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Abstract

Performance of a pulsed heat source high temperature
inert gas plasma MHD electrical power generator,
which can be one of the candidates of space-based
laser-to-electrical power converter, is examined by a
time dependent two dimensional numerical simulation.
In the present MHD generator, the inert gas is
assumed to be ideally heated to about 10°K pulsed-
likely within short time (~1 ps) in a stagnant energy
input volume, and the energy of high temperature inert
gas is converted to the electricity with the medium of
pure inert gas plasma without seeding. The numerical
simulation results show that an enthalpy extraction
ratio (= electrical output energy / pulsed heat energy)
of several tens of % can be achieved, which is the
same level as the conventional seeded non-equilibrium
plasma MHD generator. Although there still exist
many phenomena to be clarified and many problems
to be overcome in order to realize the system, the
pulsed heat source high temperature inert gas MHD
generator is surely worth examining in more detail.

Introduction and Objective

Magneto-hydro-dynamic (MHD) electrical power
generator is a device that directly converts the
enthalpy of a high temperature gas to electric energy
without any mechanical rotating high-temperature
parts". In particular, a closed cycle MHD (CCMHD)
electrical power generation system where the heat
from the energy source is transferred to the inert gas
as a working gas for the electrical power generation
has a potential to meet the various kinds of energy
sources. Since the system can have an attractive
feature of a low specific mass below 1 kg/kWe, a
nuclear electric propulsion system using the CCMHD
energy conversion in space has been proposed?,
which is based on the research and development in a
highly efficient CCMHD power generation on the
ground®. In the generators of these CCMHD systems,
generally the inert gas seeded with a small amount of
alkali metal vapor flows continuously at a maximum
gas temperature of about 2000K. In the past power
generation experiments with a shock tunnel facility,
an enthalpy extraction ratio (= electrical output power
/ pulsed heat power) over 30% has been successfully
demonstrated”.

The MHD generator system which utilize CW or
repetitively pulsed (RP) laser beam as a heat source,
namely laser-driven MHD generator, has been
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Figure 1. Schematic view of a pulsed heat
source high temperature inert gas plasma
MHD generator.

examined as a space-based laser-to-electrical power
converter by several researchers in the past®®. Here
the laser beams are regarded as an energy carrier in
space. It has been suggested that this kind of MHD
generator system should meet the requirements for the
power converter from the viewpoints of 1) high
energy-conversion efficiency, 2) high power density,
3) wavelength independence, 4) high power-to-weight
ratio, 5) reliable and maintenance-free operation, and
6) not excessively expensive to manufacture.
However, the studies of the laser-driven MHD
generator have been restricted to some analytical
investigations™, and the detail investigation, for
instance the plasma - fluid dynamical behavior and
performance, have not been done.

Therefore, a repetitively pulsed MHD generator is
picked up in the present paper. As the first step of the
study, the pulsed heat source is assumed to be input to
the inert gas as an ideal heat source “q” instead of a
specified heat source (for instance laser beam),
although the generator performance surely depends on
the energy transfer efficiency from the input (laser)
energy to the gas energy. The authors have been
called such an MHD generator “a pulsed heat source
high temperature inert gas plasma MHD electrical
power generator”. In the present pulsed heat source
MHD generator as shown in Fig 1, the inert gas
(argon or helium) is assumed to be heated to about
10°K pulsed-likely within short time (for instance 1
ps), the energy of high temperature inert gas is
converted to the electricity with the medium of pure
inert gas plasma without seeding. The pulsed heat
energy is put repetitively into an upstream part of the
MHD generator where a cold (room temperature)
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inert gas flows continuously though the generator
channel. That is, the high temperature inert gas
plasma with high electrical conductivity for electrical
power generation and the low temperature inert gas
suitable for cooling the MHD generator channel flow
alternately in an adequate duty factor in the generator.
Therefore, the high generator performance can be
obtained even under no seeding, pure inert gas
condition, with keeping the time-averaged gas
temperature below a tolerable value, although the
electrical power generation is forced to be pulse-like
or repetitive.

The authors have been studied the performance on
a pulsed heat source MHD generator by using quasi-
one dimensional numerical code”. In the paper, it is
revealed that the enthalpy extraction ratio (output
energy/input energy) of a pulsed heat source MHD
generator can achieve 20-30%. However the multi-
dimensional simulation has not been done. The
energy input for instance by a pulsed laser should not
be one dimensional but two dimensional at least,
which is caused by the heating at the focused point.
The objective of the present study, therefore, is to
examine the generator performance and the plasma -
fluid dynamical behavior in the pulsed heat source
MHD generator by a time dependent two dimensional
numerical simulations.

Numerical Procedure

Governing Equations

In the present numerical modeling, from the view of
the engineering point, the conventional MHD
approximations of the charge-neutrality and low
magnetic Reynolds number are hired'”. A simple
two-temperature model is adopted for the non-
equilibrium plasma, which consists of inert gas atoms,
inert gas ions and electrons. The governing equations
are conservation equations for MHD fluid flow and
for charged particles, which are the same as those
usually used for the numerical prediction of non-
equilibrium plasma MHD generator'”. The transport
coefficients in viscosity or heat conduction term are

evaluated by first Chapman-Enskog approximation'".

MHD fluid flow
Continuity equation
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The recombination rate coefficient kr in Eq. (4) is
calculated according to Ref. 12. The hyperbolic
equations above are solved by the Harten-Yee non-
MUSCL type second-order upwind TVD scheme. The
terms “q” of right hand side in Eq. (3) and (6) indicate
an input power per unit volume from a pulsed heat
source. The input power q is assumed to be absorbed
uniformly in the inert gas of the energy input volume
for an energy input time of 1 ps. The efficiency of the
input energy and the inert gas is assumed as 100%.
The time integrated value of input power q becomes
the total input energy (for example 1J) and the time
variation of input power q is assumed to be Gaussian
in time. The electron number density is determined by
Saha equation instead of Eq. (4) for the energy input
time of 1 ps.

Working Condition

Fig 2 shows the calculation region in this study. Since
the MHD generator is basically assumed as a linear
shaped Faraday type MHD generator with infinite
segmented electrodes, no Hall current is produced in
Eq. (5). As typical values of the shape, the energy
input volume is 4 x 4 x 10mm, the height of the throat
is 1.0mm, the length of the electrode is 60mm, and the
area ratio of the exit to the throat is 5. The energy
input volume is determined as the high temperature
inert gas suitable for MHD electrical power generation
without seeding is produced for an energy input of 1.0
J/pulse (variable) under the initial conditions of a gas
pressure 0f0.01 MPa and a gas temperature of 300K as
typical values. The back pressure in the outlet of the
MHD generator is set to 0.01MPa. The high
temperature and high pressure inert gas produced by
the pulsed heat source flows though the MHD
generator channel with a sufficient electrical
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Energy input region
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Figure 2. Calculation region.
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(a) Two dimensional simulation.

Figure 3. Temporal evolutions of the output power and the integrated output power (input energy

Time, ms
(b) Quasi-one dimensional simulation.

1],

magnetic flux density : 4 T) in (a) two dimensional simulation, and (b) quasi-one dimensional simulation.

conductivity across a magnetic field. Although the
generator shape is one of the important parameters for
the generator performance, the optimization will be
performed in the future work. Here, as for loading
condition, a constant loading factor K of 0.5 is
assumed at every location in the MHD generator
channel. Thus, the electric field is given everywhere
by the following equation and the load matching of the
generator is not optimized in this study.

Loading factor

K=EB:05 ®)
ux

Calculation Results

The calculation results are described from the
viewpoint of 1) temporal evolutions of output power
and plasma — fluid dynamical behavior, 2) dependence
on input energy, and 3) dependence on magnetic flux
density.

Temporal evolutions of output power and plasma —
fluid dynamical behavior Fig 3 (a) shows the
typical results of the temporal evolutions of the output
power and the time integrated output power, that is,
output energy for an input energy of 1.0 J/pulse (1 ps)
and the initial working gas conditions (Ar, 0.01MPa,
300K). The magnetic flux density is set to 4T. The
output power is generated during about 1.5 ms. The
time integrated output power, that is, total output

energy reaches 0.206J. When the enthalpy extraction
ratio is defined as the ratio of total output energy to
the input energy, the enthalpy extraction ratio is
20.6%. It should be noted that this value is almost the
same level as the conventional seeded non-equilibrium
plasma MHD generator, and is obtained under pure
inert gas plasma without seed injection. Fig 3 (b)
shows the results from a quasi-one dimensional
simulation in order to compare with the two
dimensional simulation result. The working conditions
of the quasi-one dimensional simulation are the same
as that of the two dimensional simulation. The time
integrated output power and the enthalpy extraction
ratio in the quasi-one simulation are 0.249J and 24.9%,
respectively. It is seen that there are not essential
difference between power output profile of the quasi-
one and the two dimensional simulation, although the
enthalpy extraction ratio in the two dimensional
simulation is slightly lower than that in the quasi-one
dimensional simulation. The output power has two
peaks against time. The first peak around 0.05ms with
high power and short duration is originated from the
initial flow with relatively high electrical conductivity.
The subsequent second peak around 0.2ms with low
power is attributed to a quasi-steady flow from the
stagnant energy input volume. It is noted that the
maximal enthalpy extraction ratio of the present
generator is expected to be higher than 24.9% or
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(b) Pressure distribution at t = 65 u s around first peak of output power profile shown in Fig 3.
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(c) Pressure distribution at t = 210 u s around second peak of output power profile shown in Fig 3.

Figure 4. Temporal evolutions of pressure distribution. pressure distribution after (a) 0.75 s, (b) 65 u s,
(c) 210 i s, from the energy input end, respectively. (input energy : 1 J, magnetic flux density : 4 T)

20.4% shown in Fig 3 (a), (b), if the load matching of
the generator is optimized.

Fig 4 (a)-(c) and Fig 5 (a)-(c) show the temporal
evolutions of Mach number distribution and the
temporal evolutions of pressure distribution after (a)
0.75 u s, (b) 65 12 s around first peak of output power,
and (c) 210 u s around second peak of output power
from the energy input end, respectively. These figures
correspond to the output shown in Fig 3. At first, the
shockwave is generated around x = 0-0.01m due to the

production of high pressure and high temperature inert
gas in the energy input region (Fig 4, 5 (a)). The
relations between the input energy and the plasma
properties generated by energy input are shown later.
When the shockwave propagation at the initial stage
reaches the outlet of the generator channel, the first
peak of the output power shown in Fig 3 appears (Fig
4, 5 (b)). Although the initial flow generated by
energy input has low electrical conductivity, the Mach
number (flow velocity) of that is relatively high in the
generator channel. Then the Mach number in the
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(b) Mach number distribution at t = 65 u s around first peak of output power profile shown in Fig 3.
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(c) Mach number distribution at t = 210 u s around second peak of output power profile shown in Fig 3.

Figure 5. Temporal evolutions of Mach number distribution. Mach number distribution after (a) 0.75 u s,
(b) 65us, (c) 210 u s, from the energy input end, respectively. (input energy : 1 J, magnetic flux

density : 4 T)

channel is about 0.5-1.0. After the peak time 65 iz s of
the output power, the plasma with the high electrical
conductivity expands in the whole region of the
generator. When the fluid behavior in the generator
becomes almost quasi-steady flow, the second peak of
power generation appears (Fig 4, 5 (c¢)). The reason for
the low power at around second peak is the decrease
in the Mach number owing to the strong MHD
interaction. It is noted that the pressure distribution
shown in Fig 5 (¢) depend not on y direction but on x

direction, Moreover, the Mach number becomes
subsonic in the whole region of the generator as
shown in Fig 5 (c), although there exist the throat.
Then the Mach number is about 0.1 and does not
choke at the throat.

It should be noted in Fig 4 and 5 that the plasma
and fluid flow in the MHD generator seems to be
rather one dimensional, although the high pressure and
temperature gas is expanded two dimensionally in the
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Table 1 Working gas conditions in the energy input volume after the energy input
Initial conditions: Ar, 0.01MPa, 300K, 4mmx4mmx10mm

Input energy [J] 0.1 0.3 0.5 0.8 1.0
static gas pressure p (MPa) 0.355 0.545 0.696 0.991 1.27
static gas temperature 7, (=7,) (K) 10500 13900 15600 17800 19700
total energy per unit volume E, (MJ/m®) 0.64 1.89 3.14 5.02 6.26
electron pressure p, (MPa) 0.00618 0.0815 0.178 0.397 0.605
electron energy per unit volume U, (MJ/m®)  0.118 1.19 2.36 4.12 5.27
electrical conductivity o (S/m) 1740 3560 4490 6150 7590
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Figure 6. Dependence on input energy. (magnetic
flux density : 4 T)

stagnant volume including the energy input region at
the energy input (0.75 u s).

Dependence on input energy In this section, the
effects of the input energy on the performance of the
pulsed heat source high temperature inert gas plasma
MHD generator are examined. The input energy
strongly affects initially produced high temperature
and high pressure working gas conditions in the
energy input volume. Table 1 shows the values of
static gas pressure p, static gas temperature 7T,, total
energy per unit volume FE;, electron pressure p,,
electron energy per unit volume U, -electrical
conductivity o after the energy input (1 us, Gaussian
in time) with different values of the input energy. The
input energy is fed into the electron energy at first,
and then the electron temperature increases steeply.
The electron energy is consumed with the progress of
the ionization and the increase in the gas temperature
through collisions with heavy particles. Since there is
no energy gain and loss after the energy input, the
electron temperature decreases and the gas
temperature  increases, and eventually these
temperatures have the same value. Then the electron
number density coincides with the value derived from
the Saha equilibrium for the temperature. The gas
properties can change almost at constant volume. That
is, roughly, the increase in the gas pressure is
proportional to the increase in the gas temperature,
although electron energy (electron pressure) can not
be ignored. As a typical case, the initial gas (argon)
under a pressure of 0.01MPa and a temperature of
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Figure 8. Temporal evolutions of the output power and
the integrated output power. (input energy : 1 J,
magnetic flux density : 2 T)

300K is pressurized to 1.27MPa and heated to
19,700K for an input energy of 1.0J. As shown in
Table 1, the typical values of gas properties in the
energy input volume are in the range of 0.5-1.3MPa
and 14,000-20,000K in the present study.

Fig 5 shows the enthalpy extraction ratio against
the input energy. It is noted here that the enthalpy
extraction ratio increases and tends to saturate with the
input energy. Generally the enthalpy extraction ratio
does not so depend on the input energy (thermal input)
for the conventional seeded non-equilibrium plasma
MHD generator. Thus, the increase in the enthalpy
extraction ratio with the input energy in the pulsed
heat source MHD generator is originated from the
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nonlinear increase in the electrical conductivity with
the electron temperature, as shown in Table 1,
although the electrical conductivity shown there is the
value not in the generator region but in the energy
input volume. Judged from Fig 6, the enthalpy
extraction ratio seems to saturate around an input
energy of 0.3-1.0J. The numerical simulation results
show that the increase in the output energy for the
input energy is attributed to the relatively higher
electrical conductivity in the generator region,
whereas there is no big difference in the velocity. As
is seen in Table 1, with the increase in the input
energy, the large part of input energy is distributed to
the electron energy; on the contrary, the gas
temperature tends to be almost constant, leading to the
saturation of the gas velocity. As a result, the output
power increases roughly corresponding to the increase
in the input energy, and the enthalpy extraction ratio
does not change so much.

Dependence on magnetic flux density The applied
magnetic flux density is one of the important
parameters for the improvement in the generator
performance, because the power density is locally
proportional to o u’B* for an MHD generator. Fig 7
shows the enthalpy extraction ratio for different
magnetic flux densities. It is found obviously that the
enthalpy extraction ratio increases with the magnetic
flux density. However the enthalpy extraction ratio
seems to saturate against the magnetic flux density.
This is attributed to the decrease in the gas velocity
under the strong Lorentz force. Fig 8 shows the
temporal evolutions of the output power and the
integrated output power under the condition of
applied magnetic flux density 2T. In this case, as well
as the case of 4T (Fig 3), the power output profile has
two peaks against time. The first peak appears around
0.05ms and the second one appears around 0.2 —
0.3ms as shown in Fig 8. Here, it is seen that the
second peak is enhanced relatively in comparison
with the case of 4T, although the first peak is smaller.
The duration of power generation is also shorter than
the case of 4T. When the flow in the generator
becomes quasi-steady state, this second peak appears.
The remarkable appearance of the second peak is
attributed to the decline of induced Lorentz force
associated with the decrease in the magnetic flux
density, in consequence, Mach number in the
generator channel and output power around second
peak increase compared with the case of 4T.

Nomenclature
B = magnetic flux density
C, = specific heat at constant volume
E  =electric field
E;  =total energy per unit volume
e = elementary electric charge
j = current density
k = Boltzmann constant
K  =loading factor
ks =ionization rate coefficient
k., = three body recombination rate coefficient
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m; = mass of ith particle (i=electron, neutral
atom, ion)
n; = number density of ith particle (i=electron,
neutral atom)
n;"  =number density of ion (= n,)
p = static gas pressure
p. = electron pressure
q = pulsed input power from pulsed heat
source
q. = electron heat flux
qn = heavy particle heat flux
T, = static gas temperature
T, = electron temperature
U, =electron energy per unit volume
u = gas velocity
¢ ; = ionization energy of ion
v = collision frequency for electron with ith
particle
o  =density
o = electrical conductivity
T ; = Viscous stress tensor
® = dissipation function

Conclusion

The performance and the plasma — fluid dynamical
behavior in the pulsed heat source high temperature
inert gas plasma MHD electrical power generator is
examined by a time dependent two dimensional
numerical simulation.

1) The enthalpy extraction ratio (the ratio of total
output energy to the input energy) of the pulsed heat
source MHD generator can reach 20% without seed
injection even if the load matching of the generator is
not optimized. The output power profile has two
peaks against time. The first peak with high power is
originated from the initial flow with high electrical
conductivity, and the subsequent second peak with
low power is attributed to a quasi-steady flow from
the stagnant energy input volume. During the power
generation, the flow in the generator mainly becomes
subsonic owing to the induced strong Lorentz force.
2) The plasma and fluid flow in the MHD generator
seems to be rather one dimensional, although the high
pressure and temperature gas is expanded two
dimensionally in the stagnant volume including the
energy input region at the energy input. There is no
marked difference in the temporal evolutions of the
output power and the time integrated output power
between quasi-one and two dimensional simulations..

3) The enthalpy extraction ratio increases and
tends to saturate with the input energy. The increase
in the enthalpy extraction ratio is originated from the
nonlinear increase in the electrical conductivity with
the input energy.

4) The enthalpy extraction ratio increases and
tends to saturate with the magnetic flux density. When
the magnetic flux density decreases, the second peak
of the output power profile becomes high significantly
compared with the case of high magnetic flux density.
The remarkable appearance of the second peak is
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attributed to the decline of induced Lorentz force
associated with the decrease in the magnetic flux
density.

Although there still exist many phenomena to be
clarified and many problems to be overcome in order
to realize the system, the pulsed heat source high
temperature inert gas plasma MHD electrical power
generator is surely worth examining in more detail.
As a future plan, the simulation with taking account
of the energy transfer from the input energy (for
instance, laser energy) to the working gas energy
should be done. Furthermore, the configuration and
performance of the power generation system
including the quasi-stationary cyclic operation in the
pulsed heat source MHD electrical power generator
should be established.
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