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Abstract

The potential advantages of methane (CH,) relative to the
conventional  arcjet  propellants  include  improved
performance due to its high hydrogen content, improved
safety in spacecraft fueling due to absence of toxicity and
easy storability. To explore these potential advantages
Busek Co. Inc. developed laboratory prototypes of a water
cooled, a radiation cooled methane arcjets. Their design,
performance and the results of supporting numerical
modeling are reported in this paper.

Conventional geometry arcjets operating on methane cease
to function within tens of seconds after strart due to internal
carbon deposition. To mitigate the carbon deposition novel
geometry was developed and successfully tested. Testing of
the water cooled arcjet revealed radically different nature of
the carbon deposits and different deposition rates depending
upon the surface polarity relative to the local plasma
potential. The radiation cooled arcjet was designed on the
basis of this experience to further reduce and control the
carbon deposition. Its testing was carried out in the range
from 4 to 11.5 kW and a mass flow of 40 10 100 mg/sec.
Thrust was measured using a NASA Lewis type thrust
stand. The highest thrust efficiency derived from the
measured quantities was approximately 16% at Isp=460 sec.
The highest Isp was 590 sec at 12.2% efficiency. While
these results do not match the state of the art arcjets
operating on ammonia and hydrazine, they are encouraging
for a first of a kind device.

Based on the experience with the methane arcjet Busek is
currently developing arcjet operating on MMH/UDMH
propellants.

1.0 Introduction

Arcjets require low molecular weight propellants to
efficiently convert the input electrical energy to kinetic
energy of the exiting jet and hence thrust.  Therefore,
hydrogen and polyatomic molecules with a high hydrogen
content are the preferred arcjet propellants.
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Methane is the lightest hydrocarbon and thus appears as a
promising arcjet propellant. When dissociated to theoretical
composition of a typical arcjet effluent its average molecular
weight is lower than that of ammonia, and much Jower than
that of hydrazine, thus promising higher performance.
While hydrogen offers higher performance, it suffers from
the complications of long term, deep cryogenic storage in
space. In addition to the performance issues, ammonia and
especially hydrazine are highly toxic and require special,
expensive procedures for safe spacecraft fueling. Thus,
relative to the conventional propellants (H,, N,H,, NH),
CH, appears to offer important advantages.

The difficulty with methane, however, is that wupon
dissociation it forms carbon particles and hydrogenated
carbon particles (soot) that may have a deleterious impact on
the spacecraft and on the arcjet performance. This well
known fact has limited the exploration of arcjet propellants
to light weight storable hydrogen/nitrogen compounds
mentioned above.  However due to the theoretical
performance benefits, the USAF solicited proposals and
awarded several Phase 1 SBIR contracts to explore the
feasibility of methane arcjets. Busek was awarded one of the
contracts and is now near the conclusion of its Phase II,
Methane Arcjet program.

The program conmsists of developing water cooled and
radiation cooled arcjets supported by two analytical efforts,
one that is focused on modeling the methane arcjet to predict
its performance and the other is focused on the chemistry of
the methane plasma and carbon deposition inside the arcjet.
This paper will discuss the experimental effort and
summarize the results of modeling. More details on the
performance and plasma chemistry modeling can be found in
References 1 and 2.

2.0 Conventional Arcjet and Impact of Methane

A partially water cooled conventional arcjet that utilizes a
thoriated tungsten cathode located near the arc
constrictor/nozzle/anode was constructed for the purpose of
exploring its operation with various propellants including
methane. This laboratory device is shown schematically in
Fig. 1. It was tested in the Busek arcjet test facility (Ref. 2)
which is equiped with NASA Lewis style thrust stand.
While operating with methane, the conventional arcjet was
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invariably unstable and required frequent restarting.
Operation typically lasted under 1 minute before the cavity
upstream of the arc constrictor filled with carbon and shorted
the arcjet. The cathode tip suffered substantial erosion
relative to that observed with Ar and N,. Following this
initial experience the constrictor diameter was opened from 2
to 3 mm in diameter and the cathode was positioned from 1
to 2 diameters upstream of the constrictor. These changes
had a negligible effect on the carbon deposition and on the
duration of the tests.

This experience, which was independently confirmed by
others® provided ample evidence that conventional arcjets are
not suitable for operation with methane and that only a
radically new concept may hold some promise for
overcoming the internal arcjet carbonization.

3.0 Water Cooled Plasmatron Arcjet

Our previous experience with developing plasma ignitors for
various fuels* led us to consider a hollow upstream electrode
design with a large separation between anode and cathode
electrodes as is frequently used in industrial plasma torches.

A schematic of the resulting design in its original
configuration is shown in Fig. 2. Its designation is PA9.4
which corresponds to Plasmatron Arcjet with 9.4 mm dia.
arc cavity. A photograph in Fig. 3 shows the assembly.
The Plexiglas tube on the rear of the arcjet visible in Fig. 3
protects the power lead and water tube connections against
external electrical breakdown.

The PA9.4 arcjet was operated with pure methane at a flow
rate of the order of 0.1g/sec, arc chamber pressure of 50 to
200 Torr and arc current of 30 to 50 Amps at a typical
voltage of 100 Volts. Under these conditions two radically
different carbon deposits formed on the upstream electrode
depending on its polarity.

When the upstream electrode was positive (anode), as is the
common practice in many industrial arc gas heaters, a carbon
deposit formed at the arc chamber facing end of the tubular
anode as shown in Fig. 4. The deposit completely sealed
the ID (approximately 8 mm dia.) of the electrode, forming a
volcano type of structure with the arc root forming a
depression in the center, similar to a crater in a volcano.
The deposit has the consistency of a hard graphite, similar to
high quality pyrolitic graphite. It grows to a stable size
within a several minutes.

When the same electrode is operated under the same
conditions as a cathode (negative) the deposit forms a
stalagmite as shown in the photograph in Fig. 5.~ This
stalagmite is about 20 to 25 mm long with 2 to 4 mm in
diameter and has a hard graphite shell which grows to the
typical size in about 15 to 20 minutes. The growth rate of
the stalagmite determined the duration of the water cooled
arcjet tests which had to be terminated when the tip of the
stalagmite was approaching the downstream nozzle, thus
electrically shorting the arc. The surface of the stalagmite
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has the consistency of pyrolitic graphite. The stalagmite
was always hollow near its tip, in effect forming its own
“hollow cathode” that supplied to the arc current.

These very repeatable experiments lead us to conclude that:

1. Methane arcjet must operate in a reverse polarity mode
(upstream electrode is an anode).

2. The carbon deposit that forms on the anode grows to a
stable size and forms a self replenishing low voltage
drop electrode, which appears capable of wunlimited
lifetime.

3. The cathode end of the arc must be forced toward the
exit of the nozzle to prevent or mitigate cathode carbon
deposition which has the highest rate at the point of
electron emission. This requires stretching the arc
through the length of the supersonic nozzle. Cathodic
arc attachment near the nozzle exit, which is at nearly
the tank pressure, deposits carbon in very fragile small
“stalagmites”. The expanding flow past such stalagmite
applies a drag force that easily breaks them off the
nozzle end.

Based on the above conclusions and concurrent analysis
described in the next sections we modified the original
design of the PA9.4 arcjet to operate with the shortest
possible nozzle functioning exclusively as a cathode. Five
different short nozzles as shown in Fig. 8 were made with
different constrictor diameters to investigate carbon
deposition rate as a function of arc chamber pressure at
approximately constant methane mass flow. The analysis
presented in the next section also suggested a hot wall
nozzle. This was difficult to achieve prior to construction of
the radiation cooled arcjet and therefore the nozzles were
made to contact the water cooled nozzle holder only over
limited area (labeled “contact surface”).

Table 1 lists representative test results of parametric tests
with the five different nozzles. The top row in this table
shows the primary parameter, the constrictor diameter. All
tests were conducted at approximately 5 kW power input
with a mass flow of 65 to 80 mg/sec. The gas was pure
CH,. Tests with constrictors with d, < 0.2 inches were
carried out while monitoring heat flux into the upstream and
downstream electrodes (anode and cathode, respectively).

In general, the level of internal carbon deposition increased
with increasing plenum pressure (decreasing constrictor
size), most of which occurred on the cathodic surface. Tests
with the smallest constrictor (0.060”) were terminated in a
few minfites because of rapidly increasing chamber pressure
due 1o carbon deposition immediately downstream of the
constrictor. Tests with the two largest constrictors were
typically in excess of 30 minutes long without pressure
increase. It is believed that at these conditions the arcjet
could operate indefinitely.

The heat loss data were collected primarily for the radiation
cooled arcjet design, where the intent is to provide separate
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radiating surface for each electrode. As noted in Table 1 the
nozzle, also serving as a cathode, receives typically 2/3 of
the total heat loss and the thermal efficiency of the device is
approximately 70%.

4.0 Methane Plasma Chemistry

The experimental investigation at Busek was supported by
high temperature methane chemistry modeling effort at
Aerodyne Research, Inc. Two well-established numerical
codes were used — Perfectly Stirred Reactor (PSR) and a
diffusion/kinetics model known as DIFKIN.? ¢ The thrust of
this modeling was:

1. Predict plasma composition as a function of pressure,
temperature and residence time in the arcjet.

2. Predict carbon deposition rates inside the arcjet and
operating regimes that minimize it.

3. Investigate various additives to methane that ‘would
accelerate methane decomposition, reduce rates of carbon
deposition and reduce soot content in the arcjet effluent.

Detail discussion of the results can be found in Ref. 2,
however one of the more important results of the PSR
calculations is that methane decomposes relative slowly at
temperatures below 2000 K. Because much of the flow is
outside of the arc column and therefore at T < 2000 K, it
may consist of mostly undecomposed methane.  This
increases the average molecular weight of the arcjet effluent
with a negative impact on the arcjet performance. Therefore,
a set of additives were investigated that would accelerate
methane decomposition at T < 2000 K while
simultaneously reducing carbon deposition H,O, was found
to be the most effective.

The DIFKIN calculations investigated the effect on carbon
deposition rate of four parameters: the wall temperature, the
freestream gas temperature, the freestream gas velocity, and
the freestream gas composition. Of these parameters, the
freestream gas composition had the greatest effect on the
carbon deposition rate.

The summary of the DIFKIN code results is preserted in
Table 2. Deposition rate, the time required for accumulation
of a1 mm thick carbon deposit, and the mixture molecular
weight are listed. The deposition rate results show a very
strong dependence on the input composition and a
significantly weaker dependence on the wall temperature,
freestream temperature, and freestream velocity.  The
difference between input streams of decomposed methane and
undecomposed methane corresponds to a factor of 10° in
deposition rate. For decomposed methane, a 1 mm carbon
deposit can build up on a time scale of a fraction of a minute
to a few minutes. In contrast, for undecomposed methane,
the time scale for a 1 mm carbon accumulation is on the
order of bundreds to thousands of years. However, the
molecular weight, and hence the specific impulse of the
arcjet, is also strongly dependent on the inlet composition
and relatively insensitive to the other parameters
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In broad terms the PSR and DIFKIN calculations guided the
arcjet design effort toward configurations with the highest
wall temperature, shortest residence time and of a thin
boundary layer in the nozzle consisting entirely of
undecomposed methane. Observing these guidelines does
not necessarily mean the best performing arcjet but was
expected to yield an arcjet with minimal internal carbon
deposition.

Further more it must be stressed that the above mass
transport models (DIFKIN) does not take into account the
presence of electric field and its effect on ions. Therefore
these results apply only to areas of the arcjet where electrons
are not emitted or received, i.e. outside of the anodic and
cathodic attachment points of the arc. It is however in those
areas where the deposition rate is the greatest.

5.0 Radiation Cooled Methane Arcjet

5.1 Désign and Operation

The design of the radiation cooled methane arcjet shown in
Fig. 7 was based upon our experience with the water cooled
version and current analysis. The general philosophy of the
design dictated by the nature and location of the carbon
deposits was to force the arc to stretch from an upstream
anode through a large subsonic arc chamber and the arc
constrictor to the exit edge of the cathode nozzle or to an
external cathode ring. To stabilize the long subsonic
portion of the arc a strong swirl was employed. Gas heating
was therefore achieved in the subsonic portion where the arc
is unconstricted and ingests the cooled incoming flow.

The upstream electrode (anode) is made of Molybdenum and
transfers heat through a conical mating surface into a finned
copper radiator that is plasma sprayed with CrO to increase
its thermal emissivity. The heat loss data in Table 1 were
used to design the heat radiating surfaces. To avoid external
breakdowns to the radiator, it is enclosed in a quartz cup.
This arrangement proved effective with no evidence of anode
overheating in all subsequent tests.

The nozzle is primarily radiation cooled with a small
fraction of heat delivered to the propellant while flowing
through the downstream flange manifold. A separate cathode
mounted just downstream of the nozzle exit on special
ceramic stand-offs can be connected to the nozzle or grounded
so that the nozzle floats. This stretches the arc beyond the
nozzle exit and minimizes carbon deposition at the cathodic
arc root.

Similarly to the water-cooled arcjet design, the anode and
cathode are separated with a dielectric spacer ring. This ring
was made of several materils including quanz which allows
real time arc observation. This feature proved very valuable
during the water-cooled arcjet experiments. A typical
photograph of the assembled radiation cooled methane arcjet
is shown in Fig. 8.

The phbotograph in Fig. 9 shows the arcjet operating on
methane. The quanz ring separating the flanges reveals the
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position of the arc and shows in this photo as a brightly
luminescent vertical strip. The nozzle is shown glowing
red/yellow. The jet is extremely bright due to its carbon
particle content and could not be observed without eye
protection.

5.2 Radiation Cooled Methane Arcjet Performance

Two sets of representative data will be described. The first
set of data was obtained at fixed methane mass flow of 87
mg/sec while the input power was varied from about 4to 10
kW. The arc current, voltage, methane flow rate, arc
chamber pressure and tank pressure were measured. Thrust
was not measured. The measured quantities and those
derived from them are plotted as a function of time in Fig.
10.

The graph in Fig. 10a shows the arc voltage and current
which ranges from 40 Amps to 100 Amps. The voltage is
seen to be insensitive to the curment, ranging from about 90
to 103 volts. Figure 11b shows the input power and the
input specific energy in MJ per kg of propellant flow. It is
seen that at the maximum power of 10 kW, the specific
energy reached a high of 115 MJ/kg.

Figure 10c shows the gas pressure upstream of the arc
constrictor and the tank pressure. Ideally he tank pressure
should not exceed 0.1 Torr which we however exceeded due
to limited pumping capacity. While this tank pressure is
not expected to influence the arcjet electrical behavior, it
may effect thrust measurement.”

Figure 10d shows the V-1 characteristic of the arc. As
pointed out above, the characteristic is essentially flat with a
scatter of about 10 volts at 50 amps operating current: The
voltage fluctuations can be to some extent correlated with
arcjet pressure (Fig. 10c) which is an expected behavior.
The pressure is in turn somewhat sensitive to the arcjet body
temperature which takes about 1 to 2 minutes to equilibrate.

Carbon deposition on the electrodes has perhaps the
strongest influence of the arc voltage. As mentioned
previously, example, the upstream electrode forms a deposit
that grows to a stable size in a few minutes. At higher
power this deposit appears to be smaller as the competing
processes of carbon deposition and carbon evaporation at the
arc foot achieve new equilibrium. As pointed out before this
offers an interesting possibility of having self replenishing,
low voltage drop, electrode structure that has no lifetime
limits.

The second series of typical results, presenied in Fig. 11,
include thrust measurements. The arc chamber pressure was
not measured because all existing vacuum tank feed throughs
were required for the thrust stand. The arcjet itself was
slightly modified from its initial version shown in Fig. 7.
The modification included reduced arc chamber inside
diameter and a graphite insert in the upstream hollow anode.

The results are presented in Fig. 1la-d showing the arcjet
thrust, efficiency and specific impulse versus input power
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and the V-I characteristic respectively. The mass flow of
methane ranged from 76 to 101 mg/sec while the input
power ranged from 6.2 to 11.5 kW. The specific power
ranged from 56 to about 135 MJ/kg.

The highest efficiency was 15.6% at an Isp of 459 sec. The
highest Isp was 590 sec at 12.2% efficiency. While these
results fall well below the current state of the art in arcjets,
they are respectable for a first of a kind novel device that was
not optimized.

There are several possible causes for this lower than expected
performance. These include:

1. The carbon particles that are nucleating in the nozzle
(and may represent significant mass) do not achieve the
velocity of the expanding gas thus Jowering
performance. This is difficult 1o quantify
experimentally without sophisticated measurements.

2. Heat addition to the gas in the supersonic portion of the
nozzle is inherently inefficient because it is done in a
low gas pressure zone. While the electric field and
current density in the supersonic nozzle are expected to
be low some inefficiency will result.

3. The gas pressure in the arc chamber is low (up to
around 0.3 atma) causing nonequilibrium ionization
(two temperature plasma) and greater hydrogen
dissociation.  The energy of dissociation is not
recovered in the nozzle. This could be remedied by
smaller constrictor diameter which however may cause
carbon deposition.

4. The, shape of the nozzle and its expansion ratio is
inappropriate for methane plasma and reverse polarity
operation.

5. The relatively high vacuum tank pressure reduces the
measured thrust. However this effect could account for
only few percent of improvement.

6.0 Arcjet Analysis and Modeling

The experimental effort was supported by concurrent
numerical analysis which resulted in computer code capable
of predicting the arcjet performance. The starting point was
an existing quasi-one-dimensional code® that was
demonstrated to accurately predicted the behavior of
conventional arcjets. A model for the unconstricted
subsonic portion of the arc was then developed and grafted
on the existing code.

This new model is described in Section 6.1. Section 6.2
shows some comparisons to test data, which appear to
validate the theory.

6.1 The Arc Upstream of the Constrictor

Although the flow swirl, induced by the angled gas injection
into the.upstream chamber, is a stabilizing factor, which
tends to keep the arc centered through centrifugation of its
heavier peripheric gas, it is known through detailed



simulations® , and it can be verified by order-of-magnitude
arguments, that swirl plays only a secondary role in the
crucial process of cooling the arc. For this reason, swirl
was ignored in this work.

The role of axial heat conduction is more difficult to assess,
because of the presence, in our geometry, of essentially a
cold, conductive plate perpendicular to the flow at the
location of the anode. In an initial version of the model,
axial heat conduction was therefore retained, which rendered
the problem mathematically elliptical. It was found then that
the arc tends to be cylindrical near the wpstream electrode
(with the possible exception of constricted arc spots), and
because of that, axial heat conduction actually plays a very
minor role (again, excepting the near-anode fall region). The
major cooling effect was found to be the radial inflow of gas
from the chamber periphery.

With this in mind, a very compact quasi one-dimensional
formulation becomes possible. The detailed theory is
derived in Ref. 1. This results in an expression for the arc
radius R, vs. distance x from the upstream anode, depending
on the flow field outside the arc (density p, axial velocity at
the centerine u,). This is best expressed in terms of the
following nondimensional variables (L being the upstream

arc length):
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where, J=1.722, and G,B,Q and Ab are gas constants. (See
Ref. 1).

The result is explicitly given by
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As a simple example, consider a flow field model composed
of two identical sinks located a distance L on either side of
the anode wall at x=0. The orifice at x=+L represents the
constrictor, except for the local flow features in the approach
to its entrance. We obtain with this model a flowfield

45
Ye=7—57
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Near the anode wall, we have y . & 45. Substituting this
in Eq. (3) and simplifying, we obtain
(A)

T\
namely, a constant arc radius as long as the linear flow
variation ¥ , = 4§ remains valid. From Egs. (1), (2), this
radius scales as
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and is only weakly dependent on the nature of the gas
(through G, B and Q) and on temperature and molecular

-7
mass (as (%‘) , from P/p_,,).

Near the constrictor inlet (Ew1), Eq. (4) must be replaced by
the limiting flow rate around the arc, giving

(. e = e
n: - n(1)
Since the final radius n(l)occum'ng in Eq. (7) is not know

a-priori, some iteration is necessary but this poses little
difficulty

@

Once the arc radius (as well as the outer gas total pressure
and temperature) are known at the constrictor inlet, the
quasi-one-dimensional model of Ref. 8 can be applied with
few changes to calculate the rest of the arc development, and
to extract the arcjet performance (voltage, thrust, efficiency
and specific impulse, all for specified flow rate m and
current [).

6.2 C;mparison to Data

One of the difficulties faced when attempting to model our
Methane arcjet tests is the lack of direct knowledge about the
temperature and chemical state of the gas flowing around the
arc. Rate calculations reported in Ref. 2 support a weakly
decomposed state, with a molecular weight not far below
that for CH, (16 g/mol). However, when this was assumed
in our model, thrust was underpredicted by factors of the
order of 2-3. Visual observation indicates high luminosity
of this external flow, suggestive of substantial dissociation,
but no quantitative composition measurements were made.
From previous arcjet modeling experience it is known that,
for a known gas, reasonably good thrust predictions can be
expected from our model (and from many others) so that a
systematic factor of 2-3 emor is strongly indicative of
inadequate composition and temperature assumptions. In
view of these uncertainties, we have throughout adopted the
ratio (Temperature/Molecular weight) for the external gas
which leads to a good thrust prediction at one anchoring
condition. This corresponds to T, = 1000K (supported

qualitatively by the long residence time in the upstream
chamberr and by the observed luminosity), and to
M=5.33g/mole (corresponding to C+2H, composition).

The parameters B, G and Q were obtained from a series of
equilibrium high temperature calculations of h,P and p
using the standard CEA code of Gordon and McBride'? |
supplemented by mixing-rule calculations of electrical and
tbermal conductivity. From these, plots were made of ¢ vs.
o, hvs. P/p and h vs. O the average slope of which (for

a range of absolute pressures) gave B’ Q and G,



respectively. The parameters thus obtained for Methane
products were

B=2.65Volts Q=7.4 G=8.0 x 10 (J/Kg)/(Si/m)

Also selected from the conductivity calculations was the
approximate enthalpy rise to 1% ionization, as

Ah=14x10J / Kg

The relevant dimensions are L=7mm (arc chamber),
L =4.35mm (constrictor), R=2.54mm (constrictor), a=19°,
Ly=18.4mm (nozzle). Attachment was assumed to occur at
the nozzle exit plane.

Table 3 summarizes the results of the model calculations for
flow rates of 0.0763 and 0.109g/s. Results are shown
without and with the addition of a AV for the cross-flow
portion of the arc, described in Ref. 1. Experimental data are
added in parentheses. A similar level of agreement (for the
same model parameters) has been found for many other
operating conditions. Unfortunately, no quantitative
measurements were obtained of the arc diameter in the pre-
constrictor chamber. Visual observations through the quarz
outer wall appeared consistent with the results of the model,
which indicates a nearly constant diameter along the chamber
length.

7.0 Conclusion and Recommendations

A novel radiation cooled and water cooled arcjets operating
on pure methane were successfully demonstrated.
Concurrent analytical effort resulted in formulation of a
novel model for the unconstricted arc which was grafted on
an existing one-dimensional conventional arcjet code. This
new code successfully predicted the performance trends of the
methane arcjet. Additives to methane that would reduce
carbon deposition and most importantly reduce carbon
particle density in the arcjet plume were theoretically
investigated indicating feasibility of this approach to
minimizing potential space craft contamination. Further
work is needed to match or exceed the performance of
hydrazine and ammonia arcjets and make our new computer
model more accurate. Given the toxicity of the conventional
propellant (N,H, and NH,) a continuing development of a
nontoxic storable arcjet propellant such as methane appears
desirable.
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