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NUMERICAL INVESTIGATION OF MPD THRUSTERS WITH UNSTRUCTURED MESH
METHODS

C. BOIE*, M. AUWETER-KURTZ*, H. J. KAEPPELER", P. C. SLEZIONA*

Abstract

This paper describes our work on numerical simulation of self-field magnetoplasmadynamic
(MPD) thrusters using a new unstructured mesh scheme. The scheme has been developed to
achieve higher accuracy through the use of local mesh refinement which was shown to be of
major importance if the results are to be used as a basis for plasma instability investigations.
Furthermore, complex geometries can be treated much easier with this scheme.

A two-temperature model is used to describe the argon plasma. The electron temperature
is obtained by solving a steady state electron energy equation which considers ohmic heating,
heat conduction, ionization and heat transfer to the heavy particles. The flow of the heavy
particles is described by the conservation equations including heat conduction and viscosity.
The steady state Maxwell’s equations and Ohm’s law are used to compute the magnetic field
at every time step. The composition of the plasma is determined by the law of mass action for
a given flow field and electron temperature distribution.

The resulting system of equations is solved iteratively using a combination of finite element
and finite volume method in two dimensions and Runge-Kutta time integration assuming axi-
symmetric flow. An Osher approximative Riemann solver was implemented to compute the
inviscid fluxes and higher order reconstruction is used to compute the state variables at the cell
interfaces. The results which are shown for the DT2 thruster at 4000 A discharge current are
in good agreement with experimental data.

Nomenclature
I total current A correction factors
B magnetic induction ¢,  specific heat at constant pressure
¢y  specific heat at constant volume C; ratio of partition functions
E  electric field €p  dielectric constant in vacuum
e elementary charge : a.; heat transfer coefficient
es  energy density of heavy particles €ion internal energy density of heavy particles
¥ ratio of specific heats h Planck’s constant
7 current density , K  equilibrium constant
k Boltzmann constant A thermal conductivity
Mo  permeability in vacuum U viscosity
m  mass flow rate m,. electron mass
ms heavy particle mass (Ar) n. particle density of electrons
ns  particle density of heavy particles n;  particle density of Ar*t
D total pressure Q  collisional cross section
¢  heat flux p mass density
o electrical conductivity T. electron temperature
T; heavy particle temperature T viscosity tensor
U velocity Xi ionization energy of ith level

z;  charge number

*Institut fiir Raumfahrtsysteme (IRS), Universitat Stuttgart, Pfaffenwaldring 31, D-70550 Stuttgart, Ger-
many
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Figure 1: Nozzle type MPD thruster device DT2
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Self-field magnetoplasmadynamic accelerators were designed to generate plasma jets of high
velocities. Cold gas is heated and ionized in a DC arc discharge. The plasma is accelerated by
j x B-forces in the self-induced magnetic field and additionally through thermal expansion in
a nozzle. To achieve high specific impulse, magnetic acceleration should be dominant, i.e. low
mass flow rates and high discharge currents are desirable.

Currently, two types of self-field MPD thrusters are investigated at IRS, namely the nozzle
type (DT2-DT7) (see Fig. 1) and the cylindrical (ZT2, ZT3) type devices. They are operated
continuously at discharge currents up to 4000 A (DT) and 15000 A (ZT) respectively. Argon
is used as propellant at mass flow rates of 0.8 to 3 g/s.

With both types, the achievable specific impulse and efficiency are lower than expected.
The operation range of the nozzle type thrusters is limited by the onset of plasma instabilities
if a maximum value of I?/7h = 2.5-10'°A%s/kg is exceeded. Linear stability analysis has shown
that a space charge instability can occur which leads to current chopping in the nonlinear
expansion (1, 2]. For further investigation of these phenomena, numerical simulation of the
accelerators with highly resolved gradients of the plasma parameters is essential, since these
data cannot be obtained by measurements. For this purpose, a numerical scheme has been
developed based on the physical model employed at the IRS for thruster calculations (3, 4, 5].
It uses a higher order discretization of the system of equations on a triangular mesh and adaptive
mesh refinement has been implemented to increase the spacial resolution in critical areas. The
model and discretization is presented in this paper and results for the DT2 thruster are shown.

General Assumptions

While the working principle of self-field MPD thrusters is simple, the details of the actual physics
are rather complex and only a simplified model can be treated by numerical computation. The
model is based on a multifluid theory considering Ar, Ar*, Ar?*, Ar®* e~ as described in [6].
However, temperature T, and velocity ¥ of all heavy particles are assumed to be equal. Since
mesh elements are much larger than Debye length, neutrality of charge is assumed. The electron
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and heavy particle densities are given by
\l
nezziniy n_,:Zni, P =mN; ,
i=1 1

with n; being the particle density of Ar**. Since the reaction rates for ionization reactions are
high inside the thruster due to electronic exitation of the particles [7], equilibrium ionization is
assumed. The composition of the plasma therefore depends on T, and n, only. The ionization
energy is delivered by the electrons.

"The total pressure is given by
P = Pe + Ds = kT, + n,kT.

Due to the much higher mobility of the electrons, the contribution of the ions to the total
current is neglected, i.e.

Vp=U———.
nee
This is valid only outside the electrode sheath regions, but electrode effects are not treated as
yet.

Since the thrusters have axisymmetric geometry and the plasma jet appears to be axisym-
metric as well, the azimuthal dependency of all parameters is neglected and the problem is

treated in two dimensions only, that is ~
" F.(r, 2)
= 0
F(r,2)
The magnetic field simplifies to
0
é = B¢(T‘, Z)
0

These simplifications lead to a system of partial differential equations which can be solved
numerically. It is described in detail in the next section.

Basic Equations

The model used for the computation describes the flow of the heavy particles under the influence
of heat transfer from the electrons and j x B-forces. Conservation of mass, momentum and
energy for the heavy particles yield

2+ Vi (o0) = 0,

ot
@ . T( = ~T P N
apv—kV(pvv +p) = VI7+[jxB|,
3} SEpge L
T Vi((es+p)9) = VI(ITF=G)+ 377 x B)+ 3 nenioni(T. - T3) ,

1=0
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with the total pressure, heavy particle heat flux and viscosity tensor
iy _ plv)? KT,
p = (v—1(e—=5-) +nhTe

q-.; - —/\sVTJ,

= aUJ a'Ul' T <o
gl “((axi““axj) 5"3V )

The electron temperature and magnetic field are governed by coupled elliptical differential
equations, which can be solved for a given flow field of the heavy particles. This approach was
successfully used in the past and avoids the limitation of global timestep of a time dependent
solution of the electron energy equation due to the strong source terms. The stationary electron
energy equation

-'.2
IO! =VTq + Z NeniCei(Te — Ts) + pe VT 7 + VT (€i0n®)

=0

with
o = nekTe )

q-; e _/\eVTey

Gign = EmZx, y

=1
yields the electron temperature T, e;on is the internal energy density of the ionized partlcles

The current density 7 is governed by the steady state Maxwell’s equations together with
Ohms law

rotE = Ov,

-~

rot B = poj,

J X = 1 - = 1
L (g x B T s v,
ol U ]+nee[7>< ] o YP

—

E

The heat conductivities A, A, viscosity u, electrical conductivity o and heat transfer coefficient
@.; have still to be computed. They depend on electron temperature and the particle densities
of the species. The composition of the plasma is determined by the law of mass action and is
obtained by finding the positive root of the polynominal

Z IY:I N+1-m_nsZ(HI(

m=1 n=1

with the equilibrium constant

s _ Nille (27rmekTe)3/2 Xi }
K; = P 2C; E exp{ KT

C; represents the ratio of the partition functions which in our case is nearly constant. The
electrical conductivity is then given by [8, 9]

n.e?

Y.
il 2 Vm kT, TN niQ.: ’
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and the heat conductivity of the electron component
15 \/’ﬁ nk?T,
8 V2 m ETe (nQee + TiLo niQei)

For the heavy particles, viscosity x and heat conductivity are given by

3 N
n = A“§ g\ﬂm,kT,E

n;
2 N :
i=0 NeQeiy/ 81/ 22 + Ty Qi

/\e = A,\.

As = uc, .
The specific heat at constant volume is computed by solving the composition for constant total
pressure instead of constant total particle density at T, + 10K.
In the above expressions, the Gvosdover cross section

o T 3
Q,-j—f(—z""e ) In (1+1447r2 (eokTe) ) ,

"~ 4 \dneokT, Ne€52% (2o + 1)

is used for collisions between charged particles with Q¢ = Qi1, Q. = Qy;. For collisions with
neutrals i

QOO

9.7.10719 (1 g S ) b

S
Qo = 4:107%m%,
Qi = 8-107"m?.
The Sutherland correction C = 142 was included according to [10].

The resulting values of o, )., A, and p have been plotted versus temperature at constant
pressure and compared with literature [11, 12]. They are in good agreement with 4, = 2.2,

Ay, = 1.5 and A, = 1.2. For a;, no reference data has been available, so A, has been set to
one.

Numerical Methods

The numerical solution of the system of equations described above is computed on a unstruc-
tured triangular mesh. The conservation equations are discretized using a finite volume scheme.
The mean values of the state variables (p, pu, pv, e,) inside each triangular cell are attached to
the triangles and integrated using Runge-Kutta time integration. The flux vector is computed
at all edges with an approximate Osher Riemann solver [13]. To obtain a scheme of second
order, primitive variables are reconstructed from the mean values at the cell interfaces and lim-
ited to avoid oscillations [14]. The viscous fluxes are computed using the same reconstruction
algorithm to determine the derivatives of T, and ¥ at the cell interfaces. Since the viscous
fluxes (especially heavy particle heat flux) can become dominant in some regions, the CFL
condition has to include the diffusive parts. The electron temperature and current density are
kept constant during the explicit timesteps and updated when the flow field has changed.

To compute the current density, the variable ¥ = rBy is attached to the mesh nodes, i.e. a
linear representation of ¥ exists inside each cell. The line integral

-
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is then minimized taking an integration path which connects the centers of gravity of all triangles
around a node. The solution has to be computed iteratively by a relaxation method since o
and n, depend from electron temperature and the equations are nonlinear due to the Hall term.

The electron energy equation is a simple heat conduction equation with strong source terms.
It is discretized using a finite volume formulation.

Both elliptical differential equations are solved with a relaxation method. To obtain a
convergent solution, electron temperature, magnetic field, plasma composition and transport
coefficients have to be iterated in a strongly coupled way since all transport coefficients have a
strong dependence:from 7. :

neration

The boundary of the computational domain has to be defined prior to generating the mesh and
starting the computation. A set of boundary segments which are joined together to build up a
closed curve must be defined to specify the border. The segments may be straight line segments
or circle segments of several physical type (inlet, anode, cathode, insulator, centerline,. .. ). For
the mesh generation process, a resolution function g(r, z) must be given which prescribes the
distance between nodes at every point inside and on the border. It may be obtained from an
error indicator considering a previous solution.

The mesh generation proceeds in three steps. In a first step, the boundary segments are
divided into edges according to the prescribed local grid size. The set of edges constitutes the
initial front for the advancing front algorithm, which generates the mesh in the second step.
At last, the mesh is optimized by changing edges and moving nodes to reduce distortion. After
the generation of a new mesh, the plasma state can be copied from a different mesh using the
reconstruction algorithm mentioned above to minimize the introduced error [15].

In Fig. 2 the triangular mesh with 8479 elements and 4423 nodes is shown for the nozzle
type DT2 thruster geometry which has been used for the DT2 computation. It has been slightly
refined in regions with high gradients of the heavy particle temperature.
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Figure 2: Triangular mesh used for DT2 computation
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Results

In Fig. 3 to 6 some results for the DT2 nozzle type thruster are shown. The discharge current
for this computation was set to 4000 A and the inlet pressure was controlled for a constant
mass flow of 0.8 g/s. For the heavy particle flow, slip condition was imposed at the solid walls.
The inlet heavy particles temperature has been set to 1000 K. At the outflow boundary, the
boundary condition depends on whether the flow is subsonic or supersonic. In the subsonic
case, the pressure was set to 3 Pa.

: 0.5 01
35000 K 30000 K

Figure 3: Electron temperature contours at 4000 A

35000 K 30000K

Figure 4: Heavy particle temperature contours at 4000 A

The heat flux to the wall of the heavy particle component is set to zero. For the electron
component, the wall temperature is set to 12000 K if T, is higher than this value. Otherwise,
the walls behave adiabatic. This boundary condition will be replaced by an electrode model in
the near future. A comparison between the computed data and the measurements show, that
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Figure 5: Mach number contours at 4000 A
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Figure 6: Current stream lines at 4000 A

the values of inlet pressure and exit velocity are sligtly too low. The total thrust is in good
agreement with the experiments. .

The temperatures of electrons and heavy particles are shown in Fig. 3 and Fig. 4. As can be
seen in Fig. 3, 4 and 5, the highest temperature occurs at the nozzle throat exit where the mach
number equals to one. In this region, n./n, reaches a maximum value of 2.5. The increase
of heavy particle temperature near the anode in the nozzle exit plane is in agreement with
experimental data an is due to rarifaction of the plasma near the wall. The decrease of electron
temperature behind the nozzle exit appears to be too slow due to the equilibrium ionisation
assumption. In this region, nonequilibrium ionization must be considered to obtain the correct
temperatures.
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A new numerical scheme has been developed for the simulation of arbitrarily shaped axisym-
metric MPD accelerators using an unstructured triangular mesh. A coupled solution of the
Navier Stokes, stationary electron energy and discharge equations is obtained using an explicit
finite volume scheme of higher order. Adaptive mesh refinement has been implemented to
achieve good resolution of gradients in the plasma parameters. The presented results which
were obtained for the DT2 thruster are in good agreement with the expected data and experi-
ment. Further extensions of the model with respect to nonequilibrium ionization, trea.tment of
the electrodes and true multifluid theory are planed.
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