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Abstract are being developed as a possible advanced
technology upgrated for the Columbus Man-Tended

This paper describes the final results of a Free-Flyer Platform propulsion system.
comparison between two 15 kWe water-cooled
arcjets of similar design. Preliminary results, A water-cooled, 1 N-class, laboratory model

obtained during testing activities at the Electric arcjet thruster was designed on the basis of test

Propulsion Laboratories of BPD Difesa e Spazio results obtained at AVCO ca , Giannini Scientific

and the IRS of the University of Stuttgart, have Corporation(', Rocket Research Company4' and the

been presented in a paper at the last International Jet Propulsion Laboratory s ' ) and teatured a

Electric Propulsion Conference('). A final, complete coaxial, segmented, water-cooled electrode system.

set of results for the two thrusters tested at different This feature enabled the evaluation of thermal load

facilities is presented in this paper. In addition, a distribution along the nozzle and variation of the

comparison of test results with the two thrusters anode configuration by means of proper selection of

operated at IRS facility is also discussed. Test the electrically connected segments. Moreover, the

results are presented with particular enphasis on thruster was designed to enable geometrical

the electric characteristics (voltage-current curves) modification of the thruster configuration by simple

and the heat flux data. The paper also gives a brief replacement of parts.

description of the experimental facilities at both
locations. After parametric testing with different

thruster geometries (at IRS), the most promising
thruster configuration, was duplicated and tested at

Introduction a separate laboratory (BPD), in order to compare
results from testing at two different facilities. The

In late 1986 the European Space Agency testing activity on 15 kWe water-cooled arcjets

(ESA) started a program aimed at developing serves as a preliminary step towards the

laboratory model moderate power arcjet thrusters. development of advanced laboratory model

The main objective of the program was to obtain radiation-cooled arcjet thrusters. In this context, the

design guidelines for the development of flight comparisons between the performance of two

model, 1 N-class arcjet thrusters. These engines similar thrusters tested at two different facilities and

' Physicist, Electric Propulsion Laboratory, Space Division. DIP Engineer, Electric Propulsion Laboratory.

* Engineer and Contract Monitor, Electric Propulsion Unit.
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the performance of the two thrusters tested at the particular, this parametric study showed that the
same facility, is an effort in understanding the segments must be connected properly to obtain areliability of thruster design, testing and diagnostics current-voltage characteristic with a negative slopefacilities and performance measurements, typical for arcjet thrusters. The selected

configuration was characterized by segments 4 and
The results of the preliminary comparison 5 connected as the anode, tangential gas injectionbetween the two facilities were presented in a paper at a 300 angle (IRS MOD-1) and 350 angle (BPD

at the last Intemational Electric Propulsion MOD-1') with respect to the thruster axis, aConference(". That paper compared results constrictor diameter of 2.5 mm with a length of 4.9obtained at BPD Difesa e Spazio (BPD) and IRS of mm, a cathode diameter of 4 mm and a cathode-
the University of Stuttgart (IRS), using nitrogen as constrictor gap of 2 mm.
propellant. Some discrepancies were noted at that
time which were explained by facility and test
procedure variations. The subsequent activitie were
devoted to a better understanding of the causes of
the noted discrepancies. The first step was the
repetition of the tests with nitrogen used as m N
propellant. The BPD thruster was then tested at
IRS. The results of these activities, allowing for C Co,- \,
further comparisons between the performance of
the two thrusters tested at two different facilities as " " \
well as between performance of the two thrusters
tested at the same facility, are described and " "0

discussed below.

Water-cooled Arcjet Design -- ,

The basic water-cooled arcjet design used
in the described tests is shown in Fig. 1. The two ""
engines, designated MOD-1 (IRS) and MOD- -.
1'(BPD), respectively, are briefly described below.
They were made up of a stack of water-cooled
coaxial, copper segments, which were insulated Fig. 1 - Water-Cooled Arcjet Thruster
from each other, so that each could be used
independently or in combination as the anode. The
segments of the stack were intemally contoured to Experimental Apparatus
form the plenum chamber, constrictor and nozzle.
The thoriated-tungsten cathode was located along Test Facilities
the centerline of the device and its position could be
varied with respect to the constrictor inlet. The Test facilities used at BPD and at IRS areanode stack design provided flexibility for variations summarized below (see Refs. 8 and 9 respectively,
in the axial termination point of the arc, and for more details). Tests performed at IRS of the
variations in the geometries of the injectors, were carried out in a facility consisting ot a vacuum
constrictor and nozzle. Segment 5 contained the tank 1.25 m in diameter and 4.0 m in length, whichconstrictor, was connected to a roots pump vacuum plant with

a pumping speed of more than 200,000 m3/h at 10-2
The engine configuration used for the tests mbar. The facility used at BPD consisted of a water-

was selected from those studied during a cooled vacuum tank 1.6 m in diameter and 4.0 m inparametric performance investigation with different length with a 4-stage pumping system providing athruster geometries" and is described below. In total pumping speed of 58,000 m3/h at 10.2 mbar.
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Water-cooling systems were used at both with the segment flow rates enabled evaluation of
facilities to cool the thrust balance, radiation shield the thermal flux that the water carried away from
and the thruster. The thruster cooling water system each segment.
at IRS provided for a water flow rate of 0.8 i/s at an
inlet pressure of 18 bar when MOD-1 thruster was
tested, while a water flow of 0.3 /s at an inlet Results and Discussion
pressure of 6 bar was provided by the cooling water
system at BPD for testing of the MOD-1' thruster. A complete study of 15 kW water-cooled

arcjet performance dependence on geometrical
The electrical power supply used at IRS, thruster configuration as well as on the type of

was a current regulated DC Power Unit with a propellant used, was conducted by IRS 7 under a
maximum current setting of 1,000 A. The electrical BPD subcontract. The testing activities on the MOD-
Power Supply used at BPD was composed of two 1' arcjet were aimed towards the set-up of BPD's
units: a 10 kWe capacitive high-voltage Start-Up testing and diagnostics facilities for arcjet thrusters
Unit and a 100 kWe Power Unit. The Start-Up Unit of moderate power level. At the end of this activity
maximum voltage was 1,000 V with steps of 50 V a characterization of the MOD-I' arcjet using
and the Power Unit was capable of operating at nitrogen as propellant, was conducted and the
currents up to 450 A with 1% ripple. The Power results were compared with the perfor.mance testing
Unit was connected to 0.44 Ohm ballast resistor in at IRS on a similar engine fed with nitrogen'1'. Due
series with the thruster. to discrepancies found during the comparison, some

of the tests were repeated. In addition, a
comparison between the performance of the MOD-1

Diagnostics and MOD-1' engines tested at the same facility
(IRS) was conducted to quantify any performance

Thruster voltage and current were variations resulting from the slightly different engine
measured by means of a voltage divider and a designs. Therefore, testing of the two thrusters was
shunt, respectively. Volumetric flowmeters provided performed at IRS using nitrogen, a nitrogen-
for measurement of the propellant mass flow rate. hydrogen mixture simulating hydrazine and

hydrogen as propellants. The final results, described
Identical thrust stands were used at both and discussed below, are presented as operating

facilities. The thrust stand consisted of a characteristics (voltage, current, arc chamber
parallelogram, pendulum-type balance which pressure, nozzle exit pressure, heat flux and cooling
transmitted the force generated by the thruster to a water temperature) and thruster performance
water-cooled load cell via a thin wire. A water- (power, thrust, specific impulse and efficiency). The
cooled shield was mounted directly behind the results cover the comparison between t!e MOD-1'
nozzle exit plane of the thruster to avoid heating of thruster tested at BPD and the MOD-i thruster
the thrust balance from plume radiation and tested at IRS while operating on nitrogen, and a
impingement of hot gases. The thrust measurement comparison between the two engines tested at IRS.
system included a motorized calibration system Operating characteristics and thruster performance
allowing remote calibration with the vacuum will be presented for a mass flow rate of 0.2 g/s,
chamber closed and the tank evacuated, which was selected since it is representative of the

data trends exhibited over the complete mass flow
The pressure in the thruster plenum rate range tested (0.1 - 0.3 g/s).

chamber was measured by means of an absolute
pressure transducer which used a thin film strain
gauge as a sensor. The pressure gauge was Operating characteristics
connected to the plenum chamber through a tube,
2 m in length, with an internal diameter of 4 mm. MOD-1' Results at BPD and MOD-1 Rer.ults at IRS

Thermocouples were inserted in the cooling The voltage-current (V-I) characteristics and
water outlets of each anode segment and in the the arc chamber pressure as a function of the
cooling water inlet. These temperatures, coupled
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current are shown in Fig. 2 and Fig. 3, respectively. PROPELLANT NITROGEN (200 mg/s)
The values of the voltage and arc chamber IRS (MOD)j
pressure obtained through testing at IRS using BPD(MOD,) I RS(MODI)
nitrogen as propellant, are in general agreement 2000
with the results gathered at BPD. However, the arc
chamber pressure curves do appear to be diverging 18co
at the higher currents with the BPD values being 1600
lower. In addition, the slopes of the V-I curves are
different, with the BPD curve being flatter. 5 1400
Differences between values of voltage are expected W 1200
when differences between arc chamber pressure 0
values are present, due to the increased arc
chamber pressure increasing the arc length and o800
subsequently the voltage. More significant 6oo
differences between pressures are necessary to 4
generate a more appreciable effect on the voltage. 400 5-2
That was the case found during the previous 50 100 150 200 250 300 350
tests(' ). Repeat tests performed at IRS showed that CURRENT /A
differences between arc chamber pressure values
can be explained through differencies between the Fig. 3 - Arc Chamber Pressure
diameters of the constrictors. The constrictor
diameter was increasing with the running time due
to erosion of the copper walls. In view of the The nozzle exit pressure as a function of
differences between the actual diameters of the two the current is shown in Fig. 4. The measured values
thruster constrictors tested previously (1), tests at IRS are very close to the minimum pressure of 0.5 mbar
were repeated using a new constrictor in order to that the transducers, identical at the two locations,
have test conditions closer to the test conditions at can accurately measure. The exhibited differencies
BPD. This explains the better agreement found are within the experimental uncertainty of the nozzle
during this comparison with respect the previous exit pressure transducer sensitivities (±0.5 mbar).
tests(' ).

PROPELLANT NITROGEN (200 mg/s) PROPELLANT NITROGEN (200 mg/s)

SBPD (MOD') *IRS (MODI) U BPD(MOD1) *IRS (MODI)

90 2,5

S 70
7 0 '1 , 5

S60

50

40 0,5

30 0 -

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
CURRENT / A CURRENT/A

Fig. 2 - Electrical Characteristic Fig. 4 - Nozzle Exit Pressure
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The total heat flux carried away from the
thruster segments by the cooling water is shown in PROPELLANT NITROGEN (200 mg/s)
Fig. 5 as a function of the thruster power. With a
nitrogen mass flow rate of 0,2 g/s, the percentage AIRS (MOD) *IRS (MOD)
of electric power going into the cooling water is
60% and 45% for MOD-1' and MOD-1, respectively. 90

8o 
PROPELLANT NITROGEN (200 mg/s)

*BPDOO(11 *IRS(M 001)

12 A A A
50 * *

10

p 4o

30

6 0 50 100 150 200 250 300 350

4 CURRENT /A

2 • Fig. 6 - Electrical Characteristic

0

3 5 7 9 11 13 15 17 PROPELLANT NITROGEN (200 mg/s)

POWER /kWe I IRS(MOOD) IRS (MOO1)

Fig. 5 - Total Heat Flux 2000

These differences were also noted in the previous 180
comparison and were explained by considering I oo
differences between temperature probe locations, at 14o0
the segment outlet at BPD and further downstream W •

at IRS and differences between cooling water flow 1200

rates and pressures ('1 . More insight on the effect 1000
induced by each of the two possible causes can be A
achieved through a comparison between the total
heat fluxes measured on the two engines tested at 6oo

the same location, together with a comparison 4oo.....
between the differential temperature (temperature of 0 50 100 150 200 250 300 350
the outflowing water minus temperature of the
incoming water) measured for each segment of CURRENT/A

MOD-1' tested at BPD and at IRS. The discussion
of this will be deferred to the next section. Fig. 7 - Arc Chamber Pressure

Arc chamber pressures measured on MOD-1' are
MOD-1' and MOD-1 Results at IRS Using N, as higher than those measured on MOD-1. This can
Propellant be partially explained by considering that a new

constrictor was used during the characterization of
The voltage-current (V-I) characteristics and the MOD-1'. On the other hand, on the basis of the

the arc chamber pressure as a function of the experience accumulated at BPD, the arc chamber
current are shown in Fig. 6 and Fig. 7, respectively. pressure is higher when an operating point is first
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set, and then drops slowly with time (10-15 temperature measured on the MOD-1' segments
minutes) until thermal equilibrium is reached. This and cathode for different thruster powers at BPD. In
means that thermal equilibrium should be reached comparing Fig. 9 and Fig. 10, it should be noted
before collecting data. Thermal equilibrium was not that the cooling water flow rate ratio was 1.5. The
reached for all MOD-1' data points due to testing differential temperatures shown in Fig. 9 are more
time restrictions at IRS from other program than a factor 1.5 higher with respect differential
requirements. In this case, the differences between temperatures measured for MOD-1' at BPD (see
arc chamber pressure values are larger than those Fig. 10). For example, at the constrictor segment
found in the previous section.

PROPELLANT NITROGEN (200 mg/s)
The total heat flux carried away from the PRO MOD 200t IRS

thruster segments by the cooling water is shown in
Fig. 8 as a function of the thruster power. There is E s,i li 8.5 1 ,,24 13,7,1
satisfactory agreement between the two series of Thnm po w.
data. The cooling water flow rate during MOD-1' y 2

operation at IRS was 0.5 Vs. Therefore, the
agreement between heat fluxes implies that the 15
differential temperatures for the MOD-1' should be
about a factor 1.5 higher than the differential
temperatures for MOD-1, since 1.5 is the ratio 1 o
between the cooling water flow rate for MOD-1 and
MOD-1' at IRS, respectively. 5

PROPELLANT NITROGEN (200 mg/s) 0
CATHODE SEG. 6 SEG. 5 SEG.4 SEG. 3 SEG. 2 SEG. 1

A IRS(MOD) *IRS (MODI) THRUSTER REGIONS

12 Fig. 9 - Cooling Water Differential Temperatures at IRS

10

x 8 PROPELLANT NITROGEN (200 mg/s)
GL MODI'at BPD

1  
A 6 1D 8,7 O 10,8 12,6 13

4 A 40 Thruster Power rWe)
44O

40
2

Lu25

3 5 7 9 11 13 15 17 0

POWER / W 15

10
Fig. 8 - Total Heat Flux

Differential temperature measurement ratios THODE SEG 6 SEG. 5 SEG. 4 SEG. 3 SEG. 2 SEG 1significantly different than 1.5 were found between (bN*)
test data collected at BPD and IRS. Figure 9 shows THRUSTER REGIONS
the differential temperature measured at IRS on the
MOD-1' segments and cathode for different thruster Fig. 10 - Cooling Water Differential Temperatures at BPD
powers, and Fig. 10 shows the differential
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(No. 5) temperature differences between the data a comparison which could help explain the noted
sets presented in Figs. 9 and 10 exhibit a differences.
temperature difference ratio greater than 3.5. This
means that differences between the temperature PROPELLANT N2-H2 MIXTURE

probe locations should be the main cause of the (o mg/s)

noted heat flux differences between tests at BPD A I• Ol * RS l
and at IRS.

2000

MOD-1' and MOD-1 Results at IRS Using H,-N, 1 00
Mixture and H, as Propellants a 1600

S1400 A
The voltage-current (V-I) characteristics and A

the arc chamber pressure are shown in Figs. 11 1200  A
and 12, respectively as a function of the current 1ooo
with a H2-N2 mixture used as propellant. In both oo00
cases the two series of data are in reasonable
agreement. At higher current the MOD-1 and MOD-
1' data do appear to be diverging with the MOD-1' 400
data being higher in magnitude. 40 80 120 160 200 240

CURRENT / A

PROPELLANT N2-H2 MIXTURE
(200 mg/A) Fig. 12 - Arc Chamber Pressure

A IRS (MODO IRS (MOO1)
------- o an * mPROPELLANT N2-H2 MIXTURE

180 (200 mg/A)

S140 A IRS (MOD') IRS (MW1)

S120 10

100

AAA A

60 6
o A

40 .. -. -- A

40 80 120 160 200 240 A
CURRENT / A

Fig. 11 - Electrical Characteristic 0

6 8 10 12 14 16 18 20

POWER / kWe

The total heat flux is shown in Fig. 13. The
data agree within the experimental uncertainty of Fig. 13 - Total Heat Flux
15% due to the number of temperatures involved.

A comparison between the total heat fluxes
The voltage-current (V-I) characteristics of is shown in Fig. 15. The same considerations made

the MOD-1 and MOD-1' engines with H2 used as for H2-N2 mixture can be also extended to the
propellant are shown in Fig. 14. The MOD-1 present case, the data are in general agreement
voltages are systematically higher than MOD-1' due to a 15% uncertainty in the temperature
voltages. There are no pressure values available for measurements.
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PROPELLANT HYDROGEN (200 mg/s) function of the thruster power. The two series of
data for MOD-1 and MOD-1' engines show good

A IRS(MODO1 IRS(MOD) agreement.

300

PROPELLANT NITROGEN (200 mg/8)
> 250

U BPD (MODI') IRS (MODI)

> 200
1,2

150 A A
A z 1

100
Soso

50 0,640 60 80 100 120 140 160 180

CURRENT/A 0,4

Fig. 14 - Electrical Characteristic
0 ,2 . .. .. . .. . . . . .

2 4 6 8 10 12 14 16 18

PROPELLANT HYDROGEN (200 mg/s)
POWER / kWe

A RS(MOD') *IRS(MODI)
Fig. 16 - Thrust Characteristic

5

4,5

4 A
- 3,5 PROPELLANT NITROGEN (200 mg/s)L- 35 A

I 3 BP(MOO1') IRS (MODI)

2,5 A
600

2-
A

1,5 500

1U

6 8 10 12 14 16 18 20 22 24 400

POWER/ kWe -

a 300
Fig. 15 - Total Heat Flux

200

Thruster Performance 00

2 4 6 8 10 12 14 16 18

MOD-1' Results at BPD and MOD-1 Results at IRS POWER/ kWe

Thrust, specific impulse and efficiency are Fig. 17 - Specific Impulse
reported in Figs. 16, 17 and 18, respectively, as a
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PROPELLANT NITROGEN (200 mg/s) thrust values, as shown in Fig. 19, are consistent
with the higher pressures. However, the magnitude

SBPD (Moo I *RS (MOOD) of the thrust differences can not completely ascribed
to differences between pressures since a thrust

25 stand thermal drift of 0.12 N was noted at the end
of the MOD-I' test at IRS. The specific impulse and

20 efficiency variations are directly related to the thrust
20  variations. These tests should be repeated to

> ensure a facility instrumentation problem was not
_ the cause of the differences.

10 PROPELLANT NITROGEN (200 mg/s)

A IRS (MOO1') * IRS (MOO)

700

2 4 6 8 10 12 14 16 18 600
A

POWER/ kWe a 500 A

o; A
Fig. 18 - Efficiency 400

300
MOD-1' and MOD-1 Results at IRS Using N, as

Propellant 200

Thrust, specific impulse and efficiency are too

reported in Figs. 19, 20 and 21, respectively, as a 2 4 6 8 10 12 14 16 18

function of the thruster power. As noted with POWER/kWe

reference to Fig. 7, the arc chamber pressure MOD-
1' values are higher than MOD-1 values. Higher Fig. 20 - Specific Impulse

PROPELLANT NITROGEN (200 mg/s) PROPELLANT NITROGEN (200 mg/s)

AIRS(MOo') *IRS (MODO) A IRS(MOI IRS OD)

1,4 30

1,2 25

A2
1I 

A A A A

A 15
0,8

0,61 1

0,4
0

2 2 4 6 8 10 12 14 16 18
2 4 6 8 10 12 14 16 18

POWER /kWe POWER/ kWe

Fig. 19 - Thrust Characteristic Fig. 21 - Efficiency
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MOD-1' and MOD-1 Results at IRS Using H,-N,
Mixture and H, as Propellants

PROPELLANT N2-H2 MIXTURE
Since there was general agreement in the (20 MIg/a)

operating characteristics of the two thrusters
operating with H2-N2 mixture as discussed above, A IRs (oo) * IR (MODo
similar thrust data were expected (see Fig. 22).
However, both series of data seem to suffer from Boo
perturbing effects. The MOD-I' thrust data are high
while the MOD-1 thrust data exhibit a saturation
effect (a flattening at higher current) in the region A
where a more pronounced decrease of the voltage soo A
was noted with respect MOD-1' voltages (see Fig. A A
11). The MOD-1 thruster data are believed to be 0 400  A

affected by an asymmetric arc attachment as 300
surmised from the constrictor erosion pattern
following the test. Thrust measurements for the 2 o
MOD-1' are high in view of the measured pressure 100
differences and a 0.118 N thermal drift in the thrust 4 6 10 12 14 16 18 20
stand found at the end of test. Specific impulse and
efficiency, as a function of the thruster power, are POWER/kW
shown in Figs. 23 and 24, respectively, with H2-N2
mixture used as propellant. The performance Fig. 23 - Specific Impulse
variations result from the thrust variations. Again,
the tests should be repeated to ensure no
instrumentation problems caused the differences.

PROPELLANT N2-H2 MIXTURE
(200 mg/s)

A IRS (MOD) * IRS (MOOI)
PROPELLANT N2-H2 MIXTURE (MOD IR

(200 mg/a) 30

A IRS(MODI) *IRS (MODI)
-- 25
C) A

1,6 A
L 20 A A

1,4

z
S1,2 A 15

AA
C I Ao 

A 10
0,8 A

4 6 8 10 12 14 16 18 20
0,4

0,2 . . .POWER / kWe

4 6 8 10 12 14 16 18 20 Fig. 24 - Efficiency

POWER / kWe

Thruster performance for the MOD-1' andFig. 22 - Thrust Characteristic MOD-1 engines fed with H2 are shown in Figs. 25,
26 and 27. These data are in good agreement.

10

IEPC 91-014



91-014

shown elsewhere"1 , engine performance does not
depend critically on the cathode gap setting.

PROPELLANT HYDROGEN (200 mg/s)

A RS(Moon *IS (MOD1)
PROPELLANT HYDROGEN (200 mg/s)

1,6

A mRS 0 11 *IRS(MOOI)

1,4

z 35

1,2

F 1 30

0,8 25

0,6 20

0,4 . . . . . . . . . . . . . *

6 8 10 12 14 16 18 20 22 24 26 16

POWER / kW 10 ...

6 8 10 12 14 16 18 20 22 24 26

Fig. 25 - Thrust Characteristic
POWER / kWe

Fig. 27 - Efficiency

PROPELLANT HYDROGEN (200 mg/s)

A IRS (MODi IRS (MODI)
IA Ps(il) * 17) Conclusions

800
Final results of MOD-1', 15 kWe water-.

- cooled arcjet testing, have been presented and
700 , compared with the results of MOD-1 thruster

Stesting. The most complete comparison was
o600 4* performed using nitrogen as the propellant, since

4 data from testing of the two thrusters running at two
So A 4 different facilities and data from testing of the two

* engines running at the same facility were compared.
400 Voltages, pressures and performance show

satisfactory agreement when constrictors of similar
3 condition are used. Total heat fluxes measured on

Sthe two thrusters tested at the same facility are
6 8 10 12 14 16 18 20 22 24 26

equal. Total heat fluxes obtained during tests on the
two thrusters running at two different facilities differ,

POWE kdue to differences in temperature probe locations.
-Specic I e Differences between cooling water flows do not

Fig. 26 - Specific Impulse seem to affect thruster performance.

Comparison between test results obtained

The voltage differences noted above are suspected using a H2-N2 mixture simulating hydrazine shows

to result from different cathode gap setting. As that better performance than that exhibited by the

11

IEPC 91-014



91-014

MOD-1 are expected. Finally, with hydrogen as Research Company, Redmond,
propellant performance measurements for the two Washington, Final Report for the Air Force
engines were in good agreement. The differences Rocket Propulsion Laboratory, AFRPL-TR-
found in operating voltage are presumably due to 86-079, December 1986.
an incorrect cathode positioning. More detailed data
can be found in Ref. 11. Pivirotto, T. J., King, D. Q., Deininger, W.

D. and Brophy, J. R., "The Design and
Operating Characteristics of a 30-kW
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