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Abstract simulate plasma flow in a real MPDT configuration.
The results of the simulation were found to to be in

This paper describes the application of a neyeneral agreement with experimental observations.

scheme, that was developed for the solution They illustrate the need for using a real equation of

the MHD equations, to simulate magnetoplasmstate, instead of the ideal one, to enhance the realism

dynamic thruster (MPDT) flows. In this schemeand stability of the simulation.

the entire set of flow and field equations are solved

in a self-consistent conservation form, using accu-

rate characteristics-splitting techniques which hade [ntroduction

been proven to be effective in computational fluid

dynamics. Further improvements to the physicall Motivation

model, such as the inclusion of real equation of state,

anomalous transport and multi-temperature effecld)e electrical power deposited into the plasma can

are essential for the realistic simulation magnetge expended into many sinks, but as shown in

plasmadynamic flows, and are implemented withotd-(1), only two of which, directed electromag-

affecting the undeﬂying scheme. The solver, inc|uﬂEtiC kinetic power and directed electrothermal ki-

ing the improved physical model, is then used ftetic power, are useful for propulsion. Understand-

ing and quantifying these disparate processes is es-

Yntial to improving the efficiency of these devices.

*Research supported by NASA-JPL's Advanced Propulsi

Group. : g ,
tGraduate Student, MAE Dept. Member AIAA. Since an emplrlca_ll _approach alo.ne is not ge_nerally
tChief Scientist at EPPDyL. Assistant Professor, MAE Depgonducive to obtaining such detailed information on
Senior Member AIAA. these physical processes, numerical simulations are

*Principal Research Scientist, Princeton Plasma Physiggiuable tools in plasma thruster research. Given the
Lab; Professor, Astrophysical Sciences Dept. . . . .

Tpresented at the 86 Joint Propulsion Cc)r]ferer](:e’dearth of hlgh' power test facilities, S|mu_lat|ons can
Huntsville, AL, July 16-19, 2000. Copyright by authors. Pu€ Valuable aides to research by reducing the need

lished by the AIAA with permission. for expensive, and sometimes unviable, experimen-



SANKARAN, et al.: NUMERICAL SIMULATION OF MPD FLOWS 2

solver developed for high power plasma gun simu-
lation, to model PPTs and MPD thrusters in many
geometries. MACHS3[11], the next generation of

Fower i Flcoades

f,, j-av|Plasma Heating

Excitation and lonization

Vi J MACH2, is also used to simulate possible 3-D ef-
} %Mﬁ fects in specific situations. The most persistent effort
Jibiav Directed E~M-K-> so far has been that of Auweter-Kueizal.[12],[13],

l Electromagnetic Power

T who have been developing numerical models for
MPD thrusters for almost two decades. Detailed
models for many transport processes and multiple
levels of ionization have been incorporated into their

Figure 1: Expenditure of input power in an electrQyoverning equations, which are solved on unstruc-

magnetic accelerator (not to scale, from ref.[1]). tyred adaptive grids for various geometries.

LEGEND:
E.TK.P. = Electrothermal Kinetic Power
E:M.K.P. = Electromagnetic Kinetic Power

1.3 Current Approach
tal parametric studies. _ _
The goal of this work is to develop a robust nd:_)esplte these efforts, there remains a need for ac-

merical solver for the simulation of plasma flows iﬁuratel _and TObUSt frllumerlc;all schte_zm?s t(_) simulate
MPD thrusters, and apply it to investigate the role bfopuisive p as_m:; . ovr\:s. n par |.cu ar, Improve-
physical processes in these devices. ments are required in three aspects:

1. Some of the above mentioned codes exhibit nu-
merical instabilities at high current levels. Since
MPD thrusters perform better at higher cur-
rents, and many of the important research ques-
tions, such as performance limiting phenomena,
tend to also occur at higher currents, it is im-
portant to be able to simulate at high values of
J? /.

A probable explanation for these numerical in-
stabilities is the failure to solve the magnetic
field evolution self-consistently with the flow.
The magnetic Reynolds’ numbers in typical
MPD plasmas indicate that both convective and
resistive diffusion of the magnetic field are im-
portant, and the corresponding time scales are

1.2 Existing Work

There have been several notable efforts to develop
numerical models for plasma flows in MPDTS,
which will be summarized here.

Kimura et al.[2], and Fujiwara[3] started de-
veloping single-temperature, 2-D models on sim-
ple geometries, and have continued to make im-
provements to their models. Currently, the efforts
of Fujiwaraet al.[4] are directed at studying criti-
cal phenomena in magnetoplasmadynamic thrusters
(MPDT), using multi-temperature models. Caldo
and Choueiri[5] have developed a two-temperature
model to study the effects of anomalous transport,
described in ref.[6], on MPD flows. The effort by

LaPointe[7] focused on studying the effect of geom-
etry on performance. Martinez-Sanchez!.[8],[9]
have developed multi-temperature axisymmetric nu-
merical models to study various aspects of the flow.
Turchi[10] et al. use MACHZ2, an unsteady MHD

not very far off.

Solving Maxwell's equations consistently with
compressible gasdynamics equations produces
waves physically associated with the problem,
such as Alfen and magnetosonic waves, as
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eigenvalues. Such a formulation is thus suitahkiteed, quasi-neutral plasma in thermal equilibrium un-
for handling MHD waves and shocks. der conditions for which the continuum treatment is

valid.
2. Some of the earlier efforts have experienced

problems conserving mass, momentum, and (—;21 : .

. ) .1 Governing Equations
ergy. The conservative formulation of the gov-
erning equations, used in this work, ensures thetie governing equations for this problem can be
these quantities are indeed conserved. Fraifitten in the form:
the perspective of numerical solution, it can be

. . . p pua
shown that conservative formulation is necesé 5 B
sary for accurately capturing discontinuities. = | P4 . pua = p—OM -
y y cap g % | B +V uB — Bu S. (1)
3. Though noted earlier[9], none of the existing & (E+p)u—DBy-u

models (with the exception of recent work o , . : ,
Heiermann[13]) take advantage of the develojrhe right hand side of the equatios, contains the

ments in the techniques for numerical solutioa{SS''oatlve effects that are physical in nature,

of Euler and Navier-Stokes equations. 0

A new solver, developed based on principles men- S=v.| v |, (2)
tioned above, was introduced by the authors in Eres
ref.[14], and validated in ref.[15]. The focus of this q
paper is to demonstrate the utility of this solver to |n the total continuity relation, any possible diffu-
investigate plasma flows in MPD thrusters. sion effects are neglected.

The momentum equation contains the electromag-

1.4 Outline netic body force per unit volumg, x B, written as

Th derlvi h i briefl lained usi the divergence of the Maxwell stress ten#y, as
€ underlying scheme 1S brietly explained usiNgyinaq in ref.[16]. Here,is the isotropic thermo-

a simplified flow problem inj2. Subsequent Im'dynamic pressure tensor. The viscous stress tensor,

provements to the physical models, that did not r%j,-s, can also be included in this formulation, though

quire significant changes to the underlying numetj-
cal building blocks of the solver, were implemente In Faraday's law, the convective diffusion of the

and are described #8. The results from the Com'magnetic field, which is the contribution of the back

phutatlor(; Olf %Iasm% fl((j)ws In an MPD ;[Ir;;us_lt_ir, ufs'nEMF, is written as a divergence of the antisymmetric
the models described, are presente§dr. The ef- tensoruB — Bu. The resistive diffusion appears as

fects 9f SOme asp.ec_ts of Fhe model, specifically tﬂﬁ/ergence of the resistive diffusion tensét,., as

equation of state, is investigatedja.2. in done ref.[17], which includes the dispersive Hall
effect.

2 MHD Simulations The energy equation is written in terms of the en-
ergy density (energy per unit volume), which in-

The solver developed in this work can be illussludes the internal energy, kinetic energy and the en-

trated with the simple flow problem of a fully ion-ergy in the magnetic field.

is neglected in the results shown in this paper.
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Apart from the familiar convective flux of energyparabolic nature to the governing equations, is rel-
(€ + p) u, the other terms are  the energy expendatively well understood.
in electromagnetic acceleratiofi,; - u, and the dis-

sipative flux of energyy - q, due to viscous heating,2.2.1  Spatial Discretization
Ohmic heating, and thermal conduction, ) _ ) _ _
There are two important issues in the design of dis-

B x E cretization schemes:

V-q=V " |Tyis - u+ + Ry - VT'|

e Estimating the numerical flux through cell
whereE' is the effective electric field on the plasma.  boundaries, by accounting for waves propagat-
Under some physical conditions, when the mag- ing at different speeds, and possibly in different
netic pressure is several orders of magnitude larger directions,
than thermodynamic pressure, the conservation form
of the energy equation may not be suitable. In these®
cases, since the thermodynamic presspres cal-

culated by subtracting one large numb&?®(2/,)  The numerical scheme used in this work is de-
from another ), the associated errors could bgyed from research based on the pioneering work
large. However, for the conditions that are of interegt Godunov [18], [19]. The characteristics-splitting
to plasma propulsion, the magnetic pressure is s@lchnique, which will be described later, was first
dom two orders of magnitude greater than therm@eveloped[ZO], [21] to solve problems in com-
dynamic pressure. Thus the conservation form of thgassible fluid dynamics. It satisfies the Rankine-
energy equation is numerically suitable here. Hugoniot jump conditions exactly, and has been
Thus, the entire set of equations can be written dpoyen to work reliably for solving the Navier-Stokes
the conservation form, equations. Jameson[22] has shown that this scheme
ou can be combined with flux limited anti-diffusion to
5 TV [Feonv — Fiss] (3) provide higher order accuracy in smooth regions of

_ . the flow, and ensure that there are no unbounded lo-
whereF.,,, is the convective flux tensor, aifl;ss 3] oscillations.

Obtaining non-oscillatory solutions and captur-
ing discontinuities with sufficient accuracy.

is the dissipative flux tensor. The essence of this scheme is to split the char-
acteristics based on their direction of propagation.
2.2 Numerical Solution Then, the flux across a cell face, for example whose

The equations describedj contain hyperbolic andnormal Is in thez direction, can be split as,

parabolic PDEs. Much of the discussion in this sec- Fz(U) = Fz(U)t + Fz(U)~, (4)

tion will be on the techniques for solving the con-

vective part of the problem. One reason for this ighere the eigenvalues afFz*/dU are all non-
that the goal of this work is to simulate problems inegative, and the eigenvalues difz~ /dU are all
propulsion and therefore computing the flow is theon-positive.

most important part. More importantly, it is this part Godunov’s theorem[18] assures that no scheme
of the problem that has required improvements. Than be better than first order accurate near discon-
dissipative part of the problem, which brings in @inuities. However, away from the discontinuities,
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the spatial accuracy of this scheme can be improv@ck time scales could be more severe. Then, evaluat-
by including flux-limited anti-diffusion, as describedng the convective fluxes at the time scales of dissipa-
in ref.[22]. Details of this implementation, alondive fluxes would be prohibitively expensive. In or-
with test cases for its validation, are documented dier to sidestep this difficulty, a sub-stepping scheme
ref.[15]. can be chosen. In this method, the convective fluxes

Numerical methods for diffusion type problemsare updated only afteN dissipative time steps, such
are relatively commonplace. Explicit centered sptrat N At is still less than the convective time scale.
tial differences for the parabolic terms is used in
g;iszv;ork, with a sub-stepping method discussed 5)3 Boundary Conditions

The boundaries in the computation of MPD flows are

2.2.2 Temporal Discretization of various types. This section will discuss the estima-

tion of the convective and dissipative terms at each
Unlike in fluid mechanics, the equations of MHD akype of boundary.

low many different types of waves to exist. Even
though physically the flow velocity is the sought 31 Flow P i
guantity of most interest to propulsion, numerg' : ow Properties

cally the velocity of the fastest wave is what defhe computational domain is assumed to be large
termines the time-step constraints. In plasmas &{ough such that there are no normal gradients in any
propulsion interest, the fluid velocity i€(10%) of the flow properties at the free stream boundaries.
m/s. For a quasineutral plasma with charge den-at solid boundaries, convective flux of all con-
sity of O(10*") /m?* and thermodynamic pressures Qferved variables, given by eqn.(1), is zero. For es-
O(10~") Torr and magnetic pressure@{10") TorT, imating the thermal conduction, either the tempera-
the fast magnetosonic wave speed is typically of thge of the wall, or the heat flux to the wall has to be

same order of magnitude as the flow velocity. Thigecified. A judicious estimate can be made for this,

—8 _ 10—9 ; )

such a problem would b& (107" — 107) s. vective fluxes. Moreover, there are no radial gra-
Physical dissipation brings in different charactefiients. Therefore, there is no thermal conduction

istic time scales into the problem. They are: across the centerline.

Magnetic diffusion: Su,Ar2 /1y ~10-10g At the inlet, a specifigq mass flow rate of the_pro-
Heat conduction: Tk Ar? [k~ 1010's p_e!lant enters a_lt a specified temp_erz_atl_Jre at sonic con-
Viscous diffusion:  =0Ar?/pipise ~107°s . ditions. In reality, the propellant is injected as neu-
tral gas at room temperature, and it gets almost fully
If these were vastly different, that would call for afonized within a few millimeters from the inlet[23].
implicit treatment of time stepping. That is not thélowever, it is believed[24] that this ionization pro-
case here, and an explicit time-stepping scheme wass cannot be modeled by fluid theory. Therefore,
chosen. in this model, the inlet temperature is chosen to be
Depending upon the particular case being simhigh enough such that the propellant is sufficiently
lated, the difference between convective and dissipanized. Effectively, the backplate of the numerical
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model is not the true backplate, but a region few milvall is entirely resistive, and is given by,
limeters downstream of it.
E, = 77ij . (8)

2.3.2 Field Properties At conducting boundaries, all the current entering

The computational domain is chosen to be largfee discharge flows at the surface, at least in the tran-
enough such that all the current is enclosed withéent case. Therefore, even though resistivity, for
the domain. Thus, from Angre’s law, the magneticmost conductors is very small, the electric field can
field at free stream boundaries is zero. Note thathié significant due to the large current density, in the
the domain is too small to make this assumption utiansient case. In a true steady state, after the mag-
reasonable, it will cause spurious jumps in flow varietic field has diffused into the conductor, the surface
ables, most notably in pressure. potential drop decreases to zero.

At all other boundaries, the magnetic field is com- At insulated boundaries, the magnetic field dif-
puted purely from Faraday’s law. Using Stokes’ thdduses into the wall instantaneously. Therefore, the

orem it can be written as, jump in the the magnetic field, and subsequently the
9B surface current is zero.
= dA = _7{ E-dl. (5) Atthe backplate, which also serves as the inlet, the
A Ot C

total voltage drop is set as the boundary condition.
In the cell-centered scheme used in this workmulating atrue constant current circuit, this applied
eqn.(5) implies that the evolution of the magnetypltage is adjusted every time step to maintain the
flux is specified by the contour integral of electriéPecified amount of current to flow in the channel.

field around the cell. Therefore, the only information
required is the electric field drop along the boun% Improved Physical Model
aries.
At the axis of symmetry, the inductive componer§ 1  Thermal Non-Equilibrium
of the electric field is zero because there is no flow
across it. The resistive component can be relate@r the conditions of interest, there is sufficient ev-

to the magnetic field from the point next to= 0, idence (for instance, refs. [26], [27]) that electron
through a simple Taylor series expansion, and ion temperatures are different. Then, the dispar-

ity can be accounted for by using separate species
energy equations. The conservation relation for the
total internal energy;,,;, of the fluid can be written

. 4B9|A 2
E;|r:0 = 7]]z|r:0 = Tr/ . (6)

From classical electromagnetic theory[25], thaes’
jump in the magnetic fieldd, — H;, across an in- 9&;,,; .
terface between two media has to satisfy the relatiorg; VelEimu]+pV-u=j-E+ V- (knVT) .

9)
nx (Hy—H;)=Js, (7)  Theinternal energy of the fluid can be further split

into those pertaining to electrong,, and ions¢&;, as
wherelJ, is the surface current per unit length. Due

to the no mass flux condition, the potential drop at a Eimt =& + & . (20)
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The electrical power input to the plasmp; E, trons,
can be split into the part that is expended in Ohmic ke \/ﬁz .
>~y — > 1.
Me

heating;2, and the part that is used for accelerating k.
R (3

the plasma(j x B) - u. _ )
The thermal conductivity in the total energy equaS_lnce the temperatures of electrons and ions are not

tion is the sum of the contributions from both elec’€"Y disparate, one could make the assumption that
trons and ions thermal conduction of the ions is negligible com-

pared to that of the electrons. However, there may
ki VT = (kVT.) + (k:VT) (11) be some reglon_s, such as stagnatlon points, wh_ere
thermal conduction may be an important energy dis-

wherek, andk; are the coefficients of thermal conSiPation mechanism for the ions. Therefore it is ad-
duction for the electrons and ions, respectively. Wifisable to retain this term.
these assumptions, the conservation relations for thé" €dns.(12) and (13), the rate of exchange of en-

internal energy of electrons can be written as, ~ €rgy per unit volume between the electrons and the
ions, through collisions, can be estimated as,

o€ .
ate+v'[€eu]+pev'u = njz_Agie+V'(keVTe) ) A& — 3peVei
(12) M

(14)

kg (Te —T;) , (15)

and that of ions as, , . :

wherep, is the electron mass density, ang is the

. average collision frequency between electrons and

+V-[Eul+piVou = Al + V- (kiniVTi) - jons, Energy losses due to radiation are important

(13) in many types of plasmas. However, earlier work by

In the above expressiong, andp; are the pres- Boyle[26], Villani[29], and Bruckner[27] suggests

sures of the electron and heavy species respectiveiit the relative magnitude of this sink is not signifi-

andnj;? is the Ohmic heating term, anti;. is the cant. Consequently, radiation losses will be ignored
energy exchange term to be discussed later. in the current model.

Since experimental data suggest that the dispar-
ity between the two temperatures is less than an 9
der of magnitude, only one of eqns.(12) and (13) is
needed, and the internal energy of the other spediasal molecules possess internal energy in modes
can be obtained, without significant error, by sulather than the translational. In these situations, the
traction from the total energy. Note that the energglationship between pressure, density and tempera-
expended in acceleratiofj,x B)-u, does not appearture is of the form
in equations (12) and (13) because they are relations

0&;
ot

Equation of State

0lnQ

for theinternal energy only. The acceleration energy p= NkgT (16)
would appear if the kinetic energy were also included oV
in the definition of energy density. Ignoring nuclear contributions, the total partition

It can be shown[28] that the ratio of thermal corfunction, Q can be written as,
ductivities of electrons and ions depends upon the
sgaure root of ratio of the masses of ions and elec- Q = QrotQuitQirQer a7
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where ). is the contribution of rotational energy 17 -
levels, Q. that of the vibrational energy levels, an it
Q. that of the electronic energy levels. 1801

Fortunately, most of the propellants of intere: 1) Elsciron Pressune
. .. PRI |
to plasma propulsion are monatomic in nature, a b b w17
therefore, the rotational and vibrational contributior

=
1

| - 1¥n

=

| & 10PN
are absent. Thus the problem of finding the eqt b E=irid
tion of state of a real gas reduces to the proble &' 11| 4 —— 10000Fa

of estimating the electronic excitation partition func
tion Q.. These partition functions, for many ele .

ments of interest, can be found in references suck . _ ;_.H}‘* ”i!"ﬂl ‘;"i 1= 3 # :t‘ 3 ]
ref.[30]. Based on this work, Choueiri[31] derivet e

expressions to obtain the temperature from press 1o i : : : i
and density, for argon. As shown in Fig.(2), itis cle¢ 10 18 o 0 1w amn
that at temperatures abov@!K, the deviations from Termperaies K]

the ideal gas model are significant.

-
L=
1

Flato of spacihic haals.

Figure 3: Variation of the ratio of specific heats for
_ argon (calculated from data in ref.[30])
60x10" — .

50 —

# 1deal Gas Model

40 |

3.3 Anomalous Transport

T, (K)

Real Gas Model

It is known that the current can drive microinsta-
bilities in the thruster plasma which may, through
induced microturbulence, substantially increase dis-
sipation and adversely impact the efficiency. The
presence of microinstabilities in such accelerator
o M w0 plasmas has been established experimentally in the
PO plasma of the MPDT at both low and high power
Figure 2: Deviation from ideal gas behavior for allevels[32] [33]. Choueiri[6] has developed a model
gon (calculated from data in ref.[30]) to estimate the resulting anomalous transport and
heating in terms of macroscopic parameters. Un-
der this formulation, apart from the classical col-

lision frequency of the particles, there exists addi-
As energy is deposited into the internal modes, ttienal momentum and energy transferring collisions

ratio of specific heats also changes. Once again, théitween particles and waves. The resulting anoma-
can be calculated from the data of partition functionus collision frequency is important whenever the
As seen in Fig.(3), the deviation from the ideal valuatio of electron drift velocity to ion thermal veloc-

of 5/3 is severe at temperatures abdwéK, which ity, uge /v > 1.5 . Above this threshold, the ratio of
is consistent with Fig.(2).

anomalous collision frequency to classical collision
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frequency was found to depend on the classical elebannel due to Hall effect. While the calculated val-
tron Hall parameter)., and the ratio of ion to elec-ues are in similar to the measured values withint the
tron temperatures];/T.. Polynomials giving thesechannel, the simulation does not predict the attach-
relations are in ref.[6] and are shown in Fig.(4). ment pattern at electrode tips accurately. This can
possibly be attributed to the unrealistic sharp corners
30 - of the electrodes in the simulation.

g
1

20 —

Anol./Class. Resistivity
@
1

4 6 8
Electron Hall Parameter, €2,

Figure 4: Ratio of anomalous to classical resistivi
in argon plasmas (from ref.[6])

Maasured current comows (25004 botwesn nes)

4 Results

4.1 Results from MPD Simulation
esults fro Simulatio Figure 5: Contours of constant current (1000A be-

Due to the simple grid generation techniques ustdeen lines)

in this work, a constant area channel is a more

amenable choice for study. The thruster chosen for

simulation was a design used by Villani[29]. There The current distribution on the surface of the cath-

exists sufficient data on the current and potential casde, shown in Fig.(6), shows peaks at the inlet

tours at various values of? /. for this geometry. (z=0), the anode length (z=0.20) and the cathode tip

The results shown are for argon mass flow rate @F0.264). This result is qualitatively in accordance

6.0g/s and 15.0kA of discharge current, since thes#h experimental observations.

are common operating conditions for many MPDTSs, The calculated contours of density are shown in

for which experimental data exist. Fig.(8). Within the channel, the axial component
The calculated and measured contours of enclos#dhe current produces a radial pumping force that

current are shown in Fig.(5). They indicate the blovpushes the plasma towards the cathode.

ing of the current lines at the exit, due to convection, The calculated contours of axial velocity are

and also the canting of the current lines inside tlsaown in Fig.(7). The profile at the exit shows axial
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velocities in the range of about 8.0 km/s to 14.0 kmfsal modes, namely electronic excitation and ioniza-
This is in general agreement with range of measuréoh, there are no sufficient energy sinks in the model.
values for this operating condition. Moreover, the density contours obtained with the
The profiles of heavy species temperature, showdeal equation of state, shown in Fig.(8), are drasti-
in Fig.(8), indicate that it varies from about 1eV teally different from the more realistic contours ob-
about 3.5eV. These values are roughly in the rangetahed with the real equation of state.
experimental measurements in refs.[26], [27]. TheThe effects of anomalous transport were not pro-
stagnation point at the cathode tip is the region abunced at these conditions, due to the correspond-
highest temperature in the simulation. ingly low values of the electron Hall parameter and
uge/vii. It IS, however, interesting to note that
anomalous transport effects appeared to be more im-
portant when the ideal equation of state was used in-
stead of the real equation of state.

5 Concluding Remarks

Caprpsl Danely (Ao

The development and validation of a new solver
to accurately compute plasma flows of interest to

. : . propulsion has been documented in earlier works
Distance Akng Caitcd i by the authors (refs.[14] and [15]). In this paper,
the utility of this solver to simulate plasma flows in
Figure 6: Current density distribution on cathod@éagnetoplasmadynamic thrusters has been demon-
surface strated. The calculated contours of velocity, den-
sity, enclosed current and temperature are in general
agreement with measured values.

The robustness of this solver is evident from its
ability to handle changes in the physical model, with-
To estimate the importance of the real equation @fit requiring changes to the underlying scheme. In
state model, described §3.2, this part of the modelthis paper, the effects of the real equation of state and
was turned off and the code was run for the saragomalous transport models were included.
operating conditions as i§4.1. The difference was The effect of anomalous transport was found to
very significant, not only in the values, but in theave no major effect on the solution at this condi-
convergence itself. Without the real equation @ins. This can be explained to the lack of occurence
state, the solution did not reach a steady state,ddidigh electron Hall parameters for this geometry at
the heavy species temperature increased monotdiis operating condition.
cally with time. An intermediate solution is shown Though other researchers (ref.[13]) have found the
in Fig.(8), and it can be seen that temperature edeal equation of state suitable to simulate MPDTs at
ceeds 6.5eV. The explanation for the high tempetawer current levels, for the chosen operating condi-
ture is simply, without energy expenditure into intetion, J = 15.0kA, and = 6.0g/s, the real equation

4.2 Effect of Physical Models
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of state was crucial to obtaining a realistic and stable N.F. Roderick, and R.E. Peterkin Jr. Progress in
solution.
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Figure 7: Axial velocity contours for 6.0g/s of argon and J=15.0kA
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Figure 8: (a) Density profile with real equation of state; (b) Density profile with ideal equation of state; (c)
lon temperature with real equation of state; (d) lon temperature with ideal equation of state



