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Arcjets and Arc Heaters: An Overview
of Research Status and Needs
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Arcjets and arc heaters are important to a number of government-sponsored aerospace programs and
share several common features. Placing satellites in orbit, maintaining proper orbit, and repositioning
are major spacecraft mass drivers for a wide range of missions. Arcjets can reduce mission propulsion
requirements in many cases and are of interest to many satellite users. Arc heaters are critical to the
future development of hypersonic combat aircraft. Design and construction of a hypersonic aircraft for
speeds of 4-5 km/s (Mach 12-15) will be complex and will require the development of high-performance
arc-heating facilities for the evaluation/validation of new airframe and propulsion technologies. The first
objective of this overview is to provide a summary of the basic principles of arcjets and arc heaters for
readers unfamiliar with the field. The second objective is to describe fundamental research required to
overcome the limitations of both devices, with an emphasis on common research areas. This overview is
not comprehensive, but does include national research and development activities. It is intended as a
guide to the organization of scientific research serving both arcjet and arc-heater development commu-
nities.
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Nomenclature
cross-sectional area
throat area
thrust
gravitational constant
freestream enthalpy
stagnation enthalpy
specific impulse
Mach number
mass flow rate
payload mass
initial mass
input power
freestream pressure
stagnation pressure
gas constant
entropy
freestream temperature
stagnation temperature
exhaust velocity
velocity change
thruster efficiency
specific heat ratio
freestream density
stagnation density

Subscript
t = stagnation conditions

Introduction

A RCJETS and arc heaters utilize an arc generated between
electrodes to heat a working fluid to extremely high tem-

peratures. The working fluid is injected and passed through the
arc before being exhausted through a nozzle at one end of the
device. Arcjets typically employ a constricted design (see Fig.
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1) in which the arc initiates at the tip of a cathode, extends
through the constrictor (throat), and attaches in the diverging
section of the nozzle, which also serves as the anode. De-
pending on propellant type and operating conditions, arcjets
can provide exhaust velocities from 5000 to 13,000 m/s. This
range of velocities is significantly higher than that attainable
with state-of-practice (SOP) chemical propulsion systems.
Thus, substitution of arcjet systems could result in significant
propellant savings in multiple mission applications (see, e.g.,
Ref. 1). Major technical issues affecting arcjet development
are called out in Fig. 1 and center on increasing efficiency,
stability, and life. Arc heaters typically produce high-temper-
ature gas streams by passing cold air through an electric dis-
charge established between the electrodes in the arc chamber,
as shown in Fig. 2.2 High-temperature gas then exits through
a nozzle at desired velocity, enthalpy, and density combina-
tions. Electric arc heaters are used extensively to heat air to
temperatures in the range of 10,000 K for the extended periods
required for testing of both airframe structures and materials
and scramjet engines. Major technical issues affecting arc-
heater development are operational reliability (erosion/life and
stability) and flow quality (e.g., purity, uniformity, and stead-

Fig. 1 Schematic of a constricted arcjet with call outs of major
technical issues.
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Fig. 2 Typical segmented arc heater (from Ref. 2).

iness). Even though operational regimes and designs are dif-
ferent for arcjets and arc heaters, the performance and lifetime
of both devices can be advanced through a better understand-
ing of nonequilibrium processes, arc stability, and electrode
attachment/erosion. Nonequilibrium processes impact dissoci-
ation, ionization, recombination, vibrational, rotational, and
electronic excitation, and radiative nonequilibrium, and so are
important to overall energy transfer/distribution. These pro-
cesses also affect electrode mass loss in arc heaters as they
play a large role in determining the thermal environment in
the near-electrode region. Electrode materials and processes set
fundamental limits on the operating envelopes of the devices.
Arc instabilities can cause severe damage to both arcjets and
arc heaters if fluctuations in the operating mode (e.g., attach-
ment point) result in unacceptable heat-flux levels to critical
surfaces. In arcjets, both electromagnetic and electrothermal
instabilities may be responsible for arc fluctuations and un-
steady anode attachments. In arc heaters, hydrodynamic insta-
bilities may also cause arc oscillations.

Significant efforts have been expended in the development
of both arcjets and arc heaters to date. To realize the full po-
tential of these devices, advances in the fundamental under-
standing of plasma processes and arc/electrode interactions
will be required. This article provides first a brief background
on arcjets and arc heaters and then a discussion of some on-
going research in the area.

Background
Arcjets

Electric propulsion devices can be categorized as electro-
magnetic, electrostatic, or electrothermal. A summary of elec-
tric propulsion utilization in operational and experimental
flights are given in Table 1.6 Arcjets fall into the electrothermal
category and, as noted earlier, utilize an arc to heat the pro-
pellant to high velocities with respect to SOP chemical sys-
tems. Arcjets and arcjet propulsion systems have been de-
scribed by numerous authors.3'6

Arcjets have been proposed for a variety of mission appli-
cations. These applications include stationkeeping, low- to
mid-AV orbital insertions, orbital maneuvering, primary pro-
pulsion for small space—science spacecraft, and large-scale
orbit transfers [e.g., low Earth orbit (LEO) to geosynchronous
Earth orbit (GEO)]. Considerations involving space storability
and compatibility with existing spacecraft systems make stor-
able liquids such as hydrazine or ammonia the propellants of
choice for all but the high-AV orbit transfer missions. An ex-
ample of the benefits that can be derived from arcjet applica-
tion is provided by the kilowatt-class devices now being used
for North—South stationkeeping (NSSK) on several geosyn-
chronous commercial communications satellites (GEO com-
sats). In the early 1980s, GEO comsat NSSK was performed
using small chemical or resistojet thrusters with 7sp of about
300 s, and satellite lifetime was limited by the available NSSK
propellant. Both SOP systems were at/near theoretical perfor-
mance limits. Kilowatt-class arcjets with 7sp projected at 1.5-
2 times SOP were targeted for development by a government/
industry team. The successful first application of arcjet tech-
nology (for NSSK) significantly reduced required launch mass

and led to an international launch vehicle competition. Arcjets
have since been used to greatly increase satellite life. Details
of the kilowatt-class arcjet development program were recently
reviewed by Curran and Byers.4 There is currently a broad
national trend toward developing smaller satellites (250 kg or
less), which are significantly cheaper, and quicker to produce,
deploy, and operate. Substantial miniaturization of electronic
components during the past 15 years has both enabled and
encouraged this trend. These small satellites are also often
power-limited and have significant AV requirements for orbit
transfer and control. Low-power arcjets may offer a simple,
cost-effective option for these missions and a joint govern-
ment/industry development program is in progress.7

Operating parameters of greatest interest in electric propul-
sion systems are exhaust velocity (commonly expressed in
terms of specific impulse), thrust, input electric power, pro-
pellant mass flow rate, and thruster efficiency. The relationship
among these quantities can be written as

where

77 = TIspg/2P

T = mue

/sp =

(1)

(2)

(3)

Another critical parameter for the electric propulsion system
is the total impulse /, available per system. This, along with
the total impulse required to perform a selected mission and
specified redundancy considerations, sets the total number of
thrusters required for the missions. Required thruster/system
lifetime can then be determined from practical considerations.
If high-power hydrogen arcjets are ever to be used for ambi-
tious orbit transfer missions, 7sp (with demonstrated lifetime)
must be increased and time to orbit (given realistic power con-
straints) must be reduced. Specific impulse drives propellant
requirements and, because the fuel of choice is hydrogen, in-
creased 7sp is perhaps more important from the standpoint of
volume than mass. While increased specific impulse can be
attained by operating at high specific power settings, operating
in this range adversely affects thruster lifetime and efficiency
(and so, system complexity, reliability, and time to orbit at a
given power level). Time to orbit is a key for user acceptance
in both commercial and government sectors. To reduce trip
time, thruster efficiency must be increased over demonstrated
levels. Hydrogen arcjet orbit transfer systems have recently
been designed,6'8 and recent studies indicate that arcjets must
achieve 1300 s specific impulse with a thruster efficiency
above 40% to be considered over other alternatives.6 These
performance parameters have not been demonstrated, and it is
anticipated that extensive research and development efforts
will be required to achieve these goals.

Arc Heaters
Hypersonic testing requirements for propulsion materials

and structures dictate the need for high pressures and temper-
atures not attainable by conventional means. High-pressure arc
facilities have historically been used to simulate very steep
intercontinental-ballistic-missile re-entry trajectories. Low-
pressure, high-enthalpy arc heaters are utilized to simulate
shallow re-entry such as the Space Shuttle trajectory. Materials
and structures testing requires matching of the static pressure
and the total enthalpy without concern for its distribution be-
tween static and kinetic energy. Propulsion testing requires
matching of many parameters including, for example, com-
bustor static pressure, the combustor inlet Mach number, gas
composition, and total enthalpy. In addition to the simulation
parameters discussed earlier, the simulation for both material
and propulsion testing may also be affected by the flow uni-
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Table 1 Summary of experimental and operational electric propulsion flights6

Country

United States
Commercial

Before 1980
Thruster type (mission/year)

After 1980
Thruster type (mission/year)

52 hydrazine resistojet (GS/80)

Air Force

Navy

NASA

USSR

Japan

Europe

4 Teflon® pulsed plasma (GS/68)
2 nitrogen resistojet (OA/65)
12 nitrogen resistojet (OA/67)

1 cesium ion (SD/65)
10 ammonia resistojet (OA/65)
8 ammonia resistojet (OA/71)

10 Teflon pulsed plasma (OA/76)
1 hydrazine resistojet (SD/71)

2 cesium ion (PE/74)
4 ammonia resistojet (SD/67)
4 ammonia resistojet (SD/69)

2 mercury ion (SD/70)
6 Teflon pulsed plasma (AC/64)

12 SPT-50 (OA/74)
1 Xe SPT, 1-Hg ion (SD/71)
1 potassium MPD (PE/75)
2 ammonia MPD (SD/79)

>75 hydrazine resistojet (GS/83)
4 hydrazine arcjet (GS/93)

40 SPT-70 (GS/82)
12 SPT-70 (AC/87)
4 Xe SPT (GS/93)

2 cesium arcjet (PE/80)
4 Xe ion (GS/94)

2 mercury ion (SD/82)
1 Ar MPD (PE/83)

4 Teflon pulsed plasma (PE/81)
1 hydrazine MPD (PE/94)

1 Xe ion (SD/92)

AC, attitude control; GS, geosynchronous stationkeeping; and OA, orbit adjustment (used in operational
flights). SD, subsystem demonstrations and PE, plume and environmental studies (used in experimental
flights).

formity, flow purity, unsteadiness, boundary-layer effects, and
the injection/main flow interactions that can be summarized as
flow quality.9 Summaries of the major arc facilities throughout
the world used for aerospace applications are given in Tables
2 and 3 for chamber pressures above and below atmospheric,
respectively.2

A typical arc-heater test arrangement consists of an arc
chamber, which acts as a pressure and enthalpy reservoir, a
convergent—divergent nozzle to give uniform, shock-free flow
at the desired speed, a diffuser, and an exhaust plant. There
are many types of arc heaters designed to accomplish specific
simulations based on how arc discharge is stabilized within the
arc chamber: vortex-stabilized by strong gas swirl, wall-sta-
bilized segmented-type by installing many water-cooled insu-
lated disks, magnetically-stabilized by rotating arc attachment,
and magnetoplasmadynamic generator using hot tungsten cath-
ode for arc control.2

One-dimensional, isentropic, ideal gas flow theory can be
used to describe the test section flow conditions that are found
to be a good approximation to many actual flows. Nozzle flow
properties such as temperature, pressure, density, velocity, and
area ratio can be calculated as a function of Mach number
once arc chamber pt and ht are specified. It follows from the
isentropic flow assumption that10

(4)

y is the ratio of the specific heat at constant pressure to the
specific heat at constant volume. M is a dimensionless flow
quantity and is defined as the ratio of the flow velocity to the
acoustic velocity:

The ratio of A to A* can be calculated from the continuity
equation as

A/A*=M-1([2/(y - l)/2]M2})(y
(7)

where sonic conditions are attained at the throat for an equi-
librium supersonic flow.

It follows from the previous equations that the local enthalpy
at the test section can be calculated as a function of Mach
number

= ht- (u2/2) = ht- 0.5yRTt(M2/{ 1 + [(y - (8)

M = ula

where acoustic velocity is defined for an ideal gas

(5)

which is independent of pressure.

which is the difference between stagnation enthalpy and ki-
netic energy. Theoretical studies have been conducted to plot
equilibrium airflow properties for stagnation pressures up to
1000 bar and stagnation enthalpies up to 56,987 kJ/kg.11 These
assumptions give predicted results that are within a few per-
cent of the experimental results for many flows. As an ex-
ample, a Mach 12, 0.47 -bar dynamic pressure scramjet simu-
lation requires 0.55-bar static pressure, a Mach number of 3.8,
and a total enthalpy of 7 kJ/kg, which, in turn, implies an arc
chamber pressure of 100 bars.

It is desirable to push the simulation up toward Mach 15,
but this requires a chamber pressure considerably above the
current limits. Flow quality issues are always of concern, but
stringency of the requirements depends on the type of testing
being done. A discussion of arc-heater flow quality as it relates
to hypersonic testing is included in Ref. 12.

Research Status and Needs
The following sections are intended to provide the reader

with an overview of recent progress in the areas of arcjet and
arc heater development and to identify several key research
areas for the future.

Experimental studies have been conducted to understand
physical processes occurring in arcjet thrusters and much of
this data has been used to anchor/validate recent computational
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Table 2 Arc-heater facilities operating over 1 bar

Maximum Maximum Maximum
Operation power, pressure, enthalpy,

Country

United States
AEDC

NASA Ames Research Center

NASA Johnson Space Center
NASA Langley Research Center
McDonnell Douglas Aerospace

Aeroterm Co.
University of Texas

Russia
Central Research Institute

Central Aerohydrodynamics Institute

France

Germany

Israel
Italy
Japan

Cylindrical maximum test sample diameter.

year MW

77 30
83 42
89 42
95? 60
70 20
71 20
72 20
74 60
92 100

66/2 10
12

68 10
74 10
85 1.2
94 1.6

—— 40
—— 50
—— 10
—— 5
—— 80

—— 1
—— 6
82C 1
79 20
87 9
87 5
92 20
89 1
94 6
85 5
96? 70
61 0.1
93 0.75
94 0.5

bar

120
100
100
150
40
20
10
10
25
10
40
250
100
30
20

6
50
80
50
160
1001UU

10
200
180
60
130
15
10
14
40
30

17.6
1.2
1.1
22

kJ/kg

13,920
9280
9280
13,920
32,480
9280

32,480
46,400
9280

37,120
8120

13,920
13,920

Exhaust

Atmospheric
Atmospheric

SAb

Atmospheric
SA
SA
SA
SA
SA
SA
SA

Atmospheric
SA

116,000 Atmospheric/SA
9280

9280
9280
9280

46,400
3120

9280
9280

49,880
13,224
5104

13,920
18,096
25,520
34,800

SA

SA
SA
SA
SA
SA.

SA
SA
SA

Atmospheric
Atmospheric

SA
Atmospheric

SA
SA

39,440 Atmospheric/SA
39,904
12,992
30,160
19,952

SA
SA
SA
SA

Mech nr.
range,

M

1.8-3.5
1.8-3.2
4.5-8.3
2.0-3.7
2.5-12
-3.5
-3.5

3.5-7.5
-3.1
3-5.5
4.7-7
1.7-3
-8

0.3-6
?

-6
0.5-2.5
0.5-6
-2

10-20.5
1-9
4-8
7-20
8-15

1.7-2.4
-3.6
-5

-2.1
3.3-5.7
3.3-5.7
2.2-5

4.8-5.3
——
——
-5.5

Test size
diameter (L X #),

cm (cm X cm)

2.8-7.6a

2.8-10.2a

22.9-106.7a

5.1-11.4
30.5 to 106.7a

(20.3 X 50.8)
(35.6 X 35.6)

(61 X 61)
7

(61 X 61)
(28 X 28)

5.1a (2 X 3.3)
61a

12a (2.54 X 10.2)
?

(60 X 100)
5.8a (50 X 15)

5.1a (19.8 X 30)
19.3a

99a

35a

(3 X 17.8)
30a

19.8a

(19.8 X 3)
0.8a

(30 X 30)
13a

28
28
36a

(60 X 60)
6.6a

(17.3 X 2)
lla

"Subatmospheric. °Arc-driven magnetohydrodynamic facility.

Table 3 Arc facilities operating under 1 bar

Maximum Maximum Maximum

Country

United States
NASA Langley Research Center

USSR
Central Research Institute

Central Aerohydrodynamics Institute

Germany

Japan

Type

MPDa accelerator
440-Hz plasmatron
Induction heating
Induction heating

Plasma wind
Plasma wind
Plasma jet

Plasma wind
MPDa accelerator

Plasma wind
Erosion test

Operation
year

——

——
——
——

87
90
64
65
71
73
92

power, pressure
MW bar

1 1

4 <0.1
1.5 <0.4

0.24 0.4
1 0.8

0.25 1
1 0.5

0.015 1
0.03 0.006

5 0.1
n nos 1
0.02 1

enthalpy,
kJ/kg

34,800

46,400
46,400
37,120
37,120
116,000
1 cr\ onn1 JU,5UU
12,992

200
49,880
^nonJUUU

Gas flow
speed,
mm/s

——

0.98 X 104

1.97 X 103

4.11 X 103

4.11 X 103

1.61 X 104
I s: -I v i r\4.ol X 1U

————
————

————

Test size
diameter (L X H),

cm (cm X cm)

(400 X 160)
(19.8 X 0.91)

18.6b

4b

——

( 2 X 5 )
5.5b

6b

2.7b

(5 X 5)
aMagnetoplasmadynamics. "Cylindrical maximum test sample diameter.

models. Diagnostic techniques to measure the fundamental
properties of arcjet plasma flows have been detailed in several
recent articles.13"17 Langmuir probes have been used exten-
sively to investigate arcjet plumes.13'15 Plume properties are
of great interest to spacecraft integrators and both experimental
characterization and modeling efforts undertaken in the recent
past were critical to the final selection of arcjets for spacecraft
application. For example, langmuir probe data taken by both
Zana and Sankovic13'14 were used in conjunction with a model18

to show that the electrical characteristics of the plume did not

adversely impact communications in typical geosynchronous
communications satellite applications. Keefer et al.16 measured
axial and radial velocities simultaneously in an ammonia arcjet
plume using two multiplexed laser beams to monitor both hy-
drogen Baimer alpha and atomic nitrogen lines. Current mod-
ulation velocimetry, a time-of-flight technique in which a cur-
rent spike induces optical emissions that are measured in two
axial locations, has been used to provide instantaneous average
velocities of the arcjet plasma with temporal resolution of a
few microseconds.17
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Internal flow and component characterizations are compli-
cated by both the harsh environment and small dimensions of
typical arcjets. The characteristics of these flows and compo-
nents, however, control operational behavior, life, and perfor-
mance of these devices to a large extent. Because of this, much
emphasis has recently been placed on the development of both
intrusive and nonintrusive diagnostics techniques measuring
cathode conditions, static pressure, temperature, and plasma
density, as well as densities and velocities throughout the in-
terior region of the arcjet thruster extending to the exit plane.
Cappelli and Storm19 have reviewed past and recent experi-
mental techniques to measure internal flow properties of arcjet
thrusters. Zube and Myers20 used emission spectroscopy to
characterize internal flows. Static pressure measurements were
performed to obtain information about internal flowfield char-
acteristics, and losses associated with viscous effects.21 Current
attachment at the anode, floating potential, and anode fall volt-
age were investigated using a segmented-anode approach,22

and arc-cathode interactions have been studied by a variety
of methods.23 Arc heaters are usually characterized by mea-
suring gross operational parameters such as power input, heat
loss, mass flow, and efficiency. In addition to these basic op-
erating parameters, the effluent is routinely probed to charac-
terize it as a test medium. Few detailed measurements inside
the arc heater have been taken to diagnose internal plasma flow
properties. The diagnostics being developed for the arcjet
should be equally applicable to probing arc-heater internal
characteristics.

While much progress has been made in the experimental
characterization of arcjets, this has been slow to translate into
optimized devices. This is, in part, because experimental data
do not always provide clear insight into optimization pro-
cesses. Also, experimental research is expensive and time con-
suming. An accurate predictive model of arc phenomena
would be the ultimate tool for rapid, cost-effective arcjet de-
sign with a minimum of in-laboratory testing, and several ex-
tensive plasma flow modeling efforts have been undertaken in
the recent past. In general, discrepancies between code outputs
and experimental data are common to date and it is clear that
a better understanding of flow and electrode physics will be
required for the development of an accurate code (and ulti-
mately, a fully optimized arcjet). At present, inadequacy in the
understanding of 1) nonequilibrium processes, 2) arc instabil-
ities, and 3) arc/electrode attachment regions is thought to be
of greatest importance, and these areas are examined in the
following sections.

Nonequilibrium Processes
To date, the arcjets models have been found to consistently

overpredict performance (e.g., 7sp and efficiency) when model
outputs are compared with experimental arcjet data. This ob-
servation suggests that significant energy losses have been ne-
glected by simplifying assumptions about thermal and chem-
ical equilibrium. For example, Spores et al.17 measured atomic
hydrogen ground state densities, velocities, and temperatures
near the arcjet nozzle using a two-photon laser-induced fluo-
rescence, and found that continuum models23'24 underpredict
atomic hydrogen density by an order of magnitude. The trans-
port properties used in these models, especially the electric
conductivity, are very sensitive to nonequilibrium processes
and inaccuracies in the estimation of these properties could
lead to the observed discrepancies. Boyd et al.25 used a direct
simulation Monte Carlo technique that modeled the flow on a
molecular level to improve agreement with the experimental
results. Further work will be required, however, to fully describe
the flow and include treatments of electrode-related phenomena.
In arc heaters operating at high pressures (i.e., ~100 bar), the
bulk of the flow is in equilibrium at high pressures, and so can
be described by standard continuum codes. This is not the case
at lower pressures, however, and description of the flows in
these devices will require treatments similar to those used for

the arcjet. Nonequilibriun analysis will be required for near-
electrode region at all pressures in both devices.26

lonization, dissociation, and recombination processes must all
be considered in describing plasma flows and chemical nonequi-
librium may occur when the finite rate kinetics controlling the
flow properties are not fast with respect to the time scales inherent
to the device. This can lead to local temperatures, densities, etc.,
significantly different than those that would be observed at equi-
librium. These differences, in turn, impact gross transport prop-
erties. A simplified example of chemical nonequilibrium in hy-
drogen flow has been discussed by Keefer et al.16 To better
describe nonequilibrium flows, models that account for finite rate
kinetics of important species must be developed.

Thermal nonequilibrium is usually caused by large differ-
ences in masses between particles (e.g., electrons and ions).
Two-temperature models have recently been used in models
by both Megli et al.24 and Miller and Martinez-Sanchez27 to
account for thermal nonequilibrium. The presence of molecu-
lar species in a plasma may give rise to non-Maxwellian or
non-Boltzmann electron energy distributions in the plasma and
this, in turn, may suggest that multienergy models, rather than
multitemperature models, would be appropriate in some cases.

Internal-mode nonequilibrium (e.g., vibrational, rotational,
and electronic excitation) is governed by processes whose
characteristic times are on the order of the local convective
time scale and may couple to the other type of nonequilibrium
processes in discharge. Internal-mode nonequilibrium can oc-
cur over a wide range of pressures in the gas phase. Some
models and measured rates for energy transfer via vibration—
vibration, vibration-translation, and vibration-electronic
modes are available.28"36 Babu et al.28 discuss an internal-mode
nonequilibrium model consisting of a total energy equation,
electron energy distribution function, and the rate equations
that govern the number densities of various species.

Arc-heater codes include radiation transfer, using a diffusion
model.37 This is probably adequate for high-pressure opera-
tions, but may not be adequate for the arcjet where the optical
depths are similar to constrictor dimensions, especially in the
upstream region. Gogel et al.38 used Monte Carlo techniques
to describe this regime in arcjets.

Experiments also discovered that common nozzle geome-
tries lead to an underexpanded exhaust flow.16 Zube and My-
ers20 found that the electron number density in the nozzle is a
strong function of the nozzle geometry. In addition, electron
number densities and temperatures drop significantly along the
nozzle, which, in turn, implies inefficient translational energy
exchange. It was also found through optical measurements that
constrictor flow was far removed from ionizational equilib-
rium, with the plasma significantly over dense with respect to
Saha equilibrium.20'39

Arc/Electrode Attachment
An understanding of the detailed physics of the discharge in

the immediate region around the attachment to the electrode
surfaces, where there is a rapid transition from gaseous to
solid-state conduction of electrical current, is key to under-
standing such issues as arc behavior upon initiation and elec-
trode erosion in both arcjets and arc heaters (in steady state
and at startup). Because electrode erosion (anode or cathode)
often determines the lifetime of the device, a thorough under-
standing of electrode-related phenomena is key to the improve-
ment of lifetime.

Cathode erosion is one of the limiting mechanisms in several
classes of electric thrusters. Since cathode erosion depends
strongly on the cathode temperature, a quantitative understand-
ing of the effects of cathode operation on the cathode temper-
ature is required. Goodfellow40 recently developed a cathode
model that is a combination of a quasi-two-dimensional ther-
mal model and an improved near-cathode plasma model. Ear-
lier models41'42 have been improved by adding doubly-charged
ions, multiple-gas types, and a submodel of equilibrium ioni-
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zation/recombination within the ionization region. A number
of experimental measurements has been made and a good
agreement between model and experimental data has been ob-
tained.43 Recently, nonintrusive measurements of the cathode
temperature and the electron number density at the vicinity of
the cathode have been successfully achieved by Cappelli and
Storm,19 using axial emission spectroscopy and the Stark
broadening of the wings of the hydrogen Baimer-alpha lines.
Zhou44 has also extensively studied cathode and surrounding
plasma conditions in an apparatus designed to produce arcjet-
like conditions. The former study found that electron number
densities in the near-cathode region are weakly dependent on
specific power and that cathode temperatures exceed the melt-
ing point of tungsten at specific power levels of 200 MJ/kg
and above. The latter study found (among other observations)
that, for standard thoriated tungsten cathodes, nonuniform ero-
sion patterns often observed on high current cathodes could be
explained by ion bombardment, that both thorium and tungsten
evaporate from the cathode and are redeposited outside the cath-
ode spot, and that thorium is depleted with time. Zhou44 also
found that cathode temperature and both electron temperature
and number density increase slowly with increasing arc current,
but that pressure had little impact on cathode temperature.

Arc attachment at the anode is a troublesome modeling area.
If one assumes both chemical and ionization equilibrium (Saha
equilibrium), electron density and the electrical conductivity
are forced to zero outside of the arc and no physical mecha-
nism exists for current to reach the anode. Collisional coupling
between electrons and heavy particles would be capable of
sustaining anode attachment in the downstream region. This
could be achieved at higher gas densities, such as can be ob-
tained at higher values of flow rate for a fixed power/flow ratio.
Calculations under these conditions45 showed instead a general
downstream stretching of the attachment region, to areas of
roughly unchanged density, so that electron-heavy particle
coupling failed to materialize. The downstream shift was
caused by the reduced heat diffusivity at higher densities. Ob-
taining stronger collisional coupling seems to require either a
substantially higher collisional transfer rate than used in these
calculations, or perhaps a three-dimensional constriction of the
attachment into one or several filaments, in which the plasma
density, and hence, the coupling, would be much higher.

The near-electrode region in arc heaters has recently been
described for high pressures (100 bar) as consisting of five
subzones: 1) the flow-affected zone, 2) an equilibrium ioni-
zation-zone, 3) a thick current concentration zone replacing a
space-charge sheath used for lower pressures, 4) a work func-
tion zone, and 5) a solid-state heat conduction zone.26 How-
ever, emission values obtained from experiments46 suggest that
the near-cathode ionization zone may be partially in nonequi-
librium for which a larger (than equilibrium) electron number
density would be predicted. The near-electrode model devel-
oped for high-pressure application would be worth investigat-
ing for application at lower pressures, provided that nonequi-
librium ionization was added.26 A high electron temperature at
the electrode surface results from the strong thermal nonequi-
librium existing in the annular region connecting the arc at the
constrictor exit to the initial part of the nozzle wall.45 Felder-
man et al.26 suggest that near-electrode models should be mod-
ified to include nonequilibrium effects to both extend appli-
cability to low pressures and to improve anode model mass-
loss predictions.

Arc Instabilities
Harris et al.47 tested a radially segmented arcjet and observed

generally nonsymmetric distribution of current to the seg-
ments, with random fluctuations that indicated a multifilament
structure of the anode attachment. Similar behavior was also
observed by Berns et al.48 and Pfender49 through experiments
with subsonic arcjet and plasma torches, respectively. While
anode and cathode attachments in small arcjets are generally

quiescent in nature, instabilities do occur in some cases. In
higher-power arcjets, instabilities can lead to very destructive
behavior. Observed instabilities may be electrothermal in na-
ture, for example, an overheated region in the thruster may
cause higher conductivity in that region, which, in turn, chan-
nels more current to further overheat that region and lead to
thermal runaway. In cases like this, the relationship between
arc phenomena, gas flow pattern, electrode surface physics is
not clearly understood and must be explored.

Instabilities similar to those in arcjets have been observed
in arc heaters. Large arc fluctuations can cause severe damage
to the arc constrictor if the arc approaches the constrictor wall
too closely. Direct evidence of arc instability was verified by
optical imagery during arc-heater operation.50 In that study, arc
displacements from centerline were recorded as a function of
time at three axial locations along the constrictor wall. The
typical frequencies were less than 1 kHz for large fluctuations.
Accurate modeling of the unstable arc path is required to im-
prove both constrictor design and the orientation of the tan-
gential injection holes in and near the cathode region. An ef-
fective model would predict flow stability and the anticipated
behavior of the arc-given flow conditions and device geometry.
To obtain this predictive capability, better understanding of
multicell vortex flow, unsteady vortex dynamics, and other par-
ameters influencing vortex breakdown will be required. In ad-
dition, arc stability is also influenced by the coupling of elec-
tromagnetic forces and flow turbulence; this coupling requires
the inclusion of an additional term describing electromagnetic
effects in the turbulence modeling.

Concluding Remarks
This article has been intended to provide the reader with

both a brief introduction into the field of arcjet thrusters and
arc heaters and a selected overview of research status and di-
rections in this field. Advanced arcjets may play a key role in
the deployment and positioning of military spacecraft. These
devices share many common design features. Improved arc
heaters are required for the cost-effective development of hy-
personic aircraft airframe and propulsion technologies. Over
the past several years, significant progress has been made in
the design and implementation of both intrusive and nonintru-
sive diagnostic techniques to describe physical phenomena
both internally and in the plumes of these devices. Sophisti-
cated modeling efforts have been undertaken with some suc-
cess. At this point, the development of accurate, efficient de-
sign tools (models) is of paramount importance. For this, a
much greater understanding of nonequilibrium processes, elec-
trode attachments, arc instabilities, and the interactions be-
tween these will be required. Both experimental and modeling
efforts are in progress to develop the requisite knowledge in
these areas.
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