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Observations of Nonequilibrium Electrical Discharge
in an MHD Disk Generator

Nobuhiro Harada,* Hiroyuki Yamasaki,t and Susumu Shioda$
Tokyo Institute of Technology, Yokohama, Japan

Nonequilibrium discharge phenomena in an MHD disk generator with potassium-seeded argon as a working
gas have been investigated experimentally using a shock tube facility. A detailed study of high-speed
photographs shows that an unsteady motion of a strongly constricted discharge occurs, particularly in the disk
entrance region, characterized by a negative Hall potential. Responding to a suitable external load resistance,
the negative Hall potential is reduced due to the development of a stable region against the ionization instability
under full seed ionization; thus, a substantial increase Output of power can be achieved. Under this condition, a
uniform discharge is observed downstream and the strongly inhomogeneous and unsteady discharge is confined
to a narrow region at the entrance. For smaller load resistances, intense spiral arcs with enhanced fluctuations
are observed.

Introduction

I N a magnetohydrodynamic (MHD) generator, the trans-
port properties of the plasma are strongly influenced by the

spatial nonuniformity of the electrical discharge. Especially in
a seeded nonequilibrium inert gas, the nonuniformity of the
discharge is generally enhanced due to the strong coupling be-
tween the electrical conductivity and the Joule heating of the
electrons. This nonuniformity causes a decrease in the effec-
tive values of the electrical conductivity and Hall parameter
and, therefore, leads to a decrease in generator perfor-
mance.1'2 It also affects the MHD interaction between the
Lorentz force and a flowfield. Under high-interaction condi-
tions with substantial enthalpy extraction, gasdynarnical
shock occurs by local enhancement of the Lorentz force due to
a constricted discharge that imposes a limit on the perfor-
mance of an MHD generator.3'4 It is, therefore, important to
maintain a uniform discharge in an MHD generator.

Previous experiments using a simulated linear MHD chan-
nel with applied external voltage5-8 have shown that when a
magnetic field is applied, the discharge is concentrated in
nonstationary streamers due to the ionization instability9 (or
electrothermal instability10), resulting in the reduction of the
effective electrical conductivity and Hall parameter. Thus,
much effort has been made to suppress the ionization instabil-
ity. Stabilization of the ionization instability is achieved ex-
perimentally by completely ionizing the seed under conditions
of a low seed fraction.11;12 At the same time* this fact is ex-
pected to keep the unsteady concentration of the discharge
confined to the entrance region of the linear channel, which
means that the effect of this unsteady concentration of the
discharge is reduced downstream.12

These experiments have been carried out with an externally
applied voltage. Under power generating conditions, the ex-
perimental results with a disk Hall generator13 and a linear
Faraday generator14 have shown that suppressing the ioniza-
tion instability under the condition of a fully ionized seed
results in a recovery of the effective Hall parameter and out-
put power. Furthermore, almost complete recovery of the ef-
fective values of electrical conductivity and Hall parameter is
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achieved.15'16 However, the discharge structure under these
conditions has not been clarified.

In the present paper, the results of high-speed photographic
observation of the discharge structure in a nonequilibrium
MHD disk generator under power generating conditions are
described.

Experimental Arrangements and Measurements
The experimental setup of the shock tube facility is shown in

Fig. 1. Argon gas is passed through the potassium seed tank,
which is heated by a burner at the bottom. Then the gas mix-
ture is introduced continuously into the driven section of the
shock tube and is pumped out by a rotary vacuum pump in
front of the diaphragm. This provides a steady flow of the gas
mixture throughout the driven section, as well as a
homogeneous mixing of the argon and potassium. The seed
fraction is controlled by adjusting the temperature of the seed
tank and the flow rate of the carrier argon gas on the basis of
the attenuation of the potassium resonance line intensity,
which is monitored at the driven section before rupture of the
shock tube diaphragm.

A schematic view of the MHD generator Disk-II that was
used in these experiments is shown in Fig. 2. This figure also
shows the optical system used for the high-speed camera
observations. The inner and outer radii of the disk channel are
10.3 and 16.3 cm, respectively. The cross-sectional area of the
disk channel is constant (100 cm2) along the flow direction to
give a constant ideal Hall parameter throughout the channel.

One of the insulating walls of Disk-II channel is equipped
with eight cylindrical stainless steel probes in order to monitor
the electric potential profile and its fluctuations. The Hall
voltage measured by these electric probes is isolated by a
photoisolated amplifier. Six optical fiber and static pressure
ports are also provided in the disk channel to detect the
potassium resonance line intensity, its fluctuations, and its
static pressure distribution. The locations of these electric
probes and measuring ports are indicated in Fig. 2. Measured
signals are recorded by using a 12 channel digital wave
memory and an 8 channel oscilloscope systems whose fre-
quency responses are up to 100 kHz.

The iron core magnet, which is excited by a d.c. power sup-
ply, can provide the maximum magnetic field strength of 1.53
T. But in the present experiments, the magnetic induction is
reduced to 1.24 T since the gap between the pole pieces of the
magnet core had to be increased in order to prepare a space
outside of the generator insulating wall for a high-speed
camera measurement system. An image converter camera,
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Fig. 1 Experimental setup of the shock tube.
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Fig. 2 Disk-II generator and the optical system for high-speed observations.
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Fig. 3 Typical oscilloscope traces of stagnant pressure Pst, Hall
voltage KHall, time pulse and potassium resonance line (4p-4s transi-
tion) intensity /K1, 7K 2.

__________Table Experimental conditions
Dimension of the channel

Inner radius ,
Outer radius
Cross-sectional area
Volume of the channel

Working gas
Stagnant gas temperature
Stagnant gas pressure
Mach number
Static gas temperature
Static gas pressure
Flow velocity
Seed fraction

Magnetic field strength _______________

10.3 cm
16.3 cm
100 cm2

600cm3

Ar + K
2500 K
128 kPa

2.3
905 K

10.1 kPa
1288 m/s
2.4xlO~4

1.24T

which can be operated in both framing and streak modes is
used to photograph the discharge structure in the disk chan-
nel. Typical exposure time and typical frame interval for fram-
ing pictures are 1 and 5 jus, respectively. Since the gas velocity
is about 1 mm/jus, the working gas can be considered sta-
tionary during the 1 jus exposure time. Typical duration time
for streak pictures is 75 jus.

Experimental conditions are summarized in Table 1. The
stagnant gas temperature is 2500 K and the seed fraction is 2.4
x 10 ~4 in order to obtain sufficient radiative intensity from the
plasma for the high-speed camera in a short exposure time.

Experimental Results
Experiments were carried out by changing the external load

from 0.05 to 1 kO to learn the generator performance and the
discharge structure for various loading conditions.

The typical oscilloscope traces of the stagnation pressure
signal, Hall voltage, and potassium resonance line intensity
are shown in Fig. 3. In this figure, the time pulse for triggering
the image converter camera is also shown. It can be seen that
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Fig. 4 Hall voltage/Hall current characteristic.
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Fig. 5 Potassium resonance line (4p-4s transition) intensity /K, its
fluctuation IK/<^K > an(* estimated electron temperature Te.

the duration of power generation is about 1.7 ms following the
transient state of 0.5 ms. The fluctuation of the pressure signal
is caused by the oscillation of the sensor diaphragm.

Hall Voltage/Hall Current Characteristic
The Hall voltage/Hall current characteristic is shown in Fig.

4. It can be seen from this figure that the output power is
recovered significantly for a load resistance of 0.5 Q, where the
seed becomes fully ionized and the ionization instability is
much reduced. In this case, the output power has a value of 40
kW and the corresponding output power density is 67
MW/m3.

Complete ionization of seed can be assured from the results
shown in Fig. 5, in which the potassium resonance line inten-
sity and its fluctuation level measured at r= 14 cm are plotted
against the load resistances. This figure, also shows the elec-
tron temperature, estimated from relative intensity of the
resonance line, and the stable regime of electron temperature
against the ionization instability, which is derived from the
linear perturbation theory.11 We can see that the resonance
line intensity decreases with the increase of load resistance
from 0.1 to 1 Q. This decrease in intensity is due to the
decrease in the potassium neutral atom concentration as the
seed becomes fully ionized. For the load resistance of 0.5 Q,
the fluctuations in the resonance line intensity almost disap-
pear and the estimated electron temperature lies in the stable
regime. When the load resistance falls below 0.1 0, the partially
ionized potassium region prevails in the disk channel. In the
case of electron temperatures above 7000 K for load
resistances higher than 1 0, as is estimated from the measured
potassium resonance line intensity, a situation in which the
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argon becomes ionized in most of the disk channel is observed.
Reduction of induced Hall voltage for load resistances-above 1
Q (see Fig. 4) can possibly be explained by the effects of the
argon ionization instability and flow deceleration due to a
strong Lorentz force.

Hall Potential Distribution
The Hall potential distribution is measured along the flow

direction and the results are shown in Fig. 6. For lower load
resistances, the negative potential region near the anode
becomes significant. In this negative potential region, the
voltage drop due to the internal resistance of the plasma*
becomes large as compared to the Hall electromotive force
and, therefore, a part of the electric power generated
downstream is consumed. This negative potential region
becomes narrower with the increase in the external load, which
indicates a increase in the electron Joule.heating of the Hall
generator.

For a external load resistance of 0.5 12, the negative poten-
tial region is confined to a relatively narrow region near the
'anode and much of the Hall field recovery • occurs in the
downstream region. Using the averaged Hall current density
<jr>, Hall field <Er>9 and estimated electron temperature,
the effective values of the electrical conductivity and Hall
parameter are calculated as follows:
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U 2B2)

£/5<LOSS> UB

(1)

(2)

-50
0

Anode
6
Cathode

2 4.
L (cm)

Fig. 6 Hall potential distributions along the flow direction.

where <LOSS> denotes the energy loss of electrons due to
elastic collision and radiation, and this can be calculated on
the basis of electron temperature.12

The estimated effective electrical conductivity and effective
Hall parameter are 197 S/m and 7.1, respectively. A recovery
of 85 and 90% of each of their respective ideal values could be
achieved for load resistance of 0.5 0.
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Fig. 7 Typical high-speed framing and streak pictures.
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Fig. 8 High-speed framing pictures for RL =0.05 fl.
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Discharge Structure in the Disk Channel
High-speed framing and streak photography technique was

adopted to study the discharge structure in the disk channel.
Figure 7 shows the typical framing and streak photoghraphs.
The disk walls are provided with two windows through which
to observe the discharge. The left side of a frame shows the in-
let region (9 < r < 13 cm) of the disk channel and the right
one shows the region downstream (13.5 < r < 17 cm), so that
a part of both the anode and cathode surfaces can be ob-
served. An investigation of high-speed photographs does not
indicate any strong arc spot on the surface of either electrode.
At the time of taking the streak pictures, the image of the slit
at the disk channel is positioned along the flow direction and,
therefore, the streak pictures show the motion of the discharge
along the radial direction. Plasma luminosity decreases with
the radial distance because of the decrease in the channel
width along the radial direction.

Figures 8 and 9 show the framing and the streak pictures,
respectively. Also shown in Fig. 9 is the trace of Hall field

measured at r= 15 cm for the load resistance of 0.05 Q, where
the plasma is in the partially ionized potassium regime. We
can see from the framing pictures (Fig. 8) that the discharge is
strongly inhomogeneous, especially near the anode where it
has intense spiral arcs with fine structures. The observed
discharge structure agrees well with that observed in the
generator operated with unstable plasma.4'17 It can also be
seen that this inhomogeneous discharge moves downstream,
causing the fluctuation in the Hall field and resonance line
intensity.

A detailed study of the streak pictures leads to an
understanding that a few intense discharges move downstream
and that this unsteady motion of discharges is confined to the
region between the anode and the center of the channel. This
region coincides with the negative potential region of the Hall
potential distribution for the case of RL =0.05 Q in Fig. 6.

The framing pictures are shown in Fig. 10 and the streak
pictures in Fig. 11; the trace of the Hall field for the load
resistance of 0.5 Q. It must be noted that with this external
load, the plasma is in the regime of fully ionized seed. In such
circumstances, a bright and uniform discharge is achieved (ex-

anode

cathode-U

Fig. 9 High-speed streak pictures and trace of Hall field for
RL =0.050. ^

1 2
t (msec)

Fig. 11 High-speed streak pictures and trace of Hall field for
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( 2 x 105 frames/sec )

f = 135mm, F = 2.0

Delay time. 1.3msec

Fig. 10 High-speed framing pictures for RL = 0.5 fl.
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Fig. 12 Variation of fluctuation level of Hail field along the flow
direction for RL = 0.5 Q.
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cept in the narrow region near the anode) and the fluctuation
of Hall field almost disappears. The streak pictures show that
the intense discharges move downstream with increasing width
and decreasing intensity. The number of intense discharges in-
creases when compared to those for the unstable condition
(see Fig. 9). The region of the nonuniform and unsteady
discharge is confined to a range of about 2 cm from the anode
and this range almost coincides with the length of negative
potential region for the case of RL = 0.5 Q in Fig. 6. This is
also assured by the results of the variation of the fluctuation
level in Hall field along the flow direction as shown in Fig. 12.
As can be seen, the fluctuation level is high in the entrance
relaxation region, but decreases rapidly in the region
downstream. It has to be noted that the unsteady and
nonuniform discharge in the entrance region tends to be
uniform downstream. This result agrees well with that of the
numerical analysis reported in Ref. 18, where a potential drop
in the entrance region of the channel had occurred under the
conditions where finally the fully ionized seed could be
achieved.

Conclusions
The experimental results reported here on the discharge

phenomena in nonequilibrium MHD disk generator lead to
the following conclusions:

1) An unsteady motion of strongly constricted discharge
with a high fluctuation level in entrance region has been
found. This region of unsteady motion almost coincides with
the negative Hall potential region.

2) For the load condition corresponding to complete seed
ionization, a uniform discharge is achieved at the downstream
region, whereas a strongly inhomogeneous and unsteady
discharge is confined to the entrance region.

3) On the other hand, for the load condition corresponding
to an unstable plasma, it is observed that the downstream
movement of an intense spiral arc causes fluctuation in the
plasma in the downstream portion.
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