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Abstract. Catalytic resistojets are small thrusters that use electric power and a catalyst to heat and decompose a propellant before
exhaustion through a nozze. This paper describes the design and construction of a bench for testing electrothermal catalytic
thrusters, and the design, construction and tests of a 0.2 N thruster using self-pressurized nitrous oxide (N,O) as propellant. The
systems for fuel storage, ducting, injection, heating, exhaustion, instrumentation and data aquisition are described. Preliminary
tests with no propellant decomposition and power input from 100 to 400 W have reached specific impulses from 70 to 120s with
thrust levels from 150 to 250 mN. The N,O decomposition was achieved by a pre-heated Ru/Al,O; catalyst.
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1. INTRODUCTION

Catalytic resistojets are electrothermal thrustath low thrust (~1N) which use a heater and algttabed to heat
and decompose the propellant before its ejectiorabnozzle. They can be used, for example, in arbitection,
positioning and attitude maintenance of satelljiézole, 1990).

The addition of electric energy allows a better né@ropellant, and can increase the lifetime dellites and
probes, the reach of space missions or to rede&timching costs (Szabo et al, 1995). The firstafsa resistojet in
space was in the 1960s, in the Vela satellite byiTRW Systems to detect nuclear explosions (JE963).

Electric propulsion systems can present a payl@di,ror mass efficiency, greater than chemicalpplsion
systems, if the power supply system mass is ngelaA higher mass efficiency is obtained when thating power
used is available on shared with other equipmentdaard, when they are turned off or have redubed power
demand (Sutton, 1992).

Although the thrust values are, in general, smathgared to other types of propulsive systems, rtetttrusters
yield greater propellant exhaustion velocities aodpsequently, larger specific impulses. The lowugts allow
maneuvers of high precision, required to obsemedfipoints on Earth surface or on other celestdids (Giacobone,
2003).

Resistojets are the simplest electric thrusterisigb@ble to use different propellants such N,, CO, CQ, H,0, He,
H,O, Xe, NH,and NH,. They are easy to control, have a simple poweditioning system, allow the use of inert
propellants, are reliable, present low cost anclagood thrust efficiency, from 60 to 85% (Suti®92).

The specific impulse, Isp, is the ratio of thrust gropellant weight consumption rate. Resistdjetge, in general,
Isp lower (< 300 s) than other electric thrustéisyever provide relatively higher thrusts. Electhicusters, including
resistojets, can present problems related to bsaés, dissociation of the propellant and nozasien. Figure 1 shows
the scheme of a propulsion system based on aagjesist

The nitrous oxide, pD, is a propellant with good potential for use @sistojets, because it can be self-pressurized
and can undergo exothermic decomposition. It is tooac, relatively inert - explodes when it is stgly heated, is
compatible with common materials, non-flammable atable in normal conditions. The,® is gaseous in ambient
conditions but, in general, is stored in saturationditions (52 bar at 20 °C). SomeNproperties are shown on Table
1.

Table 1. Properties of nitrous oxide;N

Molecular weight 44.013 kg/mol
Boiling point -88.5°C

Melting point -90.8°C

Crytical temperature 36.4°C

Crytical pressure 72.45 bar
Vapour pressure at 20°C 50.8 bar
Conductivity thermal the 0°C 14.57 mW/(m.K)
Density 1.22 g/ml

Source: Air Liquide MSDS Nr:093A_Al
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N,O is decomposed when heated above 520 °C. Onggeaditthe NO decomposition by heating or by a catalyst, it
continues in a self-sustained exothermic procetsgnatg an adiabatic decomposition temperature radoli640 °C
(Zakirov, 2004). If there is dissociation, it resuinainly in the formation of nitrogen and oxygen:

N2O (9)> N2 (9) + 2 Q+ AH (R1)

Nitrous oxide can be decomposed by several casaly@hg iridium, platinum, rhodium, tungsten caehidopper,
cobalt or gold. Catalysts reduce the initial terapare of decomposition below 520 °C (Lawrence £2@00).
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Figure 1. Propulsion system using a resistojet wighiessurization tank.

Table 1 shows a list, presented by Rycek and Zagdhe(2005), of some electrothermal systems lauhditoam
1965 and 1997. It can be seen in Table 1 that tifgalt}12 thruster using nitrous oxide with 100 W poimput reached
an Isp of 127 s with a thrust of 125 mN.

This paper aims to describe a bench for testinglyat electrothermal thrusters and the design 8f2aN catalytic
thruster using self-pressurized nitrous oxide apeltant. Some preliminary results are presented.

Table 1 - Resistojet systems launched from 19651884 .
Source: Rycek and Zandbergen (2005).

Firstlaunch |  Satelte |  Propellant | Power [W] [ Thrust[mN] | Isps]
Aplication: Experimental
1967 ATS-2 e ATS-3 Ammonia 3,6 18 150
1968-1969 ATS-4 e ATS-5 Ammonia 3,5 18 150
1971 Sol rad-10 Hydrazine <10 - -
1999 UoSat -12 Nitrous oxide 100 125 127
Aplication: geosincronous orbit adjustment
1980 INTELSAT-V Hydrazine 300-600 223-490 280
1983 Satcom-1R Hydrazine 450 178-356 298
1994 GOMS Ammonia 450 - -
Aplication: orbit adjustment

1965 Vela Nitrogen 92 187 123
1965 U.S.Navy sat. Ammonia 30 89 132
1967 Advanced Vela Nitrogen 30 89 132
1971 U.S.Navy sat. Ammonia 3 44-356 235
1981 Meteor 3-1 Ammonia 450 - -
1988 Gstar-3 Hydrazine 600 - -
1997 Iridium Hydrazine 500 - -
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2. TEST BENCH FOR CATALYTIC RESISTOJETS

Figures 2 and 3how, respectively, scheme and views of an initial versiontlo¢ test benc. The bench includes a
table, support, bO tank, pressuresgulato, ducting, valves, flow control system, povsaurce pressure transducers,
thermocouples and data acquisition sy In the initial version of the bench the thrustersweeir the thrust balance
flexures what caused several problems related &tirfte of the thrust balance. Later it was included additiona
support in the bench to reduce errors on thrussoreanent caused by heating and dilatation of the thru:

A pressure regulatas used to reduce thpressure in the JO tank from 52 bato about 7 bar. he pressure in the
heating and catalytic chambisrapproximately 5 b. A filter is used to avoid that propellant impurities kltite feec
lines. A solenoid valve with an electpmeumatic valve, remotely controlled, is usedpen and shut the flc to the
thruster A check valve is used to avoid flow return and dgene the mass flo controller.

The thruster is supported @nrigic table and a support, as depicted in Figur®©ther componentcan also be
supported on the tabl@voiding vibratiol, since very low thrusts are being measurEde thruster has a cent
cartridge heater, a tangential propellant injeatwdt a catalytic be with a variable length. Ae thrus is measured by a 3
N load cell, as shown in Fig. 3b. The load cell a strain gagéhat sends a voltage signal when it is stre.

The pressure transducease positionecin the inlet and exit of the catalytchamber and in thfeed line. The
thermocouples are placed at the inlet and exihefcatalyti chamber, and inside thesistance to allow control of the
heat input ando provide data to measure the thermal efficit.

The signals from the pressuransducel and temperature sensa® collected by a data acquisition system 1
LabView software which also contralse opening and closing of the val.

In the next section the performance parameand the detailed design characteristi€sn electrothermal catalytic
thruster for test are presented.
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Figure2. Scheme of test bench with thruster assembled.
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b) Bench with assembled thruster under operation.

Figure 3. Early version of the test bench.
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3. THRUSTER DESIGN
3.1. Performance Parameters

The main performance parameters of a catalytidreti@rmal thruster are the maximum chamber teniperathe
fraction of decomposed propellant, thrust, thrusfficient, characteristic velocity, specific impal and propulsive
efficiency. Expressions for some of these pararsetere derived previously by Albuguerque and C{0@8) and are
shown next.

The thrustF, produced by the ejection of gases in high veydsigiven by

F=mV +(p,-p,)A 1)

where m is the mass flow rate of propellam, is the exhaustion pressure of gases in the nopzlis, the ambient
pressure is the exhaustion area of the nozzle ®pts the exhaustion velocity of the gases.
The exhaustion velocity is obtained by applyingfitet law of thermodynamics to the flow in the dbter, yielding,

v, =[2c,, (T -T.)]" ©)

whereT, is the stagnation temperature at the end of tlatig#catalytic chamber argl is the average gas specific
heat during exhaustion in the nozzle. The stagnddmperaturel,.,, depends on the dissociation level of the propella
and on the heating efficiency. A study of the pitgpe dissociation effects was made by Albuquerqne Costa
(2008).

The specific impulsdgsp, is defined by

F V.,
Isp=——0—=, if Pe=P,, 3)
mg, g,

whereg, is the gravity acceleration at sea level (=9.8€m/

The specific impulsel,sp, is proportional to the exhaustion velocity at titeezzle exit and depends on the chamber
pressure, power input, heat losses, friction loaselsnozzle expansion ratio.

The thrust coefficient is given by

F

C.=—+ 4

PA
whereP, is the chamber pressure afds the nozzle throat area.
Cr indicates the nozzle design quality and does apedd significantly on the propellant choice.
The characteristic velocityZ*, indicates the propellant quality and it is giv®n
* P

C =—=-+ (5)

m

It is defined here the electric propulsive effiaigras the ratio between the power of the exhaugébmand the
power input added to the initial flow enthalpy, Igiag

e
n, O1- (6)
T

3.2. Design of a Catalytic Resistojet
In order to design an electrothermal catalytic $ket) or catalytic resistojet, several configunasiovere analysed in

the literature. The potential heat losses and tradlability of resistances in the Brazilian natibmaarket were
considered.
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Therefore, it was chosen a resistojet configuratimtuding a central heater, i.e., with a cartrigd@ced along the
axis of the heating/catalytic chamber, tangentiggdtor, pre-chamber, alumina and catalytic bedsirad the heater,
post-chamber, thermal insulation and a nozzle.

Figures 4 and 5 show views of the catalytic regstdesigned.

The catalytic bed comprises catalyst grains distetd around the central heater and retained byl rpeteens. The
tangential injector allows a larger contact timéween the propellant and the alumina and catahgid. Catalysts of
iridium or ruthenium impregnated into alumina, mangse oxide and other produced in the LCP/INPE {Zstion
and Propulsion Laboratory/Brazilian Space Rese@sniter) can be used for tests.

Table 2 shows reference values adopted, basedpsavaous thermodynamics analysis (Albuquerque aosita:;
2008) and considering typical values of thrust eledtric power available in medium size satellites.

The resistojet comprises, broadly, four sections.

The first section is the pre-chamber which includles tangential injector and the initial part ok telectric
resistance. The cold propellant injected cools ddweninitial part of the resistance which will paesough the other
two thruster sections. The resistance is a sta@rgésel cartridge containing a nickel chrome filamisolated with
magnesium oxide.

The second section corresponds to an alumina bedusuling the resistance and limited by metal steghich
retain the alumina grains. Alumina increases thegntial inertia and has potentially a catalytic dffdte gases are
injected tangentially, heated in contact with tesistance and, possibly, are decomposed by heating.

The third section includes the catalytic bed anst{@ating chamber.

The fourth section comprises the nozzle which casvihe thermal energy of the gases into kinetiergy of
exhaustion.

Table 2. Reference values for development of dytataesistojet.

Maximum power (W) 500
Maximum thrust (N) 0.5
Expansion ratiog (-) 4
Throat diameter (mm) 0.94
Thrust coefficient (-) 1.437
Chamber pressure (atm) 5
Maximum specific impulse (s) 200
Mass flow rate (g/s) 0.25
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Figure 4. Longitudinal section view of the catatytesistojet.
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a) Pre-chamber cross section. b) 3D viewof the thruster test ben.

Figure 5.3D views of the bench withhe thruster supported on the load

4. EXPERIMENTAL RESULTS

Figure 6 shows the thrust, specific impuls, Isp, chamber pressurB;, and mass flowatemeasured in a test using
75% of the catalytic bed filledith aluming no catalyst and power input of 100 W. Tdeeragespecific impulse was
around85 s, average mass flow rate around 0,2 g/s anage¢hrust about 170 n.

Figures 7 and 8how results of tesiusing a ruthenium catalystipported on alumina (FAI,O3) with 200 W and
450 W power input, respectiveliyn these tests 25% of tithermo-catalytic bed were filledith catalystsand 75% were
filled with alumina.The heater was turned s soon as the,® was injected.

The catalytic bed exit temperatui®, increased rapidly after injection ob®, thusindicatin¢ that the exothermic
decomposition was occurringince the heater was turned The propellant supplyas stopped whe the electric
resistance],e, reached about 1100 kK avoid damage to the hes.

It can be seen in Figures 7a and 8a that the tatdlgd exittemperatureTs) increased up to about 700 K and ¢
K, respectively, whereas the alumina bed tempegai(T,y) Was about 490 K and 780 K, respectively, with
significant variation in both cases.
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Figure 6.Results for a test using gaseot,O, with no catalyst and a héag inpu of 100 W.

Figure 9 compares the propulsigéficiencies for the tests shown in Figs. 7 andit8appears thethe efficiencies
follow the catalytic bed exit temperat.. The propulsive efficiency was calculated by EqssumingT, = Ty = 298 K
andT, = Ts. The resistance temperature attained 1100 K in at@s in the200 Wtest and in about 50 s in t450 W
test.
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Figure 7. Experimental results for a test usingV200

Figures 10 and 11 compare test results with cdtalys without catalyst for a power input of 400 k&/spectively.
Figure 10 shows thrust and chamber pressure whEeigae 11 shows the mass flow rate and the proguéfficiency.

Figure 12 shows the effect of power input on thamst specific impulse in tests with no catalytica®position.

In the case without catalyst the thrust did noteext100 mN whereas in the case with catalyst thesyprovided
about 200 mN. The increase in thrust is due toeettethermic decomposition of,8 which generated a hot mixture of
gases with lower molecular weight and a greatemeshvelocity. The chamber pressures were aboubat.5n both
cases and the mass flow rates without catalysts smaller than the mass flow rates with catalysts.

The propulsive efficiency for the test with catalis higher than for the test without catalystbisth cases above

50%, due to the large power input.
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4. CONCLUSION

This work described the design of a bench for ngstatalytic resistojets and the design of a 0.2athlytic
resistojet using self-pressurized nitrous oxidprapellant. Results of preliminary tests in thediewere presented.

Thrust, chamber pressure, temperatures and massdtes were measured in different tests with sdvevels of
power input.

Tests with no catalytic decomposition achieved ghiavels 150-250 mN, specific impulses from 70-E2@Gnd
chamber pressures from 4-6 bar.

It was possible to achieve thermo-catalytic decasitfpm of the nitrous oxide with pre-heating of a/RI,Os;
catalyst.

New tests will proceed using different conditionsdapropellants. Improvements in thruster desigmrrtal
insulation and bench construction are being made.
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