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HIGH POWER MPD THRUSTER DEVELOPMENT

AT THE NASA GLENN RESEARCH CENTER

Michael R. LaPointe and Pavlos G. Mikellides

Ohio Aerospace Institute
Brook Park, Ohio 44142

ABSTRACT

Propulsion requirements for large platform orbit raising,

cargo and piloted planetary missions, and robotic deep

space exploration have rekindled interest in the

development and deployment of high power

electromagnetic thrusters. Magnetoplasmadynamic

(MPD) thrusters can effectively process megawatts of
power over a broad range of specific impulse values to

meet these diverse in-space propulsion requirements. As

NASA's lead center for electric propulsion, the Glenn

Research Center has established an MW-class pulsed

thruster test facility and is refurbishing a high-power

steady-state facility to build and test efficient gas-fed

MPD thrusters. A complimentary numerical modeling
and thruster design effort based on the robust MACH2

code provides a well-balanced program of numerical
analysis and experimental validation leading to improved

high power MPD thruster performance. This paper

reviews the current and planned experimental facilities

and numerical modeling capabilities at the Glenn

Research Center, and outlines program plans for the

development of new, efficient high power MPD thrusters.

power (O.I-MW to IO-MW) magnetoplasmadynamic

(MPD) thruster technologies.

In its most basic form, the MPD thruster consists of a

central cathode surrounded by a concentric cylindrical

anode (Fig. 1 ). A high-current arc is struck between the
anode and cathode, which ionizes and accelerates a gas

propellant. In self-field thrusters, an azimuthal magnetic
field produced by the return current flowing through the

cathode interacts with the radial discharge current density

flowing through the plasma to produce an axial body

force. In applied-field versions of the thruster, a solenoid

magnet surrounding the anode is used to provide

additional radial and axial magnetic fields that can help

stabilize and accelerate the plasma discharge.

INTRODUCTION

High power electric propulsion offers significant

advantages over chemical systems for platform orbit-
raising, lunar and planetary cargo missions, and robotic

and piloted planetary and deep space exploration
missions. L=3"4 As the lead NASA center for electric

propulsion, the Glenn Research Center (GRC) is

developing high power electromagnetic thruster

technologies to meet these demanding propulsion
requirements. This paper presents an overview of the

GRC program to design and test new, efficient high

Figure 1, M PD thruster diagram. (Courtesy J. M acNeill)

The MPD thruster has had a long if intermittent history, of

development, and several review papers have been
written over the past several years that chronicle both the

progress and challenge of this promising propulsion
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technology:'_: MPD thrusters have been operated with
a varietv of propellants, with the most efficient thruster

performance to date obtained using vaporized lithium.

Lithium-fed MPD thrusters developed by the Moscow
Aviation Institute in Russia recently demonstrated 45%

efficiency at power levels exceeding 100-kW, _ and

lithium-fed devices are currently being developed in the

United States by the NASA Jet Propulsion Laboratory

and Princeton University. 'u° A potential issue with

lithium is that it is a condensable propellant, and has the
potential to coat spacecraft surfaces and instruments.

Alternate non-condensable gas propellants have been

investigated, but the performance has typically been less
efficient than lithium propellant. 6'7J_ However, recent

theoretical models indicate that significantly improved
performance can be obtained with gas-fed MPD thrusters

through the use of modified electrode geometries and the

proper application of applied magnetic fields. ':J3 The use

of gas propellants mitigates potential handling and
spacecraft contamination issues associated with lithium,

and provides for thruster operation with various
propellants over a wide range of specific impulse values.

develop efficient, high power MPD thrusters for near and

mid-term mission applications.

EXPERIMENTAL FACILITIES

Prior MPD thruster experiments at NASA GRC were

discontinued in the early 1990s, coinciding with the

termination of the Space Exploration Initiative and a

dramatic decrease in program funds for high power

electric propulsion system development. Power and
control systems for a 600-kW steady-state thruster test

facility were mothballed and eventually removed and

reused in other programs. With the advent of renewed

interest in high power thrusters, GRC embarked on the

development of a pulsed test facility to evaluate

MW-class MPD thruster designs. This facility is now
online, and is described in detail in the sections below.

Plans to bring the previous steady-state MPD thruster test

facility back online, with an increase in power to 1-MW,
are also described.

Pulsed Thruster Facility

The remainder of this paper describes the theoretical and

experimental program currently underway at the NASA

Glenn Research Center to develop and test gas-fed MPD

thrusters. The GRC MW-class pulsed thruster facility is
described in the next section, followed by an overview of

the planned MW-class steady-state thruster test facility

anticipated to be online in FY03. Following the

experimental program description is an overview of the

MACH2 code numerical modeling effort, and recent

insights into MPD thruster operation provided through
MACH2 simulations. The paper concludes with a brief

surmnary of planned Glenn Research Center activities to

Planning for the GRC MW-class pulsed thruster test

facility was initiated in FY99, with the facility becoming
fully operational in FY01. A high-energy capacitor bank

and pulse-forming network were designed and built, the

vacuum test facility was refurbished, and an

impulse-based thrust stand was fabricated for pulsed
MPD thruster operation.

Capacitor Bank. The capacitor bank consists of

46 capacitors and 7 inductors arranged in a 7-element

Guillemin pulse-forming network tPFN; Fig 2). Each

capacitor is rated for IO-kVDC, with an expected shot life

MPD <" o.01 t_
Thruster <.

Figure 2. Diagram of capacitor bank and pulse forming network.
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of 104dischargesatmaximumvoltage.Thetotalbank
capacitanceis 4.88-mF,providinga maximumstored
energyof250-kJatfull charge.Thedischargeperiodis
approximately2x103s,withlessthan10%currentripple
overthedischargeplateau.Switchingisperformedbya
solid-statethyristorratedtor 15-kVand50-kApeak
current,althoughthebankcanalsobefiredusingan
availabletriggeredspark-gapswitch.Theinductors
consistof insulated3/8"coppertubingwoundaround
shortsectionsof 10.75"(27.3cm)ODpvcpipe.A0.12_
matchingresistor,ratedfor10-kVand250-kJ,islocated
in seriesbetweentheswitchandload.Representative
currentandvoltagetracesobtainedwith a 0.13-f2
resistiveloadusedto simulateatypicalMPDthruster
dischargearepresentedinFigure3.A 1000-f2,250-kJ
resistortiedacrossthebankis usedto dischargethe

! i

..........!..............i...............

i ,iL iv
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Figure 3. Voltage and current waveforms for 13-m_Q

resistive load. Bank charged to 3-kV. Terminal voltage

= 54V, current = 8400A. 500_ts/division

capacitors in the event of a thruster malfunction or safety
interlock violation. The approximate physical dinaensions

of the capacitor bank are 4.5 m ( 15 ft) long by 2.1 m (7 ft)

high by 0.9 m (3 ft) wide. A portion of the capacitor bank

and PFN are shown in Figure 4.

Vacuum Chamber. Pulsed MPD thruster testing

is conducted in GRC Vacuum Facility 1 (VF1). The

vacuum chamber, shown in Figure 5, is 1.5-m (5 ft) in

diameter by 4.5-m (15 It) long. Access to the chamber

interior is provided through a flat endcap mounted on a
balanced swing-arm. The tank is pumped by two 0.8-m

(32") oil diffusion pumps backed by a mechanical blower,

and is capable of reaching an unloaded base pressure of
10 -_ tort (8x10 -9 Pa). The vacuum tank is located on the

floor immediately above the capacitor bank, and power is
cabled to the tank through high voltage feedthroughs

located on a l-m (36") bottom flange. Instrumentation

Figure 4. Partial view of capacitor bank. lnductors
mounted along top rack. Solid-state switch is not shown.

m
! iiiiiiiiiii

Figure 5. VF-I vacuum chamber and propellant plenum
test cart.

and gas feedthroughs are located on a 0.4-m (16") side

port, with additional access available through several

0.l-m (4") ports mounted to the facility endcap. A

separate 0.4-m side port provides power cable access for

a magnetic field coil, described in a later section of the

paper.

Propellant Plenum. The propellant gas plenum
is mounted to a test cart located beside VF1 (Fig. 5). The

cylindrical plenum chamber is constructed of stainless
steel, with an interior volume of 2.5 x 10-" m 3( 1.5x 103 in 3).

Stainless steel tubing connects one end of the plenum to

a regulated gas bottle, while the other end is connected to

a pneumatic actuator powered by a fast acting solenoid
valve. Gas flow from the actuator can be directed either

through a side flange into the VF-1 test chamber or to a
small calibration chamber located on the test cart. The
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cylindricalcalibrationchamber,alsoconstructedof
stainlesssteel,hasaninternalvolumeof 6.1x10-3m3
(3.7x10:in_)andisusedto measuretheamountofgas
dischargedduringpulsedplenumoperation.Boththe
propellantplenumandthe calibrationchamberare
outfittedwithwide-rangingpressuregauges(dualpirani
gaugeanddiaphragmmanometer),capableofmeasuring
pressurevaluesfrom 10_ ton"to 1500torr. During
calibration,thepropellantplenumpressureis setto a
givenvalue,andthecalibrationchamberisevacuatedto
vacuum.Gasfromthepropellantplenumisdischarged
intothecalibrationplenum,andtheresultingpressurerise
is recorded.Knowingthepressurechangeandthe
chambervolumeallowsthepropellantmassinjectedinto
thecalibrationchambertobecalculated,anddividingthis
massby thetotal responseperiodof thepneumatic
actuatorprovidesthepropellantflowrateforthepulsed
discharge.Theresponsetimeof theactuatorcanbeset
between60-msand180-msthroughtheuse of a variable
resistor in the control circuit; the latter value has been

used to reduce the effect of uncertainty in the actuator

opening and closing response times. The calibrated mass
flow rates are estimated to have maximum uncertainties
of _ 5%.

Applied-Field Magnet. Prior research has

shown that it is often advantageous to operate MPD

thrusters with applied magnetic fields. 6'7"_2'13To provide
this capability, 4-AWG insulated cabling was wound on

a 0.2-m (8") OD pvc pipe to form a solenoid test magnet.

The magnet consists of 7 layers with 18 turns per layer.

The magnet cabling is uncooled, limiting both the

maximum current and period of operation, but the

simplicity of operation and the attainable field strength
over the required thruster pulse period outweigh these

disadvantages. Power is supplied by a 50-kW

constant-cun.ent arc welder, capable of delivering up to

1000 A to the magnet. The axial magnetic field strength
at the center of coil as a function of current is

approximately 5x 10 -4T/A, while at the end of the coil the

axial field is along the centerline is approximately
3.3x10 "_T/A.

Control System. The events leading up to a

pulsed thruster discharge are controlled by an automated
sequencing system mounted in the MPD control rack. If

the applied-field magnet is to be used, the arc welder is

set to the desired current level. The capacitor bank is then

charged to the desired voltage using a 4-kW, 10-kV
power supply located in the control rack. Once the bank

is charged to the desired voltage, the charging supply is

disengaged and the test sequence is initiated. The magnet

power is turned on for a period of 4.5 s, sufficient to
establish a constant field distribution within the thruster

and allow any residual thrust stand disturbances due to

turning on the magnet to damp away. Toward the end of

this period, the propellant plenum solenoid is activated to

provide a gas pulse to the thruster; as noted, the duration

of the gas pulse can be set from 60-ms to 180-ms, with

the present value set at 180-ms to reduce uncertainties in

the pulsed propellant mass flow rate. The capacitor bank

switch is triggered toward the end of the gas llow period,

providing a 2-ms, high current discharge to the thruster.

Once the bank has fired, the control sequence turns off
the gas flow and magnet current, and the logic system is

then reset to initiate another test sequence.

Thrust Stand. The impulse thrust stand is based

on a simple flexure design (Fig. 6). The thruster is

mounted to a stiff plate, which in turn is supported by
four thin, contoured aluminum flexures. Current is fed to

Figure 6. Applied-field quasi-steady MPD thruster
mounted to flexure-based thrust stand.
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the thrusterthroughflexiblebraidedcoppercables
mountedoneachsideofthestand.Upondischarge,the
thruststandis horizontallydisplacedby thethruster
impulse.An LVDT transducer is used to measure thrust

stand displacement for the larger oscillations occurring at

high discharge powers, while strain gages mounted to the

flexures are used to measure smaller displacements. The

thrust stand is calibrated using a fixed-length pendulum

that provides non-elastic momentum transfer to the stand.

Varying the angle at which the pendulum is released
varies the impulse delivered to the stand, allowing

displacement to be measured as a function of impulse.

The present thrust stand does not allow in-situ calibration
under vacuum conditions; however, a solid-state

inclinometer mounted beneath the top plate of the thrust

stand is used to provide information on the initial and
final orientation (tilt) of the stand. No significant
differences have been observed between thrust stand

orientations at rest in air or under vacuum, providing

some assurance that the measured impulse values will

closely correspond to the calibrated thrust stand values.
Nevertheless, the angular orientation of the stand before
and after each shot is recorded to allow refined

calculations of the delivered impulse, if required.

Data Collection. The primary diagnostics at this

stage of facility development include thruster voltage and

current, thrust stand displacement, and magnet coil
temperature. Measurements of the thruster voltage and

current allow the thruster power to be calculated;

combined with thrust measurements supplied by the thrust

stand displacement, the efficiency of the thruster can then
be determined. These basic measurements serve the main

purpose of the pulsed thruster facility: to develop an

efficient MPD thruster design prior to undertaking more
extensive steady-state development and testing.

Digital oscilloscopes are used to measure and record

voltage and current waveforms at the capacitor bank and
at the thruster or resistive load. Differential voltages are
read across the thruster electrodes and across the

solid-state switch. Voltage attenuation (resistor network)

circuits are used to scale the voltage channels to prevent

waveform clipping by the oscilloscopes. Current

monitors (transformers) are used to measure the pulsed

current at the output of the capacitor bank and at the input
to the thruster, providing independent measurements of

the discharge current. The coils are rated for 50-kA peak

current, a current-time product of 65 A-s, and a rise time
of 2.5X10 7 S. Voltage and current waveforms are

transferred from the oscilloscope to a stand-alone desktop

computer for later analysis.

As previously noted, the impulsive force delivered to the
thrust stand during a thruster discharge is measured by a

LVDT transducer at high impulse values and strain-gages

mounted to flexure supports at low impulse values.

Transducer or strain-gage voltage signals are sent through

a 9-pin vacuum feedthrough to a desktop computer data

acquisition system, where the data is recorded for later

analysis. The thruster temperature is not expected to rise

significantly during each discharge, and the period

between discharges is sufficiently long that thruster
electrode temperature measurements are not required.

However, the magnet coil current will resistively heat the

applied-field magnet, and thermocouples have been

embedded in the coil to monitor the temperature rise and

signal when testing should be suspended to cool the

magnet. Hall and Langmuir probe plasma diagnostics
will be installed in the pulsed thruster facility at the

beginning of the next fiscal year.

Steads-State Thruster Facility

To evaluate steady-state thruster performance, as well as

investigate a number of related material and life issues, a
MW-class steady-state MPD thruster test facility is

currently being refurbished at the NASA Glenn Research

Center. Prior steady-state, 100-kW class MPD thruster

experiments were performed at the Glenn Research

Center during the late 1980"s through the early 1990"s,
when MPD research was terminated due to NASA

budgetary constraints. Results of that effort have been
described elsewhere, and the reader is referred to the

original papers and the references therein. 7'14'ls'16'jT"l_

Several major pieces of test equipment remain from the

earlier program, and the primary power and control

systems are currently undergoing repair or replacement to
provide up to I-MW of uninterrupted power to the test

facility. The result of this multi-year upgrade will be a

world-class test chamber capable of supporting steady-

state MW-class MPD thruster experiments. The following
sections provide a brief overview of the major

components of this facility, which is slated to begin high

power MPD thruster operation in 2003.

Vacuum Chamber. The vacuum chamber,

designated VF-5, is a 4.6-m (15 ft) diameter by 18.3-m

• (60 ft) facility pumped by twenty 0.8-m (32 in) diffusion
pumps, which in turn are backed by four root blowers and

four mechanical pumps. The facility is capable of

attaining an unloaded base pressure of 4x 107 torr (3x 10 '_

PaL and can pump 2.5x 10 4 I/S of air while maintaining a
chamber pressure of 10 -_torr. In addition to the diffusion

pumps, the facility is outfitted with a 33.5-m -_ helium

NASA/CR--2001-211114 5



ct'yopanelthatincreasesthetotalpumpingcapabilityto
1.5x10_l/sofairatachamberpressureat10-_tort.The
vacuumfacilityisfullyautomated,andprovidesanumber
of gatedtestportsand instrumentation feedthroughs to

support a wide variety of experimental requirements.

Infrastructure. Although most of the MPD

thruster control systems were removed in the early 1990s,
some power supplies and water-cooling lines remain

intact. Additional power capability will be added to the

facility, bringing the total available power to 1-MW.

Water-cooling pumps will be reinstalled to provide heat

rejection for steady state, high power thruster operation.
The thruster control system will be replaced, as most of

the original components were cannibalized for use in

other electric propulsion test programs. An existing thrust

stand, based on an inverted pendulum design t4 and used

in the prior MPD thruster test program, will be

refurbished and modified for MW-class operation. A

calibrated propellant mass flow system will be retrieved
from storage and refurbished, along with several

equipment racks and control consoles. Instrumentation,

such as terminal voltage and current monitors, will need

to be replaced, as will more advanced diagnostic systems

such as motion-controlled Langmuir and Hall probes.
Fortunately the facility and control schematics from the

previous MPD thruster test program were well

documented, and will allow a fairly smooth transition to

higher power operation.

Pulsed vs. Steady State Operation

The pulsed thruster test facility provides an economical
testbed for the evaluation of MW-class MPD thruster

designs prior to more extensive testing under steady-state

conditions. Novel thruster designs can be quickly
constructed and tested to gauge their potential

performance during high power operation, with only the

most promising thruster concepts promoted for further

steady-state development and testing. Although pulsed

operation does not capture all of the performance

variables encountered in steady-state thruster operation,
the pulsed high power tests are sufficient to determine

viable designs for efficient MW-class operation. In
support of this approach, MPD thruster experiments

performed at the University of Stuttgart demonstrated that

pulsed thrusters operated at up to several hundred

kilowatts provided lower thrust and higher voltage than

identical thrusters operated at comparable steady-state
power levels, although the discrepancies became less

significant as the discharge power was increased. _':°

These results indicate that quasi-steady MPD thruster

perlbnnance will probably be slightly worse than steady-

state perfonnance under the same operating conditions.

This provides some assurance that an efficient pulsed
thruster design may provide better performance under

continuous operation, and justifies the use of the pulsed

thruster facility as a first step in the development of
efficient MW-class thrusters.

MPD THRUSTER MODELING

Over the last thirty years, development of MPD thrusters

has mostly proceeded empirically, thus only pertinent to

the specific geometries and operating conditions

examined by those experiments. The lack of complete

theoretical tools has impeded the general understanding
of the interdependent physical processes in self-field
thrusters. Several numerical models 7 have been

constructed to study MPD operation, but due to

constrained computational resources they have generally

approached the problem within over-simplifying

assumptions. In the early '90s, a more sophisticated MHD

code was employed to study kW-level, applied-field
operation with great success. _-" The current thruster

development program at the Glenn Research Center will

once again utilize such a tool along with the insights

gained from the previous effort to provide experimental

guidance in the design of efficient self-field and applied-
field MPD thrusters operating at MW power levels.

The MACH2 Code

In the mid-1980s the Mission Research Corporation
developed a magnetohydrodynamics (MHD) code under

Air Force contract to study collisional plasmas for

problems of complex geometries. :t Over the years, this

Multi-block Arbitrary Coordinate Hydromagnetic
(MACH) simulation tool has been utilized to model a

diverse range of plasma problems and has been

substantially upgraded through contributions from a

variety of scientists. It is currently being maintained and

upgraded to a three-dimensional solver (MACH3) by The

Center for Plasma Theory and Computation at the Air
Force Research Laboratory.

MACH2 is a time-dependent, two-dimensional,

axisymmetric, multi-material code that can be applied to

problems of complex geometries due to its multi-block
structure.:: The computational mesh can move in an
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Arbitrary-Lagrangian-Eulerian_ALE)fashionallowing
applicabilitytobothdiffusive-anddispersive-dominated
problemsaswellascodevalidation.Themeshcanbe
refinedviaa varietyof adaptiveschemesto capture
regionsof varyingcharacteristicscale.Thesetof the
single-fluid,MHD equationsis time-advancedwith
finite-volumespacialdifferencing,andtheboundary,
conditionsareappliedviatheghost-celltechniquesothat
no specialconditionalstatementis necessaryat the
boundaries.

Themasscontinuityandmomentumequationsassumea
compressible,viscousfluidwiththelatterincludingboth
realandartificialviscosityeffects.Thestress-deviator
canbechosentoevolveunderelasticstressforstrength
ofmaterialcalculations 23or modeled as a Newtonian fluid

to upgrade the code to a Navier-Stokes solver. -_4The code
includes two ablation models that allow mass addition

due to solid evaporation and have been successfully

employed to model ablation-fed pulsed plasma thrusters. -_
The electrons, ions and radiation field are in thermal non-

equilibrium, so MACH2 solves three energy equations.

These include thermal conduction with anisotropic
transport -_6 and three different models for radiation

cooling. -'j'-'7Evolution of the magnetic field is prescribed

by the induction equation that includes resistive diffusion,
the Hall effect and the thermal source for magnetic fields.

Various models for the plasma resistivity are available.

They comprise classical anisotropic resistivity, -'° several

anomalous resistivity models and contributions from

electron-neutral collisions applicable to weakly ionized
gases. 2LIn many engineering applications the source of

magnetic flux is applied currents produced from

externally-applied voltage differentials. For this, the code

includes a variety of circuit models such as LRC, Pulse-

Forming-Networks, sine-waveforms and several others.

Other additional physical models include laser-pulse
energy deposition and a detonation package.

The set of the MHD equations is completed by an

equation of state that can be either analytic or tabular. The

latter is provided by the SESAME library that includes
semi-empirical models for the thermodynamic properties,

transport coefficients, (including opacities) and average

ionization state under local thermodynamic equilibrium.

These models have been constructed and are being

maintained by the T-1 and T-4 groups at Los Alamos
National Laboratory. 28

The level of sophistication and capability of the MACH2

code has been instrumental in providing invaluable

insights to a variety of plasma problems. Some of these

include plasma opening switches, v inertial-confinement

fusion and alternative concepts, 3° compact toroid
formation and acceleration schemes, 3_ gas and solid

density z-pinch implosion physics) -_ laser-target

interactions) 3 high-power plasma source design) 4

magnetic nozzles _5and a variety of plasma thrusters. _=_

Its diverse success establishes the code as the primary

numerical tool in the development of MW-class MPD

thruster designs at NASA GRC.

MW-class Self-field MPD Simulations

In an effort to provide code validation and useful insights,

MACH2 was employed to model real MW-class thrusters
in order to compare to experimental data. The particular
thruster selected for the simulations was one of the

Japanese MY 3°'37family of MPD configurations that was

operated with and without external magnetic fields, In

this manner, MACH2 could be compared to both self-

field and applied-field operation within the power level of
interest; 0.5-6MW.

Specifically, the simulated cases addressed the MY-II

version of the thruster (Fig. 7) that was operated in the

aforementioned power range at a Hydrogen mass flow

rate of 1.37 g/s. The physics included viscosity effects

and real equation of state for the propellant gas along

with thermal non-equilibrium. Even though available,
these simulations did not include non-uniform mass-

injection schemes as it was shown that such effects were

negligible in this regime of operation. The computational

Figure 7. Schematic of the multi-megawatt, MY-II
MPD thruster used for the MACH2 simulations.

Dimensions in ram: r_=4.75, r_=25, r_=52, L_=45,

L__,=75, L_= 104.
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Figure 8. Current Distribution comparisons at 10kA.
Too: MACH2 simulation with electron-neutral collisions

included in the resistivity model. Thrust=36.9N,

Voltage= 183V.

Middle: Experiment, Thrust=34N, Voltage=200V,
efficiency=21%.

Bottom: MACH2 simulation with classical resistivity,
Thrust=32.4N, Voltage= 108V.

domain extended to 300 mm in order to capture plume
processes such as current distension and thus additional

acceleration. For this, calculation of thrust and deposition
to various energy modes was performed at the outlet

boundaries of the computational region. The solid-

electrode boundary conditions were no-slip, electrical
conductors with thermal conduction modeled at a

constant wall temperature. These temperature values were
chosen at 1000K for the anode and 2000K for the cathode

consistent with experimental measurements. 36

Comparisons of the steady state simulations to the

experimental data for a discharge current of 10 kA

(Fig. 8) were quite favorable and provided new insights

that demanded further interrogation. Principally, they
have identified the importance of electron-neutral

collisions in this regime of operation, especially with

respect to energy deposition. In particular, the plasma

electrical diffusivity in MACH2 can be modeled to
include contributions from such collisions as follows

(shown in scalar form):

_1= 1.0328x10 4 _,lnA a_ __I m T. . -- c e me/s(l)
_tT?/2 _oe e

where T_ is the electron temperature in eV, e is the

elementary, charge, n_ is the electron nmss, _ is the mean
ionization (_" > 1 ), _a,,is the permeability of free space, InA

is the Coulomb logarithm and c_ is an appropriate

collision cross-section. For Hydrogen this electron-
neutral collision cross section was taken at 5x10 -j" m e as

a reasonable average over a range of electron energies) s

The first term represents the classical Spitzer-Hfirm
formulation while the second is additive and accounts for

electron-atom collisions.

Exclusion of such a contribution implied that the major

energy losses are due to fall voltages and other external

circuit losses as it dramatically underestimated the total

experimental voltage (Fig. 8). Specifically, the difference

of 92V between the calculated plasma voltage and the
experimental total voltage suggests that such losses are of
the order of 0.92MW, in other words almost half the

available power is not deposited into the plasma and thus

has no opportunity to be converted to useful thrust power.

On the other hand, inclusion of such physics substantially

elevated the plasma voltage (and thus plasma power
deposition) implying that the predominant inefficiencies

are due to frozen-flow losses. Furthermore, this is

accurately illustrated by a power budget accounting for
individual energy deposition to different modes and

external losses. This is given below with the value in

parenthesis corresponding to calculated values under

classical transport:

Axial Thrust Power = 0.5 MW (0.377 MW)

Radial Thrust Power = 0.123 MW _0.08 MW)

Ionization Power = 0.608 MW (0.352 MW)

Thermal Power = 0.445 MW (0.251 MW)

Electrode Conduction = 0.154 MW (0.027 MW)
Fall Voltage Power = 0.17MW ( 0.92 MW)

The comparisons of the two-dimensional current

distribution to experiment shown in Fig. 8 leave no doubt

as to the validity of the formulation. Further support is

provided by a simple calculation of the total power

necessary to fully ionize the hydrogen propellant at
1.37g/s. This requirement is of the order of 2 MW which

in turn insinuates that the propellant may be highly
incompletely ionized; interrogation of the MACH2

calculated average degree of ionization did indeed
confirm the implication. Specifically, such ionization was

less than 10.3 in the straight section of the discharge

chamber, implying that electron-ion collisions do not

dominate. It is noteworthy that comparisons of the total
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thrustalonecouldnothaveofferedsuchunderstandingor
suggestedinclusionof the improvedmodelfor the
electricaldiffusivityasbothcalculatedthrustvaluescan
notbedistinguishedwithinexperimentalerror.

Basedon the aboveunderstandingthe MACH2
simulationswillproceedtomodeltherangeof current
levelsperformedby the MY-II experiments. This should
provide elevated confidence in the code's capabilities as

well as generalize the aforementioned deductions for this

regime of operation. Concurrently, MACH2 will be

utilized to guide the design toward proper expansion
nozzles that can recover some of the frozen-flow losses

calculated above. In addition, code improvements are
underway that include sheath models to calculate fall

voltage and study electrode erosion when utilized in

conjunction to the already existing ablation models.

CONCLUDING REMARKS

A MW-class pulsed MPD thruster test facility is currently
operational at the NASA Glenn Research Center. This

facility is used as a testbed for the economical evaluation

of new high power MPD thruster designs, with the goal

of transitioning the most promising designs to a MW-

class steady-state experimental facility. The steady-state

facility, currently being refurbished and upgraded for

high power operation, will be used to evaluate thruster
performance, material and life issues at power levels from

0.1-MW to 1-MW. In concert with the experinaental

program, the MACH2 code is being used to understand

the basic physics of high power MPD thruster operation,

and has already led to new insights and new directions

toward efficient gas-fed thruster designs.

Near-term plans for the NASA GRC high power MPD

thruster program include use of the pulsed test facility to

validate specific MW-class thruster designs developed

using the MACH2 numerical simulations. These designs

include self-field devices with contoured expansion
nozzles to recapture frozen flow losses, and applied-field

thrusters operated with and without expansion nozzles.

Efficient quasi-steady thruster designs will be fabricated

for continuous operation and tested in the 1-MW steady-
state facility. Concurrent research efforts will be

undertaken to improve cathode life and reduce anode

wear. leading to efficient, long-life electromagnetic

thrusters. The strong synergy between numerical

modeling and experimental testing at GRC provides a

solid basis for the development and eventual deployment
of high power MPD thrusters capable of meeting the

demanding propulsion requirements of future NASA
missions.
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