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Abstract

An experimental study was performed to evaluate
the feasibility of DC arcjet operation at very low power
levels ranging from 5 ~ 30 watts. Nitrogen gas was used
as the propellant. The propulsive performance and the
thermal characteristics of the internal flow were
evaluated for conventional nozzles and partially
insulated nozzles consisting of a ceramic insulator and a
tungsten anode. The temperature and the thermal
efficiency of the flowing propellant gas at the
constrictor exit were evaluated by spectroscopic
diagnostics and a flow calorimeter. Stable operations
with specific impulse of about 100 ~ 280 sec at input
power levels ranging from 5 ~ 30 watts with constrictor
diameter of 0.3 mm or 0.5 mm were confirmed at thrust
efficiencies up to ~ 47 %, except in a singular case of a
DC glow discharge or a glow jet, in which little
improvement of propulsive performance was observed.
The constrictor diameter was found to have a significant
effect on the thermal characteristics of the internal flow
and the thrust performance of the device. With partially
insulated nozzles, the temperature and the thermal
efficiency of the exhaust gas, the specific impulse and
the thrust efficiency of the thruster were significantly
higher than those with conventional nozzles.

Introduction

The current trend towards smaller spacecraft, which
is not only mass limited but also power limited, has
produced a strong interest in development of
micropropulsion devices.!” The significance in
reducing launch masses has attracted growing interests
in regard to reduction of mission costs and increase of
launch rates. Although, in the past, many very small
spacecraft have lacked propulsion systems altogether,
future  microspacecraft will require significant
propulsion capability in order to provide a high degree
of maneuverability and capability. The benefit of
using electric propulsion for the reduction of spacecraft
mass will likely be even more significant for mass
limited microspacecraft missions.> Feasibility studies
of microspacecraft are currently under development for
a mass less than 100 kg with an available power level
for propulsion of less than 100 watts.”*  Various
potential propulsion systems for microspacecraft
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applications, such as ion thrusters *7, field emission
thrusters ® °, PPT '® ', vaporizing liquid thrusters > 3,
resistojets 1“6, microwave arcjets '’, pulsed arcjets
etc., have been proposed and are under significant
development for primary and attitude control
applications.

As for low-power DC arcjets operational at power
levels down to about 300 watts, several investigations
have been conducted on their use for north-south
stationkeeping (NSSK) on geosynchronous satellites.?”
% For the reduction, or minimization, of arcjet input
power in the previous study, operation with
throttleability from 100 to 300 watts was demonstrated,
in which steady operation was achieved down to 40
watts, but with considerable voltage fluctuations.*
Also, there have been various reports for the effects of
constrictor sizes, or constrictor diameter and length, and
electrodes gap on thrust performance, i.e. thrust,
specific impulse or thrust efficiency, of low power
arcjets operational at power levels down to 300 watts.”
2272930 1n the previous studies, it was reported that the
reduction of constrictor diameter contributes to the
thrust performance improvement.”>*?"? As for the
electrodes gap, it was reported that the changes of the
gap do not significantly affect the performance.?>*?
On the other hand, the performance improvement was
confirmed with reduction of the gap, in which the
operation became more stable.”” However, there have
been no investigations on these geometric effects for the
performance improvement of very low power DC
arcjets operational below 30 watts * for microspacecraft
propulsion devices, relating not only to the thrust
performance but also to the fundamentals of very low
power DC discharges.®® The structural simplicity of an
arcjet may be favorable for both size and mass reduction
of the thruster; also, further reduction of the input
electrical power, to less than 100 watts for example,
may be effective for reducing the mass of the power
supplies. In addition, the operation of the arcjets at
reduced specific power levels with lower temperature of
the propellant which is heated through the discharge
will elongate the life of electrodes and reduce frozen
flow losses and electrode losses, through the reduction
of heat transfer from the heated propellant gas.**
Although the specific impulse achievable during
operation will be reduced at low specific power levels, it
will be recovered to some extent through the
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achievement of loss reduction.

The objective of this study is to investigate the
fundamentals of discharge characteristics and the thrust
performance of very low power DC arcjets with
electrical input power levels ranging from
approximately 5 ~ 30 watts in order to ascertain the
effective operational condition which possibly results in
higher thrust performance. In this study, the conditions
for stable operation and thrust performance, such as
thrust, specific impulse and thrust efficiency, of very
low power arcjets are evaluated for nozzles of various
dimensions made from  different  materials.
Diagnostics of the internal flow of the arcjets,
temperature and heat content measurements at the
constrictor exit, are also conducted, using a nozzle
without any divergent parts. Then, the performances
of these various nozzles are evaluated to investigate the
most favorable structural and operational condition that
results in higher thrust performance.

Experimental

Arcjet Thruster

The schematics of the cross sections of the four
types of nozzles used in this study are shown in Fig.1,
and their dimensions are listed in Table 1. In general,
an arcjet nozzle consists of a metallic material, and
serves a dual function as an anode and an arc column
constrictor, except for a divergent section. In this
study, a ceramic material with low heat conductivity for
a convergent section and the following part of the
constrictor in a nozzle was used in order to reduce the
electrode losses. Using modified or partially insulated
nozzles, I-nozzles, and conventional tungsten nozzles,
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W-nozzles, the effects of the constrictor material and
dimensions on characteristics of very low power DC
discharge, the propulsive performance, and the thermal
characteristics of arcjets were evaluated. For the
evaluation of the propulsive performance, convergent-
divergent nozzles, D-nozzles, were utilized. In order to
diagnose the thermal characteristics of very low power
discharges established in the constrictors, the
investigations using nozzles without any divergent parts
or convergent nozzles, C-nozzles, were also performed.
As illustrated in Fig.1, conventional nozzles are denoted
as W- ; (a) W-D or (c) W-C, and consist of an assembly
of pure tungsten nozzle parts, while modified nozzles,
as I- ; (b) I-D or (d) I-C, and consist of an assembly of
an insulator and a tungsten anode. For the ceramic
material, high-purity boron-nitride (BN) was used for
part of a constrictor to allow the arc column to penetrate
further downstream of the constrictor, or to maintain the
high-voltage mode discharges, and possibly reduce the
electrode losses. The cathode used in the tests was made
from a tungsten rod 1 mm in diameter with a conical tip
angle of 15 degrees. Nitrogen gas was used as a
propellant, and the feed pressure was measured
upstream of the plenum. In this study, in order to
establish stable discharges at very low current levels
ranging from 10 ~ 150 mA, a high-voltage power
supply with high ballast resistance was used.

Table 1 Dimensions of tested arcjets.

Type W-C, WD, I.C, I.D
dcon [mm] 0.3,0.5,0.7
lcon [mm] 0.5,1.0,2.0

lac [mm] 0.25, 0.5, 0.75

Lo 13(1%_

deon
BN insulator | W anode
(c) W-C nozzle
BN insulator | W anode

W_cathode

(d) I-C nozzle

Fig.1 Schematics of arcjet nozzles tested in the experiment.
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A thrust performance test was conducted for each
nozzle in a vacuum vessel. A calibrated pendulum-type
thrust stand was used for the measurements.

Thermal Efficiency and Gas
Diagnostics of Arcjet

The net thermal power output of the arcjet was
measured directly using the flow calorimeter at the
constrictor exit of the convergent nozzles (W-C, I-C)
under atmospheric pressure. The calorimeter consists
of a coil of 2-mm-diameter copper tube wound against
the internal wall of a 15 mm internal diameter copper
tube. The external wall is insulated. The calorimeter
has a 180-deg bend near the exit to minimize energy
loss due to radiation. A thin ceramic insulator
electrically isolates the calorimeter from the anode.
The temperature rise of the cooling water which flows
through the calorimeter, or the copper tube coil, at the
inlet and outlet, and the gas temperature at the exit of
the calorimeter were measured using copper-constantan
thermocouples. The power absorbed by the
calorimeter was computed as the product of the
temperature rise and mass flow rate of the cooling water
and the specific heat of the water. The thermal
efficiency of the exhaust propellant gas from the arcjet
constrictor was computed as the ratio of net thermal
power output to arcjet input power, or as the product of
arc current and discharge voltage.

Spectroscopic measurements were performed to
evaluate the effects of variation in the constrictor
material, the dimensions, the mass flow rate, and the
discharge current on heavy particle, or molecular
nitrogen, temperature of the heated propellant at the
constrictor exit under atmospheric pressure. In order
to evaluate the gas temperature at the constrictor exit of
the convergent nozzles (W-C, I-C), the wavelength (300
~ 800 nm) and spectrum intensity of spontaneous
emission of the gas 0.5 mm downstream from the
constrictor exit on the central axis of the nozzle were
measured using a multichannel spectrum analyzer.
Based on spectroscopic theories 5, the spontaneous
emission spectrum resulting from the electronic
transitions of nitrogen molecules (1st Positive System,
BII,—A’Y %) % was calculated for a given set of
conditions. Here, the parameters assumed for
computing each theoretical spectrum were the number
density of the gas, the vibrational temperature (Tvib)
and the rotational temperature (Trot). The
temperatures (7vib and Trot ) of the gas at the
constrictor exit were determined by selecting a set of
parameters which makes the calculated spectrum fit
well to the measured spectrum .

Temperature

Results and Discussion

Propulsive Performance of Very Low Power Arcjet
Thrusters
Current-Voltage Characteristics

The discharge current-voltage characteristics
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observed for W- or I-nozzles with constrictor diameter
dcon = 0.3 mm and 0.5 mm and constrictor length Icon
= 0.5 mm are shown in Fig.2. For clarity, only the data
taken at flow rate 5 mg/sec is shown. Similar trends
were observed for other flow rates. It is seen that the
discharge voltage for all cases decreases as the current
rises over the range of the current I = 10 ~ 75 mA,
except in the W-nozzle case with dcon = 0.5 mm. This
tendency is a typical electrical characteristic of an arc
discharge 7, and it was confirmed that the arc discharge
was established even at this very low current level.
While in the W-nozzle case with dcon=0.5 mm, or
plenum pressure below about 30 kPa, the discharge
voltage gradually decreases with decreasing the current.
This current-voltage trend is a typical characteristic of a
glow discharge ¥, although this arc-glow transition
might be inevitable at this very low current level under
the low plenum pressure.

In all cases, it is clear that discharge voltages of I-
nozzles are slightly higher than those of W-nozzles.
This tendency may be due to the fact that in the I-nozzle
cases compared to the W-nozzle cases, the electric field
around the anode may change, or the arc column may
attach further from the cathode due to the insulator
inserted between the cathode and anode, resulting in the
voltage rise. Also, discharge voltages with smaller mass
flow rate are slightly lower than those with larger mass
flow rate in all cases.
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Fig.2 Discharge current-voltage characteristics
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Fig.3 Specific impulse vs. arcjet input power
( propellant mass flow rate: 5 mg/sec ).
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Although not plotted, it was observed that the
plenum pressure increases with increasing arc current.
The pressure increases with arc current due to the flow
blockage induced by a bigger arc column with higher
arc current . The plenum pressure of I-nozzles was also
higher than that of W-nozzles. It is hypothesized that in
the I-nozzle cases, compared to the W-nozzle cases, the
arc anode attachment is further from the cathode tip on
the throat or the divergent section of the anode nozzle
due to the insulator inserted between the anode and
cathode. This results in a decrease in the effective
diameter of the throat due to the flow blockage by an
arc column and the increase of the plenum pressure as
the arc column penetrates further into the throat.

Propulsive Performance

Figure 3 shows the plots of specific impulse versus
arcjet input power for the propellant mass flow rate of 5
mg/sec. It must be noted that the specific impulse at
each mass flow rate shows a linear increase and arrives
at ~ 280 sec (dcon = 0.3 mm) even with very low power
levels of ~ 32 watts. In all cases, I-nozzles give
significantly higher specific impulse, or higher
propulsive performance, compared to W-nozzles over a
wide range of input power. There is a significant
decrease in the specific impulse for W-nozzles with
dcon = 0.5 mm, in which the discharge type changes
into a glow discharge. In this case, it is shown that little
improvement of propulsive performance with increasing
input power up to 30 watts is obtainable with the use of
a DC glow discharge, or a glow jet.

Figure 4 shows the replots of Fig.3 where specific
power is plotted along the abscissa. The specific
impulse shows a linear increase with specific power, as
with the input power. It is shown that, at higher specific
powers, the specific impulse at a given specific power is
relatively independent of mass flow rate. At lower
specific powers, the curve for the lower mass flow rate
is slightly above that for the higher mass flow rate. In all
cases, it must be emphasized that the specific impulse is
significantly higher with the utilization of I-nozzles
compared to W-nozzles. This fact indicates that I-
nozzles may efficiently contribute to the reduction of
heat transfer to the constrictor wall or electrode losses.
Also, it was observed that the reduction of constrictor
diameter and constrictor length results in a higher
specific impulse. It must be noted again that the specific
impulse with glow discharges (W-D nozzle, dcon = 0.5
mm) is significantly decreased compared to the identical
values of specific power with arc discharges.

Figure 5 shows the relationship between specific
impulse and thrust efficiency for each nozzle with dcon
= 0.3 mm. It is expected, at reduced specific power
levels as in this experiment, that electrode loss and
frozen flow loss are decreased to some extent®, while
local heat losses of the electrodes caused by near
electrode voltage drops may be large under the applied
discharges of low-current and high-voltage.>' Since the
detailed analysis on the mechanism of the
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losses?26303134 js pot included in this study, further
study will be needed to elucidate on these issues. In
Fig.5, it is observed that the thrust efficiency increases
with specific impulse, and gradually decreases in the
range of larger specific impulse, or specific power.
Similar tendency was observed in some of the results
obtained in previous reports of low power arcjets with
larger specific power.?**° In all cases, it is shown that I-
nozzles give significantly higher thrust efficiency than
W-nozzles. Also, in most cases, higher thrust efficiency
is obtainable using nozzles with a smaller constrictor
diameter. Though it is not plotted, the thrust efficiency
with the glow discharge was significantly below those
with the arc discharges, i.e., by about 1 %. In this case,
because of the very low current under low plenum
pressure, the current-voltage characteristics observed
exhibit the glow discharge trend, and specific impulse
and thrust efficiency are lowered significantly. These
are considered to be due to the significant reduction of
Joule heating, or the increase of frozen flow losses
which accompany the glow discharges, resulting in
significant decreases of the specific impulse and thrust
efficiency. From the results, it was reconfirmed that
little improvement in the propulsive performance of the
very low power arcjet thrusters is expected when the
discharge type turns into a glow discharge.
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transition, and therefore the theoretical tables should be
reasonably accurate.
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Figure 2. H atom lineshapes on plume centerline, at 1.0
(upper) and 6.4 (lower) + 0.3 mm downstream from exit plane.
The laser beam intersected the plume perpendicular to the
thrust axis.

Stark broadening can be significant for the hydrogen
atom even for electron density < 10" cm'3, as it is the most
sensitive atom to Stark effects. The analysis of previous
data on the H,, lineshape near the exit plane of a H, arcjet
concluded that Stark broadening is significant.'> The effect
of ion collisions with H atom dominates the Stark
broadening under exit plane conditions, resulting in
substantially greater broadening for some transitions at
plasma density <10"° ¢cm™ than indicated in the standard
theoretical compilations such as Vidal ef a/.'®

The electron density was determined to be 8 x 10'* cm™
at the exit plane of the hydrogen arcjet at 1.4 kW input
power with linear power dependence, and to fall rapidly with
axial distance in the downstream direction.”” Although the
electron density of an arcjet operating on NH; propellant
may be considerably higher in the arc than in the pure
hydrogen case,'” there appears to be no experimental
evidence available that a significant difference persists at the
exit plane for hydrogen and simulated hydrazine arcjets. At
n.= 1x10" cm™ the expected Stark lineshape of Lg at 2500
K is double peaked, with a sharp minimum at line center and
FWHM ~ 1.1 cm™ at the one-photon Ly transition (Av/v, =
1.1x107).

Not only does the lineshape broaden more than
expected near the exit plane, the experimentally observed
signal intensity drops precipitously (see Fig. 5) from its peak
at z=0.8 cm. From a physical standpoint, the H atom density
is expected to rise in the upstream direction as a monotonic
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Figure 3. H atom lineshapes on plume centerline, at 11.2
(upper) and 20.3 (lower) + 0.3 mm downstream from exit
plane. The laser beam intersected the plume perpendicular to
the thrust axis.
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Figure 4. Experimental and theoretical FWHM on-centerline.

function. There are a number of reasons why the observed
peak signal could decrease even as the density is increasing,
including: (i) Stark and Doppler broadening, (ii) occlusion of
fluorescence by the arcjet nozzle, (iii) inaccurate alignment
of laser/arcjet/fluorescence  detection apparatus, (iv)
quenching effects, (v) self-absorption, and (vi) mixing of
upper state wavefunctions by collisions and/or electric fields
causing breakdown of selection rules and changes in
fluorescence lifetime or fluorescence pathways.

The temperature does not change quickly enough for
Doppler broadening to be a dominant factor, and Stark
broadening does not appear to fit the observed lineshape —
nor is the lineshape broadened sufficiently to explain the
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higher performance.

Figure 8 shows the variations of the thermal
efficiency with the anode-cathode distance, lac (see
Fig.1), for each nozzle type. It is shown, in all cases,
that the thermal efficiency increases as the anode-
cathode distance increases. For all anode-cathode
distances, it is shown that the thermal efficiency of I-
nozzle cases is higher than that of W-nozzle cases.
Furthermore, for all anode-cathode distances, the
thermal efficiency is larger at a higher mass flow rate of
propellant gas. It must be noted that the increase in the
thermal efficiency with the anode-cathode distance is
significant at lower mass flow rates.

Figure 9 illustrates the variations of the heavy
particle temperature with the anode-cathode distance,
lac, for each nozzle type. It is seen that the
temperature increases as the anode-cathode distance
increases.  For all anode-cathode distances, it is shown
that the temperature of the I-nozzles is higher than that
of the W-nozzles. The temperature rise with the I-
nozzle is significantly large particularly at longer anode-
cathode distances. These increases in the temperature
and the thermal efficiency with the increase in the
electrode gap are considered to be due to the increase in
the heating rate of the propellant gas and the reduction
of the heat transfer to the nozzle wall. Since the
position of anode attachment of an arc column is forced
into the downstream section of the constrictor wall, not
at the convergent section, with the use of the ceramic
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Fig.10 Constrictor length vs. thermal efficiency
(dcon=0.7 mm, lac=0.75 mm, I=75 mA).
6000
a W: 60mg/sec
a [:60mg/sec
5000 |-
. §
o
5 §
€ 4000 | g
s §
£
)
K
3000 H
2000

0 0.5 1 1.5 2 25
Constrictor length, mm

Fig.11 Constrictor length vs. temperature
(dcon=0.7 mm, lac=0.75 mm, I=150 mA).
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insulator of the I-nozzle, a misalignment of the cathode
tip and the constrictor center, which is inevitable with
small thrusters, may be allowed to some extent,
particularly under the conditions of larger electrode gaps,
in which a significant improvement of arcjet
performance will be expected. This must be one of the
significant effects of the use of the ceramic insulator for
a part of the constrictor of the arcjet. Based on these
results, it should be emphasized that the increase in the
electrode gap, in conjunction with the use of the I-
nozzle, is preferable for the improvement in
performance of the arcjets.

The effect of the constrictor length, Icon (see Fig.1),
on the thermal efficiency of the gas jet is shown in
Fig.10. At higher mass flow rates, the thermal
efficiency gradually increases with the reduction of the
constrictor length. However, at lower mass flow rates,
particularly with W-nozzles, little increase in thermal
efficiency with reduction of the constrictor length is
observed. In all cases of constrictor length, it is shown
that the thermal efficiency of the I-nozzle is higher than
that of the W-nozzle. Although the effect of the
reduction of the constrictor length on thermal efficiency
improvement is not marked, the use of I-nozzles, in
conjunction with the smaller constrictor length, can
greatly improve the thermal efficiency of the arcjets.
Figure 11 shows the variation of the temperature of the
gas jet with the constrictor length, Icon. It is shown
that, in all cases, the temperature significantly increases
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Fig.12 Constrictor diameter vs. thermal efficiency
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with the reduction of the constrictor length.
Furthermore, in all cases of constrictor length, it is
shown that the temperature of the I-nozzle is higher than
that of the W-nozzle, particularly at larger constrictor
lengths. It is considered that in these cases, the
increases in the thermal efficiency and the temperature
with the decrease in the constrictor length are caused
mainly by the decrease in the area of the constrictor wall
to which the heat generated through the arc column is
transferred.

The effect of the constrictor diameter, dcon, on the
thermal efficiency is shown in Fig.12. It is shown that,
in all cases, thermal efficiency increases significantly
with constrictor diameter. It is also shown that higher
efficiency is obtainable with the use of the I-nozzle.
Figure 13 shows the variation of temperature with
constrictor diameter. The temperature of gas jets
markedly rises with the reduction of constrictor
diameter. Also, it is shown that the temperature of the

I-nozzle is significantly higher than that of the W-nozzle.

It is considered that the decrease in the thermal
efficiency with the reduction of constrictor diameter, as
shown in Fig.12, is due to the increase in heat losses
transferred to the constrictor wall. However, the
increase in temperature with the reduction of constrictor
diameter is probably due to the increase in the heating
effect of the propellant gas by an arc column through
the reduced, or narrowed, volume of the discharge
chamber or the constrictor.

In the thrust performance tests, higher thrust
efficiency was obtained using nozzles with a smaller
constrictor diameter in most cases, as shown in Figs.3 to
5. Although there is a trade-off between thermal
efficiency and temperature of the gas jet for constrictor
diameter, it is confirmed here that the reduction of
constrictor diameter is effective in improving the thrust
performance, i.e. specific impulse and thrust efficiency.

Conclusions

A study on discharge characteristics and thrust
performance of very low power DC arcjets with
electrical input power levels ranging from 5 ~ 30 watts
was carried out. In order to clarify the potential of the
effective operational condition which possibly results in
higher thrust performance within these power levels, the
effects of the constrictor material and the dimensions on
characteristics of the discharges and the propulsive
performance were investigated. Additional diagnostics
of the thermal characteristics of the internal flow were
also performed, and the following results were obtained.
1) Stable arcjet thruster operation with specific impulse
levels up to ~ 280 sec at very low power levels ranging
from 5 ~ 30 watts with the constrictor diameter of 0.3
mm and 0.5 mm were confirmed, except in a singular
case involving a DC glow discharge or a glow jet, in
which little improvement in propulsive performance
with the input power up to ~ 30 watts was observed.

2) At higher specific powers, the specific impulse was
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relatively independent of mass flow rate. At lower
specific powers, the specific impulse for the lower mass
flow rate was slightly above that for the higher mass
flow rate.

3) In the thrusters with partially insulated nozzles the
specific impulse and thrust efficiency were significantly
higher compared to conventional nozzles. Also, the
thermal performance, i.e., the thermal efficiency and the
ejected gas temperature, of the arcjet can be
significantly improved unlike that for conventional
nozzles. This finding indicates that partially insulated
nozzles may efficiently contribute to the reduction of
electrode losses. This must be one of the significant
effects of the use of the ceramic insulator as a part of the
constrictor of the arcjet.

4) Thermal efficiency can be increased by reducing the
electrical input power of the arcjet, and this must be one
of the significant benefits of very low power operation.
These findings suggest that higher thermal performance
can be obtained with very low power operation, or
power reduction, of arcjets, combined with the use of
the partially insulated constrictors.

5) Both the temperature and the thermal efficiency
increase as the electrode gap increases. It should be
emphasized that the increase in the electrode gap, in
conjunction with the use of the I-nozzle, is desirable for
the improvement in performance of the arcjets.

6) For all cases, the thermal efficiency increases with
decreasing constrictor length and with increasing
constrictor diameter. In addition, the reduction of
constrictor diameter and length results in a higher
temperature of the heated propellant gas, and therefore
in higher thrust performances .
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