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PERFORMANCE EVALUATION OF A 4.5 KW SPT THRUSTER
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Abstract

A 4.5 kW engineering model Stationary Plasma Thruster operating on xenon was subjected to parametric
performance testing over a wide range of conditions. Direct thrust measurements and plume ion current
profiles were obiained in nwo facilities at facility pressures of 6 x | 03 torr and 4 x 10-6 torr, respectively.
Power levels ranged from 1.8 kW to 5.1 kW, and both discharge voliage and current were varied. The
effects of magner current level and cathode flow fraction on performance and stability were investigated.
Facility pressure was found to have a large effect on performance. Ai the nominal operating point the
specific impulse and efficiency were 1850 s and 0.51 respectively, ar4 x | 0% torr Sfacility pressure.

Introduction

Over the past several years the Ballistic Missile Defense Organization's Directorate for
Science and Technology (BMDO) has sponsored aggressive programs in satellite
propulsion and power. The objective of these programs is to identify advanced, high-
payoff technologies, then rapidly move to fabricate, integrate, qualify, and flight
demonstrate representative systems. Presently, the BMDO is a strong supporter of Russian
Hall Effect Thruster Technology (RHETT). Under that program two separate power levels
of 1.5 kW and 4.5 kW have been supported.

The primary focus is on a 1.5 kW system. In 1991, a US government scientific team was
hosted by the Keldysh Scientific Research Institute of Thermal Process (NIITP) in
Moscow, Russia and "Fakel" Enterprise in Kaliningrad, Russia to evaluate the SPT-100
thruster [1]. Because of the impressive performance of that device the decision was made
to sponsor an extended duration test and integration testing in the US [2-9]. The testing
was done in conjunction with International Space Technology, Inc. (ISTT), a US-Russian-
French commercial joint venture manufacturing and marketing the technology [10]. With
the successful transfer of the technology to the commercial sector, focus on the 1.5 kW
area shifted to advanced Hall thrusters. Two thrusters were identified as having the
potential for improved life, preformance, and integration concerns. The first is the T-100
Stationary Plasma Thruster (SPT) developed by NIITP and being demonstrated in
BMDO's RHETT-I propulsion system demonstration [11]. The second is the D-55
Thruster with Anode Layer (TAL) developed by the Central Scientific Research Institute of
Machine Building (TsNIIMASH). The D-55 is the centerpiece of the RHETT-II flight
demonstration [12].

Another focus of the propulsion program centers on the 4.5 kW power level. As part of
the BMDO TOPAZ flight program, development of engineering model versions of a NIITP
T-160 SPT and a TsNIIMASH D-100 TAL were sponsored. Power available on
commercial satellites is increasing rapidly, and 5 kW electric propulsion systems are likely
to be of interest for a wide variety of orbit maneuvering applications.

This paper describes the parametric evaluation of a NIITP T-160 SPT thruster. Direct
thrust measurements and plume ion current profiles were obtained at power levels ranging
from 1.8 kW to 5.1 kW. Measurements were taken in two facilities at pressures of
8 x 10-5 torr and 4 x 10-6 torr, respectively. The effects of magnet current level and
cathode flow fraction on performance and stability were also investigated.
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Experimental Apparatus and Procedure

All testing was performed on a single Stationary Plasma Thruster. manufactured by the
Keldysh Scientific-Research Institute of Thermal Processes in Moscow, Russia. The
thruster was designed for nominal operation at 4.5 kW on xenon and carried the model
designation, T-160, which reflects the discharge chamber diameter in millimeters. The
thruster was procured by the Jet Propulsion Laboratory (JPL) from International Scientific
Products, NIITP's commercial partner. A description of the thruster is provided in [13],
and a photograph of the thruster is presented in Figure 1.

Testing was performed in two NASA Space Propulsion Testbeds at NASA's Lewis
Research Center (LeRC) to investigate facility effects. The smaller testbed is 1.5 m in
diameter and 5 m in length and pumped by four 80 cm diameter oil diffusion pumps. The
large, very high-pumping speed vacuum chamber is described in detail in [14] and is
shown in Figure 2. Thrust measurements were obtained on the same apparatus used in
earlier SPT-100 and TAL D-55 thruster evaluations and similar calibration and test
procedures were followed[4,15]. Uncertainty in the thrust measurement was determined
to be less than 20.6%. Facility pressures reported herein are actual values corrected for
xenon using procedures described elsewhere [4,15].

Power processing was provided by commercial power supplies in the arrangement
described in Figure 3. Filtering was limited to a 2.5 microfarad capacitor across the
discharge and a 10 ohm ballast resistance. The magnet was operated independent of the
main discharge.

Ion current profiles were taken with a circular molybdenum probe with an areua of
3.35 cm2. The probe was mounted on a 0.6 m arm and rotated through the plume. Data
were taken at one degree increments from -100° to 100° with respect to the thruster axis in
the plane of the cathode. A more detailed description is provided elsewhere [9].

Results and Discussion

The effects of facility pressure, cathode flow, magnetic field, and discharge voltage on the
thruster performance and plume were investigated and are presented in the following
sections. The effects of facility pressure were determined from operation in the two
different pumping speed facilities.  The effects of varying the other parameters were
investigated in the high-speed pumping facility, and the data were obtained at the
2to 4 x 10-6 torr pressure range. The discharge voltage was 300 V, unless otherwise
noted. All data were obtained at cathode flow rates of 2.17 mg/s or 0.68 mg/s.

Some performance values were computed excluding the cathode flow in the calculations, as
is common in many Hall thruster publications, and are presented in the figures using solid
symbols.

Facility Pressure Effects

The facility pressure significantly affected thruster performance. Specific impulse and
efficiency are plotted as a function of power level in Figure 4 at facility pressures of
6 x 10-5 torr and 4 x 10-6 torr at the nominal operating condition of 4.5 kW. The data
presented were taken at similar operating conditions, including a discharge voltage of
300 V, a cathode flow of 0.7 mg/s, and a magnet current of 6.0 A. At this power level,
lowering the facility pressure by a factor of 15 caused a 230 s reduction in specific impulse
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and a 0.07 absolute reduction in efficiency. A correction was made to the higher pressure
data for ingestion using a simple kinetic theory calculation which included the thruster
discharge chamber exit area and the measured facility pressure. Similar to the smaller 1.35
kW Hall thrusters, the correction does not account for the observed pressure effects[15].
Previous tests on lower power Hall thrusters have shown that facility pressure effects on
performance are minimal at pressures in the mid-10-6 torr [15]. At that pressure and 4.6
kW, the T-160 provided 1850 s specific impulse at an efficiency of 0.51. Comparing
the 1600 s specific impulse level at an efficiency of 0.5 of the 1.35 kW SPT-100 and T-
100, it appears that performance benefits can be achieved by scaling the thrusters to higher
powers.

Facility pressure was also found to impact plume characteristics. Figure 5 shows ion
current profiles taken in the plume on the thruster operating at 4.8 kW. At the higher
pressure of 6 x 10-5 torr the beam is narrower at angles smaller than 37°. Lowering the
pressure broadens the plume; however, at the high angles of interest for spacecraft
interaction assessments, the ion current is lower.

Cathode Flow Effects

Effects of cathode flow on thruster operation were investigated during operation at two
separate cathode flow rates of 0.68 mg/s and 2.17 mg/s. Figure 6 provides plots of
specific impulse and efficiency as a function of power at the two different cathode flows
with a constant discharge voltage of 300 V. The 2.17 mg/s cathode flow data appear to
have two distinct slopes with the inflection point occurring at approximately 3.5 kW. Up
to that point the efficiency and specific impulse are lower for the higher cathode flow rate.
At power levels above 4.0 kW the specific impulse appears independent of cathode flow
rate. At those power levels the efficiency continues to improve with power level at the
higher cathode flow, but appears to level off at the lower cathode flow.

Previous test results of the lower power SPT-100 and D-55 TAL showed that when the
cathode flow was excluded in the performance calculations, the performance was a weak
function of cathode flow fraction above 0.05[15], indicating that any increases to the
cathode flow above the 0.05 flow fraction has no benefit to the thruster (i.e.-- similar
results would be obtained by simply venting the extra propellant). Clearly this is not the
case in the T-160. At all power levels tested, the performance calculations which excluded
the cathode flow were not independent of cathode flow fraction. Interaction of the cathode
flow with the main flow is apparent. The effective increase of the main discharge flow by
the ionization and acceleration of part of the exhausted cathode flow could help to explain
the large effect of facility pressure on performance, since the primarily affected region is
downstream of the thruster exit plane

Magnetic Field Effects

The impacts of magnetic field strength on discharge characteristics and performance were
studied by changing the current through the solenoids. Figure 7 shows discharge current
and efficiency as a function of magnet current at the cathode flow rates of 0.68 mg/s and
2.17 mg/s. Corresponding oscillograms showing the discharge current, discharge voltage,
and capacitor current are provided in Figure 8. Similar to the 1.35 kW-class Hall
thrusters, at low magnet currents the discharge current oscillations are very large[15]. As
the magnetic field strength is increased, the oscillations quickly decrease to a minimum
with high frequency components minimized or eliminated, and a minimum discharge
current level is reached. Further increases in the magnet current caused a gradual increase
in oscillations; however, these oscillations do not approach the very large amplitudes seen

-

m EE Wy EE mE wn mu Bl = By BN B = =



B - ey =N =
) ) } i

L P § A ‘ [ {

L

- -

~ 219 -

at the low magnetic field levels. Figure 9 shows that the minimum oscillation point is a
function of cathode flow rate. For the higher flow of 2.17 mg/s the minimum occurs at the
6 A magnet current level, while at the lower cathode flow rate of 0.68 mg/s the minimum
occurs at a magnet current of 9 A. The data obtained in this study also indicate that
oscillation magnitude does not correlate with performance. For example, at 0.68 mg/s
cathode flow rate, the efficiency is the same at magnet current levels of 6 and 9 A:
however, the discharge current oscillations are 20 Ap-p and 2.5 Ap-p, respectively.

The plume ion current profiles as functions of magnet current and cathode flow are shown
in Figure 9. The peak ion current decreases significantly with magnetic field at a constant
cathode flow. This trend is consistent with the decrease in both the efficiency and
discharge current with increased magnet current shown in Figure 7.

Discharee Voltage Effects

Performance of the thruster as a function of discharge voltage was investigated at 50 V
above and below the nominal 300 V level. Figure 10 shows the effect of discharge voltage
on specific impulse and efficiency at a constant flow rate. In the voltage range studied,
both the specific impulse and efficiency increase linearly with discharge voltage. Maximum
performance was obtained at the 350 V level, with a specific impulse level of 2100 s at an
efficiency of 0.54. Ion current profiles at 250 V, 300 V, and 350 V discharge voltage
levels are provided in Figure 11. The peak current increased with voltage; however, the
effect is not linear. No extended duration testing was performed to determine the
implications of operation at increased discharge voltage on lifetime.

Concluding Remarks

- Parametric performance testing was conducted on a Stationary Plasma Thruster, model

T-160, designed to operate at 4.5 kW, over power levels ranging from 1.8 kW to 5.1 kW.
The background facility pressure was found to significantly affect the performance.
Decreasing the pressure from 6 x 10-3 torr to 4 x 10-6 torr caused a 230 s decrease in
specific impulse and 0.07 absolute reduction in efficiency at the nominal operating
condition. At the lowest pressure and 4.6 kW the T-160 provided 1850 s specific impulse
at an efficiency of 0.51. The cathode flow was found to significantly affect performance. It
is believed that elevated cathode flows interact with the main flow, effectively increasing
the main flow, and thereby increasing performance.

The effects of magnetic field strength and discharge voltage on performance were also
investigated. Magnet current level affected both performance and oscillation magnitude.
No clear correlation between oscillation level and performance was found. Performance
increased linearly with discharge voltage, with maximum performance levels obtained at
350 V. At that operating point a specific impulse of 2100 s at an efficiency of 0.54 was
obtained. Extended duration testing to evaluate effects of operating condition on lifetime
was not performed in this study.

Acknowledgments

The authors wish to acknowledge Dr. Leonard H. Caveny (BMDO/IST) for support of this
work and Dr. Valery A. Petrosov and Mr. Michael Yasinsky of the Keldysh Scientific-
Research Institute of Thermal Processes in Moscow, Russia for taking the time to come to
NASA LeRC to help with the performance evaluation.



- 250 -

References

J.R.Brophy. J.W. Barnett. J.M.Sankovic, and D.A. Barnhart. "Performance of the Stationary Plasma
Thruster:SPT-100. " AIAA-92-3155. July 1992.

C.E. Garner. J. Brophy. J. Polk, and L. Pless, "Cyclic Performance and Wear Test of the SPT-1(()."
AIAA-95-2667. July 1995. !

T. Randolph. EJ. Pencil. and D.H. Manzella, "Far-Field Plume Contamination and Sputtering of the
Stationary Plasma Thruster.” AIAA-94-2855. July 1994.

J.M. Sankovic. J.A. Hamley, and T.W. Haag. "Performance Evaluation of the Russian SPT-100
Thruster at NASA LeRC." IEPC-93-094, Proceedings of the 23rd International Electric Propulsion
Conference, Sept. 1993 (also NASA TM 106401).

J.A. Hamley, G.Hill, and J.M. Sankovic, "Power Electronics Development for the SPT-100 Thruster.
"IEPC-93-044. Proceedings of the 23rd International Electric Propulsion Conference. Sept. 1993 (also
NASA TM 106488).

D.H. Manzella. “Stationary Plasma Thruster Plume Emissions.” IEPC-93-097. Proceedings of the 23rd
International Electric Propulsion Conference. Sept. 1993 (also NASA TM 194471 ).

D.H. Manzella. "Stationary Plasma thruster Ion Velocity Distribution.” AIAA-94-3141. June 1994
(also NASA CR 195379).

R.M. Myers and D.H. Manzella, "Stationary Plasma Thruster Plume Characteristics.” IEPC-93-096.
Proceedings of the 23rd International Electric Propulsion Conference. Sept. 1993 (also NASA CR
194454).

D.H. Manzella and J.M. Sankovic, "Hall Thruster Ion Beam Characterization.” AIAA-95-2927. July
1995 (also NASA TM 107034).

- M. Day, T. Randolph. and W. Rogers. "SPT-100 Subsystem Qualification Status." AIAA-95-2666.

July 1995.

. L.H. Caveny, F.M. Curran, J.M. Sankovic, D.M. Allen, J.R. Brophy, and C.E. Garner, "The BMDO

Thruster-on-a-Pallet Program,” AIAA-95-2380, July 1995.

- L. H. Caveny, J.M. Sankovic, G. Herbert, D. Allen, and C.E. Garner, “The BMDO Electric Propulsion

flight Readiness Program,” IEPC-95-133, Proceedings of the 24th International Electric Propulsion
Conference, Sept. 1995.

- A.S. Koroteev, V.A. Petrosov, V.I. Baranov, Al Vasin, J.R. Wetch, and S.-P. Wong, “"Development

of a 4kW Hall-Type Electric Thruster, IEPC-93-225, Proceedings of the 23rd International Electric
Propulsion Conference, Sept. 1993.

- S.P. Grisnik and J.E. Parkes,"A Large. Highe Vacuum, High Pumping Speed Space Simulation

Chamber for Electric Propulsion,” IEPC-93-151, Proceedings of the 23rd Inernational Elecrric
Propulsion Conference, Sept. 1993,

- J.M. Sankovic, T.W. Haag, and D.H. Manzella, "Operating Characteristics of the Russian D-55

Thruster with Anode Layer," AIAA-94-3011, June 1994 (also NASA TM 106610).



ldlscharge
vdbcharge

magnet re

T leapacitor
2.5pF

— VACUUM GATE YALVE

-

YACUUM GATE YALVYE (1 OF §)

100

v ALY
i

+
L
*
+

Ipower supply —>

Figure 3. Schematic of commerical power supplies used

to operate T-160 thruster

Discharge
500 V/ 16 A
Ignitor

2KVR3 A
1ISW10A

Keeper
20V/SA

.= 251 =
VACUUM TRAIN BLOWER (1 OF &),

Figure 2. Vacuum Facility 5 (5Sm diameter x 20 m overall) at

NASA Lewis Research Center

graph of NIITP T-160 Stationary Plasma Thruster

Photo

Figurel.

HE B I AR WE N N B IR B BN SR B B B B N B .



1000 2000 3000 4000 5000 6000
L . . . 0.60 H
= '
Iy v
A v
v
L 055 &
4 ~
o
& 100
o o v DISCHARGE YOLTAGE 300V
o Q - 0.50 w & DISCHARGE CURRENT 14 A
ANOOE 128
- 9 Mixi10 i tose - CATIOOE PLOW 07 Ty
° o 6 x 10°5 torr g MAGNET CURRENT 4.5 A ¥
(o] ¢ i umooeousoem .
0.45 3 POSITIVE
2100 ~ E 10
<
° a v E
2000+ - =
g g I
w
E X
z 19004 o a 3 to 6 x 10-5 torr < .
E & Pla g :
v (] =
© 18004 © 210 4 x 10-6 torr O
w °
8 v 6 05
Jwbéx torr
- 17004 - <) corrected for ingestion
1600 T T T T
1000 2000 3000 4000 5000 6000
POWER, W
Figure 4. Effects of facility pressure on performance Figure 5. Effects of facility pressure on ion current l
density distribution 60 cm from the thruster exit
4 1% e 7 9. I3
1000 2000 3000 4000 5000 6000 R R SN 0 Lok
h L L L 0.70 4 l
| .
'TLA | - 0.65 a y
" = a - 0.56 o
" L 0.60 O o
] =z =
- 2 w ° w
= . b G5 B c [os4 3
L R e e w .
w
o Ty 9k CRE Gan B
& - 0.52
o B 2
0 - 0.45
=] ° o]
2200 0.40 17.0 0.50
ngum ®
e - < CATHODE FLOW
- . ° 0.68 mg/s
- -
3 2000 4 " o 0.68 mg/s cathode flow Z 165- °
= o %o » a 217 mgss |
2 * o 217 m n &
8 . g9/s cathode How =
= LR ) GB o ;
= 1800 % 16.04 ©
o w t
¥ a ®  0.68 mg/s cathode flow bl
% o} ® o excluded in calculations o
a < P
o 1600 o B 217 mg/s cathode flow 5 155 s o
0 excluded in calculstions o
o 8 :
1400 - T v T 15.0 ——— I
1000 2000 3000 4000 5000 6000 4 s 6 7 8 9 10 .
POWER, W MAGNET CURRENT, A
Figure 6. Effects of cathode flow on performance Figure 7. Effects of magnetic field on performance 5

- ..



Discharge Current. SAAN

}

Discharge Voltage. 0 ¥ —

C tor Current. 0 A Capacitor Current. SA/Jiv
apanor Current. 0 A —

Discharge Current, 0 A —

(d) 4.5 A magnet current, 0.68 mg/s cathode flow
Time scale 79.35 microseconds per division.

() 6.0 A magnet current, 0.68 mg/s cathode flow.
Time scale 79.35 microseconds per division.

(N 9.1 A magnet current, 0.68 mg/s cathode flow.

Time scale 79.35 microseconds per division.
Figure 8 (concluded). Oscillograms of discharge current. capacitor
current, and discharge voltage as a function of magnet current and

i

-. 203 =

Discharge Voltage. 100 Vidin

Discharge Valtage, 0V —

Capacitor Current, 0 A
Discharge Current. 0 A

Discharge Voltage, 100 VAkis

gy

quuuuuu Discharge Current. 3A/dIv
(Al A AN

V IVIV
[ades

O ey

Capucitor Current. SA/div

(a) 4.5 A magnet current. .17 mg/s cathode flow
Time scale 79.35 microseconds per division

(b) 6.0 A magnet current, 2.17 mg/s cathode flow.
Time scale 79.35 microseconds per division.

W
oA bkt RAL AL A

) »
A ik A o L
b a bbbt AL AL 2R
llllﬂﬂhllﬂ
EET=rur-=

() 9.1 A magnet current, 2.17 mg/s cathode flow
Time scale 79.35 microseconds per division.

cathode flow

Figure 8 (cont). Oscillograms of discharge current, capacitor
current, and discharge voltage as a function of magnet current and
cathode flow

0
¢ Amperes Magnet Cumens a
cathode fNow 0.68 me's
® cavedefowliTimgs o *
4.5 Amperes Magner Curmen
*  cathode Now 0.68 mg™s .fcc .
07 * cahode flow 217 mgh
5 3
e
E - R
= - .o
: 3 « ‘moP, .
& » r"!;“ %;
i & 9
<
0 -
0 20 =10 [} 10 ko X
Azgle. degroas

Figure 9. Effects of magnetic field and cathode flow on ion
current density distribution 60 cm from the thruster exit
300

3% w0

080
056
>
2 H
052 w
. e
£ 30 1© 350 Vok Discharge Voluge
o b O 300 Vok Discharge Voluge
4 250 Voh Discharge Volage o o0
F 0.4e ¢
- ® o
ot o
2300 040 - 2 i
§ o g'dte
- 2200 8 of &
w € o .
e 200 s = [
z 2
2 H o 8
= § & w0 i .
Gl e ¢ ; 2
S V)
S oo
s b
= 1700 s
°
1600 + » -2 10 0 10 » »
200 250 300 %0 400 Asgle, degroes
it
DISCHARGE VOLTAGE. V

Figure 10. Effects of discharge voltage on performance

Figure 1 1. Effects of discharge voltage on ion current
density distribution 60 cm from thruster exit





