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Arcjet Thruster Development

Universitdt Stuttgart, Stuttgart D-70550, Germany

For several years an intensive program has been in progress at the University of Stuttgart to investigate
and develop thermal arcjets for propellants including ammonia, nitrogen - hydrogen mixtures simulating
hydrazine, and hydrogen. Since hydrogen yields the highest specific impulse I, and best efficiencies 7,
special emphasis was placed on this propellant. Arcjet power levels between 0.7-150 kW have been
studied, including water- and radiation-cooled laboratory models and flight hardware. Results yielded a
maximal attainable I,, as a function of the design and power level and showed that increasing power
increased I,,. Radiation-cooled arcjets show better 7 and I, than water-cooled devices, but raise technical
problems because of the high temperatures of the thrusters, which require the use of special refractory
materials. Proper arcjet optimization was done with a thorough thermal analysis, including the propellant
flow. A further improvement of these thrusters was reached by regenerative cooling and by optimizing
the constrictor contour. The constrictor flow is modeled by a three-channel model, the results of which
are compared with experimental data. A new two-dimensional computational fluid dynamics (CFD) ap-
proach for hydrogen arcjet thrusters is presented. In 1996 a 0.7-kW ammonia arcjet is scheduled for a
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flight on the P3-D AMSAT satellite.

Introduction

T HE potential availability of high electric power supplies
in space resulting from large solar arrays or nuclear re-
actors, resulted in renewed interest in the thermal arcjet thrust-
ers. This is a relatively simple device in which the propellant
is heated directly by an electric arc and expanded through a
supersonic de Laval nozzle to convert the thermal energy to
kinetic energy to create thrust. Most arcjets are of the constric-
tor type, consisting of a coaxial electrode system, with the
nozzle also functioning as the anode. The arc burns through
the cylindrical nozzle throat (constrictor). With a given pro-
pellant and power level the constrictor determines the behavior
and properties of the arcjet.

After an intense development period in the early 1960s in
the U.S. and Europe,' arcjet thruster development stopped
nearly worldwide for almost 20 years. Work on thermal arcjet
thrusters resumed about 10 years ago in the U.S., Japan, and
Europe. The first space applications of arcjet thrusters, for both
secondary and primary propulsion, are forthcoming: Ameri-
can 1-2-kW hydrazine arcjets are in use for north—south sta-
tion keeping (NSSK) on several spacecraft,” and for primary
propulsion a small ammonia arcjet (0.7 kW power), ATOS,
built by the Institut fiir Raumfahrtsysteme (IRS), University
of Stuttgart, will be installed on the radio amateur satellite
AMSAT P3-D,* which will be launched in late 1996. In the
U.S. an Air Force space demonstration, ESEX, will fly a 26-
kW ammonia arcjet thruster.* Future applications include orbit
raising, repositioning and maneuvering, and drag compensa-
tion of large satellites and space stations.
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In Germany, in 1986, the IRS of the University of Stuttgart
started the development of thermal arcjet thrusters as part of
its electric propulsion program. This article describes these ef-
forts and is arranged in two main parts: analysis and experi-
ments, including the status of the hardware. The experimental
section again is structured according to the power classes of
the investigated arcjet thrusters, ranging from 0.7 kW to.more
than 100 kW, and involving different propellants.

Analysis
Three-Channel Model

In a properly working arcjet device, the arc extends as a
column through the constrictor, surrounded by a cold gas man-
tle, and attaches at the diverging, supersonic part of the nozzle.
The cold gas layer protects the nozzle throat from the heat
load of the hot plasma and is heated by conduction, convec-
tion, and radiation. The performance of the arcjet is determined
mainly by the constrictor flow. Since the arc attaches to the
anode on the diverging part, the ohmic heat input within the
expanding nozzle is neglected, and here the flow is assumed
to be frozen downstream of the constrictor.

According to the three-channel model (TCM),” the flow
within the constrictor is divided into three zones (Fig. 1),
which are separated by constant temperature lines:

1) The hot, current conducting arc column is characterized
by ohmic heating, heat conduction, and radiation loss. Since
the constrictor pressure is of the order of 1 bar, it is assumed
that 7, = T; and the energy equation reduces to the well-known
Heller—Elenbaas equation.®

constrictor wall
(+)

cold gas T.

Veo

<0 arre)
™ 2 transition channel
Ta

arc core

Fig. 1 Schematic of the constrictor region for the TCM.
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2) The transition region surrounds the arc channel. It is not
current conducting and this region is dominated by dissociation
processes. The boundary between these two zones is set to
7000 K. The energy equation for this region is reduced to the
heat transport equation under the assumption that radial veloc-
ities are small compared to axial ones. The radial heat flux is
conducted completely into the cold gas layer.

3) The cold gas zone surrounds the transition zone. The
uniform temperature is set to the assumed uniform wall tem-
perature along the constrictor and forms the boundary to the
transition zone. It is assumed that most of the cold gas is un-
affected by the arc column, the radial heat flux emanating from
the transition zone is deposited in the axial flowing cold gas
in a 'small layer around this zone and convected downstream,
thus enlarging the transition zone and reducing the cold gas
mantle. This model is based on a dual-channel model.” The
TCM does not need any experimental boundary values except
the arc chamber pressure, which has been measured in the
water-cooled model described later.

Table 1 shows a comparison of measured and calculated
values for a water-cooled thruster. The calculated arc bound-
aries and mass fractions for a single operating point are pre-
sented in Figs. 2 and 3. The calculation shows that the arc core
takes only a fraction of the constrictor cross area, which is
confirmed by measurements,® and at the end of the constrictor
about 60% of the propellant is not affected by heating.

Radiation-cooled thrusters require additional assumptions

because of the difficulty of accurate arc chamber pressure

Table 1 Comparison of measured and calculated data for the
water-cooled arcjet

Mass flow rates *+1%, mg/s 100 100 200 200
Current =0.5%, A 50.9 151.1 52.5 128.4
Chamber pressure *1%, mbar 892 1227 1384 1668
Thrust

Measured *1%, mN 630 838 882 1165
Calculated, mN 677 897 1079 1260
Discrepancy, mN 47 59 197 95
Voltage

Measured £0.5%, V 163.1 142.2 201.4 175.1
Calculated, V 117.0 105.3 155.3 129.3
Discrepancy, V 46.1 36.9 46.1 45.8
T 1.25
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Fig. 2 Boundary of the arc channels.
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Fig. 3 Mass fraction distribution in the constrictor.
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Fig. 4 Velocity profile at the nozzle exit plane with cold hydrogen
gas flow.

measurements. Assuming a pressure equal to that in the cold
wall thruster and a wall temperature of ~1000 K, the cold gas
channel disappears. With this assumption a fairly good corre-
lation with the measured values could still be achieved, the
deviations lying in the same range as with cold walls.?

Detailed Flow Calculations

To overcome the restrictions of the semianalytical TCM, the
flowfield of an arcjet is calculated in a detailed CFD code.’
The actual arcjet flowfield is a three-dimensional viscous re-
acting turbulent gas flow in a transonic velocity regime with
high enthalpy and a current discharge in the gas. For the nu-
merical analysis it is idealized as an axisymmetric laminar vis-
cous reacting gas flow with an electric arc. The effects of cur-
rent discharge and chemical reactions are taken into account
by energy source terms resulting from ohmic heating and heat
of reaction. For the calculation, the chemistry module, the cur-
rent discharge code, and the flow field code were combined to
determine the flowfield, the chemical composition, and the cur-
rent density in the gas. These codes are coupled in the follow-
ing manner: for a given flowfield the chemical composition is
determined. These results are used to calculate the current den-
sity. The process is repeated until convergence. The flowfield
is discretized with a structured curvilinear mesh with increased
line concentration at the boundary walls. Figure 4 shows the
axial velocity profile of the cold gas flow with a mass flow
rate of 100 mg/s hydrogen at the nozzle exit plane. Peak ve-
locities of almost 2800 m/s were calculated, resulting in an
effective exit velocity of 2520 m/s. In contrast to other work
performed in the U.S." and Japan," the flowfield was discre-
tized including a region beyond the nozzle exit to compare the
numerical results with experimental data taken there.

Experimental Investigations

Arcjets have been tested at power levels from 0.7 to 150
kW. They are tested in different test stands, all equipped with
roots pump systems, providing an ambient pressure of ~0.5—
10 Pa, depending on the mass flow. All thrusters have a similar
starting procedure: A low mass flow rate is set and the current
controlled power supply is set to a low current level. Then the
discharge is ignited using either the open-circuit voltage of the
power supply or by a separate ignition device. The breakdown
voltage is typically 1000 V. After ignition the desired operation
point is set. Each tank is equipped with a thrust balance of the

. pendulum type (one arm or parallelogram pendulum), the ac-

curacy of which is better than 1%. If thrust is measured, the
thrust balance is calibrated before and after each test. Other
measured performance parameters include arc voltage and cur-
rent (accuracy *+0.5%), mass flow rate, ambient tank pressure,
feed line pressure (to monitor changes in thruster behavior),
surface temperature distribution, and heat loads to the cooling
water, where applicable. The mass flow rates, controlled by
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commercial mass flow controllers, are checked during the ex-
periments by high precision weight balances. The accuracy of
these measurements is better than 1%. This yields an accuracy
of £1.5% for the I, and +2.5% for the efficiency.

The test series showed two trends:

1) Radiation-cooled thrusters generally have a better perfor-
mance (I, and 7)) than water-cooled ones, as a result of energy
recovery from the hot thruster housing to the propellant. Fur-
ther improvements could be obtained with regenerative cooling
using hydrogen propellant.

2) Maximal performance data are a function of the geomet-
ric size of the devices: The Reynolds numbers affect the vis-
cous and heat transfer losses, and so larger geometries show
better performance.

1-2-kW Hydrazine Arcjet Thruster

A collaborative program with industry to develop and build
a 1-2-kW arcjet thruster using hydrazine as propellant was
started in 1990." Detailed mission analysis revealed good
prospects for the application of a 1-kW system for position
acquisition of low and medium Earth orbit satellites, and so
the project has been focused to this power level.

For the project the IRS is responsible for the arcjet thruster
design and development, including arcjet thruster performance
and lifetime qualification, and numerical analysis and plasma
diagnostics. The industrial partner is providing the design and
development of the hydrazine catalyst bed, power supply unit,
and tests of the combined system with hydrazine." ‘

The arcjet thruster system requirements are defined as life-
time, >1000 h; operation cycles, >1000; mass flow, 30—15 mg/
s (controlled and regulated); mission average I, >500 s; input
power to PCU, 1.0 kW; and total impulse, >400,000 Ns.

Engineering models of the arcjet thruster components and
the catalyst bed have been built and tested. The first hot firing
tests with the actual system level unit depicted in Fig. 5 were
foreseen for June 1996.

Power
Connector

Propellant
Feed Line

Flow

Control

Valve Hydrazine Mounting
Decomposer Bracket

Fig. 5 \Hydrazine arcjet thruster with catalyst bed.
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Fig. 6 Spéciﬁc impulse vs specific power at 1.5 kW for simulated
hydrazine. Constrictor diameter for nozzle 1: 0.6 mm and nozzle
2: 0.8 mm.

Tests to evaluate the optimum nozzle configuration were
performed with a separate arcjet thruster using 1:2 (mole ratio)
nitrogen—hydrogen mixtures. Figure 6 shows (at a constant
power level of 1.5 kW) the dominant influence of the constric-
tor diameter compared to the performance changes coming
from the cathode gap variation. The I, exceeds 600 s at a
specific input power of 50 Ml/kg.

Low-Power Hydrogen Arcjets

In 1992 a program was initiated to investigate hydrogen
arcjet thruster performance between 1.5-—10 kW." For the low-
power region, a modified hydrazine laboratory thruster was
used with different nozzle geometries and cathode configura-
tions. It is a modular thruster, which is easy to disassemble.
The nozzle (anode) and the cathode are made of thoriated
tungsten, the housing out of a molybdenum alloy, and the in-
sulator of boron nimride and the seals of graphite foil.

Test runs with this thruster were conducted with mass flow
rates between 8—25 mg/s at power levels of 1.0—2.0 kW. With
a constrictor diameter of 0.6 mm, the I, reached 950 s at
specific power above 120 MJ/kg for a constant input power of
1.5 kW (Fig. 7a). The thrust efficiency 7 vs I, (Fig. 7b) shows
relatively high values of more than 45% up to 900 s, but for
higher I, 7 drops dramatically and the thruster operation
showed incipient instabilities, indicating that the operation lim-
its for this configuration had been reached.

With a larger constrictor diameter of 0.8 mm, the measured
I, was lower and the operational behavior more unstable than
with the 0.6-mm constrictor. The variation of the cathode gap
within useful limits showed only a minor influence in all cases.

750-W Ammonia Arcjet Thruster

In its series of successful launches and operations of small
experimental satellites of the OSCAR series (orbiting satellites
carrying amateur radio), the international amateur radio orga-
nization AMSAT will launch their P3-D satellite on the second
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Fig. 7 Low-power hydrogen arcjet thruster at 1.5 kW (constric-
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fluence of the electrode configuration on the performance and b)
thrust efficiency vs specific impulse.
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ARIANE 5 launch in late 1996. The satellite will have a mass
of about 400 kg and will be launched in a highly elliptical 16-
h orbit with a 220-deg argument of the perigee and an incli-
nation of 63.4 deg to eliminate any drift of the argument of
the perigee. This orbit will allow the use of the satellite as a
transponder for amateur radio satellite broadcasting from
regions with high amateur radio density. 650 W of electrical
power will be initally available through its solar arrays.

The need to control the orbit inclination and the orbit period
within small tolerances for the expected lifetime of the satellite
(4-5 years) made the satellite designers consider thermal
arcjet thrusters for this purpose.’ The decision was based on
the low thrust levels required and the high fuel efficiency of
an arcjet thruster system because of its high /,,. Ammonia was
chosen as arcjet propellant to avoid the ground-handling pre-
cautions arising from the use of hydrazine. The average elec-
tric power available for the arcjet thruster system including all
subsystems will be 820 W, the duration for which this power
is available depends on the charging status of the spacecraft
batteries."

The thruster was dubbed ATOS (arcjet thruster on OSCAR
satellite). It is a down-scaled version of the hydrazine arcjet
engineering prototype, specially fitted for this purpose. The
foreseen lifetime is a total of about 600 h, dictated by the
propellant mass flow rate and the propellant mass available on
the satellite. Burns lasting 40—-60 min are scheduled every
third or fourth day. Two lifetime tests have been performed to
qualify and evaluate the design. The first one, lasting 670 h,
revealed problems with constrictor closure'® and nozzle throat
erosion and necessitated some redesigning of the flight version.
The problems were overcome by lowering the anode temper-
ature, as proved by a second, 1010-h lifetest."* This leaves the
thruster design with a comfortable 167% margin of demon-
strated lifetime with regard to the 600-h operation limit on the
satellite. The thruster was still operational and in good working
condition after this test, which was terminated because addi-
tional tests were scheduled with the same thruster. The test
results are ATOS flight version data, averaged from 1010 cycle
test: arc current, 7.7 A; arc voltage, 97.1 V; electric power
input to arcjet, 748 W; power supply efficiency, 93%; mass
flow rate, 24 mg/s; thrust, 114 mN; thrust efficiency, 36.2%;
specific impulse, 480 s; power supply mass, 2.5 kg; and
thruster mass, 480 g. The arcjet input power consumption (the
power control unit is current regulated) increased during these
1010 h by about 20% (Fig. 8), indicating that the arcjet system
will have to rely on the spacecraft batteries, which essentially
limit the length of the arcjet operation.

The lifetime qualification tests of the prototype thruster were
also used to qualify most of the other system components. The
valves and the ammonia evaporator were purchased already
space-qualified through their use in various ammonia resistojet
applications on the Meteor spacecraft series.’® Thermal mass
flow controllers (TMFC) are used to guarantee a constant mass
flow rate to the arcjet thruster,’ because the feed line pressure
will vary with tank temperature. A contingency feed line with
a second, redundant TMFC is used because these devices have
not been used in space before, and a malfunction of the TMFC
would render the arcjet thruster system useless. The TMFCs
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Fig. 8 Power consumption of ATOS during lifetime test.

work properly only with gaseous ammonia, thus, an electri-
cally heated ammonia vaporizer is included in the system. This
vaporizer consumes up to 30 W. The flight thruster was built
and delivered, along with the other system hardware, to the
AMSAT organization in March 1995, final system integration
took place in January 1996.

Medium Power Hydrogen Arcjets

Performance Experiments

Hydrogen arcjets in the power range of 5-25 kW with dif-
ferent cooling systems were evaluated starting with a water-
cooled baseline thruster (TT1) with a segmented nozzle."” It
was compared to the radiation-cooled MARC-1 thruster (me-
dium power arcjet-1). Its design is similar to the low-power
hydrazine laboratory model described earlier, but scaled up.
The nozzle geometry is the same as that of the water-cooled
TT1 to allow a direct comparison. The constrictor diameter is
2.5 mm and thé length is 5 mm, the expansion half-angle is
17.5 deg and the area ratio is 1:100. .

In Fig. 9 the 1 and I, of both thrusters are compared. The
performance of the radiation-cooled thruster is better in both
parameters: the 7 is doubled, from ~20 to 40%, and the max-
imum I, is raised by ~30%. The gain in performance is a
result of the better coupling of the discharge energy to the
propellant by its contact with the hot thruster structure. This
thermal coupling was proven by a thermal analysis of the ra-
diation-cooled thruster'® by means of a finite element code,'
considering unsteady heat conduction, radiation, and convec-
tion with nonlinear material properties. For the calculation, the
heat load distribution into the anode and cathode was taken
from the experimental data, which were determined by thermal
measurements of the segmented TT1 thruster.

The thermal modeling of the radiation-cooled thruster was
validated by measuring the temperatures of the thruster at three
points, one on the anode and two on the housing. As shown
in Fig. 10, measured and calculated temperatures agreed well.
The temperature on the anode was measured by pyrometer
(*0.1%) at given emittance, and the other two points by ther-
mocouple (*3 K). Because the holding bracket, which con-
ducts heat to the thrust balance, was not included in this anal-
ysis, the temperatures at measurement points T1 and T2 on
the housing deviated slightly with time (Fig. 10). The results
showed that for the radiation-cooled thruster an additional
~1.2 kW (12% of the input energy) was transferred to the
propellant at a total power input of 10 kW.

The good results with radiation-cooled designs anticipated
even better performance with regeneratively cooled nozzles. In
a new test series, different nozzles inserts for the medium
power arcjet series MARC were compared (Fig. 11).*° Since
the power level was reduced to a maximum of 10 kW, the
baseline thruster was revised and the constrictor diameter was
reduced to 1.5 mm. MARC-2 represents the purely radiation-
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Fig. 9 Performance comparison between water- and radiation-
cooled medium-power arcjet thrusters.
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Fig. 10 Measured and calculated temperatures at three surface
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Fig. 11 Propellant flow path for three MARC nozzle inserts.

cooled case. In the MARC-3 thruster the nozzle was regen-
eratively cooled by directing the propellant flow to the nozzle
throat by means of tungsten inserts, also preserving the same
propellant injection position and angle. In the MARC-4 ver-
sion these metal inserts were partly replaced by a ceramic in-
sert to create a thermal barrier and the propellant flow path
was modified to minimize the convective heat flux to the rear
and outer structure. Additionally, the constrictor shape was al-
tered by introducing a slightly divergent constrictor zone with
an initial expansion ratio of 1:3, followed by the divergent
nozzle with an overall area ratio of 500. It was expected that
the so-called dual-cone constrictor would gain higher efficien-
cies by recovering part of the frozen flow losses.”" Figure 12
shows the cooling effect of the regenerative propellant: for the
same power and mass flow rate the anode temperature is low-
ered by more than 250°C and the surface temperature distri-
bution shows significant lower values.

In Fig. 13 the performance data are compared. The regen-
erative cooling of MARC-3 increased the I, and 7 by only
~3%, but with the MARC-4 a further improvement in 7 of
4—-6% could be obtained and 38% at the maximum I, (1200
s at specific energies of ~180 MJ/kg). The regenerative cool-
ing combined with an optimized constrictor shape offers a
great potential to increase hydrogen arcjet performance.

Nozzle Throat Diagnostics

Arcjet optimization benefits from an improved understand-
ing of the constrictor and nozzle flowfields. The water-cooled
thruster TT1 was rebuilt to permit optical access into the dis-

charge (Fig. 14). This arcjet consists of stacked water-cooled
copper segments, in which the constrictor segment has a hole
bored radially through it, giving an optical access to the con-
strictor as well as enabling pressure measurements in the con-
strictor. A video camera with microchannel plate intensifier,
enabling an exposure time down to 5 ns, was equipped with a
magnifying optic and with narrow-band spectral filters.®
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Fig. 12 Comparison of the temperature distribution along the
anode axis for MARC-2 and MARC-3 at 5 kW.
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Fig. 13 Thrust efficiency vs specific impulse for the three MARC
nozzle inserts.
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Fig. 15 Arc in the constrictor with the geometric dimensions.

14000 t T

E‘ — z=2.05 mm
= 12000 + - z=2.37 mm
9 — 7=2.74 MM
2 = 723,10

® 10000 | | =
2 I error bar

£ 80001 .
current = 50 A

m = 100 mg/s
6000 — t t
0 0.2 0.4 0.6 0.8
a) Radius [mm]
14000 T T T ;

¥ 13000

o

p=]

8 12000+

@

E 10000} | ]
= \

14000 i . : =
2 225 25 275 3 325

b) Distance from the cathode tip [mm)]

Fig. 16 Temperature distribution in the arc column: a) radial
and b) axial distributions of the electron temperature.

Figure 15 shows a typical picture of the arc column. As
predicted by the TCM model, the arc does not fill the constric-
tor. The intensity distribution across the arc was used to cal-
culate the electron temperature distribution, using the contin-
uum emission of the plasma and the Saha equation to calculate
the particle densities. Some results are shown for the 50 A and
100 mg/s operation point in Fig. 16a (radial distribution) and
Fig. 16b (axial distribution). The electron temperature de-
creases and the temperature profiles broaden downstream. Un-
der the assumption of local thermal equilibrium the atomic
excitation temperature of hydrogen atoms can be derived from
the intensity ratio of the H, and H, line. The electron and the
excitation temperatures coincide well in the arc column center,
but deviate at the arc column boundary.® This is an indication
that the LTE assumption is no longer valid in this region and
corona conditions prevail over the Saha conditon.

High-Power Hydrogen Thermal Arcjets

The development of high-power arcjets at the University of
Stuttgart began in 1988 with the goal of studying hydrogen
arcjets at power levels near 100 kW to serve as electrical loads
for 100-kW class space nuclear reactors such as the SP-100.2
It was also of interest to find out whether such high-power
devices would perform better than smaller thrusters. A water-
cooled thruster was built and tested first (Fig. 17a), followed
by a radiation-cooled device (Fig. 17b).

Water-Cooled Arcjet Thruster

The water-cooled HIPARC (high power arcjet thruster) con-
sisted of a stack of four individually water-cooled anode seg-
ments, which together formed a conical nozzle with a half-
angle of 20 deg (Fig. 17a). The current input could be
measured individually for every anode segment. The nozzle
throat diameter could be varied from 2.5 to 6 mm by changing
the constrictor segment. The injection angle of the propellant
into the arc chamber could be varied through different inserts.
This work showed that at this power level tangential injection
for a swirl stabilization of the arc has no influence on the
thruster performance and behavior. With this thruster and the
6-mm-diam constrictor, a maximum input power of 140 kW
could be achieved, and the best performance in operation was
observed at a mass flow rate of 200 mg/s and an input power
of 100 kW. A thrust value of 3 N led to an 7, of 1500 s at an
7 of 22%.%

Radiation-Cooled Thruster HIPARC-R

Based on the experience gained with the water-cooled
thruster, a radiation-cooled 100-kW arcjet device HIPARC-R
was designed and built. The design of the cathode/arc cham-
ber/nozzle section was almost identical to the water-cooled
thruster with a nozzle throat diameter of 4 mm and a constric-
tor length-to-diameter ratio of 1. The expansion ratio of the
nozzle is 225 compared with 256 with the water-cooled device.

A striking feature of HIPARC-R is the big nozzle body,
which is fixed to the thruster housing by six pairs of molyb-
denum alloy brackets (Fig. 17b). These brackets ensure that
the necessary force is exerted on the graphite sealing between
nozzle body and thruster housing. This solution was selected
for cost- and mass-saving reasons. Cathode and anode are elec-
trically isolated by parts made of boron nitride and a glass
ceramic material, respectively.

The thruster was operated with hydrogen mass flow rates
ranging from 150 to 300 mg/s. The 100-kW power level could
be reached in a steady-state mode with all of these mass flow
rates, yielding a specific input power range at 100 kW between
330-670 MJ/kg. As the specific impulse varies almost directly
with the specific input power, the best I, was obtained at the
lowest mass flow rate. At 143 mg/s and ~115 kW of input
power, a specific impulse of more than 2000 s was measured
with a specific power of more than 700 MJ/kg (Fig. 18) and
an 75 of 29%.** Temperature data taken using a linear pyrom-
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Fig. 17 Cathode/nozzle section: a) water-cooled HIPARC and b)
radiation-cooled HIPARC-R.
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Fig. 18 Specific impulse vs specific input power for the radiation-
cooled (R) and the water-cooled (W) thruster, 4-mm constrictor
diameter.

eter show maximum temperatures of the uncoated anode of
about 2200 K at a steady-state input power of 100 kW.

The improved performance of the radiation-cooled thruster
as compared to the water-cooled device resulted from the
higher specific input power P/m achieved with the radiation-
cooled thruster. The specific power of the water-cooled thruster
was limited by cooling problems of the constrictor, whereas
the radiation-cooled thruster could sustain higher heat loads.
This advantage of the radiation-cooled thruster is also shown
in Fig. 18, which compares data obtained at mass flow rates
of 200 and 300 mg/s with the water-cooled and radiation-
cooled thrusters.

Summary

Arcjet thruster studies at the IRS of the University of Stutt-
gart cover the entire thruster input power range from 700 to
over 100 kW with the aim of improving arcjet technology. All
hardware work is guided by a combination of thermal and
flowfield analyses ranging from the relatively simple TCM to
detailed numerical studies. Major achievements to date include
the following:

1) Design and flight qualification of a 700-W ammonia
thruster to fly on the AMSAT P3-D satellite in late 1996.

2) Evaluation of 1-kW hydrazine thruster systems with an
industrial partner. An engineering model is undergoing testing.

3) Demonstration of performance ‘improvements using re-
generative cooling on 5- to 10-kW hydrogen arcjets.

4) Successful operation of 100-kW class hydrogen arcjets
with both water- and radiation-cooled anodes at specific pow-
ers greater than 700 MJ/kg with I, greater than 2000 s.

The combined theoretical and experimental results have
demonstrated the ability to reliably predict the impact of
thruster design details (geometry and materials) and operating
conditions. )
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