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Research and Development of a 1-kw Plasmajet Thruster

RoserT V. GRECO* AND WiLLIS A. StoNER'
Plasmadyne Corporation, Santa Ana, Calif.

Work is reported on the development of a small arc plasmajet thruster suitable for attitude
control and orbit adjustment. The effort to date has resulted in a thruster capable of deliver-
ing the required thrust (0.01 1b) at a specific impulse in excess of 1100 sec. Kinetic efficiencies
in excess of 359% have been obtained. This performance was obtained using hydrogen as a
propellant. The specific design, along with other designs tested, is reported herein. Some de-
sign considerations pertinent to small plasmajet thrusters are presented.
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- surface area

¢p = specific heat at constant pressure

D = diameter

fs = surface friction coefficient

I = length

m = mass flow rate

M = Mach number of gas flow based on the average velocity V
P = statie pressure of gas

P, = Prandtl number

R = gasconstant

R, = Reynolds number based con the average velocity V
T = static temperature of gas

V= velocity averaged over the cross section

v = ratio of specific heats

6 = nozzle half angle

A = thermal conductivity

p = viscosity

p = mass density of gas

1. Introduction

HIS paper describes the first phase of a program of de-

velopment work on a plasmajet thruster suitable for the
attitude control and orbit adjustment of a satellite. The
thruster was designed to use a power of 1 kw and produce a
minimum thrust of 0.01 1b.

The thruster development in this phase was involved pri-
marily with overcoming problems that are unique to small
size. These included the problem of reducing viscous and heat
transfer losses to acceptable values at the low Reynolds num-
bers encountered (several hundred in some of the nozzle de-
signs used). In addition, considerable effort was required in
solving such mechanical problems as accurately maintaining
ceritical arc chamber and nozzle geometries in configurations
where the nozzle throat diameter is only 0.009 in. The ac-
curate measurement of 0.01 1b of thrust required the develop-
ment of a special thrust balance, and a special eritical orifice
flow meter was built and calibrated to measure the low pro-
pellant flows. Electrode and nozzle erosion rates are more
critical in small size simply because there is closer tolerance
on allowable dimensions of electrode and nozzle parts.

The program was largely experimental, with analytical work
providing guidance. A number of designs were tried before
obtaining a configuration with satisfactory performance.
The latest design (the Cute VI) has achieved a specific im-
pulse of 1100 sec with a kinetic efficiency of 359,. The operat-
ing life as demonstrated by the first two life tests is in excess of
25 hr. Refinement of this design for future tests should in-
crease this duration.
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2. Design Considerations

Since difficulty was experienced in achieving good per-
formance with small size thrusters, a large portion of the
analytical effort has been concentrated on the evaluation of
low Reynolds number designs. The performance of a small
thruster, as compared to units of larger size, is adversely
affected by percentage increases in the heat transfer losses
that occur between the gas and the wall, in the wall friction
losses, and in losses occurring in the electrode fall regions.

The strong influence of Reynolds number on heat transfer
and viscous losses may be illustrated by a simple laminar flow
model where the nozzle is sufficiently long that equilibrium
temperature and velocity profiles may be assumed as in pipe
flow; then :
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since P, = ucp/M and R, = pVD/u, then

heat transfer loss rate L  Tyean 1
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These expressions apply for laminar flow only, and all de-
signs considered in this program were in the laminar flow
regime,

In both Egs. (1) and (2) the percentage loss varies in-
versely as Reynolds number. In a short nozzle with ac-
celerating flow, for which the flow is not developed fully, the
dependency on Reynolds number will not be quite this strong
because the flow profiles will show steeper gradients at the
wall at higher Reynolds numbers. For very short nozzles a
good model would include a thin boundary layer building up
on a flat plate. In this case, the percentage losses vary in-
versely as the square root of Reynolds number.

Figure 1 shows an estimate of the variation of Reynolds
number with the ideal specific impulse. The curves were ob-
tained for various power levels and arec chamber pressures by
using frozen flow conditions. It is noted that, at a power level
of 1 kw and an are chamber pressure of 1 atm, the Reynolds
number at the throat is about 250 for an ideal specific impulse
of 1300 sec. (For this case the actual specific impulse, taking
losses into account, might be 1000 sec or less.) This is quite a
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low value for Reynolds number, and configurations of this
type clearly would be subject to severe viscous and heat trans-
fer losses. The early units built on this program used
moderate values for arc chamber pressure in order to prevent
extremely small nozzle throat diameters. However, it soon
became evident from test results that the losses would be too
high unless the Reynolds number could be increased by in-
creasing arc chamber pressure.

For the scale of thermal losses shown in Fig. 1, it is as-
sumed that the loss ratios vary as the 2 power of Reynolds
number. This variation is intermediate between the variation
that would be expected for fully developed flow in a long
nozzle and the flat plate case where the boundary layer is
growing. The magnitude shown on the scale is selected to
correspond approximately with test data for a water-cooled
thruster.

In Fig. 1, the following assumptions are made: 1) Prandtl
number is constant; 2) nozzle geometries are similar for all
cases considered; 3) relative change in Reynolds number is
the same through the nozzle for all cases considered, and 4)
velocity profiles are midway between those for a flat plate and
for pipe flow.

Figure 2 shows the variation of Prandtl number and
molecular weight with temperature for hydrogen at 1 atm
using gas properties of King.! The curve shows no severe
changes in Prandtl number occurring as the gas dissociates.

Tt is interesting to note that, at high specific impulses, very
low Reymnolds numbers occur again even in the 30-kw power
range. Many of the techniques which are found to be helpful
in improving performance in the 1-kw range are expected to
be useful in high specific impulse designs.

Following selection of a design with as high a Reynolds
number as feasible, the next step is to choose a nozzle shape
with good performance at this Reynolds number. Some insight
into the choice of nozzle shapes for low Reynolds numbers may
be obtained by determining the minimum nozzle angle that
is useful for producing thrust. In order for an element of
nozzle surface area to be acted on by a force in the positive
thrust direction, the axial component of pressure force must
exceed the axial component of drag force. This condition
may be expressed as follows:

PdA sinf > fdA(pV?/2) cosd 3)

In an expanding laminar flow, the lowest value that the
surface friction coefficient can approach is the coefficient for
equilibrium laminar flow in a pipe is

fs = 16/R, €Y

Substituting fs from Eq. (4) together with the equation of
state p = P/RT in Eq. (3) yields

tanf > (8/R.)-(V*/RT) (5%

Making use of the definition of Mach number M = V/
(yRT)2yields

tand > SyM?/R, (6)

This relationship is plotted as solid lines in Fig. 3, using B./y
as a parameter. Notice that the true minimum useful angle is
in all cases greater than the value shown because the true
surface friction coefficient is greater than the equilibrium
value assumed. .

Equation 6 indicates that nozzles for low Reynolds numbers
should be contoured in a horn shape rather than a bell shape
to avoid excessive friction loss at the nozzle exit where the
Mach number is high. The required divergence angles can
be quite severe. For example, in one nozzle designed for

i In practice, a constant somewhat larger than 8 should be used
to allow for the more severe velocity profile encountered in ex-
panding flow.
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Fig. 1 Nozzle throat Reynolds number as a function of
ideal frozen flow specific impulse and input power

frozen flow at 1 kw and an are chamber pressure of % atm,
the Reynolds number was estimated to be between 40 and 50
in the nozzle with a -y of 1.585. In this case the nozzle half
angle should substantially exceed 18° immediately following
the throat, 36° at Mach 1.5, 52° at Mach 2, and 71° at Mach 3.

The argument is sometimes posed that friction losses do not
seriously affect the performance of nozzles that operate at
high pressure ratios because the energy remains in the gas as
heat and can be converted to kinetic energy further down-
stream. Although this argument generally is valid, it does not
help in the limiting case where the nozzle angle is such that no
contribution to thrust results. In this case, the Reynolds
number is decreased in passing through the initial section of
the nozzle, and, although the thermal energy still exists in the
gas, it becomes more difficult than ever to convert to kinetic
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Fig.2 Variation of Prandtl number and molecular weight
with temperature for hydrogen at 1 atm (using gas proper-
ties given by King?)
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Fig. 3 Minimum useful nozzle angle for low Reynolds
number applications

energy. In fact, the presence of a nozzle cone actually can
reduce the overall thrust obtained. -

When consideration is given to the fact that an increase in
nozzle angle tends to increase the Mach number near the wall
because of expansion waves generated by the turn, it becomes
evident that in some cases it may be preferable to cut the
nozzle off short. Fortunately, when the flow is frozen, the
losses due to incomplete expansion are not too severe. Figure 4
shows nozzle efficiency (with the pressure-area correction term
included) vs nozzle area ratio for incomplete isentropic ex-
pansion. With frozen flow, hydrogen will fall in between the
two values of v shown. For a v of 1.667, the nozzle efficiency
for a simple orifice is 0.64, which undoubtedly is higher than
could be obtained with a nozzle of conventional geometry
operating at the Reynolds numbers considered in this pro-
gram,

3. Thruster Design and Performance

The preceding analyses prompted the modification of a
water-cooled plasma head? to verify the conclusions reached.
This modified thruster, although lacking the proper instru-
mentation, appeared to perform at a specific impulse of ap-
proximately 1000 sec at design mass flow and power when
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Fig. 5 Cute V 1-kw thruster

operated at high are chamber pressures (approximately 5
atm). The results were encouraging enough to prompt the
development of a high arc chamber pressure, radiation cooled
thruster.

The series of thruster investigations resulted in a final de-
sign designated Cute V (see Fig. 5). The unit consists of
anode and cathode housings of molybdenum and electrodes
fabricated from 29, thoriated tungsten. Boron nitride was
used for the insulators, and the seals were of inconel. The
Cute V thruster was the first design that was sealed success-
fully and operated at a performance level in excess of con-
tractual requirements.

The term “sealed” applies to the pressure checks conducted
prior and after each test. There is presently no way to check
for leakage during operation. The performance obtained with
this design was in excess of 1000 sec with a kinetic efficiency of
25%,, kinetic efficiency being the percentage of input power
converted to useful directed energy. The life of the unit is
limited by the erosion of the nozzle throat (anode) which re-
duces the arc chamber pressure and the performance. The
life limit is presently 10 to 12 hr with this design. The fore-
going performance was obtained using hydrogen as the pro-
pellant.

Normal operation of the Cute V thruster has yielded the
following operating characteristics with a mass flow of 107°
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Fig. 6 Theoretical chamber temperature vs specific
impulse
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Ib/sec and an input power (across thruster) of 1 kw: voltage
~ 80 to 90 v, current ~ 12 to 14 amp, arc chamber pressure ~5
atm, thrust ~ 0.01 lb, specific impulse ~ 1000 sec, and
kinetic efficiency ~ 25%.

Under normal operation, the steady slow erosion of the
nozzle throat decreases the are chamber pressure, causing a
decrease in voltage and a corresponding increase in current.
Performance deteriorates as the voltage and arc chamber
pressure decrease, raising the heat input to the thruster.
Under normal operation, approximately 60% of the input
energy is transferred to the gas, with the rest accounted for
as thermal losses in the thruster.

Special tests were conducted with the Cute V thruster or
minor modifications thereof. These special tests included 1)
operation with reversed polarity, 2) operation with ammonia
as the propellant, and 3) operation at conditions up to three
times the design input power and mass flow. The results of
these special tests are reported briefly in the following para-
graphs.

The slow erosion or ablation of the nozzle throat (anode)
limits the life of the thruster, whereas the upstream electrode
(cathode) remains in near perfect condition. It was felt that
reversal of polarity would transfer the erosion to the upstream
electrode, resulting in longer life of the unit. However, the
tests resulted in severe erosion of the upstream electrode, indi-
cating that this part was not cooled adequately to operate as
an anode. It might, however, be advantageous to try re-
versed polarity with a design using intensive cooling of the
rear electrode and some method for keeping the arc foot in
motion over the surface of this electrode.

Since hydrogen is a relatively difficult propellant to store
under cryogenic conditions, an evaluation of ammonia was
made. Figure 6 shows propellant temperature as a function of
specific impulse for ideal frozen flow. As one can see from the
molybdenum and tungsten melting points indicated, hydrogen
presents less severe materials problems operating at the same
specific impulse. Experimental tests proved that ammonia
operation was severely detrimental to thruster life, even at low
specific impulse levels of approximately 550 sec at a kinetic
efficiency of 8%,. The longest operation successfully sustained
with ammonia was 83 min. Figure 7 shows the heat that can
be absorbed by the incoming propellant as a function of the
temperature to which the gas is heated. It is apparent that
regenerative cooling offers more attractive gains with hydro-
gen than with ammonia. The analytical and experimental
effort indicates that development of an ammonia thruster to
operate radiation cooled in this small size would be a difficult
undertaking and would involve rather severe compromises
in performance.

Another approach that might increase life, at the expense
of increased heat transfer and viscous losses, is the use of an
enlarged arc chamber upstream of the nozzle throat. Several
modified Cute V thrusters were tested using various geome-
tries of this type. All were unsuccessful in that they either
plugged on start or operated at lower performance levels.
The use of enlarged arc chambers cannot be considered com-
pletely evaluated at this time. It does, however, appear that
their use will result in a loss of performance due to an increase
of wall surface area exposed to the hot gas. In general, the
best performance has been obtained using the shortest possible
passage for the hot gas (a short nozzle doubling as an anode).

Several tests were conducted to determine the range of
operation of the Cute V thruster. To date, power levels to
2.85 kw have been operated successfully. Performance has
been at the 1000-sec impulse level at efficiencies of 27%,.
Further extension of the mass flow and power levels could not
be made because of test facility limitations. Operation with
the Cute V at the high power levels has resulted in operation
at arc chamber pressures of 14 atm. This operation was sus-
tained at a mass flow of 3.12 X 102 Ib/sec and an input
power of 2.84 kw. The voltage was 148 v and the current 19.2
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amp. Thruster operation appeared much cooler, indicating
a higher percentage of input power being transferred to the
propellant. No actual data were obtained at the maximum
power, since the plume energy was in excess of the calorimeter
range. However, measurements did show the energy in the
gas to be more than 75% of the electrical power input.

A design designated Cute VI was fabricated and tested.
The thruster is shown in Fig. 8. It is basically the Cute V
thruster with internal flow passages that permit preheating of
propellant and provide thermal distribution of heat in the
thruster. The materials are the same as those used in the
Cute V thruster. This design operated at a specific impulse
in excess of 1100 sec and a kinetic efficiency of 35%,. Life
tests have been conducted in excess of 25 hr.

Typical operation of this unit at a mass flow of 107 Ib/sec
and an input power of 1 kw is similar to that of the Cute V
thruster. The performance increase (kinetic efficiency) is
probably due to the preheating of the propellant, which per-
mits recovery of some of the power lost to the thruster walls.

The future effort of the program will be to extend the life
and increase the performance of a 1-kw thruster. In addition,
an investigation of a.c. operation will be conducted. To date,
several tests with single-phase a.c. have been performed. It
is, however, too early to evaluate the results obtained. The
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effort also will be continued to determine the power and flow
range over which the thruster design may be operated
successfully.

Conclusions

Although there are a number of difficult problems asso-
ciated with the development of a plasmajet thruster in the
1-kw size range, it has been demonstrated that satisfactory
performance (1100 sec with 359, efficiency) can be attained.
The problem of obtaining satisfactory life with the small
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phys1cal dimensions involved is particularly dlﬁicult and will
require continued development of the unit.
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Experiments on Recombination Effects in Rocket Nozzles

R. Hogrunp,! D. CarLson,? aAND S. Byron?®
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Rocket engine experiments with the RP-1/oxygen propellant system are described. Essen-
tially, the experiments consist of measurement of flow rates, chamber pressure, nozzle pres-

sure profile, and static gas temperature in a large (30:1) expansion ratio nozzle.

The meas~

ured static pressures and temperatures are compared to theoretical predictions for frozen

(chemical reaction inhibited) and equilibrium expansion processes.

It is found that near-

frozen conditions exist at low (below 1.6) oxidizer-to-fuel (O/F) ratios, and near-equilibrium

conditions exist at higher (above 2.0) O/F ratios.

The measurements at the higher O/F ratios

agree with predictions based upon partial-equilibrium calculations using available reaction

rate data from laminar flame and shock tube studies.

The near-frozen experimental pres-

sures at low O/F ratios indicate that solid carbon and methane (expected from equilibrium
calculations) were not produced sufficiently fast to maintain chemical equilibrium.

OCKET engine performance is usually quoted in terms of

the two limiting cases of frozen or shifting equilibrium
nozzle expansion processes. Frozen expansion results if all
reaction rates are so slow that the combustion products are
exhausted before chemical reaction ecan occur. Shifting
equilibrium results if all reactions proceed fast enough in the
nozzle that the local chemical composition everywhere is that
associated with thermodynamic equilibrium. Although the
difference between frozen and equilibrium expansion is fre-
quently important, the number of possible reaction paths
and the paucity of applicable rate data have discouraged
analytical determination of the exact conditions to be ex-
pected with even the most common propellant systems.
Definitive experiments also appear to be lacking, although
some data on this subject have appeared recently and will
be discussed later.

As part of a study of recombination and condensation ef-
fects in rocket nozzles,* experiments have been performed to
provide quantitative data on recombination effects. The
results of these experiments, along with techniques for pre-
dicting and detecting recombination effects, are described in
this paper.
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Experimental Equipment

A rocket engine of nominal 1000-1b thrust level provides
the desired stagnation pressure (usually 400 psia) and tem-
perature (2000° to 3700°K) conditions. The only unusual
feature of this engine is its relatively large combustion cham-
ber, characterized by an L* (ratio of chamber volume to
throat area) of 125 in. This large chamber provides rela-
tively complete combustion as evidenced by experimental
characteristic velocities that average 98.39, of the theo-
retical equilibrium values for uncooled chamber operation
(average deviation of 1.59%). Although the engine is
equipped to handle a variety of liquid, gas, and slurry pro-
pellants, RP-1 fuel and gaseous oxygen were used for these
experiments.

The products of combustion are expanded in a conical
nozzle of 15° half angle, 1.25-in. throat diameter, and 30:1
exit area ratio. The nozzle is made of copper and is water-
cooled at the throat. The nozzle exhaust is discharged at a
pressure of about 0.1 atm into a supersonic diffuser section
that exhausts into the atmosphere.

Information on conditions in the nozzle is obtained from
both a series of static pressure measurements between the
throat and the nozzle exit and static temperature measure-
ments obtained at various stations. The pressure ports are
connected to transducers through a commutating system that
allows a single transducer to sense a number of pressures.
The transducer outputs are recorded by an oscillograph.

Static temperature measurements have been obtained
using both manual and automatic sodium-line reversal tech-



