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EXPERIMENTAL PERFORMANCE OF A 1-KILOWATT ARCJET THRUSTER

Shigeo Nakanishi
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

A formerly unused cathode and anode/nozzle assembly from a flight model
arcjet has been tested with nitrogen, hydrogen, and nitrogen-hydrogen mixture
simulating ammonia decomposition products at arc power levels from about 300
to 950 W. Two different power sources and two nozzle configurations were
tested at low background pressures to exclude facility effects.

__ _Increased nozzle expansion ratio improved cold-flow nozzle efficiency
from 0.8 to 0.9. Hydrogen thrust efficiency of 0.26 at 872 sec specific
impulse matched some 1964 performance on a similar device. Simulated ammonia
thrust efficiency was 0.31 at 422 sec.

Spontaneously occurring voltage mode rhanges at constant arc current
could be partially stabilized with appropriate power source characteristics.
In the higher voltage mode specific impulse was higher, but thrust efficiency
changed only slightly from that of the lower voltage mode. Sustained tests of
up to 2 hr duration exhibited no apparent performance degradation with time.

INTRODUCTION

During the 1960's, considerable effort was expended by both the industrial
and government sectors on arcjet thruster research and technolc~y. A compre-
hensive survey made in 1965 documented and summarized the state of art at that
time (ref. 1). Hydrogen arcjets ranging in power levels from 1 to 200 kW were
investigated. Other propellants 1ike amnonia, 19thium hydride, and methane
were used principally in low power thrusters.

The general conclusions at that time were: (1) arcjets operating at power
levels in the tens of kilowatts were more efficient and demonstrated longer
14fe potential than at low power; (2) electrode 14fe was an unresolved issue
although one 30-kW test ran continuocusly for 500 hr (ref. 2), and another test
ran for 720 hr with interruptions but with a voluntary termination (ref. 3);
(3) lack of sufficient space electric power and near term mission applications
led to temporary abandonment of further research and development.

New space mission requirements have reawakened interest in the arcjet.
As a thruster concept, it has the potential of high thrust and power dens.*ies,
simplicity, and choices of propellants to suit specific impulse and system
requirements.

The 1-kW arcjet used in this investigation was designed and developed by
the Plasmadyne Corporation in the early 1960's as a possible candidate experi-
ment in a space electric rocket test (ref. 4). Ground tests with hydrogen
propellant demonstrated a thrust efficiencv of 25 percent at a specific

al




Aimpulse of 1000 sec (ref. 4). Performance degraded with time presumably due
to erosion of the anode/nozzle electrode. Using ammonia as propellant, a
thrust efficiency of 8 percent at a specific impulse of 550 sec was obtained.
For near term auriliary propulsion applications, ammonia and hydrazine are the
favored propellants for storability reasons.

The present investigation seeks to renew and extend the testing and eval-
uation performed on the 1-kW Plasmadyne flight model thruster. It will estab-
14sh a baseline performance of a configuration originally designed for a 24-min
f14ght using hydrogen. As part of a continued development program, the basic
components of the thruster will be tested over a range of power levels and
propellant flow rates, primarily with hydrogen and a nitrogen-hydrogen mixture
to simulate ammonia decomposition products. Both imposed and spontaneously
occurring operational behavior will be described.

For this investigation, the basic thruster design was kept intact with
only minor changes although the nozzle throat diameter increased and stabilized
during the initial tests. Further changes will be motivated and guided by the
understanding gained from tests on this already well-developed thruster and by
design principles which evolve from these studies.

APPARATUS
Thruster

A photograph of the Plasmadyne 1-kW arcjet thruster system is shown in
figure 1. In accordance with the flight test program requirements, the system
size was 1imited to 20.3 cm in diameter, 35.6 cm length, and a mass of 5.5 kg,
or less. It had to be capable of 24 min of unattended and predictable opera-
tion. The 11quid hydrogen propellant tank was double-walled and vacuum J)ack-
eted. The round baffle located between the mounting bracket and the thruster
nozzle was an insulated reflector shield to minimize rearward heat transfer
from the radiatively cooled nozzle. Other design details are described 1n
reference 4.

A partial cross-section view of the cathode-anode/nozzle assembly 1s shown
in figure 2. The cathode was a 3.2 mm diameter, 2 percent thoriated tungsten
rod held concentrically within a 7.8 mm o.d. molybdenum tube. Enough clearance
was provided around the cathode rod to permit part of the propellant gas flow
to regeneratively cool the cathode. The outside surface of the molybdenum .
tube had a helical groove which allowed the remainder of the propellant gas to
swirl as 1t flowed between the tube and 1ts boron nitride housing. The metal
ring seals (K-seals) of the original design were modified to avoid propellant
gas leakage which increased as repeated disassembly and reassembly progres-
sively deformed the K-seal rings. The periphery of the sealing flange was
ground to a conical surface which seated on a mating boron nitride surface. A
pressure check indicated the leakaye rate to be about 3x10-6 kq/sec of room
temperature nitrogen gas at a presourse differential of 3.8x10° Pa. At nor-
mal operating pressures and temperatures the leakage 1s estimated to be about
2.4 percent of the corresponding propellant flow rate.

‘ The anode/nozzle configuration was originally designed for a hydrogen |
flow rate of 5x10-6 kg/sec at a nominal arc chamber pressure of 7.6x10% Pa.



The tungsten nozzle insert had a throat diameter of 0.23 mm and diverged to
1.27 mm to give an area ratio of about 30. The downstream face of the nozzle
was flat to benefit from any possible thrust generated by the kinetic energy
of gas molecules leaving the surface. The length and outside diameter of the
molybdenum nozzle was sized to accommodate radiant cooling.

For the tests at the Lewis Research Center, the cathode/anode/nozz\e
assembly was removed from the flight system and mounted on a thrust platf~ m

as shown in figure 3. Early tests with this installation encountered sev.ral
difficulties. Ouring high flow operation, especially with nitrogen-hydrogen
mixtures, the arc plasma of the jet plume would initiate a glow discharge
petween the external surfaces of the anode and cathode. At other times the
discharge occurred between the anode and thrust stand, anode and test facility
walls, and bare electrical leads. These difficulties were minimized by;

Q)] electrically isolating the power system from facility ground, (2) enclosing
the cathode structure in a boron nitride housing, and (3) covering all elec-
trical leads with insulation. Inasmuch as two nozzle configurations were
tested, the plasmadyne-designed nozzle will be designated “short nozzle." As
the throat diameter enlarged due to erosion, a boron nitride extension was

used to provide a larger nozzle expansion ratio and to expand the nozzle con-
tour to the outside diameter of the molybdenum body. Figure 2 shows this
extension for which the nozzle coordinates were obtained from reference 5.

The extension was strapped to the molybdenum body with two tantalum bands which
were held in tandem but could be tightened Andependently. Using this approach,
different nozzle configurations could be tested without altering the original
anode/nozzle geometry. The second configuration with the boron nitride
extension will be designated nextended nozzle."

Power System

Two types of power system were used in the investigation. The first type
was the conventional dc power supp1y-ba11ast resistor combination. The 440 V,
3 phase, ac to dc power supply was rated for an output of 600 V at 20 A con-
trollable in either voltage or current mode with automatic crossover. The
manufacturer's specifications of nominal ripple content was verified to be
0.8 V plus 0.4 percent of the output voltage.

The ballast resistor consisted of four 3 @ rheostats connected in series
with a rated current of 12.9 A with continuous air cooling. Although of unde-
termined benefit, a 1.0 mH inductor was Ancluded in the circuit to make the
series R-L-C circuit overdamped.

Most of the testing was performed with the conventional power system.
Some tests were also performed with a 10 kHz pulse-width modulated solid state
power processor designed and built at the Lewis Research Center (ref. 6). No
ballast reststor was required and the power processor operated at greater than
90 percent efficiency.

Instrumentation
) Thrust measurement. - The thrust measurement system consisted of a 12.7
by 22.9 cm platform upon which the arcjet thruster was mounted using appro-

priate thermal isolation. The platform ytself was supported on four flexure
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springs made of 1.27 by 4.3 x 0.023 cm thick machined stainless steel. The
motion of the platform due to applied thrust was transmitted mechanically to a
strain gage force transducer. The transducer was rated for a force of 1.47 N
full scale so that the resisting force against the applied thrust was due to
both the flexure springs and the force transducer. Thrust stands of the same
design have been used extensively in resistojet testing (ref. 7).

The mechanical pumps of the two vacuum facilities operating in *he same
bui1ding, caused an unacceptable amount of vibration in the thrust platform.
1t was necessary to incorporate a pair of friction-free viscous dampers filled
with low vapor pressure diffusion pump fluid. The signal output from the
force transducer was of the order of 0.10 V with 5 V dc excitation across its
strain gauge bridge. For recording on the multi-channel recorder, the output
signal was filtered with an active notch filter set between 6 Hz low pass and
100 Hz high pass. The filtered signal was then fed to a variable gain
differential dc amplifier so that the recorder output could be calibrated to
read directly in convenient engineering units.

Calibration was performed by successively applying or removing 4 gm lead
weights attached to a windlass via a monofilament thread. 8y using three such
weights, the thrust measurement system was calibrated from 0 to 0.118 N with a
recorded resolution of 4.9x10-% N in the 0.049 N full scale range to 2.5x10-3 N
in the 0.245 N full scale range. True accuracy under dynamic loading has not
been established, but static error was less than %1 percent of full scale with
Tinearity within 0.8 percent up to 0.12 N.

The greatest difficulty encountered was drift of the zero point during
long tests because of thermal input to the thrust measurement system. As men-
tioned previously, the thruster was mounted on the thrust platform using two
thermally isolated mounts. The aluminum base of the thrust stand was water-
cooled with a copper coil imbedded in a milled groove. In addition, a water
cooled copper enclosure was placed over the entire thrust stand with only the
thermally isolated thruster mounts protruding. Ouring lorg tests of 1 hr or
more a small zero drift was still present, but thrust zero was established
periodically by a method described under Procedure. In-situ calibration during
thruster operation was performed to verify the load increment accuracy of
thrust measurement in spite of the zero point drift.

Power metering. - Arc power was obtained by measuring the arcjet voltage
and current at the electric.) feed-through terminals outside the vacuum facil-
ity. The current sensor was a calibrated shunt rated for 100 mV output at
20 A in the 1ine to the cathode. The output signal was amplified through a
differential input dc amplifier before going to a signal isolation system.

The arc voltage signal was divided to a suitable level before isolation.

In order to operate the arcjet electrically isolated from facility ground
without exceeding the common mode isolation 1imit of the multi-channel recor-
der, the arc voltage and current signals were sent to a pair of transformer-
coupled 1solation amplifiers. The entire system was calibrated by applying
known signals at the feed-through terminals.

Flow metering. - The flow control and metering system was designed to use
;electively gases such as argon, nitrogen, hydrogen, and nitrogen-hydrogen




mixtures. Three separate gas inlet 1ines were cross-connected and valved with
bellows-sealed shut off valves to eliminate leakage.

The flow meters were commercially available thermal conductivity element

type with a full scale indicated range-uf—5006-stdem3-with—fu H--seate-aecu—————

racy of 1 percent. Periodic flow calibration of the flow meters was performed
in-situ by measuring the time rate of pressure change into a known volume.
Flow adjustment was performed with a micrometer screw type Jeak valve, also
with bellow seals. A final valve after the flow adjustment and mixing points
conveniently allowed shut-off and turn-on without readjustment of the flow
rates of a single gas or mixture of gases.

Arcjet chamber pressure measurement was limited to the gas “eed line
pressure at the vacuum feed-through flange. The pressure drop in the feed
11ne between the point of measurement and the arcjet was determined by measur-
ing the feed 1ine pressure as a function of flow rate with the 1ine discon-
nected at the arcjet and exhaust1ng to atmosphere. The maximum pressure drop
was about 2.9x104 Pa at 5000 stdem® of nitrogen, and much less for other
gases.

Data recording. - Simultaneous recording of up to eight variables was
accomplished by means of a multi-channel direct inking strip chart recorder.
Each channel had fixed gain or variable gain adjustments and chart speeds up
to 200 mm/sec. For most of the arcjet operation a recording speed of 1 mm/sec
was used. The following table shows the recorded variables and their full
scale readings. .

Channel variable Full scale
1 ihrust transducer, °C 0 to 50
2 Thrust, N (selectable ranges) 0 to 0.049

0 to 0.098
0 to 0.245
up to 1.47
3 Nitrogen (Argon) flow, stdcmd 0 to 5000
4 Hydrogen flow, stdcmd 0 to 5000
5 Feed 11ne pressure, psia (selectable) 0 to 50
0 to 100

6 Arc voltage,
low range, V 0 to 100
high range, V 0 to 200
7 Arc current, A 0 to 20
8 Bell jar pressure, torr (decade) 0 to 10x10-3 to 10-7

Vacuum Facility

The vacuum facility used for the tests was a 1.5 by 5 m long chamber with
four 82 cm diameter o1l diffusion pumps and a rotary blower backed by a mechan-
ica) roughing pump. The rated pumping capacity of each diffusion pump was
15 000 11ters/min at 10-4 torr. For convenience and economy, tap water was
used in the diffusion pump cold traps instead of 1iquid nitrogen.

As shown in figure 3, the thruster was installed in a 0.9 m diameter by
0.8 m cylindrical test section which could be isolated from the vacuum facility
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by closing a 0.9 m diameter gate valve. Actual pumping performance in the test
section was about 3x10-4 torr at a nitrogen flow rate of 19.7x10-6 kg/sec and
5x10~3 torr at 99x10-6 kg/sec. Thrust measurements were restricted to thruster
oparation with test section pressures no greater than 1x10-3 torr to minimize
1ts effects on nozzle performance. The effects of background pressure were
determined for each nozzle configuration by measuring the thrust from a con-
stant flow rate of room temperature gas while varying test facility pressure.

PROCEDURE

Test procedure included those which were routinely followed regardless of
test type and others which were specific to a given test. Prior to any test,
after temperature equilibrium was obtained, the thrust measurement system was
calibrated. The signa) output with each calibration weight was recorded on
the strip chart to perform a total system calibration. With the arcjet at
room temperature, a cold-flow (room temperature gas) calibration was then per-
formed for each gas or mixture of gases over the flow range normally used in
thruster operation. Recorded variables for cold flow were thrust, gas flow
rates, feed-line pressure, and bell jar pressure.

The arcjet was ignited by throttling the final shut-off valve in the flow
metering system causing the pressure in the arc chamber to drop. At whatever
pressure was required for a Pasehen breakdown with an applied 400 to 600 V,
the arc current would suddenly jump to the controlled value set in the power
supply output. The shut-off valve was then Ammediately opened to obtain the
pre-set gas flow rate and steady arc operation at the selected arc current.

Accurate performance measurements required several minutes of steady-state
operation to obtain equiiibrium conditions depending upon the type of input
variable change. This introduced the possibilities of long-term thermal drift
in the thrust system zero reading. Particularly 1n long tests, it was neces-
sary to reestablish the zero point periodically by shutting off the arc and
the gas flow to obtain a known zero thrust condition.

RESULTS AND DISCUSSION

The initial part of this section will discuss arcjet operation and charac-
teristics which were common to both nozzle configurations tested. Included in
the discussion are the voltage-current characteristics of the arc and typical
load 1ines for the two types of power sources used to operate the arcjet.

In order to characterize nozzle performance apart from arc operation, the
short and extended nozzle configurations were tested under cold flow condi-
tions. Operational arcjet, or hot flow, performance of the two configurations
are then presented. Finally, the improved performance obtained with the exten-
ded nozzle configuration in a sustained test with a nitrogen-hydrogen mixture
will be shown.

The terms and definitions used throughout the report are given in
appendix A.

o ke



Operational Characteristics

With Anitial short runs of familiarization, the arcjet could be started
and operated reliably. Each post-run examination showed the nozzle thrcat to
be eroding more rapidly than anticipated. Within an accumulated run time of
less than 1 hr, the originally 0.23 mm dlameter nozzle throat enlarged to
0.76 mm. 1he throat diameter stabilized at the latter value, and all perform-
ance data reported herein were obtained with the larger throat. Periodic gage
measurements showed no apparent increase in throat diameter except for noncir-
cular irregularities visible in the photomicrograph shown in figure 4. These
irregularities did not change appreciably with accumulated run time which was
in excess of 20 hr at the time of the photograph. A further enlargement of
the photograph was used to determine the cross-sectional area, which was found
to be 4.623x10-7 m2, or 1.4 percent greater than the circular area of a
0.76 mm diameter hole. Also visible in the photograph are small globules of
molten metal which are believed to be from the throat and nozzle wall immedi-
ately downstream of the minimum area section where the arc struck. The nozzle
throat region was almost always white hot, and anode melting was probable dur-
ing operation with the arc seated in this vicinity.

Component tests have been conducted on constricted arcs and their results
are reported in companion papers. Mass loss in radiation-cooled anodes was
found to decrease with increased gas flow rate (ref. 8). In vortex-stabilized
constricted arcs with water cooled anodes, erosion was found to be minimal
(ref. 9). These results tend to indicate that the constrictor and nozzle
throat aie regions of extremely high temperatures which must be controlled or
1imited to minimize erosion.

Starting. - As mentioned in Procedure, the arcjet was usually ignited by
initiating a low pressure gaseous breakdown. It was also possible to start at
full gas pressure by moving the cathode to draw an arc, or sometimes simply by
applying 400 V to the anode.

Startup was usually easy and smooth with argon, while hydrogen and
nitrogen-hydrogen mixtures were often harder to start. In extreme cases, when
voltages up to 600 V were required, a less stressful method of starting with
argon and changing over to other gases was used. No clear reason for difficult
starting has been identified, and definitive tests are better reserved for a
final configuration in which performance and 1ife requirements have also been
integrated into the design.

Mode change instability. - At least two major recognizable modes of
arcjet operation have been observed. While the arc current and all other
parameters such as propelled flow rate and background pressure were held
constant, the arc voltage was observed to shift from a low to higher voltage
mode, operate in that mode for a period of time and then drop back to the
lower voltage mode. These mode changes were accompanied by the appearance or
disappearance of a visible plume downstream of the nozzle. The plume was
highly visible in argor when operating in the high voltage mode. With H and
N2-H2 mixtures, the plume was much less luminous but still visible under sub-
ducd 1ighting conditions. In the low voltage mode, the plume would disappear
although a bright discharge was sti11 visible upstream of the nozzle throat.
Observations indicated that the low voltage mode corresponded to anode arc
attachment upstream of the nozzle throat and downstream attachment in the
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higher voltage mode. The flow region downstream of the throat, being a region
of decreasing pressure, was also characterized by a diffuse arc attachment to

the anode. ‘Later discussion will show that the mode change instabi14ty could

be alleviated with proper power controller characteristics.

Voltage - Current Characteristics

The relationship between arc voltage and current is shown in figure 5.
The data include two propellant gases over a range of propellant flow rates,
an¢ typical load 11ines for the ballasted and the pulse width modulated power
sources. In all cases, the arc voltage decreased with increasing current
which is characteristic of high current arcs. The curves for hydrogen show
the low and high voltage modes of operation at the same propellant flow. For
a given mode, the arc voltage generally increased with flow rate. The arc
extinction 1imits for al) the cases shown were between 4 and 5 A regardless of
arc power which varied from about 269 to 600 W before extinction depending
upon voltage mode and propellant type.

The arc characteristics with the nitrogen-hydrogen mixture, when operated
with the modulated power source, were also examined. The controllable current
range was narrow because of the output characteristics of the modulated source.
The voltage-current characteristics of the arc were found to be similar for
both power sources when operating in the same arc voltage mode.

Superimposed on the arc characteristics are the output load characteris-
tics of the two power sources. The higher ballast resistance resulted in a
steeper load 11ne but also in higher power dissipation.

The pulse width modulated power source improved the arc current regulation
without incurring the large power dissipation. Its output characteristics for
a range of load resistance at a fixed current control setting are shown in
figure 5. Other values of current setting would generate a family of curves
displaced to either side of the one shown. The steepness of the output curve
implies a very tight current regulation and should be helpful in maintaining '
constant arc current during rapid changes in effective arc resistance.

The changes in arc voltage mode are believed to be associated with move-
ments of the attachment point and corresponding changes in arc voltage drop.
Sometimes the mode change could be intentionally produced by changes in gas :
flow rate, arc current, or both. At other times, the mode change could occur o
spontaneously with no perceptible change in the externally controlled operating
parameters. An example of arcjet behavior with the two types of power source
is shown in figure 6. Reproductions of the strip chart recording of..the_vari-
ous signals are shown with their nomenclature and full scale values.

_[j%ugg_ggg) 11lustrates an arcjet mode change from 76 to 52 V while oper-
ated with a ballasted power source at 10 A arc current using hydrogen propel-
lant. The arc current trace appeared noisy, but the very fast and large
current spikes might have been EMI induced nc'-e affecting the instrumentation.
Attempts to restore the higher voltage mode by stopping end restarting were
unsuccessful. A quick change to the modulated supply and a restart obtained
the quiet, higher mode operation shown in figure 6(b) at essentially tie same
arc voltage as with the ballasted supply. Continued operating at constant
conditions began to encounter short downward excursions in voltage, but each




time the voltage returned and remained in the higher mode. It 1s believed
that the ballasted system would have allowed drop-off ‘nto the lower mode
without regaining the higher mode operation.

Thruster Performance

Because of the rapid initial erosion of the nozzle throat, meaningful
performance data with hydrogen intended for the original configuration were
not obtained. After the throat size stabilizcd. the thruster was operated
with hydrogen, nitrogen, and a Np + 3 Hj mixture simulating ammonia
decomposition products.

Cold flow. - Cold flow data with room temperature gases were obtained
with each configuration to evaluate nozzle performance exclusive of heat
addition and unknown gas composition effects. These effects undoubtedly
change nozzle performance, but if the nozzle thrust coefficient 1s assumed
nearly constant, the ratio of nozzle inlet pressures between hot and cold flow
conditions, to first order, is an indication of the thrust ratio, and hence
specific impulse. With the short nozzle, cold flow tests with and without the
cathade were made. The purpose for removing the cathode was to obtain nozzle
performance without the large internal pressure drop and the possible effects
of the cathode tip located close to the nozzle throat.

Cold flow thrust measurements with different gases were found to be 14near
functions of mass flow rate as expected for a constant gas temperatures. The

" ¢oTd specific impiilse for edch gas was, therefore, also constant-over the.flow

range. The theoretical specific impuilse, 1; , (eq. (A1)) for each gas can
be used to define nozzle efficliency as a ratgo of measured to theoretical
specific impulse.

The nozzle efficiency for the short nozzle with cathode, short nozzle
without cathode, and extended nozzle with cathode is shown in figure 7. For
all three cases, the nozzle efficiency was highest with nitrogen, intermediate
with the nitrogen-hydrogen mixture, and lowest with hydrogen. Of the two pure
gases for which gas properties are known, nitrogen was operating at a Reynolds
number, based on the throat diameter, of 1370 to 5600. The Reynolds number in
hydrogen was 400 to 1400. These values were based on gas viscocities near
room temperature. At hinher gas temperatures the Reynolds number would be
lower. The effects of having the cathode present were relatively minor but
were most noticeable with hydrogen. A more significant effect on nozzle effi-
ciency was due to the increased expansion ratio of the extended nozzie. Com-
paring the short and extended nozzle configurations with cathode in place, the
nozzle efficiency increased approximately 0.10 for all three gases. Using
one-dimensional isentronic flow relationships, the ratio of exit velocities,
hence specific impulses, of nozzles with different expansion ratios can be
shown to vary inversely as the expansion ratios and inversely as the nozzle
exit pressure raised to the power, 1/k, where k equals the specific heat
ratio of the gas flowing at constant inlet temperature and mass rate. The
exit pressure in the extended nozzle was assumed equal to the facility back-
ground pressure. In the short nozzle, the effective area over which the true
exit pressure extended is not clear. Because of nozzle throat erosion, the
expansion ratio was about 2.78. Neglecting the exit pressure effect upon the
underexpanded nozzle exit area, the extended nozzle with an expansion ratio of
2300 could result in an exit velocity, or specific impulse, about 30 percent
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greater. In practice, the specific impulse was only 10 percent greater. The
effects of the flow fleld in the exit plane of the short nozzle are undeter-
mined, but one-dimensional flow theory does imply the possibility of the
observed increase in nozzle performance. It 1s interesting to note that for
the extended nozzle, the nozzle exit pressure after isentropic expansion was
calculated to be 3x10-6 times the nozzle inlet pressure. A representative
inlet pressure obtained with cathode removed was 7x104 Pa at a nitrogen flow
rate of 60x10-6 kg/sec. The calculated nozzle exit pressure would be 0.21 Pa,
or 1.6x10-3 torr. The test fac111ty background pressure at this nitrogen
flow rate was 9x10-4 torr as measured by an 1onization gage.

The feed 1ine pressure for each gas for the short nozzle configuration 1s
shown in figure 8. Actually, pressure in the arc chamber just ahead of the
nozzle would be of greater interest, but there was no convenient way to meas-
ure this pressure. The regenerative flow design of the cathode will be shown
to cause considerable pressure drop in addition to the iine drop between the
point of pressure measurement and the thruster connector. The data in figure 8
show considerable departure from the 1inear relationship suggested by one-
dimensional choked flow calculations, and a different minimum area would be
inferred for each gas. The reasons for these discrepancies are not clear, but
the well-behaved 1inearity in the thrust measurement independent of pressure
indicated that a better measurement of nozzle inlet pressure was needed. In
all cases, the calculated throat area was smaller than the circular area of a P
0.76 mm diameter hole. To obtain a larger calculated area, the pressure should
be lower, which would be the case if pressure drop occirred between the point
of measurement and the nozzle inlet.

The measured pressure with the cathode removed 1s shown in figure 8(b).
In comparison, the feed pressure without the cathode was approximately 0.5 to
0.6 of the pressure with cathode in place (fig. 8(a)). The resulting calcu-
lated throat areas were correspondingly larger but sti1l less than the physical
area.

The measured thrust and nozzle parameters for the short nozzle configura-
tion with the cathode removed are shown in figure 9. This was the only con-
figuration for which measured feed 1ine pressures closely approximated nozzle
inlet pressures. The measured thrust shown in figure 9(a) was 1inear with
pressure and almost formed a single 1ine for all gases. The pressure-thrust
relationship can be expressed as, F = Cr A*P, where Cp, A*, and P are
the thrust coefficient. throat area, and nozzle pressure, respectively. If
the thrust coefficient were constant over the pressure range, thrust would be
1inear with pressure.

Dividing the measured thrust by the measured pressure ytelds the para-
meter, CpA*, shown in figure 9(b). Assuming an area of 4.56x10-7 m2 for a
0.76 mm diameter throat, the thrust coefficient shown in figure 9(b) is repre-
sentable by a curve that 1s characteristically flat at the high pressure end
and droops with decreasing pressure. As an upper 1imit, the theoretical thrust
coefficient 1s indicated. The value of 1.8 corresponds to a fully expanded
nozzle operating at a large pressure ratio with a perfect gas having a specific
heat ratio of 1.4. Departure of the asymptotic value from the ideal 1s believed
to be due to the viscous flow effects of a small nozzle at low Reynolds number.




Hot flow. - The short nozzie configuration was tested with hydragen and
N, + 3 H, mixtures over a range of arc discharge power. The performance in
terms of thrust efficiency and specific impuise 1s shown in figure 10. The
lower bound of efficiency with hydrogen was 0.10, similar to some Plasmadyne
data obtained 20 yr ago. Their test reports did not fully explain the causes
of performance variations other than thrust measurement uncertainties and noz-
21e throat erosion of 11 to 44 percent aleng different dlameters. A broader
range of thrust efficliency was obtained at that time, the maximum being about
0.27 compared with 0.175 recently. The early specific impulse was approxi.
mately twice as high, primarily because the arc power level was more than
double that of recent tests. Based on input power and mass flow rate, the
specific energy_input for the Plasmadyne data was about 2.5x108 J/kg compared
with about 7x107 J/kg in the recent tests.

With the Np + 3 Hy mixture, the efficiency ranged from 0.07 te 0.12.
A single repor4ed value by Plasmadyne for ammonia gave a specific impuise of
550 sec at an efficliency of 0.08 for 920 W of arc power. It should be noted
that the thrust efficiencies obtained with the nitrogen-hydrogen mixture have
not been corrected for the dissociation energy inherent with ammonia. Unless
this energy 1s recovered by regenerative cooling or recombination, the effic-
Yency would be lower. The energy input ) Plasmadyne's ammonia test was
1.8x108 J/kg compared with 3x107 J/kg for the nitrogen-hydrogen mixture.

Performance of the extended nozzle configuration operated in various gases
and with normal and reversed polarities is shown in figure 11. Reversed pola-
rity operation denoted by the s014d symbols was cbtained by reversing the
external power lead connections so that the normelly cathode electrode was
positive with respect to the nozzle/anode. The data points cover a range of
propellant flow rates and arc power. Thrust efficiency ranged between 0.15 to
0.30 over a specific impulse range of 200 to 900 sec. Maximum efficiency and
specific impulse obtained with hydrogen were 0.26 at 872 sec; with nitrogen,
0.23 at 220 sec; and with the nitrogen-hydrogen mixture, 0.31 at 422 sec.

The reversed polarity operation gave slightly higher efficiency with
hydrogen at the high end of the Isp range. Within the scatter of the data,

however, neither polarity showed a clear superiority.

The thrust to power ratio shown in figure 11(b) varied from about 0.22 to
0.05 N/kW, decreasing with increasing specific impulse for propellants with
lower molecular weights.

Nitrogen-Hydrogen Mixture Test

Previous tests had been run at essentially constant propellant flow rates.

These tests were made with the ballasted power supply, and changes in thruster
operation included both Antentional and spontaneous variations in arc power.

Two separate tests of different duration using a 1:3 mixture of nitrogen
and hydrogen were madc: with the pulse width modulated power processor at essen
tially constant currenv. The processor tended to maintain the higher voltage
mode operation more consistently, although short periods of the lower mode
operation did occur. Intentional periodic shutdowns were also included to
re. establish the thrust stand zero.
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A time plot of a 2-hr test 13 shown in tigure 1Z. The total run time had
three phases shown by data points Interconnected by dotted 1ines to indicate
the sequence, not to infer a functional rclationship with time.

The first phase was a startup and stabi11zing period during which the
arc current was controlled to a mean value of 8 A with a random variation of
10.4 A. The arc voltage fluctiateq +10 V about a mean value of B0 V. At

20.7 min into the test, the arc spentaneously became quiet and stable at 92 v
and 8.8 A.

The second phase of the test was at essentially constant power with a
shutdown and thrust zero reading at 33, 63, and 91 min intc the test. Sevcral
spontaneous changes to the lower voltage mode occurred during this phase. The
first change occurred 29.3 min into the test with the arc voltage dropping to
74 V. at 9 A. The arc persisted in this mode for 3 min at which time the pro-
pellant flow rate was increased to 31x10-6 kg/sec. The increased flow rate
helped the arc to resurie the high ‘'oltage mode at 86 V and 10 A.

Following the first intentional shutdown and restart, the arc re atned '
the low mode for 36 sec before transition to the high mode. It sustiined - .
mode continuously for 26 min unti) a low mode change lasting 40 sec occn~
then regained the high mode before shutdown at 63 min. The securs rv = -,
began in the low voltage mode which persisted for 3 min he¢. “aNS v, i toO
the high mode. Prior to the third shutdown at 92 mty *~ - vest, one mode
change occurred which lasted about 2 min before re “r. g to high mode.

EYS
he

The final test phase lasting 30 min was at various propellant flow rates
and nearly constant arc current of 9.2 to 10 A.

The range of N> + 3 Hp propellant flow rate 1s snown in figure 12(a).
The flow rate was 1.creased sTightly for the secend phase of the test and the
variations that occurred during that period were due to drift. The final phase
of the test took the flow rate to a maximum value allowable while maintaining
the test facility pressure in the Jow 10-3 torr ranges. Allowing sufficient
time for the flow and thruster operation to stabilize, the flow rate was
incrementally reduced until the arc became fluctuating and unstable.

The variations in arc power shown in figure 12(b) were due to variations
in arc voltage because the current was essentially constant. Increased flow
tended to increase the arc voltage provided the arc remained in the high volt-
age mode. This trend was especially noticeable in the third phase when a

decreasing propellant flow rate caused a lowering of the arc voltage, hence
arc power,

The specific impuise shown 1n figure 12(c) reached 400 sec and held con-
stant for mosi of the second phase. The initial increase in Isp occurred

when the arc power was increased from 264 to 666 W. The corrasponding increase
in I, from 210 to 314 sec resulted in a 50 percent increase in Isp for
a 152-percent increase in power.

The second jump in specific impulse was 20 percent for a 26.5 percent
increase in power with a noticeable increase in efficiency, (fig. 12(d)).
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During the %th*rd phase of the test, the specific impulse was essentially
constant despite . .. reduction in arc power. The propellant flow rate was
being reduced, and the constant Isp indicated that the gas temperature was
remaining essentially constant.

The feed 11ne pressure during the changes in propellant flow rate varied
from 19.3 to 27.6x104 Pa. Thermodynamic properties of ammonia at 20.3x104 Pa
show that for an equilibrium gas temperature of 3000 K, ammonta would be almost
totally dissociated, the constituent gases being primarily Ny and H; with only
a mole fraction of 0.01 as monoatomic hydrogen (ref. 10). The theoretical
molecular weight of this mixture 1s 8.125. The theoretical specific impulse
for this inixture 1s 473 sec. A nozzle efficiency of 0.87 would lower the spe-
cific ‘mpulse to 411 sec, which 1s very nearly what was obtained experiment-
ally. The e9u111brium specific enthalpy increased from 1.4x107 J/kg at 3000
K to 3.75x107 J/kg at 4000 K. Between these two temperatures, the mole frac-
tion of monoatomic hydrogen increases from 0.091 to 0.567. Under equilibrium
flow conditions the changes in gas enthalpy should be recoverable as kinetic
energy, And hence specific impulse. The fact that much less than one-half the
fractional energy change in the arc manifested itself in specific impulse
change indicates that the gas temperature was approaching a level wherein
hydrogen dissociation increased but the energy of dissoctation was lost in
frozen flow. The pressure range noted above was propellant feed line pressure.
The arc chamber pressure was considerably lower which would hasten the onset
of hydrogen dissociation and the corresponding frozen flow losses.

The thrust efficiency obtained throughout the test 4s shown in
figure 12(d). After operation stabilized, the efficiency was nominally 0.3
over a test time of more than an hour. During the final phase when propellant
flow was reduced, the efficiency also dropped. The relatively small change in
arc power of 150 W over 10 min allowed sufficient time for nozzle temperatures
to stabilize from point to point as flow was decreased. With constant specific
impulse, reductions in propellant mass flow would lower the efficiency as shown
by equation (A3). Phenomenologically, these trends might indicate increased
frozen flow losses at the lower arc chamber pressures, or poorer energy trans-
fer to the gas and higher wall losses. At the lowest feed 1ine pressure of
19x104 Pa, the nozzle thrust coefficient was believed to be in the asymptotic
region, hence gas expansion was at essentially constant nozzle efficiency.

The previously described test used a slightly atypical starting sequence
which might have resulted in a relatively long starting transient. A second
test lasting 31 min was run to compare the transient behavior of a typizal
starting sequence, also using the modulated power source. Time plots of the
same variables are shown in figure 13. The flow rate of nitrogen-hydrogen
mixture was set at 31.07x10-6 kg/sec from the beginning of test as shown in
figure 13(a). A momentary throttling was used initially to obtain ignition as
described under Procedure and immediately brought up to rated flow. As shown
in figure 13(b), the arc power soon after start was 696 W corresponding to
69.6 V at 10 A, the arc current maintained throughout the test. Approximately
2 min into the test the arc power jumped to 930 W, or 93 VvV at 10 A, correspond-
ing to the high voltage arc mode.
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Over the ensuing 12 min, the arc power was essentlally constant. Minor
variations were due to small changes in arc voltage as the arc chamber increa-
sed 1n temperature and gas pressure. At 14 min into the test a spontaneous
change to the low mode occurred which lasted for 42 sec before reverting to
the previous high mode. For tne remainder of the test the arc power, hence
voltage, drifted downward slightly to 900 W. Two short periods of low mode
operation lasting 66 and 3 sec occurred before intentional shutdown at 32 min.

The specific impulse shown in figure 13(c) reflected the variations in
power. Immediately after start, the specific impulse was about 333 sec and
increased to over 400 sec with increasing arc power and with thruster tempera-
ture. The mode change caused a momentary drop but not to the starting level
because of the higher arc power and temperature. At the end of the test, the
specific impulse immediately after arc extinction was 283 sec which was within
20 sec of the specific impulse at the three Antentional shutdowns of the pre-
viously described longer test (fig. 12). The cold gas specific impulse evalu-
ated before start of test was 132 sec. The difference of 151 sec is attributed
to gas heating from the hot wall surfaces.

The thrust efficiency variation during this short test is shown in
figure 13(d). During the initial 2 min of the test before mode change, the
efficiency increased from 0.21 to 0.26. At the voltage mode change, the effic-
fency increased to 0.27 and continued to increase as the thruster approached
equilibrium operating temperatures. A s11ght drop in efficiency occurred when
the arc dropped momentarily into the low voltage mode. Two subsequent changes
to the low mode resulted in small increases in thrust efficiency. By the end
of the 32 min test, the efficiency was stabilized at about 0.30. .

CONCLUDING REMARKS

A nominal 1 kW arcjet thruster designed and developed by the Plasmadyne
Corporation in the 1960's has been tested at the Lewis Research Center over a
range of arc power from about 300 to 950 W using various propellants. The
internal design of the thruster was kept essentially the same as the original.
Two nozzle configurations having greatly different expansion ratios were
tested. The tests established a data base of currently attainable performance
and showed several aspects of arcjet operational behavior. A pulse-width modu-
lated power source permitted controlled operation over sustained periods of
time 1ncluding intentional shutdown, restarts, and spontaneous transitions
into and out of changes in arc voltage modes.

Thrust measurements of known and reproducibie accuracy have been used to
calculate thruster performance. Maximum thrust efficiency and specific impulse
obtained with hydrogen were 0.26 at 872 sec; with nitrogen 0.23 at 220 sec; and
with a 1:3 mixture of nitrogen and hydrogen, 0.31 at 422 sec.

The nozzle configuration with an expansion ratio of 2300 was found to
obtain up to 0.9 of the theoretical specific impulse when operating with equi-
14brium gas at rcom temperature. The gas flow during arcjet operation was
probably nonequilibrium, and frozen-flow and viscous losses can be expected to
reduce nozzle efficiency. Test facility pressures maintained below
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1x10-3 torr minimized background pressure effects upon the nozzle and more
fully utilized the high expansion ratio.

Sustained tests of up to 2-hr duration exhibited no apparent performance
degradation with time. Other 1ssues 11ke 1ifetime starting transients, and
operation with propellants such as hydrazine are not clearly defined at this
time. These and other issues related to a complete arcjet f1ight propulsion

system are currently being addressed.
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APPENDIX A
Arcjet Performance
The conventional symbols and equations used in evaluating arcjet
g:;:g:Tance are set forth herein for convenience with a minimum of expianatory
A*  nozzle throat area, mé
Cr thrust coefficient
F thrust, newton
g gravitational acceleration, 9.8 m/sec?
h,c subscripts denoting hot and cold conditions
Isp specific impulse, sec

Igp theoretical specific impulse, sec

T .
1/ 2k -0
=g Vi - R = C¥mw (A1)
K ratio of specific heats
M.W. molecular weight, kg/Kmol
) mass flow rate, kg/sec
P pressure, Pa
Pa arc power, W
R molar gas constant, J/Kmol K = 8315/M.W.
To gas temperature, K
v exhaust velocity, m/sec
n thrust efficiency
- 3 (A2)
Pa + 2 nwc
2
. Isph
2 fa, 2 (A3)
2 spc
g :
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Figure 7, - Cold flow nozzle performance of various configura-
tions and propellants, Gas temperature, 295 °K,
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