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Abstract

A numerical analysis of one-dimensional flow
in an MPD thruster has been done, includ-
ing nonequilibrium ionization/recombination pro-
cesses of the propellant gas and velocity slip be-
tween charged and neutral particles. The calcu-
lated results are noticeably different from that of
one-fluid model. The velocity of charged particles
near the inlet is much higher than the mean ve-
locity calculated by one-fluid model, and the inlet,
electron temperature of two-fluid model is much
lower than that of one-fluid model. As a result,
more realistic current distribution is obtained.

Introduction

Self-field MPD(magnetoplasmadynamic)
thrusters are promising as a future propul-
sion system from a viewpoint of high specific
impulse. Experiments on MPD thrusters have
been performed by numerous workers!=3). The
existing experiments explains that the current
distribution in a discharge chamber is closely
related to the thruster performance. In order to
examine the distribution and thrust performance,
numerical simulations have been done by assuming
one-fluid plasma?~®. The calculated results for
Ar show that current distributions have peaks
near inlet and outlet. However, small currents
are measured near the inlet in the experiments?).
For the purpose of analyzing more realistic flows,
the studies based on two-fluid models has been
performed?19).

In this paper, numerical analyses of a two-fluid
plasma flow are done, including nonequilibrium
ionization/recombination processes of the propel-
lant gas and velocity slip between charged parti-
cles and neutral particles. In this two-fluid model,
ions and neutrals have different flow velocities be-
cause in an MPD thruster ions are pushed by the
Lorentz force and neutrals are pushed by collisions
with ions. Flow velocity of ions has special effect
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on current density profile, so that thrust perfor-
mance of MPD is influenced by ions velocity. When
mass flow rate of propellant gas becomes lower, or
total discharge current becomes higher, the differ-
ence between the two flow velocity would be larger,
thus the two-fluid model is important in those con-
ditions.

In this model, the propellant gas is Argon and
a heat conduction model is included. In numerical
analysis of one-dimensional plasma flow in MPD,
the sonic condition must be applied. Since there
are two flows of ions and neutrals in this model,
two sonic conditions exist. In this code the calcu-
lation of the flowfield and the electromagnetic field
are performed independently. The flowfield is cal-
culated with a 2nd-order-accurate explicit MUSCL
TVD scheme, whereas the corresponding electro-
magnetic field is obtained by solving steady elec-
tromagnetic solutions.

Assumptions

For the purpose of simplification, the following
assumptions are introduced into the present anal-
ysis:

1) The propellant gas is Argon.
2) Only the single-ionization and recombination
processes are considered:

Ard+e = AT +e e . (1)

3) The plasma is a perfect gas having constant spe-
cific heats.

4) The magnetic field is entirely self-induced.

5) The plasma flows one-dimensionaly.

6) The charged and neutral particles velocities are
different.

7) The plasma has three different temperatures,
electron, ion and neutral temperatures.

8) Only the heat conduction is considered as trans-
port phenomena.

Fundamental Equations

Fundamental equations of flowfield

The analysis is based on the one-dimensional
two-Huid equations that are written in a conser-
vational form as
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Fig. 1. Two-fluid model in MPD thrusters.
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Fig. 2. Thruster configuration.
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Fig. 3. Cross section of quasi-steady MPD arc
channel MC-II used for referred experiment®).
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In the equations, the subscript n represents the
neutral, i the ions, e the electrons respectively. The
pressure of j-species p; is given as

p; = i RT;. (6)

The values in the vectors S and H are given as
follows. The rate of production p; is given by the
difference between ionization and recombination as

Pi = MgNe — MMy, (7

where

T.L( = k;n;nn, hb = kbn?- (8)

The rate of coefficient for ionization reaction k; is
conventionally expressed in the form:

76.8 €
ke = T3 ——exp <_lc_T,> , (9)

while the rate coefficient for recombination reac-
tion k, is given as

ky = 4.0 x 1072773, (10)

The rate of ion momentum production by ion pro-
duction i, is given as

M, = MU e — MUiT (11)

and the rate of ion energy production &, is given as

€n . € .
€ = — Ny — —TNy. (12)
n, n,

The momentum transfer Fi, is given by
1
—jms(ui

The energy transfer from ions to neutral particles
F..u'is given by

F‘in = - un)nil)in“. (13)

1
F.u= 5™Ma(u < (Ui — Un )T Vg U (14)
where u is the mean velocity defined as
— pnun + piui (15)

pn+pi
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The energy interaction between j-species and k-

species Q) is given by [ and J are given_]

3m. | Eisassumed. |
Qs = —-mﬂ’-njk('l'} = T\) Vi (16)

k

Enlet physical properties are determined l

Fundamental equations of electromagnetic
field

. N N The time of flowfield is advanced
The equ:fmtlons describing the electromagnetic using explicit MUSCL TVD - upwing scheme.
field are written as
‘ Thedl - - - -
i = o(E - uB), (17) e electro magne_tlc field is obtained
by the steady equations.
dB ¥ YES
= = — 7. 18
T Hhod (18) NO

Does the flowfiled converge?
Numerical Analysis

Numerical Procedure

Time-integration of the flowfield is done by us-
ing a 2nd-order- accurate explicit MUSCL TVD-
upwind scheme!®), whereas the electromagnetic
field is given by the steady electromagnetic equa-
tions. The time-integration proceeds until the
time-dependent flowfield calculation converges to @dy—statel\ﬂﬂ)ﬂow is obtained for given s and J.
a steady solution. The calculation sequence of
plasma flow is shown in Fig. 4.

Does the discharge current from
calculation coincide with given J 2

Fig. 4. Calculation sequence of plasma flow in
Inlet Conditions MPD thrusters.

The inlet. physical properties needed for the cal-

culation are densities p,, p;, velocities u,,u;, tem- . .
peratures T,,T.,T., and electric fild E. The The only property of electromagnetic field E is de-

condtitions for determination of these eight prop- termined from given discharge current J.

erties are

1) Given discharge current J,

2) Given mass flow rate m,

3) Subsonic character,

4) Sonic condition for charged particles,

Sonic Conditions

Because the two-fluid model is considered in this
work, there are two different sonic conditions for
charged particles and neutral particles!®~!3). From
the conservation equations of one-dimensional

5) Sonic condition for neutral particles, flowfield
6) Fixed stagnation temperature T, = 300 K,
7) Fixed inlet temperature of neutral T, = 300 K, dpu _ (20)
8) Fixed inlet temperature of ions T; = 300 K. dr
At the inlet boundary, the flow is assumed as sub- d 2 _
sonic and there are two sonic conditions of charged Z{;(p u tp) =Y (21)
and neutral particles downstream as discussed in d, 1 v _ '
next section. Therefore, three of properties should E;(ipu * v - 1P u) =2 - (22)
be determined from downstream. In the present ‘ o )
work, inlet velocities u,,w:, and ion temperature  the velocity gradient is obtained as
T, are determined from downstream by the Ist- P 11 1l
order extrapolation. Then we alter inlet ionization au _ _ 79 —(Z - i uY + 7’ - ?X), (23)
fraction « until T coincides 300 K. Using this o, u, dz M?—-1a* v-1 v
and u;, p. and p; are obtained for a given mass flow where
rate. T. is determined from the condition that stag- v
nation temperature T, =300 K using the following : M = E, a= 7?._ (24)
equation, a P
2k (p T +pT +pT.) + &n, In order to get continuous solution at a sonic point
[7—1 e (P P pT) M = 1in Eq.(23) , the denominator on the right
1 5.1 vk hand of Eq.(23) should be equal to zero. There-
35 5 iy, WU T PiU;) = —T. h L. . .
TPt o [/ (patia + pr) y—1m, ° fore, the sonic conditions for charged particles and

(19)  neutral particles are given as follows.



1) Sonic condition for charged particles:
At M; =1, we have

E= 5% (B ~F, +m)

17

+%(F'm + Qen + Qin +en; —é

+ 1) pu?
_( )p... (25)
2(y-1)j
2) Sonic condition for neutral particles
At M, =1, we have
3l + ua(F, — )
_(Enu +AQen + Qin - él) = 07 (26)
where
U;
M ==
=2 (27)
u
M, ==
= (28)
i + e
a? =2 (29)
pi
2 pn
a; =vy—. 30
o (30)

Downstream Conditions

At the downstream boundary, each property is
extrapolated from the adjacent innner point, due
to its supersonic character.

Results

Numerical Results are given for a fixed J(=8.1
kA) and different . These parameters along with
the geometric parameters are given in Fig. 2. The
parameters are chosen to be as close as possible to
the referred experiment®) (see Fig. 3).

Analyses of flowfield

Calculated properties are shown in Figs. 5-10.
For the purpose of comparison between the one-
fluid and two-fluid models, calculated properties
of one-fluid model are also shown in Figs. 5, 8-10.
Figure 5 shows the distributions of flow velocities
of charged and neutral particles for . = (a) 0.481
g/s and (b) 0.368 g/s. The velocity of charged
particles increases rapidly by Lorentz force near
the inlet where the ionization fraction is low(see
Fig. 6). Thus, the velocity is much higher than
the velocity of neutral particles and mean velocity
of one-fluid model in this region. The velocity dif-
ference between the charged and neutral particles
remains to the downstream end. Figure 5 also ex-
plains that the difference becomes stronger for a
lower mass flow rate.
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Fig. 5. Distribution of velocities of two-fluid
model and mean velocity of one-fluid model
for h= (a) 0.481 g/s and (b) 0.368 g/s.

Figure 7 shows the distribution of temperatures
of electrons, ions, and neutral particles for m
=0.481 g/s. There is a noticeable difference among
these three temperatures. The temperatures of
ions and electrons increases rapidly downward from
the inlet. Figures 8 and 9 shows the temperature of
heavy particles and that of electrons respectively.
The temperatures of heavy particles of two-fluid
and one-fluid models differ strongly in Fig. 8. In
contrast, there is not clear difference between the
temperatures of electrons of two-fluid and one-fluid
models except the inlet values in Fig. 9. The in-
let temperature of electrons of two-fluid model is
much lower than that of one-fluid.

As a result of introduction of two-fluid model,
the acceleration of charged particles becomes
strong near the inlet and the inlet temperature of
electrons decreases remarkably. Because the cur-
rent distribution depends strongly on the velocity
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Fig. 6. Distribution of ionization fractions
of two-fluid model for h= 0.481 g/s
and 0.368 g/s.
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Fig. 7. Distribution of temperatures of two-fluid
model for m= 0.481 g/s .

of charged particles and the temperature of elec-
trons through electric conductivities(see Eq. (19)),
these differences of two-fluid and one-fluid models
play an important role in a detailed examination
of current distribution. '

-~ Comparison of current fraction with exper-
imental results

Figure 10 shows the comparison between the cur-
rent densities of two-fluid and one-fluid models.
Both currents concentrate near the inlet and down-
stream end. However, there are a noticeable differ-
ence between the concentration profiles near the
inlet. The current density of one-fluid model in-
creases monotonously in this region. On the other
hand, the current density of two-fluid model has a
peak and decreases upward to the inlet. Theses
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Fig. 8. Comparison of temperatures of heavy
particles between two-fluid and one-fluid
models for h= 0.481 g/s.

Te[K]
30000}

Two-fluid model

——

20000¢
]
10000} —T,
One-fluid model
0 2
0 0.1 0.2

x[m]

Fig. 9. Comparison of temperatures of electrons
between two-fluid and one-fluid models for
m= 0.481 g/s.

Table 1. Calculated temperatures of electrons
at the inlet of electrode.

m [gs] 0.481 0.368
T, (Two - fluid model) [K] 520 954
T,(One-fluidmodel) [K] 14560 15343

difference are caused by the difference of velocity
of charged particles and temperature of electrons.

Figure 3 shows the cross section of quasi-steady
MPD arc channel MC-II of referred experiment®).
Current distributions on the electrodes can be mea-
sured with the segmented anode and cathode. Fig-
ure 11 shows the measured current fractions on the
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Fig. 10. Comparison between current density of two-fluid model
and that of one-fluid model for Th= 0.481 g/s.
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Fig. 11. Comparison between calculated current fractions and measured

current fractions by Tahara et al.®) for = 0.481 g/s.

anode and the cathode of MC-II and the calculated
current fractions of one-fluid model and two-fluid
model for different mass flow rates. The current
fractions of calculation are obtained by integrat-
ing the calculated current distribution on each seg-
ment. The calculated fraction on segment No.l is
much higher than that on the middle segments.
In contrast, the measured fraction does not differ
strongly from the middle segments . The simplifi-
cation in numerical models causes these difference
between the measurements and the calculation re-
sults. The two-fluid model of this work leads to a
slight decrease in current fraction on segment No.1,
as seen in Fig. 11. This fact implies that a velocity
nonequiblirum plays an important role in current

distributions in an MPD thruster.
Summery

Based on nonequilibrium two-fluid plasma model
with geometric parameters taken as close as possi-
ble to the referred experiments, numerical analyses
of one-dimensional MPD thruster has been done,
enabling us to achieve the steady flowfields. In the
vicinity of inlet, the difference between the veloc-
ity of charged particle of two-fluid model and the
mean velocity of one-fluid model is observed. In
addition, it is found out that the inlet electron tem-
perature becomes very low in the case of two-fluid
model. This difference and that of temperatures of
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electrons at the inlet leads to the improvement of
current distribution profile near the inlet.

Therefore, it is concluded that this two-fluid
model can be utilized as the numerical model for
multidimensional flow analyses.
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