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R-z two-dimensional numerical simulations have been carried out to investigate the performance of a large-
scale disk MHD generator coupled with radio-frequency (rf) electromagnetic field. The rf technique is verified
to be useful even for a large scale MHD generator. The skin effect of plasma influences the distribution of rf
electric field, however under the present plasma condition in the MHD generator, this effect will not induce
the failure of rf application. When the plasma does not achieve the fully ionized seed condition only by
self-induced Joule heating, the plasma is unstable. Coupling with the rf power can stabilize the plasma. and
improve the performance of generator. Thus, the present rf technique can help widening the actual operating

condition of MHD generator.
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1. Introduction

A closed cycle MHD generator uses an alkali-metal
seeded noble gas as the working gas. A non-equilibrium
plasma is usually produced and self-sustained by Joule
heating in the MHD generator ). The self-sustained
plasma makes a system simple, however, it sometimes
causes the difficulties of keeping plasma in a suitable
condition and matching internal impedance of genherator
with a load resistance. In a disk shaped MHD generator,
the plasma can be produced in the nozzle. To achieve
a high performance, the working gas (seed material)
should be ionized at the channel inlet with a relatively
high electron temperature and the plasma should sat-
isfy the fully ionized seed condition in the channel. The
variation of operating condition can cause the plasma
to depart from the fully ionized seed condition. When
the inlet electron temperature is not high enough or the
load resistance is much lower, the joule heating in the
MHD channel cannot supply enough energy to sustain
the fully ionized seed plasma. This will cause an insta-
bility of plasma and deteriorate the performance. Then,
the external energy sources can be utilized to produce
or sustain the suitable plasma in the generator.

Radio-frequency (rf) electromagnetic field, which is
widely used in material process, sinter and analytical

chemistry, has been suggested to pre-ionize the working -

gas and improve the performance of the MHD genera-
tor @, Experimental and numerical researches on cou-
pling rf power to MHD generator have been carried out
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at Tokyo Institute of Technology. The experiment with
a shock tube driven disk MHD generator demonstrated
a significant improvement of performance by applying
the rf power ®. With r-6 two dimensional numerical
simulations, the operating conditions, where coupling rf
power can improve the performance of MHD generator,
have been examined ® ®,

However, these researches were based on relatively
small disk MHD generators with the thermal inputs from
several to ten mega watts. For large scale MHD gener-
ator, on the other hand, the volume of plasma between
the rf coils is very large comparing with the smaller
MHD generator. Because of the skin effect of plasma,
whether the rf electromagnetic field can effectively influ-
ence the plasma at the center of large size channel, and
what kind of effect will take place when the rf technique
is applied to large scale generator, should be clarified.
In the present work, r-z two dimensional numerical sim-
ulations have been carried out to investigate the effect of
rf power on the performance of a large scale disk MHD
generator, of which the thermal input is about 100 MW4.

2. Numerical Procedure

2.1 Generator and Operating Conditions ‘
The schematic diagram of the disk MHD generator
and the position of rf coils are shown in Fig. 1. The right
hand cylindrical coordinates system is adopted. The
working gas flows along the r-direction and the mag-
netic field is applied in the z-direction. The MHD chan-
nel covers the area from the upstream edge of anode
(r = 360mm) to the downstream edge of cathode (r =
780 mm), and between two walls in the z-direction. The
heights at inlet and outlet are 59.9mm and 79.9 mm,
respectively. Two ring shape rf coils are used in the
present research. The distance from the coil to the wall
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Fig.1. Schematic of disk MHD generator

Table 1. The operating conditions

Working gas He-Cs

Inlet stagnation temperature 2000 K]
Inlet stagnation pressure 3.0 [atm]
Magnetic flux density 6.0 [T]
Inlet Mach number 2.2

Thermal input 117 [MW]
Seed fraction 1.0-3.0x10”
Load resistance 1.0-9.0 [Q]
Frequency of rf power 13.56° [MHz]

is 4mm at r = 420mm. Table 1 shows the operating
conditions for the present numerical simulation.

2.2 Governing Equations of rf Electro-
magnetic Field Based on the Maxwell’s equations
and generalized Ohm’s Law, using the vector potential
A, the governing equations of rf electromagnetic field
can be written out,

where g is the permeability, o the electrical conduc-
tivity and @ the Hall parameter. Using the sinusoidal
model, A= (0, Age™?, 0), here w = 27 f and i = v/—1,
the Eq.(1) can be rewritten as follows,
V2Ag — wol—fﬁwj% T (2)

For the numerical solution of Eq.(2), the vector compo-
nent Ag can be divided into the real part Ar and the
imaginary part Ay, so the Eq.(2) can be rewritten in
the r-z two dimensional cylindrical coordinates as fol-
lows @ ®,
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Ag = AR + 1Ay,

Induced rf electric field Fy can‘ be reduced as follows,

2.3 Governing Equations of MHD Plasma
Flow Based on the engineering conditions, charge-
neutrality and low magnetic Reynolds number assump-
tions are hired. A simple two-temperature model is
adopted for non-equilibrium plasma. So the governing
equations of MHD plasma flow are written as follows.

(1) Governing equations of heavy particles Con-
tinuity equation
op
L T (PR) =0, e 5
% 4 (ot )

where p is the mass density and u is the velocity.

Momentum equation

%@‘FV({)@Q ':—VP"FV'Tij—}-iXB‘,

where P is the static gas pressure and 7;; is the viscous
stress tensor.
Energy equation
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where T is the static gass temperature, ¢, the specific
heat at constant volume, ® the dissipation function. and
k the coefficient of thermal conductivity.

(2) Governing equations of charged particles Con-
tinuity equation
on;f N
33; + V- (nF i) = nf = kpneni — krinn,
ne =3, ny,
T

where nj is the number density of ith particle ions, nj‘
the production rate of ith particle ions, n. the electron
number density, n; the number density of ith particle
atoms, k¢; and k,; are the ionization and recombination
rate coefficients of ith particle, respectively.

Generalized Ohm’s law

j+£jxgza(ﬁ+ng§)7 .............. (9)
| B ..

where j is the current density, F the electric field

strength, B the magnetic flux density.

Electron energy equation
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(h = Seed, Noble Gas, Ion)
(i = Seed, Noble Gas)

where k is the Boltzman constant, T the electron tem-
perature, v.; the collision frequency for electrons with
hth particle, mp the mass of hth particle, and g; the
ionization energy of ith particle.
"Maxwell equations

VxE=0
i, L2 S 11
acarel )
Perfect gas status equation
p= pRT .................................. (12)

The rf electromagnetic field influences the MHD
plasma through an additional Joule heating that is
caused by the rf electric field induced in the plasma.
This effect is described in the energy equations of heavy
particles and electrons. The induced electric field also
exerts Lorentz force on MHD plasma flow, which in-
cludes two parts. One is (1/2p)[(c/(1+ 82))Erf x B,¢]
that is caused by the induced current in the rf magnetic
field. The other is caused by the induced current in the
steady magnetic field. The former is very small compar-
ing with the term (1/p)(j x B), so it can be neglected .
The second part of the force changes the direction with
a frequency of rf electromagnetic field, so in the actual

simulation, during the plasma flow in one mesh distance,

this force changes the direction several ten times. With
this reason the total effect of this force is neglected in
the present research. Thus, the Lorentz force caused by
rf electric field is not included in the momentum Eq. (6).

Because the electrodes shown in Fig.1 can be seg-
mented in the azimuthal direction, the inductive current
is assumed not to flow in the electrode. Moreover the
possible effect of the current induced in a casing of MHD
generator facility is not taken into account.

2.4 Numerical Method In the calculation re-
gion shown in Fig.1, the mesh number is 105 in r-
direction and is 40 in z-direction. The time step is
0.05 us. SOR. method ® is used to solve the Poisson
Eq. (3) of the rf electromagnetic field. Because the
value of vector potential at each point depends on all
of the current-carrying regions, the vector potential on
the boundary is determined by the superposition of the
coil and plasma effects. In the numerical integration,
-the plasma in the disk MHD generator is divided into a
number of control volume elements in form of cylindrical
loops, so the boundary condition can be pre-calculated
by the following equations for solving the Poisson equa-
tions (7:

AR(Rbc, Zpe)
R,
Rbc
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Ar(Roc, Ze)

Netement

where the summation of ¢ is for the number of rf coils,
and the summation of j is for the number of control vol-
ume elements. Ry, and Zp. are the radius and height
of boundary point, respectively. R, is the radius of rf
coil, I.; is the current in rf coils. Ag; and Ay, are the
real and the imaginary part of vector potential of the
jth control volume element. r; and S; are the radius
and the cross section of the jth control volume element.
Here,

(2 - k*)K (k) — 2E(k)
k b

_ 4R.r

 (Re+7)2+(Z2-2.)%

In the above equation, K and E are the complete elliptic
integrals of the first and second kinds, respectively. Z,
is the height of rf coil. ‘

Hyperbolic Egs. (5), (6), (7) and (8) are solved by
CIP method®. From the general Ohm’s law (9) and
Maxwell equations (11), a scalar potential function two-
order elliptic equation can be obtained and is solved by
the finite difference method. For the supersonic flow,
the inlet parameters are given as inlet boundary condi-
tions. The outlet boundary is decided by free boundary
condition. No-slip boundary condition is used for walls,
and the wall temperature is given. For the elliptic equa-~
tion the boundary conditions are calculated for every
boundary surface. The detail description can be found
in Ref. (9).

3. Results and Discussion

G(k) =

]{:2

3.1 Inlet Electron Temperature with rf Elec-
tric Field and rf Joule Heating in MHD Plasma

The inlet electron temperature in the presence of rf
electromagnetic field depends on the intensity of rf elec-
tric field at the inlet boundary. The inlet electron tem-
perature under a operating condition (seed fraction =
1.0x1075, RL = 2.02) is drawn as a function of current
in rf coil in Fig. 2(a). It is shown that the inlet temper-
ature increases with the rf coil current. In the present
research, all of the inlet electron temperature with rf
electric field is determined by this way. The ratio of
Joule heating caused by rf electric field in MHD plasma
depending on the current in rf coil is shown in Fig. 2(b).
Although the rf power can significantly increase the per-
formance of MHD generator, which is described in the
following sections, the cost of rf energy is not more than
0.8% of the thermal input for the operating condition.
When the current is 190 A as a typical value, it is only
about 0.16%.

3.2 rf Electric Field in MHD Plasma When
the plasma is exposed to the rf electromagnetic field that
has a frequency below the electron plasma frequency, the
interaction of the rf energy with the plasma occurs in the
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Fig.2. (a) Inlet electron temperature and (b) ratio
of Joule heating of rf electric field to thermal input
as a function of current in rf coil
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Fig.3. Distribution of rf electric field in r-z plane
(Ic=190 A, RL=2.09). (a) not including the skin
effect, (b) including the skin effect (sf=1.0x107°),
(c) including the skin effect (sf=2.5x1075) :

skin depth. The interaction makes the rf electric field
in MHD plasma modified from that in free space. Fig-
ure 3 shows the r-z plane distribution of rf electric field
in MHD channel. The case (a) does not include the skin
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Fig.4. Distribution of rf electric field, (a) along
the height of channel, (b} along r-direction in the
center of channel

effect in MHD plasma (as in free space). The case (b)
and (c) are the distributions that include the skin effect.
The distributions of rf electric field along the height of
channel at the position (r=420mm) where the rf coils
are located, and the distribution along the fluid flow in
the center of channel are drawn in Figs. 4(a) and (b), re-
spectively. It can be found from Fig. 4(a) that the skin
effect decreases the rf electric field in the plasma. The
difference between the rf electric fields with the skin ef-
fect and without it becomes the biggest at the center.
Along the fluid flow the biggest difference is found at
the position of rf coils (r=420mm). The difference de-
creases with the increase of distance from rf coils, and
for the distance larger than 50 mm it varies little. Con-.
sequently, the interaction between MHD plasma and rf
electromagnetic field decreases the rf electric field near
the rf coils, however the distribution of rf electric field is
hardly affected at the location far away. The distribu-
tions of rf electric field for different plasma, conditions in
Fig.3 and Fig. 4, which include the skin effect, are very
similar. It means that the variation of plasma condition
in the present research causes little difference in the rf
electric field.

3.3 Effect of rf Power on Performance of MHD
Generator with Different Load Resistance The
enthalpy extraction ratio and the isentropic efficiency
are important efficiencies to describe the performance
of MHD generator. Keeping the seed fraction constant
(1.0x107%), the enthalpy extraction ratios when cou-
pled with rf power or not are drawn as a function of

~load resistance in Fig. 5(a), and the.isentropic efficiency
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Fig.5. Enthalpy extraction ratio and isentropic
efficiency versus load resistance

in Fig. 5(b). The current in rf coil is 190 A for coupling
rf power, which is a lower limit for effective use of rf
power. The inlet electron temperature is assumed as
3000 K when no rf power is coupled to MHD generator.
In Fig.5(a), when the load resistance is low, applying
rf power increases the enthalpy extraction ratio, on the
contrary, for high load resistance the situation is inverse,
although both of the increase and the decrease are small.
When the load resistance is about 6.5 2 that corresponds
to highest efficiency, applying rf power has little effect
on the performance of generator. Figure 5(b) shows that
applying rf power can increase the isentropic efficiency
largely for small load resistance, however for high load
resistance it has little effect. For a relatively lower in-
let electron temperature and a small load resistance, the
plasma is unstable, however the coupling rf power can
stabilize the plasma, then improve the performance of
MHD generator. Unlike that of load resistance being
lower, when the load resistance is high, the Joule heat-
ing can support enough energy to ionize the seed, so the
seed is fully ionized in the channel no mater whether
coupling with rf power or not. It means that the plasma
is stable for both operating conditions. For high seed
fraction (2.5 x 10 73), as will be discussed in the next
section, coupling with rf power can help achieving the
high performance. However, even-in that case, the effect
of coupling rf power becomes small with the increase of
the load resistance. Generally, coupling with rf power
has little effect on performance of MHD generator with
high load resistance.

Furthermore, it is found from Fig.5 that the
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performance of MHD generator is almost the same with
including the skin effect or not. It implies that although
the distributions of rf electric field are affected by the
skin effect, both of them can supply the enough energy
to stabilize the MHD plasma by fully ionizing the seed.

3.4 Effect of rf Power on Performance of MHD
Generator with Different Seed Fraction  For a
constant load resistance of 22, the efficiencies versus
seed fraction are drawn in Fig.6. In Fig.6(a), the en-
thalpy extraction ratio has a small fluctuation for not
coupling with rf power. With coupling with rf power,
the fluctuation is reduced completely and the enthalpy
extraction ratio increases, especially for seed fraction be-
ing high. It can be found from Fig.6(b) that without
coupling rf power the isentropic efficiency fluctuates and
for low seed fraction the fluctuation is very large (about
30% of the mean value). With coupling rf power, not
only the fluctuation is depressed but also the isentropic
efficiency increases. To contrast the structures of plasma
with coupling rf power or not, the distributions of elec-
tron temperature in the r-z plane are drawn in Fig.7.
It can be seen that the plasma is unstable if not cou-
pling rf power, and with coupling rf power the plasma
becomes stable. The self-sustained Joule heating is not
able to supply enough energy to ionize the seed when
the rf power is not applied, so the instability of MHD
plasma occurs. Under this condition, coupling rf power
can help achieving the fully ionized seed plasma, stabi-
lizing the plasma, and increasing the effective electrical
conductivity. These can increase the efficiency of MHD
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Fig.7. Distribution of electron temperature in r-z
plane (RL=2, sf=2.5x10"°)

generator. Thus, the technique of coupling rf power al-
lows that the wide operating condition is available in the
actual operation of MHD generator, although the effect
of the coupling rf power becomes small with the decrease
of the seed fraction for high load resistance, as can be
understood with the argument in the previous section.
Finally a brief comment for more large scale MHD
generator is added. The inlet height of generator with
a thermal input of about 1000 MWt can be several ten
centimeters (20~30 cm). In that case, the frequency of rf
power should be lowered (~several MHz). The present
rf technique is expected to be useful even for more large
MHD generator, although the simulation has not been
carried out because of the ability of present computers.

4. Conclusions

The performance of a large-scale disk MHD genera-
tor coupled with an rf power has been investigated with
r-z two-dimensional numerical simulations. The main
conclusions are summarized as follows:

(1) The rf technique is useful even for a large scale
MHD generator. The skin effect of plasma influences
the distribution of rf electric field, however under the

present plasma condition of MHD generator, this effect

will not induce the failure of rf application. Thus, the
present 1f technique can help widening the actual oper-
ating condition of MHD generator.

(2) For the low load resistance, the plasma is un-
stable. Applying rf power to the generator can make
plasma. stable and improve the performance. On the
other hand, coupling rf power has little effect on the
performance for a relatively high load resistance.

(3) When seed fraction is high, self-sustained Joule
heating is not able to supply enough energy to ionize the
whole of seed. This induces the instability of plasma.
‘Coupling rf power can effectively stabilize the plasma
and improve the performance.

(Manuscript received April 25, 2003

revised July 29, 2003)
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