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Experimental Investigation on Arcjets Performance
and Possible Application to Current Mission Concepts

with Low-Power Availability
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The present paper describes the results of a study carried out at CENTROSPAZIO (Pisa, I) and ESA/
ESTEC (Noordwijk, NL) in the field of application of arcjets to mission concepts with low-power
availability. The study has been based on the results of experimental laboratory tests performed on low-
power arcjet prototypes, using different propellants like simulants of decomposed hydrazine, but also
helium, hydrogen and simulated ammonia. Although power levelsin the order of 1+2 kW are now available
for electric propulsion thrusters on board spacecraft (in particular telecommunication satellites), the need
of thruster systems capable to operate at less than 1 kW is still present, in particular for application on small
and medium-size spacecraft. The paper puts particular attention to the performance of arcjets at these
power levels, for applications as drag-free compensation, attitude control and station keeping. The
possibility of using arcjets for different manoeuvres during the same mission, possibly making use of
different propellant available on board until the end of the satellite operational life, has been carefully

evaluated in the study. An example of application of arcjets to a low-power mission has been made.

Introduction

The power needed to operate a low-power arcjet (1 +2kW)is
nowadays available on board the largest satellites and the
arcjet technology is finally reaching the operative phase for
application like the North-South Station Keeping of geosta-
tionary satellites'. On the other hand, the possibility of using
arcjet systems on spacecraft having a lower availability of
power is also very attractive. Small and medium-size satellite
with not so large solar array, in fact, may take advantage by the
use of an arcjet system working at less than 1 kW, in order to
have a longer operative life or to increase their payload
capability. In addition, the low thrust level provided by an
arcjet in comparison with comparable chemical systems, al-
lows the adoption of such a device to perform fine positioning
adjustment or to keep the satellite in a drag-free status.
There is another factor which makes an arcjet a valid alterna-
tive to more conventional propulsion systems: the wide range
of throttability which makes this system very flexible and able
to be used for different types of operations during the same
mission.

In addition, arcjets can be used with different kind of propel-
lant and this characteristic makes this technology very attrac-
tive, thanks toits flexibility in being adaptable to already
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existing propulsion systems configuration on-board space-
craft.

For the reasons so far presented, a study has been carried out
at CENTROSPAZIO (Pisa, I) and ESA/ESTEC (Noordwijk,
NL) in the field of application of arcjets to mission concepts
with low power availability.

The study has been based on the results of experimental
laboratory tests performed on a low-power arcjet prototype.
The arcjet used for the tests has been derived from a prototype
developed by CENTROSPAZIO under ESA contract?. In the
framework of that contract, accorded to BPD Difesa e Spazio
(Colleferro, I) as main contractor, two different arcjet models
have been developed: the MOD-A engine, developed at CEN-
TROSPAZIO, was tested in both CENTROSPAZIO and BPD
laboratories to speed up development and cross check experi-
mental data; the MOD-B engine, was developed and tested in
Colleferro**.

For the purpose of the present study, the MOD-A thruster has
been slightly modified in order to adapt it to the very low power
levels decided for this investigation (a power range suitable for
application to small and medium-size satellites, 400 + 1000 W
was selected). During the tests, a detailed research has been
conducted on the influence on the thruster performance of
parameters as power, mass flow rate, type of propellant.

On the base of the experimental results obtained in the first
part, an example of application of an arcjets system to a
mission currently under evaluation with low power availabil-
ity has been included in the paper.



The Experimental Apparatus

A detailed description of the experimental apparatus used for
the test has been already presented at the 22nd IEPC in
Viareggio“.

The main characteristics of the thruster and the test facilities
adopted are presented hereafter.

The Thruster

A photograph of the MOD-A arcjet developed at CENTROS-
PAZIO is shown in Fig. 1.

The overall dimensions and characteristic of the thruster are
shown in Tab.1.

The thruster length is about 190 mm and the diameter of the
body is 40 mm. The conical nozzle is 9.75 mm long and the
output diameter is 8 mm.

The choice of the constrictor diameter of the anode piece
which has been manufactured for the tests described in the
present paper, has been based on the results of a previous
performance mapping activity’; for power levels below 1 kW,
good behaviours were shown by anodes with small constric-
tors, because this allows to have high pressures in the plenum
chamberalso with low flow rates and, as a consequence of this,
to maintain high the specific impulse. The dimension finally
chosen for the constrictor have been a diameter of 0.5 mm and
a length of 0.25 mm.

The materials used for the arcjets were 2% thoriated tungsten
for the electrodes, TZM molybdenum alloy for the body and
boron nitride for the insulators (with the exception of a tube of
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alumina, used to internally insulate the thin cathode by the rest
of the thruster. The external surface of the anode was plasma-
spray coated witha0.25 mm thick layer of zirconium diboride*
(ZrB2).

This coating was intended to increase the radiative heat dissi-
pation of the anode via a higher thermal emissivity of the
surface, while retaining relatively small dimension of the
anode piece.

DIMENSIONS
Constrictor & [mm)] 0.5
Constrictor length [mm] 0.25
Nozzle exit @ [mm] 53
Exit area ratio 113
Nozzle type 20° cone
Cathode & [mm] 3.0
Cathode tip angle 60°
Cathode tip sharped
Cathode gap setting [mm] 0.5
Propellant injection angle 53°
Number of injection ports 6
Plenum chamber & [mm] 6.0
Plenum chamber angle 45°

Tab.1 Thruster characteristic dimensions

Fig. 1

The Low-power Arcjet Developed at CENTROSPAZIO
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Apparatus and Procedures

A schematic of the general arrangement of the arcjet experi-
ment is shown in Fig. 2.

The breadboard of a Power Conditioning Unit developed at
CENTROSPAZIO® was used (Fig.3).

The PCU is a Pulse Width Modulated Current Mode Control-
led converter with switching frequency rated at 20 kHz

The Power Stage is a DC-DC converter with a push-pull
topology supplied by a laboratory PSU rated at 50 Vdc to
simulate the spacecraft power bus.

The unit is provided with a specially designed start-up circuit

that makes use of a transformer to create pulses up to 2.8 kV
to ignite the thruster.

The characteristics of the PCU with the integrated start-up
circuit are given in Tab. 2.

PCU/POWER BUS INTERFACES
Input voltage 45 to 55 Vdc

Input current <50 A

Current ripple < 1%

PCU/THRUSTER INTERFACES
Start-Up Voltage peak 1.5to 2.8 kV
Pulse width 5to 10 p

Current crossover 0.1to 2 ms
Current overshoot< 50% of current set-point
Energy release > 60 mJ

Initial discharge current< 3 A

Steady State Output power < 1.8 kW
Output voltage < 140 V

Output current 3to 18 A

Current ripple< 15% peak to peak
Efficiency> 88%

Response time< 1 ms

OPERATING FEATURES
Operation in current control mode
Switching frequency adjustable from 16 to 60 kHz

Tab.2 Breadboard PCU Specification
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Fig.3 Schematic of the Power Supply Unit




A dedicated Data Acquisition System equipped with a High
Speed Voltmeter and a 16 channels Multiplexer has been used
to record analog measurements.

The DAS was connected to a workstation provided with a
dedicated software developed at CENTROSPAZIO to man-
age all the measured experimental data in form of table, graphs
and strip charts.

Transient measurements of electrical quantities during start-
up operations were monitored by a Digitizing Oscilloscope &
Waveform Analyser.

The Feeding System (shown in Fig.4) was designed to selec-
tively employ different kind of gases, either individually or in
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Fig.4 Schematic of the Propellant Feeding System

bi-component mixtures. In particular, the system was set-up in
order to feed mixtures of N,-H, needed to simulate Hydrazine
or Ammonia.

The flexibility of the system allows for changes both in the
choice of the component gases and in the composition of the
mixture and for this reason it was very well adaptable to the
kind of study described in this paper.

The system is composed of a set of external high pressure
bottles (=200 atm) connected through stainless steel lines with
manual and electropneumatic valves to a mixing manifold
located on the main flange.

Mass flow rates of each component gas were regulated by
thermoresistive controllers.

Four controllers are available, to be used in couple, in order to
provide a wide range of flow rate for current and future
requirements.

The thrust balance adopted for the experimental activity was
developed at CENTROSPAZIO for the performance testing of
the MOD-A arcjet and it has been described in detail in a
previous article *.

A schematic of the whole thrust measurement device is shown
in Fig.5.
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Fig.5 Schematic of the Thrust Measurement Device

The Vacuum Facility (IV3) utilized at CENTROSPAZIO for
the arcjet tests was provided by ESA within the framework of
the ASTP-3 programme and it is shown in Fig.6.

The Facility consists of a steel chamber connected through a
gate valve assembly to a pumping system located downstairs.
The chamber is made up of two sections; a cylindrical test
section held upon a mobile structure, so to achieve a rapid
deployment of the working section, and a fixed manifold
connecting the tank to the gate valve assembly. Two gate
valves of 24" passage are fitted up in order to allow a complete
isolation of the pumping system from the vacuum chamber
and thereby modification of the experimental set-up in the
course of a test run.

The pumping system consists of two oil booster pumps backed
by four rotary pumps with a pumping speed of 20.000 I/s at a
final pressure < 10 mbar.

The Test section has a diameter of 1250 mm and a length of
1750 mm. It is equipped with two large doors at the side, six
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Fig. 6 Vacuum Facility IV3 at CENTROSPAZIO

plexiglass observation windows and three larger ports, all
available for the installation of measuring devices, electrical
leds, optical components etc.

Experimental Results

The experimental activity has been dedicated to the investigation
of two aspects of the possible advantages that the use of arcjets
may introduce on a small/medium satellite system, with re-
spect to other propulsion system: the possibility of working
with different types of propellant and the good performance in
terms of specific impulse, thrust and efficiency still available
at very low power levels.

The results of the test carried out in the framework of the
present work are shown hereafter.

Fig.6 shows the performance of the thruster expressed as
specific impulse vs. specific energy (the ratio between power
and mass flow rate), measured for different types of propellant
as simulated Hydrazine, simulated Ammonia, Helium and
Hydrogen.

For the same propellants and in the same conditions of the
previous curve, the efficiency of the thruster is shown in Fig.7
as a function of the specific energy.

The tests have been performed for different mass flow rates for
each propellent and it is interesting to note how this parameter
has a low influence on the characteristics of the curves at high
values (above 20 mg/s), as it is for the cases of the two
simulants. On the contrary, for Hydrogen and Helium (mass
flow rates lower than 20 mg/s), the curves depend strongly by
the variations of this parameter. This behaviour is probably
due to the pressure in the nozzle, which strongly affects the
frozen flow efficiency and, as a consequence, the propulsive
performance, as pointed out in more comprehensive paramet-
ric tests’.

On the base of what described so far, in the cases of Hydrazine
and Ammonia mission analyst can perform calculation by
considering the power to mass flow rate ratio and the required
specific impulse, but avoiding to fix a given mass flow rate.
This means that a propellant feeding system working in blow-
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Fig.6 Specific Impulse vs. Specific Energy for different Propellant
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Fig. 7 Efficiency vs. Specific Energy for different Propellant

down mode can be adopted, because the performance, in term
of specific impulse, are only slightly affected.

On the contrary, although operations with Hydrogen and
Helium at low mass flow rates can be carried out, the propul-
sive performance will be lower than the case of a high mass
flow rate. For this reason, in this context may be useful the
adoption of a pressure regulator.

On the other hand, it is interesting to note the flexibility of the
arcjet tested, which has demonstrated its capability to operate
at very low mass flow rate, although with not so high perform-
ance.

This characteristic may result useful during the use of the
thruster at the boundaries of its operational field (i.e. at the end
of life of a propulsion system working in blow-down mode).

The thrust performance for the different propellants are shown
in Figs.8+11, as a function of the power available.

Tests have been performed up to a minimum power level of
440 W for Hydrazine, 500 W for Hydrogen and 330 W for
Helium.




 IEPC-93-084 784

o . ot
.
rl "
e, . .
.
" Somgh
* Omgh
° N mg/s
s Xmgh
® 0mgh

T

300 400 S00 600 700 %00 900 1000 1100 1200

Power [W]

Thrust [mN]
[}

S 2l mgh
" l4mgs

300 400 500 600 700 300 90 1000 1100 1200
Power [W]

o

Fig. 8 Thrust vs. Power for Hydrazine Simulants

Fig. 10 Thrust vs. Power for Helium
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Fig.9 Thrust vs. Power for Ammonia Simulants

Mission Considerations

On the base of the performance and the characteristics of the
4 propellants analysed, while considering the use of low-
power arcjet systems for different mission applications, the
following general rules can be adopted:

Hydrazine:

Ammonia:

it is convenient to use this propellant when the
arcjet is part of a Dual Mode propulsion system,
because the propellant mass is higher than in
other cases (lower specific impulse), but the
mass budget of the global propulsion system is
very efficiently used.

An Hydrazine arcjet thruster can be used for
every type of operations.

itis convenient to use it, if the propellant feeding
system can be designed separately by the prin-
cipal one (the specific impulse is about 10%

Fig. 11 Thrust vs. Power for Hydrogen

higher than with Hydrazine). There are situa-
tions which don'tallow the use of a propellant as
Hydrazine (i.e. for safety reasons) and in such
cases the use of Ammonia may result very
convenient for different types of operations®.

Hydrogen: this propellant provides very high specific im-
pulses, but it can be used for short mission time
(i.e. orbit transfer) due to the difficulties in
storing it. It may create safety problems (for
example in the case of use of the Space Shuttle).

Helium: the specific impulse is lower than the one pro-
vided by Hydrogen, but the thrust is higher
(shorter mission time). The problems of storing
for long periods are relevant, but there are no
safety constraints.

Arcjet systems are currently being qualified for the NSSK of
Geostationary Telecommunication Satellites 2. The power
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level of 1.4 and 1.8 were selected on the basis of the foreseen
increased spacecraft power availability .

Nevertheless a large number of small spacecraft are envisaged
to be launched in the near future, with power constraints
limited to a few hundreds of Watts. The availability of quali-
fied arcjet systems at that power level could increase the
spacecraft propulsive performance and allows a significant
propellant mass saving.

In order to show the possibility of application of an arcjet to
missions with a very low power availability, one case has been
studied and is shown hereafter, which has to be considered as
a preliminary approach to the use of such systems on current
mission concepts.

The mission envisaged is the NSSK of the proposed Meteosat
Second Generation geostationary satellite. The study was
performed by means of codes developed at CENTROSPAZIO,
that can both calculate the spacecraft configuration and simu-
late its mission parameters®.

NSSK of Meteosat Second Generation Satellite

Meteosat Second Generation (MSG) is a spin stabilized satel-
lite scheduled to be placed in orbit in late 90's to perform the
meteorological observation of western Europe. Preliminary
configuration studies were carried out by Matra Marconi
Space (F,GB), Aerospatiale (F) and Domier (D) ** under
ESA contract.

A schematic of the proposed satellite and its overall dimen-
sions in the Matra Marconi configuration are shown in Figs.12
and 13.
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Fig. 12 Meteosat Second Generation (Courtesy Matra Marconi)

According to Marconi study, the power requirement of 560 W
is provided in sunlight, by a rigid cylindric solar array with
GaAs cell type. During the eclipse periods, two Ni-H2 battery
blocks with D.O.D. 055 supply the payload. The power
distribution is provided by a 28 V DC shunt regulated main
bus.

In the Phase-A study, a bi-propellant NTO/MMH propulsion
System was selected for this satellite (the schematic proposed
by Domnier is shown in Fig.14).
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Fig.13 Meteosat Second Generation overall Dimensions (Courtesy Matra Marconi)
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LAUNCH | SYSTEM MASS
N/S THRUSTERS MASS | Baseline A
[kg] [kg] [kg]

DUAL MODE
Mono-propellant 1951.00 78.96
Augm. Mono-propellant 1835.00 0.20
Arcjets 1701.92 9.00
BI-PROPELLANT
Bi-propellant 1750.00 80.41
lon Thrusters 1561.00 46.57

Fig. 14  Schematic of MSG Bi-propellant System

The study performed here compares this baseline configura-
tion with a Dual Mode Propulsion System based on cathalytic
monopropellant thrusters and arcjets for NSSK (Fig.15).
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Fig. 15 Schematic of MSG Dual Mode System

Two arcjet systems were assumed on board (one for redun-
dancy), mainly composed by the thruster, the gas generator
and the PCU.

A 550 W power input is supplied to the PCU directly by the
battery power bus, by discharging the cells during sunlight,
when the payload is supplied directly by the solar arrays. This
allows to avoid any modification of the power system design,
in order to minimize the impact of the arcjet system on the
spacecraft design.

The satellite dry mass is assumed to be 831 kg for the Bi-
propellant configuration, while additional 9 kg were assumed
in the Dual Mode propulsion system, according to Tab.3".
The arcjet system provide a total Av of 448 s for a 9 years
NSSK. During this period the arcjet is fed in a blow-down
mode from 30 to 20 mg/s of liquid Hydrazine. Based on the
experimental results showed in this paper, the calculated arcjet
average specific impulse is 397 s in the blow-down range. The
calculated average thrust is 71 mN.

Tab.4 summarize the calculated spacecraft configurations
with the adopted arcjet system.

Tab.3 MSG Mass Balance

INPUTS

Electric propulsion system power input 550 W
Total Av required for NSSK 448 mvs
Apogee Av required 1514 m/s
Spacecraft dry mass (baseline) 831 kg
Apogee engine Isp 314s
Battery power 560 W
Battery D.O.D. 0.55
Main bus rated voltage 28V DC
OUTPUTS

Power system

No. of blocks 2

Cell capacity 22 Ah
No. of cells in series 30

Max. battery discharge voltage 459V
Min. battery discharge voltage 279V
Max battery cycles 11837
Propellant feeding system

Mass flow rate BOL 30 mg/s
Mass flow rate EOL 20 mg/s
Electri Isi

Avg. PCU efficiency 0.91
Avg. power output to arcjet 500.5 W
Avg. arcjet Isp 397s
Avg. arcjet efficiency 0.28
Avg. arcjet thrust 71 mN
Battery max discharge time 47.5 min
Missi

Arcjet total firing time 1592 h
No. of ON/OFF cycles 2011

Tab.4 Calculated Spacecraft Configuration

The performance of the other propulsion system were assumed
as follows: NTO/MMH apogee injection motor 310 s, NTO/
MMH secondary thrusters 290 s, NTO/Hydrazine apogee
injection motor 314 s.

With these assumptions, the mass budget shown in Tab. 5
follows. Comparison shows a global mass saving of 60 kg of
propellant, correspondent to about 2.5 M$ in terms of launch
cost on Ariane IV.
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The key point of the option proposed is the application of the
arcjet system on the baseline spacecraft power and propellant
feeding system, without the need of any change or modifica-
tion on the original design. In particular, no pressure regulator,
nor additional power is required.

BI-PROPELLANT PROPULSION SYSTEM

INPUTS

Apogee Av required 1514 m/s
Total Av required for NSSK 448 mvs
Spacecraft dry mass (baseline) 831 kg
Apogee engine Isp 310s
NSSK thruster Isp 290s
OUTPUTS

Spacecraft budget summary

Mass of Helium pressurant 1.8 kg

Propellant for non NSSK operations 16 kg

Propellant mass for NSSK 1449 kg
Spacecraft mass in GEO 993.7 kg
Propellant for apogee injection 641.7 kg
Spacecraft mass in GTO 1635.4 kg
DUAL MODE PROPULSION SYSTEM

INPUTS

Apogee Av required 1514 mvs
Total Av required for NSSK 448 m/s
Spacecraft dry mass (baseline) 840 kg
Apogee engine Isp 314s
NSSK thruster Isp 397s
OUTPUTS

Spacecraft budget summary

Mass of Helium pressurant 1.7 kg

Propellant for non NSSK operations 15 kg

Propellant mass for NSSK 1046 kg
Spacecraft mass in GEO 961.3 kg
Propellant for apogee injection 611.4 kg
Spacecraft mass in GTO 1572.7 kg
LAUNCH MASS SAVING = 62.7 kg

Tab.5 Mass Budget Comparison

General Considerations and Conclusions

Application of arcjet system to mission with low power
availability like the one previously described may allow a
considerable mass saving and a consequent reduction of costs,
in particular by using high specific impulse propellants, like
Hydrogen and Helium.

Typical applications which may result in a very large mass
saving at launch are the orbit transfers from LEO to GEO, or
the injection in elliptical, highly inclined orbits, like the
Molniya or Tundra type.

In addition to the more common applications usually consid-
ered for the use of an arcjet system, very low power thrusters
may be adopted, once qualified and available on the market,
for a series of different operations, thanks to the low level of
thrust and their good controllability.

The most important operations which may benefit from the use

of such systems are:

- Maintenance of a drag-free environment for scientific and
earth observation missions

- Positioning and control of medium and large platforms,
including manned space stations (with re-cycling of on
board fuels)

- Re-orbiting of geostationary satellites at the end of their
operative life

- Maintenance of the argument of perigee for constellations
of satellites in elliptic, highly inclined orbit (satellites for
mobile communication systems).

Studies on the use of low power arcjet systems for missions
like the ones here proposed will contribute to a better compre-
hension of the capabilities of such systems and probably will
make more acceptable the idea of a wide-spread use of these
thrusters on board future commercial spacecraft.

References

1. R.Smith, S.Yano, K.Ammbruster, C.Roberts, D.Lichtin,
J.Beck, "Flight Qualification of a 1.8 kW Hydrazine
Arcjet System", IEPC-93-007, 23rd IEPC, Seattle (USA),
Sep.1993

2. W.Deininger, M.Andrenucci, G.Saccoccia, "A Review of
the ESA ASTP-3 MPD/Arcjet Development Programme
(1988-1993)", IEPC-93-081, 23rd IEPC, Seattle (USA),
Sep.1993

3. M.Andrenucci, G.Saccoccia, G.Baiocchi, C. Petagna, "Ex-
perimental Performance of a 1 kW Arcjet", AIAA 90-
2583, 21st IEPC, July 1990

4. M.Andrenucci, G.Saccoccia, U.Schulz, F.Scortecci, "Per-
formance Study of a Laboratory Model of Low Power
Argjet", IEPC 91-045, 22nd IEPC, Oct 1991

5. G.Cruciani, E.Tosti, M.Glogowski, W.Deininger,
G.Baiocchi, "Description of Arcjet Test Facilitiesat BPD",
AIAA 90-2660, 21st IEPC, July 1990

6. M.Glogowski, W.Deininger, A.Trippi, "Advanced Labo-
ratory Model, 1 kW - Class Arcjet Engine Testing", [EPC
91-045, 22nd IEPC, Oct 1991

7. M.Andrenucci, G.Capecchi, F.Scortecci, "Parametric Test
Rsults of a Low- Power Arcjet”, IEPC-93-213, 23rd
IEPC, Seattle (USA), Sep.1993

8. W.Deininger et al.," Thermal Design Improvements
for 30 kW Arcjet Engines", IEPC 88-73



10.

11.

12.

13,

14.

15

M.Andrenucci, M.Sandrucci, "Development of a Power
Conditioner fora 1kW Arcjet”, [EPC 91-029, 22nd IEPC,
Oct. 1991

E.Messerschmid, K.Meinzer, D.Zube, "Development and
Utilization Objectives of a Low-Power Arcjet for the P3D
(OSCAR) Satellite”, IEPC-93-056, 23rd IEPC, Seattle
(USA), Sep.1993

W.Deininger, M.Attili, M.Vulpiani, E.Detoma, "Low-
power Arcjet System Description for North-South
Stationkeeping", [EPC-93-012, 23rd IEPC, Seattle (USA),
Sep.1993

M.Andrenucci, F.Scortecci, "Arcjet Propulsion System
Study forNSSK", IEPC-93-013, 23rd IEPC, Seattle (USA),
Sep.1993

Matra Marconi Space, "Meteosat Second Generation:
Phase Al Study Final Report”, DMSS/JMF/031.92,
Dec.1992

Aerospatiale, "Meteosat Second Generation: Space Seg-
ment Phase A Study", MSG 005/93, Feb.1993

Dornier, "Meteosat Second Generation: Space Segment
Phase A Study-Propulsion Concept", MSGSA/TN/002/

DO, Nov.1992

 IEPC-93-084 788





