
JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER

Vol. 14, No. 2, April–June 2000

New Inductively Heated Plasma Source for Reentry Simulations

G. Herdrich,¤ M. Auweter-Kurtz,† and H. Kurtz‡

University of Stuttgart, D-70550 Stuttgart, Germany

Magnetoplasmadynamicplasmagenerators (MPG), thermal arcjet devices and inductively heated plasmagener-
ators (IPG) have been developed for thermal protection system material tests at the Institut für Raumfahrtsysteme.
Because of the design of the IPG, no electrode erosion appears; plasma impurities are minimized. Hence, the be-
havior of gas components can be examined individually and basic material tests (e.g., catalytic behavior) can be
performed. The IPG3’s induction coil is closer to the plasma than it was with previous designs, leading to a reduc-
tion of electromagnetic losses. The water cooling system surrounds the coil and the tube. IPG3 was quali� ed up to
an anode power of 180 kW (argon), which is an improvement regarding the planned reentry simulations in combi-
nation with the MPG plasma wind tunnels (PWK). The structures of IPG3 and the facility PWK3 are presented.
First experimental results such as power characteristics are given. Frequency measurements were made, which
will be a help for later numerical simulations of IPG3. A charge injection device camera was used to measure the
radial intensity of the IPG3 plasma. The results led to a rough determination of the skin depth.

Nomenclature
A = related to resonant circuit anode
a = � t function constant
b = � t function constant
c = � t function constant
f = frequency, Hz
IA = anode current, A
ng = related to plasma-off mode
operate = related to plasma-on mode
PA = anode power, W
plasma = related to plasma
UA = anode voltage, V
d = skin depth, m
g = ef� ciency
l 0 = permeability, (V ¢ s)/(A ¢ m)
r = electrical conductivity, X m
x = angular frequency, 1/s

Introduction

F IVE plasma wind tunnels (PWK 1–5) are in operation at the
Institut für Raumfahrtsysteme (IRS) to reproduce the thermal,

aerodynamic, and chemical load on the surface of a space vehi-
cle entering a celestial body’s atmosphere. Two of these PWK are
equipped with magnetoplasmadynamic plasma generators (MPG),
which allow gas � ows to be produced on high enthalpy levels.
They are mainly used to investigate the erosion of radiation-cooled
heat shield materials like C–C or C–SiC, as well as the behavior
of ablative materials under thermal and chemical loads. Further-
more, a thermal arcjet device producing moderate enthalpies and
higher stagnation pressures to simulate the follow-on � ight path
is in operation.1 In comparison with the MPG generators and the
arcjet devices, two main advantages are evident when using the in-
ductively heated plasma generators(IPG). One basic aim of reentry
material experiments is the investigation of the catalytic behavior.
Because of the electrode erosions of the MPG generator as well as
of the arcjet device, plasma pollution is present that leads to un-
wanted chemical reactions in front of the material probe. As the
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IPG has no electrodes, no electrode erosion is expected. Therefore,
the behavior of the probe and the plasma in front of it can be con-
sidered to be unadulterated. This means that the catalytic behavior
of the material probes can be investigated, and a comparison be-
tween the inductively heated plasma and the arc-heatedplasma can
be made. The second advantage also results from the inductively
coupled power input: Even rather reactive gases (O2 , CO2) can be
applied. Hence, atmospheres of celestial bodies like Mars or Venus
can be simulated.The in� uence of the singlegas componentscan be
investigated, for example, with regard to the catalytic behavior of a
material.

Inductively heated PWK have been quali� ed due to their deci-
sive advantages allowing basic thermal protection systems (TPS)
material investigations and the reentry simulation of celestial bod-
ies like Mars or Venus. Investigations of the catalytic behavior
of TPS-related materials have already been performed at the In-
stitute for Problems in Mechanics, Russian Academy of Science.
Here a set of inductively heated plasma generators was used to in-
vestigate materials in subsonic dissociated carbon dioxide plasma
� ows.2,3

Furthermore, a plasmatron facility operating at anode powers up
to 1.2 MW is beingquali� ed at theVon Kármán Institutein Belgium.
Here a mapping of the plasmatron’s operational envelope has been
made.4

Powerful measurement techniques like intrusive probes and non-
intrusive methods like emission spectroscopy, laser-induced � uo-
rescence (LIF) and Fabry–Perot interferometry(FPI) are used at the
IRS to investigate the plasma � ows.5

To measure the plasma power of the IRS–IPG3, the resonant
circuit was run in a no-plasma mode. In a second step the resonant
circuit was run in plasma mode having the tube conditions kept
constant.The correspondingpower values lead to a good estimation
of the plasma power.6 With this a tool to adjust the desired plasma
conditions is provided.

The plasma generator IPG3 is made up � ve main parts. The in-
jection head enables differentgas injection angles because the inner
gas injection head can be replaced with others with different bore
angles. The tube contains the produced plasma, which leaves the
generator through the water-cooledchamber adapter.The induction
coil is connected to the external resonant circuit, which delivers
power and high-pressure cooling water. The magnetic � eld pro-
vided by the induction coil induces circumferential currents in the
plasma. These currentsdepend on the frequencyof the resonant cir-
cuit and the electrical conductivityof the plasma. Furthermore,both
the tube and the coil are surrounded by the external tube cooling,
which protects the tube from overheating.
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Fig. 1 Schematic of PWK3 and IPG3.

Setup of PWK3 and IPG3
PWK3

The basic setup of the PWK3 together with IPG3 is shown in
Fig. 1. The whole experimental setup consists of the plasma source
IPG3 and the vacuum chamber. The size of the vacuum chamber is
about 2 m in length and 1.6 m in diameter. Optical accesses to the
vacuum chamber are provided to measure and observe the plasma.
A heat exchanger is used between the test chamber and the vacuum
system to cool down the hot plasma. The plain lid of PWK3 (left
side of chamber; Fig. 1) carries the IPG3 and the external resonant
circuit, which consists of the capacitors with the connection to the
plasma generator. The right-side � ange of the vacuum chamber is
connected to the IRS roots pump system.

Resonant Circuit

The external resonant circuit is cooled by a water cooling circuit.
With this, the capacitors, which have a capacity of 6000 pF § 20%
each, and the induction coil are cooled.The resonant circuit is built
in Meissner-type switching7 using a metal–ceramic triode with an
oscillator ef� ciency of about 75%.8 Its nominal frequency can be
changed by switching the different orders or amounts of capacitors
(Fig. 2) as well as by the use of coilswith different inductivities.The
error bars in Fig. 2 take into account the tolerancesof the capacitors.

For the present investigations it is tuned to a nominal frequency
of 0.54 MHz using a water-cooled, � ve-turn coil with a length of
about 120 mm. The whole circuit is switched to a 375-kW power
supply. The incoming anode power can be adjusted by the control
of the anode voltage.

IPG3

The principal parts of the plasma generator IPG3 are described
here. Various gas injection angles are achievable by replacing the
inner gas injection head with others that have different bore angles
(Fig. 3). Therefore, the in� uence of the injection angle to the opera-
tional behavior of IPG3 can be studied. It is evident that the plasma
is continuously swept away by an axially injected gas.9 Therefore,
the plasma can be stabilized using a tangential injection of the gas.

In addition, lower pressure can be expected in the tube’s center.
Thus, on the one hand the plasma partially recirculates,on the other
hand it is partially kept away from the inner surface of the tube.
Hence, a lower heat load of the tube can be achieved and higher
power can be applied. An axial optical access through the inner
injection head enables investigations of the plasma inside the gen-
erator. Figure 3 schematically shows the optical access, and Fig. 4

Fig. 2 Nominal operating frequencies for different capacitor switch-
ings.

Fig. 3 View of plasma source IPG3.

shows the optical window of IPG3 while it is in operation with ar-
gon. The tube cooling system is transparent; therefore, the position
of the plasma � ame within the tube can be observed with regard to
different operating parameters such as chamber pressure, gas, mass
� ow, and anodepower. Additionally,this feature is supportedby the
axial optical window.

The quartz tube contains the produced plasma that leaves the
generator through the water-cooledchamber adapter.The induction
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Fig. 4 PlasmageneratorIPG3 in operation (argon): top, side view, and
middle and bottom, axial optical window.

coil is connectedto the externalresonantcircuit (Fig. 1) that delivers
power and cooling water for IPG3. The magnetic � eld provided by
the induction coil induces circumferential currents in the plasma.
These currents depend on the frequency of the resonant circuit and
the electricalconductivityof the plasma.Furthermore,both the tube
and the coil are surroundedby the external tube cooling,which pro-
tects the quartz tube from overheating.The water and an additional
cage around the generator serve as an rf-radiationprotection shield.
Figure 4 shows IPG3 and its tube cooling while operating with ar-
gon. The top picture in Fig. 4 shows a side view of IPG3, and the
middle and lowerpicturesshow the axialopticalaccessof IPG3. The
total length of IPG3 is about 0.35 m, and its diameter is about0.1 m.

Measurement Techniques
Diagnostics

A varietyofprobessuchasmaterialprobesandmechanicalprobes
to measure dynamic pressure, enthalpy, and heat load were devel-
oped and can be installed in PWK3. Electron temperature measure-
ments with electrostatic probes are envisaged. Such investigations
have already been performed in the IRS-facilities PWK1 and 2.10 It
is evident that the quali� cation of an electrostatic probe measure-
ment system using an IPG is quite a challengingtask due to the � eld
oscillations. However, such measurements have already been per-
formed successfullyby vanOotegemet al.with argonasworkinggas

using the CORIA IPG-facility.11 Rear side temperaturesof material
samples can be measured with a miniaturized linear pyrometer.12

All probes can be positioned in the chamber using an electrical po-
sitioning system. Hence, with the adjustment of generator power,
vacuum chamber pressure, probe positions, and mass � ow of the
plasmagenous gas, reproduceablesimulation points are possible.

Optical diagnostic measurement techniques such as emission
spectroscopyfor thedeterminationof rotationalandvibrationaltem-
peratures, FPI to measure plasma velocities and translational tem-
peratures, and LIF for the measurement of atomic species densities
are used to characterize the plasma. Different spectral pyrometers
are applied to measure the frontside temperaturesof the investigated
material samples.5 To determine the emissivities a measurement fa-
cility based on blackbody radiation is quali� ed.

Apart from the aforementioned intrusive probes, a quadrupole
mass spectrometerto investigatethe catalyticbehaviorof the reentry
materials13,14 is available. The complete mass spectrometer will be
placed inside PWK3 � xed on the coordinate table.

IPG3 Measurement Equipment

The Meissner-type resonant circuit is supplied by the dc anode
power PA that is measured during the operation of the device.7 The
anode voltageUA is controlled.Hence, the anode current IA results
from the load of the resonantcircuit (plasma) and the accompanying
operating conditions.

Thermal powers such as tube cooling power, resonant circuit
power, and plasma power are measured using resistance thermome-
ters (see Fig. 1). They are electrically sealed and, additionally, in-
stalled at an acceptable distance from the plasma source to hinder
disturbing signals from the rf � eld. Furthermore, the cooling water
� ow rates are measured.

A calorimeter for the measurement of the plasma power in the
PWK3 is presently undergoing quali� cation. In addition, the mass
� ow of the gas is measured and the pressure of the inner gas injec-
tion head is measured. A Rogowski coil is used to determine the
operational frequencies.

Measurements
Frequencies

The frequency was measured using a coil that was wrapped
around one of the inductor connections (see Fig. 1). All measure-
ments were performed at a vacuum chamber pressure of about
100 Pa at a mass � ow rate of 1.5 g/s with air as well as with argon.
The gases were tangentiallyinjected.The measurementswere made
using air and argon with different anode powers. Figure 5 shows the
determined frequencies for argon and air vs the anode power PA .
The mean value for the frequency in air operation is 510 kHz; the
mean value for argon is 528 kHz. The different frequencies can be
most likely explainedby the different � eld dampingsdue to the mu-
tual inductions,which lead to a change of the inductivity.This again
changes the operational frequency.

Fig. 5 Operational frequencies (argon and air).
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Fig. 6 Amplitudes of the fundamental frequency and overtones for air
operation.

Fig. 7 CID camera measurements.

The data were measured with a Kontron transient recorder.
Figure 6 shows an example for a Fourier-analyzed data array mea-
sured while the IPG3 was operated with air at 1.5 g/s and a pres-
sure of about 100 Pa. It can be seen that the fundamental frequency
510 kHz dominates.All furtheramplitudesdecreasewith increasing
multiple of the fundamental frequency.

Radial Intensity Distribution

A charge injection device (CID) camera was used to investigate
the transition between low-power mode discharge and high-power
modedischargeand the radial intensitydistributionfor air operation.
Figure 7 shows the optical measurements.

The spectral response of the CID camera ranges between 0.1
and 0.15 A/W in the wavelength interval between 400 and 800
nm. However, wavelengths lower than 400 nm and greater than
800 nm still contribute a signal due to the lower spectral responses.
The measurement was done through the axial optical window of
IPG3. This window is a fused silica glass that delivers transmissions
of about constant 0.92 in the wavelength range between 270 and
900 nm. The focus of the camera was about 5 cm behind the closest
coil winding, the camera’s distance to the axial outlet was about
2.5 m. Therefore, the rf-protection cage meshes could be used as
a geometric net enabling the introduction of the tube’s diameter
geometry (Fig. 8).

The camera has a spectral response in a wide wavelength range
leadingto an arbitraryintensitydistribution;therefore,the data were
normalized subject to the measured maximum. The ambient pres-
sure in the vacuum chamber was about 100 Pa. Both argon and
air were injected tangentially with a mass � ow of 1.5 g/s. The dis-
charge transition for argon is rather faded on the one hand; on the
other hand, the required resonant circuit’s anode input power PA is
about 5 kW and is much lower than in the case with air.

The discharge transition for air appeared at a power level of
PA ¼ 17 kW, where theanodevoltagewas switchedfromUA ¼ 3300
to 4000V. Between these two values the operationalstate was unsta-
ble. The intensities seemed to jump back and forth between the two
operational states. The transition can probably be explained by the
magnetic blocking. This blocking is represented by a � eld coming
from the plasma current that counteractsthe � eld of the coil (Lenz’s
law). While in the low-power mode, the electrical conductivity of
the plasma and, hence, the blocking are low, which may lead to the
maximum in the middle of the tube; the blocking increases with
increasing power leading to the mode change (Fig. 9). From there

Fig. 8 Arbitrary intensity history along the x direction of the optical
window of IPG3.

Fig. 9 Normalized relative intensities; switch from low-power mode
to high-power mode (air).

Fig. 10 Normalized relative intensities after switch from low-power
mode to high-power mode.

on the increase of power must partly be used against the magnetic
blocking.Figure 9 depicts the arbitrary intensity distributionfor air,
showing the switch from low-power mode to high-power mode.

The glow-type discharge maximum in the middle of the tube
does not change in regard to its history, whereas the intensity peaks
at the inner tube wall increase with increasing input power. The
radial position of these peaks indicate the magnitudeof an effective
skin depth. In Fig. 10, the location of these maximums is at about
14–16 mm, which resultsin an effectiveskindepthofabout7–8 mm.
According to Refs. 9 and 15–17, the skin depth is de� ned as

d = Ï 2/ l 0 r x
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where r is theelectricalconductivityof theplasmaand x the angular
frequencyof the IPG3 facility.This skin depth indicatesthe damping
of theelectric� eldwith increasingradialdistancefrom the induction
coil. Here two major effects have to be taken into account concern-
ing the skin depth:The cooled inner tube wall results in a (measured)
decrease of the intensity. However, it is known from approximative
models16 that the dissipation rate of the power has a maximum at
about 2 d . It is evident that the simple model together with the max-
imum of the measured relative intensities (Fig. 10) can only deliver
a measure of the magnitude of the skin depth. With the transitionof
the discharge the intensities at the tube walls increased strongly; in
the middle of the tube a weak relative maximum appeared.

Figure 10 shows the behavior of the arbitrary relative intensity
curves after the discharge transition with increasing power for air
operation. Generally, the intensity of the discharge increased with
the power. On the other hand, the ratio between the inner wall max-
imum and the inner tube tends to increase. The weak maximum in
the middle of the tube (see Fig. 8; PA = 17.38 kW) disappearedwith
increasing power.

Power Characteristics of IPG3

With the plasma off (without plasma load) and the experimen-
tal conditions kept constant, the neutral gear power input could be
measured. The variation of the cooling water � ow has no essential
in� uence on the neutral gear power input, shown in Figs. 11 and 12,
with dependence on the anode voltage UA.

The anode power distribution can be written, for practical con-
siderations, in the following form:

Fig. 11 Anode powers in logarithmic scale.

Fig. 12 Anode power vs anode voltage for argon, air, and plasma-off
mode.

PA = f (UA) + aU 2
A ¼ bU c

A

Here PA is the measured anode power, UA is the measured an-
ode voltage, the term aU 2

A represents the real powers, and f (UA)
represents the remaining power losses such as the anode losses of
the metal–ceramic triode. This leads to PA =bU c

A , with c > 2. This
consideration is con� rmed by the measured power lines (Figs. 11
and 12) that are, in a � rst approximation, represented by polyno-
mial functions depending on U c

A . Hence, the anode powers shown
in a double logarithmicscale appearapproximatelyas straight lines.
Both curvesweremeasuredat an ambient/chamberpressureof about
100 Pa, a gas mass � ow of 1.5 g/s, and an injection angle of 0 rad
(tangential injection).

The difference between the neutral gear power and the power
measured with the plasma on provides an estimation of the power
that is coupled into the plasma:

PPlasma(UA) ¼ PA, operate(UA) ¡ PA ,ng(UA)

Using this, a neutral-gear-power-related ef� ciency

g ng = 1 ¡
PA,ng

PA ,operate

with the anode voltage UA kept constant can be de� ned.6

Figure 13 shows the behavior of the anode current dependent on
the controlledanodevoltagefor all three cases.Again, it can be seen
that the increase of current is much higher for argon than for air.

For the ratio of the anode powers in Fig. 14, which shows the
differences between the operational anode powers of argon and air
more precisely, more accurately � t functions were used. This be-
havior could probably be explained by the properties of the plasma
used. Further investigations have to be performed to describe the
in� uences of the plasma properties such as the electrical conduc-
tivity. For example, the different absolute values and slopes of the

Fig. 13 Anode current vs anode voltage for argon, air, and plasma-off
mode.

Fig. 14 PA,Ar/PA,Air vs controlled anode voltage.
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Fig. 15 Neutral-gear-related ef� ciency for argon and air.

electrical conductivities vs the electron temperature could explain
the history of the power ratio and its maximum at UA ¼ 1800 V.

As the tubecoolingis neglectedfor the neutralgearef� ciency, g ng
represents only a raw estimation of the total ef� ciency. Figure 15
shows the neutral gear related ef� ciency depending on the anode
power measured in plasma operation for the two cases.

The value for argon above PA ¼ 100 kW is almost constant 0.57.

Conclusions
An inductively heated plasma generator (IPG3) was developed

for basic TPS material investigations using the refurbished exper-
imental facility PWK3. Its design allows extensive investigations
of the operational behavior and the characteristics of the plasma
generated in the plasma tube. The different discharge behaviors for
argon and air could be observed; the results enabled a rough deter-
mination of an effective skin depth for the air operation.Frequency
measurements were made that showed slight differences in the � eld
absorptionbehaviorof argonand air. Here, further investigationsfor
different gases in combination with planned coil current measure-
ments will be performed to simplify the comparisonwith numerical
results.

Concerning the power characteristics,a � rst comparisonbetween
argon and air operation could be made on the basis of the measure-
ment of the Meissner-typeswitching anode powers. Because of the
realization of the high powers, IPG3 seems to enable the afore-
mentioned basic material tests as well as Mars or Venus reentry
simulations. Therefore, future investigations will focus on the de-
termination of heat � uxes and pressures to prepare the application
of high-enthalpy reentry conditions.
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