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Initial Tests of a Lightweight,
Self-Excited MHD Power Generator

C. D. Maxwell* and S. T. Demetriadest
STD Research Corporation, Arcadia, California

Data from the first seven power tests of a lightweight, self-excited MHD generator system are presented.
Among the achievements of these tests were: 1) highest power from a diagonally connected MHD generator in
the United States (4.8 MW, gross), 2) fastest self-excitation time for an MHD generator (0.4 s), and 3) highest
specific power for a combustion-driven MHD generator in the United States on the basis of gross or net power
per unit system mass. The tests show evidence of strong MHD interaction processes, including magnetoaerother-
mal effects, as expected from the design calculations. Solution of the intricate problems presented by these pro-
cesses for each size of this family of MHD generators is necessary before the ultimate performance of these
systems is realized. The software for obtaining these solutions has been validated, and some results are discussed
in this paper.

Nomenclature
AG = MHD generator cross-sectional area, m2

DG =MHD generator mean diameter, m
g = conductivity nonuniformity fact, <a>
G = plasma nonuniformity factor, g + (g -1)/32

L = magnet inductance, H
Rj - MHD generator internal impedance, Q
RL = load resistance, 0
RM = magnet resistance, 0
jRetc = other circuit resistances, Q
R* = (open-circuit voltage)/(magnet current)
XG = MHD generator active length, m
/3 = Hall parameter
a = electrical conductivity, S/m
T* = self excitation time constant
0 = diagonalization angle, measured from direction

perpendicular to flow and magnetic field

Introduction

THE production of net electrical energy by an MHD
generator requires either very large equipment,1 or use

of a cryogenic magnet,2 or high electrical conductivity
plasmas.3 For MHD generator applications requiring por-
tability, ruggedness, and self-containment in remote loca-
tions, the last option has many practical advantages. Among
the MHD generators that have produced net energy, the
Pamir-I obtained the highest conductivity, approximately 50
S/m, by using metalized solid propellants.3

Hybrid propellants (solid fuel, gaseous, or liquid oxidizer)
have been promising candidates for achieving high-
conductivity MHD working fluids for many years.4 Tests at
STD Research Corporation in 1981-1982 demonstrated elec-
trical conductivities in excess of 100 S/m in the seeded com-
bustion products from a subscale hybrid rocket combustor.

Such conductivities made possible the design of a family
of lightweight, self-excited MHD generators with relatively
low-field, conventional air-core magnets. A small
STD/MHD generator (Fig. 1) was constructed in 1982-83,
and testing began in 1983. Self-excitation was demonstrated
in May 1983, on the third power test. Sustained net electrical
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power production was demonstrated in August 1984 on the
fourth power test, 84-001, shown in Fig. 2. In August 1984,
a peak power of 4.8 MW was achieved on the seventh and
most recent power test. Figure 3 summarizes the power test
history.

Among the novel features of the STD/MHD generator
design was the selection of a single-load diagonal electrical
configuration for the self-excited MHD generator. Many of
the advantages of the diagonal configuration for self-
excitation have been recognized in the recent Soviet
literature.5'6 An important advantage demonstrated in these
tests is the potentially superior excitation speed relative to
the continuous electrode Faraday configuration.

The self-excited generator is a high-interaction device,
because it is primarily the reduction of flow speed by the
MHD interaction that limits the self-excitation process.
Despite the conservatism of the initial generator design and
the modest specific energy extraction achieved thus far (0.25
MJ/kg), it is clear that magnetoaerothermal effects7 and
other strong MHD interaction processes are very important
in the present device, as they have been in previous self-
excited generator tests.3

Generator Characteristics
A simplified electrical schematic of the generator con-

figuration tested to date is presented in Fig. 4. The nominal
component characteristics shown in Fig. 4 vary somewhat
with ambient temperature and other factors.

In a typical test sequence, the switch SI is closed a few
seconds before combustor ignition to provide an initial
magnetic field of 0.45 T. (The minimum field to initiate self-
excitation has not been determined yet.) After ignition, the
generator voltage rises. When it exceeds the battery open-
circuit voltage, the diode Dl removes the battery from the
circuit, and the generator self-excites. In the last two power
tests, switch S2 was closed during the self-excitation phase to
achieve maximum speed and magnetic field and then opened
to power the load. At the end of a power pulse, the oxidizer
flow is stopped, the generator impedance rises, and the
magnet discharges through the diode D2.

The 60-deg (from vertical) diagonal, heat-sink generator
channel is constructed of graphite frames insulated by
castable ceramic. The pressure case is filament-wound in a
manner similar to that suggested in Ref. 8. The generator ac-
tive region is 1.27 m long and has an area ratio of 2.27. The
generator is designed for a nominal mass flow rate of 20
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kg/s. The system is designed to self-excite when the plasma
conductivity exceeds 50 S/m.

The mass of the entire system, excluding the batteries
(which are greatly overspecified at 800 kg) with 30 s of pro-
pellant, does not exceed 6000 kg, of which the magnet coils
comprise approximately two-thirds. The system is not op-
timized for weight. It is mounted on a 9-m-long trailer and is
towed to the isolated test site by a pickup truck.

Test Results
Primary data from the two tests with the highest power

output, tests 84-002 and 84-004, are presented in Figs. 5 and
7, respectively. The format follows the practice established
by Demetriades some time ago9 of presenting a simultaneous
and continuous record of all primary measurements. The
following narrative describes the events in these two tests.

Test 84-002
A 22-mO load was in series with the generator throughout

the test. (The switch S2 was not present.) Figure 5 shows that
the self-excitation time was approximately 0.5 s based on the
10-90% rise time of the current. Because the magnet
resistance is nearly the same as the load resistance in this
test, the net MHD power is approximately half the gross
power shown in Fig. 6. The MHD power is about 30 times
higher than the power from the initiation battery. The max-
imum MHD power of 3.9 MW occurred during self-
excitation. The steady-state power was approximately 3.4
±0.3MW.

In test 84-002, significant erosion was observed on the dif-
fuser surface receiving flow from the middle of the anode
wall ("anodes" receive electrons from the plasma). No visi-
ble erosion was found on the generator electrode surfaces.

Test 84-004
The switch S2 was closed to short out a 67-mO load until

the time 11.4 s, as indicated by the jump in generator voltage

10

Fig. 1 Self-excited MHD generator equipment.
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Fig. 3 Peak MHD power levels achieved in the first seven power tests
of the STD/MHD pulse power system. Gross power is the product of
MHD generator terminal voltage and current. Net power is the dif-
ference between gross power and the I2R power dissipated in the
magnet.
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Fig. 4 Simplified schematic of the electrical circuit for the self-
excited MHD generator.

Fig. 2 Self-excited MHD generator during test 84-001.

Fig. 5 Variation of measured quantities during test 84-002.
VG — generator terminal voltage, FM = voltage across magnet,
VB = voltage across excitation battery, mox = flow rate of oxidizer,
Pc = combustion chamber pressure, uncorrected for transducer drift,
IG - total current through battery. Times are relative to the test se-
quence start. The step at 8.65 s is an artifact of the data acquisition
system.
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at that time in Fig. 7. The self-excitation time was approx-
imately 0.4 s. The peak power of 4.8 MW occurred during
the self-excitation process, as shown in Fig. 8. This cor-
responds to an average power density of approximately 100
MW/m3 and a specific power based on loaded system mass
of approximately 0.8 kW/kg. When the switch S2 opened,
the channel power increased from about 2.7 to 3.7 MW, due
to improved generator loading.

At the 11.8-s point in test 84-004, diffuser erosion of the
type observed in test 84-002 caused a gas leak on the mid-
anode side of the diffuser. An electrical short developed
through the gas leak to the grounded trailer body, causing
superficial damage to the trailer. Again, there was no ap-
parent effect on the generator interior surfaces or on the re-
mainder of the system.

"Electrotechnical" Parameters
Velikhov3 provides a useful summary of the circuit param-

eters, or "electrotechnical" parameters, of the self-excited
generator, with emphasis on the continuous electrode Fara-
day generator. These ideas are easily extended to a diagonal
generator configuration. An examination of some of these
parameters for the present device reveals some of the
tradeoffs between the two configurations.

We write the excitation time constant of either electrical
configuration as

(1)

where L is the magnet inductance and the subscripts G, M,
L, etc., denote, respectively, the resistance (internal im-
pedance) of the MHD generator, the magnet, the load, and
any other resistance in series with the generator and magnet.
The quantity R* is the ratio of the generator open-circuit
voltage at a given magnetic field to the current required from
the generator to produce that magnetic field.

One purpose of the load switch S2 is to determine the
generator parameters R* and RG. If the generator
voltage/current characteristics are examined immediately
before and after the switch is opened, we obtain an instan-
taneous load line at essentially constant magnetic field. Load
line information is not easy to extract from the self-
excitation phase because the magnetic field is changing on
the same time scale as the impedance. With the switch, the
load changes in less than a millisecond, the flow stabilizes in
a few milliseconds, but the magnetic field responds on the
order of hundreds of milliseconds. The 0.3-ms data rate per-
mits these events to be resolved by the data acquisition
system.

The load line thus obtained for test 84-004 is shown in Fig.
9. RG is the slope of the load line, while R* is the ratio of
the open-circuit voltage to the magnet current just before the
switch is opened. We find an open-circuit voltage of 1040 V
and an internal impedance of 73 mQ. These values corre-
spond to a magnet current of approximately 11.2 kA, giving
R* = 93 m!2. These values are self-consistent. Before the load
switch, the denominator of Eq. (1) contains only R*, RG,

Fig. 6 Variation of the gross electrical power produced by the excita-
tion battery and the MHD generator in test 84-002, based on the cur-
rents and voltages shown in Fig. 5.

Fig. 7 Variation of measured quantities during test 84-004. (See Fig. 5
for symbol definitions.) The discrete events at the end of the test are 1)
the opening of the switch S2 at 11.4 s and 2) gas-leak-initiated diff user-
to-ground short at 11.75 s.

10 12
TIME (SEC)

Fig. 8 Variation of gross electrical power produced by the excitation
battery and the MHD generator in test 84-004, based on currents and
voltages in Fig. 7.

0 1 2 3 4 S 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5

GENERATOR CURRENT, kA
Fig. 9 The instantaneous voltage/current characteristic during test
84-004, as determined by measurements immediately before and after
a 67-mfl load was switched into the generator/magnet circuit. (See
electrical schematic, Fig. 4.)
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Fig. 10 Quasi-one-dimensional TRANSIENT simulation of test
84-004.
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Fig. 12 The steady-state voltage/current characteristics of the MHD
generator from quasi-one-dimensional simulations of the test 84-004
conditions. The generator load is the sum of the load and magnet
impedances.

Fig. 11 Flowfield evolution in the quasi-one-dimensional simulation
of test 84-004.

and RM = 20 mO, the sum of which is zero, implying an in-
finite excitation time, i.e., steady state.

The value of R* during self-excitation is higher than 93
mO. R* varies with the velocity of the flow.3 We have car-
ried out simulations of the events of test 84-004 using the
STD/MHD TRANSIENT family of codes with the quasi-
one-dimensional approximation, as described in Ref. 10.
Typical results are shown in Figs. 10 and 11. Figure 10 shows
that the exit velocity drops by more than a factor of 2 in the
simulation of the self-excitation process. As seen in Fig. 11,
a shock is predicted to stand near the exit of the generator,
followed by a reacceleration of the flow in the diffuser. The
value of R* in the simulation decreases by 20% as the
generator self-excites.

It may be shown in a "zero-dimensional" analysis that the
ratio of values for R* for the diagonal generator to the con-
tinuous electrode Faraday generator is, for uniform plasma
early in self-excitation (/3-*0):

.) ~ (XG/DG)tan6/(l + tan20) (2)

where XG, DG, and 0 are the length, diameter, and
diagonalization angle of the generator, respectively. The
denominator of Eq. (1) can thus be potentially larger for a
diagonal generator, giving shorter excitation times, if the cir-
cuit resistances can be made small. It is noted that the ratio
in Eq. (2) is maximized for 0 = 45 deg; however, electrical
conversion efficiency demands higher angles when the Hall
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Fig. 13 Measured variation of anode voltage to ground during ex-
citation phase and at steady state during test 84-002. Anodes and
frames are numbered sequentially from upstream to downstream.
Anode no. 0 is grounded.
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Fig. 14 Measured evolution of the Hall field distribution during self-
excitation in test 84-004.
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.TEST 84-004
DURING E X C I T A T I O N
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Fig. 15 Variation of the distribution of normal and axial current
density during test 84-004. Data are derived from measurements of
anode-to-cathode voltage differences in each frame: during excitation,
9.20 s; before switch, 11.25 s; after switch, 11.67 s.

TEST 84-004

Fig. 16 Temperature increase above ambient measured on all four
sides of MHD channel at outer layer of ceramic, 20 in. from inlet.

parameter is low,11 as it is in the present device. The ratio of
the internal impedances is approximately

~ (XG/DG)2/(l + tan20) (3)

so that high plasma conductivity is important to minimize in-
ternal impedance and reap the benefit of larger R* in a
diagonal machine.

The generator internal impedance can be used to estimate
the electrical conductivity without the need for an estimate
of velocity, which was not accurately measured. The "zero-
dimensional" formula for conductivity in terms of diagonal
generator internal impedance may be written as

(1.27/0.050)(1+0.16)(1.03)
(0.073)(1.035-f3)

103 S/m (4)

where the Hall parameter /3 is a lower limit taken from
simulations, and the conductivity nonuniformity factor

g=<a><l /a> and plasma nonuniformity factor G = g-f
(g—1)|82 are lower limits based on two-dimensional calcula-
tions. In view of the asymmetric heat transfer in this chan-
nel, it is quite possible that the value of g is higher than 1.03,
in which case the estimated conductivity is higher. For exam-
ple, if g=1.2, then conductivity becomes 114 S/m. At a
lower limit, even if the Hall parameter was zero, the conduc-
tivity would be 89 S/m.

During self-excitation, the reactive component of the
magnet impedance varies, and the generator operates over a
range of load factors. Because the characteristic gasdynamic
times are two orders of magnitude shorter than the self-
excitation time constant, the self-excitation process can be
viewed as a sequence of quasisteady generator states in which
the flowfield is in equilibrium with the slower electrical cir-
cuit parameters. Figure 12 presents a simulated steady or
quasisteady voltage/current characteristic for the self-excited
generator with conditions typical of test 84-004. The
generator traverses such a characteristic during self-
excitation.

Because the self-excitation process is quasisteady, the
generator load line traversed during self-excitation is similar
to its load line at steady state if the combustor conditions are
similar as well. Thus the load resistance for maximum power
at steady state can be inferred from the reactive component
of the magnet impedance at peak generator power during
self-excitation. For example, at peak power in test 84-004,
the reactive component of the magnet impedance was about
44 mQ, and the 67-mO load inserted after switch S2 opened
was apparently too high for maximum steady-state power.

The above arguments are valid when the generator perfor-
mance exhibits no hysteresis. That is, when the instantaneous
generator performance is not determined by the flow history
but merely by the instantaneous operating conditions. Such
is not necessarily the case in the presence of large flow
disturbances or current concentrations created by magneto-
aerothermal effects.

Field Distributions
The voltage distributions obtained in this generator are

quite regular, particularly when compared with some other
diagonal generator data. Figure 13 illustrates the measured
voltages at two times in test 84-002. During self-excitation
the slope of the voltage curve increases from front to rear.
This indicates a rising Hall field associated with the ac-
celerating flow shown by the simulations in Figs. 10 and 11.

After self-excitation is complete, the slope of the voltage
curve drops at frame 6, indicating a discontinuity in the Hall
field at that station. When the frame voltage data are dif-
ferentiated, temporally smoothed with an 11-point moving
average, and displayed on an x-t diagram (Fig. 14), it
becomes clear that the discontinuity starts at the back of the
generator and moves forward as the load current increases.

One may speculate on the causes of this Hall field discon-
tinuity. The quasi-one-dimensional simulation does not
predict a shock so far upstream. A likely possibility is that it
is behavior similar to the Hall field depression in the rear of
the AEDC/HPDE during run 007-016, which was associated
with the magnetoaerothermal current constriction and flow
separation on the anode wall. Three-dimensional simulations
would help resolve the operative mechanisms.

The graphite frame resistance is typically 1-2 mQ from
anode to cathode. The ballasting effect of this resistance12

promotes the electric field uniformity exhibited in Figs. 13
and 14. Joule dissipation in the frames is estimated to
amount to 1.8% of the gross power generated in test 84-004.
It is possible to estimate the generator current densities
within 5-10% on the basis of the frame voltage difference
from anode to cathode and a measured frame resistance.
Figure 15 presents results obtained in this way at various
times in test 84-004. It is clear that the net Hall current den-
sity is substantial and that its direction changes during the
test.
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It has been shown in Refs. 13 and 14 that even moderate
Hall current densities can have a profound influence on the
flow distribution in an MHD generator. Girshick and
Kruger15'16 have recently made careful measurements of
these effects at Hall current densities up to 0.8 A/cm2, and
the results appear to be in satisfactory agreement with the
predictions of the STD/MHD codes.14 Fully three-
dimensonal calculations with validated STD/MHD codes17'19

have not been carried out for the Hall current densities of 10
A/cm2 possible in the present device.

One manifestation of the magnetoaerothermal effect is a
pronounced asymmetry in heat flux to the anode and cathode
walls. The present device exhibits such asymmetries (Fig. 16).

Interaction Parameters
Recent work13 has shown that to simulate experimentally

some important magnetoaerothermal effects, such as the
anode current constriction in the AEDC/HPDE,20'21 it is not
sufficient to create strong secondary flows by matching the in-
teraction parameter based on velocity. The pressure interac-
tion parameter also plays a crucial role by ensuring that there
is sufficient current density and Joule dissipation to constrict
and sustain the anode discharge when secondary flows create
the necessary conditions. In general, flow behavior scales with
the velocity interaction parameter, while performance scales
with the pressure interaction parameter. Both appear impor-
tant in scaling nonideal processes such as the magneto-
aero thermal current construction.22

It is noted that the interaction parameter based on pressure,
IP = (JyB/p)L, exceeds 2 in the present device. This level of
pressure interaction is roughly that required in large-scale
utility MHD plants.11 The comparable IP is estimated to be
1.4 for the AEDC/HPDE, 1.6 for a 200-500-MW coal-fired
utility generator, and 2 for the Pamir-I. The velocity interac-
tion parameter in the present device is comparable to the
AEDC/HPDE values Su = 2.13

Conclusion
The diagonal generator has been shown to be an effective

configuration for self-excited MHD generators with sufficient
electrical conductivity in the working fluid. Superior self-
excitation times have been achieved in a lightweight system.

The generator tests to date exhibit anomalous behavior in
the electric field and heat flux distributions and in the wall ero-
sion in the diffuser. These anomalies are strongly suggestive of
the magnetoaerothermal current constriction/anode
boundary-layer separation observed in AEDC/HPDE. On the
other hand, no remarkable damage has occurred on the elec-
trodes in the generator tests to date.

While there are many straightforward steps that may be
taken to improve upon the initial performance of the present
device (e.g., greater expansion ratio), achievement of the
highest levels of enthalpy extraction will require detailed
understanding and exploitation of the flow processes in high-
interaction MHD devices operating with a controllable level of
Hall current.
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