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Abstract 1. Introduction

The production of high enthalpy flows in a stationary
manner requires plasma wind tunnels using plasma
generators. Magnetoplasmadynamic generators
(MPG), thermal arcjet devices (TPG) and inductively
heated plasma generators (IPG) have been developed
at IRS for different atmospheres, different atmos-
pheric regimes and/or different basic investigations.
The absence of electrodes enables the use of IP Gs for
basic TPS material tests (e.g. catalycity) and the si-
mulation of re-active atmospheres such as of Mars or
Venus atmosphere.
With IPG3 an rf-source is provided where the coil is
closer to the plasma than it was with previous de-
signs. Therefore, the electromagnetic field loss is re-
duced. The water cooling system surrounds both the
induction coil and the plasma container. This paper
describes the design oflPGS and the experimental re-
sults using O2- test cases with pure 6^ plasma were
investigated using the absorption spectroscopy system
of the Department of Aeronautics and Astronautics,
University of Tokyo, in combination with a Pitot
pressure probe and a material sample support system
of IRS, Universitat Stuttgart. Number density and
translational temperature distributions of atomic
oxygen were obtained from the measured absorption
line profiles including the triplet absorption lines of
atomic oxygen OI at 777.19, 777.41, 777.54 nm. The
test at an ambient pressure of 500 Pa include Pitot
probe measurements and a temperature measurement
using a sintered silicon carbide (SSiC) material
sample. Additionally, probe measurements were per-
formed at a low pressure condition (50Pa). Here, no
suitable laser absorption measurements could be
made as the plasma jet's diameter became too large.

Professor, Senior Member AIAA, IRS, interim head
of the institute
2Research engineer, IRS, PhD student
3Associate Professor, Department of Aeronautics and
Astronautics
4Research engineer, IRS, PhD student
Copyright © 2001 by the authors. Published by the
American Institute of Aeronautics and Astronautics,
Inc. with permission.

A variety of stringent requirements upon technology
are imposed by both space travel to a rather close
Earth orbit and to more distant celestial bodies such as
the planets of our solar system. Among those require-
ments there are the high temperature effects occuring
during atmospheric entries. Here, spacecrafts en-
counter gases at velocities of even more than ten km/s,
thereby being subjected to great heat loads. This
makes it necessary to use high temperature thermal
protection systems (TPS) to prevent the destruction of
the space vehicle. Both TPS and environment
(plasma) during the entry have to be investigated by
means of computational and ground facility based
simulations. Such ground facilities are the five IRS
plasma wind tunnels PWK 1-5 that reproduce the ther-
mal, aerodynamic and chemical load on the surface of
a space vehicle entering a celestial body's atmosphere.
MPGs enable gas flows at 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. Two IRS plasma wind tunnels are
operated with MPGs. Furthermore, a TPG producing
moderate enthalpies and higher stagnation pressures to
simulate the follow-on flight path is in use [1,2],
As an IPG uses non-contact heating by induction
currents, exceptionally pure plasma flows of any gases
can be produced. Therefore, the application of an IPG
delivers two major advantages. First, researchers 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 flux seen by a TPS material
derives from the recombination of atomic plasma
species. Using the IPG, the related heat flux measure-
ments are not falsified by impurities as with the elec-
trode plasma generators. Furthermore, the catalytic
mechanisms of single gases such as of O2 and N2 [3,
4] in the case of air in an atmosphere can be investiga-
ted. Fig. 1 shows a typical pure oxygen plasma plume
of IPG3 at 500 Pa ambient pressure, an oxygen mass
flow rate of 3 g/s and at an anode voltage UA=6250 V.
The resonant circuit was adjusted to nominal 650 kHz
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using a 5-turn coil with 7 capacitors each of 6 nF (see
description below).

Fig. 1: IPG3 Oxygen plasma plume at ambient
pressure of 500 Pa (anode power 106 kW)

In addition, applications in the range of plasma
diagnostics on ground and in situ (flight experiments)
such as heat flux measurements using materials with
different, but well known catalycities can be per-
formed. Here, it is possible to determine the atomic
species concentrations within the plasma [5,6]. For
the direct investigation of the plasma wind tunnel
plume's composition, a quantitative and non-intrusive
measurement is feasible. Such powerful non-intrusive
measurement techniques and methods like emission
spectroscopy, laser-induced fluorescence (LIF) and
Fabry-Perot interferometry (FPI) are used at IRS to in-
vestigate the plasma flows [7]. They are used to deter-
mine atomic and molecular density and the velocity
distribution in the boundary layer. During Prof.
Komurasaki's stay at IRS, the diode-laser absorption
spectroscopy (D-LAS) technique [8] of the Depart-
ment of Aeronautics and Astronautics was used for
IRS-PWK3. This portable system is a very suitable
measurement technique for the measurement of num-
ber densities and translational temperatures e.g. of O2
[9]. The D-LAS is able to access absorbing atoms and
molecules even in high temperature and/or high Mach
number flows [8].
The second advantage of EPGs is to be seen in the
possibility of performing atmosphere simulations for
celestial bodies like Mars or Venus, where there are
rather reactive gas components such as CO2. Here,
IRS has already performed high enthalpy CO2 tests
that showed that PWK3-IPG3 is able to perform re-
entry simulations for atmospheres containing CO2 [3].
A inductively heated plasma generator IPG4 equipped
with a nozzle was developed and tested. This device
enables the operation with CO2 at higher total
pressures while rather low mass flow rates are
required. Additionally, a procedure to deactivate the
explosive CO2-plasma using N2 as deactivator [10]
was developed. This enables participation in

campaigns such as "Venus sample return missions",
"Mars Mini-Probes" or "Mars Sample Return
Mission" that are presently under investigation by
CNES and NASA [11, 12, 13].
Powerful measurement techniques like intrusive
probes and non-intrusive methods like emission
spectroscopy, LIF and FPI are used to investigate the
plasma flows. Besides the so-called non-intrusive
measurement techniques, the mass spectrometry,
electrostatic and radiation probes also belong to the
group of intrusive measurement techniques. As the
name already suggests, this diagnostic method is
based on a suitably constructed probe being mounted
in the plasma stream to be investigated. The
mechanical probes are among the most important in-
struments for plasma-diagnostic measurements and are
therefore often used. Besides the standard sample
support system which carries the TPS material sample
to be tested, Pitot pressure probes, aerodynamic
wedge probes (Mach number determination), heat flux
probes, enthalpy probes and solid-state electrolyte
probes for determining the oxygen particle pressure
are used to characterize the plasma. All of these
probes can be installed at IRS on moveable platforms
inside the plasma wind tunnels. Electrostatic probes
are used to ascertain the plasma potential, electron
density and temperature, energy distribution of the
electrons, ion temperature, flow velocity and
direction. The measurement principle is based on an
active influence on the plasma boundary layer which
forms on the probe. The use of radiometric probes is
unavoidable when the radiation heat flux can not 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 to be
entered contains strong radiating species, as for
example the atmosphere of Titan. A general overview
for the IRS plasma diagnostic tools is given in [7].

2. Set-up of PWK3 and the IPG

Fig. 2: Scheme of plasma wind tunnel PWK 3
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The general facility set-up shown in Fig. 2 consists of
the IPG plasma source and the vacuum chamber. It is
about 2 m in length and 1.6m in diameter. Optical
accesses to the vacuum chamber enable the
measurement of the plasma. A heat exchanger be-
tween the test chamber and the vacuum system cools
down the hot plasma to protect the vacuum system
from being damaged. The flat lid of PWK3 (right side
of chamber, see Fig. 2) carries the IPG and the
external resonant circuit, that consists of the ca-
pacitors with the connection to the plasma generator.
The right side flange of the vacuum chamber is con-
nected to the IRS vacuum pump system. It is used to
simulate pressures at altitudes up to 90 km. The
system consists of four stages: the first two stages are
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.
Total suction power of the pumps amounts to
6.000 m3/h at atmospheric pressure and reaches about
250.000 m3/h at 10 Pa measured at the intake pipe of
the system that 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
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
capacity of 6000 pF ± 20% each, and the inductor are
cooled. The resonant circuit is built in Meissner type
switching [14] using a metal-ceramic triode with an
oscillator efficiency of about 75% [15] (see Fig. 3).

Inductive
Coupling

Resonant Circuit
with Cooling

Fig. 3: Scheme of the PWK3 Meissner type
resonant circuit

Its nominal frequency can be changed by switching
the order or number of capacitors (see Fig. 3) as well
as by the use of coils with different inductivities. The

error bars in Fig. 4, which shows the 7 different
nominal frequencies using a Lector- 2 jiH-coil, take
into account the tolerances of the capacitors [14].

1.6-

gL 1.2-

g4 0.8-

0.6-

0.4

).73MHzj T
•6o.65MHz[

2 3 4 5 6 7
Number of capacitors [-]

Fig. 4: Nominal operating frequencies for different
capacitor switchings, Linductor=2 jLiH (see text)

For the present investigations the frequency has been
tuned to the nominal frequencies of 0.73 MHz
(4 capacitors) using a water-cooled 5-turn coil with a
length of about 120 mm. This coil geometry leads to
an inductivity of about 2 (iH. 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.
Inductively heated plasma generators basically consist
of an induction coil surrounding a plasma container
(tube) and capacities, as schematically shown in
Fig. 3. This resonant circuit is fed by ah energy
supply. The alternating current in the coil induces a
mostly azimuthal electric field inside the tube. This
electric field initiates an electric discharge in the gas
that is injected at one side into the tube (see Fig. 5).
The produced plasma is expanded into the vacuum
chamber. The electric discharge in the plasma is
carried by mostly azimuthal eddy currents. The
current amplitude - and thus the Ohmic heating -
strongly depends on the electric conductivity of the
plasma and the resonant frequency.

£xt««iai w&c cooJia^

Fig. 5: View of the plasma source IPG3
The principal parts of the plasma generator IPG3 are
described here. An axial optical access through the
inner injection head enables investigations of the
plasma inside the generator (see Fig. 5). The tube
cooling system is transparent; therefore, the position
of the "plasma flame" within the tube can be observed

American Institute of Aeronautics and Astronautics
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with regard to different operating parameters such as
chamber pressure, gas, mass flow and anode power.
Additionally, this feature is supported by the axial
optical window. The total length of IPG3 is about
0.35 m, its diameter about 0.1 m.
The quartz tube contains the produced plasma which
leaves the generator through the water-cooled cham-
ber adapter. The induction coil is connected to the
external resonant circuit (Figs. 2, 3) delivering power
and cooling water for IPG3. Furthermore, both the
tube and the coil are surrounded by the external tube
cooling, which protects the tube from overheating.
The water and an additional cage around the generator
serve as an rf-radiation protection shield.

3. Measurement Techniques

A variety of probes and optical diagnostic techniques
that have been developed and qualified at IRS has
been surveyed in the introduction of this paper. More
precise descriptions have been made in [7]. The D-
LAS measurement technique developed at the Depart-
ment of Aeronautics and Astronautics, University of
Tokyo, is a modularly built system enabling a quite
simple installation. Additionally, its sub-systems are
rather small such that a transport of the system from
Japan to Germany was feasible. A precise description
of the system is given in [9]..In the section below, the
measurement techniques that have been used for the
measurements presented in this paper are described.

Operational Parameter of PWK3-IPG3
The Meissner type resonant circuit is supplied by the
DC anode power PA measured during the operation of
the device [2, 3, 10, 16]. The anode voltage UA is con-
trolled. Hence, the anode current IA results from the
load of the resonant circuit (plasma) and the ac-
companying operating conditions (see Fig. 3). Ther-
mal powers such as tube cooling power and resonant
circuit power are measured using resistance thermo-
meters (see Fig. 2). They are electrically sealed and
installed at an acceptable distance from the plasma
source in order to prevent disturbing signals from the
rf-field. Additionally, the cooling water flow rates are
measured. A cavity calorimeter was developed to
measure the thermal plasma power [2]. However, this
exceeded the time schedule of the performed
measurement campaign. It is intended to perform such
a measurement in a later campaign.
Mass flow of the test gas (see Fig. 2) and the pressure
of the inner gas injection head are measured as well. A
modified Pearson current monitor can be used to
determine the operational frequencies [17].

Probe measurements
Both the Pitot probe measurement used for this
investigation and the material support system, which

was used for material tests, are contained in a double-
probe (see Fig. 6). It belongs to the IRS probe set
developed within the Hermes program and the
Collaborative Research Center 259. The geometries
i.e. the outer diameter of 50 mm and the
corresponding material sample diameter of 26.5 mm
became the so-called European standard geometry.

Fig. 6: Double Probe: Material support system
and Pitot probe (European standard geometry)

D-LAS
The system's laser source is a tunable diode laser with
an external cavity (Velocity Model 6300, New Focus,
Inc.). It guarantees minimum mode hopping during the
oscillation - frequency modulation. The line-width of
the laser is as small as about 1 GHz. An optical isola-
tor is used to prevent the reflected laser beam from re-
turning into the external cavity. A Fabry-Perot etalon
with an optical frequency spacing of 1.875 GHz is
used to provide reference frequency spacing during
the oscillation-frequency modulation. The laser beam
was introduced into a test chamber through an optical
fiber. A photograph of the optical system is shown in
Fig. 7 (taken from [9]). After the system was transpor-
ted to IRS, it performed extremely well during the on-
going measurement campaign. With this and the small
sizes of the system's modular components the D-LAS
can be considered a transportable laser absorption
system.

Fig. 7: Photograph of the D-LAS [9]
Figure 8 shows the set-up of the D-LAS together with
PWK3. The laser incoupling was performed through
the right side optical flange of PWK3. The laser
collimator was fixed onto the optical window using a
movable platform with a step motor in between. This
enabled the measurement of radial absorption profiles.

American Institute of Aeronautics and Astronautics
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Fig. 8 Schematic set-up of the D-LAS system
The detector was put on the left side flange.
Unfortunately, the minimal detectable distance from
the generators outlet (see Fig. 2) was 393 mm due to
the position of the right side window.

4. Measurement Theory of the D-LAS

A description of the theory of laser absorption
spectroscopy has already been given in [9]. However,
a brief summary is given below to simplify the
reader's understanding.

Absorption coefficient
The absorption lines at 777.19, 777.41 and 777.54 nm
of atomic oxygen were investigated within the tests.
By measuring the absorption profile, the population
density at the absorbing electronic state, which is
metastable in this case, is deduced. The relationship
between laser intensity Iv and absorption coefficient kv
is expressed by the Beer-Lambert Law as [18]

(1)

Here, ev is emission coefficient and v is oscillation
frequency of the light. Limiting the solid angle of view
very small, spontaneous emission can be eliminated.
Assuming axisymmetric distributions of absorption
properties in a flow, the projection of absorption
coefficient along the straight line at offset y is a
function of the laser absorption fraction
iv(y)=AIv(y)/Ivo as

J^(^)A = 2j^^ = -ln(l-CW) (2)

Using Abel-Inversion the absorption coefficient
distribution is obtained as

The local absorption coefficient is a sum of an
absorption coefficient and a stimulated emission
coefficient and the relationship between integrated
absorption coefficient K(r) and population density at
the absorbing state n\ is given as [19, 20]

Here, i,j are lower and upper energy levels, Ay is the
Einstein's transition probability, g, and gj are
statistical weights, E, k and Tex are energy level,
Boltzmann constant and electronic excitation
temperature, respectively. The transition data of
atomic oxygen at the considered wave lengths are
shown in Table 1.

Table 1 Transition data of atomic oxygen
i j 4nnj ^ (cm1) ^(cni1) g g. A^Kfs1)

3s5S 3p5P 777.19 73768.20 86631.45 5 7 0.369
3s5S 3p5P 777.41 73768.20 86627.78 5 5 0.369
3s5S 3p5P 777.54 73768.20 86625.76 5 3 0.369

At 777.19 nm, for example, AEy/k is 18,500 K. If Tex
< AEjj/k, stimulated emission is neglected and Eq. (4)
is simplified as

g, (5).

dy
(3)

Line profile
Generally, absorption line-shape is assumed as Voigt
profile that includes Doppler broadening and pressure
broadening. However, if the temperature is 5,000 K
and pressure is 500 Pa, the pressure broadening is
estimated three orders of magnitude smaller than the
Doppler broadening. Therefore, pressure broadening
is neglected [9].
The Stark broadening caused by random electric field
of the electrons in plasma monotonically increases
with the electron density. Then it is only noticeable in
the case of high electron density plasma. In our
experimental conditions, the Stark broadening of the
considered lines is estimated to be less than 10MHz,
which is also three orders of magnitude smaller than
Doppler broadening [21].
Under these assumptions the translational temperature
Ttr can be directly deduced from the Doppler
broadening of the absorption lines [7, 9].

(6)

Here, AvFvmM is the full width at half maximum of the
line profile, c is speed of light and MA is atomic mass
of absorbing particles.

American Institute of Aeronautics and Astronautics
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In local thermal equilibrium, the ground-level number
density nQ is estimated as

(7)

Unfortunately, the energy level of absorbing state is
9.165 eV higher than the ground level. Therefore,
estimated ground-level density might contain large
errors.

5. Results

5.1 Test conditions

All tests were performed with pure oxygen plasma
using 4 capacitors with a 2 jiH coil (f= 0.74 MHz).
The conditions were measured 393 mm downstream
distance from the IPG exit.
Two different test cases were investigated:
Case la: The ambient pressure is 500 Pa, the oxygen
mass flow rate 3 g/s, the anode voltage 6250 V and
the anode power 106 kW. At this ambient pressure,
the plume is not expanding and the plume diameter is
almost the same as the heater exit at the measurement
position. A photograph of IPG3 with this condition is
shown in Fig. 1.

Case Ib: The measurement in front of the probe (Pitot
pressure probe) under the conditions are the same as
described for case la. Strong illumination region is
limited to the very vicinity of the probe so that density
profile could be obtained for the condition.
Unfortunately, only information from the preliminary
data processing is available for this condition (see
below).

Case 2a: The ambient pressure is 50 Pa (i.e. facility
base pressure), the oxygen mass flow rate 4 g/s, the
anode voltage 6060 V and the anode power 83 kW.
This condition is also known as the so-called FESTIP1

condition.

Case 2b: Measurement using material sample holder
system and Pitot probe measurement ace. to case 2a.
Unfortunately, case 2 did not enable a feasible D-LAS
measurement: Despite the strong absorption measured
for cases2a/b it was impossible to deduce the radial
distribution because the information is limited near the
axis i.e. the beam became to large such that a whole
scan through the jet was not possible.

1 Future European Space Transport Investigation
Program; this plasma generator condition was used for
SSiC material tests within the program.

5.2 Experimental results using the Pitot
probe and the material support system

Table 2 below summarizes the conditions measured
with the probes. For a approximation the Mach
numbers were calculated one-dimensionally using the
calculated ratio Ppitot/Pamb- Here, two cases must be
considered. For the sub-sonic case the Mach number
can be estimated using

Plot

K-\

K
(8).

2 (^ Pamb

For the supersonic case we have to use
f2

' Plot

( 2K

K-\

\~

> — I Pamb
(9)

al

where K is the adiabatic coefficient and Mal is the
Mach number. Both equations assume constant heat
capacities. The static pressure is assumed to be the
ambient pressure in the vacuum chamber. Hence, the
measured pressure ratio leads to the Mach number in
the form

,
Pamb

(10)

In Fig. 9 the resulting Mach numbers are illustrated.
The full symbols show the interval calculated using
equ. 8, while the empty symbols were calculated with
equ. 9.
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Fig. 9: Ma depending on pressure ratio ptot/Pamb
The resulting values for the investigated test con-
ditions are presented in table 2 below.

Table 2: Measured Ppitot, Twnn, estimated Machnumbers
Case

la
Ib
2a
2b

PA [kW]
106
106
83
83

Poitot [Pa]
950
950
190
190

p /P^pitot' ̂ amb
1.9
1.9
3.8
3.8

Twall [°C]
-

1210
-

1050

Mach
1.05
1.05
1.6
1.6

For case Ib a material test using SSiC was performed
(see Fig 10). This enables an estimative determination
of the heat flux under this condition which is about
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230 kW/m2. During the test the ambient pressure was
increased as shown in Fig. 10. The pressure control
system swang over the 500 Pa threshold (above
600 Pa, thin black curve) which can be seen as
temperature effect on the material sample as well. In
fact, the temperature increases up to 1250 °C and
decreases with the reach of the 5 00 Pa ambient
pressure at t>=750 s (thick grey line).

1250 -

1200 -

1150 -

1050 -
1 nnn

950 -
ann -

f ""*"" — x— » _____

/A
.// V

-800

-600 75-

- /inn Q.

-200

- n

550 650 750 850
t[s]

950 1050

Fig. 10: Sample temperature and ambient pressure
histories during the material test, x=393mm,

Ppitot=950 Pa (case Ib)
In Fig. 11 the anode voltage UA can be seen in the
same time interval. However, it is visible that the
voltage has already been constant at t=650 s which
implies that the temperature increase described above
(see Fig. 10) is a pressure effect.

6300

6050
550 650 750 850

t[8]
950 1050

Fig. 11: anode voltage history during the material
test, x=393mm, ppuot^SO Pa (case Ib)

Figure 12 depicts the Pitot pressure profile for case 2.
The small, filled symbols mark the Pitot pressure
while the large, empty symbols show the pressure
ratio. The right side data points at about 400 mm show
the measured Pitot pressures (this investigation).
Additionally, the left side curves are shown from a
former investigation. It can be seen that the whole
condition is a super-sonic condition at rather high
Machnumbers (compare Fig. 9).
Figure 13 shows the time history of the SSiC sample
wall temperature for case 2b. Both the Pitot pressure
and the temperature are in good agreement with the
FESTIP condition measured at x=130 mm where a
temperature of 1360 °C and a Pitot pressure of 340 Pa
were reached (not reported in this paper).

1000-

cnn

^ 400-

9nn -

n -

|Pamb=52Pa|

-v—
-V-

• previous test campaign
— Case2 -measurement
-•- previous test campaign
-e- Case2 -measurement

D— e-BB

-- 18 S

100 200 300 400 500
x[mm]

Fig. 12 Pitot pressure profile for case 2, the
considered condition is at x=393 mm

250 550 ..650350 450
t[s]

Fig. 13: Sample temperature history during the
material test, x=393mm, ppitot=180 Pa (case 2b)

5.3 Experimental results using D-LAS

Scan data Case 1a
The oscillation frequency of the probe laser is scanned
in two manners. The first one is the single-scan from
777 to 777.66 nm including the triplet absorption lines
of atomic oxygen OI at 777.19, 777.41, 777.54 nm as
shown in Fig. 14. The second one is the repetitive-
scan using a function generator signal as shown in Fig.
15. The scan range is from 777.00 to 777.30 i.e. a
range where the 111.19 nm line is.

2.4

0.5 1 1.5

Time, s
Fig. 14 Single-scan data.
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Time, f

Fig. 15 Repetitive-scan data
Since the discharge current of the power source of
PWK3 is regulated at the frequency of the 300 Hz
[22], the data acquisition frequency must be higher
than 300 Hz. However, the frequency sweep speed is
not be high enough due to the limitation of mechanical
control speed of a grating in a laser external cavity.
Therefore, scan speed is set at low speed enough to
catch each absorption peak. Then, time averaged
profiles are obtained. The enlarged absorption profile
near 777.19 nm is shown in Fig. 16. In the figure,
alternate absorption at 300 Hz can be clearly seen.

Time, s
Fig. 16 An absorption signal at r=0 mm

The peaks must be interpolated to have plume proper-
ties during the operation. In the absorption profile,
some peaks are missing. These miss-firings should be
interpolated in data processing. The peaks of the
etalon signal are spaced at an exactly 1.875 GHz inter-
val. It is used for data conversion for time-base one to
frequency-base one. There is some noise signal due to
the spontaneous emission form the plume.
As seen in the figure, absorption fraction is approach-
ing almost 100 %, and the plume is optically thick. In
this region of absorption strength, the sensitivity
would go down. (In order to avoid this insensitivity,
we have an alternative to use the relatively week
absorption line profile at 777.54 nm.)

Figure 17 shows the absorption signal 20 mm off axis.
Many of the peaks are missing. This is due to the
plume fluctuation at the frequency lower than 300 Hz.
The plume diameter changes time by time, and this
effect appears strongly at the edge of the plume.

0.65

Fig. 17 An absorption signal at r=20 mm
By a curve-fit for this absorption profile, we will have
time-averaged absorption intensity.
In this paper, only the single-scan data were used.
Averaging the repetitive-scan data must give us more
precise absorption profile.

Typical absorption profile Case 1a
The minimum values are selected out of the whole
data, and then converted to frequency-based profiles
using both the etalon signal and the reference beam-
intensity variation. Figure 18 shows the absorption
profiles at various radial positions. It showed very
good frequency reproducibility.

-5 0 5 10

frequency, GHz
Fig. 18 Frequency-based absorption profile.

Then the minimum values are interpolated by fitting
them to a 10th order polynomial as shown in Fig. 19
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-5 0 5 10

frequency, GHz
Fig. 19 Typical absorption profile.

Abel inversion Case 1a
To get the local absorption coefficient through Abel
inversion, a derivative of absorption d(-ln(l-/(r)))/dr
is required. The -ln(l-/(r)) distribution is shown in
Fig. 20. To avoid any positive gradient, the distribu-
tions are smoothed by 5th order polynomials.

frequency, GHz

radial position, mm
Fig. 20 Radial profile of absorption fraction.

Figure 21 shows the inverted absorption coefficient
profiles. They should be fit to a Gaussian curve be-
cause the Doppler broadening is expected the predo-
minant broadening mechanism so far.

0.08

2 3 4 5 6

Frequency, GHz
Fig. 21 Absorption coefficient profiles

Local properties Cases 1a and 1b
The local line width and total absorption coefficient
(absorption coefficient integrated through the fre-
quency) are available from the Gaussian curve fitting.
The curve fittings at r =0 mm and 12.5 mm are shown
in Fig. 22. At r =0 mm, fitting error is larger than the
one at r =12.5 mm. This is thought partially because
the measurement sensitivity is low near the axis due to
the large optical thickness.
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Fig. 22 Gaussian curve fitting.

Figure 23 shows the deduced distribution of number
density of the atomic oxygen at the metastable level,
at which the energy level is 9.165 eV higher than at
the ground level.

4000 c

0 5 10 15 20 25
radial position, mm

Fig. 23 Density and temperature distributions
The error bar indicates only the fitting error to the
Gaussian curves. The maximum density is as much as
4-1017 m"3 and the plume diameter defined by 1/e of
maximum is 25 mm. The density is gradually de-
creasing with the radius. This would be due to the
ambient-gas entrainment and also due to the fluc-
tuation in plume diameter. These two effects cannot
be separated in this time average measurement.
The translational temperature deduced from the
Doppler broadening is shown in Fig. 23. It is
estimated at 8000-9000 K. This would be enough high
for full dissociation of oxygen gas

American Institute of Aeronautics and Astronautics



(c)2001 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

Estimation of ground level number
density Cases 1a and 1b
Case la: The ground level number density of the
atomic oxygen is estimated assuming the local thermal
equilibrium. The Boltzmann plot is shown in Fig. 24.

10°

density in fully
dissociated case
at T = 9000 K

energy level, eV
Fig. 24 Bolzmann plot

The predicted number density is 5.4-1022, which is one
order higher than the one calculated assuming full
dissociation of oxygen. This indicates that the atomic
oxygen is electronically under-populated Although
precise degree of dissociation can not be determined
from the plot, it is reasonable to think that the oxygen
is fully dissociated by taking account of high trans-
lational temperature.
The population temperature defined by number densi-
ties at the ground level and the meta-stable level is
11500 K. This temperature would be preserved
through the plume expansion and acceleration. The
equilibrium temperature inside the inductive heater
might be around 11500 K or higher.

Case Ib: Within a consideration of the raw data it was
found that the number density of the absorbing level is
almost same as that of Case la. This indicates that the
shock is very weak or supports that the flow Mach
number is about 1. A temperature profile in front of
the probe can not be obtained because the flow is
forced to go around the probe and Doppler shift due to
this flow makes the broadening wider (flow
components tangential to the probe surface.)

6. Summary

It has to be emphasized that we can not tell the exact
number density of the ground level since the electro-
nic excitation is found in nonequilibrium or under-po-
pulating (as shown in the Boltzmann plot).
Accordingly, the consideration of the measured tem-
perature is more important than number density.

Two test conditions with pure Oxygen plasmas were
investigated in the inductively heated facility PWK3

using the plasma generator EPG3. For Case la at an
ambient pressure of 500 Pa, an oxygen mass flow rate
3 g/s, an anode voltage 6250 V and an anode power
106 kW it could be determined that the jet is less
expanding than in the low presssure case. By the
inspection of the radial profiles at a distance of
393 mm from the IPG3 outlet a plasma jet diameter of
50 mm could be derived. The maximum density is as
much as 4-1017 m"3 and the radial temperatures are
higher than 8000 K, which is high enough for the full
dissociation of the Oxygen. Case Ib i.e. the measure-
ment in front of the Pitot pressure probe under the
conditions are the same as described for case la
showed that the strong illumination region is limited
to the very vicinity of the probe so that density profile
could be obtained for the condition. However, only in-
formation from the preliminary data processing is
presently available for this condition. A first analysis
of the raw data showed that the number densities of
the metastable level are almost the same as in case la.
The Pitot pressure measured with the probe was
950 Pa. From the one-dimensional calculation using
the tank pressure as ambient pressure a Mach number
slightly above 1 can be derived. The similarity of the
densities for both cases la and Ib confirms that the
shock is very week or supports that the flow Mach
number is about 1. Correspondingly, a SSiC material
test was performed at the same condition. Here, SSiC
temperatures of 1210 °C were measured leading to a
partial catalytic heat flux of about 230 kW/m2. The
overal simulation point "case 1" can therefore be
considered as quite well known. In order to discuss
about the relationship between freestream
temperature/enthalpy and heat flux to the probe, CFD
assuming the surface catalysis has to be used in future.
In case 2a ambient pressure is 50 Pa, oxygen mass
flow rate is 4 g/s, anode voltage 6060 V and anode
power 83 kW. The condition is also known as the so-
called FESTIP condition. However, the FESTIP con-
dition is at a position of 130 mm from the generator's
outlet. Unfortunately, this position could not be mea-
sured due to interface reasons such that the position
393 mm was investigated under the same conditions.
In this case strong absorption was measured as well
but it was impossible to deduce the radial distribution
as the beam's diameter was too large.
Pitot pressure and wall temperature on SSiC were
measured as well (case 2b). Pitot pressure was about
180 Pa while temperature was at 1055 °C.
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