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20 mlb (nominal); 2) specific impulse, 5000 sec; 3) power
requirement, 4 kw; 4) system weight, 98 Ib; 5) propellant
weight per 180 days (i.e., possible resupply period) 60 Ib;
6) size (including propellant): diameter, 12 in.; and length,
24 in.

Conclusions

The high specific impulse ion engine has been shown to be
strongly competitive with chemical rockets for applications
such as the attitude control and station keeping of syn-
chronous satellites. The ion-propulsion control system offers
advantages over other contemporary control systems both
in total system weight and precision control. These ad-
vantages extend to other satellite control applications such
as orbit maintenance for nonsynchronous medium-altitude
satellites and manned space stations. For most satellite
control applications, the power required to operate the ion
engine is less than a few kilowatts (usually on the order of
100-1000 w) and can be supplied, therefore, by solar cells.
Ion-engine efficiencies and lifetimes have already reached
levels that satisfy most satellite control requirements. Fur-
thermore, demonstration of an operating prototype of a satel-
lite control system has shown that such systems can be re-
duced to engineering practice. For these reasons, ion pro-

pulsion can be given serious consideration for near-future
satellite control applications.
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Development Status of Low-Power Arc-Jet Engines
WILLIAM A. GEIDEMAN JR.* AND KTJRT MuLLERf
Giannini Scientific Corporation, Santa Ana, Calif.

The results of a continuous performance test of a 2-kw arc-jet thrustor are presented.
The design concepts that were employed to obtain the thrustor design are covered in some de-
tail. This thrustor is a revised version of an earlier 1-kw thrustor design. In addition, the
results of a pulsed-mode test on a 1-kw thrustor are presented. A continuous lifetime of 150
hr without failure of the thrustor has been demonstrated. This same thrustor has been
operated at specific impulse levels as high as 1270 sec and at input power levels up to 3.5 kw.
In the pulsed-mode operation, 17,580 hot thrust pulses were achieved in the test.
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Nomenclature

area, m2, ft2

thrust, Ib, newton
friction force, newton
specific enthalpy, joule/kg °C
specific impulse, sec

mass flow, Ib/sec, kg/sec
momentum, newton
pressure, newton/m2, in Hg
dimensionless parameters, Eq. (3)
Reynolds number
radius, m
time, sec
temperature, °K
velocity, m/sec, fps
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v = specific volume, m3/kg
x) y, %, y = Cartesian coordinates
7 = angle, isentropic exponent
e = momentum ratio [see Eq. (19)]
X/ = friction coefficient
p = density, kg/m3

M = absolute viscosity, kg/sec-m
6 = nozzle divergence half angle
\l/ = density ratio, p/pc
A* = dimensionless parameter, Eq. (5)
<£, fi = dimensionless parameters, Eq. (13)

Subscripts
c = nozzle chamber
e = nozzle exit
is = isentropic
o = origin
st = stagnation
th = nozzle throat

Introduction

STUDIES have shown that electrothermal thrustors,
typified by the arc-jet and resistojet, are suitable for a

variety of early space applications.1-2 This paper considers
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the evolution and development of a low-power (2-kw) arc-jet
thrustor. Earlier efforts related to a 1-kw arc-jet thrustor
have been reported previously.3'4 The efforts described
herein were oriented towrard a 2-kw thrustor in an effort to
alleviate problems associated with life and low Reynolds
numbers by increasing the over-all thrustor size.

Although the ultimate application for this thrustor would
undoubtedly require pulsed-mode operation, it was believed
necessary to demonstrate that long life under continuous
operating conditions could be achieved prior to initiating in-
tensive studies of pulsed-mode operation. A parametric
stud}' of specific geometric variables and operating conditions
was undertaken to ascertain their effects on performance and
life. These studies resulted in a 2-kw continuous arc-jet
thrustor that demonstrated life in excess of 150 hr at a
specific impulse of 935 sec and thrust of 30.1 mlb. This
thrustor was operated successfully for short periods at specific
impulse levels to 1275 sec and at power levels from 1.5 to 3.5
kw. Preliminary studies were also performed on a 1-kw
thrustor to determine its performance during pulsed-mode
operation. This test (~200-msec pulses) was reasonably
successful and indicated the potential for development of arc-
jet thrustors for this operational mode. Such thrustors could
find applications in several early space missions, such as long-
duration attitude control and orbit correction for communica-
tion satellites, geophysical satellites, and manned orbiting-
space stations.

Design and Development of 2-kw Continuous
Arc-Jet Thrustor

The basic design was derived from the concept used in the
previous 1-kw arc-jet program. Figure 1 shows the con-
figuration used during the first phase of the program. The
thrustor was radiation-cooled. The arc was constricted and
stabilized by means of a vortex. The discharge passed com-
pletely through the throat and the arc foot attached in the
divergent section of the nozzle. This particular arc con-
figuration in conjunction with radiation cooling wras found to
be attractive in terms of efficiency and specific impulse for the
desired power level. Weight and dimensions were not opti-
mized for the experimental unit in order to minimize the gas
seal problem.

An interchangeable anode insert was used to permit easy
modification of electrode and nozzle geometry. The thoriated
tungsten anode insert was held in position in the molybdenum
housing by the wedge action of a 3-deg taper, which was found
experimentally to produce a firm and gas-tight connection.
The thoriated tungsten cathode was inserted into the boron
nitride cathode insulator, wrhich was pressed into the preci-
sion bore of the housing. The gap between the anode and
cathode could be adjusted over a wide range.

The propellant entered the thrustor through the side port
and was guided by four holes from the outer ring chamber to
the center bore in the cathode insulator. From there it
flowed axially through the annular passage formed by the
cathode and cathode insulator to the threaded passage, which
induced a vortex flow in the constrictor.

The first part of the program was devoted to comprehensive
parametric studies of geometric and operating variables and
their effect on 7sp, efficiency, and life. The throat diameter,
throat length, nozzle divergence half angle, nozzle area ratio,
cathode-anode gap, propellant flow, and input power were
the subjects of experimental and theoretical investigations.

During the course of the program, it became evident that
the thrustor shown in Fig. 1 was deficient in three major
areas: the vortex generation of the propellant, the geometry
of the anode nozzle, and the heat-transfer mechanism from
the hot-spot, region to the radiating areas. Therefore, the
thrustor was redesigned. A cross-sectional drawing of the
improved design is shown in Fig. 2. The incoming propellant
is ducted through the trapezoidal thread on the outside of the
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Fig. 1 Original thrustor design.

cathode insulator toward the outer annular receiver. The gas
from the receiver is injected tangentially through six holes
into the inner annular chamber that functions as a vortex
chamber. Some axial velocity was imparted by inclining
the injector holes. The propellant flows from the vortex
chamber to the throat through the coaxial conical passage
formed by the inlet section of the anode and the tip of the
cathode. The new anode insert wras designed specifically to
increase the heat flux to the radiating areas. The enlarged
disk acted as a radiator. Some of the facts that led to the
new design are described in the folio wins; sections.

Flow through Thrustor

In small arc-jet thrustors, the anode and cathode cooling
problems are unusually difficult because of the small pro-
pellant flow rates employed. The heat input to the elec-
trodes tends to increase as the thrustor size is reduced. Fur-
thermore, the relative surface roughness (the ratio of surface
finish to diameter of the passage) increases drastically result-
ing in high friction losses and decay of the vortex. The prob-
lem was attacked both analytically and experimentally in an
effort to provide a better understanding of the nature of the
flow patterns and heat-transfer mechanisms.

The first step was to establish the flow sections between the
cathode and anode. They are formed by two concentric
cones whose generating lines are a for the anode and c for the
cathode (Fig. 3). The flow area with respect to the point PQ
on a is the minimum surface of a frustum defined by P0, P,
and the generating line d (cf. Fig. 3). Thus the problem may
be formulated as one of finding the half angle y, which pro-
duces the smallest frustum for a given point PQ.

The flow area may be calculated by

(rj (D

where £ = £(7), and 77 = 77(7). Using the notation tany =
ra and tany0 = ra0, the angle 7 defining the position of the
minimum flow area was derived from the following equation:

(d/dm)[a(m)] = 0 (2)
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Fig. 2 New thrustor design.
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Fig. 3 Flow passage in the constrictor inlet section.

With the following substitutions:

R = x0/y0 U = 2m0R(mQR - 1)1
V = m*R* - 2m<?(mQR - 1) - 1 \ (3)
W = 3m0 - 4w0

2# + w0
3#2 )

the solution of Eq. (2) was found to be

(4)

and the area expressed in dimensionless form became

A* = ̂  = TT [~-^- (1 - mR) + l] X
2/o

mo -
- mR) - R~\J

(5)

A typical curve showing the flow sections in the constrictor
inlet region, throat, and diffuser is presented in Fig. 4b. The
flow pattern in the constrictor inlet region consists of axial
flow with a swirl superimposed. In the throat and particu-
larly in the nozzle sections the tangential flow component be-
comes small compared to the axial component; hence, it was
neglected. However, in the constricted inlet region, both of
the flow vectors are of the same order, and it was found neces-
sary to use the vector sum of the two components to arrive at
realistic friction losses and to gain more insight into heat-
transfer phenomena.

The determination of the tangential flow component re-
quires knowledge of the vortex pattern. The simplest model
of a vortex is known as the combined vortex, from Rankine,5
which consists of a central rotational zone of constant vor-
ticity, in which the velocity varies in proportion to the radial
distance from the axis, and a surrounding irrotational zone
of constant circulation, in which the velocity varies inversely
with the radius. Since friction losses in small thrustors be-
come more pronounced, the dissipation of the vortex energy
is an essential factor and can no longer be disregarded.
Examination of the viscous and shear forces occurring in the
passages indicated that the actual vortex pattern differed
significantly from the Rankine model. In view of these cir-
cumstances an attempt has been made to estimate the
velocity field by making an arbitrary assumption that half of
the original kinetic energy is dissipated before the vortex is
formed, and, thereafter, the vortex motion follows the struc-
ture of Rankine's combined vortex model. This method is
highly artificial, except for velocities near the axis. Never-
theless, the scheme described previously was applied to con-
duct studies on different inlet geometries, and it proved to be
useful in providing a basis for understanding the electrode
cooling phenomena and arc stabilization. From the cooling
and stabilization point of view, it was desirable to choose the
geometry presented in Fig. 4a.

The axial flow pattern and pressure distribution were calcu-
lated using classical gas dynamics. Although partial ioniza-
tion and frozen flow phenomena require a more detailed analy-
sis of the problem, the assumption of uniform flow in equilib-
rium condition was sufficient to provide guidance for experi-
mental investigations. The idealized thermodynamic process
of an arc-jet engine is shown schematically in the enthalpy-
entropy diagram of Fig. 5.

The numerical subscripts refer to the locations shown in
Fig. 4a by the numbers 3, 4, 5', 5", and 6. The gas is assumed
to expand isentropically from the vortex chamber (location 3)
to the smallest flow section (location 4). If the cathode tip
protrudes into the inlet section of the throat, the flow area
increases after the minimum flow section causing some com-
pression of the gas caused by the diffusing action of the pas-
sage. The heat is added to the propellant between the loca-
tions 5' and 5". The expansion of the gas takes place between
5" and 6. The velocity, pressure, and Reynolds number are
plotted in Fig. 4c. The result is typical of a thrustor operat-
ing at a specific impulse of 1000 sec, 2-kw input power, 2 X
10 ~5 Ib/sec hydrogen mass flow, and 30% thermal efficiency.
The Reynolds numbers throughout are in the laminar range.

Geometry of Anode Nozzle

The thrust efficiency depends to a large extent upon the
nozzle performance. The governing parameters of a nozzle
are the divergence half angle and the exit area ratio. In the
previous 1-kw arc-jet program, it was believed that nozzles
operating in the laminar flow regime should be designed with a
low area ratio Ae/Ath < 10 and a divergence half angle 6 >
30°. Since short nozzles with a large divergence resulted in
moderate nozzle efficiencies, the nozzle concept was revised.

A complete analysis of nozzles utilized in electric propulsion
devices should include two-dimensional flow, atomic and ionic
recombination, flow rotation, flow separation, friction, heat
transfer between the propellant and nozzle walls, and the
nonuniform temperature profiles of the gas column. Some of
the factors listed previously are of first-order influence, and
some have a secondary effect on the nozzle performance.
Considerable effort has been expended in the past to analyze
the problem thoroughly. Because of the mathematical dif-
ficulties encountered in solving the equations which describe
the velocity field, a general analytic solution applicable for
nozzles in arc-jet engines is not available to date.

The ideal nozzle theory may be applied to match nozzles
to the existing operating parameters as a first approximation,

Fig. 4 Flow area, velocity, pressure, and Reynolds
number vs axial location.
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but the result reveals serious departures from the actual condi-
tions, if any attempt is made to optimize nozzle designs.
In order to arrive at concrete results that are applicable to
guide experimental testing, the ideal nozzle theory was applied
including the effects of viscous friction and nonaxial flow.
The result is restricted to conical nozzles, and no attempt has
been made to find the optimum contour or shape. Further-
more, the flow pattern at any location on the nozzle axis was
assumed to be parabolic. This assumption is very arbitrary,
because the flow profile in a diffuser is not parabolic and
especially not in an arc-jet nozzle operating in the laminar
flow regime. Steep velocity gradients are expected near the
diffuser axis because of the high core temperatures. If New-
tonian flow is applicable, that is, if the shear stress is propor-
tional to the shear deformation, the model of the parabolic
flow pattern should not depart from actual facts completely
since the shear deformation du/dr is expected to be of the
same order of magnitude. This approximation was suf-
ficient to learn whether short nozzles with a large divergence
half angle (Ae/Aih < 10, 6 > 30°) or long nozzles (Ae/Aih >
10, 20° ^ 0 $C 30°) promise better performance.

A more accurate approach to the optimization of nozzles for
arc-jet engines is the method of characteristics combined with
boundary-layer theory, since the boundary layer has a sig-
nificant influence on the shock pattern in the supersonic part
of the nozzle. However, this method could not be pursued
during the six-month development period because of its time-
consuming calculations, since the physical properties of the
gas change drastically in both axial and radial directions.

In most cases friction losses are combined with an entropy
increase. In this calculation reheating of the gas is neg-
lected; the expansion process was assumed to be isentropic.
The result of the calculation is shown in Fig. 6. The square
of the quotient of the effective axial exit velocity and ideal
velocity is plotted against the exit area ratio. The curves
show a marginal increase in the effective exit velocity, if the
divergence half angle is larger than 30°, and if the area ratio
is larger than 50 at a 30° half angle.

Laminar Friction in a Nozzle

The forces acting on a fluid particle (shown in Fig. 7) are
inertia forces, pressure forces, and friction forces. Hence

dp A — pA dx du/dt — df = 0 (6)

since v = 1/p and u = dx/dt, Eq. (6) may be written in the
following form:

vdp — udu — df/pA = 0,
or di - udu - df/pA = 0 (7)

Integration of Eq. (7) gives

u2 u0
2 . . f_ _ _. =^-le- jo

-. df
PA (8)

For moderate divergence half angles, the friction force may be
approximated by

df = A\f(pu2/2r)dx (9)
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Fig. 6 Exit velocity vs area ratio and divergence half angle.

Using the friction term from Hagen Poiseuille for laminar
pipe flow, \f = 16/Re where Re = urp/ ju, and substituting
m = irrzpu} Eq. (9) may be written

Thus, the kinetic energy of the gas becomes

dx

(10)

(U)

(12)

After introduction of the energy and mass flow balance and
with the notations

(13)

the friction term in Eq. (11) assumes the following form after
a variable transformation:

2 lc le TrrthVJo (r/rth)4(p/pc)2

The contour of the nozzle is expressed by

r/rth = (x/rth) tan# + 1

Isentropic expansion is formulated by

The combination of Eqs. (11) and (14) then yield

(-JL- Y = ! _ ̂ -. _
V^ideal/ 7 *th

(15)

Fig. 7 Forces acting
on a fluid particle in

the nozzle.

Fig. 5 Enthalpy-entropy diagram for arc heating process.
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The integral on the right hand side of Eq. (15) was solved
numerically by means of a computer taking increments of
AiA = 0.005.

The correlation between x and \l/ is expressed by

z/rth = l/tan0[(12/V)1/2(l - i/^-1)-1/4 - 1] (16)

and the area ratio becomes

A/ A* = r/rth2 = G/*(l - ^-i)i/« (17)
The boundary conditions are

x = 0

X = Xe

Effects of Nonaxial Flow

= \l/e = pe/Pc

The reduction in thrust caused by the presence of non-
axial velocity components in the jet leaving the nozzle is de-
termined by computing the difference between the axial com-
ponent of momentum flux and the total momentum flux of the
jet. The ratio of axial and total momentum is given by

MaxialA¥total = ^((5080 +'l) ' (18)

Since the momentum is proportional to the velocity, Eq. (18)
may be written as

ttaxial/Mtotal = J(COS0 + 1) = € (19)

Combining friction and nonaxial flow effects, that is, Eqs.
(15) and (19), the effective velocity is derived as follows:

Weff/^ideal = c(w/Uideal) friction (20)

Experimental results showed that a nozzle with an area ratio
of 50 and a 30° half angle was 6% higher in performance than
a nozzle with an area ratio of 12 and approximately the same
half angle.

Improved Radiation Cooling

The major heat input to the anode takes place in the arc
foot region, which is located near location 5" in Fig. 4. The
heat flows in a radial direction toward the thrustor housing
and is dissipated by radiation on the front face and the
cylindrical section of the housing. Chronic failures were en-
countered during the first phase of the program because of
local overheating and subsequent erosion of the anode insert.
The operating life achieved with the original thrustor varied
between 4 and 25 hr.

The failures were traced to the press fit between the anode
insert and housing. Marks of metal-to-metal contact re-

vealed that only a small percentage of the total area had
surface contact; hence, the connection acted as a thermal
barrier. It is impractical to eliminate the anode insert by
machining the required contour out of one solid piece when
using molybdenum or tungsten. Therefore, new methods
were conceived to provide a better heat conduction. One
solution, which proved to be successful, was the extended
anode concept with a radiation disk as shown in Fig. 2. The
heat generated in the arc foot region is conducted to the disk,
which acts as a heat sink, and the heat is dissipated by radia-
tion from the surface of the disk to the environment. The
dimensions of the disk were established analytically by calcu-
lating the radiation area required to keep the surface tem-
perature in the hot-spot region below the melting temperature
of the material.

Continuous Performance of
2-kw Arc-Jet Thrustor

The thrustor used for this test was that described in the
previous section. The time-averaged operating conditions
for the 150-hr test run were as follows: hydrogen flow rate,
3.2 X 10~5 Ib/sec; hydrogen inlet pressure, 27 psia; thrust,
3.01 X 10~2 Ib; specific impulse, 935 sec; efficiency, 30.7%;
power input, 2.0 kw.

Peak performance occurred at the 108-hr mark of the con-
tinuous test. The values of the parameters at the peak were
as follows: hydrogen flow rate, 3.23 X 10~5 Ib/sec; thrust,
3.14 X 10~2lb; specific Impulse, 973 sec; efficiency, 33.4%;
power input, 2.0 kw.

The test was voluntarily terminated at the end of 150 hr.
The temperatures of the anode and the housing were measured
with an optical pyrometer throughout the test. The average
values of these temperatures were as follows: anode, 1300°C;
housing, 1080°C.

Although variation was noted in the values of the anode and
housing temperatures during the test, the temperature dif-
ferential between the anode and the housing remained es-
sentially constant over the entire test run. Maximum thrust
and efficiency were obtained when the arc voltage was at a
maximum, and when the anode and housing temperatures
were at a minimum. Since propellant mass flow was an ex-
ternally controlled independent variable, this parameter did
not enter into these comparisons. It was also observed over
relatively short intervals of time that the thrust, specific im-
pulse, and efficiency were at a maximum when the propellant
pressure at the inlet to the thrustor was at a minimum.

During the high-voltage period of operation, it is probable
that the arc was being stretched out well into the divergent
section of the nozzle with the anode attachment region
located on the nozzle wall downstream of the throat. These
arc conditions were all conducive to transferring a maximum
of usable energy to the gas while dissipating a minimum
amount of thermal energy in the anode, thereby producing
maximum values of thrust, specific impulse, and efficiency for
fixed input power level and propellant flow rate. The lower
arc current (as measured on the ammeter) contributes by
decreasing the fraction of the total input power dissipated in
the anode drop region.

The fact that the higher arc voltage was associated with the
longer arc length was further substantiated by visual ob-
servation. During periods when the voltage was in excess of
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Fig. 9 Thrust rise time history.
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Fig. 10 Thrust decay time history.

100 v, the arc footpoint appeared to be located in the divergent
section of the nozzle, and arc operation was very stable. At
other times the movement of the anode footpoint of the arc
was erratic, and periodically the anode footpoint would re-
locate inside the throat section reducing the arc voltage and
increasing the anode temperature. The relocation of the
anode footpoint of the arc was visually observed during
operation of the thrustor. It appeared that each successive
movement of the anode footpoint of the arc from the low-volt-
age position to the high-voltage location was accompanied by
expulsion of a small quantity of vaporized material, probably
from the anode. The lower chamber pressure at the higher
voltages would be expected from the previous observations on
the location of the arc footpoint.

After this endurance test, the cathode was found to have
been reduced in length by 0.041 in. with a consequent weight
loss of 0.024 g. The throat diameter of the anode had in-
creased from 0.035 in. at the start of the test to a final average
value of 0.0415 in. Figure 8 shows an enlargement of the
cathode and its insulator after completion of this test. The
cathode tip eroded, and a small cavity was formed in the
center of the rod. The BN insulator was eroded slightly at
the end closest to the arc and had a slight spongy appearance,
probably caused by the vaporization of the binder in the boron
nitride material.

A thrustor of the same design was operated at higher power
levels in order to determine the maximum specific impulse ob-
tainable with this particular design. The results were as
follows: hydrogen flow rate, 2.56 X 10~5 Ib/sec; thrust,
3.26 X 10 ~2 Ib; specific impulse, 1270 sec; efficiency, 25.9%;
power input, 3.5 kw.

This high specific impulse performance is considered to be
representative for this radiation-cooled thrustor design:
ISpS approaching 1270 sec were achieved over a range of
power levels and propellant flow rates. Reduction of the
mass flow rate of the propellant below approximately 2.5 X
10 ~5 Ib/sec resulted in erratic thrustor operation and erosion
of the anode; this can be traced to the fact that the propellant
injection system was designed for a hydrogen flow of 3.0 X
10~5 Ib/sec, and improper vortex action was obtained when
the flow rate was reduced significantly below the designed
value. Although this particular thrustor design is sensitive
to the flow rate of propellant, an insensitivity to the level of
power input was observed in these tests. The same thrustor
provided satisfactory performance from 2.0 to 3.5 kw without
serious degradation of the thrustor.

Operation of 1-kw Thrustor in Pulsed Mode

A limited series of tests has been run on a 1-kw thrustor in
order to determine some of the characteristics of starting and

H- 60

Fig. 11 Ratio of pulsed performance to steady-state
performance as a function of pulse width.

stopping transients and of pulsed-mode operation. A rela-
tively high-response thrust beam was used to measure the
transient thrust output. Measured thrust vs time data were
corrected to close approximations of actual values using ex-
perimentally determined transfer functions of the thrust
beam.

Pulse durations as short as 100 msec have been achieved
with a fully developed hot jet. Pulse durations in the 300 to
500 msec range produced performance within 80 to 90% of
steady-state performance values. Starting and stopping
transients were measured and indicated a rise time to full
thrust of approximately 185 msec from initiation of the "on"
signal and a fall time of 123 msec from initiation of the "off"
signal. The thrust rise time and thrust decay time are dis-
played graphically in Figs. 9 and 10. The lag indicated in
Fig. 9 is the time differential between the initiation of the
command signal and the first indication of thrust from the
arc-jet engine. The experimentally determined transfer
functions of the thrust beam were employed to correct the
thrust beam output as indicated in Figs. 9 and 10.

The ratio of average thrust to maximum thrust is plotted in
Fig. 11 as a function of pulse width. The calculated ratios of
average to maximum thrust shown in Fig. 11 can also be
representative of the ratios of the average to maximum
specific impulse for the pulse, if the assumption of constant
propellant flowT rate over the pulse duration is reasonably
valid. In a preliminary endurance test, 17,580 hot thrust
pulses were achieved out of 18,401 commanded pulses (95.5%
reliability) before the test was voluntarily terminated. It is
to be emphasized that all of the data presented on pulsed-
mode operation were obtained from a thrustor designed for
steady-state operation. Improved reliability and response
time could be expected from a thrustor designed specifically
to operate in a transient pulsed condition.
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