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Abstract

This paperdescribesthe developmentandvalidationof a parallelversionof our MHD code,that was
developedfor thesimulationof propulsiveplasmaflows. Thephysicalmodel,alongwith theinitial and
boundaryconditionsto beimposedonthenumericalsolveraredescribed.A brief discussionof thecode
structure,with adescriptionof how it worksin aparallelcomputingenvironment,is included.Theresults
of thesimulationarecomparedwith experimentalmeasurementsof a self-fieldmagnetoplasmadynamic
thruster(MPDT). With 11 processors,theparallelcodeobtainedtheconvergedsolution7.5 timesfaster
thanourold serialcode.

Nomenclature� Totalmassdensity� Velocityof thefluid�
Magneticinduction�
	���� Gaspressure,isotropicpressuretensor��
��
Maxwell stresstensor�
Electricfield strength���
Electricfield seenby theplasma���������
Resistive diffusiontensor�
Energy densityof theplasma�
Currentdensity���
Boltzmann’s constant����� �
Thermalconductivity tensor� �"! #
Electron/ionthermalconductioncoefficient$ �
Massof anelectron% �
Electronnumberdensity& � 	 &'�
Heavy species/electrontemperature( Resistivity

1 Intr oduction

The goal of this paperis to demonstratethe valid-
ity of a new parallelMHD codethatwasdeveloped
by the authors,for the simulationof plasmaflows
in MPD thrusters. This code,developedbasedon
the principlesof using a conservation formulation,
with characteristics-splitt ing, and flux-limited anti-
diffusion to solve the governingequations,was in-
troducedby theauthorsin ref.[1], andis describedin
detail in ref.[2]. In this paper, we focuson the de-
velopmentof a parallelversionof that code,andits
validationby comparingtheresultsof its simulations
with experimentalmeasurements.

In ) 2, we will describethe governingequations
and the physical models used in this simulation.
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Then, in ) 3 we will describethe initial andbound-
aryconditionsto beimposedon thesolver described
in ref.[2] to obtainsolutionsof theflowfield in self-
field magnetoplasmadynamicthrusters(MPDTs). In) 4,wewill follow thatwith adiscussionontheparal-
lel computingparadigmused,anddescribethecode
structure. Finally, in ) 5 we will look at the results
from thesimulationof plasmaflowsin arealthruster.

2 Physical Model

The governing equationsfor a MHD flow problem
canbewritten in theform:

;; 3
�� �� �

<>=@?
� �� �A� < ���CB ��
�D

� � B � �E � < �GF � B ��
 D ? �
HJI 9 (1)

The right handsideof theequation,I , containsthe
dissipative effectsthatarephysicalin nature,

IKH =L?
MM��� �����
N

9 (2)

The energy equationis written in termsof the
energy density(energy per unit volume),

�
, which

includesthe internalenergy, kinetic energy andthe
energy in themagneticfield.

Thedissipative flux of energy,
=O? N , containsthe

Ohmicheating(written in termsof divergenceof the
Poyntingflux), andthermalconduction,

=L? N H =L? �QPKR �
SUT < ���V� � ?W= & 9

In additionto thetotal energy equation,separate
speciesenergy equationsareneededto accountfor
the disparity in electronandion temperatures.The
conservationrelationsfor theinternalenergy density
of electrons,

� �
, canbewrittenas,; � �; 3 <X=Y?[Z � � �]\ < � � =^? � H (�_V`aBCbdc� #e� <X=Y? E � � = &]� Ff	

(3)

andthatof ions,
� #

, as,; � #; 3 <^=K?gZ � # �U\ < � # =K? � H bdc� #e� <h=K? E � # = &'# F 9 (4)

In theabove expressions,� �
and � #

arethepres-
suresof theelectronandheavy speciesrespectively,
and (�_ ` is the Ohmicheatingterm,and bic� #j�

is the
energy exchangetermto bediscussedlater.

Sinceexperimentaldatasuggestthat thedispar-
ity betweenthetwo temperaturesis lessthananorder
of magnitude,only oneof eqns.(3)and(4) is needed,
andtheinternalenergy of theotherspeciescanbeob-
tained,without significanterror, by subtractionfrom
thetotal energy.

In eqns.(3)and(4), the rateof exchangeof en-
ergy per unit volumebetweenthe electronsandthe
ions,throughcollisions,canbeestimatedas,

bdc� #j� Hlk � �Vm"��#no# �V� E &]� B &]# Fp	 (5)

where� �
is theelectronmassdensity, and

m"�[#
is the

averagecollision frequency betweenelectronsand
ions. Energy lossesdue to radiationare important
in many typesof plasmas.However, earlierwork by
Boyle[3], Villani[4], andBruckner[5] suggeststhat
therelative magnitudeof this sink is not significant.
Consequently, radiationlosseswill beignoredin the
currentmodel.

2.1 Ionization Processes

The plasmain a self-field, quasi-steadyMPDT is
generallyin a stateof ionizationalnonequilibrium
[6]. Thoughsomenumericalsimulations(suchas
refs.[7, 8]) have used finite-rate ionization mod-
els, they do not include higher levels of ioniza-
tion that have beenobserved experimentally[5, 9].
On the other hand, simulationsat the University
of Stuttgart[10], andat NASA-GRC[11], have indi-
catedthat, for the conditionsof interestto MPDT
plasmas,the solutionof flow fields usingthe seem-
ingly restrictive assumptionof equilibrium ioniza-
tion model may yield sufficiently realistic results.
Therefore,in this work we usea multi-level equi-
librium ionizationmodel.

In equilibrium,irrespective of themannerin
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Table1: Energy levels andstatisticalweightsin argon andargon ions (obtainedfrom refs. [12], [9] and
[13])

Ar I Ar II Ar III Ar IV

E
T q

(eV) g
T q

Erq (eV) grq Er]rq
(eV) gr]rq

Er]r]rq
(eV) gr]r]rq

0.000 1 0.059 6 0.111 29 0.000 4
11.577 8 13.476 2 1.737 6 3.478 16
11.802 4 16.420 20 4.124 2 14.671 24
13.096 24 16.702 12 14.214 6 31.133 24
13.319 12 17.177 6 17.856 1 35.568 40
14.019 48 17.688 28 17.964 10
14.242 24 18.016 6 19.460 14
14.509 24 18.300 12 20.066 1
14.690 12 18.438 10 20.222 8

whichthespeciesarecreated,thedensitiesof the
electrons,% �

, ions, % #
, andtheneutrals, %ts , arere-

latedby theSaha[14] equation,

% # % �
% #vu]w Hlx E xzy $ � ��� & F|{~} `� {

q�� #q 2 u��[�� }4�V�a�q"� #vu]wq 2 u�� � ���� }4�V�8� HL� # 	
(6)

where � #q is the 7 � � energy level of thespeciesof ion-
izationlevel � , and

� #q
is thecorrespondingstatistical

weight.
Similarexpressionscanbewrittenfor higherion-

izationlevels,with theenergy levelsscaledto acom-
monground.Thepropellantconsideredin this work
is argon,andits first, secondandthird ionizationpo-
tentialsare 15.755eV, 27.63eV, and 40.90eV re-
spectively. Therelevantenergy levelsof argonatom
andits ions,andtheir statisticalweightsaregivenin
Table(1).

Even in thepresenceof thermalnonequilibrium
betweenelectronsand ions, a modifiedSahaequa-
tion can be applicable. As shown in refs.[15] and
[16], in suchsituations,dueto the high mobility of
the electrons,the temperaturein eqn.(6)canbe re-
placedwith thetemperatureof theelectronfluid, and
the resultingmodifiedSahaequationis an accurate
model.

For a model with N levels of ionization, the
electronnumberdensity can be obtainedby find-
ing the singlepositive root of thepolynomial(from

Heiermann[17]),

%t� r w� < �q�� w %t� u q� E % � B 7 %ts�F
q

� � w � � H M 	

where %ts is the total numberdensityof all nuclei,
andtheequilibriumconstant,� � is from eqn.(6).

2.2 Equation of State

For monatomicpropellants,therelationshipbetween
pressure,densityandtemperatureis of theform

� HL� ��� & ;�� ��� � q;�� 9 (8)

Thepartitionfunctionsfor many elementsof interest
canbe found in references,suchasref.[18]. Based
onthiswork,Choueiri[19] derivedexpressionsto ob-
tain the temperaturefrom pressureanddensity, for
argon.As shown in Fig.(1),it is clearthatat temper-
aturesabove � M��

K, thedeviationsfrom theidealgas
modelaresignificant.
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Figure1: Deviation from idealgasbehavior for argon
(calculatedfrom datain ref.[18])

As energy is depositedinto the internalmodes,
theratio of specificheatsalsochanges.Onceagain,
thiscanbecalculatedfrom thedataof partitionfunc-
tions.As seenin Fig.(2),thedeviationfrom theideal
valueof �W� k is severeat temperaturesabove � M��

K,
which is consistentwith Fig.(1).

Figure2: Variationof the ratio of specificheatsfor
argon(calculatedfrom datain ref.[18])

2.3 Transport Phenomena

The transportcoefficients in our modelareelectron
and ion thermalconduction,classicalelectrical re-
sistivity, with Hall effect,and

= � effect,andanoma-

lous transportdueto momentumexchangebetween
wavesandparticlesin theplasma.Effectsof viscos-
ity arenot currentlyin our model. Detailedexpres-
sionsfor thesecoefficientswill begivenbelow.

2.3.1 ClassicalTransport

Our methodfor the calculationof classicaltrans-
port coefficients relies on momentumtransferdur-
ing elasticcollisions. The energy-weightedaverage
of the momentumtransfercollision frequency be-
tweenthe electronsand speciess, is given by (cf.
refs.[20, 17]),

m ��� H % � � �[� � ��� &'�
y $ � 9 (9)

If thespeciesin considerationis an ion of charge q,
then,

� ��¡ H ¢ � £�¤ �z¥� ¢ �4¦ �V�8�a§ `
� � � < w �4� ¢ ¥4¨ �4¦ �V�a�a§�©1ª« § �z¬ £

¥§�­g­ E £ §:­~­ r w F 9 (10)

The electron-neutralcollision crosssection,for ar-
gon,

� � s¯®±° 9 M P � M u ` T m̀ , andtheion-neutralcol-
lision crosssection,

� # sf® �W9 ° P � M u]w�²
m̀ .

The ion-ion collision frequency is estimatedto
be:

� #j# H �W9 � ° � P � M u]w T
& `� � � �W9 x kW³ P � Mµ´ & {�% �K9 (11)

Fromtheabovementionedrelationsfor collision
frequencies,the coefficient for the electronthermal
conductivity canbeestimatedto be:

� � H k 9 x M � `� % ��&]�
$ � � m �[� 	 (12)

while thatof theionsto be:

� # H y � {� & �
� n # % #

% # � #e# < %ts � # s 	 (13)

Fromthedefinitionof electricalresistivity, it is:

(as H $ � � m"���
% � 2 ` 	 (14)
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while theelectronHall parameteris:

¶ � H ·¹¸ ! �� m"�[� H 2�ºp� $ �
� m"��� 9 (15)

2.3.2 AnomalousTransport

It is known that thecurrentcandrive microinstabil-
ities in the thrusterplasmawhich may, throughin-
ducedmicroturbulence,substantiallyincreasedissi-
pationandadverselyimpacttheefficiency. Thepres-
enceof microinstabilitiesin suchacceleratorplasmas
hasbeenestablishedexperimentallyin theplasmaof
the MPDT at both low and high power levels[21],
[22]. Choueiri[23] hasdevelopeda model to esti-
matethe resultinganomaloustransportandheating
in termsof macroscopicparameters.Underthis for-
mulation,apartfrom theclassicalcollisionfrequency
of the particles,thereexists additionalmomentum
andenergy transferringcollisionsbetweenparticles
and waves. The resultinganomalouscollision fre-
quency is importantwhenever the ratio of electron
drift velocity to ion thermalvelocity, »'¼ � �z½ � #f¾ �W9 �
. Above this threshold,the ratio of anomalouscol-
lision frequency to classicalcollision frequency was
foundto dependontheclassicalelectronHall param-
eter,

¶ �
, andtheratioof ion to electrontemperatures,& # � & �

. Polynomialsgiving theserelationswerede-
rivedin ref.[23] to be,

m"��!
anm ��!
cl

H M 9 � ³ x < k 9 kWk P � M u ` ¶ � < M 9 x � x ¶ ` � (16)

B �W9 xW¿ P � M u�À ¶ { � < & �&]� �W9 x k P � M u {
B �W9 �W� P � M u ` ¶ � B ¿ 9 � ³ P � M u { ¶ { � 9

As a result,the effective resistivity of the plasmais
now,

(
eff

H $ � m ��!
cl

< m"�"!
an

2 ` % � 	 (17)

where
m �"!

cl is theclassicalcollision frequency com-
putedin ) 2.3.1.

3 Numerical Solution

Theequationsdescribedin ) 2 containhyperbolicand
parabolicPDEs. The techniquesfor the numerical
solutionof theseequationsaredescribedin ref.[2],
and in this sectionwe will only describethe initial
andboundaryconditionsthat are to be imposedon
that solver, to obtainsolution for the flowfield in a
self-fieldMPDT.

3.1 Boundary Conditions

Thesetof governingequations) 2 describetheevo-
lution of many typesof drasticallydifferentplasma
flows. It is theroleof theboundaryconditionsto dis-
tinguishoneproblemfrom another. Thissectionwill
discusstheestimationof theconvective anddissipa-
tive termsatvariousboundaries.

3.1.1 Flow Properties

Freestream
The computationaldomain is assumedto be large
enoughsuchthattherearenonormalgradientsin any
of theflow propertiesat thefreestreamboundaries.
SolidWalls
The governingequationsneedthe valueof thermal
conductionbetweenthe wall and the plasmato be
specified. This can either be given explicitly (as
in adiabaticwalls, in which thermalconductionis
zero), or can be computedby fixing the tempera-
ture of the wall. In this simulation, the thermal
conductionis set to zeroat insulators,andthe wall
temperatureis setto 2500K at metallicboundaries.
Centerline
At theaxisof symmetry, thereareno radialconvec-
tive fluxes. Moreover, thereareno radial gradients.
Therefore,thereis no thermalconductionacrossthe
centerline.
Inlet
At theinlet, a specifiedmassflow rateof thepropel-
lant entersat a specifiedtemperatureat sonic con-
ditions. In reality, the propellantis injectedasneu-
tral gasat roomtemperature,andit getsalmostfully
ionized within a few millimeters from the inlet[9].
However, it is believed[24] that this ionizationpro-
cesscannotbe modeledby fluid theory. Therefore,
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in this model, the inlet temperatureis chosento be
high enoughsuchthat the propellantis sufficiently
ionized. Effectively, the backplateof the numerical
modelis not thetruebackplate,but aregion few mil-
limetersdownstreamof it.

On this issue,our simulation distinctly differs
from thatof ref.[11], andref.[25]. In boththesesim-
ulations,the propellantis injectedat closeto room
temperatures,and ionization is allowed to develop
in a classicalfashion. Therefore,in both ref.[11]
and[25], theplasmais only weakly ionizedthrough
most of the thrusterchannel. However, due to our
inlet condition, the plasmais almost fully ionized
throughoutthechannelin oursimulations.

3.1.2 Field Properties

Freestream
The computationaldomain is chosento be large
enoughsuchthat all the currentis enclosedwithin
thedomain.Thus,from Ampère’s law, themagnetic
field at thefreestreamboundariesis zero.
Solid Walls
At all other boundaries,the magneticfield is com-
putedpurelyfrom Faraday’s law. UsingStokes’ the-
oremit canbewritten as,

Á
; �; 3 ?µÂVÃ H B

Ä
R ?µÂVÅ 9 (18)

In the cell-centeredschemeused in this work,
eqn.(18)implies that the evolution of the magnetic
flux is specifiedby the contour integral of electric
field aroundthecell. Therefore,theonly information
requiredis the electric field drop along the bound-
aries.

From classicalelectromagnetictheory[26], the
jump in themagneticfield, Æ ` B Æ w

, acrossan in-
terfacebetweentwo mediahasto satisfytherelation,

ÇÈ P E Æ ` B Æ w F HÊÉ � 	 (19)

whereÉ �
is thesurfacecurrentperunit length. Due

to theno massflux condition,thepotentialdropat a
wall is entirelyresistive,andis givenby,

RfË H ( Ë � Ë 9 (20)

At conductingboundaries,all the currententer-
ing thedischarge flows at thesurface,at leastin the
transientcase.Therefore,eventhoughresistivity, ( Ë

,
for most conductorsis very small comparedto the
plasmaresistivity,

(
plasma ÌLÍ � M u { B � M u �

Ohm.m 	
(
tungsten

H �W9 Î P � M u�²
Ohm.m 	 (21)

the surface electric field is significant, due to the
large currentdensityin the transientcase.In a true
steadystate,afterthemagneticfield hasdiffusedinto
theconductor, thesurfacepotentialdropdecreasesto
zero.

At insulatedboundaries,the magneticfield dif-
fusesinto the wall instantaneously. Therefore,the
jumpin themagneticfield, andsubsequentlythesur-
facecurrent,is zero.
Centerline
Due to symmetry, the inductive componentof the
electricfield is zero,becausethereis no flow across
it. However, the resistive componentis finite. This
canbeobtainedfrom thevalueof themagneticfield
at a point closeto Ï H M

, througha simpleTaylor
seriesexpansion,

��ÐGÑ � � T H � �Ð � � T H (�_ ÐGÑ � � T H ( ° ºÓÒ Ñ Ô � } `StsVb Ï 9
(22)

Inlet
Since all the enclosedcurrent is downstreamof
the inlet (the backplate),the streamfunction,Õ H
ÏÖºÓÒ H StsV× � s � � xzy isaconstantatany giventime,and
changesonly asthe total currentis changed.Since
Faraday’s law needsthe informationon the electric
field alongthebackplate,it canbecomputedto be:

� � E Ï 	 M F H � � E Ï 	"b^ØµF < b^Ø �Ï
; Õ; 3 B ; �ÙÐ; Ï 9

(23)

3.2 Initial Conditions

The governing equations( ) 2) also require that the
initial spatial distribution of the quantitiesbe pre-
scribed.Thecodeis typically startedwith theentire
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domainfilled with a backgroundpressureof � M u �
Torr ata temperatureof 300K.

Then,theinlet boundaryconditions,correspond-
ing to fully ionized plasmaenteringat a specified
massflow rate,are imposed. After this plasmahas
filled thethrustchamber, thevoltageat thebackplate
is madefinite, introducingtheeffectsof currentand
the magneticfield into the problem. For the calcu-
lationsshown in ) 5, thecurrentincreasedfrom 0 to
16 kA in Ì � S s, and this rate is controlledby the
adjustmentsto backplatevoltageevery time step.

Until this moment,the ionizationis frozento be
Z=1, and the ratio of specific heatsis fixed to beÚ H �W� k . After thecurrenthaspermeatedthroughout
thethrustchamber, theeffectsof multi-level equilib-
rium ionization andnon-idealequationof stateare
slowly introduced.For instance,let Ú¹Û bethecalcu-
latedvalueof Ú at a time level % < � , and Ú «

bethe
old valueat time level % . Then,thevalueof Ú used
at time level % < � is:

Ú « r w HLÜµÝ Ú Û�Þ < Ü E � B Ý FßÚ « Þ 	 (24)

where Ý is a relaxationparameterbetween0 and1.
A similar methodis usedfor introducingionization
effects.This sortof “relaxation” is requiredto make
thetransitionfrom anunphysicalinitial conditionto
amorerealisticscenario.

3.3 Temporal Discretization

Unlike in fluid mechanics,theequationsof MHD al-
low many different typesof waves to exist. Even
though physically the flow velocity is the sought
quantity of most interest to propulsion, numeri-
cally the velocity of the fastestwave is what de-
terminesthe time-stepconstraints. In plasmasof
propulsion interest, the fluid velocity is Í E � M�� F
m/s. For a quasineutralplasmawith charge den-
sity of Í E � M ` w F � m{ and thermodynamicpressures
of Í E � M u]w F Torr andmagneticpressureof Í E � M w F
Torr, the fastmagnetosonicwave speedis typically
of thesameorderof magnitudeastheflow velocity.
This indicatesthatanexplicit timemarchingscheme
is suitable. From the CFL criterion, the time step
for such a problem (with b Ï ® � mm) would be

Í E � M u�² B � M u�à F s.

Physicaldissipationbringsin differentcharacter-
istic timescalesinto theproblem.They are:

Magneticdiffusion: = á ¦ Ô �"¥â Ì � M u]w T
s

Heatconduction: =
« § � � Ô �"¥ã /10 Ì � M u]w T B � M u]w4w

s

As aresultof thisdisparityin timescales,atime-
accuratesimulationto steadystate( Ì x MWM S s) would
requireabout x P � M�ä

time steps,and would take
about2 weeksof CPU time (on a Pentium-II 450
MHz machine). In order to make this codea more
amenabletool for research,this time hasto be re-
ducedto å 1 day. Two differentmeansof achieving
thiscanbeidentified:

1. insteadof treatingall thetermsexplicitly, treat
the time-limiting dissipative termsimplicitly:
thisallowsalargertimestep(closerto thecon-
vective timescale)to beusedfor computation,

2. increasethecomputationalpower thatis avail-
ablefor calculation:usingmorethanonepro-
cessorto performthe computationsis a more
effective route for this, than expecting the
technologyfor thespeedof a singleprocessor
to improve.

In thispaper, wewill discussthelatterapproach,
whilst theformerwill bea topic of futurework.

4 Parallel Computation

With the current trend in high performancecom-
puter architecturesbeing away from single proces-
sor scalar/vector machines,and toward the design
and constructionof parallel machines,it is impor-
tant to exploit the strengthof parallel computing
platforms (cf. ref[27]). For a given multiproces-
sor architecture,two distinct meansof utilizing the
computationalpower to solve a given problemcan
be identified: processdecomposition,and domain
decomposition[28].

Processdecompositionis the allocationof spe-
cific processorsto specificportionsof thealgorithm.
For instance,for theproblemat hand,theionization
modelcanbecomputedby oneprocessor, theequa-
tion of statemodel by another, the convective and
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diffusive fluxes by another, and so on. This is the
preferredchoice of processorallocation under the
Parallel Virtual Machine(PVM) methodof parallel
computing.However, this methodwould encounter
seriousdifficultiesif thecomputermemoryweredis-
tributedacrossvariousprocessors(asit is in thecase
of the machinewe areusing: the SGI Origin 2000
system).Moreover, therearedifficulties in ensuring
thatall theprocessorsareutilized continuously, and
in transportingthecodeacrosssystemswith different
numberof processors.

Dueto theabovementioneddifficulties,we have
chosento follow thedomaindecompositionmethod
of parallelcomputing.In this technique,thedomain
is divided into smallerdomains,and thesesmaller
domainsareassignedto eachof theavailableproces-
sors. Eachprocessoronly computesthe solutionin
thedomainit is assigned.If thedomainof eachpro-
cessoris roughlyof thesamesize,thenall processors
will finish one time stepat roughly the sametime,
andif necessary, communicatewith eachotherabout
the updatedsolution. This feature,often termedas
“load balancing”ensuresmaximumutilizationof the
availablecomputingpower. Moreover, with domain
decomposition,transportingthecodeacrosscomput-
ers with varying numberof processorsis an easy
task.

Under domaindecomposition,in order to esti-
matethevaluesat time t neartheboundaries,proces-
sorsneedinformationof variables(at time 3 B@b 3 )
that lie just outsidethe boundariesof their domain.
Under the currentdiscretizationscheme,eachpro-
cessorneedsexactly onerow of cells from eachof
its neighboringprocessor’s domain,asillustratedin

Fig.(4). In this work, we usethe MessagePassing
Interface(MPI) standard[29] to handletheseinter-
processorcommunications.

1 2

3 4

Figure3: Informationsentandreceived by a proces-
sor

There are certain parts of the code (such as
input/output, convergence checks, and estimating
global time steps)that are not amenableto paral-
lelization. This constitutesan overhead,andwe as-
signaseparateprocessor(termedMASTER) to han-
dle this. All the other processors(termedWORK-
ERS)areexclusively involved in computationof the
solutionwithin their assigneddomains,or arecom-
municatingwith other processorsfor this purpose.
The schematicof the calculationsin our code is
shown in Fig.(4).
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5 Results

Thegeometrychosenfor this simulationwasoneof
theseriesof constantareacoaxialthrusters,usedby
Villani[4]. In thisparticularcase,thecathodeandthe
anoderadii were0.95cm and5.10cm respectively.
Thecathodeandtheanodelengthswere26.4cmand
20.0cm respectively.

In this section,we presentsomeof the results
of thesimulationof theflowfield of the thrusterde-
scribedabove. Becauseof theinadequacy of thegrid
generationroutine,theroundedcornerof theanode,
andthetip of thecathode,arerepresentedasa sharp
corner, andaflat tip, respectively, in thesimulation.

5.1 Density

Theelectronnumberdensitieswithin thechamberin-
creasefrom the anodeto the cathode(cf. Fig.(5)).
This may be attributed to the radial pumpingforce,_ Ð ºÓÒ , whichpushestheplasmaawayfrom theanode,
towardsthecathode.This trendhasbeenobservedin
experimentsandin previoussimulations[7].

5.2 Ionization Levels

Theeffective ionizationfractionis shown in Fig.(6).
Thepresenceof Ar-III anda smallamountof Ar-IV
in the plumeis in agreementwith experimentalob-
servations(cf. ref.[5]) for theseoperatingconditions.

5.3 Velocities

Thedistribution of axial velocitiesin thedomainare
shown in Fig.(7). Sincethethrust,consequentlyex-
haustvelocities,shouldbe roughly independentof
thegeometry, thesenumbersfrom thesesimulations
comparewell with measurementsof a differentge-
ometryin ref.[30].

To illustrate the effect of radial velocity on the
flow, the velocity streamlines(where the velocity
vectoris atangentateverypoint)areshown through-
out thedomainin Fig.(8).

5.4 EnclosedCurr ent and Electric Potential

The contours of enclosedcurrent are shown in
Fig.(9). The calculatedvaluesarein generalagree-

ment with the measurementswithin the thruster
chamber, but not in the plumeregion. The convec-
tion of thecurrentlinesin thesimulationis lessthan
thatobservedby experiments,andthis couldbedue
to incorrectestimationof thetransportproperties,or
mayalsobe influencedby theartificially high value
of theelectricfield at thesharpcornerof theanode.

In this simulation,the cathodewassetat a ref-
erencepotential of 0. It is important to note that
the predictedvaluesof voltagedo not includeelec-
trode drops,and are thereforecannotbe compared
to themeasuredvalueacrosstheelectrodes.Never-
theless,they do serve thepurposeof quantifyingthe
plasmapartof thevoltagedrop.Thissimulationpre-
dictsavoltagedropacrosstheplasmaof 30.83Volts
(cf. Fig.(10)). Thetruevoltagedropis 56 Volts [4],
andthedifferencecanbeattributedto the25Voltsof
anodedropthatwasmeasured.Sincetheexperimen-
tal measurementsindicatethat the anodedrop is 25
V, the calculatedpotentialcontourswereshiftedby
25 V. Thoughthis valueis not a constantalongthe
anode,it neverthelessallows comparisonof calcula-
tionswith measurements.Thesecontoursareshown
in Fig.(10).

5.5 Thrust & Efficiency

By definition, the thrust is computedusingthe fol-
lowing relation,

& H Á » Ð E � � ?WÂ�Ã Fp	 (25)

wherethe integral is performedover all the bound-
aries. Using eqn.(25),the codepredictsa thrustof
42.9N. Thiscompareswell with theanalyticallycal-
culatedvalue(from Maecker’s law) of 41.2N.

The calculatedvalue of potential differenceis
30.83Volts. However, this is significantlylowerthan
the measuredvalue of 56 Volts, becauseelectrode
falls arenot includedin our model. Therefore,for
a total currentof 15.0 kA, the simulationpredicts
a thrust efficiency of 33.2%, though the measured
valueis 18.3%.
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Figure5: Distribution of electronnumberdensities(in #/$ { )

Figure6: Distribution of ionizationlevels

6 Concluding Remarks

Wehave demonstratedthevalidity of our new paral-
lel MHD codefor thesimulationof plasmaflowfield
in self-field MPDTs. By using MPI basedparallel
computing,we cut down thetime requiredfor simu-
lation by a factorof 7.5,by using11 processors(10
workers+ 1 master).Furtherinvestigationinto par-
allel computingtechniquescould improve the effi-
ciency of thespeedupevenmore.

From the resultsshown in ) 5, it canbe inferred
thatthephysicalmodelusedwasadequatefor areal-
istic description.
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