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Abstract

This paper describes the performance character-
istics of an arc-heated wind tunnel. Various ex-
periments have been conducted in order to investi-
gate the plasma parameters of air and nitrogen ar-
cjets generated by a 20kW-class arc heater. Pitot
pressure and heat flux were measured using water
cooled probes. Then, total stream enthalpy of the
arcjets was estimated with these results. Available
test conditions of this wind tunnel for the reen-
try simulation or the thermal protection exami-
nation are discussed. Electron temperatures were
also ‘measured using an electrostatic probe. Fur-
thermore, the spectra emitted from a shock-layer
formed in front of catalytic wall and noncatalytic
wall probes were measured and analyzed as a pre-
liminary examination of catalytic wall effects. The
results showed the existence of catalytic wall ef-
fects.

Introduction

Various facilities constructed for the simulation
of the reentry environment and phenomena are
used to acquire the understanding necessary for the
design of reusable reentry vehicles and the quali-
fication of thermal protection materials of space
transportation systems. Of them, arc-heated wind
tunnels are widely used because of their long op-
eration times. Arc-heated wind tunnels can pro-
duce high-enthalpy hypersonic dissociated, ionized
gas flows that can be used for various studies of
reentry aerodynamic heating and investigation of
catalytic effects of heat shield materials on heat
flux in dissociated air. Therefore, studies of perfor-
mance characteristics of arc-heated facilities have
been carried out extensively.!=*

However, arc-heated flow properties are not well
understood owing to the complexity derived from
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several nonequilibrium processes occurring at var-
ious portions of the facility. To understand the
arcjet flow properties better, spectroscopic anal-
ysis approach is widely used.>® It was reported
that analysis of the emission specrta from the ar-
cjet freestream and from a shock layer formed in
front of a model is expected to provide valuable
information about the thermodynamic state of the
gas in the arcjet flows and thermochemical equili-
bration processes. Such information is also quite
important to understand the aerodynamic heating
on the wall with catalytic recombination of nitro-
gen and oxygen atoms.

In this work, the performance characteristics ex-
periments of an arc-heated wind tunnel of Depart-
ment of Aeronautics and Astronautics, Kyushu
University have been carried out. The experi-
ments are composed of measurements of stagna-
tion pressure, heat flux and electron temperature.
Furthermore, the spectra emitted from the arcjet
freestream and from a shock layer formed in front
of models have been measured and compared with
each other.

Experimental Facility

Experiments were conducted using a 20 kW arc-
heated wind tunnel. It consists of an arc heater,
test chamber connected with a vacuum cham-
ber, vacuum pumps and water-cooling system. A
schematic of the wind tunnel is shown in Fig. 1. It
has a cylindrical test chamber with a double wall,
100 cm in diameter and 100 cm long. Cooling wa-
ter flows inside the wall and can cool the entire
test chamber. A heat exchanger, whose diame-
ter and length are 60cm and 100 cm respectively,
is installed downstream of the test chamber. The
test gas heated by the arc heater is cooled by the
heat exchanger and led to the vacuum pumping
system, which is composed of an oil-sealed rotary
vacuum pump and mechanical booster pump. The
maximum pumping speed of this vacuum system
is 7,000m3/h, and the ambient pressure is main-
tained below 100 Pa during the operation. The arc
heater with a maximum power of 20kW is com-
posed of a 2% thoriated tungsten cathode, copper

146



Power Supply
DC 20kW

Test Chamber

Vacuum Chamber
with Heat Exchanger

"Heat Flux

i Vacuum
Syste System

Fig. 1 Schematic of the arc-heated wind tunnel

anode and cooling water system. The maximum
current supplied to the arc heater is 200 A. Figure
2 illustrates the arc heater.

Argon or nitrogen can be used as test gas, which
is heated by a DC arc discharge and then expands
into the test chamber through a conical type noz-
zle with a semi angle of 15°. The nozzle throat
and exit are 5mm and 100 mm in diameter, respec-
tively. In addition to argon and nitrogen arcjets, an
air arcjet can be generated. In the experiment of
air arcjet, nitrogen gas is injected first into the dis-
charge section along the cathode and heated by dis-
charge. Then, oxygen is seeded into the heated ni-
trogen plasma downstream of the cathode to avoid
oxidation of the cathode.

An N, 02

Cathode

Anode r

Fig. 2 Arc heater

Experimental Methods

Experiments were conducted to determine
plasma parameters such as stagnation pressure,
heat flux, electron temperature and enthalpy.

Stagnation pressure and heat flux were mea-
sured with a Pitot pressure probe and heat flux
probe, both of which have a hemisphere nose with
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Fig. 5 Catalysis test probe

a 20mm diameter. Both measurements were per-
formed 5mm downstream of the nozzle exit. A
probe used for the stagnation pressure measure-
ment has a 1.6-mm-diam orifice at the stagnation
point of the probe nose, as shown in Fig.3. The
stagnation region pressure expands through a cop-
per tube with an internal diameter of 6 mm. A
capacitance manometer connected with the Pitot
pressure probe tube detects pressure value. Pre-
liminary examination had been conducted before
stagnation test was done to check the time lag of
pressure propagation. The results indicate that
over 90% of the final value was attained in 10 sec-
onds and over 95% in a minute. Then, pressure
measurements have been conducted for a few min-
utes. Additionally, the ambient pressure inside the
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Fig. 6 Current-voltage characteristics (N3)

test chamber was measured using another capaci-
tance manometer.

Heat flux was measured using a gardon gauge
with a diameter of 4.75 mm mounted at the stag-
nation point of the probe nose, as shown in Fig. 4.
The transducer is a differential thermocouple mea-
suring the temperature difference between the cen-
ter and the circumference of a thin circular foil
disk.” The disk is bonded to a cylindrical heat sink.
The foil is made of constantan and the desk is cop-
per. These materials cause the output to be di-
rectly proportional to the absorbed heat flux. This
transducer can measure both radiative and convec-
tive heat flux. Transducer accuracy and repeata-
bility of this gauge are +2% and 1%, respectively.

Total stream enthalpy for a frozen arcjet flow can
be determined using heating-rate method.® The
relationship among heating rate ¢, probe nose ra-
dius R, stagnation pressure p and enthalpy at the
boundary-layer edge H is given by, for a fully cat-
alytic surface,

a(R/p)*® = KH (1)

where, K is a specific constant for atom. The
catalytic reaction-rate constants for most metals
are so large that the surface of copper probe used
for heat flux measurement can be assumed as fully
catalytic to atom recombination. Then, measured
heat flux and stagnation pressure were used to de-
termine the total stream enthalpy using Eq. (1).
Electron temperature was determined using the
electrostatic probe technique.® Measurements were
conducted 10mm downstream of the nozzle exit
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Fig. 7 Current-voltage characteristics (Air)

using a single plane Langmuir probe. Probe surface
was set in parallel with the stream. The probe
is composed of a 0.8-mm-diam tungsten wire and
alumina-ceramic tube as an insulator. The probe
was cooled with water.

Spectroscopic emission measurements within the
blunt-body shock layer were conducted to investi-
gate the catalytic effects on atom recombination.
Two kinds of test pieces were prepared as a cat-
alytic wall and a noncatalytic wall. The test pieces
are thin circular disks with a 10 mm diameter and
1.5 mm thickness. One of the test pieces is made of
stainless steel (18Ni-8Cr) which would be expected
as a fully catalytic wall. The other is made of
alumina ceramic (Al;O3) as a non-catalytic wall.
They were installed at the nose of models with a
cap made of silicon nitride (Si3sN4), as shown in
Fig.5. The model has a diameter of 20 mm. Mea-
surements were conducted in freestream and shock
layer of the model placed 80 mm downstream of
the nozzle exit using a spectrometer, which has
a grating with 1,800 grids/mm. Measured wave-
length region is from 340nm to 400nm. Catalytic
wall effects are discussed later concerning the dif-
ference of the spectra intensity between them.

Experimental Results

Discharge Characteristics

At the begining, the current-voltage characteris-
tics of the arc heater for nitrogen and air are shown
in Figs. 6 and 7, respectively. The arc voltage is in-
creased with the mass flow rate for both nitrogen
and air. The relations between mass flow rate and
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The results for air are shown in Fig.11.

Fig. 11 Stagnation heat flux for air

Figure 10 shows the measured stagnation heat
fluxes against input power for nitrogen.
heat fluxes are in the range from 45W/cm? to
190 W/cm?. It can be seen from this figure that
the heat flux proportionally increases with input
characteristics of the heat flux are very similar for

The total enthalpy was determined using a
heating-rate method.® Acquired enthalpies are 7.5 -

105 W/cm? to 165 W /cm?. It turned out that the
nitrogen and air.

In this case, the range of heat fluxes is from
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Fig. 10 Stagnation heat flux for nitrogen
Measured Pitot pressures are shown in Figs. 8
and 9. The Pitot pressure is increased with the

volume flow rate for both nitrogen and air.
800 Pa) for nitrogen and 3.8- 5.3 Torr (500 - 700 Pa)

the current-voltage characteristics was found to be
obtained Pitot pressures are 2.2-6.0Torr (300-
for air. On the other hand, the ambient pressures
are 0.15-0.53 Torr for nitrogen and 0.20- 0.32 Torr
for air throughout this measurements.

current-voltage characteristics for nitrogen and air
very well.

are very similar to each other.
Pitot Pressure Measurements
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TFig. 12 Total enthalpy of nitrogen arcjet

22 MJ/kg for nitrogen (Fig.12) and 13-19MJ/kg
for air (Fig. 13).

Electron Temperature Measurements

The electron temperature was determined for ni-
trogen arcjets. In Fig. 14 the electron temperature
vs input power for volume flow rate as a parame-
ter is depicted. The electron temperature increases
with the volume flow rate. The mean values are
about 4,600K, 5,500K and 6,200K for 20//min,
40 !/min and 60 !/min, respectively. Although dis-
persions are recognized somewhat, they are within
1,000K at most for a constant volume flow rate.

Spectroscopic Measurements

Spectra emitted from 80 mm downstream of the
nozzle exit were measured by three different ways
as mentioned below,

1. Arcjet freestream
(without model).

2. Shock layer of a fully catalytic wall
(stainless steel model).

3. Shock layer of a non-catalytic wall
(alumina ceramic model).

Schematic of the experimental arrangement for
spectroscopic measurements is shown in Fig. 15.
Emission spectra from 1 mm upstream of the model
surface were measured. Acquired spectra are illus-
trated in Figs.16 and 17 for nitrogen and air, re-
spectively. In this region, molecular spectra of ni-
trogen known as first negative system N (1-) were
dominant and identified easily, meanwhile atomic
spectra of nitrogen NI were identified only in the
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Fig. 13 Total enthalpy of air arcjet

result of nitrogen arcjet freestream. The wave-
lengths of the spectra measured here were iden-
tified by help of Refs. 6 and 10.

In these figures, the spectral intensity measured
for the stainless steel model is stronger than that
for the alumina ceramic model throughout this re-
gion. This implies that the intensity of the molecu-
lar spectra of nitrogen, which are dominant in this
region, got stronger and this is because the num-
ber density of the nitrogen molecule had increased
more largely in the shock layer of the stainless steel
model than the alumina ceramic model. Further-
more, as a reason for an increase in number den-
sity of the molecule, it is predicted that the cataly-
sis of the stainless steel surface would promote the
atomic recombination reaction.

Then, another measurement was conducted for
argon arcjet to confirm whether the stainless steel
surface would effect on atomic recombination re-
action. Argon gas is a monatomic gas so it is im-
posible for argon atom to recombine. Therefore,
it is expected that the spectral intensities would
be identical between the stainless steel and alu-
mina ceramic. If the intensity for stainless steel
is stronger than that for alumina ceramic even in
the result for argon arcjet, the cause of the phe-
nomenon shown in the results for nitrogen and
air arcjets might be another thing other than the
catalysis of the stainless steel surface. However, if
there is no difference in the intensities for stain-
less steel and alumina ceramic for argon arcjet, it
would be likely that the cause of the phenomenon
mentioned above is derived from the catalysis of
the stainless steel surface.

The result for argon arcjet is indicated in Fig. 18.
In this figure, any remarkable differences are not
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Fig. 14 Electron temperature of nitrogen arcjet

observed. On the contrary, the intensity for the
stainless steel model is slightly weaker than that
for alumina ceramic model. This result shows the
high possibility of the existence of the catalitic wall
effects.

In addition, the heating rates of the test pieces
were determined using the temperature change
measured with a thermocouple attached to behind
of the test pieces in previous work.!! It is reported
that the heating rate for the stainless steel was 38%
larger than that for the alumina ceramic for air ar-
cjet, while the heating rate for argon arcjet was
almust the same for both the two pieces.

Considering the above-mentioned, the existence
of the catalytic wall effects can be confirmed.

Discussion

Figure 19 shows the conditions during the atmo-
spheric entry of the space transportation systems
in the relation between maximum pressure and
maximum aerodynamic heating rate. In this fig-
ure, the range of heat flux acquired in the present
work is also indicated.

These heat flux results sufficiently meet most
of the maximum aerodynamic heating conditions
shown in the figure. On the other hand, con-
cernig the pressure level, the figure indicates that
the maximum pressure conditions from 1kPa to
100kPa are needed for atmospheric entry simu-
lation. In the present work, the obtained pres-
sure level was around 1kPa (slightly smaller than
1kPa) and thus the present arc-heated wind tunnel
is expected to be useful for the heat load exami-
nation of the thermal protection materials at least
for the condition during the atmospheric entry of
the Japanese space transportation system (HOPE
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Fig. 15 Schematic of the experimental
arrangement for spectroscopic measurements

in the figure). However, to apply this arc-heated
wind tunnel to the other conditions, further efforts
to increase the stagnation pressure are needed.

Conclusion

In order to investigate the performance charac-
teristics of an arc-heated wind tunnel, a series of
experiments was conducted for working gases of
nitrogen and air.

It turned out that the characteristics of the ni-
torgen arcjet and air arcjet are quite similar to each
other throughout entire measurements.

In addition, the existence of the catalytic wall ef-
fects was confirmed. It would be useful for further
research of catalysis in future.

The main performance characteristics of the
wind tunnel obtained in the present work are sum-
marized as follows:

1. The Pitot pressures were 2.2-6.0 Torr for ni-
trogen and 3.8- 5.3 Torr for air.

2. The maximum heat fluxes were 190 W /cm?
at the input power of 18 kW for nitrogen and
165 W /cm? at the input power of 18.6 kW for
air.

3. The maximum enthalpies were 22MJ/kg at
the input power of 17.4kW for nitrogen and
19MJ/kg at the input power of 18.6kW for
air.

4. The electron temperatures were about from
4,600K to 6,200 K for nitrogen arcjet.
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