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Operational Behavior of Inductively Heated
Plasma Source IPG3 for Entry Simulations
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University of Stuttgart, D-70550 Stuttgart, Germany

The design of the plasmawind tunnel (PWK3), its inductivelyheated plasmagenerator (IPG3), and experimental
results using O2 and CO2 as operational gases are described. Various operational conditions (mass � ow rate,
frequency) were applied. The thermal plasma powers measured with a calorimeter in the chamber of PWK3 are
presented, leading to the possibility to determine ef� ciencies. When the power was varied, two discrete operational
transitions were observed. The simultaneous differences in the discharge behavior of IPG3 are represented by
sudden changes of parameters such as calorimetric powers and local heat � uxes measured with a stationary heat
� ux probe in the chamber of the facility. Additionally,the coolingpower of the IPG3 plasmatube is presented. Here,
a plasma stabilization effect appearing with the second operational transition was observed when the tube cooling
power decreased suddenly despite the simultaneous increase of the plasma power in the chamber. An imaging
spectrometer measuring the radial intensity of the plasma through an axial optical window of IPG3 was used. Both
the operational behavior, in particular the stabilization effect, and the heat � ux measurements show that PWK3
enables high-enthalpy tests for both basic thermal protection material tests and atmospheric entry simulation of
spacecrafts.

Nomenclature
A = area, m2

a = thickness of coupling zone, m
C = capacity, F
c = heat capacity, J/(kg K)
d = diameter, m
E = electric � eld, V/m
F = force, N
f = frequency, Hz
H = magnetic � ux, A/m
I = current, A
j = current density, A/m2

m = mass, kg
n = number of coil windings
P = power, W
R = resistance, W
r = radial position, radius, m
T = temperature, K
t = time, s
U = voltage, V
V = volume, m3

± = skin depth, m
´ = ef� ciency
¸ = eigenvalue
¹0 = permeability, Vs/Am
½ = density, kg/m3

¾ = electrical conductivity,S/m
! = angular frequency, 1/s
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Subscripts and Superscript

A = resonant circuit anode
cal = calorimeter
in = inlet
ind = induced
inn = inner tube wall
out = outlet
L = Lorentz force
p = pressure
tot = total
wall = inner wall of tube
¢ = derivatives with respect to time

Introduction

O N entering the atmosphere of celestial bodies, spacecraft en-
counter gases at velocities of several kilometers per second,

thereby being subjected to great heat loads. This makes it neces-
sary to use high-temperature thermal protection systems (TPS) to
prevent the destructionof the space vehicle. The TPS as well as the
environment (plasma) during the entry have to be investigated by
computational and ground-facility-basedsimulations. The � ve In-
stitut für Raumfahrtsysteme(IRS) plasma wind tunnels (PWK) 1–5
are such ground facilities.They are stationarytest facilitiesin which
high-enthalpy� ows are produced to reproduce the thermal, aerody-
namic, and chemical load on the surface of a space vehicle entering
a celestial body’s atmosphere. Different types of plasma generators
such as magnetoplasmadynamic plasma generators (MPG), ther-
mal arcjet devices (TPG), and inductivelyheated plasma generators
(IPG) have been developed at IRS. MPGs allow gas � ows to be
producedat high enthalpies.They are mainly used to investigatethe
erosion of radiation-cooledheat shield materials, as well as the be-
havior of ablative materials. A TPG producingmoderate enthalpies
and higher stagnationpressuresto simulate the follow-on � ight path
is in operation.1

The application of an IPG has two major advantages. First, re-
searchers are aware that the catalytic behavior of TPS materials is
one of the main topics to be investigated in the future. A main part
of the heat � ux seen by a TPS material derives from the recombi-
nation of atomic plasma species. When the IPG is used, the related
heat � ux measurements are not falsi� ed by impurities as with elec-
trode plasma generators. Catalytic mechanisms of single gases of
an atmosphere can be investigated. Applications in the range of
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plasma diagnostics on the ground and in situ (� ight experiments),
such as heat � ux measurements using materials with different, but
well-known catalycities, can be performed. Here, it is possible to
determine atomic species concentrationswithin the plasma.2;3

The second advantage is to be seen in the possibility of perform-
ing entry simulations for celestial bodies such as Mars or Venus,
where there are rather reactive gas components such as CO2. IRS
has already performed high-enthalpyCO2 tests, which showed that
the PWK3–IPG3 is able to perform entry simulations for atmo-
spheres containing CO2. This enables participation in campaigns
such as Venus Sample Return Missions, Mars Mini-Probes,4;5 or
Mars Sample Return Mission and Mars Ballon Mission, which are
presently under investigation.6;7

Measurement techniques, such as intrusive probes and nonintru-
sive methods, such as emission spectroscopy, laser-induced � uo-
rescence, and Fabry–Perot interferometry, are used to investigate
the plasma � ows. Besides the nonintrusive measurement tech-
niques, mass spectrometry and electrostatic and radiation probes
also belong to the group of intrusive measurement techniques.The
mechanical probes are among the most important instruments for
plasma-diagnosticmeasurements and are, therefore, often used. In
addition to the standard sample support system that carries the TPS
material sample to be tested, pitot pressure probes, aerodynamic
wedge probes (Mach number determination), heat � ux probes, en-
thalpy probes, and solid-stateelectrolyteprobes for determining the
oxygen particle pressure are used to characterize the plasma. All
of these probes can be installed at IRS on movable platforms in-
side the PWKs. Electrostatic probes are used to ascertain plasma
potential, electron density and temperature, and energy distribu-
tion of electrons, ion temperature, and � ow velocity and direction.
The measurement principle is based on an active in� uence of the
plasma boundary layer that forms on the probe. The use of radio-
metric probes is unavoidable when the radiation heat � ux can not
be neglected compared to the convective share of the heat � ux. This
occurs 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
radiating species, for example, the atmosphere of Titan.8 The mea-
surement of the plasma power of an inductively heated plasma is
rather dif� cult because the power factor of the circuit is unknown.
However, rough estimations can be obtained using the plasma-off
mode method. To measure the plasma power, the resonant circuit
can be run in the no-plasma mode. In a second step, the resonant
circuit can be run in the plasma mode with the tube conditions kept
constant. The difference of both power values leads to an estima-
tion of the plasma power.9;10 However, possibleshifts in the working
point of the triode may occur. Therefore, IRS developeda calorime-
ter that has been used within the oxygen measurement campaign
presented in this paper.

Setup of PWK3 and IPG3
The basic setup of PWK3 is shown in Fig. 1. The whole facility

consists of the plasma source and the vacuum chamber. The size of
the vacuum chamber is 2 m in length and 1.6 m in diameter. Optical
access to the vacuum chamber is provided to measure and observe
the plasma. The plain lid of PWK3 (left side of chamber, Fig. 1)
carries the IPG and the external resonant circuit, consisting of the
capacitors with the connection to the plasma generator.

The right-side � ange of the vacuum chamber is connected to the
four-stage vacuum pump system. It is used to simulate pressures at
altitudesup to 90 km. The suctionpower of the pumps is 6.000 m3/h
at atmosphericpressureand reaches250.000m3/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 pumps from the circuit and/or mixing additional air into
the system close to the pumps.

The external resonant circuit is cooled by a water cooling circuit.
With this, the capacitors,which have a capacityof 6 nF § 20% each,
and the induction coil are cooled. The resonant circuit is built in
Meissner-typeswitching (see Ref. 11) using a metal–ceramic triode

Fig. 1 Scheme of plasma wind tunnel PWK3.

Fig. 2 Scheme of the PWK3 Meissner-type resonant circuit.

Fig. 3 Nominal operating frequencies for different capacitor switch-
ings, Linductor ¼ 2 ¹H.

with an oscillator ef� ciency of about 75% (Fig. 2).12 Its nominal
frequency can be changed by switching the number of capacitors
(Fig. 2), as well as by the use of coils with different inductivities.
The error bars in Fig. 3, which show the seven different nominal
frequencies,take into account the tolerancesof the capacitors.12 The
whole circuit is switched to a 375-kW power supply. The incoming
dc anode power or plate power is the tube’s plate input and can be
adjusted by control of the dc anode voltage.

For the present investigations,the frequencyhas been tuned to the
nominal frequencies of 0.73 MHz (four capacitors) and 1.45 MHz
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Fig. 4 View of the plasma source IPG3.

(one capacitor) using a water-cooled � ve-turn coil with a length
of about 120 mm. This coil geometry leads to an inductivity of
about 2 ¹H. IPGs basically consist of an induction coil surround-
ing a plasma container and capacitors, as schematically shown in
Fig. 2.

The resonant circuit is fed by an energy supply. With IPG3, an
rf source is provided where the coil is closer to the plasma than it
was with previous designs,which reduced the electromagnetic� eld
loss. The water cooling system surrounds both the induction coil
and the plasma container.The alternatingcurrent in the coil induces
a mostly azimuthal electric � eld inside the tube. This electric � eld
initiates an electric discharge in the gas, which is injected at one
side into the tube (Fig. 4). The produced plasma is expanded into
the vacuum chamber. The electric discharge in the plasma is carried
by mostly azimuthal eddy currents.Both the current amplitude and,
thus, the Ohmic heating depend on the electric conductivity of the
plasmaand the resonantfrequencyof the electriccircuit.Variousgas
injection angles are achievable by replacing the inner gas injection
head with others that have different bore angles (Fig. 4). Therefore,
the in� uence of the injection angle on the operational behavior of
IPG3 can be studied. It is evident that the plasma is continuously
swept away by an axially injected gas.13 Hence, the plasma can be
stabilized using a tangential injection of the gas. This produces a
swirl gas � ow leading to a pressure and density decrease toward
the generator’s axis. Lower pressure can be expected in the tube’s
center. Thus, on the one hand, the plasma partially recirculates,and
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 investigationsof the plasma inside
the generator. The spectroscopic measurements to be given have
been performed using this optical window, schematically shown in
Fig. 4. The tube coolingsystemis transparent;therefore,theposition
of the plasma � ame within the tube can be observed with regard to
differentoperating parameters such as chamber pressure,gas, mass
� ow, and anode power. Additionally,this feature is supportedby the
axial optical window. The total length of IPG3 is about 0.35 m; its
diameter is about 0.1 m.

The quartz tube contains the produced plasma that leaves the
generator through the water-cooledchamber adapter. The induction
coil is connected to the external resonant circuit (Figs. 1 and 2),
whichdeliverspowerandcoolingwater for IPG3. Furthermore,both
the tube and the coil are surrounded by the external tube cooling,
which protects the quartz tube from overheating. The water and
an additional cage around the generator serve as an rf-radiation
protection shield.

Measurement Techniques
The variety of probes and optical diagnostic techniquesthat have

been developedand quali� ed at IRS has been surveyed in the Intro-
duction. More precise descriptionshave been made in Ref. 8. In the
section to follow, the measurement techniques that have been used
for the measurements are described.

Fig. 5 Scheme of the calorimeter in PWK3.

The Meissner-type resonant circuit is supplied by the dc PA ,
which is measured during the operation of the device.11 The an-
ode voltage UA is a controlled constant. Hence, the anode current
IA results from the load of the resonant circuit (plasma) and the
accompanying operating conditions (Fig. 2).

Thermal powers such as tube cooling power, resonant circuit
power, and plasma power are measured using resistance thermome-
ters (Fig. 1). They are electrically sealed and installed at an ac-
ceptable distance from the plasma source to prevent disturbing sig-
nals from the rf � eld. Additionally, the cooling water � ow rates are
measured.

The mass � ow of the test gas (Fig. 1) and the pressure of the
inner gas injection head are measured as well. A Rogowski coil can
be used to determine the operational frequencies (see Ref. 10). A
cavity calorimeter has been developed to determine the (induced)
thermal plasma power in the PWK3 vacuum chamber (Fig. 5). The
working principle is quite simple. The plasma enters the copper
cavity, which is shaped like a cone, through a hole. The diameter of
the hole is 120 mm, which is roughly 25% bigger than the plasma
beam. The distance between the calorimeter and the plasma outlet
of IPG3 is about 100 mm. This is necessarybecause lower distances
can result in retroactions that manipulate the discharge behavior of
the plasma generator (dischargebehavior, also see Ref. 10). Copper
is used due to the very high speci� c heat conductivity and due to
its high catalycity.14 The copper walls are heated through radiation,
convection, and recombination.The whole cavity is equipped with
spiral copper tubes that guide the cooling water, which cools the
copper wall.

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

Pcal D cp;water Pmwater.Tout ¡ Tin/ (1)

Here Pmwater is the cooling water mass � ow rate, cp;water is the heat
capacity, Tout is the cooling water outlet temperature, and Tin is the
cooling water inlet temperature.

It is evident that this kind of calorimetric plasma power mea-
surement is accompanied by inaccuracies such as radiation loss or
imperfect heat exchange between the plasma and the copper wall.
However, the estimation of the radiation loss showed an inaccuracy
below 1% due to the low cooling water temperatures. The overal
accuracy of both the calorimeter and the heat � ux measurement
is on the order of 10% when the accuracies of the applied mea-
surement techniques are taken into account, such as the resistance
thermometers and the water � ow meter. This accuracy can be es-
timated using a differential for 1Pcal with the differences 1 Pmwater

and 1.Tout ¡ Tin/. The heat � ux measurement is even less accurate
due to the adjustmentof the probe and the sensor area accuracy1A
[see Eq. (2)].

The heat � ux probe (Fig. 6) used for this investigationis geomet-
rically similar to the material support system used for material tests.
The probe area of the calorimetric probe is given by the front side
of small inserts into the front plate of a water-cooledsupport,which
provides thermal shielding and insulation for other surfaces of the
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Fig. 6 Stationary heat � ux probe.

Fig. 7 Spectroscopic setup for the IPG3 measurement.

Fig. 8 Spectroscopically observed region of the IPG3 optical access
(shown by arrow).

inserts. When the probe is moved into the plasma jet, only the heat
� ux to the insert probe area of the front side facing the plasma is
measured. The area of the insert has a 22.1-mm diameter. Thus,

Pq D cwater Pmwater.Tout ¡ Tin/=A (2)

A spectrometer for determining radial intensity distribution of
selected species has been used. The measurements were performed
through the optical window of IPG3 (Figs. 1 and 3). The total spec-
troscopic setup has already been used similarly in previous PWK
measurement campaigns.15 Figure 7 shows the spectroscopic ex-
perimental setup and the related geometries as applied for the IPG3
radial intensity pro� le.

To determineeffectsof scatteredlightwithin the intensitycalibra-
tion, spectral � lters can be placed in the opticalpath.The calibration
values of the tungsten band lamp used for the intensity calibration
are normalizedby the measuredareaon the lamp, the measuredsolid
angle, and the wavelengthcoveredby a detectorpixel.The measured
wavelengthson each pixel have been taken from the wavelengthcal-
ibration. The calibration lamp was placed at the same distance and
in a similar geometric position as the position of IPG3. The optical
setup is adjusted using a HeNe-laser beam entering the spectrom-
eter at the second exit slit. Therefore, the laser beam has to take
the reverse optical path. This, however, enables the measurement
position inside the IPG3 to be checked.

A grating with 50 grids/mm, blazed to 300 nm, was used, which
yielded a spectral resolution of about 1.2 nm. Correspondingly,
a wavelength measurement interval from 200 up to 800 nm was
achieved.Measuringthe left half of the tube was achievedby adjust-
ing the mirrors (Fig. 8). This is suf� cient under the evident assump-
tion of symmetrical radial intensities over the inner radius of the
plasma generator’s tube. The spatial resolutionof the measurement
was roughly 1 mm. A Thompson 512 £ 512 pixel charge-coupled
device array with a 10£ 10 mm measurement area was used.

Behavior of an IPG Derived from
One-Dimensional Calculation

It is evident that the magnetic � eld of the induction coil and
the plasma current in� uence each other. The induced � eld of the
plasma current counteracts against the magnetic � eld of the coil.
Therefore, plasma current decreases from the inner tube wall to
the middle of the tube (along the radius). This effect is called the
skin effect. It is possible to formulate analytical statements under
several assumptions, such as the constant electrical conductivityof
the plasma over the cross area of the plasma tube. According to the
law of induction, it can be deduced that the current density goes
down to zero if the radial distance r to the tube’s middle is zero.
Here, the skin effect leads to an almost exponentialdecrease of the
current density.

Figure 9 shows the situation for a resonant circuit coil with � ve
turns. The produced magnetic � ux changes its direction with the
change of the current polarity in the induction coil. However, the
plasma current direction changes its direction as well. In the esti-
mative calculations to follow, a Lorentz force FL is derived. This
force seems to play a role for the IPG3 operational behavior with
O2 . Note that for both cases in Fig. 9 the Lorentz forces points in the
direction of the radius toward the center of the tube. Because both
the magnetic � ux H and the plasma current Iplasma change their di-
rection simultaneously, the resulting Lorentz force does not change
its direction. We assume a constant electrical conductivity ¾ and
the permeability¹0 . The cylinder length (integrationvolume) shall
be identical to the coil length l. The magnetic � ux vector is paral-
lel to the tube, that is, directed in the axial direction of the IPG. A
sinusoidal magnetic � ux H shall be assumed:

H .t/ D Hmax cos.!t/ (3)

The Maxwell equations are

¡ @ H

@r
.t/ D j .t/ (4)

@E

@r
.t/ D ¡¹0

@ H

@t
.t/ (5)

if a large discharge diameter is assumed. In its simpli� ed version,
Ohm’s law is

E.t/ D j .t/=¾ (6)

Fig. 9 Electromagnetic behavior of an IPG.
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With the simpli� cation/assumption that the current density is sinu-
soidal, we can write

j .t; r / D jmaxei!t e¡¸r D jmax.r/ei!t (7)

The combinationof Ohm’s law and the Maxwell equations leads to
the following differential equation:

@2 j

@r 2
.t/ D ¹0¾

@ j

@t
.t/ (8)

With Eq. (7), this leads to

@2 j

@r 2
.t/ D i!¹0¾ j .t/ (9)

This leads to

¸ D
p

i
p

!¹0¾ D .i C 1/
p

¼ f ¹0¾ D .1 C i/=± (10)

whereas the skin depth can be formulated by

± D 1
¯p

¼¹0¾ f (11)

Therefore, for the current density we get

j D jmax.t/ exp[¡.r=±/] exp[¡i.r=±/] (12)

However, the complex term of Eq. (12) describes the phase relation-
ship only.This, for our furtherconsiderations,is of little importance:

j j j D jmax.t/ exp[¡.r=±/] (13)

The total plasma current can then be calculated,

Iplasma D
¡
1
¯p

2
¢

jmaxl± (14)

The volumetric power is

@ Pind

@V
D

1

¾
j j j2 (15)

Integration yields

Pind D .¼d=l±¾/I 2
plasma.t/..1 ¡ .±=d/f1 ¡ exp[¡.d=±/]g//

D Rplasma;zyl I
2
plasma (16)

The term

Pind;part=Pind;total D 1 ¡ .±=2a/f1 ¡ exp[¡.2a=±/]g

describes the share of induced plasma power within a ring of the
thickness a < R at the inner tube wall for the condition ± ¿ R.
Figure 10 shows the entire history of this function.

Here, one of the most severe problems of the IPG becomes ob-
vious. Within the � rst two skin depths (a D 2±/, more than 75% of
the total plasma power is induced. This explains the problem of the

Fig. 10 Spatial deposition pro� le of induced plasma power within a
ring of the thickness a from the inner plasma tube wall.

plasma containment of an IPG (tube cooling by cooling systems or
special gas injection or both).

In addition, a calculation can be performed based on the coil
current Icoil . This is more challengingand leads to an estimated one-
dimensionalequationthatdependsonBessel functions(seeRef. 16).
Corresponding sources state the following equation (Fig. 11):

Iplasma ¼ m.d=±/n Icoil (17)

In the following section, the Lorentz force shall be considered.The
Lorentz density is

FL D jplasma £ B D ¹0 Jplasma £ Hcoil (18)

Because the vectors are perpendicular,Eq. (18) can be written as

FL D ¹0

Z
jplasma Hcoil A ds (19)

When Eq. (16) is used, this leads to

FL ¼
p

2¹0

¡
±2¾

¯
rinn

¢
Pind f .d=±/ (20)

and a function f can be formulated:

f

³
d

±

´
¼ 1p

m.d=±/

.d=2±/ C exp[¡.d=2±/] ¡ 1
1 ¡ .±=d/f1 ¡ exp[¡.d=±/]g

¼ [.d=2±/ ¡ 1]; if d=± ¸ 3 (21)

In Fig. 12, Eq. (22) is calculated for different ¾ . It is evident that
the a value of 103 1/(Äm) is rather low if a typical high-enthalpy
plasma is assumed. This together with the resulting d=± > 3 allows
a simpli� cation of Eq. (20) leading to the estimativeEq. (22) for the
Lorentz forces of an IPG:

FL =Pind ¼
p

2
¯

¼ f [.1=±/ ¡ .1=rinn/] (22)

The function of an IPG is explained in this section using a simple
one-dimensionalmodelof estimativenature.In fact, theexperiments
showed that there is a discharge behavior such that there are three

Fig. 11 Function m(d==±).

Fig. 12 FL dependingon the number of capacitors (here PWK3–IPG3
con� guration) for different ¾.
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Fig. 13 PA vs UA for O2 plasmas using four capacitors ( f = 0.73 MHz)
for different mass � ow rates.

Fig. 14 Calorimetric plasma power (in the vacuum chamber) vs UA
for O2 plasmas using four capacitors ( f = 0.73 MHz) for different gas
mass � ows.

operationalmodes (see “Results” section). Note that with the transi-
tion from the second to the third mode (second switch) the thermal
power increases by a factor of 2–7 while the UA change was about
500 V (see Figs. 13 and 14). The power increase has its origin in an
adaptionof the resonantcircuit,whichmeans that there is a decisisve
increase in the electrical conductivityof the plasma load. Although
Pind increases suddenly and by several factors, the Ptube decreases.
This leads to the statement that there might be a stabilizationeffect
that maybe driven by the increased Lorentz forces. Most likely this
effect also depends on the � ow (not included in the present model).

Equation (22) shows that, with the increaseof the thermal plasma
power, theLorentz forces increaseas well by several factors,accord-
ing to the model. The equation depends on frequency and induced
plasma power Pind. However, note that Pind itself is a function of f .
In Fig. 12, we used a typical value for the total thermal plasma
powers as measured in this campaign and presented in the section
to follow. The inductive heating industry uses about the same de-
pendencies(such as proportionalityof FL and Pind/. Real FL effects
havebeenobservedin the rangeof inductivemeltingofmetals.Here,
a movement of the liquid melt is initiatedby the Lorentz forces (see
Ref. 17).

Results
Two major test campaignshavebeenperformed.The � rstwas per-

formed with pure oxygen plasma and the second with CO2 plasma.
Most experiments were done at minimum ambient pressure. These
experimentswere performedusing four capacitors( f D 0:73 MHz).
To a certain extent, both gases were also investigated using one
capacitor ( f D 1:45 MHz) to get a comparison of both nominal
frequencies.

Generally, the IPG3 shows a discharge behavior. The transition
between low-power mode and high-power mode discharge and the
radial intensity distribution for air has already been presented.10

Note that this transition also appears for O2 and CO2 . The point of
the � rst transition(� rst switch) dependson pressure,frequency,and
mass � ow rate of the test gas.

Experimental Results with O2

During the experiments with O2 , three major observations were
made:

1) The higher the mass � ow rate was, the lower the anode powers
were at the same anode voltages.

2) The � rst discharge switch10 depends on the mass � ow rate and
moves towardhigheranodevoltageswith increasingmass � ow. This
� rst switch can be noticed as the intensity of the plasma increases
suddenly.

3) A second switch was observed. This second switch has only
a weak dependency on the mass � ow rate of the gas. However, the
second switch is accompaniedby a massive anode power jump. The
corresponding 1PA increases with the mass � ow. It is observable
by sight as well. The plasma changes its color slightly and becomes
brighter.

InFigs. 13–18, curvesfordifferentmass � ow ratesare shown.The
transitions (called switches) are marked by enlarged open symbols
that surround the corresponding data point of the curve. Each of
these symbols stands for one switch belongingto one mass � ow rate
condition.The � rst switches are badly resolved for Figs. 13, 14, 17,
and 18. Indeed, for the intended operation as an entry simulation
facility, the second and the third regime after the � rst switch or even
secondswitch are more importantdue to the high plasma enthalpies.
For more details concerning the � rst switch, see Ref. 10.

Figure 13 shows the measured anodepowers for differentoxygen
mass � ow rates.

Both the � rst (Figs. 15 and 16) and the second switch (Figs. 13–

18) are accompanied by rather sudden changes of corresponding
parameters such as heat � ux, tube pressure, and tube cooling.How-
ever, the biggest changes appear with the second switch (Fig. 15).
Figure 15 shows one of the most interestingresults. The overall tube
cooling decreases with increasing mass � ow rates. Furthermore, a
sudden decreaseof the tube coolingappearswith the second switch.
This decrease seems to become larger with increasing mass � ows.
Whereas anodepower (Fig. 13) and, in particular,the thermalpower

Fig. 15 Ptube vs UA for O2 plasmas using four capacitors ( f =
0.73 MHz) for different gas mass � ows.

Fig. 16 Tube pressure vs UA for O2 plasmas using four capacitors ( f =
0.73 MHz) for different gas mass � ows.
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Fig. 17 Total ef� ciency vs UA for O2 plasmas using four capacitors
( f = 0.73 MHz) for different gas mass � ows.

Fig. 18 Heat � ux vs UA for O2 plasmas using four capacitors ( f =
0.73 MHz) for different gas mass � ows.

(Fig. 14) indicate that the plasma power increasessuddenlywith the
second switch, it seems contradictory that Ptube decreases.

The de� nition of a total ef� ciency

´tot D Pcal=PA (23)

seems useful (Fig. 17).
It is evident that a sudden increase of the plasma power appears

despite the simultaneousdecreaseof Ptube. This result becomes very
interestingif Eq. (22) is considered.In fact, the total inducedplasma
power [thesum of Ptube and Pcal (in thechamber)] increasessuddenly
with the secondswitch.Correspondingto Eq. (22), a suddenincrease
of the Lorentz forces occurs. This effect probably leads to a pinch
effect that keeps the plasma away from the inner tube wall. Similar
effects have also been observed in the range of inductive metallic
melting.17

Figure 18 shows the measured heat � uxes at about 25 mm away
from the IPG3 plasma outlet. Here, the sudden increase of heat
� ux con� rms the earlier statements, too. In Fig. 16, the inner tube
pressure is shown. Here, both the increase with the � rst as well as
the massive increase of the pressure with the second switch can be
observed.

The determined effects are con� rmed by the spectroscopicmea-
surements as well. Figure 19 exemplarilyshows two spectraat a dis-
tanceof 40.7 mm from the inner tube of the IPG3. During the second
switch, the intensityof the oxygen triplet at 777 nm increasesby the
factor of 10. Other intensities, such as the line at 615 nm, increase
even by 100. The molecular intensities are too low to enable a more
detailedinvestigationbasedon thesedata.The discrete increasedur-
ing the transitionimplies that thereare effectscausedby dissociation
or ionization processes, or temperature increase, or by an unknown
combination of these. However the authors favor that the process is
dominated by an increase of electrons as outlined earlier.

In Fig. 20, a major effect can be seen. The stepwise increase
of the power results in a movement of the maximum along the
tube radius. Here, the thick curves represent the intensities in the
second operational regime whereas the thinner and dashed lines
indicate the third regime. For the second switch, a jumpy movement

Fig. 19 Oxygen spectra at r = 40.7 mm (almost middle) using four
capacitors ( f = 0.73 MHz) for 3.5 g/s O2.

Fig. 20 Normalized radial intensity distribution for the oxygen triplet
at 777nm using fourcapacitors ( f = 0.73MHz) for 3.5 g/s O2, depending
on PA .

Fig. 21 Position of intensity maxima for the oxygen triplet at 777 nm
with four capacitors ( f = 0.73 MHz) for different mass � ows vs PA .

of the maximum toward the inner tube wall can be seen. This effect
can be most likely explained by a change of the skin depth with
increasing electrical conductivity [Eq. (11)]. It is evident that the
share of intensity at the tube wall decreases with the second switch.
However, the maximum of intensity moves farther left. Therefore,
the left side slope of the curves after the switch increases. The � rst
switch is not documented in detail in this paper. Nevertheless, these
investigations and previous investigations with air10 showed that
the mode before the � rst switch has its maximum in the middle of
the tube and at the inner tube wall. The middle maximum almost
disappears with the � rst switch (also see Fig. 21).

The power histories, for example, the calorimetric power in the
chamber, the behaviorof Ptube, the shift from the tube wall shown in
Fig. 20, and the intensity increase shown in Fig. 21 appear simulta-
neously. These observed high-power increases (depending on mass
� ow rates) show that there is an increaseof electricalconductivityof
the plasma that can also be seen by the overall move of the intensity
maximum toward the inner tube wall. When Eq. (22) is considered,
it can be concluded that the radial Lorentz forces must increase as
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well by about the same factor. Perhaps this leads to an electromag-
netically induced effect or even � ow that leads to the decrease of
the tube’s heat load.Such effects have been calculated,for example,
by Boulos et al.18 In their work, electromagneticallyinduced � ows
that supported vortex � ows in the tube of an rf plasma source were
simulated and discussed.

In Figs. 22 and 23, the anode power and Ptube using one capacitor
( f D 1:46 MHz) are shown. In comparison with Fig. 15 the corre-
sponding cooling powers seem to be higher. This may be explained
by a better power input due to the higher frequency. Additionally,
the decrease of skin depth could probably be responsible for the in-
crease.No secondswitchwas observedfor 2 g/s, whereas the second
switch for 3 g/s came slightly later and more gradually than in the
case of the 730-kHz operation.When it is assumed that the effect is
due to the Lorentz force, this may be explained using the Eq. (22),
which indicates that the Lorentz forces can decrease with higher
frequencies. Here, further investigations such as the measurement
of additionalmass � ow conditions, spectroscopy,and, in particular,
calorimetric measurements (the Lorentz forces depend on Pind as
well) could lead to a better understanding.

In Fig. 24, a sintered silicon carbide (SSiC) material sample is
shown in an oxygen plasma. Here, the sample reached wall temper-
atures of about 1200±C. Such experiments were performed within
the Future European Space TransportationProgram (FESTIP) to in-
vestigate the catalytic behavior at a constant condition by the com-
bination of SSiC material tests with heat � ux measurements.

Fig. 22 PA vs UA for O2 plasmas using one capacitor ( f = 1.45 MHz)
for different gas mass � ows.

Fig. 23 Ptube vs UA for O2 plasmasusing one capacitor ( f = 1.45 MHz)
for two different gas mass � ows.

Fig. 24 PWK3–IPG3 oxygenplasmamaterial test for the investigation
of catalytic behavior: Twall ¼ 1200±C, four capacitors, and L ¼ 2 mH.

Fig. 25 PWK3–IPG3 operation; oxygen mass � ow: 2.5 g/s, PA =
91.5 kW, p1 ¼ 20 Pa, and x = 140 mm.

Fig. 26 PA vs UA for CO2 plasmas using one capacitor ( f = 1.45 MHz)
for different mass � ow rates.

Fig. 27 PA vs UA for CO2 plasmas using four capacitors ( f =
0.73 MHz).

Figure 25 shows PWK3-IPG3 in operation using pure oxygen
atmosphere.All operationswere in the second mode. The second of
the images implies the second mode operation, as the beam seems
to have a minimum cross area at the outlet of the plasma generator.
Additionally, the cross section appears to be lower than the tube
cross section.

Experimental Results with CO2

Apart from the second switch, the overall behavior with CO2 is
quite comparable with the O2 behavior (Figs. 26 and 27). How-
ever, the plasma power related data, such as the heat � uxes, are
lower for the same facility conditions. Furthermore, the tube cool-
ing seems to be higher. The presented measurementsshow that heat
� uxes in the range of several megawatts per square meter are pos-
sible. Measurements with tube cooling up to 11 kW and heat � uxes
up to 2 MW/m2 have been performed successfully.Corresponding
measurements are included in a followup paper.19 The histories of
the tube cooling show the typical behavior of the � rst switch. (See
Fig. 28 for four capacitorsand Fig. 29 for one capacitor.) The curves
are more or less identical as long as the power is below the transition
power of the � rst switch.This can also be seen for the anodepowers.
One explanationfor this behavior may be that the plasma has a very
low electrical conductivitybelow the � rst switch. Therefore, it does
not yet representa real load for the electromagnetic� eld. The radial
intensities (see also Ref. 10 for air) have maxima in the middle of
the plasma tube as long as the � rst switch is not reached.
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Fig. 28 Ptube vs UA for CO2 plasmas using four capacitors ( f =
0.73 MHz).

Fig. 29 Ptube vs UA for CO2 plasmas using one capacitor ( f =
1.45 MHz) for different mass � ow rates.

Fig. 30 Heat � ux vs UA for CO2 plasmas using four capacitors ( f =
0.73 MHz) for different mass � ow rates.

Fig. 31 Heat � ux vs UA for CO2 plasmas using one capacitor ( f =
1.45 MHz) for two different mass � ow rates.

The power and all related measured values seem to be higher in
the case of high frequency ( f D 1:45 MHz) at the same UA . When
the plasma is assumed as secondary coil, the result is that the in-
ducedcurrentamplitude is aboutproportionalto the frequency.This
is most likely an explanationfor the higherpowers within the higher
frequencyoperation.However, the decreasingskin depthmay coun-
teract this effect because high power modes may be accompanied
by increased tube cooling. (Compare Figs. 28 and 29.) This seems
to be no severe problem as IPG3 has been quali� ed for tube cooling

up to 11 kW and heat � ux levels in the range of 1.2 MW/m2 in
CO2 operation (Figs. 30 and 31). Further investigationswere made,
which have been presented in Ref. 19.

Summary
The � rst high-enthalpytests with IPG3, developed for basic TPS

material investigations using O2 and CO2 as working gases, were
conducted. IPG3’s design enables extensive investigations of the
operational behavior of the plasma generator, of the characteristics
of the plasma generated in the plasma tube and the chamber, and of
materials to be used for atmospheric entries of spacecraft.

The operational behavior of IPG3 was measured in terms of the
discharge behavior in combination with the ongoing histories of
properties such as PA , thermal powers, heat � uxes, and intensities.
Two discrete switches were observed, which represent the jumpy
transition from the � rst to the second and from the second to the
third discharge mode. The discrete power increases (PA and Pcal/
in the secondtransition,the ongoingdecreaseof Ptube, the simultane-
ous sudden increase of the inner tube pressure (dissociation and/or
ionization and/or temperature increase), and the observed move-
ment of the radial intensity pro� le imply that the second transition
is accompanied by a jumpy increase of the plasma’s electrical con-
ductivity. The decreasing tube cooling power suggests that there is
a stabilizationeffect, perhapsdriven by the increasedLorentz force,
as explained in the analytical model. Later investigations, not pre-
sented in this paper, using different injection rings showed that this
effect also depends on the swirl gas � ow.19

Future interplanetarymissions4¡7 as well as future plans to reach
Mars with crewed spacecraftmake it necessary to establishground-
based entry simulation facilities that enable the simulation of CO2

(Mars, Venus) as well as CH4 dominatedatmosphericentries (Titan,
see also Ref. 19). It has been shown that the PWK3–IPG3 facility is
able to simulate such atmospheric entries, at least in terms of heat
� uxes and the low-pressure regime of related trajectories. (See the
inner tube pressures, which provide upper limits for the total pres-
sures in the plasma beam.) Furthermore, basic material and plasma
investigationsusing pure oxygen plasmas are being performed suc-
cessfully within FESTIP.

Further investigations for different gases, in combination with
planned coil current measurements, will be performed to simplify
the comparison with numerical results.
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