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In this paper an overview is given on a numerical simulation program for applied field 

magnetoplasmadynamic thrusters which is currently under development at the Institute of 

Space Systems (IRS). The simulation code for argon plasma flows in thermal and chemical 

non-equilibrium uses an axisymmetric finite volume scheme on unstructured, adaptive 

meshes. The external magnetic field is taken into account employing the vector potential 

formulation. Azimuthal velocity and magnetic field are handled by a quasi-three dimen-

sional approach with vanishing azimuthal derivatives. Besides the numerical analysis, a ra-

diation-cooled laboratory model of an applied field magnetoplasmadynamic thruster is un-

der development at IRS. The modular design allows adjustments of the thruster to find an 

optimized thruster geometry based on numerical and experimental results. 

Nomenclature 

A
r

 = Vector potential, 1Vsm −  

A∆  = Finite volume cell area, 2m  

B
r

 = Magnetic induction, T  

E
r

 = Electric field, 1Vm −  

e  = Energy density, 3Jm −  

f
r

 = Flux vector, 2Nm −  resp. 2Wm−  

I  = Current, A  

j
r

 = Diffusion flux, 12sm −−  

j
r

 = Electric current density, 2Am −  

k  = Reaction rate, 13sm −  

n  = Particle density, 3m −  

p  = Pressure, Pa  

q  = Source term, 3Nm −  resp. 3Wm−  
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r  = Radial coordinate, m  

T  = Temperature, K  

t  = Time, s  

v
r

 = Velocity, 1ms−  

Z  = Charge number, -  

z  = Axial coordinate, m  

α  = Energy transfer coefficient, KWm 3−  

β  = ( )een1 , 13Cm −  

λ  = Thermal conductivity, 11KWm −−  

ρ  = Density, 3kgm−  

σ  = Electric conductivity, 11mΩ
−−  

τ  = Viscous stress, 2Nm−  

τ  = Mean free flight time, s  

ϕ  = Azimuthal, -  

χ  = Ionization energy, J  

ω  = Reaction source term, 13sm −−  

ω  = Gyration frequency, 1s−  

Subscripts 

A  = Anode 

b  = Backward 

c  = Coil 

D  = Diffusion 

e  = Electron 

f  = Forward 

h  = Heavy particle 

i  = I-fold ionized species 

invisc  = Inviscid 

m  = Centre of mass 

r  = Radial 

visc  = Viscous 

z  = Axial 

ϕ  = Azimuthal 

Physical constants 

e  = As 1060219,1
19−⋅  

k  = 
123

JK 1038062,1
−−⋅  

0µ  = 117 mVsA 104 −−−⋅π  

I. Introduction 

pplied field magnetoplasmadynamic (AF-MPD) thrusters in the power range 5-100 kW are promising de-

vices for orbit control systems of large satellites because of their high specific impulse, thrust density and effi-

ciency. Furthermore, AF-MPD thrusters at higher power levels appear to be excellently suited for interplanetary 

space missions like crewed and uncrewed Mars missions.
1
 Several laboratory devices and prototypes of AF-MPD 

thrusters have been developed and theoretically and experimentally investigated in Germany,
2,3

 the USA,
4
 the for-

mer USSR
5
 and Japan

6,7
 during the last three decades. With one of the best devices, the applied field thruster 

DFVLR-X16 developed at DLR Stuttgart, a thrust of 251 mN, an effective exit velocity of 36 km/s and an efficiency 

of 38.8 % was achieved with an applied magnetic field of 0.6 T.
8
 

A 
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The step to flight-qualified AF-MPD thrusters has not been taken yet. One reason for this status is the low pres-

sure needed for ground tests of AF-MPD thrusters (tank pressure lower than 0.1-0.01 Pa). Measurements have 

shown that specific thrust (F/I) increases as tank pressure is reduced.
9
 The saturation point of specific thrust had not 

been achieved in these tests. Also, current stream lines are extended far outside the thruster with increasing strength 

of the applied magnetic field and decreasing ambient pressure. To avoid interaction with the wall, the vacuum fa-

cilities must be adequately dimensioned and made of non-magnetic steel. The optimization of the devices is difficult 

because AF-MPD thrust depends on plasma parameters, which depend on each other, and on their distribution. The 

complex acceleration processes are not thoroughly understood yet. Therefore, efficient numerical simulation tools 

are needed to gain experience and to support further development. 

In 1996, the Institute of Space Systems (IRS) proposed an experimental platform for an AF-MPD thruster on the 

International Space Station (ISS), which could help to explore the acceleration mechanisms and clarify environ-

mental influences.
10

 One of the first steps for testing an AF-MPD device in space is the development of an opti-

mized thruster design for a power level of 10-20 kW. This requires pre-qualification of a thruster model in ground 

test facilities. Supported by the German Research Foundation DFG (Deutsche Forschungsgemeinschaft) a program 

for numerical simulations of AF-MPD thrusters is currently under development at IRS. The simulation software 

SAMSA (Self and applied field MPD thruster simulation algorithm) is based on a numerical code that has been de-

veloped and was qualified at IRS for the simulation of self-field MPD thrusters.
11

 SAMSA is intended to be used to 

achieve a better understanding of the basic plasmaphysical processes, which lead to the acceleration of the propel-

lant, and to optimize the thruster and electrode geometry and particularly the configuration of the applied magnetic 

field of an AF-MPD thruster. 

Beyond the numerical simulations, the DFG research project also includes the development and experimental in-

vestigation of an AF-MPD laboratory thruster to gain experience by comparing numerical and experimental results. 

At IRS, a thruster test facility, which is equipped with a diffusion pump system to achieve high vacuum, is espe-

cially suitable for testing of this thruster. 

In the following sections of this paper an overview on the principles of operation of AF-MPD thrusters and the 

physical model and computational methods implemented in SAMSA is given. Also, the first numerical results and a 

characterization of the laboratory thruster used for experimental investigations at IRS are shown.  

II. Physical properties of AF-MPD thrusters 

The principle design of an AF-MPD thruster is illustrated in Fig. 1. It consists of a central cathode and a coaxial 

anode at the end of a nozzle-like configuration. The applied magnetic field is created by coaxial arranged coils or 

permanent magnets. 

Acceleration and energy conversion mechanisms of AF-MPD thrusters can be derived from the generalized 

Ohm’s law and the corresponding energy equation:
2
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Four main acceleration mechanisms are known to be effective:
1,2

 

1) Joule heating and thermal expansion through a nozzle. 

2) Interaction of discharge current arc and self-induced azimuthal magnetic field leads to axial and radial 

acceleration. 

3) Interaction of discharge current and applied magnetic field results in azimuthal force that puts plasma into 

rotation. The rotational energy can be partly converted to axial acceleration downstream. 

4) Interaction of induced azimuthal current (Hall current) and applied magnetic field produces axial and radial 

Lorentz forces. 
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The formation of high azimuthal currents is very important to achieve high thrust. Particle collision rates have to 

be low to get high azimuthal currents. Therefore, the Hall parameter can be seen as characteristic parameter for AF-

MPD thrusters:
12
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Equation 2 indicates that strong magnetic field, high temperature and low pressure are necessary to gain high 

thrust in AF-MPD thrusters. 

The strong applied magnetic field leads to reduced electrical conductivity perpendicular to the magnetic field: 

 
( )

. 
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=⊥  (3) 

Because of the anisotropic electrical conductivity, the current stream lines are extended far outside the thruster 

(“magnetic nozzle effect”).
12

 Therefore, for numerical simulations of AF-MPD thrusters the calculation domain has 

to be extended far downstream from the thruster. Also, this region has to be included into the calculation to allow 

the conversion of rotational energy into axial acceleration of the propellant as mentioned above. 

III. Physical Model for Numerical Simulations 

Due to axisymmetric AF-MPD thruster geometries, the plasma flow inside the calculation domain is supposed to 

be axisymmetric as well. Hence, the conservation equations are used in a two-dimensional form using cylindrical 

coordinates. Considering all relevant acceleration mechanisms, azimuthal components have to be included into the 

model for electrodynamic variables, the plasma velocity and momentum. For this reason, a quasi-three dimensional 

approach is used with azimuthal derivatives set to zero, i.e.: 
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Argon is used as propellant because of its low specific ionization level.
8
 Assuming continuum flow, the argon 

plasma is considered as quasineutral two-fluid plasma in thermal and chemical nonequilibrium (up to 6-fold ionized 

argon). The transport coefficients of argon, which are required by the conservation equations, are calculated ac-

cording to Heiermann and Auweter-Kurtz.
11,13

 

No turbulence is considered due to strong viscous dissipation in the hot plasma and low pressure level in AF-

MPD thrusters. 
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Figure 1. Principle design of an AF-MPD thruster with 

coaxial magnetic field. 
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A. Conservation of mass 

Conservation of mass is expressed as balance of particle densities for each heavy particle species: 

 ( ) .  div div , iiDi
i jvn
t

n ω+−−=
∂
∂ rr

 (5) 

Diffusion fluxes iDj ,

r
 are computed with formulas from Heiermann and Auweter-Kurtz.

11,13
 A conservation 

equation for electron particle density is not needed because of quasineutral assumption. 

The chemical source term iω  includes electron impact ionization and three-body recombination: 
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The forward reaction rates ifk ,  and backward reaction rates ibk ,  are calculated according to Heiermann and Au-

weter-Kurtz.
11,13

 

B. Conservation of momentum 
The conservation equation for radial momentum is given by 
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The first term of the source term arises from using cylindrical coordinates.
14

 The second term describes the effect 

of electromagnetic interaction. 

The conservation equation of azimuthal momentum is given by 
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The conservation equation of axial momentum is given by 
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The viscous stresses are given by 
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C. Conservation of energy 

With the equation of state for heavy particle pressure 

 , hhh kTnp =  (11) 

heavy particle energy he , which is composed of translatory and kinetic energy, is defined as 

 .  v
2

1

2

3 2rρ+= hhh kTne  (12) 

The conservation equation for heavy particle energy is given by 
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The flux vector zv
viscf
ρr

 includes fluxes created by viscous forces and heat conduction of heavy particles. In the 

source term he
q  the first term arises because the electron pressure is included in the inviscid flux he

inviscf
r

, the second 

term describes the power due to Lorentz force and the last term describes energy transfer between electrons and 

heavy particles. 

With electron pressure defined as 

 eee kTnp =  (14) 
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and electron energy 

 , 
2

3
eee kTne =  (15) 

the conservation equation of electron energy is given by 
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The terms on the right hand side of Eq. 16 describe convective transport caused by electron velocity ev
r

, 

deformation of an electron fluid element due to electron pressure, transport caused by diffusion flux eDj ,

r
, electron 

heat conduction, energy transfer between electrons and heavy particles, Ohmic heating and energy balance due to 

ionization. 

By defining the current density 

 ( )ee vvenj
rrr

−=  (17) 

and utilizing the assumption of quasineutral plasma, Eq. 16 can be transformed to 
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D. Conservation of the magnetic field 

Using Ohm’s law for plasmas (Eq. 1) and the Maxwell equations,
15,16

 conservation equations for the axial, radial 

and azimuthal components of the magnetic field can be achieved. In self-field MPD thrusters only the azimuthal 

component of these conservation equations is necessary to describe the arc discharge between cathode and anode 

and the induced magnetic field.
11,13

 

In AF-MPD thrusters the axial and radial components are additionally needed to include the influence of the ap-

plied magnetic field and induced azimuthal current density. These influences are described employing the vector 

potential formulation:
16
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By using the vector potential formulation, the computation of boundary values influenced by the magnetic field, 

which is created by solenoidal coil currents, and the induced azimuthal currents can be managed, as will be shown in 

section IV below. The zero divergence constraint is also satisfied for the quasi-three dimensional approach 

( 0=∂∂ ϕ ): 
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The conservation equation for the azimuthal component of the magnetic field is given by 
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The first term on the right hand side describes the convective transport of the magnetic field; the second term re-

sults from using cylindrical coordinates. The third term describes the variation of the magnetic field, which is caused 

by electric current, Hall current and the diffusion flux by electron pressure. In Eq. 21 the magnetic flux density ϕB  

can be substituted by the stream function 

 . ϕrB=Ψ  (22) 

For steady state conditions, the electric current is constant between two contour lines of the stream function Ψ . 

The conservation equation for the axial and radial magnetic field in vector potential formulation is given by 
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The components of the current density are computed by 
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IV. Computational Methods 

For numerical simulations of AF-MPD thrusters the complex geometries of these devices have to be considered. 

Additionally, parametric optimization analyses require frequent changes in thruster geometries. Therefore, the com-

putational domain is discretized using unstructured grids. The grid consists of triangles produced by an advancing 

front algorithm.
17,18

 Based on these primary triangles, so-called dual cells are constructed. The corners of these dual 

cells are in the centers of mass of the primary triangles. 
11,13

 On cylindrical coordinates the dual cells represent tor-

oidal control volumes which contain the average values of variables computed during the numerical simulations. By 

using adaptation techniques, the computational time can be reduced significantly. 

The hyperbolic part of the conservation equations has to be solved by an adequate upwind scheme. In AF-MPD 

thrusters with three-dimensional magnetic fields the physical eigenvalues correspond to one entropy wave, two 

Alfvén waves and four magnetosonic waves (two slow and two fast). The choice of a numerical scheme is based on 

its accuracy and robustness. For example, Roe-type solvers are very accurate but not particularly robust for MPD 

calculations.
19

 In addition, Roe solvers are computationally very expensive. The approach used here for the 

computation of the hyperbolic part of the conservation equations is a HLLE scheme.
19-21

 The full Riemann solution 

at the cell faces is approximated by a single intermediate state bounded by two waves. Their wave speeds are Roe-

averaged numerical approximations to the physical minimum and maximum wave speeds, which are the fast mag-

netosonic waves, for that particular Riemann problem. The intermediate state can be calculated by the condition of 

conservation.
22

 

To achieve second order accuracy in space, all variables needed to compute the inviscid fluxes through the cell 

faces of the dual cells have to be linearly reconstructed. Within the scope of this work a second-order Weighted Es-

sentially Non-Oscillatory (WENO) scheme is used.
11,23

 

Independent of the discretization method used for the hyperbolic part of the conservation equations, the para-

bolic fluxes are computed by a central scheme. On unstructured grids simple central differences expressions used on 
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structured grids can not be applied. Therefore, according to Heiermann the fluxes are evaluated on each triangle with 

Cramer’s rule to achieve a quasi-central scheme.
11

 All other differentials needed for the calculations are computed 

by the least-square method. 

To achieve a steady-state solution, time integration is done by explicit, first-order, randomized local time steps.
11

 

A. Boundary conditions 

On the inlet boundary the mass flow rate and temperature are specified and kept constant by a numerical flow 

controller.
11

 On solid walls the no-slip boundary condition is implemented. Flow velocity is set to zero, heavy parti-

cle temperature is set to a specified wall temperature and electrons are assumed to behave adiabatic. On the outlet 

boundary subsonic or supersonic outflow conditions are used depending on the local Mach number. It is also possi-

ble to simulate recirculation of remaining gas in a vacuum tank. If the plasma velocity vector points inwards at the 

outlet boundary, predefined ambient conditions are used. 

The electric field is assumed to be perpendicular to the electrode surfaces. On boundary cells ω  upstream from 

the electrodes the value of the stream function Ψ  is defined by Ampère’s law with the discharge current AI : 

 . 
2

0

π
µ

ω
AI=Ψ  (25) 

On boundary cells downstream from the electrodes the stream function is zero. 

According to Jackson
16

 and Heiermann
24

 the vector potential A  at cell ω  caused by the solenoidal coil cur-

rent cI  and by induced azimuthal current density ϕj is given by 
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with the definitions 

 

( ) ( ) ( ) ( )

( ) ( )  
4

, 
22

2
,

2
,

,

2

cmmc

mc

zzrr

rr
k

k

kEkKk
kG

−++
=

−−=

ωω

ω
 (27) 

and the elliptic integrals 
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These elliptic integrals are solved by Gauß-Legendre integration.
24,25

 In Eq. 26 and 27 the solenoidal coil is mod-

elled as an array of ring-shaped windings. The coordinates cr  and cz  of each winding can be specified separately, 

so complicated coil configurations can be implemented. The computation of the elliptic integrals is computationally 

very expensive. Therefore, as indicated in Eq. 26, the calculation of the geometric factors influenced by the elliptic 

integrals is done once before a numerical simulation is started for a given thruster and coil geometry. 
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V. Numerical Results 

A. Anisotropic electric conductivity 
In order to investigate the current distribution caused by the applied magnetic field, calculations have been made 

for the thruster geometry shown in Fig. 2. Within these calculations the plasma velocity has been kept to zero, the 

heavy particle density has been set to 34 mkg 104.2 −⋅=ρ , the heavy particle temperature has been held constant 

at K 1000=hT , the electron temperature at K 10000=eT  and the heavy particle pressure has been set 

to Pa 50=hp . With the assumption of chemical equilibrium, the particle densities of the ionized species and the 

transport coefficients have been calculated. Within these calculations the coil for applying the external magnetic 

field consisted of 15 layers of windings. Each layer had 10 windings. The discharge current was held constant at 

A 80=AI . Figure 2.a) shows the current distribution Ψ  in the self-field MPD case without an external magnetic 

field; in Fig. 2.b) the current distribution is given for an applied magnetic field of T 6.0=B  at the cathode tip. By 

increasing the external magnetic field strength, the current streamlines are extended downstream from the thruster. 

This is induced by the “magnetic nozzle effect”, i.e. the anisotropic electric conductivity, as mentioned in section II. 

Within the system of conservation equations the anisotropy is caused by the Hall term of the magnetic induction 

equation Eq. 21. 

B. AF-MPD thruster simulations 
Numerical simulations of an AF-MPD thruster have been accomplished with a thruster geometry aligned with 

the laboratory model described in section VI and an outer anode diameter of mm 40=∅ A . At the investigated 

thruster geometry the propellant is fed through the hollow cathode with the mass flow Cm&  and through the annular 

gap near the anode with the mass flow Am& . Within these calculations the full system of conservation equations for 

an argon plasma flow in thermal and chemical non-equilibrium has been used, which is described in section III. Fig-

ures 3 to 7 show the results for the operating parameters summarized in Table 1. The external magnetic field was 

created by a coil, which consisted of 15 layers of windings and 10 windings in each layer. At a coil current 

of A 100=CI  the resulting applied magnetic field at the cathode tip became T 12.0=B . For the results shown the 

discharge current was A 80=AI , the cathode gas flow 
s

mg
 5=Cm&  and the anode gas flow 

s

mg
 2=Am& . 

a)  
 

b)  
 

Figure 2. Current distribution Ψ : a) applied magnetic field strength is zero, and b) applied magnetic 

field strength is T 6.0=B  at cathode tip. 
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Figure 3 shows the distribution of heavy particle density ρ10log . With increasing applied magnetic field an area 

of low density appears inside the thruster, and the constriction of the plasma flow in front of the anode gets stronger. 

The field lines of the applied magnetic field are shown in Fig. 4. In Fig. 5 the current distribution Ψ  is given. The 

contour lines of the current distribution show perturbations in front of the electrodes which rise with increasing 

strength of the applied magnetic field. Especially for the thruster geometry shown here these perturbations become 

Table 1. Operating parameters for numerical 

simulation; results shown in Fig. 3 to 

Fig. 7. 
 

Outer diameter of anode: mm 40=∅ A  

Cathode mass flow rate: 
s

mg
 5=Cm&  

Anode mass flow rate: 
s

mg
 2=Am&  

Discharge current: A 80=AI  

Coil geometry: 15 layers with 10 windings in 

each layer (150 windings altogether). 

Coil current: A 100=CI  

Applied magnetic field: T 12.0=B  

   

 
Figure 3. Heavy particle density ρ10log . 

 

 
Figure 4. Field lines of the applied magnetic field. 

 

 
Figure 5. Current distribution Ψ . 

 

 
Figure 6. Electron temperature eT . 

 
Figure 7. Heavy particle temperature hT . 
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obvious inside the thruster also. The perturbations inside the thruster increase as the particle density decreases with 

stronger applied magnetic fields. This can be traced back to the Hall term of the azimuthal induction equation 

Eq. 21, which is inversely proportional to electron density. With increasing values of the applied magnetic field this 

leads to instabilities in the numerical calculations, which have to be investigated further. 

The distribution of electron temperature eT  is shown in Fig. 6, and the distribution of the heavy particle tempera-

ture hT  is given in Fig. 7. The non-equilibrium between electrons and heavy particles is clearly noticeable. As a 

result of the low particle density, the collision frequencies and the energy exchange between the particles are low. 

Because of their low mass and high mobility, the electrons are assumed to carry the electric current in the plasma. 

Therefore, the electron temperature is increased by Ohmic heating. Only a small part of the energy is transferred to 

the heavy particles. 

VI. Experimental Investigations 

The AF-MPD thruster DFVLR-X16 developed at DLR Stuttgart is still one of the most effective thrusters in the 

power range 10-20 kW with noble gas as propellant today.
8
 Therefore, the X16 thruster design has been used as a 

starting point for the development of the AF-MPD laboratory model at IRS. The design of the IRS thruster model, 

which is currently under construction, is shown in Fig. 8. The laboratory thruster has an outer anode diameter 

of 40 mm. The total length is 355 mm. 

Several design criteria have been taken into account during the development. The thruster is radiation-cooled, 

which not only simplifies the design but also allows further development of the thruster with regard to a flight 

model. The thruster has two independent gas inlets through a hollow cathode and through an annular gap near the 

anode. The gas delivery near the anode should prevent the depletion of density and charge carriers in the anode 

zone. This reduces instabilities during operation and could also improve efficiency.
26

 

The thruster has a modular design, which allows changes in electrode geometry and magnetic field configuration 

as a consequence of numerical and experimental results. The assembly of the thruster is flexible. The anode and 

cathode can be easily detached without disassembling the entire thruster. Variation of the distance between cathode 

tip and anode exit plane, and also of the distance between neutral liner exit plane and anode exit plane is possible to 

find an optimized thruster configuration. 

The layout of the coil, which will be used for creating the applied magnetic field for the experimental investiga-

tions, is only limited by the outer diameter of the radiation shield. The final design of the coil has not been deter-

 
(1): Cathode (Cu) (6): Anode (TZM) (11): Bolted connection 

(2): Cathode mounting (PEEK) (7): Cathode (WT20) (12): Insulator (Macor) 

(3): Gas connector  (8): Anode (WT20) (13): Insulator (BN) 

(4): Structural connection (Steel) (9): Gas connector (14): Insulator (BN) 

(5): Radiation shield (Steel) 

 

(10): Locknut 

 

(15): Neutral liner (TZM) 

  
Figure 8. Current design of the AF-MPD laboratory thruster at IRS without magnet. 
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mined yet. Based on numerical and experimental results, the configuration of the coil can be adapted. The investiga-

tion of permanent magnets is also possible with the laboratory thruster in future with regard to a flight model. 

The intention of the experimental investigations at IRS is to determine the operation and performance parameters 

of the AF-MPD thruster. The experimental investigations allow a judgement of the quality of the numerical simula-

tion program SAMSA. Based on numerical and experimental results, further optimizations of electrode geometries 

and magnetic field configurations should be possible. 

VII. Conclusion 

The numerical simulation program SAMSA as described in this paper allows detailed simulations of argon 

plasma flows in AF-MPD thrusters. Parametric analyses of electrode configuration, nozzle geometry and configura-

tion of the solenoidal coils are possible. These analyses are eased by using a finite volume scheme on unstructured 

grids, which allows for fast customization to various, complicated thruster geometries. In addition, the configuration 

of the solenoidal coil can be changed with minimum effort. The calculations for the investigated AF-MPD thruster 

geometries show perturbations in the current stream lines at strong applied magnetic fields. This leads to instabilities 

in the numerical simulations, which will be examined further. 

A laboratory model of an AF-MPD thruster has been designed and is currently under construction at IRS. The 

laboratory model will be tested at IRS facilities with regard to its operating and performance parameters. The com-

parison of numerical and experimental results should lead to a better understanding of the physical processes in AF-

MPD thrusters and an optimized thruster design. 
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