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ABSTRACT n Particle density.
A self-field MPD thruster in its most basic form consists in p Thermodynamic pressure.
a central cathode surrounded by a concentric anode. With thi q Electron charge.
coaxial geometric shape is very difficult to use experimgatd- Re Reynolds number.
nigues to visualize the plasma parameters. In the follovpiag T Static temperature.
per we intend to present some preliminary results for a 2B-sel t Time.
field MPD thruster obtained with a new algorithm developedfo U  Velocity vector.
solving the resistive magnetohydrodynamics (MHD) equatio v/ \joltage drop.
The numerical method is based on the well known PISO algo- x yz Cartesian components.
rithm and make use of AUSM-MHD scheme for flux calculation. p Density.

& Permittivity of free space.
n Electric resistivity.

o Electric conductivity.

Up Permeability of free space.
Jdeft Thruster efficiency.

y Adiabatic index.

NOMENCLATURE

Magnetic field vector.

Magnitude of the magnetic field vector.
Electric field vector.

Total energy.

Momentum Thrust.

Feum Electromagnetic component of Thrust.
Frerm Thermal component of Thrust.

Jo Acceleration of gravity.

Ha Hartmann number.

Ispec  Specific impulse.

j  Electric current density.

kg Boltzmann constant.

m Mass flow rate.

M M@ ®

INTRODUCTION

A self-field MPD thruster in its most basic form consists in
a central cathode surrounded by a concentric anode [1]. With
this coaxial geometric shape is very difficult to use experim
tal techniques to visualize the plasma parameters. Thefuse o
measuring probes can also be problematic since they wil dis
turb the plasma flow. To overcome such problems Toki et al. [2]
developed a multichannel two-dimensional device. Withrthe
approach an almost uniform current distribution can beinbth
*Address all correspondence to this author.
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along the line of sight, which ensures easier optical aduéiss

to the discharge region. We know that a 2D configuration do not
reflect the features of coaxial devices. Nevertheless, dseee
optical accessibility makes it possible to use advancedalis
ization techniques and relate the flow data with the perfocea
data [3]. The huge amount of data that can be collected wéthin
bi-dimensional system, with this configuration, can alsqbite
useful for the development and validation of numericalsdabht
can be applied in 3D or 2D axisymmetric MPD nozzles.

The application of numerical codes in the flow-field analysis
of magnetoplasmadynamic (MPD) thrusters allows us to under
stand relevant parameters that are quite difficult to vizaah
experiments. However, computing the complex physic thasis
sociated with this kind of devices is not a trivial task. Soofie
the earlier models assumed that the plasma flow in MPD noz-
zles behaves like a single conducting fluid [4, 5]. Howeuss t
assumption leads to some ambiguity in the definition of pasm
transport coefficients, since these are usually defined iffex-d
ent way for electrons and heavy species [6]. Another aproac
is to consider the plasma as a single fluid but with different+t
peratures for heavy species and electrons [7-10]. Withlaists
approach it is possible to compatibilize the simplicity lod tsin-
gle fluid approach and, at the same time, calculate the two dis
tinct transport coefficients in a more realistic way. Nelvekess,

a single fluid approach can still be useful for a better urntdas
ing of the main acceleration mechanisms that are genergted b
this kind of systems [11].

In the following paper we intend to present some prelimi-
nary results for a self-field MPD thruster. These were olgt@in
with a new algorithm developed for the single fluid resistivag-
netohydrodynamics (MHD) equations. This new algorithm is
based on an all Mach version of PISO method [12], that was ex-
tended and validated for ideal MHD flows by Xisto et al. [13,14

In the next section we will present the governing equations
and in section 3 the numerical method is briefly summarized.
In section 4 some validation cases are addressed, we sthrt wi
the Hunt flow problem were we intend to validate our method
for low speed resistive MHD. Regarding ideal MHD validation
two bi-dimensional standard problems are addressed, gaheel
high density cloud shock wave interaction and the MHD rotor.
Finally, in section 5 the effects of cathode geometry in a 2B s
field MPD thruster performance will be analysed.

GOVERNING EQUATIONS

Magnetohydrodynamics is related to the interaction of a
conducting moving fluid with one or more magnetic fields. This
interaction can be described by the MHD equations, which cou
ple the magnetic field, given by Maxwell equations, with tlogvfl
of a conducting fluid, ruled by the Navier-Stokes equatidrise

resistive form of the MHD system of equations is given by:

0-(pU) =0, (1)

%+D {pUU+(p+ZB—;>|—— rv.s] (2)
‘E’—tam [(pa+p+B—>U U- —]

0-(kOT) — (me) =0, (3

‘;_?m (UB—BU)+0Ox(nj) =0, (4)

wherek is the plasma thermal conductivity,= 1/0 represents
the plasma electric resistivity ang is the permeability of free
space. This system expresses the conservation of massBgn. (
momentum (2), total energy (3), and propagation of the mtigne
field (4). The viscous stress tensor for compressible flovivisrg

by:

Tyisc = — (gum-u> | +u [DU+(DU)T], (5)

wherey is the dynamic viscosity of the plasma. Temperature is
a derived quantity and can be obtained from an equation t&, sta
BZ

olea(vea))

Using Ampere’s law, and some vector identities, the lashtef
Eqgn. (4) can be rewritten in terms Bf

OxB B

—— | =-0-(nOo— ).
(%) =0 (o)
The electrical conductivity is treated as a scalar field givgthe
Spitzer-Harm formulation,

(6)

x(nj) =0x (7)

T3/2
0=1,53x 10*2m, (8)
where,
12v2m(kaeoT)%/?
INA=In < P2 , 9)

is the Coulomb logarithm. In Egn. (%} is the Boltzmann con-
stant,gis related to electron particle chargg s the permittivity

of free space and is the particle density expressed in particles
per cubic meter of plasma.
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NUMERICAL MODEL

The numerical method that was used for the MPD thruster
analysis was developed and validated, for the ideal MHD equa
tions, by Xisto et al. [13, 14]. This new algorithm is basedios
P1SO method previously developed for the Euler equationls an
validated for all Mach number flows [12]. In order to improve
accuracy and stability in the calculation of all kinds of MHi3-
continuities we have adapted the AUSM-MHD scheme proposed
by Han et al. [15] and for variable interpolation the CUBISTA
limiter was used [16]. For multidimensional MHD cases, in or
der to ensurél-B = 0, we make use of the hyperbolic diverge
cleaning technique proposed by Dedner et al. [17].

Thruster parameters

Several parameters can be used to assess the performance of

an MPD thruster. The overall thrust force can be calculateah f
the momentum flux at thruster exit,

F=/ (pU?+p)ds (10)

out

The electromagnetic component of the total force can be cal-
culated with the volume integral of the axial component & th
Lorentz force,

Feiy = /V (i x B) dV. (11)

The thermal contribution can be easily calculated as tHerdif
ence between total and ELM forces,

I:I'erm: F— FELM~ (12)

The thruster specific impulse can be calculated in the faligw
way:

(13)

| = ——
spec mg)’

whereggo = 9,8 [m/sz] represents acceleration due to gravity.
From Eqn. (13) we can conclude that a system that is able to
produce an higher specific impulse is more efficient, sincarit

generate more thrust for the same mass of gas propellant. The

efficiency of a self-field bi-dimensional MPD thruster carché
culated in the following way [18].

F2

2ml (V + Velet)’ (14)

Jett =

whereniis the mass flow rate arids the discharge current. The
electrical voltage across the plasiia, that can be calculated as
the line integral of Ohm’s law from anode to cathode,

V:/E-dI:/(nJ—UxB)-dI. (15)

The numerical model is not able to predict the potential dho@
to electric sheath formation near the electrode walls. Rat t
reason a constant value\dfie; = 20 V was specified [18, 19].

VALIDATION

Regarding validation three test cases will be addressed. We
start with the well known Hunt flow problem, were we intend to
validate our model for low speed resistive MHD flow. The two
remaining cases are standard 2D ideal MHD problems that will
be use to validate our model for complex MHD shock interactio

Resistive MHD validation

The Hunt flow problem is a well know test case for incom-
pressible and resistive MHD flow. This case allows us to eéd
the effect of the Lorentz forcg & B) in the evolution of a con-
ducting fluid in a square duct. The channel is composed by two
electrical insulated walls, that are parallel to the apgpleag-
netic field (in this cas®; ), and two conducting walls that are
perpendicular to the applied field. We consider a fully depetd
flow with a Reynolds number equal Re= 10 and a Hartmann
number equal ttia = 300 . The flow is unidirectionak(direc-
tion) and is driven by a pressure gradient-e800[Pa/m|. For
the conducting walls an electrical conductance ratio etgu@ll
is specified. An analytical solution can be obtained withtiie
perbolic functions that were proposed by Hunt [20], or by the
exponential version of those equations [21]. The soluti@s w
calculated in a 2D non-uniform mesh with 4646 nodes, see
Fig. 1. This problem can be easily converted in a two dimen-
sional case if we only consider one cross-section of thero#lan
with periodic boundary conditions in the flow direction.

In Fig. 2 we present a comparison between analytical and
numerical results. We can see that, for both boundary lajles
numerical results tend to agree very well with the analysca
lutions. The two side-wall jets are related to the baland¢e/den
the pressure gradient and the Lorentz force. In the insiliktke-
walls the current lines are parallel to the applied magrfetid,
thus, the electromagnetic braking force in these regiosigigf-
icantly reduced. As a consequence, in that region the preessu
gradient is mainly balanced by the viscous force and the flow
protrudes through the magnetic field in thin jets along tlie-si
walls [22].
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FIGURE 1.

(b)

PROBLEM CALCULTION.

Ideal MHD validation

In this section we will address two standard ideal MHD

NUMERICAL GRID USED FOR THE HUNT FLOW

problems. The first test case is related to a well know prolatem

astrophysics, see citeDail998a. It comprises the inferact an

high density cloud with a strong shock wave. The computation

domain is a square box withy € [0;1] and a total of 406 400
nodes. The discontinuity lies at= 0.6 with the following left

and right states for the dependent variables:

plkg/m?]
Ux[m/g
Uy[m/s]
Uz[m/s
p[Pd
Bx [T/ UO]
By[T/ o]
BZ[T/ UO]

3,86859
0
0
0
167.345
0
2.1826182

~2.1826182/

1
—11.2536
0
0
1
0
0.56418958

0.5641895§}

R
(16)

Numerical results
Analytical results
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FIGURE 2. COMPARISON BETWEEN NUMERICAL AN ANA-
LYTICAL RESULTS.

the adiabatic index is equal o= 5/3. The high density cloud
(p = 10]kg/m?3)) assumes a circular shape with centréxyy) €
(0.8;0.5) and radius equal to.05/m]. The value of pressure in-
side and outside the circular cloudgs= 1[P4, so the cloud is in
hydrostatic equilibrium with the environment. Regardimgihd-
ary conditions, in the right there is a fixed value boundarydio
tion due to supersonic flow, and in the remaining boundahies t
variables are extrapolated from inside the domain.

The results were obtained for a final time tof 0.06[9,
before the cloud leave the domain. In Fig. 3 a) we present the
contour plots for density in a logarithmic colour scale améig.

3 b) the magnetic field lines are plotted. We can observe that
the discontinuities are calculated with a good resolutidhis

case does not have any analytical solution, and it can only be
compared with solutions from different authors, see [2B,2he
second test case comprises the so called MHD rotor. This case
can be found in [25] and it allows us to test our model for the
calculation of torsional Alfvén waves. The rotation spéedn
initial condition of the problem an no other external forees
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FIGURE 3. NUMERICAL RESULTS OBTAINED FOR THE
CLOUD-SHOCK INTERACTION.

applied to the rotor. This problem is again solved in a square
domainx,y € [0;1] with a total of 400x 400 nodes. The initial
conditions for the magnetic field and pressure are uniform,

By = O[T/Ho]; Bx =5/vVA4m[T/uo); p=1[Pd; y=14. (17)

The initial conditions for the rotating cylinder of radiug =
0.1[m] are the following:

y_O’S)

b = 10[kg/m; Uy = ~Up! ~(8)

-0,5
ro

o

Notice thatUy and Uy are functions ofr < ro, wherer =
1/2

[(x— 0,5)%>— (y—0, 5)2] / andUg = 2[m/s]. The environment

is defined by the region > r; (r; = 0.115[m] ) and its station-

ary Uy =Uy =0[m/s ) with a density ten times lower than the

cylinder (o = 1[kg/mq)). In order to obtain a soft transition be-

tween the rotating cylinder and the environmental fluid haot
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FIGURE 4. RESULTS OBTAINED FOR THE MHD ROTOR.

region was created, with linear profiles for density and eiyp

p=1+9f; Ug=—fUg ; Uy = fUg

y-09 . a9)

(x—0,5)
r

where,

f=(ra—r)/(ri—ro). (20)

In Fig. 4 we present the results obtained after0.15[g], before

the torsional waves reach the computational domain boyndar
We can see from the Mach number distribution (Fig. 4a) that
the rotor is still rotating, to a certain radial distancethaan uni-

form angular velocity. Beyond that distance the the rotetio
speed decreases because the rotor exchange angular momentu
with the environment. We can see that the proposed method can
calculate torsional Alfvén waves, those waves are pdaitu
visible in the plot of magnetic pressu {(B/2), Fig. 4 b).
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NUMERICAL MODELING OF A 2D MPD THRUSTER

The previously validated model will now be used to analyse
a 2D MPD self-field thruster. In following section the effect
of cathode size in the MPD performance will be analysed. This
kind of study has been done in an experimental level [26,8d] a
several numerical studies were also performed [5, 7, 11\48]

=" Outlet

Inlet

will demonstrate that the geometric characteristics ottitbode oy N Symmetry
can influence the discharge current pattern which can rigsaitt :_‘
increase of the electro-thermal component of thrust.
Regarding the numerical model several assumptions were @
made. The propellent gas is argon and we assume that it is in- e B
jected in the discharge chamber in a state of total ioninatfde oosk E
can then assume that the plasma can be treated as a single fluid oook
quasi-neutral in a state of thermal equilibriuh £ Te =T ). ook ]
Several phenomena are neglected, namely: viscosity; #lerm E 1
conductivity; electrical sheath; Hall effect; and radbatipro- Yo ]
cesses. Electrical resistivity is given by Spitzer-Harfaisnula- oo ]
tion, see Eqgn. (8). Also, the plasma flow is purely bi-dimenal 00zt ]
in thexy plane. 003" ]
For validation purposes we have use the same boundary con- ooaf, T E
ditions as [5]. At inlet, because of its subsonic regime, @&sna X
flow rate of 25g/s is imposed and a temperaturelof= 5000 K (b)

is fixed. Since the flow is supersonic at outlet, all varialales
extrapolated from inside the solution domain. In the ebstsr
walls a slip condition is imposed for velocity and a perfeelec-
trical conducting wall is specified for the magnetic fieldr Both

the insulated wall and symmetric boundary the magnetic f&eld
fixed to zero. At inlet the magnetic field can be calculated as a
function of the discharge current,

FIGURES5. 2D SELF-FIELD MPD THRUSTER GEOMETRY AND
BOUDARY CONDITIONS.

in the FASC configuration are compared with experiments. We
Hol can see that the current model over-predicts the propuisios.
oW’ (21) Nevertheless, the trend is quite similar and when the smius
compared with the results obtained by others [11], whilegisi
similar numerical model, we can observe that our resulteegr
very well.

Bo

wherel is the discharge current aMil represents the width of
the thruster, in this cad®’ = 84[mm.

In Fig. 5 the two analysed configurations are presented. Lets know analyse the effects of the cathode length for the
Both geometries are composed by flared anodes (FA), where theseveral thruster parameters. In Fig. 7 a) we compared thralbve
only difference between the two devices is related to thetin-c thrust values obtained with both configurations for seveathles
ode length. The first configuration, that we refer as FASC, is of discharge current. We can see that with the short cathmae ¢

composed by a short cathode with a length equal fontd, the figuration we can reach higher values of thrust. This is @edla
second geometry (FALC) is composed by a long cathode with to the geometric shape of the cathode, that will allow a kigge
40[mm] length. concentration of discharge current lines in is tip, see Bi@).
The proposed method was validated against experimental [3] This feature will increase the thermal component of thrust.
and numerical results from different authors [5, 11]. In.Fécg) Fig. 7 b) we can see that the ELM component of thrust is almost
the axial velocity distribution along sectign= 0.009[m], for a the same for both devices, and the biggest discrepancy eppea
discharge current df = 8000[A], is compared with the numeri-  in the thermal component of thrust. The results for thrustiér
cal results obtained for the FASC configuration by two défar ciency and specific impulse are presented in Fig. 9. The config
authors. We can see that the calculated velocity is sligowxer uration FASC can achieve a biggest efficiency for the catedla
but the plot is showing the same pattern. A more accuratdasli range of discharge current. This was expected since, faaime
tion requires a comparison with experiments. For that psepio mass flow rate and discharge current, this is the configur it

Fig. 6 b), the numerical results obtained for the momentumnsth results in higher value of thrust.

6 Copyright © 2013 by ASME
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FIGURE 6. COMPARISON BETWENN EXPERIMENTAL AND
NUMERICAL RESULTS.

CONCLUSIONS

A previously proposed method for the ideal MHD equations
was here extended to calculate viscous and resistive MHD flow
The numerical model was validated for resistive MHD usirg th
analytical Hunt flow problem.

Regarding the MPD thruster modelling, a validation against
experimental results for a 2D self-field nozzle was also per-
formed. The proposed model over-predicts the values ofthru
However assuming a state of total ionization and thermailibgu
rium, while using an ideal gas law, can result in a huge irsgea
of temperature, that will result in a higher thermal compdrod
thrust.

The MPD electrode geometric effects in the thruster perfor-

mance were also analysed. We have demonstrated that enhanc-

ing the electro-thermal component of thrust will result igher
overall thrust values. In a self-field MPD thruster this ibiae-
able by reducing the cathode length.
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