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Comparison of Simulated Plasma Flowfield in a
Two-dimensional Magnetoplasmadynamic
Thruster with Experimental Data

Kenichi Kubota, Ikkoh Funaki, Member, IEEE, and Y oshihiro Okuno

Abstract—Comprehensive comparisons of the numerically simulated results of the plasma flowfields in a 100 kW class
two-dimensional magnetoplasmadynamic thruster with available experimental data are conducted. The propellant is argon of 1.25 g/s
and the discharge current is varied from 8 to 12 kA. The physical model includes non-equilibrium single-level of ionization and a
collisional-radiative model for argon ion to assess the reaction processes in detail. The data we mainly compared are the current path,
the electron number density and the electron temperature. There is qualitative agreement between the calculated and experimental
results except for the electron temperature. In order to explain the disagreement of the electron temperature, we estimate the excitation
temperature from the distributions of the excited ions in 4s and 4p states, radiation of which was employed to determine the electron
temperature in the experiment. As a result, it is found that the calculated excitation temperature becomes close to the measured result,
and that the plasma deviates from partial local thermodynamic equilibrium near the anode surface. Regarding the thrust and the thrust
efficiency, their features against variation of the discharge current are well captured by the simulation, although they are slightly
overestimated compared with measured values.

Index Terms—Electric Propulsion, Magnetoplasmadynamic Thruster, Collisional-Radiative Model

Nomenclature

B = magnetic flux density

C; = thermal velocity of species s

¢ = specific heat at constant pressure

E = electric field

e =  eclementary charge

g = statistical weight of species s

F = thrust

I = unittensor

J = total discharge current
Jj = current density

k = Boltzmann constant

I = mean free path of species s

ms =  mass of species s

m = mass flow rate

ng = number density of species s

p = pressure

P, = Prandtl number

Q; =  collision cross section between particles i and j
gaa =  radiative loss

R, = magnetic Reynolds number

Toer = temperature of species s / excitation temperature
u = velocity

U, =  internal energy of species s

Uionex = ionization/excitation energy

Vv = discharge voltage
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Vienex = ionization/excitation energy

W = thruster width

X = coordinate

y = coordinate

z = coordinate

n = generalized coordinate / thrust efficiency
As = thermal conductivity of species s
U = viscosity coefficient

Lo =  permeability of vacuum

Vi = collision frequency between particles i and j
é = generalized coordinate

Ds = mass density of species s

o = electrical conductivity

T = viscous stress tensor

D = dissipation function

Subscript

e electrons

em electromagnetic

ex excitation

h heavy particles (Ar-I, Ar-II)

i ions

ion ionization

n neutrals

N species

sh sheath

I. INTRODUCTION

Aself-ﬁeld magnetoplasmadynamic thruster (MPDT) is one of high-power electric propulsion devices for an interplanetary
spacecraft [1]. In a discharge chamber of MPDT, the interaction between a discharge current (> 1kA) and an induced
magnetic field (~0.1 T) produces Lorentz force to accelerate a plasma initiated by an arc discharge. In general, MPDTs are
operated with the electric power from several hundreds of kW to MW, and then relatively high thrust (~10N) can be obtained. Most
of the experiments for high power (100 kW ~ MW) MPDT have been conducted with a quasi-steady operation [2], whereas
steady-state operations with a power of 200 kW have also been done in Germany [3]. However, in spite of many research activities
on MPDTs, thrust efficiency is limited to a low value of less than 30% (with Ar propellant) at the present stage [2]. When hydrogen
is used as a propellant, thrust efficiency can be increased above 50% [4], but there remains the problem of a storage system. To
further improve the MPDT design for enhancement of thrust efficiency, detailed information on plasma parameters inside the
discharge chamber is helpful. However, it is hard to observe the flowfields inside MPD thrusters, because the MPDTs generally
consist of coaxial electrodes, i.e. a plasma flow is surrounded by a cylindrical anode, although there have been a variety of plasma
diagnoses by means of probe methods [3]-[5].

In order to measure the plasma properties inside an MPDT, a self-field two-dimensional MPDT (2D-MPDT) shown in Fig. 1
was developed by Toki [6]. Using the 2D-MPDT, an optical access to the two-dimensional flow became possible. Also,
measurements of the magnetic field distribution corresponding to current contours could also be performed [6]-[9]. Actually, the
2D-MPDT was contrived mainly for the purpose of observations of plasma flows, but two-dimensional imaging data of plasma in
a 2D-MPDT are very fruitful not only to comprehend accelerating thermochemical non-equilibrium flows within MPDTs but also
to construct a physical model, although it may be difficult for 2D-MPDTs to precisely reproduce the features of coaxial MPDTs. It
is also possible to validate a numerical code by comparing the measured imaging data of 2D-MPDT with the calculated results.
Through the discussion on the relationship between the thrust characteristics and the flowfield parameters, the validated code will
contribute to find a design policy of an MPDT with preferred acceleration mechanisms.

Although thrust performance data as well as plasma flow data for a variety of experimental conditions are available, intensive
numerical investigations for 2D-MPDTs with a detailed physical model have not been performed, whereas a number of
investigations on coaxial MPDTs have been conducted [10]-[13]. There exist some comparisons of the simulated flowfieds of
coaxial thrusters to the experimental results [10]-[12], but the counterpart for 2D-MPDTs is limited to the work of [9] in which a
fairly simple model was used. Recently, the effects of thruster geometry on flowfields and performance of 2D-MPDT were
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examined by the authors [14]. The present effort focuses on comparison of the available experimental data with the numerical
results obtained from our advanced code which was originally developed in the work of [9]. The flowfield of a 100-kW-class
2D-MPDT with Ar propellant is simulated by the code in which non-equilibrium single-level of ionization, thermal
non-equilibrium, viscosity, thermal conduction, and the Hall effect, all of which were ignored in [9], are incorporated. Additionally,
the present model includes collisional-radiative (CR) processes of Ar-II, which has not been taken into account in the other
numerical studies. Since the measured electron temperature was evaluated with the relative intensity of Ar-II lines, inclusion of the
CR model for Ar-II is expected to provide some insights in the discussion on the electron temperature. With this model, we can
examine the validity of assumption of partial local thermodynamic equilibrium in the flowfield. Moreover, direct comparison of
the distribution of the excited ions with the radiative intensity observed in the experiment is possible. The performances such as the
thrust and the thrust efficiency are also discussed.

II. NUMERICAL MODELING

A. Thruster Geometries and Computational Region

The thruster adopted here consists of a flared anode and a short cathode with a conical tip as shown in Fig. 2. In accordance with the
geometry used in the experiments [6]-[9], the inner interval between the anodes is set to 28 mm at the inlet, and 56 mm at the outlet
of the thruster. The cathode has a thickness of 8 mm. The width of the thruster W is assumed as a constant of 80 mm. The
computational region is limited to upper half domain, and is extended toward the downstream domain up to 100 mm in the
streamwise direction.

B. Physical Modeling

Argon is used as a propellant, and single-level of ionization is taken into account as a non-equilibrium process. In addition,
collisional-radiative processes of Ar-II are incorporated. We assumed the flow is completely uniform in the z direction in the
formulation. The Navier-Stokes equation with the MHD effects, and the induction equation, which determines the induced
magnetic field, have to be solved. The governing equations are as follows.

Total mass
%+V-(pu)=0. (1)

Mass of ions

Do (pu)=p.

2
Ot * 2
Momentum
2
a'.l+V- puu+(p+B jj—ﬁ =V-7. (3)
ot 2p, Ho
Internal energy of heavy particles
ou,
+V-(Uu)=-p,V-u+®+V-(LVT,)+5E. )
Internal energy of electrons, ionization energy, and excitation energy
.2
%(Ue +U,+U, )+ V-|(U,+U,+U, Ju]= —peV-u+J—+V-(ﬁeVT)+;—kj-VTe ~OE~q,,- (5)
O e
Induction equation
OB 1
——Vx(uxB):—Vx —VxB+ (VXB)XB . (6)
8t ;uoo- ﬂoene

The right hand side of (2) denotes the reaction source terms. The excitation of Ar-1 and the ionization from Ar-II to Ar-III are not
taken into account since it was reported that the intensity of the spectral lines of Ar-I and Ar-III were far less than that of Ar-II in
the 2D-MPDT [3], whereas it was shown that Ar plasma in a coaxial MPDT generally contains Ar-III and even Ar-IV [15]. For the
ionization process, Lotz formula is utilized as the forward reaction rates [16], and three-body recombination rate is calculated with
detailed balancing relationship. The collisional-radiative (CR) model for Ar-II employed in this study deals with the interactions
among the doublet ions, where some degenerate levels are modeled as a homogeneous group [17]. In this study, the uppermost
energy level is limited to 4p orbit for simplicity, thus the states for Ar-II of 3p (ground), 4s, 3d, and 4p are involved in accordance
with the model, where the 3d level is divided into three groups (2P, 2F5/2), 2F,),, and D. Regarding the excitation rate, we utilized
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the formula given by Rubin and Sobolev [18] for all reactions except for 3p-3d (*P, *Fsy), 3p-3d (°D), 3d (°P, *Fs)-4p, and 3d
(*D)-4p for which Beigman’s data are utilized [19]. As for the radiative process, we assumed that the plasma is optically thick
towards the ground state, and is optically thin for the inter-level transfers [20]. The internal energy of the heavy particles and
electrons are defined as

3 3
Uh =EnhkTh, Uezgnek];. @)

The ionization energy U; and excitation energy U,, are given by
Ui = I/izns’ Uex = Zl/exns 4 (8)
won ex
where the summation is taken for the ions and the excited ions respectively. The oF in the Eq. (4), (5) denotes the energy exchange
rate between the heavy particles and electrons [21]. The ¢,,, in Eq. (5) corresponds to the radiation loss relating the inter-level
transfers of Ar-1II. The current density is obtained from Ampére’s law, and the equation of state is necessary for closed formulation.

Jj= LV><B, ®)
Ky
p=nkT, +nkT,. )

In this study, the ideal equation of state is assumed to be valid. The governing equations (1)-(6) are solved numerically by a time
marching method. The convective terms are evaluated with the second order Lax-Friedrich TVD scheme [22],[23]. The electrical
conductivity is determined by [24]

e'n
o= —, (11)
meveh
and the viscous coefficient adaptable for partially ionized gas is given by [25]
1
U ZEaththsls, (12)

s#e
where o is a constant slightly less than unity. The thermal conductivities of the heavy particles and the electrons are calculated from
the relations below [24], where the Prandtl number P, is assumed to be 2/3 in this study;
e, 24 T
= , = .
P’ 1 + Vei/veh \/E meveh
Here, the collision cross sections are required to evaluate the collision frequencies. We use 0, = 8 X 10" m® [26], and the
following relations [241],[27],[28];

A

(13)

5.85x1071 ()"

Oy =———5—1In|1.24x10"| == |, (1
T, n
14 1.609 2 3

: kT, kT, kT,

Qen:%(fj exp{0.0618(ln e°) —0.1171(ln eej 1 (15)
e
O :2.57x10‘19[1+16T£j. (16)
h

C. Boundary Conditions

The prescribed mass flow rate of 1.25 g/s is set at the inlet. Since the plasma ignition process at the inlet is too complex to take
into account in the numerical simulation, we ignore the processes and assume that a relatively high temperature and highly ionized
plasma inflows into the thruster. In this calculation, the plasma at the inlet is assumed to have the heavy particle temperature of
5,000 K and the electron temperature of 10,000 K. The degree of ionization at the inlet is set to 0.1. When the flow is subsonic at the
inlet, the pressure is extrapolated. On the electrodes, the heavy particle temperature is set to 1,300 K on the anode surface and to
2,000 K on the cathode surface, which are set below the melting points of cupper and Th-loaded tungsten used in the experiments
for the anode and the cathode respectively. For the electron temperature along the wall, the adiabatic condition is assumed. As for
the boundary conditions for the outflow, zero-order extrapolation is used for the flow variables for simplicity. Although there is a
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subsonic outflow near the insulator, any harmful influence on the results does not appear. The calculation condition is summarized
in Table I. It was confirmed that the calculated results are insensitive to these input parameters.

The total discharge current J is varied over the range of 8 - 12 kA. From the discharge current, the magnetic flux density at the
inlet can be determined based on the Ampére’s law;

v
=t (17)
2W
This inlet condition for the induced magnetic field assumes that the cathode is forced to emit the electrons supplying a given
discharge current J. The actual attainable current density on the cathode will depend on cathode temperature and cathode’s material,
but the employed cathode size is considered to be enough to supply the given discharge current because of the experimental
evidence. Along the electrodes, it is assumed that the surfaces are equipotential, and there exists a uniform sheath. The magnetic

flux density on the electrodes is determined from the equipotential condition that the electric field parallel to the electrodes is set to
zero. This reduces to the following expression (for dimensionless magnetic field EZ ) by means of generalized Ohm’s law;
oB.| 1 Y OB. B (.2 s
=\ o\en, —en e r e, )| F— e +65 )= 0. (18)
877 Rm( y y ) Rm( })) aé: Rm( y)

Here, ¢ and 7 are generalized coordinates corresponding to the tangential and normal directions respectively. Note that B, <0 is
assumed in Eq. (18). The S, denotes the Hall parameter defined by,

B o

z

ﬂe:—

en

e

(19)

The magnetic flux density is set to zero on the insulator, because the sum of the incoming and outgoing current through the outlet
of the thruster (z = 45 mm) is zero. At the boundary of the outflow, zero-order extrapolation is used for the magnetic field for
simplicity.

III. NUMERICAL RESULTS AND DISCUSSION

A. Comparison of flowfield

Comparisons with the experimental data of 2D-MPDT enable us to validate the numerical result. As for the flowfield data within
the thruster, the current path, electron number density, and electron temperature are available so far. In the experiments conducted
by Toki [6], Nakayama [7], and Funaki [8], [9], the current path was measured with a magnetic-sensitive film inserted into the
discharge camber which reveals the magnetic field strength from darkness patterns. The electron number density was measured by
the Mach-Zehnder interferometry [7], [8] or the absolute intensity method [6]. Regarding the electron temperature distribution, a
relative intensity method of spectroscopy was employed [7].

Current path

The numerical and the experimental results of the current path for J = 12 kA are shown in Fig. 3. The labeled values on the
contour lines denote the ratio of the current flowing upstream viewed from the line to the total discharge current. The calculated
result shows that, in the flared region, the current path is obliquely skewed due to the Hall effect [13], where the highest Hall
parameter amounts to about 40 in the vicinity of the anode surface. The increase in the Hall parameter is attributed to depletion of
the plasma density due to expansion in the flared nozzle as will be shown later. Although this obliquely skewed current path,
especially near the anode surface, seems not to appear obviously in the experimental results, it will be appropriate to suppose that
both the numerical and experimental results suggest about 20-30% of the discharge current concentrates at the anode edge. Without
incorporating the Hall effect, the current concentration at the anode edge cannot be obtained as indicated in [9].

There are still discrepancies between the calculated current paths and the measured data. In the calculated results, the current path
near the anode surface is almost parallel to the anode, but the tendency cannot be found in the measured data specifically. The
difference may be attributed to the existence of nonuniform sheath on the anode, which is ignored in the simulation. In addition,
since the Hall parameter near the anode of the present result is quite high, the plasma may deviate from the fluid approximation.
However, the Hall parameter may be decreased when the effect of anomalous resistivity is taken into account in the electrical
conductivity model, because the effect of anomalous transportation increases effective collision frequency of the charged particles
[29]. Then, the distortion of current may be suppressed due to a decrease in the effective Hall parameter.

From a standpoint of the experiments, we have to take into account the accuracy of the measurement with a magnetic film. It has
to be noted that the two experimental results in Fig. 3 do not exactly accord with each other, which indicates that there may be
non-negligible uncertainty even in the experiments. Considering that the experimental data were obtained with a single shot, and
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the sensitivity of a magnetic film for a weak magnetic field is low, the measured current paths around the downstream region,
hence near the flared anode surface, can involve an error about 10% or more. In addition, in the vicinity of the electrodes, there may
be considerable errors due to a three-dimensional effect caused by the segmented electrode design shown in Fig. 1.

Electron number density

The numerical and the experimental results of the electron number density 7, for J = 12 kA are shown in Fig. 4. The numerical
result shows 7, amounts to the maximum about 2.6 X 10*! m™ around the cathode. The calculated value lies between the
experimental results of Figs. 4-(b) and 4-(c), although there is considerable quantitative difference between the two experimental
results. The increased density at the cathode tip, which can also be seen in Fig. 4-(b), is attributed to the pinch force enhanced by
the Hall effect leading to the obliquely skewed current profile. The obvious density increment at the cathode tip did not appear in
the work of [9] ignoring the Hall effect. In the vicinity of the flared anode surface, 7, is considerably lower than that in the other
region due to the pinch force and expansion through the flared nozzle. This property cannot be seen from the experimental results
due to their low resolution in that region, because the fringe shifts of Mach-Zehder interferometry, from which n, was estimated,
becomes unclear with decreasing 7,. In the numerical result, there exists the region with high electron number density around the
cathode-side due to intensive current concentration. This tendency can also be seen from the experimental data. It can be seen that
the simulated result predicts an existence of a compression wave extended from the cathode tip where the plasma is compressed by
pinch force. However, the compression wave cannot be recognized in the experimental data specifically. Since a hemispherical
cathode tip employed in the experiment is modeled by the conical cathode tip for simplicity, the simulated compression wave may
be accentuated.

Electron temperature

In the previous numerical study [9], fully ionized and thermal equilibrium (7}, = T,) plasma flow was assumed, and then
quantitative comparison between the numerical and experimental results was not conducted. Here we discuss the electron
temperature distribution more closely. In Fig. 5, the numerical and the experimental results of the electron temperature 7, are
shown. According to the experimental result, 7, amounts to about 2.5 eV at the cathode tip and around the inlet part, while it is no
more than 1.2 eV near the anode surface. On the other hand, 7, of the numerical result ranges from about 3.2 eV around the cathode
tip to about 4 eV near the anode surface. This qualitative tendency can also be seen even if the electron temperature is limited to a
particular value on the anode in order to take into account energy loss of electrons on the anode. The reason for the high electron
temperature near the anode is attributed to the depletion of the plasma density as shown in Fig. 4-(a). While the measured T, in the
experiment near the anode is less than that near the cathode, the calculated 7, near the anode is higher than that near the cathode.
This discrepancy will need careful discussion.

Different from a coaxial MPDT, in 2D-MPDT, the current density near the anode is not much lower than that near the cathode
because of its configuration. Thus if the plasma density near the anode is lower than that near the cathode, the Joule heating per unit
mass near the anode can become higher than that near the cathode, which may result in higher electron temperature near the anode.
From this standpoint, the calculated result seems reasonable. The current density near the cathode, however, is higher than that near
the anode due to the small cathode size compared with the anode, thus the Joule heating per unit volume around the cathode will be
higher than that near the anode. Therefore the tendency observed in the experiment also seems acceptable.

In order to explain this discrepancy, we pay attention to the method of the electron temperature measurement. The
two-dimensional image of 7, given in [7] was obtained with a relative intensity method, where the intensity of spectral lines of
Ar-1I was utilized, and then the electron temperature was estimated with the assumption of partial local thermodynamic
equilibrium (LTE). Therefore, if we can compute the distribution of the excited ions of Ar-II associated with the utilized spectral
lines without partial LTE assumption, we can estimate the excitation temperature 7,, by assuming partial LTE relation for the
obtained populations of the excited ions. This calculated 7, is considered to correspond to the measured 7,. According to the
wavelength found in [7], the radiated light with regard to the transition from 4p to 4s orbit was mainly used for the measurement.
Thus the excitation temperature T,, can be defined as follows.

ni — &exp _ e(V4P B V45)
n4s g4s kT

ex

(20)

The distribution of the excitation temperature calculated with the number densities of ions in 4s and 4p levels is shown in Fig. 6.
The excitation temperature has a maximum about 3 eV around the cathode, and has relatively lower value of 1-2 eV near the anode.
This qualitative tendency agrees well with the measured electron temperature. Strictly speaking, there is still qualitative
disagreement resulting from the appearance of the compression wave in the calculation as shown above. In addition, because of the
simplicity of the employed CR model and the fact that the accuracy of the excitation cross sections used here is at best a factor 2
[17], quantitative discussion will be inappropriate. Nonetheless, the calculated T, has the relatively similar value to the measured
data, which may be due to the fact that the excitation temperature depends only on the ratio of the number densities, i.e. involved
errors may be canceled. Comparing the calculated 7, with T, these are comparable around the cathode, therefore it can be said that
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the assumption of partial LTE seems valid around the cathode. On the other hand, near the flared anode surface, T, is less than T,
thus the plasma is supposed to deviate from partial LTE because of the low plasma density. These results suggest that the measured
electron temperature is underestimated near the anode surface, in other words, there is a possibility that the actual electron
temperature is much higher than the measured values near the anode surface.

Distribution of excited ions

The calculated distribution of number density of the excited ion in 4p level can be compared with the radiative intensity map
representing relative spectral intensity proportional to the population density [6]. Strictly speaking, comparison between the
numerical and the experimental result may not be appropriate, because the observed radiation (480.6 nm) is attributed to the
transition between quartet states of 4p - 4s levels, and in our model, the interaction only among the doublet states are dealt with.
Even then it will be useful to show the distribution of the irradiating excited ions in 4p level. As shown in Fig. 7, the calculated
result shows that the 4p ions are distributed mainly around the cathode, which seems similar to the observed intensity map. On the
contrary, there are few 4p ions near the anode regardless of high electron temperature, which is due to the rarefaction of the plasma.
On the whole, the number densities of the excited ions are much less than those of the ions in ground state, thus whether the CR
model is incorporated in the model does not affect the overall flowfields and the performance significantly.

B. Performance Evaluation

The purpose of this section is to compare the performance such as thrust, and thrust efficiency with the experimental results.

Thrust
The thrust F'is computed from a momentum flux at the thruster exit.
F = [(pu* + plds 1)

exit
Generally, the thrust evaluated via above equation includes both an electrothermal thrust and an electromagnetic thrust. A
reaction force of the electrothermal thrust acts on the electrodes though the pressure, and a reaction force of the electromagnetic
force acts on an electric circuit of the discharge. The component of the electromagnetic thrust F,,, can be computed by a volume
integral of the Lorentz force in x direction.

F, = [(jxB).dV (22)
V

Given an ideal condition such as a straight anode, a theoretical electromagnetic thrust can be derived as the following equation in
which the effect of the Lorenz force in x direction and the pressure force acting on the cathode surface are included [30].
_ Hd,
em —J
Y/ 4
Here, d, denotes an interval between the upper and lower anodes. In Fig. 8, the total thrust F, the measured thrust [31], and the
electromagnetic thrust F,,, are plotted, and the theoretical curve of F,,, is also described. As the value of d, in Eq. (23), the anode
interval at the inlet is substituted, because most of the discharge current concentrates around the upstream region. It can be seen that
the calculation overestimates the total thrust about 1 N. The reason for this will be attributed to the fact that both side of the MPD
thruster was normally covered by quartz glass during the thrust measurement, which will cause the thrust reduction via friction loss.
In addition, the actual experimental apparatus will have the end effect at the both side of the thruster, which means deviation from
the complete two-dimensional uniformity of the induced magnetic field in z direction. Since the actual induced magnetic field at the
side is less than that at the center of the thruster, the electromagnetic thrust will be reduced compared with the ideal condition.
Regarding the electromagnetic thrust, the calculated value is in good agreement with the theoretical curve. Also, the result indicates
that the electromagnetic thrust amounts to 65% of the total thrust at J = 12 kA, while it is 43% at J= 8 kA. Hence it can be said, in

terms of the ratio of F,,, to F, the acceleration mode is changed from the electrothermal to the electromagnetic between J =8 and 12
KA.

(23)

Thrust efficiency
A thrust efficiency is defined as the ratio of a kinetic energy of the plasma at the thruster exit to an input power. With the thrust
F, the thrust efficiency # can be given by the following equation,

FZ
} 2}“‘](1/ + I/sh)

where V and ¥V, denotes a voltage drop in the bulk plasma and a sheath voltage respectively. The voltage drop in the bulk plasma
is given by a line integral of the electric field from the anode to the cathode. For J = 8, 10, 12 kA, V is 8.0, 10.1, and 12.6 V

n (24)
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respectively. Since the sheath effect is not included in the present model, we assume ¥, to obtain the thrust efficiency. Although
there are not comprehensive understandings on the sheath voltage drop in an MPD thruster, the sum of an anode sheath drop and a
cathode sheath drop is supposed to range from 20 to 40 V [32].

In Fig. 9, the thrust efficiencies of the numerical and the experimental results are plotted. Regarding the numerical results, the
closed square plots are given under the condition of V=30 V, and the top and the bottom of the error bar corresponds to the thrust
efficiency for V = 20 and 40 V respectively. It can be seen that, although qualitative feature of the thrust efficiency is well
captured, the numerical results overestimate the experimental values probably due to the difference in the thrust /' as mentioned
above. In addition, the uncertainty of the sheath voltage makes it difficult to predict the thrust efficiency. Judging from the
calculated voltage drop in the bulk plasma 7 and the discharge voltage obtained from the experiment, the total sheath voltage drop
is inferred to be about 40 V. However, there is a possibility for the calculation to underestimate the voltage drop in the bulk plasma,
since the effect of anomalous resistivity which will decrease the conductivity of the plasma is not included in the present model
[29].

IV. CONCLUSION

We have developed the numerical code with the detailed modeling to simulate flowfields of a self-field two-dimensional
magnetoplasmadynamic thruster, and have compared the simulated plasma flow and the performance with the experimental results.
In the physical model, non-equilibrium ionization of argon propellant and the collisional-radiative model of Ar-II are incorporated
in order to examine the detailed reaction processes.

The results show that the current path is obliquely skewed in the thruster due to the Hall effect, which can be seen in the
measured data, although the distortion of the calculated current path in the vicinity of the flared anode surface appears excessively.
The distribution of the electron number density around the cathode is well captured by the calculation, although quantitative
argument remains. The distribution of the electron temperature, however, differs qualitatively from the measured result obtained
with a relative intensity method. Since the measured result should be interpreted not as translational electron temperature but as
excitation temperature, we numerically estimate the excitation temperature from the calculated populations of the excited ions in 4s
and 4p levels. Consequently, it is shown that the calculated excitation temperature becomes close to the measured result, and is
suggested that the plasma deviates from partial local thermodynamic equilibrium (LTE) near the flared anode surface, while the
partial LTE assumption seems valid around the cathode.

The computed characteristics of the thrust and the thrust efficiency against variation of the discharge current are almost the same
with the experimental result, although the calculated values are slightly overestimated.

The effects of the anomalous resistivity on the electron temperature may have to be examined, since it may affect on the current
distortion near the anode surface.
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TABLE ]
Calculation Conditions
Propellant Ar
Mass flow rate (g/s) 1.25
Discharge current (kA) 8-12
T, at inlet (K) 5,000
T, at inlet (K) 10,000
Degree of Ionization
. 0.1
at inlet
T}, on anode (K) 2,000
T, on cathode (K) 1,300
T, on electrodes Adiabatic
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Fig. 1. Self-field two-dimensional MPD thruster (From K. Toki, M. Sumida, and K. Kuriki [6], reprinted with permission of
the American Institute of Aeronautics and Astronautics, Inc.).
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Fig. 2. Thruster geometry and computational region.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 13

(b)

Fig. 3. Current path, Ar, 1.25 g/s, J= 12 kA, (a) Calc., (b) Exp. (From K. Toki, M. Sumida, and K. Kuriki [6]) , (c) Exp.
(From I. Funaki, K. Toki, and K. Kuriki [9]), (b) and (c) are reprinted with permission of the American Institute of
Aeronautics and Astronautics, Inc..
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Fig. 4. Electron number density, m™, Ar, 1.25 g/s, J= 12 kA, (a) Calc., (b) Exp. (From T. Nakayama, K. Toki, and K. Kuriki
[7]), (c) Exp. (I. Funaki, K. Toki, and K. Kuriki [8]), (b) and (c) are reprinted with permission of the American Institute of
Aeronautics and Astronautics, Inc..
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Fig. 5. Electron temperature, eV, Ar, 1.25 g/s, J= 12 kA, (a) Calc., (b) Exp. (From T. Nakayama, K. Toki, and K. Kuriki [7],
reprinted with permission of the American Institute of Aeronautics and Astronautics, Inc.)[7].
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Fig. 6. Excitation temperature, eV, Ar, 1.25 g/s, J= 12 kA.
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Insulator

(b)

Fig. 7. Distribution of excited ion in 4p level, Ar, 1.25 g/s, J =12 kA, (a) Calc., m>, (b) Exp., arbitrary unit (From K. Toki, M.
Sumida, and K. Kuriki [6], reprinted with permission of the American Institute of Aeronautics and Astronautics, Inc.).
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Fig. 8. Thrust vs. discharge current, Ar, 1.25 g/s, Experimental values are referred from [31].
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Fig. 9. Thrust efficiency vs. discharge current, Ar, 1.25 g/s, The top and the bottom of the error bar for the calculation results
represents the thrust efficiency for the sheath voltage V,;, = 20 and 40 V respectively. Experimental values are referred from
[31].
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