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Applied-Field Magnetoplasmadynamic Thrusters, Part 1:
Numerical Simulations Using the MACH2 Code
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Numerical modeling of the NASA Lewis Research Center 100-kW, steady-state, applied-� eld magnetoplasmady-
namic thruster is performed using the magnetohydrodynamicscode MACH2 for a range of applied magnetic � eld
strengths and discharge currents. Overall performance trends, obtained experimentally with argon propellant,
are captured by the simulations. Magnitudes of plasma voltage vs applied � eld strength also agree well. Inter-
rogation of the calculated � ow� eld offers a new visualization of applied-� eld magnetoplasmadynamic thruster
operation, comprising the following elements: 1) the back electromotive force is the dominant contributor to the
plasma voltage for the geometry examined; 2) viscous forces oppose applied azimuthal electromagnetic forces and
limit the maximum rotational speed to a constant independent of applied � eld or current value; 3) viscous heating
and conversion of thermal energy to axial directed kinetic energy is the main acceleration mechanism; and 4) the
low-density, low-conductivity argon plasma for the regime examined does not interact with the applied � eld in the
manner of a magnetic nozzle.

Nomenclature
A = atomic weight, amu
B = magnetic induction, T
e = elementary charge, C
G = shear modulus, kg/m-s3

g = metric tensor
I = current, A
j = current density, A/m2

K = thermal conductivity, J/m-s-eV
n = number density, /m3

P = pressure, J/m3

Q = numerical viscosity term, J/m3

Te, I = electron, ion temperature, eV
t = time, s
u = � ow velocity, m/s
V = plasma voltage, V
w = azimuthal speed, m/s
d = Kronecker delta
e = speci� c internal energy, J/kg
f = number of free electrons/ion
g = electrical resistivity/l o , m2/s
l = viscosity coef� cient, kg/m-s
l o = permeability of free space, H/m
q = mass density, kg/m3

r = stress tensor, J/m3

Subscripts

e = electron
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I = ion
o = neutral
r, h , z = physical dimensions: radial, azimuthal, axial

Introduction

A PPLIED-FIELD magnetoplasmadynamic(MPD) thrustersof-
fer speci� c impulse values that are unattainable by conven-

tional chemical or nuclear propulsion. The simple design and ro-
bustnessof MPD thrusters are attractive features compared to other
electricpropulsiondevices.The lower current requirementand gen-
erally higher exhibited ef� ciency of applied-� eld devices also pro-
vide an advantageover self-� eld thrustersfor lower power missions.
To date however, applied-�eld MPD thrusters have not consistently
demonstratedadequateef� ciencies(>30%). This may be caused by
insuf� cient comprehension of acceleration and power loss mecha-
nisms, the lattershown to bedominatedbyanodepower deposition.1

Research over the last 30 years has mainly been empirical and thus
is only able to address the geometries and operating conditionsof a
limited numberof thrusters.Theoreticalattemptshave not produced
models that capture the trends and magnitudes of the experimental
data,without resortingto arbitraryassumptionsaboutvelocitylimits
or conversion of rotational energy.

The concept of the applied-� eld MPD acceleration is based on
conversion of rotational (i.e., azimuthal) energy via expansion in
a magnetic nozzle. This rotational energy is provided by the elec-
tromagnetic force caused by the interaction of the applied in-plane
magnetic � eld and the discharge current as shown in Fig. 1. In-
duced azimuthal Hall currents interact with the applied magnetic
� eld to produce a radially con� ning electromagnetic force, jh Bz .
This con� nement in the exhaust region presents the opportunity of
azimuthal kinetic energy conversion into axially directed thrust en-
ergy. All previousefforts have concentratedin either modeling such
a process or providing scaling laws based on the assumption that
this type of conversion is the main thrust contributor.

One of the earlier theoreticalapproacheswas that of Krulle2 who
used a simple set of � ow equations with an assumed applied-� eld
distribution to study accelerationmechanisms at low current densi-
ties and mass-� ow rates.The model assumes that the plasma is fully
ionized and the self-induced� elds are negligiblewhen compared to
the applied � eld. He determined that a considerablepart of the total
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Fig. 1 Applied-� eld MPD thruster schematic with applied and in-
duced � elds and currents and dominatingelectromagnetic forces shown.

thrust was caused by pressure forces balancing the radial con� ne-
ment by the jh Bz body force. Substantial azimuthal Hall currents
were also calculated well downstream of the thruster’s exit. The
magnitude of these currents and their persistence downstream of
the exhaust plane increased with increasing applied-� eld strength.

In their treatment of applied-� eld acceleration mechanisms,
Tanaka and Kimura3 used a two-dimensional set of electromag-
netic equations with a quasi-one-dimensional set of � uid equations.
This model examinedoperationwith argonpropellantat 0.1 g/s, dis-
charge currents of 1000–2000 A and applied � eld strengths of 0.1–

0.2 T at the cathode tip. It showed that substantialHall currents and
plasma rotation were produced from the interaction of the applied
� eld with the dischargecurrent.This plasma rotationwas converted
to axial momentum via expansion through a magnetic nozzle.

In an experimental study with a 10–35 kW steady-state applied-
� eld MPD thruster using lithium, Fradkin4 found a linear variation
of thrust with the productof dischargecurrent and appliedmagnetic
� eld strength IB. He also measured large azimuthal Hall currents
downstream of the thruster and observed two operating modes for
the arc voltage: a high-voltage mode (I < 400 A, Çm < 30 mg/s),
during which the voltage varied parabolically with applied � eld
strength,anda low-voltagemode, in which the same relationwas lin-
ear. These were explainedvia a rotatingplasma model that assumed
the plasma rotates as a homopolarmotor. The rotationalenergy was
assumed to be converted completely to axial kinetic energy. This
produced simple analytic expressions that scaled thrust as IB and
voltage as IB2 and B for the high- and low-voltage modes, respec-
tively.The latter linearbehaviorwith B was basedon theassumption
of limiting the rotational speed to Alfvén critical velocity.

The most recent and extensiveexperimentalstudyof applied-� eld
MPD thrusterswas that of Myers5 with a 100-kW-levelsteady-state
thruster.A wide rangeof geometries,for argonandhydrogenpropel-
lants, was examined for applied � eld strengths of 0.03–0.2 T at the
cathode tip, discharge currents of 750–2000 A, and mass-� ow rates
of 25–140 mg/s. The observation was made that both thrust and
voltage seemed to increase linearly with increasing applied mag-
netic � eld strength and discharge current. This was independent of
geometry,mass-� ow rate, and propellanttype.Thrust and discharge
voltage increased parabolically with increasing anode radius, but
decreased with increasing cathode radius. Thrust magnitudes im-
proved with increasing electrode length, but ef� ciency decreased.
The voltage was independentof cathode length, but increased with
decreasinganode length. A signi� cant portionof the power was de-
posited in the anode for all operatingconditions.Thrust ef� ciencies
did not exceed 30%.

Sasoh and Arakawa6 developeda thrust equation for an applied-
� eld MPD thruster based on energy conservation considerations.
They assumed that the work done by the electromagnetic forces
is all converted into axial-directedkinetic energy. The acceleration
mechanismsconsideredwere Hall, rotational,and self-magneticac-
celerations.This formulashowedthatformoderateappliedmagnetic
� eld strengths (0.07–0.19 T) the Hall and swirl accelerationsare the
main thrust contributors for the low discharge currents (I < 400 A)

and mass-� ow rates ( Çm < 30 mg/s). Comparisons with experiments
were limited and constrained by gross assumptions.For higher dis-
charge currents and mass-� ow rates the thrust formula underesti-
mates the experimental thrust, suggestingan increasinglyimportant
electrothermalcomponent.

The highly interactive physical processes present in the applied-
� eld MPD thruster require a complete theory rather than examina-
tion of isolated phenomena or gross assumptions. Solution of the
set of equations that include all of the possible relevant physics
is necessary. This is one of the objectives of the present paper in
which numerical techniques are employed to simulate thruster be-
havior. Once accomplished,interrogationof the simulated � ow� eld
can de� ne the dominant accelerationprocessand provide additional
insights.A companionpaperuses these insights to derivesimple an-
alytic expressions for the thrust and voltage that capture trends and
magnitudes exhibited in the experiments.

MACH2 Code
MACH2 is a time-dependent, two-dimensional axisymmetric,

single-� uid, multitemperature, nonideal radiation, magnetohydro-
dynamics (MHD) code that has been used to model a variety of
laboratoryplasma experiments.7 In all cases the use of the code has
allowed better understanding of the physical phenomena involved
and had great success in developing ways to improve experimental
performance.

The code computesall three componentsof velocityandmagnetic
� eld as functions of the two spatial coordinates. It provides com-
putation in either planar or cylindrical geometry and can manage
almost any geometric con� guration without any code modi� cation.
This broad geometric class of domains is handled by division of
the physical domain into appropriate block-like regions, which in
turn are transformed into logical rectangular blocks that make up
the computational domain.8 Initial conditions require the input of
mass density, temperature(s), and applied magnetic � eld for each
physical block.

MHD Equations

The single-� uid MHD equations used in MACH2 include the
continuity equation, the momentum equation in three-vector form,
a set of energy equations, and the magnetic � eld transport equation
(Summation is indicated by repeated indices.):

Continuity:

@q
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Momentum:
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where the stress tensor was only appropriate to handle material
strength. This was revised to model a viscous isotropic � uid that
upgraded the code into a Navier–Stokes solver:

Electron speci� c internal energy:
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where vel is the thermal equilibrationfrequency.The radiationmod-
els available include radiation cooling in optically thin limit and
equilibrium radiation diffusion along with a nonequilibriumradia-
tion diffusion theory.

Ion speci� c internal energy:
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Magnetic induction:

@B
@t

= ¯r £ (u £ B) ¡ ¯r £ (´ ¯r £ B) ¡ ¯r £ 1
e l one

( ¯r £ B £ B)

(5)



MIKELLIDES, TURCHI, AND RODERICK 889

The set of equations is closed with the addition of an equation
of state and a caloric equation of state that prescribe the species’
pressure and speci� c internal energy in terms of the species’ num-
ber densities and temperatures. They can be either analytical or
tabular; the analytical equations include the ideal gas model and
a model appropriate for solids. The tabular model9 in the code is
the SESAME Equation-of-StateLibrary.10 Its database includes the
standard thermodynamic quantities, along with the fractional ion-
ization state based on local thermodynamic equilibrium and trans-
port coef� cients. The tabular look-up aspect of the code is easily
adapted to input tabular equation of state models supplied by the
user.

Transport Coef� cients

The viscosity coef� cient model was upgraded to a two-
temperature,partiallyionizedgas that containss numberof different
heavy species of approximately equal mass m; it is given by11

l =
1

2
a mC̄

s

i = 1

n i k i (6)

where C̄ is the mean thermal speed, ni is the number density, k i

is the mean free path, and a is a numerical factor equal to 0.998.
The model assumes that for a degree of ionizationbetween zero and
one only atoms and single ions constitute the gas, for a degree of
ionizationbetween one and two only single and double ions exist in
the plasma, and so on, up to an unlimiteddegree of ionization.12 The
ion thermal conductivity model was also improved in consistency
with the aforementionedmodel, under the assumption of a constant
Prandtl number of 2

3 :

K I =
f k

( c ¡ 1)m
l (7)

where f is a factor equal to 2.5 (it never exceeds 2.511 for atoms
repelling each other with a force that varies inversely with some
power of the distance, and it never exceeds 2.522 for rigid elastic
spheres11), k is the Boltzmann constant, and c is the ratio of speci� c
heats. The classical Spitzer–Härm model13 is implemented for the
electron thermal conductivity

Ke =
3.103 £ 104[4.1 ¡ 15.5/ (4 + f )]T

5
2

e

f 2 K
(J/m-s-eV) (8)

where A is the atomic weight, K is the Coulomb logarithm, and
f is the number of free electrons per ion (f ¸ 1 when used in these
models).

The electrical resistivity models simulate both classical particle-
particle interactions and anomalous particle-turbulent � elds inter-
actions. The classical component is based on the Spitzer–Härm13

model for fully ionized gas:

g ? = 1.0328 £ 10 ¡ 4 f K T
3
2

e (9)

under the con� rmed assumption that Coulomb collisions domi-
nate. The anomalous resistivity model14,15 used for the present
calculations is based on the assumption that the lower-hybrid
drift microinstability is the dominant contributor to any particle-
wave interactions—appropriate for plasmas con� ned by magnetic
� elds—and adds to the preceding classical value

g a =
0.7me

e
p

e o

A

q ¯f
(1 ¡ e ¡ ude / u ia ) 1 + 0.3

ude

u ia

B2

B2 + C f q / A

(10)

where ude is the electron drift speed, u ia is the ion acoustic speed,
and C =6.1544 £ 107 m3-T2.

Boundary Conditions

Application of the boundary conditions in MACH2 is carried out
by the ghost-cell technique, discussed in more detail later, which
eliminates the need for special boundary differencing expressions.

Magnetic � eld boundary conditions include appropriate expres-
sions for idealized conductor and insulator surfaces and the axis of
cylindrical symmetry. For steady-state problems the poloidal mag-
netic � eld boundary conditions have to allow evolution in response
to azimuthalcurrentsgeneratedand sustainedby the plasma in addi-
tion to any other applied � elds generatedby external coils. This new
model was integratedinto the codevia theBiot–Savart law under the
assumptionthat individualcells generatedby thecomputationalgrid
act as circular, current-carrying� laments that contribute to the total
poloidal � eld at the boundaries.12 Any external � eld coil windings
add their contributions in the same manner. Hydrodynamic bound-
ary conditions can be either free-slip or no-slip, whereas thermal
conduction boundary conditions can also be of two types: no heat
� ux (adiabatic) or conduction to a � xed wall temperature. Model-
ing of inlets requires input of the inlet temperature(s), density, and
velocity, whereas at an outlet the conditions inside the boundary
determine the state outside by not allowing any gradients perpen-
dicular to the boundary. The axis of cylindrical symmetry re� ects
that the conditionsjust outside the problem boundary are the mirror
image of those just inside of it.

Numerical Scheme

The physical model described in the preceding sections is solved
numerically by a time-split, time-marching algorithm. Time split-
ting consists of the sequential application of separate portions of
a system of equations, rather than the simultaneous application of
the entire set. The thermal and equilibrium radiation diffusion, re-
sistive diffusion, and the Lagrangian hydrodynamics are done with
implicit time differencing, whereas radiation cooling, coordinate
system motion, convective transport, and the Hall effect are carried
out with explicit differencing.MACH2 controls the time step such
that the stability of the explicit differencing is maintained.

The � nitevolumeapproachis usedfor the spatialdifferencingfor-
mulas. The adaptive ideal coordinatesystem is generatedby solving
a variationalproblem of the block complex using a weight function
selected from a standard family of user-speci�ed parameters. The
grid’s subsequentmotion uses an arbitrary-Lagrangian-Eulerian ap-
proach. This allows it to move in either Lagrangian, Eulerian, or
arbitrary fashion with respect to the � uid. This method provides
a means of avoiding negative aspects that can arise from purely
Lagrangian (coordinate distortion) or purely Eulerian (numerical
diffusion) calculations,while providinghigher resolutionin regions
of physical interest and solution con� rmation.

Application of the boundary conditions and communication be-
tween neighboring blocks that make up the computational domain
are carried out by the ghost-cell technique. Each side of a block’s
boundary is extended by one more row of cells, the ghost cells to
which the special boundary conditions are applied. Then the full
difference equations can be applied to points on the region bound-
ary just as to the interior points because the region containing data
is larger than the physical region.

Numerical Modeling
MACH2 was used to simulate a steady-state,applied-� eld, argon

MPD thruster at the NASA Lewis Research Center because of the
wide range of experimental data5 (also, personal communication
by R. M. Myers, Svedrup Technology, Inc., Lewis Research Cen-
ter Group, 1994) available. The baseline con� guration, shown in
Fig. 2, consists of a 1.27-cm radius cathode and a 5.1-cm radius
anode, both of which are 7.6 cm long. The magnet coil that pro-
vides the applied � eld is 15.3 cm long with a 10.15-cm radius and
is placed with one end � ush with the exit plane. The experimental
operating conditions simulated at the inlet were argon propellant at
0.1 g/s under the assumption of uniform mass injection at the back-
plate. The applied magnetic � eld strength was varied from 0.034 to
0.102 T, as measured at the cathode tip, and the discharge current
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Fig. 2 Geometry of the NASA LeRC applied-� eld MPD thrusters sim-
ulated. The computational domain is encompassed by the dashed lines
extending 20 cm downstream of the thruster’s exit. Dimensions are in
centimeters.

Fig. 3 Thrust vs applied magnetic � eld strength (at the cathode tip).
Argon at 0.1 g/s and discharge current of 1000 A.

from 750 to 1250 A. The � uid formulation was two-temperature,
viscous, with real equations of state. No slip was assumed at the
walls, and the cathode and anode were � xed at temperatures of 0.2
and 0.1 eV, respectively. The partially ionized gas viscosity and
thermal conductivity models, along with the anomalous electrical
resistivity model already outlined, were incorporated. The com-
putational grid was Eulerian and extended 30 cm downstream of
the backplate with 12 £ 14 cells resolving the discharge chamber.
The plume region was more coarsely resolved in the axial direction
with outlet boundary conditions, excluding of course the axis of
symmetry.

Overall Modeling

The � ve steady-state cases computed provide thrust and plasma
voltage variations with respect to applied magnetic � eld strength
and dischargecurrent.The very-low-densityenvironment typicalof
these thrusters along with the explicit formulation of the Hall effect
resulted in quite a computationally adverse series of simulations.
Numerical time steps were limited to the order of a few nanosec-
onds, but steady state typicallywas not attaineduntil half a millisec-
ond of operation. This in turn implies that numerical energy losses
and errors may be increased, as compared to unsteady problems,
because of the increased number of cycling through the full set of
equations.

Thrust is computed at the outlet boundaries of the computa-
tional region, the resultsof which are comparedwith experimentsin
Figs. 3 and 4. The seemingly linear increase of thrust with applied
� eld and dischargecurrent is apparentlycapturedby the theory, sug-

Fig. 4 Thrust vs discharge current. Argon at 0.1 g/s and 0.034 T (at
cathode tip).

Fig. 5 Plasma voltage vs applied magnetic � eld strength (at the cath-
ode tip). Argon at 0.1 g/s and discharge current of 1000 A.

gesting that the main acceleration mechanisms which provide such
behavior are included in MACH2.

Plasma voltage is de� ned as the discharge voltage excluding fall
voltages. Fall voltages occur within sheath regions in the proximity
of the electrodesand were experimentallyobtainedby proper reduc-
tionof thecalorimetricallymeasuredpower lost to theseelectrodes.5

MACH2 predictionsare comparedwith experimentaldata in Fig. 5.
The linear voltage dependence on the applied-� eld strength is ac-
curately predicted, establishing that the manner by which energy is
deposited in the plasma is contained in the MACH2 physics.

The discrepancies of the thrust computations with experiment
may be qualitatively attributed to erroneous calculations of a very
low-density region extending from the cathode tip. Besides the fact
that in general such a region is governed by a specialized set of
physics, the spinningexhaustingplasma demandsminimum density
in this area possibly rendering it outside the overall MACH2 con-
tinuum assumption. Plasma voltage calculations do not share the
discrepancies because they do not include the cathode tip region.
Unless specializedmodels are includedin MACH2 to transitioncal-
culations properly to such regions the discrepancy cannot be quan-
ti� ed. Similarly, total voltage calculations could not be performed
because MACH2 does not include the specialized sheath models
necessary to resolve regions in the electrode vicinity. However, the
comparisons with experiment do provide enough con� dence to ex-
tract useful insights as to the thruster’s overall operation.

Detailed Modeling

With a considerable amount of con� dence in the predictive ca-
pabilities of the theory, we now proceed to interrogate the ba-
sic � ow� eld properties with the following objectives: identify the
main plasma energy deposition source(s), explain the dependence
of voltage on controlled external parameters, and identify the main
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accelerationmechanism(s). These will be accomplishedby examin-
ing the distributionsof the principal variables in both the discharge
chamber and plume for the 0.102 T, 1000 A simulated case.

Figures 6 and 7 depict the two-dimensional distributions of the
enclosed current contours, magnetic � ux, azimuthal speed, and
in-plane velocity vectors. We note a small distension of current
downstreamof theexit plane,allowingan accuratecalculationof the
total applied azimuthal electromagnetic force by integration of the
body force over the chamber’s volume. This results in a total force
of 3.486 N, which shows the insigni� cance of current distribution
when comparedto a simple calculationof IB(ra ¡ rc) of 3.91 N. The
rotational force implies expectedazimuthalspeeds (at 0.1 g/s) in the
excess of 30 km/s. The expected magnitudes, however, are contra-
dicted by the calculatedones (Fig. 7), which never exceed 11 km/s.
This implies the existenceof anopposingforce,which the azimuthal
momentum equation suggests can only be viscous drag. In addition
other accelerationmechanisms (besidesconversionof azimuthalki-
netic energy to axial energy) are needed to account for the generally
higher axial speeds depicted in the vector display (Fig. 7). In-plane
velocity vectors also exhibit the sudden turn and loss of axial mo-
mentumconsistentwith � ow negotiatinga boundarylayer.Self-� eld
acceleration is excluded as an explanation for this additional accel-
eration because its value is only 0.08 N. The aforementionedstate-
ment is supported by the electron and ion temperature distributions
(Fig. 8), which show that the plasma consists of a hot ion gas and a
moderate-temperatureelectron gas. The elevated ion temperatures
suggesta directmechanismfor heating the ions (as opposed to Joule
heating and subsequent thermal equilibration with the electrons),
namely viscous heating. The magnitudes of the ion temperatures
further imply that these viscous effects are quite signi� cant. The

Fig. 6 Two-dimensional dis-
tributions for Bc = 0.102 T and
I = 1000 A. a) Enclosed cur-
rent, rBµ (A)—min( ¡ ) = ¡ 660,
A = ¡ 540, B = ¡ 410, C =
¡ 290, D = ¡ 160, E = ¡ 40,
max(+) = 85. b) Magnetic
� ux lines (Weber)—min( ¡ ) =
¡ 6:7 £ 10 ¡ 5, A = 1.8 £ 10¡ 4,
B = 4:2 £ 10¡ 4 , C = 6:6 £ 10¡ 4,
D = 9:1 £ 10¡ 4 , E = 1:1 £ 10¡ 3,
max(+) = 1:4 £ 10¡ 3 .

Fig. 7 Two-dimensionaldis-
tributions for Bc = 0.102 T
and I = 1000 A. a) Azimuth-
al velocity (km/s)—min( ¡ ) =
¡ 0.42, A = 1.2, B = 2.9, C =
4.5, D = 6.2, E = 7.8, F = 9.5,
max(+) = 11. b) In-plane ve-
locity (km/s)—max = 14.49.

Fig. 8 Two-dimensional dis-
tributions for Bc = 0.102 T and
I = 1000 A. a) Ion temperature
(eV)—min( ¡ ) = 0.86, A = 1.2,
B = 1.8,C = 2.7,D = 3.9,E = 5.6,
max(+) = 8.2. b) Electron tem-
perature (eV)—min( ¡ ) = 0.74,
A = 1.0, B = 1.3, C = 1.5, D =
1.8, E = 2.1, max(+) = 2.4.

Fig. 9 Plasma voltage contributions for the 0.102 T, 1000 A case.

importance of viscous effects in limiting the attainable rotational
speedsandprovidingtheheavyparticleheatingcan be easily seenby
a simple calculation of the Reynolds (Re = q U L / l ) and Hartmann
[H = BL /

p
( l g )] numbers. The former is of the order of 10, sug-

gesting that viscous forces are quite signi� cant when compared to
inertial forces, and the latter is also of the order of 10, exhibiting
the importanceof viscousforceswhen comparedto electromagnetic
forces.

We note from Fig. 9 that the back emf contribution to the plasma
voltage is the dominant one despite the speed limitation. This was
consistentfor all of the cases simulated.The Hall effect and resistive
drop account for 14 V of the total voltage, as opposed to 40 V
caused by a spinning plasma. A further insight in the behavior of
the rotational speed as a function of the applied electromagnetic
force is drawn by inspection of Fig. 10. As the azimuthal force is
increased, the maximum speed reaches a limiting value rather than
increasing linearly with the force for constant mass-� ow rate. This
is not only consistent with a fully developed � ow that shows the
dramatic effects of viscosity, but also explains the linear increase
of voltage with applied � eld and constancy with discharge current
when combined with the fact that the back emf dominates.

Unlimited rotation: w » IB ) V » w B f (r) » IB2 f (r)

Limited rotation: w » c ) V » w B f (r) » cB f (r) (11)

where f (r) is some function accounting for the pro� le effects and
c is a constant.

This limitation should have profound effects on propellantaccel-
eration as well, especially if conversionof azimuthal kinetic energy
to thrust energy is substantial. This conversion can only be accom-
plished if plasma expansion from the chamber occurs in a manner
of a properlydesigned nozzle. An insight to the degree of such con-
� nement by the electromagnetic force jh Bz is given by calculation
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Fig. 10 Maximum rotational speed vs discharge current £ applied
magnetic � eld.

Fig. 11 Two-dimensionaldistri-
butions for Bc = 0.102 T and
I = 1000 A. a) Electron Hall
parameter—min( ¡ ) = 0, A = 1,
B = 2, C = 3, D = 4, E = 5,
F = 6, max(+) = 7. b) Anoma-
lous/classical electrical resistivity
ratio—min( ¡ ) = 0, A = 7, B = 14,
C = 21, D = 28, E = 35, F = 42,
max(+) = 49.

of the electron Hall parameter X and the actual electrical resistivity
of the plasma. Distributions of the Hall parameter and the ratio of
anomalous-to-classical resistivity as calculated by MACH2 are de-
picted in Fig. 11. They show the dramatic effects of anomalouscon-
tributionsas the Hall parameter for the main plasma expandingcore
is only 2. The consequencescan be readily seen when one compares
this value to the magnitudesof 16 < X < 100 that can be obtainedby
excludinganomalousresistivityeffects.Althoughthe lattermay im-
ply the capabilityof inducingstrongazimuthalcurrentsthatwill cre-
ate the magnetic nozzle, the former show that this capability is quite
diminished, especially when combined with the fact that current
distension downstream of the exit is insigni� cant (Fig. 6). In addi-
tion, the magnetic Reynolds number (including anomalous effects)
never exceeds the moderate value of 0.3, which implies inadequate
interaction of plasma and � eld. This is supported by plume density
distributiondata16 that do not follow magnetic � eld lines. The same
experiments,however, indicate that con� nement is implied because
of increasedradial densitygradientswith increasing� eld.This trend
can be explained by realizing that the exiting spinning plasma will
maintain inertial pressure gradients for some distance downstream
of the exit, the magnitudes of which are proportional to the applied
magnetic � eld strength. These radial pressure gradients are con� n-
ing,but independentof the magnetic� eld lines.The lackof magnetic
con� nement is con� rmed by a detailed accountingof the azimuthal
and radial kinetic energy in the plume region. This is carried out
in Fig. 12 and shows that the sum of azimuthal and radial kinetic
energies is constant as a function of axial distance downstream of
the thruster’s exit. Thus, the azimuthal kinetic energy is mainly con-
verted to radial kinetic energy consistentwith an uncon� ned expan-
sion. Based on the same energy accounting,in conjunctionwith the
ion temperaturedistributionin the plume region (Fig. 8) the main ac-
celerationmechanism is the conversionof thermal energy, provided
by viscous heating, to axially directed kinetic energy. Speci� cally,

Fig. 12 Power distribution as a function of axial distance for the
0.102 T, 1000 A case.

Fig. 13 Viscosity coef� cient vs the product of discharge current and
applied magnetic � eld.

the averaged ion temperature at the exit (T » 5 eV) implies that
2 ÇmCpT » 1.34 £ 104 J/s accountingfor the maximum valueof Çmv2

in Fig. 12.
The signi� cance of viscous effects in these low-density thrusters

warrants further investigation.Variation of the mass-� ow-averaged
viscosity coef� cient at the exit of the thruster as the applied az-
imuthal electromagnetic is increased is depicted in Fig. 13 and
provides a nonintuitive, yet extremely important, result. The ra-
tio of IB/ l is constant and de� nes the limiting characteristic ro-
tational speed, subject only to pro� le effects. The value of this
ratio is 1.667 £ 106 m/s for this particular geometry and operat-
ing conditions. This can be explained by the following argument:
as IB increases, the heavy particles are heated directly by vis-
cous forces. Electron temperatures, however, remain moderately
constant—along with density12—implying an approximately con-
stant degree of ionization.Under such conditionsthe viscositycoef-
� cient is an increasing function of ion temperature. It is calculated
by the MACH2 model that this function is the same as the one by
which ion temperature increases as IB is elevated. It is readily ap-
parent that such an insight would never have been captured if the
viscosity coef� cient model developed for these simulations did not
include two-temperature effects.

Conclusions
Simulations of a steady-state,applied-� eld, argon MPD thruster5

at NASA Lewis Research Center using the time-dependent, two-
dimensional, axisymmetric, MHD MACH2 provided thrust and
plasma voltage values that were compared with the experimental
ones.Predicted thrust for a rangeof appliedmagnetic � eld strengths
and dischargecurrentsoverestimatedthe experimentaldata,but cap-
tured the ostensible linear increase of thrust with both applied � eld
and current. Plasma voltage predictions, excluding electrode falls,
captured both the magnitude and linear increase with increasing
magnetic � eld strength.
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For the operating geometry and conditions examined calcula-
tions indicate that the radially con� ning electromagnetic forces are
inadequateformagneticnozzlebehavior.The low-density,moderate
Hall parameter ( X » 2) plasma was highly resistive (g a / g cl » 10),
especially in the exhausting plume region, and thus did not suf� -
ciently interact (Rmmax » 0.3) with the in-planemagnetic � eld. The
electromagnetic azimuthal force applied to the plasma is opposed
by viscousforces that limit the maximumattainablerotationalspeed
to magnitudesmuch smaller than values expectedonly from inertia.
The main acceleration mechanism was found to be conversion of
thermal energy, developedlargely by viscousheating, as the plasma
exhausted from the discharge chamber. The limitation of the max-
imum rotational speed in conjunction with the dominance of the
back electromotive force of the plasma voltage explains the linear
dependence of the latter of applied magnetic � eld strength and the
constancyof plasma voltageundervaryingdischargecurrent.These
new insights can be used to develop simple analytic expressionsthat
predictthrustandvoltage,which in turncan identifyspeci� c avenues
for improving performance.
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