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Performance and Endurance Tests of a Laboratory Model
Multipropellant Resistojet

W. Earl Morren,* Margaret V. Whalen,* and James S. Sovey*
NASA Lewis Research Center, Cleveland, Ohio

This paper presents the results of an effort to demonstrate the technological readiness of a long-life
multipropellant resistojet for space station auxiliary propulsion. A laboratory model resistojet made from
grain-stabilized platinum served as a test bed to evaluate the design characteristics, fabrication methods, and
operating strategies for an engineering model multipropellant resistojet developed as part of the NASA space
station propulsion system Advanced Development Program. The laboratory model thruster was characterized
for performance on a variety of fluids expected to be available onboard a space station, then subjected to a
2000-h, 2400-thermal-cycle endurance test using carbon dioxide propellant. Maximum thruster temperatures
were approximately 1400°C. Significant observations from the laboratory model thruster performance and
endurance tests are discussed as they relate to the design of the engineering model thruster.

Introduction

URING the 1960s, there was an active technological

effort to develop resistojets for the Manned Orbital Re-
search Laboratory (MORL) using environmental control and
life support system effluents. The MORL program, and the
associated biowaste resistojet technology work,'"* was termi-
nated in the early 1970s. Over the past seven years, high-per-
formance hydrazine resistojets have performed north-south
stationkeeping for commercial spacecraft in geosynchronous
orbit, marking a renewed interest in resistojet technology.
Two thruster developers have provided approximately 100
resistojet thrusters for 26 flights.>%

Multipropellant resistojets have been baselined as the low-
thrust option for the space station propulsion system. The
resistojet can provide low levels of thrust for drag makeup
while disposing of a variety of fluids expected to be present in
excess quantities on board a space station. These fluids can be
vented either propulsively or nonpropulsively, insuring that no
condensation of high-vapor pressure compounds (i.e., steam
or carbon dioxide) occurs, and that all effluents are imparted
with high exit velocities to minimize contamination of the
space station environment. The use of such fluids as propel-
lant will result in significant reductions in space transportation
system (STS) costs that would be associated with the launching
of the necessary propellants, as well as the removal of waste
fluids from the space station. Recent studies have explored
these and other potential benefits of a propulsion system
incorporating low-thrust resistojets.”-?

Recently, a resistojet technology program was reinstated by
NASA to focus on material evaluation, fabrication methods,
performance, plume evaluations, and life assessments of resis-
tojet technology for space station application.®-!! The technol-
ogy goals emphasize thruster life, reliability, and multipropel-
lant capability rather than optimum performance. The design
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life goal is a minimum of 10,000 h for thrusters operating on
hydrogen, helium, methane, water (steam), nitrogen, air, ar-
gon, and carbon dioxide at specific impulse and thrust levels
of 100-500 s and 130-450 mN, respectively.

The main objectives of this program were to evaluate
thruster material/propellant compatibility and fabrication
methods as well as to provide preliminary performance and
lifetime data for a resistojet. A simple laboratory model resis-
tojet was fabricated from grain-stabilized platinum and char-
acterized on a variety of propellants at heater temperatures up
to 1400°C. A duplicate of this thruster was subjected to an
endurance test operating in a thermally cyclic mode using
carbon dioxide propellant. These thrusters served as a test bed
to provide insight into the design of a long-life engineering
model resistojet for space station application.!? The engineer-
ing model resistojet is the second-generation thruster devel-
oped under the Space Station Advanced Development Pro-
gram. Valuable information was also gained regarding
long-term endurance testing of space propulsion devices in
ground test facilities. This paper presents the results of the
performance and endurance tests conducted as part of the
NASA multipropellant resistojet technology effort and dis-
cusses how the results of these tests are related to the design of
the engineering model multipropellant resistojet.

Apparatus and Procedure
Laboratory Model Resistojet Description

The material used for construction of the laboratory model
resistojet was grain-stabilized platinum because it exhibits
long-term, high-temperature compatibility with a wide variety
of oxidizing and reducing fluids.'>!* Details of the thruster
material selection process will be discussed later in this section.
The platinum used employed a small quantity (less than 1%)
of zirconium oxide dispersant as a grain stabilizer. The grain
stabilization is desired to minimize grain growth that occurs
when materials are held at high temperatures for extended
periods of time. Excessive grain growth leads to distortion and
weakening of components, which is of special concern for the
pressure vessel/heat exchanger of a resistojet.

The laboratory model resistojet, shown in Fig. 1, was a
radiatively coupled device employing a heating element lo-
cated in an evacuated cavity within an annular heat exchanger
body. The heat exchanger consisted of two concentric tubes
sealed together to permit contained gas flow within the annu-
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Fig. 1 Schematics of the multipropellant resistojet.

Table 1 Multipropellant resistojet design characteristics

Shell/nozzle
Material Grain-stabilized platinum
Nozzle throat diameter, mm 0.84
Nozzle area ratio 82
Nozzle half-angle, deg 20
Body length, cm 13.0
Body diameter, cm 1.92

Heat exchanger
Material Grain-stabilized platinum
Number of channels 16

Heater element
Material Grain-stabilized platinum
Tubing o.d., mm 2.03
Tubing i.d., mm 1.52
Coil length, mm 5.82
Coil pitch 0.10
Coil diameter, cm 1.04
Maximum operating temperature, °C 1400
Design life, h 10,000

lar region between them. A spiral channel near the rear (inlet
end) of the heat exchanger directed the flow of the cold
incoming gas circumferentially to reduce heat loss from the
rear of the thruster. The flow was then directed axially by 16
small channels in the forward (hottest) section of the heat
exchanger, after which the gases were expanded through the
nozzle. The heating element was made from a coiled tube
comprised of 22 turns over a length of 5.8 cm. The platinum
thruster components were joined by electron beam welds. To
minimize radiative heat losses from the outer surface of the
heat exchanger, the thruster was wrapped with radiation
shielding consisting of two layers of 0.03-mm platinum foil
followed by 13 layers of 0.13-mm stainless steel foil. The
layers of shielding were separated by small-diameter wires.
Basic dimensions of the laboratory model resistojet are sum-
marized in Table 1.

Two separate thrusters were used to carry out this series of
tests: one for generation of a complete performance map, and
a second for endurance testing. These two thrusters differed



20 MORREN, WHALEN, AND SOVEY

only in the configuration of the heater support structure,
which was required to prevent heater coil sag induced by
operation in standard gravitational acceleration. In the
thruster used for endurance testing, this support structure
consisted of 6.4-mm-diam by 6.0-cm-long alumina rod located
in the center of the platinum coil and one length of 1.2-cm-
o.d, 1.0-cm-i.d. alumina tubing surrounding each end of the
heater coil (see Fig. 1¢). The heater support structure in the
thruster used for performance mapping did not include the
two sections of alumina tubing. While interactions between
alumina and grain-stabilized platinum at high temperatures
have been observed to cause degradation of the platinum
structure,'® preliminary tests suggested that applying a thin
coating (nominally 200 A)of platinum to the alumina surface
retards this interaction.

Material Compatibility Testing

The requirement that the space station resistojet be capable
of operation for extended periods of time on a variety of
propellants is extremely stringent, since the range of fluids of
interest includes both oxidizing and reducing gases. The mate-
rial chosen for this application was grain-stabilized platinum.
This platinum-based material was believed to have an ade-
quate combination of high-temperature strength and corro-
sion resistance in both oxidizing and reducing atmospheres.
The grain stabilization is desired to minimize grain growth

Table 2 Vacuum tank 5 pumping capability using hydrogen and
nitrogen with two pumping configurations

Hydrogen Nitrogen
Pumping Flow rate, Pressure,® Flow rate, Pressure,?
configuration g/s Torr g/s Torr
20 oil
diffusion pumps  0.02 7x10~4 0.1 5x1074

Four lobe blowers
and four oil
sealed rotary 0.02

6x10"2 0.1 4%x10~2

2Pressure measured with cold cathode ionization gage, with readings corrected
for gas type.
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that occurs when materials are held at high temperatures for
extended periods of time. Unfortunately, published informa-
tion on the long-term compatibility of grain-stabilized plat-
inum with the propellants of interest at 1400°C was not avail-
able. Therefore, a study was conducted to evaluate the effects
of long-term exposure of high-temperature grain-stabilized
platinum tubes to environments of carbon dioxide, methane,
hydrogen, ammonia, and steam. The apparatus and proce-
dures used to conduct this investigation are described in detail
elsewhere,'>1* but the pertinent results will be reviewed later in
this paper.

Performance Testing

Performance mapping of both laboratory model resistojets
was conducted in a vacuum chamber measuring 4.6 m in
diameter and 19 m long,'¢ equipped with a pumping train
consisting of 20 0.8-m-diam oil diffusion pumps backed by
four lobe-type rotary blowers and four oil-sealed rotary piston
pumps. This system can achieve pressures of approximately
4x10-7 Torr with no flow and maintain a tank pressure of
6% 10~ Torr with a gas load of 10 standard liters per minute
of hydrogen. Data relating some flow rates and the corre-
sponding tank pressures for hydrogen and nitrogen are sum-
marized in Table 2.

The resistojets were characterized using a thrust stand,
which relates the horizontal displacement of a mounting plate
as an indication of applied thrust.5 Figure 2 illustrates this
thrust stand schematically. The mounting plate is made from
a machinable ceramic material to reduce heat transfer from the
thruster to the rest of the thrust stand and is supported by four
flexures made from stainless steel shim stock. Displacement of
the mounting plate is monitored by a linear variable differen-
tial transformer (LVDT). The output of the LVDT was cali-
brated against thrust using small weights (approximately 148
mN each) hung from a length of cord. A low-friction pulley
transfers the vertical force exerted on the weights by gravity
into a horizontal (thrust) force. The magnitude of the calibra-
tion thrust was changed by varying the number of calibration
weights supported by the cord. This was accomplished by
using a movable weight pan.

Electrical power was supplied to the thruster by two 0.32-
cm-diam copper rods. Propellant was fed to the thruster
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through a length of 0.32-cm-o.d. thin-walled stainless steel
tubing. A second tube (identical to the feed line) connected the
thruster inlet to a pressure gauge. The propellant feed and
presure tap tubes were shaped in a sine-wave configuration to
minimize their lateral stiffness, thus increasing the sensitivity
of the thrust stand.

The thruster mounting plate and LVDT were submerged in
an oil bath to minimize thermal expansion of the base plate
and the associated thermal drift in the LVDT output. This
thrust system yielded a standard deviation in indicated thrust
of approximately 1 mN during calibration. Thermal drift dur-
ing operation at the power levels required by the laboratory
model thruster was minimal. This drift was negated by allow-
ing the thruster to establish equilibrium at each operating
point, then turning off propellant flow to cancel thrust, allow-
ing a new thrust standard zero reading to be obtained. The
thruster was assumed to be at equilibrium when the inlet pres-
sure and heater voltage stabilized while the propellant mass
flow rate and heater current were held constant.

Heater power was provided by a dc power supply with an
output capacity of 50 V at 50 A. This unit was operable in both
current- and voltage-limited modes. The dc power supply was
used in conjunction with a dc resistance controller, which al-
lowed constant heater resistance operation of the thruster.

Propellant flow rates were measured using transducers that
were thermally sensitive to gas mass flow rate and heat capac-
ity. These flow meters were calibrated for output reading vs
actual mass flow rate for each of the propellants used in the
multipropellant resistojet. The calibration curves were linear
over the range of flow rates tested. The uncertainty in the
measured values of the propellant flow rates was estimated to
be less than 3% for all but the lowest flow rates measured.

Performance of the multipropellant resistojet was measured
for each of seven propellants over a range of thrust levels at
constant heater temperature. The heater temperature tested
was 1400°C and was determined during the thruster operation
based on a temperature-resistance calibration of the heater
performed prior to assembly of the thruster using a two-color
optical pyrometer to measure heater temperature.

Endurance Testing

The endurance testing of the laboratory model resistojet
began with a pretest analysis. The thruster was then placed in
the test chamber where operation time was accumulated, after
which a posttest analysis was performed. The purpose of the
pretest analysis was to describe the condition of the test
thruster thoroughly prior to initiation of the endurance test.
This characterization consisted of an electrical calibration of
the heater element, a brief performance test, and documenta-
tion of critical thruster dimensions. The electrical calibration
of the heater element provided the relationship between the
heater temperature and electrical resistance. This allowed the
resistance to be used as an indication of heater integrity during
the course of the endurance test. During this calibration, the
heater temperature was measured with a two-color optical py-
rometer, and resistances were measured for temperatures from
900-1400°C. The purpose of the pretest performance test was
not to probe the limits of the capabilities of the test article, but
to provide a benchmark against which any changes in thruster
behavior could be gaged and to aid in the selection of operat-
ing conditions during the endurance test. The pretest perfor-
mance test was conducted by measuring cold-flow perfor-
mance at two thrust levels and warm-flow performance at
three thrust levels with heater temperatures of approximately
1400°C.

The endurance test was carried out in a test chamber mea-
suring 0.6 m in diameter X 1.0 m long, equipped with a rotary
piston vacuum pump. The thruster was operated for a total of
2400 1-h thermal cycles with a heater duty cycle of 83% and
propellant mass flow rate held approximately constant at 0.1
g/s. The propellant used was high-purity carbon dioxide and
was chosen because it could be stored in liquid form, was inert
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Table 3 Summary of grain-stabilized platinum experiments

Coiled
Coiled Heater  heater
heater initial mass Extrapolated
temperature, mass, loss, life,
Propellant °C g g? h
Platinum-yttria
CO; 1400 9.0194 0.0030 300,000
CH4 500 12.6384 0.0008 1,500,000
H; 1400 12.6589 0.0062 200,000
NH3 1400 12.5982 0.0055 200,000
H; 1400 13.0695 0.0116 113,000
Platinum-zirconia

CO2 1400 13.1955 0.0016 800,000
CH4 500 11.6969 0.0000° 1,000,000
Hy 1400 13.2093 0.0031 400,000
NH3 1400 13.0632 0.0066 200,000
H>O 1400 11.5133  0.0245 45,000

aAfter 1000 h operation. Time to 10% mass loss. °0.0001 g, accuracy of balance.

(important for facility safety considerations), and was a likely
candidate for use as a propellant onboard a space station.
Heater voltage and current, propellant mass flow rate, thruster
inlet pressure, and temperatures at three locations on the outer
layer of the radiation shielding were all monitored continu-
ously during the test. The heater was operated at 29.0 A in a
current-limited mode. This current level was chosen to pro-
duce an equilibrium heater temperature of 1400°C at the be-
ginning of the test. The choice of heater temperature was based
on the expectation that the flight model resistojet would also
be operated at up to 1400°C, a temperature at which the glass
fabrication industry has extensive experience with operation of
grain-stabilized platinum heaters. Test facility pressure during
the test remained approximately constant at 40 Pa (0.3 Torr).

The endurance test was voluntarily terminated at the com-
pletion of 2400 thermal cycles and 2000 h under power. The
resistojet was removed from the test chamber and subjected to
a series of posttest inspections intended to document its condi-
tion thoroughly. The critical thruster dimensions were
recorded, cold and hot performance was documented, and the
electrical characteristics of the heater element were evaluated.
The posttest analyses also included a complete sectioning of
the heater and heat exchanger to allow examination of the
platinum microstructures at various places throughout the
thruster. This provided information regarding the effects of
extended high-temperature operation and electron-beam weld
joining on the grain stabilization properties of the platinum.

Results and Discussion

Material Compatibility Testing

The results of the material compatibility investigation, sum-
marized in Table 3, indicate that grain-stabilized platinum
tubes are compatible with hydrogen, methane, steam, and car-
bon dioxide under the test conditions. The extrapolated life-
times of the test specimens in these environments, based on
10% mass loss as end-of-life, are well in excess of the 10,000-h
design life goal in all cases. Sections of the test specimens were
polished and inspected under high magnification. The grain
structures of samples exposed to hydrogen, methane, steam,
and carbon dioxide showed no significant increase in grain
dimensions when compared to polished sections of annealed
samples prior to exposure to propellant gases. Evidence of
chemical attack on these samples was minimal. However, the
sample exposed to ammonia showed pitting that extended well
into the material. This suggested a possible interaction be-
tween grain-stabilized platinum and hydrazine decomposition
products, which contain up to 20% ammonia. Reduction of
the operating temperature to about 900°C in ammonia-con-
taining atmospheres resulted in a significant reduction in such
pitting.
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Performance Characterization Results

Thruster performance evaluation was conducted at a power
level of about 200 W for thrust levels ranging from 90-420
mN. Specific impulse, thrust, and input power levels are re-
ported for each of the seven propellants tested. The data were
also reduced to examine the values of overall efficiencies and
some estimates of gas stagnation temperatures.

With this simple, radiatively coupled thruster design, large
temperature drops between the thruster heater and heat ex-
changer were expected. Estimates of the temperature differ-
ence between the heater and heat exchanger wall range from
200°C for low-thrust operation on argon propellant to 1100°C
for operation on hydrogen at high thrust levels. These esti-
mates were based on the assumption that the wall temperatures
were approximately 150-200°C higher than the estimated gas
temperature at the nozzle inlet. The gas temperature was esti-
mated by first calculating the gas stagnation enthalpy, then
using tables of standard gas properties!” that listed enthalpy as
a function of temperature. The gas stagnation enthalpy #, was
estimated by dividing the measured thrust power by the square
of the nozzle efficiency and the propellant mass flow rate:

__T'le W
4 2*m* ("Tn()z)2
where T and I, are measured values of thrust and specific
impulse, respectively, nq0, is an estimate of the nozzle specific
impulse (/) efficiency, and #1 is the mass flow rate. The nozzle
I, efficiency is defined as the ratio of the actual specific im-
pulse to that predicted by one-dimensional isentropic flow
theory for a nozzle with the same stagnation temperature as
the nozzle being investigated. The nozzle I, efficiencies used
were approximated by the square root of the overall power
efficiency of the resistojet while operating on the various gases
with no electrical power input (cold flow):

T*Isp &e

T @

No =

Moz =

where A, is the gas enthalpy at 300 K. Since it is well known
that the nozzle /; efficiency decreases for low Reynolds num-
ber flow, the use of the cold-gas values for warm-gas flow may
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seem an unlikely choice. However, recent studies '® indicate
that the nozzle I, efficiency is relatively constant for throat
Reynolds numbers above 4 x 103, Most of the performance
data obtained for the laboratory model resistojet were at
throat Reynolds numbers well above this value, so the nozzle
efficiency estimates employed were unlikely to introduce sig-
nificant error into the estimates of the gas stagnation tempera-
ture.

Figure 3 shows the ranges of thrust levels and specific im-
pulse values observed for the various propellants for heater
temperatures of approximately 1400°C. This heater tempera-
ture was chosen due to heater material limitations. Because of
the configuration of the heater element, this temperature limi-
tation caused maximum power dissipation by the heater to be
in the vicinity of 200 W. Flow rates for all propellants ranged
from 0.08 to 1.6 kg/h at stagnation temperatures from approx-
imately 110°C for hydrogen at high flow rates to about 1040°C
for argon a low flow rates.

Figures 4-6 illustrate the variations of specific impulse and
input electrical power with thrust for all fluids tested at heater
temperatures of 1400°C. Thrust levels were varied by changing
the propellant mass flow rate. Power consumption varied ap-
proximately as the square root of thrust. The maximum
specific impulse levels obtained ranged from a high of 402 s for
hydrogen to a low of 133 s for argon. The high values of
specific impulse for the remaining fluids were 278, 180, 154,
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resistojet using CHy and CO;.
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and 122 s for helium, methane, nitrogen, air, and carbon
dioxide, respectively. Specific impulse values at gas stagnation
temperatures of about 300 K are also shown in Figs. 4-6.
Figure 7 shows the ranges of overall efficiency calculated for
the multipropellant resistojet for heater temperatures of
1400°C for the seven propellants tested. The overall efficiency
is defined as the ratio of thrust power to total input power,
including both incoming gas and electrical sources:

T°I, 8.

T T Onh, +Po) ©

No

where h, and P, are the gas enthalpy at 300 K and the input
electrical power, respectively. The specific impulse values for
which the maximum and minimum efficiencies were calculated
are also shown. The maximum efficiencies generally corre-
spond to the minimum specific impulse values. Similar resisto-
jet performance characterizations at higher heater tempera-
tures using hydrogen, ammonia, and nitrogen propellants have
been reported. %20

Endurance Test Results

Figure 8 shows the variation in heater voltage during the
course of the test, indicating a drop in heater resistance during
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the test. After the thruster had been disassembled, it was
learned that five of the 22 turns of the heater coil were shorted.
This shorting occurred when coils moved axially along the
alumina support rod during the cyclic expansion and contrac-
tion of the heater. Nonuniformities in this motion caused
bunching at various locations along the heater length and re-
sulted in the observed shorting.

The heater and heat exchanger designs employed in the engi-
neering model resistojet'> were chosen to eliminate heater
shorting due to movement as observed in the laboratory model
truster. The engineering model design is based on a sheathed
heater, which consists of a rugged platinum/rhodium heater
wire surrounded by a layer of magnesium oxide insulation, all
of which is contained in a grain-stabilized platinum sheath.
This assembly is processed by swaging the outer sheath, com-
pacting the magnesia between the sheath and the center con-
ductor, and insuring proper centering of the conductor within
the sheath. The heater is wound around a central heat ex-
changer that incorporates a series of semicircular grooves in
the forward section designed to hold the heater in place while
providing a large surface area for heat conduction.

The purposes of the pretest performance characterization
were to provide a basis for selection of the thruster operating
conditions during the life test as well as to allow for exposure
of any gross degradation of thruster condition, such as gas
leaks. It was desirable that the test thruster operate at a mass
flow rate and maximum temperature of approximately 0.12
g/s and 1400°C, respectively, since these were the nominal
operating conditions anticipated for the engineering model
resistojet. The data gathered during the pretest characteri-
zation indicated that a current level of 29.0 A at the specified
mass flow rate would produce the desired conditions. How-
ever, some difficulty in keeping the heater coil centered in the
heat exchanger was experienced at the initiation of the en-
durance test. Therefore, two sections of platinum-coated alu-
mina tubing were installed around the heater coil to keep it
centered. The addition of these tubes caused a change in the
thermal environment around the last three turns on each end
of the heater coil, resulting in a reduction in temperature in
these regions for a given heater current. This caused the aver-
age resistance of the heater to decrease for a given operating
condition. The temperature in the center of the heater coil is
believed to have remained at 1400°C for a current of 29.0 A,
although the average temperature indicated by the resistance
measurement at the initiation of the test was about 1300°C.
Comparison of the beginning-of-test performance data to the
end-of-test performance data (see Table 4) indicated a signifi-
cant reduction in warm-gas performance during the test. The
heater shorting caused by axial movement of the coils was the
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Fig. 8 History of heater voltage during endurance text.

Table 4 Summary of endurance test operating conditions

Beginning of End of
test test
Measured parameters
Inlet pressure, MPa 0.18 0.16
Mass flow rate, kg/s 1.23 x 10* 1.24 x 104
Voltage, V 6.70 4.40
Current, A 29.0 29.0
Calculated parameters
Thrust, mN 147 125
Specific impulse, s 122 103
Resistance, Q 0.231 0.152
Power, W 194 128
Heater temperature, °C 1400 900
Heat exchanger temperature
(estimated), °C 800 600

apparent cause of this reduced performance, since the lower
heater resistance reduced the maximum power that could be
dissipated. No degradation in cold-gas performance was ob-
served, so no gas leaks were indicated.

The effects of prolonged high-temperature, cyclic operation
in a ground test facility and the joining of thruster components
using electron-beam welds on the grain stabilization of plat-
inum were of major interest, since the engineering model
thruster is fabricated from this material. Whereas some data
on the stress-rupture and creep properties of grain-stabilized
platinum are available in the literature,?! no data for test times
in excess of 1000 h were available. To evaluate the posttest
condition of the platinum microstructure, several cross sec-
tions of the laboratory model thruster were polished and pho-
tographed at magnifications up to 200X.

Figure 9 shows an axial section of the nozzle throat. The
grains in the immediate vicinity of the nozzle throat are signif-
icantly smaller than the grains in the surrounding material.
This observation was not expected, since the throat was one of
the hottest regions in the heat exchanger and should have
exhibited increased grain growth over cooler areas. However,
the machining processes employed during fabrication of this
part included the drilling of the nozzle hole as well as addi-
tional working to produce a smooth transition from the throat
into the nozzle cone. This level of cold working could account
for the relatively small grains in this region. Comparison of the
posttest condition of this part to the pretest condition of an
identically processed part would be desirable, but no addi-
tional unused parts were available for sectioning.

The joining of grain-stabilized components using welds has
been observed to destroy the oxide dispersion, causing en-
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hanced grain growth within the weld region. Figure 10 shows
a section of the tube-to-nozzle weld (weld number 1 in Fig. 1).
The broken white lines indicate the interface between the
components prior to welding. Note that the weld did not fully
penetrate the intended weld region, leaving a void through
approximately one-third of the pressure vessel wall. This con-
dition was present through approximately 50% of the tube-to-
nozzle weld circumference, indicating the need for further
experimentation to determine the optimum EB weld energy
density for such joints. Table 5 shows the energy densities
(total weld energy/weld length) used to perform some of the
welds used to join the thruster components. An interesting
feature of the weld in Fig. 10 is that the grains in the weld
region are generally no larger than those in the regions sur-
rounding the weld. In fact, some of the grains within the welds
appear to be smaller than those in the surrounding material. It
is possiblé that these relatively small grains were caused by

THROAT
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DIRECTION

Fig. 9 Grain structure at nozzle throat.

f, [ORIGINAL JOINT
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Fig. 10 Nozzle/pressure vessel EB weld.
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migration of the stabilization dopant, zirconia, to the grain
boundaries where it was still able to retard growth of the
grains. This situation may still tend to weaken the weld region.
Therefore, the load-bearing joints in the engineering model
resistojet employ diffusion bonding over relatively large sur-
face areas with backup EB welds to insure gas-tight integrity.

Figures 1ia and 11b show sections of the inner heat ex-
changer shell in the gas inlet region and near the nozzle,
respectively. It is apparent that the grains in the inlet (cooler)
region are smaller than those in the higher temperature nozzle
region. Typical grain dimensions in Fig. 11b are about 0.8
mm, or 10% of the heat exchanger wall thickness. This region
was estimated to have operated at about 600°C during the
majority of the endurance test, although this temperature was
probably closer to 800°C during the first 300 thermal cycles.
These estimates are based on an assumed temperature differ-
ence between the gas and heat exchanger wall, where the gas
temperature was estimated as discussed earlier. The value of
the nozzle I, efficiency was assumed to be 0.92 based on the
measured value of the overall cold-gas efficiency of the test
thruster.

The heater was expected to show the greatest sensitivity to
time and temperature effects on the grain structure. During
the test, the heater tube operated at temperatures estimated to
be 90-1400°C, the lower temperatures being associated with
the areas where coils had shorted together. Microstructures of
the heater tubing showed that the grains exhibited an elon-
gated shape with typical grain lengths several times the typical
grain width. Many grains spanned the entire thickness of the
tubing wall (about 0.25 mm). Since the engineering model
thruster pressure vessel walls are 2.5 mm thick, grains of this
size would be approximately 10% of this wall thickness, a
condition that was present in the pressure vessel of the labora-
tory model thruster and caused no apparent problems during
2000 h of operation.

Grain dimensions are known to approach a maximum value
asymptotically with time at a given temperature.?? Reference
14 data show that significant growth can occur during anneal-
ing at 1000°C, although the potential for further grain growth
cannot be ascertained due to limitations on grain size imposed
by the sample dimensions. Likewise, the point on the growth
curve represented by the heater tubing microstructures could
not be identified (i.e., the grain dimensions could have been
limited by the tubing dimension or by operating temperature).
Thus, the grains in the pressure vessel walls of the engineering
model thruster could grow larger than those observed in the
laboratory model heater since the engineering model section
provides more room to grow. There are then two questions
that must be answered: 1) How large would the grains in a
grain-stabilized platinum sample of large cross section be after
several thousand hours at temperatures of importance to the
design of the engineering model thruster, and 2) How large
can the grains within the pressure vessel walls of the engineer-
ing model thruster be before the structural integrity is unac-
ceptably compromised. An investigation to determine the rela-
tionships between time at temperature and grain size in
grain-stabilized platinum samples representative of the engi-
neering model pressure vessel would be valuable.

Table 5 Electron-beam weld energy densities for laboratory model

resistojet
Energy Fig. 1

Joint density, reference

description kJ/cm number
Nozzle/pressure vessel 0.95 1
Pressure vessel/flange front 1.2 2
Inner heat exchange tube/flange rear 0.92 3
Flange front/flange rear 0.90 4

2

Heater tube/heater terminal disk M 5
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a) Inlet region

b) Nozzle region

Fig. 11 Grain structure of inner heat exchanger shell.

The environment in the test chamber during the endurance
test caused no apparent contamination of the grain-stabilized
platinum thruster material. This observation indicates that
future endurance tests on platinum thrusters can be conducted
in similar test environments without fear of facility effects
introducing error into the test results.

Engineering Model Resistojet Design

The objectives of these tests were to serve as test beds for
material compatibility, hardware fabrication processes, oper-
ating conditions, and strategies for ground testing multipro-
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Fig. 12 Engineering model resistojet schematic.

pellant resistojets with long-life characteristics. The informa-
tion gained from this test has yielded valuable insight into the
design of the engineering model resistojet, which will serve as
a preprototype space station thruster. The engineering model
resistojet incorporates significant design improvements over
the laboratory model thruster, which will give it reliable long-
life characteristics.'? Figure 12 shows a cross-sectional drawing
of the internal layout of the engineering model resistojet.
Among the most significant differences between the labora-
tory model and engineering model resistojets are the following:

1) The coiled tube heater is replaced by a coiled sheathed
heater. This eliminates the potential for shorting of the heater
by surrounding the current-carrying resistance element with a
layer of compressed magnesia insulation, which is covered
with a metal sheath. The sheathed heater is wound around a
rugged central heat exchanger and is secured in position by a
series of semicircular grooves machined into the outer surface
of the forward half of the heat exchanger. This feature elimi-
nates the possibility of movemerit of the heater, which would
result in changes in the thermal characteristics of the thruster,
and provides a large contact area between the heater and heat
exchanger. The temperature difference between the heater and
heat exchanger in this design is inherently low, and preliminary
thermal tests on the first engineering model indicate that its
temperature drop is less than 200°C for a nominal heater
temperature of 1200°C.

2) Large-surface-area diffusion bonds replace the stress-
bearing EB welds used in the laboratory model thruster. The
diffusion bonds are backed by EB welds located in relatively
cool regions of the engineering model thruster to insure gas
tight integrity. This joining technique eliminates potential fail-
ures due to adverse effects on the grain stabilization of the
platinum by the EB welding process.

3) A thick-walled pressure vessel/heat exchanger replaces
the thin-walled pressure vessel employed by the laboratory
model thruster. This change improves the stress-rupture char-
acteristics of the engineering model resistojet. However, the
question of grain growth within the walls of the engineering
model heat exchanger persists, since the thruster heat ex-
changer is planned to operate at a maximum temperature of
1200-1400°C.

Conclusions

Resistojet thrusters capable of operating for extended peri-
ods of time on a variety of propellant fluids have been base-



JAN.-FEB. 1990

lined at the low-thrust option for space station propulsion.
Their benefits include simplicity, low cost, and the ability to
provide drag makeup while disposing of fluids that would
otherwise have to be removed from the space station via shut-
tle.

Experiments were performed to evaluate the compatibility
of grain-stabilized platinum with various propellant gases at
temperatures up to 1400°C. All samples tested showed extrap-
olated lifetimes in excess of 10,000 h based on 10% mass loss
as end of life. However, samples tested in ammonia at 1400°C
showed severe pitting. Further tests showed that réducing the
metal temperature to about 900°C ( £ 100°C) significantly re-
duced this material interaction.

A laboratory model thruster fabricated from grain-stabi-
lized platinum was subjected to a series of performance tests as
well as a 2000-h, 2400-thermal-cycle endurance test. The per-
formance tests were conducted using seven propellants ex-
pected to be available in excess quantities onboard a space
station. These included hydrogen, helium, methane, nitrogen,
air, argon, and carbon dioxide. Thrust levels observed varied
from 90 to 420 mN at input power levels ranging from 140 to
240 W. Heater temperatures for all hot-gas performance tests
were approximately 1400°C. Cold-gas performance data were
also obtained. The endurance test was carried out using carbon
dioxide propellant. The propellant inlet pressure ranged from
0.10 to 0.17 MPa during the endurance test, exerting a maxi-
mum hoop stress of 3.2 MPa on the outer wall of the heat
exchanger, which is estimated to have operated at a maximum
temperature of 600°C during most of the test. No degradation
in the integrity of the heat exchanger/pressure vessel was ob-
served. Evidence of mechanical distortion occurred in the
heater element, causing shorting and reduction in power level.

The microstructure of the grain-stabilized platinum pressure
vessel components generally exhibited an elongated, cylindri-
cal shape, except at the electron-beam-welded joints and in the
vicinity of the nozzle throat. The grains in these regions were
more nearly spherical. The microstructures of the heater coil
tubing, which operated at temperatures of 900-1400°C during
the test, showed grain dimensions of the same order as the
walls of the heater tubing. It is possible that the grain size was
limited by the tubing dimension rather than the operating con-
ditions or the duration of the test. The grain dimensions in the
hottest section of the heat exchanger were on the order of 0.05
mm, or about 10% of the pressure vessel wall thickness. These
sections are estimated to have operated at 600°C for most of
the test. Grains in the heat exchanger walls are believed to have
reached their maximum size, since the rate of grain growth
generally decreases with increasing time at temperature.

The results obtained from the endurance test performed on
the laboratory model resistojet yielded valuable insight into
the design of an engineering model resistojet. The design of the
engineering model thruster incorporates significant improve-
ments over the laboratory model. Specifically, the problem of
heater shorting due to distortion has been eliminated by using
a rugged coiled sheathed heater wrapped around a thick-
walled heat exchanger incorporating a series of semicircular
retaining grooves in the forward section. The use of stress-
bearing diffusion bonds backed by electron-beam welds in the
engineering model resistojet provides an excellent gas-tight
load-bearing joint. The use of a thicker wall section and a
smaller inside diameter in the engineering model pressure ves-
sel than in the laboratory model resulted in an 87% reduction
in hoop stress and an 80% reduction in the ratio of grain
dimension to wall thickness. If the engineering model is oper-
ated with a maximum pressure vessel temperature of 600°C, a
significant margin of safety will exist with respect to stress level
and grain growth. Thus, a safe operating temperature limit has
been established for the engineering model thruster.

At the onset of this program, the maximum operating tem-
perature for the engineering model resistojet was chosen to be

TESTS OF A LABORATORY MODEL MULTIPROPELLANT RESISTOJET 27

1400°C. This limit was chosen because of extensive glass fabri-
cation industry experience in the operation of grain-stabilized
platinum at 1400°C for periods in excess of 10* h. However,
microstructures of the laboratory model heater tubing, which
operated at 900-1400°C, suggested that excessive grain growth
might become a problem if the engineering model thruster
were operated at 1400°C. An evaluation of the dependence of
grain growth on time and temperature would yield important
insight into the maximum safe operating temperature for the
engineering model resistojet.
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