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Current Distribution on the Electrodes of MPD Arcjets

Itsuro Kimura, * Kyoichiro Toki,t and Masafumi Tanakaf
University of Tokyo, Tokyo, Japan

Current distribution on the electrodes of a conventional MPD arcjet without external magnetic field was
calculated based on induction equation, with the assumption that the magnetic Reynolds number is small. The
calculated result, which showed the influence of tensor conductivity, coincided fairly well with the correspond-
ing experimental one. It was seen, however, that the current density near the cathode tip in experiment had a
larger value than that in calculation. This discrepancy was explained tentatively as being the result of the oc-
currence of cathode spots. It is also suggested in this paper that the unfavorable current concentration at the
cathode base can be suppressed by using a specially devised divided cathode.

Introduction

HE current distribution and electromagnetic acceleration

in MPD arcjets have received considerable attention
recently, and a number of theoretical and experimental in-
vestigations have been conducted.!S This theoretical and
experimental study places emphasis on the phenomena in-
volved near the electrodes in a conventional MPD arcjet with
a solid cathode. The information on the current distribution
in the region near the cathode of an MPD arcjet is of vital
importance in understanding the thrust-producing mechanism
and in evaluating the effect of erosion in long-time operation
or a large number of pulsed operations.

Theoretical Analysis

The theoretical analysis was conducted for the electrod
geometry used in the experiments (Fig. 1), the results of which
will be described later. Under the following assumptions, the
current distributions and, hence, the current densities on the
electrode surfaces were investigated:

1) The current flow is stationary and axisymmetric; this
assumption means that in the present analysis unsteady
phenomena such as current spots are not taken into con-
sideration. ‘

2) The plasma properties are uniform in the discharge
region.

3) No external magnetic field is applied, and magnetic field
originates only from the discharge current.

4) The effect of the electrical sheath formed at the surface
of electrodes is neglected.

5) The effect of flow of plasma can be neglected.

The general induction equation, which is derived by taking
the curl of Ohm’s law, is written in the form®
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The nondimensional form of this equation is expressed as
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and Rm=p,0,0,L, is the magnetic Reynolds number and wr
the Hall parameter.

In the situation of the experiments described in this paper,
the value of Rm is in the range of 0.01 ~0.1 in the discharge
region near the cathode. Thus, under the assumption of
steady state, the induction equation can be simplified as

VYX(VXB)4+0BVX{(VXB)XB}=0 3)

The parameter o8 (c=e?n,/m,v, 8=1/en,), which is equal to
e/m,v, can be expressed as wr/B, where B is self-induced
magnetic field strength. The azimuthal component of Eq. (3)
is expressed
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where B, is the azimuthal component of B (B,=B,=0 from
assumption 1) or
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Fig. 1 - Electrodes configuration and mesh for numerical calculation
(cathode-tip angle, 90 deg; anode-nozzle divergence angle,
2tan ~ ! (V2) =53 deg).
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. Using Maxwell’s ¥V xB relation, the radial and axial

components of current density are expressed in terms of ¢,
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These equations show that ¢ is a stream function in a
cylindrical coordinate system. Using these equations and

Ohm’s law, the components of electric field are also expressed
in terms of ¥ :
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The boundary conditions are as follows. On the electrode

surfaces, E is perpendicular to the surfaces. On the insulator -

surfaces, ¥ is constant, because j, is equal to zero. At the
upstream boundary (assumed as insulator), ¥ = —p,J/ 27 =V,
(J is the total discharge current) from Maxwell’s VvV XB
relation. At the downstream boundary (assumed as insulator)
and at the surface of insulator which constitutes the down-
stream part of anode nozzle, ¥ is assumed to bé zero. Fur-
thermore, on the center line (r=0), ¥ is equal to zero.

It must be noticed here that in the nondimensional ex-

pression of Eq. (5) and the boundary conditions, o8y,/L, -

appears as only one similarity parameter.

Calculated Results

The solutions of Eq. (5) under these boundary conditions
can be obtained by the finite-differential method, using
successive approximation method for the evaluation of the
nonlinear term. Figures 2 and 3 show the current density on
the cathode and anode surfaces, respectively, in the cases of
discharge currents of 500, 1000, and 2000 A for 68=0, 50,
100 T-!, taking the distance from the upstream boundary
abscissa. It is seen that, with the increase of o8 (=w7/B), at
the upstream part of the cathode surface the current density
increases and, at that of the anode surface, vice versa. It must
be noticed here that the degree of current concentration at the
cathode tip is insensitive to the increase of o8.
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Fig. 2 Current density profiles on the cathode (calculation).
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Experimental Investigation

Apparatus and Experimental Procedure

Figure 4 is a schematic of the MPD arcjet used for the
experimental investigation. The configuration of the elec-
trodes has the same geometry with that in the theoretical
analysis. The nozzle-shaped copper anode has a .throat
diameter of 16 mm and the tungsten solid-cathode with a
conical tip has an outer diameter of 8 mm. The arcjet was
operated in quasisteady mode (operation time: 3 .ms). Argon
propellant was injected through the annular slit at the in-
terelectrodes insulator and the background pressure was
maintained at about 5 x 10~2 Torr.
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Fig. 3 Current density profiles on the anode (calculation).
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Fig. 4 Schematic of MPD arcjet used in experiments (cathode-tip
angle, 90 deg; anode-nozzle divergence angle, 2tan ~ ' (2) =53 deg).
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Fig. 5 Divided cathodes (cathode-tip angle, 90 deg).
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Fig. 6 Probing electrode at the anode.
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Fig. 7 Current fraction into the inner part of the divided cathode
(experiment). ‘
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Fig. 8 Current density profiles on the cathode (experiment).

The current distributions on the cathode surface were
measured by using four types (I-IV) of divided cathodes
(tungsten) as shown in Fig. 5. In the measurements, it was
confirmed that the connecting resistances of the outer and
inner parts of a divided cathode to the power line were less
than 1 m, and the currents flowing through each part were
measured by Rogowsky coils. The current distributions on the
anode surface were measured by furnishing electrically in-
sulated small electrodes flush with the anode surface as shown

CURRENT DISTRIBUTION ON THE ELECTRODES OF MPD ARCJETS ’ 891

o J= 500 A
& J= 1000 A
o J= 2000 A

5] :
3 /1

\
p—oj;;;:;;j»——q
fob i

AY

X
—Q— rh——
\H\

Il'l 1 | | 1
6. 2 ] 6 8 10 12 14 16 18

DISTANCE FROM UPSTREAM BOUNDARY, MM

0

Fig. 9 Current density profiles on the anode (experiment).
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Fig. 10 Method proposed to decrease the current concentration at
the cathode base. : :

in Fig. 6. The voltage change caused by 0.5  gage resistance
was always less than 1 V. Details of these methods. are
described elsewhere. 45

Experimental Results
Figure 7 shows the experimental results obtained using

- divided cathodes for discharge currents of 500, 1000, and

2000 A at a mass flow of 30 mg/s. The ordinate shows the
current fraction which flows into the inner part of divided
cathode and the Roman numerals in the abscissa represent the
dividing positions at the cathode surface. It was generally
observed that, although the oscillograms of total discharge
currents did not show any fluctuation, the oscillograms of the
currents to the inner part and hence the outer part of the
divided cathodes showed fluctuations of several kilocycles, as
in the cases of hollow-cathode experiments.® This fluctuation
may suggest an instability of current attachment to cathode
surface, such as nonstationary spot phenomena. In Fig. 7, the
scale of abscissa is taken to be proportional to the cathode
surface area measured from the cathode base (the edge of the
interelectrodes insulator). In Fig. 8, the distribution of current
density on the cathode surface deduced from Fig. 7 is shown.
In this figure, the scale of abscissa indicates the axial distance
from the cathode base. It is seen in this figure that the high
current density occurs at the cathode base as well as at the
cathode tip. ' »

Figure 9 shows the current density distribution on the anode
surface, taking the axial distance from the upstream boundary
(the edge of the interelectrodes insulator) abscissa. In this "
figure, it is seen that the maximum of current density appears
at the inside part of the anode throat.
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Discussion

Comparing the theoretical results with the experimental
ones, it is seen that the theoretical results under the large value
of of can approximate the actual current distributions on the
electrode surfaces fairly well at the different discharge
currents. And as for the value of o8 under the situation of the
present experiment, it was also confirmed, using the data
based on Langmuir probe measurement, that it is on the order
of 102. Thus, it may be concluded that the parameter o8 has
the most importance for the current distributions on the
electrode surfaces, within the range of present. investigation.
It must be also noticed, however, that the actual current
density at the cathode tip is somewhat higher than the
theoretical prediction. One of the causes of this discrepancy
may be the current spot phenomenon; intense spots can easily
drift toward the cathode tip because of Lorentz force and
distort the current distribution on the cathode surface.” We
also suppose that the nonuniformity of plasma conductivity
and temperature profile over the cathode surface, or
inequality in sheath formation, may affect the current
distribution on the cathode.

In the practical point of view, it is preferable to suppress the
current concentration at the cathode base because it degrades
the efficiency and the lifetime of the MPD arcjet. As one of
the solutions for this point, it must be noticed that, when the
divided cathode of type I has an increased connecting resistor
of outer part (order of 5 mQ), it is possible to decrease the
current to the outer part,8 which involves the cathode base,
without noticeable increase of loss of electrical power (Fig.
10). Detailed results about this matter will be reported later.

Conclusions

Current distributions on the electrodes of an MPD arcjet
without external magnetic field were calculated numerically,
with the assumption that the magnetic Reynolds number is
small. It was found that, with the increase of 68 ( =w7/B), at
the upstream part of cathode surface the current density
increases and at that of anode surface, vice versa. In the range
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of 68=10%2 T-!, numerical results give a good approximation
to the actual current distributions on the electrodes, except
that actual current density near the cathode tip had a larger
value than that of numerical result. This matter may be ex-
plained as the result of the current spot phenomenon observed
on the cathode surface. From the practical point of view, it
was also suggested that the current concentration on the
cathode base can be decreased by using an appropriate type of
divided cathode with an increased connecting resistor for its
outer part.
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