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Abstract

This paperdescribeghe developmentandvalidationof a parallelversionof our MHD code,thatwas
developedfor the simulationof propulsive plasmaflows. The physicalmodel,alongwith theinitial and
boundaryconditionsto beimposedon thenumericalsolver aredescribedA brief discussiorof thecode
structurewith adescriptiorof how it worksin aparallelcomputingervironment,sincluded.Theresults
of the simulationarecomparedvith experimentaimeasurementsf a self-field magnetoplasmadynamic
thruster(MPDT). With 11 processorshe parallelcodeobtainedhe corvergedsolution7.5timesfaster
thanour old serialcode.

Nomenclature 1 Intr oduction
p Total massdensity
u Velocity of thefluid
B Magneticinduction The goal of this paperis to demonstratehe valid-
p,p  Gaspressureisotropicpressurdensor jty of a new parallelMHD codethatwasdeveloped
By Maxwell stressensor by the authors,for the simulationof plasmaflows
E Electricfield strength in MPD thrusters. This code, developedbasedon
o Electricfield seenby theplasma the principles of using a conseration formulation,
E,.s Resistvediffusiontensor with characteristics-ditting, and flux-limited anti-
& Enegy densityof the plasma diffusion to solwe the governing equationswasin-
J Currentdensity troducedby theauthorsin ref.[1], andis describedn
kp Boltzmanns constant detailin ref.[2]. In this paper we focuson the de-
ke, Thermalconductvity tensor velopmentof a parallelversionof that code,andits
Ke,i Electron/ionthermalconductioncoeficient validationby comparingheresultsof its simulations
Me Massof anelectron with experimentaimeasurements.
Ne Electronnumberdensity
Ty.T. Heavy species/electrotemperature In §2, we will describethe governingequations
n Resistity and the physical models usedin this simulation.
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Then,in §3 we will describethe initial andbound-
ary conditionsto beimposedon thesolver described
in ref.[2] to obtainsolutionsof the flowfield in self-

field magnetoplasmadynamilrusterdMPDTS). In

84, wewill follow thatwith adiscussiorontheparal-
lel computingparadigmused,anddescribethe code
structure. Finally, in §5 we will look at the results
from thesimulationof plasmdalowsin arealthruster

2 Physical Model

The governing equationsfor a MHD flow problem
canbewrittenin theform:

I O
AR E R I

&

J J

Theright handside of the equation,S, containsthe
dissipatve effectsthatarephysicalin nature,

|
=

The enegy equationis written in termsof the
enegy density (enegy per unit volume), £, which
includesthe internalenengy, kinetic enegy andthe
enegy in themagnetidield.

Thedissipatve flux of enegy, V - q, containghe
Ohmicheating(writtenin termsof divergenceof the
Poynting flux), andthermalconduction,
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andthatof ions,&;, as,

0&;
ot

In the above expressionsp,. andp; arethe pres-
suresof the electronandheary speciegespectiely,
andn;2 is the Ohmic heatingterm, and A&;. is the
enegy exchangaermto bediscussedater

Sinceexperimentaldatasuggesthat the dispar
ity betweerthetwo temperatureis lessthananorder
of magnitudepnly oneof eqns.(3and(4) is needed
andtheinternalenegy of theotherspeciexanbeob-
tained,without significanterror, by subtractiorfrom
thetotal enepy.

In egns.(3)and(4), the rate of exchangeof en-
ergy per unit volume betweerthe electronsandthe

+V-[Eu]+pV-u = A& +V-(k,VT;) . (4)

_g (1)ions,throughcollisions,canbeestimatedas,

3pelei

7

Agie kB (Te - E) ) (5)

wherep, is the electronmassdensity andv,; is the
averagecollision frequeng betweenelectronsand
ions. Enegy lossesdueto radiationare important
in mary typesof plasmasHowever, earlierwork by
Boyle[3], Villani[4], and Bruckner[3 suggestghat
therelatve magnitudeof this sink is not significant.
Consequentlyradiationlosseswill beignoredin the
currentmodel.

2.1 lonization Processes

The plasmain a self-field, quasi-steadyMPDT is
generallyin a stateof ionizational nonequilibrium
[6]. Thoughsomenumericalsimulations(suchas
refs.[7, 8]) have used finite-rate ionization mod-
els, they do not include higher levels of ioniza-
tion that have beenobsenred experimentally[5, 9].
On the other hand, simulationsat the University

In additionto thetotal enegy equation separate 4y Stuttgart[10, andat NASA-GRC[11, have indi-

speciesenegy equationsare neededo accountfor

the disparityin electronandion temperaturesThe plasmasthe solutionof flow fields using the seem-

conserationrelationsfor theinternalenegy density
of electrons£,, canbewrittenas,

0&.

o +V-[Eu]+p.V-u =12 —A&e+V (k. VT,) ,

3)

catedthat, for the conditionsof interestto MPDT

ingly restrictve assumptionof equilibrium ioniza-
tion model may vyield sufficiently realistic results.
Therefore,in this work we use a multi-level equi-
librium ionizationmodel.

In equilibrium,irrespectie of the mannerin
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Table 1. Enegy levels and statisticalweightsin argon andargon ions (obtainedfrom refs. [12], [9] and

[13])

| Ar | [ Arll | Ar il | Ar IV |
E/ (eV) 9 [EE@g [ETEeV)]g [E eV g
0000 | 1| 0059 | 6| 0111 | 29 0.000 4
11577 | 8 || 13476 | 2 | 1.737 | 6 3.478 16
11.802 | 4 || 16.420 | 20 | 4.124 | 2 14671 | 24
13.096 |24 16.702 | 12| 14214 | 6 31.133 | 24
13319 |12 17177 | 6 | 17.856 | 1 35.568 | 40
14.019 | 48| 17.688 | 28 | 17.964 | 10
14242 | 24| 18016 | 6 | 19.460 | 14
14509 |24 18300 | 12 | 20.066 | 1
14690 |12 18438 | 10| 20222 | 8

whichthespeciesarecreatedthedensitief the
electronsy,, ions, n;, andthe neutrals, n,, arere-
latedby the Saha[14 equation,

Zl gzl e—€§/kBT
S g e /knT
(6)
wheree! is the!"” enepgy level of the speciesf ion-
izationlevel ¢, andg;' is the correspondingtatistical
weight.

Similarexpressionganbewrittenfor higherion-
izationlevels,with theenepgy levelsscaledo acom-
monground. The propellantconsideredn this work
is argon,andits first, seconcandthird ionizationpo-
tentialsare 15.755eV, 27.63eV, and 40.90eV re-
spectvely. Therelevantenepgy levelsof argonatom
andits ions,andtheir statisticalweightsaregivenin
Table(1).

Evenin the presencef thermalnonequilibrium
betweenelectronsandions, a modified Sahaequa-
tion can be applicable. As shawvn in refs.[19 and
[16], in suchsituations,dueto the high mobility of
the electronsthe temperaturen eqn.(6)canbe re-
placedwith thetemperaturef the electronfluid, and

2 (2rmekpT)®?
B3

NiMe

n;—1

N
N+1 N—l
Ki: Ne + ; - e (

Heiermann[17),

l
ne — Ing) HKm =0,
m=1

wheren, is the total numberdensityof all nuclei,
andtheequilibriumconstant K, is from egn.(6).

2.2 Equation of State

For monatomigoropellantstherelationshipbetween
pressuredensityandtemperaturés of theform

0ln Qg
ov

Thepartitionfunctionsfor mary element®f interest
canbefoundin referencessuchasref.[18]. Based

p:Nk‘BT

(8)

the resultingmodified Sahaequationis an accurate onthiswork, Choueiri[19 dervedexpressions$o ob-

model.

For a model with N levels of ionization, the
electron number density can be obtainedby find-
ing the single positive root of the polynomial (from

tain the temperaturdrom pressureand density for
argon. As shawn in Fig.(1),it is clearthatat temper
aturesabove 10*K, the deviationsfrom theideal gas
modelaresignificant.
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Figurel: Deviationfrom idealgashehaior for argon
(calculatedrom datain ref.[18])

As enepy is depositednto the internalmodes,
theratio of specificheatsalsochangesOnceagain,
this canbecalculatedrom thedataof partitionfunc-
tions. As seenin Fig.(2),thedeviationfrom theideal
value of 5/3 is severe at temperaturesibose 10*K,
whichis consistentvith Fig.(1).
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Figure 2: Variation of the ratio of specificheatsfor
argon (calculatedrom datain ref.[18])

2.3 Transport Phenomena

The transportcoeficientsin our modelareelectron
and ion thermal conduction,classicalelectrical re-
sistivity, with Hall effect,andVp effect,andanoma-

lous transportdueto momentumexchangebetween
wavesandparticlesin the plasma.Effectsof viscos-
ity arenot currentlyin our model. Detailedexpres-
sionsfor thesecoeficientswill begivenbelow.

2.3.1 ClassicalTransport

Our methodfor the calculationof classicaltrans-
port coeficients relies on momentumtransferdur

ing elasticcollisions. The enegy-weightedaverage
of the momentumtransfercollision frequeng be-
tweenthe electronsand speciess, is given by (cf.

refs.[2Q 17]),

S8kpTe

Ves = NsQes .
TMe

9)
If the speciesn considerations anion of chageq,
then,

T Zge? 2

4 \ dmeokpTe

14472 (e ok pTe )®
neeGZesz<Zeff+1)

Qeq =
(10)

In <1 + > .
The electron-neutratollision crosssection,for ar-
gon,Q., ~ 4.0 x 1072°m?, andtheion-neutralcol-
lision crosssection,Q;, ~ 1.4 x 10~ ¥m?2,

The ion-ion collision frequeny is estimatedio
be:

5.845 x 10710 T3
Q=222 2 m1.239 x 1074/ =L . (11)
Th Ne

Fromthe aborementionedelationsfor collision
frequenciesthe coeficient for the electronthermal
conductvity canbeestimatedo be:
/’f%neT6

me ZS Ves ’

while thatof theionsto be:

ke = 3.20 (12)

i

ﬂk%Th < ;
8M;  \n;Qii +noQio

k;

) N

Fromthedefinitionof electricalresistvity, it is:

me ZS Ves
2

Nee

No = ) (14)
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while the electronHall parameters:

Wee  eB/m,

B Zsl/es B Zsyes .

Q. (15)

2.3.2 AnomalousTransport

It is known thatthe currentcandrive microinstabil-
ities in the thrusterplasmawhich may, throughin-
ducedmicroturtulence,substantiallyincreasedissi-
pationandadwerselyimpacttheefficieng. Thepres-
enceof microinstabilitiesn suchacceleratoplasmas
hasbeenestablishedxperimentallyin the plasmeof
the MPDT at both low and high power levels[2]],
[22]. Choueiri[23 hasdevelopeda modelto esti-
matethe resultinganomaloudransportand heating
in termsof macroscopi@arametersinderthis for-
mulation,apartfrom theclassicaktollisionfrequenyg
of the particles, there exists additionalmomentum
andenepy transferringcollisions betweenparticles
andwaves. The resultinganomalouscollision fre-
queng is importantwheneer the ratio of electron
drift velocity to ion thermalvelocity, uge/vy; > 1.5
. Above this threshold the ratio of anomalousol-
lision frequeng to classicalcollision frequeng was
foundto dependntheclassicaklectronHall param-
eter ()., andtheratio of ion to electrontemperatures,
T;/T.. Polynomialsgiving theserelationswere de-
rivedin ref.[23 to be,

YedN _ (0192 +3.33 x 1072Q, +0.21202 (16)

Ve,Cl
Ty,
—8.27 x 107°Q3) + =2 (1.23 x 1073
Dt
—1.58 x 1072Q, — 7.89 x 107°Q2) .
As a result, the effective resistvity of the plasmais
now,
Me (Ve,Cl + V€7an>
e2n,

wherev, .| is the classicalcollision frequeny com-
putedin §2.3.1.

; 17

Neff =

3 Numerical Solution

Theequationglescribedn §2 containhyperbolicand
parabolicPDEs. The techniquedor the numerical
solution of theseequationsare describedn ref.[2],

andin this sectionwe will only describethe initial

andboundaryconditionsthat are to be imposedon
that solwer, to obtain solutionfor the flowfield in a
self-field MPDT.

3.1 Boundary Conditions

The setof governingequations;2 describethe evo-
lution of mary typesof drasticallydifferentplasma
flows. It is therole of theboundaryconditionsto dis-
tinguishoneproblemfrom another This sectionwill
discusghe estimationof the corvective anddissipa-
tive termsatvariousboundaries.

3.1.1 Flow Properties

Freestream

The computationaldomainis assumedo be large
enoughsuchthattherearenonormalgradientsn ary
of theflow propertiesat thefree streamboundaries.
Solid Walls

The governing equationsneedthe value of thermal
conductionbetweenthe wall and the plasmato be
specified. This can either be given explicitly (as
in adiabaticwalls, in which thermal conductionis
zero), or can be computedby fixing the tempera-
ture of the wall. In this simulation, the thermal
conductionis setto zeroat insulators,andthe wall
temperaturés setto 2500K at metallicboundaries.
Centerline

At the axis of symmetry thereareno radial corvec-
tive fluxes. Moreover, thereare no radial gradients.
Therefore thereis no thermalconductionacrosshe
centerline.

Inlet

At theinlet, a specifiedmassflow rateof the propel-
lant entersat a specifiedtemperatureat sonic con-
ditions. In reality, the propellantis injectedasneu-
tral gasatroomtemperatureandit getsalmostfully
ionized within a few millimeters from the inlet[9].
However, it is believed[24 thatthis ionization pro-
cesscannotbe modeledby fluid theory Therefore,
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in this model, the inlet temperatures chosento be
high enoughsuchthat the propellantis suficiently
ionized. Effectively, the backplateof the numerical
modelis notthetrue backplateput aregion few mil-

limetersdownstreanof it.

On this issue, our simulation distinctly differs
from thatof ref.[11], andref.[25]. In boththesesim-
ulations, the propellantis injectedat closeto room
temperaturesand ionization is allowed to develop
in a classicalfashion. Therefore,in both ref.[11]
and[25], the plasmais only weaklyionizedthrough
most of the thrusterchannel. However, dueto our
inlet condition, the plasmais almostfully ionized
throughoutthe channein our simulations.

3.1.2 Field Properties

Freestream
The computationaldomain is chosento be large
enoughsuchthat all the currentis enclosedwithin
thedomain.Thus,from Ampeéres law, the magnetic
field atthefree streamboundariess zero.
Solid Walls
At all otherboundariesthe magneticfield is com-
putedpurelyfrom Faradays law. Using Stokes’ the-
oremit canbewritten as,

8—B-dA:7{E-dl.

c

5 (18)

A

In the cell-centeredschemeused in this work,
eqgn.(18)implies that the evolution of the magnetic
flux is specifiedby the contourintegral of electric
field aroundthecell. Thereforetheonly information
requiredis the electricfield drop along the bound-
aries.

From classicalelectromagneti¢heory[2§, the
jump in the magneticfield, H, — Hy, acrossanin-
terfacebetweertwo mediahasto satisfytherelation,

ﬁX(HQ—Hl):JS, (19)
wherelJ, is the surfacecurrentperunit length. Due
to the no massflux condition,the potentialdropata
wall is entirelyresistve, andis givenby,

E, = 77ij . (20)

At conductingboundariesall the currententer
ing the dischage flows at the surface,at leastin the
transientase.Therefore eventhoughresistvity, 7,,,
for most conductorsis very small comparedto the
plasmaresistvity,

plasma  ~ O (10_3_:; 10~*) Ohm.m, 1)

Mtungsten = 5.6 x 10 Ohmm,
the surface electric field is significant, due to the
large currentdensityin thetransientcase.In a true
steadystate afterthemagnetidield hasdiffusedinto
theconductorthesurfacepotentialdropdecreaset
zero.

At insulatedboundariesthe magneticfield dif-
fusesinto the wall instantaneously Therefore,the
jumpin themagnetidield, andsubsequentliyhesur
facecurrent,is zero.

Centerline

Due to symmetry the inductve componentof the
electricfield is zero,becauséhereis no flow across
it. However, the resistve components finite. This

canbe obtainedfrom the value of the magnetidield

at a point closeto » = 0, througha simple Taylor
seriesexpansion,

4 BG‘AT’/Q

EZ‘TZO = E,/z‘r:() = sz‘rzo = N
o

(22)
Inlet
Since all the enclosedcurrent is downstream of
the inlet (the backplate),the streamfunctiony =
r By = 1oJiot/2m iSaconstanatary giventime,and
changesnly asthe total currentis changed.Since
Faradays law needsthe informationon the electric
field alongthe backplatejt canbe computedo be:

E.(r,0) = E.(r,Az) + Az (18—1” — 852) :

r Ot
(23)

3.2 Initial Conditions

The governing equations(§2) also require that the
initial spatial distribution of the quantitiesbe pre-
scribed.The codeis typically startedwith the entire
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domainfilled with a backgroundpressureof 10~
Torr atatemperaturef 300K.

Then,theinlet boundaryconditions correspond-
ing to fully ionized plasmaenteringat a specified
massflow rate,areimposed. After this plasmahas
filled thethrustchamberthevoltageatthebackplate
is madefinite, introducingthe effectsof currentand
the magneticfield into the problem. For the calcu-
lationsshawn in §5, the currentincreasedrom 0 to
16 kA in ~ 5us, andthis rateis controlledby the
adjustmentso backplatevoltageevery time step.

Until this moment,theionizationis frozento be
Z=1, andthe ratio of specific heatsis fixed to be
v = 5/3. After thecurrenthaspermeatedhroughout
thethrustchamberthe effectsof multi-level equilib-
rium ionization and non-idealequationof stateare
slowly introduced.For instancelet v* bethe calcu-
latedvalueof v atatime level n 4+ 1, and+™ bethe
old valueattime level n. Then,thevalueof v used
attimeleveln + 1 is:

P ={ey' {0 - )"}

whereq is a relaxationparametebetweer0 and 1.
A similar methodis usedfor introducingionization
effects. This sortof “relaxation” is requiredto make
thetransitionfrom an unphysicalinitial conditionto
amorerealisticscenario.

(24)

3.3 Temporal Discretization

Unlike in fluid mechanicstheequationsf MHD al-
low mary different typesof wavesto exist. Even
though physically the flow velocity is the sought
gquantity 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 O(10%)
m/s. For a quasineutralplasmawith chage den-

Physicaldissipatiorbringsin differentcharacter
istic time scalesinto the problem.They are:

LoAr2

~10710s
~ 10710 — 10711

Magneticdiffusion: =
— nekpgAr?
Kth

Heatconduction:

As aresultof thisdisparityin time scalesatime-
accuratesimulationto steadystate(~ 200us) would
requireabout2 x 10° time steps,and would take
about2 weeksof CPU time (on a Pentium-11450
MHz machine). In orderto make this codea more
amenabletool for researchthis time hasto be re-
ducedto < 1 day Two differentmeansof achiering
this canbeidentified:

1. insteadof treatingall thetermsexplicitly, treat
the time-limiting dissipatve termsimplicitly:
thisallows alargertime step(closerto thecon-
vective time scale)to beusedfor computation,

. increasé¢he computationapower thatis avail-
ablefor calculation:usingmorethanonepro-
cessorto performthe computationss a more
effective route for this, than expecting the
technologyfor the speedof a singleprocessor
toimprove.

In this paperwe will discusghelatterapproach,
whilst theformerwill beatopic of futurework.

4 Parallel Computation

With the currenttrend in high performancecom-
puter architectureseing away from single proces-
sor scalar/ector machines,and toward the design
and constructionof parallel machinesiit is impor

tant to exploit the strengthof parallel computing
platforms (cf. ref[27]). For a given multiproces-
sor architecture two distinct meansof utilizing the

sity of O(102!)/m? and thermodynamigpressures computationalpower to solve a given problemcan
of O(10~1) Torr and magneticpressureof O(10') be identified: processdecomposition,and domain
Torr, the fastmagnetosonievave speeds typically decomposition[2B

of the sameorderof magnitudeasthe flow velocity: Procesglecompositionis the allocationof spe-
Thisindicateghatanexplicit time marchingscheme cific processor$o specificportionsof thealgorithm.
is suitable. From the CFL criterion, the time step For instancefor the problemat hand,theionization
for sucha problem (with Ar 1mm) would be modelcanbe computedoy oneprocessqrthe equa-
01078 —1079) s. tion of statemodel by another the corvective and

~
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diffusive fluxes by another andso on. This is the

preferredchoice of processorallocation underthe

Parallel Virtual Machine(PVM) methodof parallel

computing. However, this methodwould encounter
serioudifficultiesif thecomputememoryweredis-

tributedacrossvariousprocessorgasit is in thecase
of the machinewe are using: the SGI Origin 2000

system).Moreover, therearedifficultiesin ensuring
thatall the processorsireutilized continuouslyand

in transportinghecodeacrossystemswith different
numberof processors.

Dueto the aborementionedlifficulties, we have
choseno follow the domaindecompositiormethod
of parallelcomputing.In this techniqguethe domain
is divided into smallerdomains,and thesesmaller
domainsareassignedo eachof theavailableproces-
sors. Eachprocessoonly computeghe solutionin
thedomainit is assignedlf thedomainof eachpro-
cessois roughlyof thesamesize,thenall processors
will finish onetime stepat roughly the sametime,
andif necessarycommunicatevith eachotherabout
the updatedsolution. This feature,often termedas
“load balancing”ensuresnaximumutilization of the

availablecomputingpower. Moreover, with domain SO

decompositiontransportinghecodeacrossomput-
ers with varying numberof processords an easy
task.

Under domaindecompositionjn orderto esti-
matethevaluesattimet neartheboundariesproces-
sorsneedinformationof variables(at time ¢ — At)
thatlie just outsidethe boundariesf their domain.
Under the currentdiscretizationscheme eachpro-
cessomeedsexactly onerow of cells from eachof
its neighboringprocessos domain,asillustratedin

Fig.(4). In this work, we usethe MessagePassing
Interface (MPI) standard29] to handletheseinter
processocommunications.

1 i o)
L - L
h

LS ] A
9 =

Figure3: Informationsentandreceved by a proces-

rThere are certain parts of the code (such as
input/output, corvergence checks, and estimating
global time steps)that are not amenableto paral-
lelization. This constitutesan overheadandwe as-
signaseparat@rocessoftermedMASTER)to han-
dle this. All the otherprocessorgtermedWORK-
ERS)areexclusively involvedin computatiorof the
solutionwithin their assignedlomains,or arecom-
municatingwith other processorgor this purpose.
The schematicof the calculationsin our codeis
shawvn in Fig.(4).
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5 Results

The geometrychoserfor this simulationwasone of
the seriesof constantareacoaxialthrustersusedby
Villani[4]. In thisparticularcasethecathodeandthe
anoderadii were0.95cm and5.10cm respectiely.
Thecathodeandtheanoddengthswere26.4cmand
20.0cmrespectiely.

In this section,we presentsomeof the results
of the simulationof the flowfield of the thrusterde-
scribedabore. Becaus®f theinadequag of thegrid
generatiorroutine,the roundedcornerof the anode,
andthetip of the cathodearerepresentedsa sharp
corner andaflat tip, respectrely, in the simulation.

5.1 Density

Theelectrommumberdensitiesvithin thechambein-

creasefrom the anodeto the cathode(cf. Fig.(5)).

This may be attributedto the radial pumpingforce,
j.Bg, whichpushesheplasmaawvayfrom theanode,
towardsthecathode Thistrendhasbeenobseredin

experimentsandin previous simulations|T.

5.2 lonization Levels

The effective ionizationfractionis shavn in Fig.(6).
The presencef Ar-lll anda smallamountof Ar-1V

in the plumeis in agreementvith experimentalob-
senations(cf. ref.[5]) for theseoperatingconditions.

5.3 Velocities

Thedistribution of axial velocitiesin thedomainare
shawvn in Fig.(7). Sincethe thrust,consequentlex-

haustvelocities, should be roughly independenpf

the geometrythesenumberdrom thesesimulations
comparewell with measurementsf a differentge-
ometryin ref.[30].

To illustrate the effect of radial velocity on the
flow, the velocity streamlines(where the velocity
vectoris atangeniatevery point) areshavn through-
outthedomainin Fig.(8).

5.4 EnclosedCurr entand Electric Potential

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

10

ment with the measurementsithin the thruster
chamberbut not in the plumeregion. The corvec-
tion of thecurrentlinesin the simulationis lessthan
thatobsered by experimentsandthis could be due
to incorrectestimationof thetransportpropertiespr

may alsobe influencedby the artificially high value
of theelectricfield atthe sharpcornerof theanode.

In this simulation,the cathodewas setat a ref-
erencepotentialof 0. It is importantto note that
the predictedvaluesof voltagedo not include elec-
trode drops, and are thereforecannotbe compared
to the measuredialue acrossthe electrodes Never-
thelessthey do sene the purposeof quantifyingthe
plasmapartof thevoltagedrop. This simulationpre-
dictsavoltagedropacrosghe plasmaof 30.83Volts
(cf. Fig.(10)). Thetruevoltagedropis 56 Volts [4],
andthedifferencecanbeattributedto the 25 Volts of
anodedropthatwasmeasuredSincetheexperimen-
tal measurementmdicatethatthe anodedropis 25
V, the calculatedpotentialcontourswere shifted by
25 V. Thoughthis valueis not a constantalongthe
anodejt neverthelessllows comparisorof calcula-
tionswith measurementd hesecontoursareshavn
in Fig.(10).

5.5 Thrust & Efficiency

By definition, the thrustis computedusingthe fol-
lowing relation,

T= /uz (pu-dA) , (25)

A

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

The calculatedvalue of potential differenceis
30.83Volts. However, thisis significantlylowerthan
the measuredvalue of 56 Volts, becauseelectrode
falls are not includedin our model. Therefore,for
a total currentof 15.0 kA, the simulation predicts
a thrust efficiengy of 33.2%, thoughthe measured
valueis 18.3%.
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Figure5: Distribution of electronnumberdensitieg(in #/m?)
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Figure6: Distribution of ionizationlevels

6 Concluding Remarks

We have demonstratethe validity 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 processorg10
workers+ 1 master).Furtherinvestigationinto par
allel computingtechniquescould improve the effi-
cieng of thespeedumgvenmore.

Fromtheresultsshavn in §5, it canbe inferred
thatthephysicalmodelusedwasadequatdor areal-
istic description.
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