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Abstract

A preliminary study of a low-power DC arcjet
anode was conducted using a 500-W-class labora-
tory-model Sagami-II. A computer controlled long-
term test system was newly prepared, and the opera-
tion of the arcjet was successfully demonstrated.
After a continuous operation of 24 hours, pure tung-
sten anode of 0.5 mm diameter was decreased to 0.46
mm, and a time history of plenum pressure was lin-
early increasing during the continuous test. These
results may indicate constrictor closure for the arcjet
anode. Life-limiting issues for the low-power arcjet
including this constrictor closure were confirmed and
possible improvement for a long-life thruster anode
is discussed.

Introduction

Practical use of arcjet thrusters are extensively in
progress, lead by PRIMEX aerospace company
(PAC) which had already developed 600 s misison
average arcjet for commercial sattelites.'2 However,
these thrusters require more than 1.8 kW electrical
power supply which will limit the use of arcjets only
for large satellites in a near-earth orbit. If klowatt
class arcjets being in development®+ can be scaled
down to an electrical power below 500 W with
enough lifetime, arcjet technology becomes available
for smaller satellites or scientific interplanetery
spacecrafts, replacing some of RCS or orbit/attitude
control systems. From such an intension, the
Institute of Space and Astronautical Science (ISAS)
is making an cffort to develop a very low-power
arcjet for several years.S Scaling down of the thruster
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was successfully conducted, and an Isp range of 400
- 450 s was demonstrated for an input power regime
around 400 - 500 W. Similar results were obtained
by PAC¢ and other organizations, and now the focus
is shifted to achieve more longevity of thrusters and
to integrate a reliable thruster system.

The most severe thruster life-limiting issue for DC
arcjets is anode deterioration. During a long thruster
operation for about hundreds of hours and more than
a thousand times of start-up sequences and
corresponding thermal cycles to the thruster, the
anode constrictor diamter, which is usually sub-
millimter in diameter, is considerably decreaseed.
Such an anode behavior is called constrictor closure,
in which due to the effect fo a short-term yielding
and long-term creep phenomena in high
temperatures, the constrictor diamter decreases as a
result of the movement of the anode material toward
inner axis.! PAC overcomed this anode lifetime issue
mainly by the use of a special material W-4Re-HfC,
which increases the anode strength at high
temperatures and maintain that strength for the
accumulated operation of hundreds of hours.!
However, the degradation by the constrictor closure
is still severe, and the qualified lifetime of several-
kilowatts-class arcjets is limited to 1,000 hours. For
sub-kilowatt class low-power arcjets whose electrical
power is strictly restricted, constrictor clouse issue
will be more troublesome because the arcjet
operation is drastically affected by a constrictor
diameter, and in this case, the operation cannot be
stabilized by increasing a discharge power. Unstable
operation so called a low-mode will lcad to a
consideratble decrease in lifetime, hence should be
avoided from a design point of view.

In this paper, a preliminary study of a laboratory
model 500-W-class DC arcjet was conducted. As a
baseline anode, a pure tungsten anode was selected
and degradation of the anode during and after a
continous operation of 24 hours was examined. As a
lifelimiting factor, the effect of constrictor closure is
confirmed and possilble improvement for the arcjet
design is discussed.
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Experimental Apparatus and Procedure

Arcjet Thruster

The arcjet thruster SAGAMI-II used in this study is
shown in Fig.1. This thruster was originally designed
for a pulsed arcjet featuring a quick start-up of a sta-
ble operation,” hence the thruster head was con-
structed in a small size with 23 mm outer diamelter
and 39 mm in length expecting to reach the thermal
cquilibrium in a short time. As is depicted in Fig.2, a
tungsten anode with a 0.5 mm diameter by 0.5 mm
long cylindrical constrictor serves as an expansion
nozzle. It consists of a converging section with a 45
degree converging scction and a diverging section
with a 30 degree half cone angle. The expansion ratio
is 256. The cathode which consists of a 2 mm diame-
ter thoriated tungsten has a conical tip with a 15
degree half angle. The anode-to-cathode gap, which
is defined as axial distance between the cathode tip
and the constrictor inlet, is set to 0 mm.

Fig. 1 Low-power DC arcjet, SAGAMI-II.
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Fig. 2 Electrode Geometry.
Test Facility

We used two different test facilities both for a per-
formance measurement of the arcjet and for a long-
term operation. Thrust measurement was performed
in a vacuum tank 0.8 m in diameter and 2.0 m in
length (Tank-A). During thrust measurement of the
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arcjet, the ambient pressure was maintained at
approximately 10! torr, using a rotary pump and a
mechanical booster pump. The discharge power was
supplied by a switching regulator DC power supply
with an open circuit voltage of 200 V and maximum
current of 40 A. Current ripple was about 10 % at 10
A operation. The start-up was accomplished with a
separale capacitive circuit using a high-voltage pulse
igniter to establish a breakdown. The high voltage
pulses of 1.5 kV were gencerated from one to ten times
per second until arc current was sensed and then the
pulses were automatically turned off. If the thruster
did not start or the arc extinguished suddenly, the
open-voltage was limited to 200 V. As for the propel-
lant, a gas mixture simulating decomposed hydrazine,
which was composed of 67 % hydrogen and 33 %
nitrogen by mole fraction, was used, and provided by
a mass flow controller.

For a continuous thruster operation, a vacuum tank
1.0 m in diameter and 2.0 m in length (Tank-B) was
used. An ambient pressure is about 0.5 torr for a mass
flow rate of 20 mg/s. A DC power supply, which is
tuned for a low power arcjet operation, can provide a
maximum current of 6 A with a current ripple 20 %.
Both the Tank-A and Tank-B have a water cooling
panel, which maintains the chamber to a room tem-
perature.

Performance Measurement

At this stage, the Tank-B has no thrust measurement
equipment, hence real-time thrust data during a con-
tinuous arcjet operation are not available. Hence
operational characteristics was obtained in the Tank-
A only before and after a long-term operation in the
Tank-B. Thrust was measured from the displacement
of a swing-arm type thrust statnd.® Due to the thermal
drift during the thruster operation, uncertainty of this
thrust measurement was about 2 % for 100 mN. Dis-
charge current and discharge voltage was measured
using a hall type current sensor and a 40:1 voltage
divider, each of which provide an accuracy up to +0.5
%. Other than these values, the static pressure at the
middle point of the propellant passage was measured
in substitution for the stagnation pressure of a plenum
chamber.

Autopilot System and Test Procedure

The change of plenum pressure during a long-term
operation is an important indication for the status of
the constrictor closure. For the Tank-B, an autopilot
system shown in Fig.3 was prepared in order to con-
duct a long-term arcjet test safely without any super-
visor on the site. This system not only monitors the
status of thruster, but also controls the thruster opera-
tion. A personal computer is monitoring the status of
thruster operation, checking operational conditions
such as discharge current, discharge voltage, mass
flow rate, tank and plenum pressure, temperatures of
thruster, and the vacuum chamber’s status. These
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analog data are gathered by an A/D board unit of
HP34970A multimeter, and checked if there is any
trouble to the thruster or the vacuum system. The
thruster is controlled by a digital I/O unit and a D/A
board unit of the multimeter, both of which opens or
closes electrical valves, then start-up and shutdown
the discharge, or set-up thruster’s operational parame-
ters such as a mass flow rate and a discharge current.
The system has five levels, STAND-BY, PROPEL-
LANT, IGNITION, STABLE, and ALARM as is
cxplained in Table.1. The program starts from the
STAND-BY mode, in which only the chamber status
is checked and the thruster start-up sequence starts.
After the propellant is introduced in the PROPEL-
LANT mode and the mass flow rate becomes stable,
high voltage is supplied and the breakdown occurs. If
the ignition was confirmed, the thruster operation was
transferred to the STABLE mode, in which a steady
state arc discharge is continued unless any trouble
happens or the system is shutdown by an operator.

Data Aquisition & Control

Unit (HP34970A
Controller
PC GPIB Bus
A/D Unit
10BASET - -
or Modem = Relay Unit I__..
H2+Np D/A.Digital
Gas Out Unit
Bottle
Propellant Supply Box Power Supplying Box J
Valve Control ignition by HV pulse
Pressure Monitor Discharge Power Suuply ==
Mass Flow Control Current & Voltage Monitor
o
[T
;Nlalus | 4 J Discharge
(\ Srreo:
A/D Unit Propellant Feed Current
I h
Inter Lock/ I i
Vucu_um |
Monitor DC arcjet Thruster Head
Rotary & .
Mcchanical Water Cooling Pancl
Booster . J
Pump Vacuum Chamber

Fig. 3 Autopilot System.

Using the above autopilot system, a continuous
thruster operation of 24 hours was conducted to con-
firm the degradation of anode for a low power arcjet
S-1I. An anode was made of pure tungsten, and the
cathode is made of 2 % Th-W. This experiment is
conducted only 24 hours operation for both anodes,
but several tens of hours was enough to confirm con-
strictor closure for pure tungsten. During a continu-
ous operation, the change of parameters despite thrust
was monitored, and among them, the plenum pressure
is especially important since the degree of constrictor
closure is approximately described using the plenum
pressure as,

1/A & P_/(J/m)
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where A is the constrictor area, P, is the plenum pres-
sure, and m is the mass flow rate.

Table 1. Definition of Operational Modes for
Autopilot System.

Mode Definitions

STAND-BY check the system

PROPELLANT  valve opens and propellant is

supplied
IGNITION with a HV pulse, arc discharge
starts
STABLE maintain stable arcjet operation
ALARM system emergency. trouble in

vacuum system or unexpectedly
high thruster temperature

Experimental Results

Performance Measurement

Prior to a continuous operation, thruster perfor-
mance for a new electrodes are evaluated. As shown
in Fig.4, attainable Isp was below 400 s for an input
power less than 500 W, which is attributed to a limited
thermal design of Sagami-II. Farther input power or
little mass flow rate will result in too heated up
thruster operation and destruction of the thruster.
Remember that the thruster was originally design to
achieve intermittent operation. Hence, the opera-
tional parameter for a continuous test is selected as in
Table.2. This condition allow a moderate Isp at a
practical operational temperature, hence is believed to
wear a anode in a condition close to the realistic oper-
ation.
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Fig. 4 Thrust Performance of Sagami-II.
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Table 2. Continuous Test Condition

Mass Flow Rate 20mg/s
Discharge Power 450 W
Isp at the beginning 380 s
Discharge Current 38A
Discharge Voltage 118V
Anode Temperature 700°C
Operational time 24 hrs
Vacuum <0.5 torr
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Fig. 5 Input Power vs Run Time.
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Fig. 6 Arc Discharge Voltage vs Run Time.
24-hour Test Result

Figure 5 shows an input power history of 24-hour
continuous test. The input power frequently drops to
about 380 W, which means the discharge transition to
a low-mode while the test. Such a low-mode contin-
ued a minute or so, then went back to a stable opera-
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tion. The discharge voltage profile shown in Fig.6
also indicates that a high-mode and a low-mode coin-
cide in the operation. This unstable operation was
found only in a continuous test conducted in the Tank-
B, and was not seen in the Tank-A. We have to check
the power supply system used for the continuous
operation.
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Fig. 7 Anode Body Temperature vs Run Time.
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Fig. 8 Plenum pressure vs Run Time.
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Fig. 9 Change of Plenum Pressure; before and after
24-hour Test (20mg/s)
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a) Before 24-hour Test

b) After 24-hour Test

Fig. 10 Photomicrographs from Upstream Side of the
Constrictor.

From Fig.6, as a trend, the discharge voltage gradu-

ally increases, which will be attributed to decrease of

the cathode-to-anode gap. At a unstable low-mode,
the temperature of the anode body increases up to 750
°C, then returns to an operation point below 700 °C
(Fig.7). From the beginning of the test, the anode
temperature gradually rised, accompanied by frequent
transitions to a low-mode. After 6-hour operation, the
discharge becomes more stable.

Figure 8 shows a change of Plenum pressure. Due
to a trouble occurring to the data acquisition system,
plenum pressure history is not available. In Fig.8,
only three points observed by an operator were plot-
ted. The plenum pressure increased about 10 % after
the test, which was also observed in performance mea
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a) Before 24-hour Test

b) After 24-hour Test

Fig. 11 Photomicrographs from Downstream Side of
the Constrictor.

surement as was depicted in Fig.9. After the test, the
plenum pressure for the same mass flow rate and
input power increased 10 %, which means constrictor
closure, approximately 10 % decrease in constrictor
arca was confirmed in the test . Anode degradation
including this constrictor closure is clearly scen from
micrographs shown in Fig.10 and Fig.11. Cracks are
found at both the upstream side and the downstream-
side of the constrictor, and downstream-side area is
reduced to about 5 % in diameter.

Figure 12 is a micrograph of Th-W cathode, where
a crater is formed at the tip of the cathode. Due to this
erosion, the weight of the cathode decreased 0.01g
while the test, which corresponds to an erosion rate of
420 pg/h. For the anode, the erosion rate was 20 pg/h.



The test condition accompanying a lot of low-mode
transitions resulted in large erosion rates.

Fig. 12 Photomicrographs of the Cathode after the
Test.

Discussion

From Photomicrographs in Fig.13, inward move-
ment of the anode material is clearly seen accompa-
nied by some cracks. In this discussion, in order to
suppress this constrictor closure and achieve a longer
lifetime of a low-power DC arcjet anodes, a new
strategy for anode design, monocrystal anode, is
proposed. The idea was come up when discussing a
micrograph of the DC arcjet anode after the operation.
The cutaway view of the thruster anode in Fig.14
showed large 100-micron size grains in the discharge
region, which is attributed to recrystallization in the
cooling process after the firing. In general,
recrystallization occures when the plastically
deformed material is heated up to a temperature
beyond the recrystallization temperature, for example,
1,200 degree centigrade for pure tungsten. While the
firing of the DC arcjet, deformed crystals made by the
machining process is considered to be softened
through realignment or diffusion of atoms at a high
temperature, then the cristals grow up into a large
grain while the cooling of the arcjet. Recrystalization
of arcjet anode is simulated by heating up the anode
with a heater to 2,750 K for 30 minutes, and large
grains grows as shown in Fig.15. The strength of the
material is relatively weak at these grain boundaries,
hence the material easily slips along the grain
boundaries inside the constrictor region of a DC arcjet
under high pressure operation, leading to constrictor
closure or even a crack. One way to prohibit these
grain embrittlements is employ a material that prohib-
its growing these grains and maintain strength like W-
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4Re-HfC which is adopted by PAC. But the other
way to suppress this embrittlement is to make the
anode monocrystal. Following this assumption, a
tungsten anode made of only four crystals was made.
Four-crystal tungsten will not be so strong as
monocrystal, but the effect of grain embrittlement
may be considerably small when compared to
ordinary tungsten anode. In the next step, the four-
crystals anode is going to be tested and compared
with a pure tungsten anode.

Fig. 13 Close-up View of Downstream Side of the
Constrictor after the Test.

100 m

Fig. 14 Micrographs of Consrictor Region; Cutaway
View of DC Arcjet Anode.
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Fig. 15 Micrographs of Consrictor Region; Cutaway
View of DC Arcjet Anode after Heated to 2750 K for
30 Minutes.

Conclusion

A continuous test of DC arcjet was conducted under
a newly prepared facility which enables computer
controlled long-term operation of DC arcjets. For a
500-W-class low-power arcjet anode, anode deteriora-
tion so-called constrictor closure was observed even
this limited test for 24 hours. The change of plenum
pressure before and after the test indicated 10 %
increase, which directly means the reduced anode
diameter. Photomicrographs of the constrictor region
showed some cracks along grain boundaries which is
considered to grow during recrystalization process.
Hence, a material which suppress this grain grow like
tungsten alloy other than pure tungsten or monocrys-
tal tungsten will be appropriate to obtain a long-life
arcjet.

Acknowledgment

The authors would like to thank Tokyo Tungsten,
Co., Ltd. and Mitsubishi Heavy Industries, Ltd. for
the micrograph analysis of DC arcjet anode.

References

[I]Lichon, P.G., and Sankovic, .M., “Develop-
ment and Demonstration of a 600-Second Mis-
sion Average Isp Arcjet”, Journal of Propulsion
and Power, Vol.12, No.6, 1996, pp.1018-1025.

[2]Myer, R. M., et al., “Overview of Major U.S.
Industrial Programs in Electric Propulsion®,
34th Joint Propulsion Conference & Exhibit,
AIAA 98-3179, Cleveland, 1998.

100 m

|EPC-99-046

[3]Richle, M., etal., “I kW Hydrazine Arcjet Sys-
tem Development”, International Electric Pro-
pulsion Conference, Paper 97-008, Cleveland,
1997.

[4]Kajiwara, K., et al., “Operational Characteris-
tics of kW DC Arcjet System”, International
Symposium on Space Technology and Sciences,
Paper 98-a-2-05, Omiya, Japan, 1998.

[5]0giwara, K., et al., “Study of 300W-Class
Direct Current Arcjet Thruster®, International
Symposium on Space Technology and Science,
paper 96-a-3-01, Gifu, Japan, May 1996.

[6]Lichon, P.G., ct al., “500-Watt Arcjet System
Development and Demonstration”, International
Electric Propulsion Conference, Paper 97-088,
Cleveland, 1997.

[71Yamada, T., et al.,, “Intermittent Operation of a
Low Power DC Arcjet®, International Electric
Propulsion Conference, Paper 93-083, Scattle,
1993.

[8]Yamada, T., et al., “Thrust Performance of a
Regeneratively Cooled Low-Power Arcjet
Thruster®, Journal of Propulsion and Power,
Vol.8, No.3, 1992, pp.650-654.

330



	Volume1

