow rates are distinguished: PmCO2 , that is, the
CO2 mass-� ow rate of IPG4 (97%), PmN2;atm , that is, the N2 mass-
� ow rate of IPG4 (3%), PmN2;safety , that is, the deactivatingmass � ow
injected at the end of the chamber.

Three different test cases were investigated:
1) Case 1: A graphite nozzle with 40-mm throat diameter was

used. The CO2 mass-� ow rate was 2.2 g/s, the atmosphericN2 mass
� ow rate was 44 mg/s, the N2 safety mass-� ow rate was 11.9 g/s,
the anode voltage was 6.9 kV, and the discharge power was about
96 kW.

2) Case 2: A graphite nozzle with 50-mm throat diameter was
used. The CO2 mass-� ow rate was 2.76 g/s, the atmospheric N2

mass-� ow rate was 52 mg/s, the N2 safety mass-� ow rate was
14.3 g/s, the plate voltage was 7 kV, and the discharge power was
about 100 kW.

3) Case 3: The water-cooled nozzle with 40-mm throat diameter
was used. The CO2 mass-� ow rate was 2.16 g/s, the atmospheric
N2 mass-� ow rate was 43 mg/s, the N2 safety mass-� ow rate was
11.9 g/s, the discharge voltage was 7.1 kV, and the discharge power
was about 100 kW.

Results for Case 1
Figure 3 shows the power balance for IPG4 in operation un-

der the case 1 conditions. A sudden increase of the plasma beam

Fig. 3 Anode power, tube-cooling power, and calorimeter power vs
anode voltage: case 1.

power can be seen before the � nal power of 96 kW is reached (be-
tween UA D 6:2 and 7 kV). Simultaneously the plasma becomes
very bright. The sudden increase of the thermal powers seem to
be caused by the adaption of the plasma as a load for the resonant
circuit. This is con� rmed by other investigations using oxygen as
working gas.11

The overall conclusion is that the plasma power is suf� cient for
Mars entry tests althoughthe thermal losses in terms of tube-cooling
power and radiative-cooling-powerof the graphite nozzle are quite
high. The mean plasma enthalpy is 7 MJ/kg at maximum power,
and the mass-� ow rate 2.2 g/s. This is, compared with other well-
known conditions for O2 and N2 plasmas,11;14 a rather high value.
The Future EuropeanSpace TransportationProgram (FESTIP; ESA
program for which IRS performed O2 silicon carbide tests using
PWK3-IPG3) condition, for example, has a mean enthalpyof about
5.5 MJ/kg. Considering an ef� ciency in terms of plasma jet power
related to PA, we get ´ D 0:16. Taking into account the anode power
of about 100 kW in connection with the tube-cooling power and
the nozzle temperature, we have to consider that there are thermal
losses higher than 14 kW at the � nal case 1 condition. However,
the achieved mean enthalpy of 7 MJ/kg is suf� cient. During the
measurement, the nozzle temperature reached almost 1000±C.

Results for Case 2
Figure 4 depicts the power balance for the IPG4 in operation

under case 2 conditions. A sudden increase of the plasma beam
power can be seen before the � nal power of 100 kW is reached
(between UA D 7 and 7.1 kV). This increase can be explained as
before as the plasma suddenly becomes a real load to the resonant
circuit (see also Ref. 7).

It canbe concludedthat themeasuredplasmabeampowerofabout
12.4 kW is suf� ciently high for CO2 TPS material tests. However,
the ef� ciency is 12.3% and, hence, lower than the ef� ciency of
the case 1 condition using the 40-mm nozzle. But the tube-cooling
powerbalancebehavesless severethan in case1 as it doesnot exceed
13 kW even where the power jump between 7 and 7.1 kV appears.

During the measurement, the nozzle temperature did not exceed
960±C.

Results for Case 3
The test duration at the maximum anode power of about 100 kW

is roughly 300 s. Figure 5 shows the power balance of IPG4. The

Fig. 4 Anode power, tube-cooling power, and calorimeter power vs
anode voltage: case 2.

Fig. 5 Anode power, tube-cooling power, nozzle-cooling power, and
calorimeter power vs anode voltage: case 3.
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Fig. 6 Heat � ux and pitot pressure vs probedistance to generator exit:
case 2b.

open symbols show the anode power values of case 1 representing
the graphite nozzle with 40-mm inner diameter. It seems that the
coupling in both cases is similar.

The anode power related ef� ciency at maximum PA in this case
is greater than 14% leading to a mean enthalpy of 6.4 MJ/kg, which
is suf� cient for the later atmospheric entry test campaigns.

For all conditions typical inner tube pressures are roughly 2 kPa
at the high powers. The ratio ptube=pamb is a supportive information
for the later pressure and velocity condition in the plasma � ow. The
ambientpressureis about1 hPa. It canbe seen thatveryhighpressure
ratios are achievedleadingto the statement that supersonic� ows are
produced.Checking the well-known one-dimensionalequationsfor
nozzles, one gets ratios ptube=pamb D 15–20 taking the applied area
ratios of 2, 6, and 4, which con� rms the just-mentionedvalues. The
estimativeMach numbersat the nozzle exit are between 2.4 and 2.9.

Heat-Flux and Pitot-Pressure Measurements with IPG4-Prototype
(50-mm Throat Diameter)

Figure 6 shows measured pro� les of heat � ux and pitot pressure.
The CO2 mass � ow is 2.7 g/s, and the N2 safety � ow is 15 g/s. In this
campaignno atmosphericN2 mass-� ow rate was applied.The anode
voltage is 6.9 kV, and the anode power is 82 kW. The condition is
comparable with case 2 and is therefore called case 2b.

It can be seen that the measured total pressuresare up to � ve times
higherthan the ambientpressurein thechamber(about1 hPa). Using
an analysis based on the Rayleigh pitot formula, the pressure ratios
between 4.5 and 6 lead to Mach numbersbetween 1.8 (x D 115 mm)
and 2.1 .x D 55 mm). This corresponds well with the estimated
Mach numbers in the preceding section.

Preliminary tests using aluminum powder with a grain size lower
than 2 ¹m and O2 plasma were performed. This is done as the
Martian dust cannot be denied for the planned missions. Even at
altitudes of about 40 km, dust particlesof 0.1 mm in size can be de-
tected. For aerocapture maneuvers where the entry velocities reach
up to 6 km/s, this becomes even more severe.

Anode powers of 100 kW at a O2 mass-� ow rate of 2 g/s were
applied.The aluminum/aluminumoxide layer at the inner tube wall
could be seen as the powder has been injected into the gas injec-
tion head of IPG3. Meanwhile, tests using iron-oxide dust parti-
cles have been performed successfully.The results are presented in
Ref. 20.

Summary
The design of the inductively heated plasma generator IPG4 and

its double-cone nozzle is presented. The results of the experiments
prove that a steady-state operation with CO2 at very high power is
possible. Therefore, the application of IPG4 for CO2-entry sim-
ulation is achieved. The calorimetric powers and the local heat
� uxes imply very hot CO2 plasmas. Together with the modular
water-cooled nozzle, the simple and cheap materials used for the
plasma generator render IPG4 quite unique in the � eld of CO2 at-
mospheric entry simulation and TPS testing. The � rst test using O2

with metal powder was promising concerning the intended Mars
dust simulation.

Having compared the heat � uxes with � gures for typical Mars
projects, it can be said that the expected conditions, for example,

for the Mars Sample Return Mission can be achieved. The nozzle
satis� es two operational conditions at the same time: High plasma
velocities can be achieved while the required mass-� ow rate can
be drastically reduced. This is not only a matter of cost but also of
security as deactivation of the potentially explosive plasma � ows
becomes less dif� cult.

Acknowledgments
The authors thank all members of the Institute of Space Systems

plasma wind-tunnelgroup. Thanks to S. Laure (Laure Plasma Tech-
nology GmbH) for his help and collaboration.

References
1Maraffa, L., Smith, A., Santovincenzo,A., Rouméas, R., Huot, J.-P., and
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