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ANODE HEAT LOSS AND CURRENT DISTRIBUTIONS IN DC ARCJETS
K. Fujita* and Y. Arakawa t
Department of Aeronautics and Astronautics, University of Tokyo
Tokyo, Japan

mode, which is characterized by unstable operation and
low thermal efficiency, resulting in poor thruster performance. It follows that mechanisms which dominate the
arc discharge and propellant flow should be better understood in order to improve the thruster performance.
The heat transfer from the arc column is an important process because of its effect on the thermal efficiency, discharge modes, operational stability, and thrust
efficiency of the DC arcjet. In order to understand the
heat transfer and acceleration mechanism, diagnostic experiments were undertaken on a 5-kW-class DC arcjet
with water-cooled anode segments that are electrically
and thermally isolated from one another, and with the
variable electrode geometryl 3]. A two-dimensional numerical analysis of the arcjet flow was also performed [4 l . From
the previous studies, the anode heat loss was found to be
closely related to the discharge current distribution. Also,
it was found that the thermal conduction of the gas and
the electron flux absorbed by the anode wall are mainly
responsible for the heat loss. The thermal conduction of
the gas is subject to the temperature distribution in the
constrictor, that is, the pinch of the arc column, and the
electron flux is associated with the total discharge current.
Numerical results predicted that the thruster performance
is determined by the discharge conditions in the constrictor, where a slight change can drastically influence the
flow characteristics.
In the present study, a low power DC arcjet with
a water-cooled anode, which is split at the constrictor,
is utilized in order to obtain a detailed understanding of
the arc column behavior and heat transfer mechanisms in
the constrictor. A two-dimensional numerical code is also
used to investigate the flow and discharge phenomena in
the constrictor.

Abstract
An experimental and analytical investigation on a
low power DC arcjet was undertaken for the purpose of
understanding the arc column behavior and electrode heat
loss characteristics. Diagnostic measurements were conducted by using an arcjet thruster with axially split anodes. Experimental results show that the ratio of an electrode gap to the constrictor diameter, the total current,
and the chamber pressure have a strong effect on the current distribution and discharge voltage. Thermal energy
deposited in the anode surface is chiefly transferred by
electrons accelerated through the anode potential drop,
and by thermal conduction of the gas, both of which are
found closely related to the current distribution. When
the current is distributed to the upstream part of the constrictor, the anode heat loss is large due to thermal conduction in the downstream part of the constrictor. On
the contrary, as the current becomes distributed to the
downstream part, the anode heat loss is reduced owing to
a cold gas envelope with low conductivity, formed around
the arc column in the constrictor. Two-dimensional computational analysis revealed a certain aspect of the arc
column behavior. In contact with the arc column, the
cold gas envelope is gradually heated and decreases in
thickness due to thermal conduction from the arc, while
the arc column increases in diameter, and finally attaches
to the anode wall.
1 Introduction
The DC arcjet is one of the most promising electric propulsion devices for long-term space missions. Re1 2
cently, interest in DC arcjets has renewed[ ]'[ ] due to the
impending availability of several hundred kW of electric
power onboard spacecraft, which is brought by advances
in power generation technology. In many missions currently under consideration, the deployment of a DC arcjet
thruster would be advantageous because of its higher specific impulse than chemical reaction thrusters already in
use, its higher thrust density, and far less complex structure than other propulsion systems.
However, there remain several problems from a mission planning viewpoint. At medium power, 30 kW or
higher, DC arcjets generally operate in the high voltage
mode with a constricted arc column, and enjoy a high specific impulse and a high thrust efficiency. While at lower
power, several kW, the arcjet is often in the low voltage

2 Experimental Apparatus
A schematic of the DC arcjet thruster constructed for
the present experiment is shown in Fig. 1. The electrode
configuration is shown in Fig. 2. The cathode, which is
made of 2-%-thoriated tungsten, is an 8-mm-diam. cylindrical rod with a conical tip at a 300 half cone angle. It is
water-cooled so that the heat flux coming into the cathode is measurable. The electrode gap, which is defined
in Fig. 2, is adjustable from -1 to 10 mm by moving the
cathode section. The anode forms a constrictor which is
2 mm in diameter and 4 mm in length, with a 450 convergent nozzle and a 30* divergent nozzle. The anode is split
into an upstream and a downstream segment, 1 mm downstream from the constrictor's upstream edge, as drawn in
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rgon was employed as the working gas. The propellant mass flow rate was changed from 89.3 to 416.7 mg/s.
The operation was performed with variation in current
from 50 to 120 A. In order to investigate the arc column
behavior in the constrictor, it is better-suited to introduce
.
the ratio of the electrode gap to the constrictor diameter,
R,, which is defined in Table I with other electrode paR,
Ti
of
r
l
th
te
to 2.0
rameters. The value of R was adjusted from 0t 2.
in the experiment, which corresponds to the change in
electrode gap from 0 to 4.0 mm.

Downstream anode

Upstream anode
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.
configuration.
Fig. 2. Electrode
Se
Fig. 2. Both segments are made of tungsten covered with
a thermally and electrically incopper water jackets, , and thermally and electrically insulated from each other by an insulator disk and gaskets
between them. This allows for measuring the heat flux
and discharge current distributed between the anode segments.
Figure 3 is a schematic view of the experimental
setup. The experiment was performed in a 0.5-m-diam.
and 2-m-long vacuum tank of stainless steel, evacuated by
a mechanical booster, backed up by three rotary pumps.
The background pressure in the tank was maintained below 0.3 torr during operation. The propellant is fed to
the arcjet through thermal mass flow controllers. A DC
power supply is composed of a three-phase full wave selenium rectifier and a saturated reactor controller, whose
open-circuit voltage is 90 V. The arc discharge is initiated
by applying a radio-frequency voltage of 4 kV.
The discharge current and voltage are measured by
series and shunt resistors of 0.6 mt and 10 k , respectively. The pressure in the plenum chamber is measured
by a manometer. In order to obtain the heat flux distribution, all electrodes are separately water-cooled with

Table I. Electrode parameters.
D,
Re
Rg
0,,
Op
Ot

Nomenclatures
constrictor diameter
ratio of constrictor length to constrictor diameter
ratio of electrode gap to constrictor diameter
nozzle half cone angle
plenum chamber half cone angle
cathode tip half cone angle

Values
2.0 [mm]
2.0
0-2.0
300
450
300

D
.
3.1 Discharge Characteristics
Figure 4 presents the voltage-current characteristics
of the are discharge measured for three mass flow rates,
89.3, 238.1, and 386.9 mg/s. It is shown here that the volt-

independent water lines. The heat flux is evaluated from
the water mass flow rate and temperature rise, which are
measured by a flowmeter and CA thermocouples, respectively. It takes several minutes for the arcjet and measurement system to establish thermal equilibrium, after
which all measurements were performed.

age increases with increasing the mass flow rate, and decreases with increasing current. These facts suggest that
a larger amount of propellant with a smaller current requires longer contact with the arc column in order to heat
and ionize the gas. That is, a higher voltage can be associated with a longer arc column. The voltages measured for
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different R9 values are compared in Fig. 5. There is little
change in the voltage-current characteristics with increasless than 0.5, there is little change in

plenum chamber pressure. It is found that the current dis-
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3.2 Thermal Characteristics

1.0

The heat flux to the cathode is small in comparison
with that to the anode. The major portion of the electrode heat loss is deposited in the anode. The cathode
heat flux is slightly dependent on the current distribu-
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the anode surface. The variation of ro, its upstream and
downstream portion is shown in Fig. 9 as a function of
the plenum chamber pressure. The current fraction to
the downstream anode is also presented in order to see a
relation between them. An increase in pressure is found
to have the multiple benefits of constricting the arc column and distributing the current to the downstream anode, both of which remarkably decrease the heat flux to
the upstream anode. The heat loss fraction to the downstream anode increases along with the current fraction
to this segment. because of an increase in electron flux,
however, it seems to saturate, even decrease at higher
chamber pressures. This suggests that the electron flux is
chiefly responsible for the heat loss to this segment, while
the thermal conduction is also suppressed owing to the
constriction of the arc column. A reduction of the total
anode heat loss fraction is associated with a decrease in
thermal conductive transfer from the arc column.
In order to investigate the arc column constriction
and its effects on the thermal transfer processes, the

upstream anode is switched-off and electrically floated.
the current is redistributed to the downstream anode only. and the heat flux to the upstream anode is

50SHllence
C

mainly transferred by thermal conduction and radiation.
A typical result with = 100 A and R, = 1.0 is shown in

40 m= 893ag/s, Rs= 0.0
386.9 mg/s. R

Fig. 10. It is found that the upstream portion of the heat

= 0.0

loss fraction largely decreases with increasing the chamber
pressure, while the downstream portion is less dependent

I

on the pressure. This leads to an important conclusion
that the thermal conduction mainly causes the heat loss to
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Fig. 9. Variation of anode heat loss fraction ra
along with plenum chamber pressure.
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where rh is the propellant mass flow rate, Q, the anode
heat flux, IV the electric input power, and Ho the total
enthalpy of the gas before heat generation, which is estimated from the plenum chamber pressure and the inlet
gas temperature.
Figure 8 is a typical example of the measured anode
heat loss fraction r,, plotted against the current for two
different mass flow rates, 89.3 and 386.9 mg/s. The effects
of changes in electrode gap are also shown in terms of R,.
An increase in mass flow rate decreases ro, and an increase in current increases r. These trends are explained
by a constriction of the arc column. A large amount of
the gas, i.e., the high plenum chamber pressure, pinches
and isolates the arc column from the anode surface, which
reduces the thermal conduction from the arc. On the contrary, the arc column increases in diameter with increasing the current, which increases the heat transfer from the
arc. The increase of 7] along with R, is due to a change
in distributions of the current and gas temperature in the
constrictor. With increasing Rg, the high temperature region of the gas is distributed upstream of the constrictor
along with the current, and the majority of the constrictor wall after the arc attachment is exposed to the high
temperature gas, which increases the heat conduction to
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the anode heat loss fraction r. is defined by
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power, and 10 % of the total electrode heat loss. Here,

c
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the upstream anode, which can be largely reduced by con-

140

stricting the arc. And, the heat loss is chiefly transferred
to the downstream anode by the electron flux, which is independent of the pressure but dominated by the number
of electrons, namely, the discharge current.

Current (A)
Fig. 8. Characteristics of anode heat loss fraction
rha for various Rg.
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eluded, while radiative heat transfer is ignored.
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* The Lorentz force due to the self-induced magnetic
field can be neglected because of the small current
involved.
*.....
The flow is in a local thermal equilibrium (LTE), and
all physical properties obey LTE equations except at
both ends of the arc column where the electrode po-
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4.2 Governing Equations
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Arcjet flow is numerically solved in a time marching
fashion. The governing equations for aerodynamic properties are written in conservative form as:
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Variation of anode heat loss fraction with
switching off and electrically floating upstream anode.
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A two-dimensional numerical model of arcjet flow is
introduced to obtain a further understanding of arc discharge and flow characteristics in the constrictor. Because of existence of the arc column at the thruster center axis in the constrictor, thermodynamic and electromagnetic properties of arcjet flow change drastically according to the position in the axial and radial direction.
Some successful numerical results have been presented
using multi-channel models in a quasi-one dimensional
manner[ 5][ 6 1'[
] 7 , however, because the actual flow has
continually changing physical properties in the radial direction, a two dimensional model is considered to be appropriate in order to explain the discharge behavior in the
constrictor.
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with density p, radial and axial velocity components u
and v respectively, total energy per unit volume e, pressure p, coefficient of heat conductivity K, temperature T,
current density j, and electric field E, where subscripts r
and z represent the radial and axial component, respectively. The total energy e is the sum of the specific internal
energy, ionization energy, and kinetic energy, given by

4.1 Arcjet Flow Model
A Numerical analysis was performed for the arcjet
used in the experiment. Because it is time-consuming
and unnecessary to calculate the whole region inside the

(1 + a)pkBT
e=
(1 -

p(u2 + tv2 )

pac
+

+

(3)
2

)a

arcjet, only the constrictor region, which consists of part

where o is the degree of ionization, kB the Boltzmann's

of the plenum chamber, the entire constrictor, and part

constant, m, the mass of a neutral atom,

of the expansion nozzle, is specified as the calculation do-

7 the specific

heat ratio, and c, the ionization potential. The degree of

main in the present analysis. Figure 11 illustrates an ex-

ionization is related to p and T by the Saha equilibrium

ample of the calculation domain with a numerically gen-

formula based on the LTE assumption:

erated perpendicular grid. The assumptions introduced
to the model are as follows:

2

* Argon gas is specified as the propellant, which is assumed to be slightly ionized, and composed of electrons, singly charged ions, and neutral atoms.
* The flow is laminar, compressible and inviscid. Thermal conduction and Joule heat generation are in-

1 -o

2rmk
\

2

h ,

(

2fam
f

exp

ka(4)

where m, is the mass of an electron, h is the Planck's constant, and fa and fi are internal parts of partition functions for neutral atoms and ions respectively, which are
defined as the sum of available electronic energy levels([8.
5
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The total heat flux in a slightly ionized plasma can
be thought of as the sum of the atomic and the electron
heat flux, thus the thermal conductivity K is defined by

The equation of state for singly ionized perfect gas is written as
(5)
p= (1+a)BT
(5)
)p
P =(+
ma

5
Ka =

0

.

+

10

KS.H =4.40x10

(9)

s.H =1.53 x 10-

T
[S]

2

In A

(11)

(12)

(kT)
e3

(18)

The Rectangular curvilinear coordinates are applied
to the calculation zone as illustrated in Fig. 11 by
numerically solving the Dirichlet problems of the Laplace
elliptic equations. Then, coordinate transformation is introduced to Eq. (2). The transformed fluid dynamic equation is calculated by the Harten-Yee's explicit symmetric
scheme [1 1 ]',12 , while the electric potential, Eq. (9),
is solved by the finite element method (FEM) making use
of the same rectangular grid system.
Figure 12 shows the flowchart of the arcjet calculation
code. The computational code consists of three modules.

S1
32

[W/mK].

4.3 Numerical Procedure

where e is the charge of an electron, n, and n, are number
densities of electrons and neutral atoms respectively, Q()
is the momentum transfer cross section for electron-atom
scattering, and A is the ratio of the Debye length to the
impact parameter in 900 Coulomb scattering, defined by
A

-T

'

If ionization and recombination processes are in the
complete equilibrium, Eq. (4) gives the proper degree of
ionization, then the electric and the thermal conductivity
are calculated accurately from Eqs. (10) and (14), respectively. However, the LTE assumption can be unacceptable
when approaching the ends of the arc column, namely the
electrode potential drop region. Because of a locally intensified electric field in this region, the temperatures of
atoms, ions, and electrons are different, and the collisional
ionization is greater than the thermal ionization. Due to
such non-equilibrium effects, even at low gas temperature,
there exist a greater number of charged particles than is
by the LTE equations. Although the electrode
drop is not included in the present calculation model, in
order to take account of the increase in charged particles, the degree of ionization of the propellant gas is not
allowed to decrease below the threshold value in the electrode potential drop region. The threshold value is set to
1x 10- in the calculation.

s.H.

e-ne
,
n
V
V, mekBTaQ eoa

' n aQ

'2

where ae is the conductivity contributed by electronatom elastic collisions, and as.H. the Spitzer-Hirm electric conductivity[ 9 due to electron-ion and electroncollisions. The expressions for aea and
electron Coulomb
electrn
cllisinslb
e eppredicted
Sare respectively given by
ea=

5knT(17)

e

(10)

+

\Tea

KS.H.

with

in terms of r = or.
The electric conductivity function a is derived from
the electron motion in the medium, with regard to electron elastic collisions with neutral atoms, ions, and electrons:
_
S(

(16)

Kea

where a is the electric conductivity. Equation (7) relates
the electric potential 0 to E by E =V4. Solving Eqs. (6)
to (8) with this relation yields
S

+To(15)

L+
1

(7)
(8)

j = E

(kBT)i
iT

in terms of constants ro = 1.43 x 10-' 0 [m] and To =
169.9[K] for argon species. The electron thermal conductivity n is defined in the same manner as a, that is,

(6)

VxE = 0,

(14)

K

where i, and e are the atomic and the electron thermal conductivity, respectively. Adoption of the Sutherland's empirical atom-atom momentum transfer cross section into ca yields

(6)

v-j = 0,S=0,

, +

l =

Because the electric field changes at relativistic
speeds while the fluid flow is considered at sonic velocities, we can assume that, using time step of iteration 6t
which is determined by the Neumann stability criterion
for Eq. (2), there is an instantaneous change in the electric field at the beginning of each iteration after which it
can be considered steady state. Thus, the electric field
is solved and expressed in steady state form in each iteration of fluid flow calculations. Excluding the magnetic
field, steady state Maxwell's equations and Ohm's law are
given by

(13)
'TVD

The function Q() is defined by approximating the experimental values [ 101 as the temperature-dependent polynomial Q(T).
6
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In the module A, a perpendicular grid is generated for an
arbitrary electrode geometry specified with the electrodeStart
parameters listed in Table I. With this grid, followed
by propellant mass flow rate specification, the module B
solves for isentropic flow without heat generation in the
TVD scheme, after which the solution is used as an initial state for the module C. At the beginning of the calculation in the module C, the total discharge current I
is specified, then a straight breakdown path is initiated
between the cathode tip and the constrictor's upstream
edge by increasing the total enthalpy of the gas along the
breakdown path. The total number of iteration steps required for convergence of a simulation is subject to how
the breakdown path is initiated, however, steady state
solutions are found independent of the breakdown path.
Steady state arcjet flow is subsonic at the inlet, accelerated through the constrictor, and finally turns supersonic in the expansion nozzle. It follows from this fact that
only three of the four independent variables of the twodimensional flow can be specified at the inlet, while none
at the nozzle exit. Considering this, at the inlet boundary, the values of rh and the total enthalpy at T=300[K]
are given, and the flow is set parallel to the curvilinear coordinate corresponding to z axis, namely the streamline
obtained as a solution of the Laplace equation. The inlet
static pressure or a density is self-determined through the
calculation. At the exit boundary, all variables are evaluated by second-order upstream extrapolation as long as
the outflow is supersonic. If the outflow is not supersonic,
an exit pressure low enough to sustain supersonic flow is
given until the Mach number at the nozzle exit exceeds
1. With the axisymmetric assumption, radial derivatives
of variables are set equal to 0 on the thruster center axis.
On the electrode surfaces, normal momentum balance is
taken into consideration:
1 p

_

U

Module A]

Grid generation

Electrode geometry
Dc, Re, Rg, On, Op, 0,
Grid generation

Module B]

Initial flow calculation
m

Isentropic flow calculation
in explicit symmetric TVD scheme

[Module C]

Arcjet flow calculation
/

I
Initiation

Calculation of a, n, and n,
Calculation of a and K
Calculation of

4,

E and j by FEM
Calculation of 6p, 6pu, 6pv and 6e
in explicit symmetric TVD scheme

(19)

RI

p an

where Op/n represents a normal derivative of the pressure, Ut the tangential velocity, and R, the radius of local
curvature. The tangential velocity is determined by firstorder extrapolation of
v 2 . The values of u and v on
the electrode surfaces are determined by applying the slip
condition to U,. Fixed wall temperatures of 3000 and 900

No.
Converge?

End
rD

12. Flowchart of arcjet calculation code.

SFig.
SK

are given to cathode and constrictor surface, respec-

tively. In the plenum chamber, the anode wall tempera-

S

ture is linearly decreased from 900 K at the constrictor
to 400 K at the upstream boundary. Similarly, the nozzle surface temperature is linearly decreased from 900 K
at the constrictor to 500 K at the downstream boundary.
These values are estimated from the experimental result.
In the present model, the total current I is chosen as
one of the input parameters, and the discharge voltage is
self-determined through the calculation. Because a is re-

R

Fig. 11.

Calculation domain with 90x30 perpendicular grid (D = 2.0mm, Rc = 2.0, R,= 0.25,
On =300, 0, =45*, Ot =30*).
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Example of calculated distributions of (a)Mach number, (b)density, (c)temperature, (d)velocity

vectors, (e)current density, and (f)current density vectors ( m= 208.3[mg/s], I= 80[A], R= 0.25;
magnified detail drawings around the constrictor).
source term, the Courant-Friedrichs-Lewy (CFL) number
was limited below 0.075 for computational stability. A
5
steady state is obtained after the first 3 x 10 time steps
from the initiation, which takes about 8 hours in a single
simulation.
As a typical example of a calculation result, Fig. 13
shows a magnified detail drawing around the constrictor,
representing distributions of (a)Mach number, (b)density,
(c)temperature, (d)velocity vectors, (e)current density,
and (f)current density vectors. From the Mach number
contours, it is found that the flow turn supersonic just
after the anode attachment, which agrees well with the
[5 [6
Chapman-Jogouet deflagration ] ]. The arc column is
located at the thruster axis, surrounded by a cold gas envelope with low temperature and high density. Due to
the thermal conduction from the arc, the cold gas envelope gradually shrinks while the arc column increases in
diameter, and finally, the arc attaches to the anode, ending the cold gas envelope.
The calculated voltage-current characteristics of the
arc discharge is shown in Fig. 14 for each mass flow rate

garded to be a locally defined frozen coefficient for Eq. (9)
in each iteration, the calculated current density, electric
field, and total current are proportional to the given discharge voltage. This allows evaluation of the proper discharge voltage for a specified total current in the following manner; (1) the transient current I is calculated by
n
Eq. (9) using the discharge voltage V( ) obtained in the
(n)th iteration, then (2) the n + 1)th discharge voltage
is given by V/(") = V")x I/I.
5 Numerical Results
In the present study, the electrode configuration was
specified corresponding to the DC arcjet used in the experiment. Numerical simulations were performed for two
propellant mass flow rates, 89.3 and 208.3 mg/sec, with
a variation of discharge current from 60 to 120 A and
R 9 from 0 to 0.5. All of the computations were done
on a HP 9000/730 computer. Due to the strong nonlinearity of heat generation and thermal conduction in the
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and values of calculated va are smaller than they
in the experimental results. However, the numerically
obtained anode heat loss fraction shows good agreement
writh the thermal conductive characteristics derived from

igas,
Iare
20 -

o8

the current
rate. and Rg, and a decrease with increasing mass
the calculated flow field, the gas temperature is

S-flow

0In
0

40

S8.3tip.
I
I

60

80

Current

I

100

I

120

found to be the highest just downstream of the cathode
The maximum gas temperature for each mass flow
rate and Rg is shown in Fig. 16. The calculated plenum

140

chamber pressure is also plotted in the figure. It is noted
that, when the propellant mass flow rate is increased, the

(A)

and R 9 . Two distinctive trends - (1) a decrease in voltage with increasing current and (2) an increase in voltage
with increasing mass flow rate - are in good agreement
with the experiment. However, the discharge voltages
seen in the figure are lower than they are observed in
the experiment. It is because the the electrode potential
drop, typically 10 - 20 V 13 ], is neglected in the numerical
model.

maximum gas temperature does not decrease but slightly
increases. This fact suggests that an increase in the mass
flow rate does not uniformly decrease
sa.
the gas temperature in the whole flow field, but changes its distribution.
A larger amount of propellant gas is associated with high
pressure and density around the arc column, which confines and constricts the high temperature arc column at
the center. It is also found that the maximum gas temperature decreases with increasing Re in Fig. 16, accompanied with higher anode heat loss fraction as seen in
Fig. 15. This is because the constriction of the arc column is somewhat relaxed. When the arc column is lo-

The anode heat loss fraction ra is also evaluated by
Eq. (1) in the simulation. The variation of calculated r is
plotted against the current in Fig. 15. Because neither the
radiative heat transfer nor electron flux absorption in the
electrode surface is taken into c
iosideration,
the anode

cated in the constrictor, the thermal energy transferred
from the arc into the surrounding cold gas envelope is
immediately carried downstream due to the high speed
of the stream, hence the arc column increases in diameter slowly downstream from the cathode tip. Conversely,

heat flux is only caused by the thermal conduction of the

when the arc column is located upstream of the constric-

Fig. 15.

Characteristics of numerically obtained anode heat loss fraction
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Fig. 17. Distributions of anode heat flux and current along the constrictor wall in comparison with current
and temperature contours in flow field ( (a) h = 89.3 [mg/s], I= 100 [A], R = 0.5 ; (b) rh= 89.3
[mg/s], I= 100 [A], Rg= 0.0 ; (c) rh= 208.3 [mg/s], I= 100 [A], R,= 0.0 ; (d) mh=208.3 [mg/s],
S= 60 [A], R,= 0.0 ).
flux to downstream part of the constrictor, and somewhat
reduces the anode heat flux in comparison with (a). In
Fig. 17(c), the propellant mass flow rate is raised to 208.3
mg/s, which redistributes the current and anode heat flux
more downstream and constricts the arc column in comparison with (b). With a large amount of propellant given
for a relatively small current, the arc column is more intensely constricted as seen in Fig. 17(d). In this case,
a large area of the constrictor wall is insulated from the
arc, and only the portion behind the arc attachment is in
contact with the high temperature gas, which eventually
decreases the anode heat loss.

tor where the flow is at relatively low speeds, its diameter
increases rapidly, and the high temperature plasma is not
well confined.
In Figs. 17(a) to (d), the distributions of the temperature, current density, current to the anode, and the anode
heat flux for four different operation points are compared.
The arcjet is operated with rn = 89.3[mg/s], I = 100[A],
and Rg= 0.5 in Fig. 17(a). Here, the arc column is found
wide-spread in the plenum chamber, and the anode heat
flux is significantly transferred from the arc. A decrease
of Rg in Fig. 17(b) confines the high temperature gas at
the center, redistributes both the current and anode heat
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As discussed above, an increase in plenum chamber pressure has the multiple benefits of constricting the
arc column, increasing the arc column length, increasing
the discharge voltage, and correspondingly decreasing the
current for a fixed electric input power. The constriction
of the arc column decreases the anode heat flux from the
arc, and a decrease in current reduces the electron flux
absorbed in the anode, both of which will contribute to
high thermal efficiency of DC arcjets. From a thruster design standpoint, a decrease in constrictor diameter may
be promising because it can rise the plenum chamber pressure without excessively increasing the propellant. In order to apply this numerical model to practical use, further
investigations will be required with variation in the electrode parameters.
trode parameters.

[5] Schrade. H. O. and Sleziona, P. C., "Performance Calculation of an H2 Arcjet by Means of
a Dual Channel Model," 20th IEPC, GarmischPartenkirchen, F.G.R., IEPC 88-104, October, 1988.
[6] Sasoh, A., "An Analytical Study on Positive Column in an Arcjet Thruster," 21th IEPC, Orlando,
FL, AIAA 90-2564, July, 1990.
[7] Tahara, H., Sakakibara, T., Onoe, K., and
Yoshikawa, T., "Experimental and Numerical Studies of a 10 kW Water-Cooled Arcjet Thruster," 22rd
IEPC, Viareggio, Italy, IEPC 91-015, October, 1991.
[8] Fowler, R., and Guggenheim, E. A., Statistical Thermodynamics, Cambridge University Press, New York,
1952.
[9] Spitzer, L., Jr., Physics of Fully Ionized Gases, Interscience Publishers, New York, 1962.
[10] Gilardini, A., Low Energy Electron Collisions in
Gases, John Wiley & Sons, Inc., New York, 1972.
[11] Yee, H. C., Warming, R. F. and Harten, A., "Implicit Total Variation Diminishing (TVD) Schemes
for Steady-State Calculations," Journalof Computational Py
, ol. 5,
,pp-327-360.
tional Phys cs, Vo. 57, 1985, pp.- 3 2 7- 36
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Symmetric TVD Schemes and Their Applications,"
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[13] Kuninaka, H., Ishii, M., and Kuriki, K., "Experimental Study on a Low-Power Direct Current Arcjet,"
Journal of Propulsion, Vol. 2, No. 5, 1986, pp.408413.

6 Summary
Experimental results show that the discharge current
distribution is subject to the total discharge current, the
plenum chamber pressure, and the electrode geometry.
The thermal energy deposited to the anode surface is
chiefly transferred by the electron flux absorbed by the
anode, and by thermal conduction of the gas. The electron flux is related to the total discharge current, while
the thermal conduction is strongly dependent on the constriction of the arc column. The anode heat loss decreases
with the arc attachment entering the constrictor and being located downstream, because a cold gas envelope is
formed around the arc column. This confines the arc at
the center, and thermally and electrically insulates a good
portion of the constrictor surface from the high temperature plasma core.
A two dimensional numerical analysis agreed well
with the experimental results, and explained the arc column behavior in detail. In contact with the arc column,
the cold gas envelope is gradually heated and decreases
in thickness due to thermal conduction from the arc column. The arc column conversely increases in diameter,
and finally expands to attach to the anode wall.
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