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Abstract

The laboratory-model radiation-cooled arcjet
thruster RAT-VII was operated in electric powers
below 1 kW with a mixture of hydrogen and nitrogen
simulating hydrazine at mass flow rates of 20-50 mg/s
in order to examine thruster performance and thermal
characteristics around 500 W, although the arcjet
geometry had already been designed for 1 kW class
operation. In large mass flow rates above 35 mg/s,
the thrusts and thrust efficiencies were above 110 mN
and 34 %, respectively, although the specific impulses
were below 390 sec. The thruster performance
evaluated was higher even at 500 W than those for
monopropellant hydrazine thrusters. Furthermore,
unsteady thermal analysis of thruster body was made.
The temperature distributions calculated for the RAT-
VII body with room-temperature propellant injection
showed that the body temperatures at 1000 W rapidly
increased just after the arc ignition and approached
some values around 1000 K after about 30 min.
However, in a low power of 500 W, a longer time was
spent on achievement of a thermal steady-state
condition with lower body temperatures. The time
up to a thermal steady-state operation at 500 W was
shorter with the 70%-downsize thruster or with high-
temperature propellant injection.

Introduction

The present research program has focused on the
development of a low power radiation-cooled arcjet
thruster to replace the monopropellant hydrazine
thruster presently used for north-south stationkeeping
of geosynchronous satellites.'  This program has

*  Graduate Student, Osaka University.

** Research Associate, Osaka University.

+ Associate Professor, Area of Aerospace
Engineering, Graduate School of Engineering Science,
Osaka University.

++ Professor, Osaka University.

# Manager, IHI.

Copyright © 1999 by the Japan Society for
Acronautical and Space Sciences. All rights reserved.

been largely successful in demonstrating that the
arcjet can be operated with a hydrogen/nitrogen
mixture gas at the power levels available on satellites
currently in use. The performance characteristics
showed that the specific impulse was 450-550 sec, the
thrust efficiency 30-45 % and the ratio of thrust to
power 150-200 mN/kW at the input power range
around 1 kW. The obtained performance level is
expected to offer significant mass or extended satellite
life benefit.

Recently, research and development of small or
micro satellites are in progress. Although they have
significant benefit on weight in launching into space,
electric powers for onboard systems are limited.
Low power electric thrusters below 1 kW are useful
for near-future highly-functional low-power satellites.

In the present study, the experimental radiation-
cooled arcjet thruster RAT-VII is investigated to
examine thruster performance and thermal
characteristics around 500 W, although the electrode
geometry has already been designed optimally for 1
kW class operation.

In general, lowering electric power causes a
decrease in thrust, and it could not be accepted as
arcjet thrusters for practical use. In the present
study, it is compensated by increasing propellant mass
flow rate although the specific impulses may
decrease. In lowering power, there may be a
significant problem for thermal characteristics of
arcjet thrusters, particularly in the thermally-transient
process from a cold body condition at the arc ignition
to a thermal steady-state one. A decrease in electric
power causes a longer thermally-transient time and a
lower thrust performance due to a lower body
temperature. In this study, downsizing of the arcjet
body and feed of a high-temperature propellant to the
thruster are examined to overcome them.

The arcjet thruster is operated in electric powers
of 400-800 W with a mixture of hydrogen and
nitrogen simulating hydrazine at mass flow rates of
20-50 mg/s.

Experimental Apparatus
section of the

The cross laboratory-model

221



Cathode
Holder(Mo)

30
Carbon Frange Ring
I Propellant

Gasket l iniet (Mo) (Inconel)
| I ] 1 | | | | J
160 140 120 100 80 60 40 20 0 (mm)
Propellant flowpass = ----cc-a--.
Fig.1 Cross section of radiation-cooled arcjet

thruster RAT-VIIL.

ﬂpmwe\ﬂw_mg&

&7  Gauge

Fig.2 Experimental system with arcjet thruster
installed in vacuum tank.

Propellant ——>=| Flow Meter !

radiation-cooled arcjet thruster RAT-VII is shown in
Fig.1. The cathode 2 mm in diameter, made of
thoriated tungsten, has a conical angle 60 deg and a
spherical tip 0.5 mm in radius. The tungsten anode
with a constrictor 0.5 mm in diameter x 0.6 mm in
length serves as an expansion nozzle with a conical
convergent section 45 deg in half angle and a conical
divergent section 30 deg in half angle. The
expansion area ratio is 614. The electrode gap (the
minimum axial distance between the cathode tip and
the constrictor inlet) is set to 0.1 mm.

Propellant is introduced from a propellant inlet on
the outer wall of the molybdenum body through a
swirl passage on the inner wall and injected from the
end of the cathode to the small arc chamber through
the slits around the cathode rod. Thus, swirl flow is
created for propellant gas injection. Vortex
stabilization is expected to have some effects on
steady-state arc stability and thrust performance.’
Furthermore, the long propellant passage is permitted
efficient regenerative cooling by the gas flow.

A mixture of hydrogen and nitrogen at a mixture
ratio of 2:1 by volume is used as propellant,
simulating hydrazine decomposition products. The
pure gases are stored in high-pressure bottles, then
metered separately and mixed in the propellant feed
line upstream of the thruster. The mixture enters the
thruster at room temperature. Commercially-
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available thermal-conductivity-type mass flow
controllers are used. The controllers were calibrated
periodically using a volumetric method.

Power is supplied to the thruster from a 50 kHz
pulse width modulated current regulated converter,
which has potentials of high response and stable
operation against current fluctuation. - The power
supply system is capable of delivering up to 150 Vdc
and 20 A to the thruster. Starting is facilitated by a
built-in high-voltage circuit capable of providing a 2
kV pulse with 20 microseconds pulse width once
every 160 milliseconds until breakdown occurs.

All tests involving thrust measurements are
performed in a cylindrical vacuum tank 1.2 m in
diameter and 2 m long, as shown in Fig.2. The
ambient background pressure was between 5 and 20
Pa for all performance tests. Thrust correction is
made in the range of the above background pressure.
The thruster RAT-VII is mounted on a thrust stand in
a horizontal orientation.

The thrust is determined by measuring with a
load-cell a lo:. a deflection of the water-
cooled cantilevered i .-sw beam which supports the
thruster. The tempe::ture at the location of the load
cell is kept below 30-; K during all tests. Due to a
ratio of the low thrust to the arcjet weight, thrust
measurements were very sensitive to distortions of the
vacuum tank due to thermal radiation to the tank wall
and pressure difference. Drift was observed to be
less than 3 % of the nominal thrust level. Therefore,
the thrust measurement system is calibrated
immediately at the operational thrust level after
extinguishing the arc. Thrust calibration is
conducted by a vright and pulley arrangement which
is able to apply known force to the thrust stand.
With this desigr frictic: force was small, and it
resulted in no n: =+ . hysteresis. Furthermore,
temperatur¢  °f tungsten nozzle surface are
measured wit. 1 raaation thermometer (MINORUTA
IR-630). The emissivity is assumed to be 0.4.

Operational parameters are monitored during all
tests, including discharge voltage and current,
hydrogen and nitrogen mass flow rates, propellant
feed pressure and ambient background pressure.
During nominal arcjet testing, an electrically isolated
digital voltmeter is used to measure discharge voltage
with a resolution of 0.1 V.  Arc current is measured
using a shunt in series with the thruster, which
provides a resolution of 0.1 A.  Propellant pressure is
also measured through a pressure tap located outside
the vacuum tank.

Thermal Calculation

Thermal calculations of the arcjet thruster RAT-
VII and other thruster types are performed to examine
the transient thermal characteristics from a cold body
condition at the arc ignition to a thermal steady-state
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Fig.3 Heat transfer model in cylindrical tube
from tube wall to gas flow.

Fig.4 Element structure in arcjet thruster RAI-
VII for thermal calculation using finite element
method.

one. An unsteady, time-dependent, axisymmetric
differential equation of heat conduction is integrated
using a finite element method.

In the present simple model, heats deposited into
the electrodes from arc plasma are assumed to have
some rates on input power, and the input heats are
dissipated into heat radiation from a thruster surface
and into heat conduction from a thruster body to
propellant through a gas passage inside the body.
Heat radiation obeys the Stefan-Boltzmann low, and
contact heat resistance is not considered.

The differential equation of heat transfer into gas
through a tube, as illustrated in Fig.3, is expressed as
follows:

-c p VdT= o P(T-T,)dx )
where T and T, are gas and wall temperatures,
respectively, T;, and T, gas temperatures at the inlet
and outlet, respectively, o gas density, V volume
flow rate, ¢ specific heat, o heat transfer coefficient
as a function of gas temperature, and P
circumferential length of a tube. In this calculation,
the feed line of propellant gas in the thruster body is
divided into eight tubes, and gas temperatures at the
inlet and outlet of a tube element are connected to
those of neighbor tubes under change in wall
temperatures.

Figure 4 shows the element structure in the arcjet
thruster RAI-VII for thermal calculation using a finite
element method. The element number is about 1500,
and the element density is high in the electrodes
because rapid changes in temperature and heat flux
can be estimated accurately.
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Fig.5 Thrust, specific impulse and thrust

efficiency vs input power characteristics for arcjet
thruster RAT-VII with input powers of 400-800 W
at mass flow rates of 20-50 mg/s. (a) Thrust. (b)
Specific impulse. (c) Thrust Efficiency.
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Results and Discussion

Thruster Performance

Thrust measurement is carried out to mainly
evaluate the thruster performance of the RAT-VII
arcjet thruster at low power levels around 500 W and
large mass flow rates above 35 mg/s.

Arc was ignited at 10 A; then after the thruster
body became a thermal steady-state condition, the
discharge current was gradually decreased. It is
noted that thrusts due to cold gas flow without
discharge were 23.9, 34.7, 454, 52.9, 63.2 and 72.6
mN at mass flow rates of 20, 25, 35, 40, 45 and 50
mg/s, respectively.
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Fig.6 Discharge voltage vs discharge current and
propellant pressure vs input power characteristics
for arcjet thruster RAT-VII with input powers of
400-800 W at mass flow rates of 20-50 mg/s. (a)
Discharge voltage. (b) Propellant pressure
upstream of arc chamber.
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Figure 5 shows the thrust, specific impulse and
thrust efficiency vs input power characteristics. In
the cases with large mass flow rates above 35 mg/s,
the thrusts and thrust efficiencies are above 110 mN
and 34 %, respectively, in the present input power
range, although the specific impulses come to be
below 390 sec. Accordingly, they reach 80-140 mN,
300-400 sec and 33-40 % with the wide mass flow
rate range of 20-50 mg/s around 500 W. The
performance evaluated is much higher even at 500 W
than those for monopropellant hydrazine thrusters.

When the mass flow rate is increased from 20 to
50 mg/s, the discharge voltage, as shown in Fig.6(a),
increases at a constant discharge current; the amount
of increase is about 20 V. This is expected because
an increase in mass flow rate raises the plenum
pressure in the arc chamber, as inferred from Fig.6(b).

Nozzle Surface Temperatures

Figure 7 shows the nozzle surface temperature vs
input power characteristics. The steady-state
temperature is proportional to the input power at a
constant mass flow rate, and it increases with
decreasing mass flow rate at a same input power.
The nozzle surface temperatures range from 850 to
1200 K in the present operational conditions.

Predictions of Anode Heat Losses

The anode heat rate is defined as a rate of heat
entering the nozzle anode at the arc attachment to
input power. The heat entering the cathode, i.e., the
cathode heat rate, is assumed to be 2 % of input
power, inferred from previous experimental resuits.'™
Thermal calculation is performed with an assumed
anode heat; the calculated nozzle surface temperature
is compared to the measured one shown in Fig.7, and
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Fig.7 Nozzle surface temperature vs input power
characteristics for arcjet thruster RAT-VII with
input powers of 400-800 W at mass flow rates of
20-40 mg/s.
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Fig.9 Input-power-averaged anode heat rate vs
mass flow rate characteristics for arcjet thruster
RAT-VIL The Equation (2) is represented with
the solid line.

then it is iteratively carried out until agreement
between the calculated and measured ones.
Accordingly, the anode heat rate is determined as a
rate of the calculated anode heat to the input power.

Figure 8 shows the anode heat rate vs input power
characteristics. The anode heat rates increase with
decreasing mass flow rate at a constant input power.
They range from 7 to 20 % and are larger than the
cathode heat rate. Since the anode heat rate mainly
depend on mass flow rate and weakly on input power
in this operational conditions, the rate averaged on
input power is calculated. As shown in Fig.9, the
average anode heat rate is almost inversely
proportional to mass flow rate. Thus, the
characteristic line in Fig.9 can be simply expressed as
the following function of only mass flow rate:
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R,=26.120-0.474th  (15=m=45) )
where R,[%)] is anode heat rate and m[mg/s] mass
flow rate.

Time Variations of Thruster Body Temperatures

Using the anode heat ratio of Eq.(2) and the
cathode heat rate of 2 % on input power, thermal
analysis of thruster body is made to examine the
thermally-transient process from a cold body
condition to a steady-state one.

1) Arcjet Thruster RAT-VII

Figures 10 and 11 show the calculated time
variations of temperature distributions of the arcjet
thruster RAT-VII body with input powers of 1000 and
500 W, respectively, at a mass flow rate of 25 mg/s.
Each symbol corresponds to the location on the
surface of the thruster body illustrated in the figure,
and the propellant gas temperature at the gas inlet of
the arc chamber is represented with a dashed line.
The propellant gas with a room temperature of 293 K
is assumed to be introduced into the thruster body.

The surface temperatures with 1000 W rapidly
increase just after the arc ignition and approach
some values around 1000 K after about 30 min; that
is, the thermal characteristic of the thruster body come
to be a steady-state condition. The temperatures
inside the body are enough below the melting points
of the materials. The propellant temperature is
found to increase from the room temperature at the
gas inlet of the thruster body to about 1000 K at the
gas inlet of the arc chamber under the steady-state
condition. This is because of efficient regenerative
cooling of propellant with the long swirl gas passage
in the thruster body. However, in the low power of
500 W, the surface temperatures gradually increase
after the arc initiation, and a long time of about 60
min is spent on achievement of a thermal steady-state
condition. Furthermore, the temperatures at 500 W
are lower than those at 1000 W, and the differences
are above 150 K inside the body.

For the arcjet thruster RAT-VII, operations with
500 W are not preferable to those with 1000 W from
the standpoint of the thruster performance at 25 mg/s,
as shown in Fig.5, and thermal characteristic and
operational stability in the early stage from the arc
ignition up to a thermal steady-state operation. This
is because the electrode geometry was designed
optimally for 1 kW class operation. Therefore, a
smaller size of thruster body is needed in order to
improve the operational characteristics, particularly
the thermal characteristic, by achievement of a
smaller thermal capacity of thruster body.

In cases of large mass flow rates above 35 mg/s,
the thermal characteristics calculated agreed with
those at 25 mg/s. Since an increase in mass flow
rate excessively reduced the anode heat ratio in
Eq.(2), the thermal characteristics around 500 W were
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Fig.10 Calculated time variations of temperature
distributions of RAT-VII body introducing
propellant with 293 K at 25 mg/s and 1000 W.
(a) Time variations of surface temperatures. The
propellant gas temperature at the gas inlet of the
arc chamber is represented with the dashed line.
(b) Time-dependent temperature distributions.

also poor.

2) 70%-Downsize Body

The body size for the arcjet thruster RAT-VII is
too large with low input power levels around 500 W.
A 70%-downsize body for RAT-VII is designed, and
thermal calculation is conducted. The downsize
thruster has the same discharge chamber as the RAT-
VII thruster has; body parts outside the RAT-VII
discharge chamber are downsized to 70 %, and the
anode and cathode heat rates are assumed not to be
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Fig.11 Calculated time variations of temperature
distributions of RAT-VII body introducing
propellant with 293 K at 25 mg/s and 500 W. (a)
Time variations of surface temperatures. The
propellant gas temperature at the gas inlet of the
arc chamber is represented with the dashed line.
(b) Time-dependent temperature distributions.

changed.

Figure 12 shows the calculated time variations of
temperature distributions of the 70%-downsize arcjet
thruster with 500 W at 25 mg/s. The temperatures

rapidly increase in the early stage of operation, and

the thruster body reaches a thermal steady-state
condition at about 30 min. As a result, the time up
to a thermal steady-state operation at 500 W is shorter
with the 70%-downsize thruster than with the RAT-
VII thruster, and the temperatures inside the body are
higher because of the smaller heat capacity.
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Fig.12 Calculated time variations of temperature
distributions for 70%-downsize thruster body of
RAT-VII introducing propellant with 293 K at 25
mg/s and 500 W. (a) Time variations of surface
temperatures. The propellant gas temperature at
the gas inlet of the arc chamber is represented with
the dashed line. (b) Time-dependent temperature
distributions.

3) Injection of High Temperature Propellant

One of solutions to shorten the time up to a
steady-state condition may be to supply a thruster
body with propellant gas with a higher temperature.
When decomposition of hydrazine into hydrogen and
nitrogen by catalyst in a gas generator, the mixture of
hydrogen and nitrogen is heated to about 873 K by
heat due to the exothermic reaction. Thermal
calculation is carried out in the case that the mixture
with a temperature of 873 K is introduced into the
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Fig.13 Calculated time variations of temperature
distributions of RAT-VII body introducing
propellant with 873 K at 25 mg/s and 500 W. (a)
Time variations of surface temperatures. The
propellant gas temperature at the gas inlet of the
arc chamber is represented with the dashed line.
(b) Time-dependent temperature distributions.

arcjet thruster RAT-VIL

Figure 13 shows the calculated time variations of
temperature distributions of the arcjet thruster RAT-
VII introducing the high-temperature propellant with
500 W at 25 mg/s. A thermal steady-state condition
is reached after about 40 min; the time is shorter than
that with a room temperature of 293 K as shown
Fig.11, and the steady-state temperatures of the body
and the propellant gas at the gas inlet of the arc
chamber are slightly higher. However, it is feared
that the structure near the inlet of the high-
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temperature gas on the outer wall of the thruster body
may be destroyed by an excessive heat stress
generated by contact between the gas and the cold
body part just after the arc ignition.

Conclusions

The arcjet thruster RAT-VII was operated in the
low electric power range of 400-800 W with a
mixture of hydrogen and nitrogen simulating
hydrazine at the wide mass flow rate range of 20-50
mg/s, although the arcjet geometry had already been
designed optimally for 1 kW class operation. In
cases with large mass flow rates above 35 mg/s, the
thrusts and thrust efficiencies were above 110 mN and
34 %, respectively, although the specific impulses
were below 390 sec. The thruster performance
evaluated was much higher even at 500 W than those
for monopropellant hydrazine thrusters. Unsteady
thermal analysis of thruster body was conducted using
electrode heat losses empirically derived.  The
temperature distributions calculated for the RAT-VII
body with room-temperature propellant injection
showed that the body temperatures at 1000 W rapidly
increased just after the arc ignition and approached
some values around 1000 K after about 30 min,
However, in a low power of 500 W, a long time of
about 60 min was spent on achievement of a thermal
steady-state condition with lower body temperatures.
For the RAT-VII thruster, operations at 500 W are not
preferable to those at 1000 W from the standpoint of
thruster performance, thermal characteristic and
operational stability in the early stage from the arc
ignition up to a steady-state operation. A 70%-
downsize body for RAT-VII was designed. The time
up to a thermal steady-state operation at 500 W was
shorter with the 70%-downsize thruster than with the
RAT-VII thruster, and the body temperatures were
higher. In the RAT-VII thruster with high-
temperature propellant injection, the time up to a
steady-state condition at 500 W was also shorter than
that with room-temperature propellant injection.
However, it is feared that the structure near the inlet
of the high-temperature gas may be destroyed by an
excessive heat stress generated by contact between the
gas and the cold body part just after the arc ignition.
Therefore, downsizing of the RAT-VII body is better
around 500 W. A newly-designed 500W-class arcjet
thruster is under operation.
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