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Chapter 1 Introduction

1.1 Brief History of MHD Power Generation

Currently, the major energy source of human activities is fossil fuels such as oil,
coal and natural gas. The consumption of a large amount of fossil fuels, however,
not only causes environmental problems such as global warming and acid rain, but
also leads to an exhaustion of fossil fuels themselves. Given the current scenario,
it is therefore necessary to develop power generation technology for utilizing fossil
fuels with high efficiency and low levels of pollution.

An MHD power generation system has a potential to satisfy the above require-
ments. The MHD power generation system can increase the total thermal efficiency
of power plants when combined with a conventional steam Rankine cycle U, It is
easy to remove SO, and NO, from the exhaust gas in the MHD power generation
system ¥, The MHD power generation system also has a high potential to reduce
CO, emission due to its high efficiency. In addition, a concept of CO; recovery
MHD power generation system 3 has recently been proposed, showing a drastic re-
duction of CO, emissions with sufficiently high-thermal efficiency. In order to take
advantage of these MHD power generation potentials, a great deal of research® *
on the MHD power generation has been carried out in many countries.

MHD generators are classified into three types according to their working fluid.
The first is the open-cycle MHD generator in which nearly 3000 K of fossil fuel
combustion gas is used. The second is the closed-cycle MHD generator in which
about 2000 K of nonequilibrium plasma of alkali metal seeded noble gas is used.
The last is the liquid metal MHD concept. In the present thesis, the open-cycle
coal-fired MHD generator is studied.

In the field of open-cycle MHD power generation, a number of experiments and
theoretical studies have been performed ) in many countries. In the U.S.A., many
experiments have been carried out using large-scale test facilities. These include
the CDIF (Component Development and Integration Facility) in Montana, and the
CFFF (Coal Fired Flow Facility) in Tennessee, which were with support from the
DOE (U.S. Department of Energy) since the 1980’s ®. The CDIF was a test facility
with 50 MW thermal input for MHD topping cycle components using coal as fuel.



The CDIF channel was operated with a Faraday mode and a diagonal mode by
the MSE (Mountain State Energy), achieving a power output of over 2 MW. Total
operation time for power runs exceeded 600 hours "), The CFFF was established
for developing and testing of MHD bottoming cycle components. The CFFF was
operated with a nominal thermal input of 28 MW by the UTSI (University of
Tennessee Space Institute), and the total operation time exceeded 3600 hours 5,
Although these experimental results proved the potential of coal-fired MHD power
generation, the U.S. DOE MHD program was terminated due to national budget
constraints in FY 1993. It is expected that the next experimental program of MHD
power generation of commercial-scale will be set up soon.

In Russia 9, the majority of experimental research on MHD power generation
has been conducted at the U-25 test facility. The U-25 is a large-scale complex
facility with 250 MW thermal input, and is based on natural gas as fuel. The U-25,
operated by IVTAN{Institute for High Temperatures), obtained a maximum power
output of 256 MW and succeeded in achieving a continuous operation of 250 hours.
After the successful development of the components of an MHD system and testing
at the U-25 facility, Russia planned a 500 MW commercial MHD power plant project
in 1980. The plant was designed to have a thermal input of 1100 MW obtained
from burning natural gas with preheated air. The total expected power output was
582 MW (270 MW from MHD and 312 MW from the steam bottoming portion).
The steam turbine part of the plant was established and began generating electrical
power in 1988. However, soon after, in 1989, the 500 MW MHD power plant project
was suspended due to radical changes in the country’s investment policies and also
due to the complexity of manufacturing large superconducting magnets. Now, the
U-25 facility has been modified to a U-25M facility, with a thermal input of about
300 to 400 MW, which is being prepared for experiments of coal-fired MHD power
generation and closed cycle MHD power generation.

In Japan '%, the open-cycle coal-fired 15 MWth MHD generator with an elec-
trical power output of 100 kW was established in 1981 at ETL (Electro-Technical
Laboratory) under MITT’s (Ministry of International Trade and Industry) national
MHD project and accumulated a total operation time of 430 hours. Although
MITI's MHD project having achieved its objectives, ended in 1989, the next large-
scale project was never planned. Research for the open-cycle MHD has, however,
been continued in several universities such as Hokkaido University, Tokyo Institute
of Technology and Kyoto University. In the field of experimental research for open-
cycle MHD power generation, the 5 MWth oil-fired open-cycle MHD test facility



at CARET (Center for Advanced Research of Energy Technology) at Hokkaido
University is in operation.

A variety of experimental works have also been carried out in Australia !V
China!?, India '3, Italy ¥ and Poland %,

1.2 Analysis of 25 MWth Coal-Fired MHD Gen-
erator at IEE, China

The most energetic experimental research activities on open-cycle MHD power gen-
eration in the world are presently being performed in China 12) 16) 17) 18) 19) 20)
Research on MHD power generation in China started in 1962, showing a variety
of MHD activities. Since 1987 coal-fired MHD power generation technology has
been included in the Chinese High-Tech Research and Development Program (863
Program). In this project, a coal-fired MHD generator with 25 MW thermal input
was designed and constructed at IEE (Institute of Electrical Engineering), Chinese
National Academy of Sciences in 1992. After the first power generating experiment
was carried out at the end of 1992, several experiments were performed in 1993 and
1994, yielding a maximum power output of about 120 kW.

For these experiments, a small-scale cooperation has been initiated between
Japanese researchers at Kyoto University and a Chinese research group at IEE,
where the Chinese side provides experimental data and the Japanese side carries
out numerical analyses. With regard to this cooperation, the present thesis analyzes
the 25 MWth Chinese MHD generator in Chapter 2. This analysis has three main
objectives. The first is to estimate the various quantities which could not be mea-
sured experimentally due to the high temperature and the high flow velocity of the
working fluid. The second is to evaluate the potential of the Chinese facility. The
third is to confirm the validity of the simulation model used in the present thesis,
in particular, of the model of thermodynamical properties of coal, in comparison to
the experimental results. In the beginning of Chapter 2, basic equations for gasdy-
namics and electrodynamics used in the present thesis are introduced. The chapter
then shows the numerical results of analyses for the Chinese MHD generator.



1.3 Stability Analyses of Open-Cycle MHD Gen-
erator of Commercial-Scale

After the success of the pilot plant-scale MHD power generation experiments de-
scribed in section 1.1, numerical research was performed and a proposal to a U.S.
national program was made for realizing commercialization of the open-cycle MHD
power generation. M. Ishikawa et al. carried out a preliminary conceptual design
of the commercial-scale coal-fired MHD-steam combined power generation system
with a thermal input from 1000 MW to 2000 MW, showing that a total thermal
efficiency of over 60 % (HHV) can be achieved . Y. Fujita et al., based on this
system design, performed the conceptual design for the commercial-scale diagonal-
type MHD generators and analyzed the behavior of MHD generators with external
control circuits 2!). This analysis, however, identified possible unstable behaviors in
the commercial-scale diagonal-type MHD generators. Since the diagonal type gen-
erator has the advantage of simple load circuit constitution when compared with
the Faraday type generator, the diagonal type is more suitable for large-scale linear
type MHD generators which have many electrode pairs. It is, therefore, important
to stabilize the commercial-scale diagonal-type MHD generator in order to realize
the commercialization of MHD power generation. In the present thesis, stabilization
analyses are carried out for diagonal-type MHD generators of commercial-scale.

A number of analytical studies on the unstable phenomena of weakly ionized
plasma have pointed out the possibility of magneto-acoustic instability in the open-
cycle MHD generator since the early works by Velikhov 2% and McCune ?3) in the
1960’s. Most of these 22) 23) 24) 25) have examined the stability of the MHD generator
by calculating the local, time or spatial growth rates of magneto-acoustic waves
derived from a dispersion equation. On the other hand, the unstable behavior of
the MHD generator caused by the magneto-acoustic instability has not been found
in any experiments performed until now. This is probably because the scale of
generators has not been large enough or because the magnetic flux density has been
rather small.

M. Ishikawa and A. Kyogoku et al. evaluated the local growth rates of travel-
ing waves in the above mentioned commercial-scale diagonal-type MHD generator,
showing that the instability results from the growth of magneto-acoustic waves 26
However, their local linear analysis is not sufficient as will be clear from the following
considerations.



o The local linear analysis is not valid for examining the behavior of long wave-
length disturbances. Accordingly, their analysis cannot examine the effects of
electrical and gasdynamical boundary conditions on the stability of the gener-
ator.

e Their analysis does not explain how to suppress the wave growth by control
of operational conditions of the MHD generator since effects of the boundary
conditions are not considered.

Due to the above, it is therefore necessary to carry out the channel-length scale
stability analysis, which takes into account electrical and gasdynamical boundary
conditions. Rutkevich et al. performed a stability analysis based on the WKB
method for subsonic MHD generators, finding the resonance instability caused by
reflections of acoustic waves at the channel ends 27 %), The WKB method, how-
ever, is not valid for low-frequency traveling waves. The low frequency waves which
have channel-scale wavelength are apt to be affected by the loading condition of the
generator and may lead to instability caused by interaction with the load current
fluctuation. This instability, induced by the interaction between flow disturbance
and load current fluctuation, was first discussed theoretically by Fishman 2% for su-
personic single-loaded Hall generators, and was later studied by Marty et al. 3 for
supersonic disk single-loaded generators. T. Matsuo et al., extending the technique
presented by Fishman, proposed a method of linear stability analysis 3V for super-
sonic disk multi-loaded MHD generators, showing that multiple-loading schemes
are effective in suppressing the magneto-acoustic instability. T. Matsuo et al. also
proposed a method of linear stability analysis for subsonic MHD generators taking
into consideration their gasdynamical boundary conditions, and showing that the
inlet boundary condition greatly affects the stability of generators **). The analyses
for disk generators suggest the possibility that the commercial-scale diagonal-type
MHD generators are also stabilized by the control of their operational condition. In
Chapters 3 and 4, the effects of boundary conditions on the stabilization of diagonal
type generators are examined through the application of the channel-length scale
analysis. Diagonal type generators have many electrodes, unlike disk generators.
Thus, the control of the electrode current may stabilize generators. This possibility
is also examined in these chaptess.

Chapter 3 discusses the stability of supersonic diagonal-type MHD generators
using a sensitivity analysis and a linear stability analysis, which have been proposed
for disk MHD generators 31). The sensitivity analysis evaluates spatial growth rates



of flow disturbances during propagation along the channel. The linear stability anal-
ysis calculates the time growth rate of the load current disturbance which circulates
through the channel and the load circuit. In this chapter, the author investigates the
loading condition which stabilizes the generator. The effect of inserting inductors
into the diagonal links is also examined.

Chapter 4 deals with subsonic diagonal-type MHD generators using a local linear
perturbation analysis and a channel-length scale linear stability analysis. The local
linear perturbation analysis estimates the local growth rates of traveling waves in
the MHD' generator using a dispersion equation. The channel-length scale linear
stability analysis, which has been proposed for disk MHD generator 3%, deals with
the resonance instability related to gasdynamical boundary conditions. At first,
the author analyzes the conventional type subsonic MHD generator in which the
flow velocity is designed to be near the sound velocity, showing the MHD generator
is apt to be unstable. Then the author proposes a new conceptual design for the
subsonic MHD generator in which the flow velocity is relatively low. The analyses
show that the newly designed channel works stably, generating a sufficient power
output.

In Chapter 5, a subsonic Faraday type MHD generator is analyzed. Since a
large-scale Faraday type MHD generator requires a complex external load circuit,
it may not be suitable as a commercial-scale MHD power generation system. The
progress of power electronics technology will, however, decrease the difficulties found
in the external load circuit for the Faraday type generator in future. The author
therefore carries out a local linear perturbation analysis and a channel-length scale
linear stability analysis for the Faraday type MHD generator, examining the effect
of loading conditions on the stability of the generator.

1.4 Analysis of Interconnecting System of Large-
Scale Diagonal-Type MHD Generator and
AC Power System

In Chapter 4, the author succeeded in producing a conceptual design for the sub-
sonic diagonal-type MHD generator which works stably without severe control of
electrode currents. Chapter 6 discusses the behavior of the subsonic diagonal-type
generator connected with an AC power system. When an MHD generator is con-
nected with an AC power line, an inversion system is required because the output



of MHD generator is DC. Inverter systems always bring periodic disturbances into
the MHD channel fiow and it is therefore necessary to conduct stability analyses
for the MHD generator under the condition of strong coupling between the MHD
generator and the inversion system, even though general stability analyses will show
that the MHD generator is stable against small disturbances.

Some studies on the connection of an MHD generator into an AC power net-
work have already been carried out both experimentally and analytically. The
CDIF channel provided about 2 MWe to the power grid of Montana State through
33) 34)  In analytical studies, a great deal of research on ba-
sic components of inversion system have been performed with simplified generator '
models®?) while some research on the interaction of MHD generator and AC power
network have been carried out with detailed generator models 35 %), Most of these
analytical works, however, do not discuss the effects of the interaction on the stabil-
ity of the large-scale MHD generator. N. Hayanose and A. L. Tan et al. analyzed a
large-scale disk type MHD generator connected with an AC power network, showing
that some inversion system controls are necessary for restoring the MHD generator
to a stable state when line faults occur in the power system 3%. On the other hand,
no study has been reported on large-scale linear MHD generators when connected
into the AC power network through inversion systems.

In Chaptér 6, the author first analyzes the large-scale subsonic diagonal-type
MHD generator connected with an AC power network under the nominal condition.
The MHD generator with the AC power network is then analyzed when faults such
as line faults occur in the AC power network.

the inversion system



Chapter 2 Analysis of Experiments of
Chinese 25 MWth_
Coal-Fired MHD Generator

2.1 Introduction

This chapter presents an analysis of the Chinese coal-fired Faraday type MHD gen-
erator which has a thermal input of 25 MW 12, The gasdynamical condition at the
inlet is first estimated according to the analysis of experimental data provided by
Chinese researchers. Next, the following three key parameters of electrical prop-
erties are estimated with experimental results from 1992 and 1993: (1) effective
conductivity, (2) leakage resistance in the flow direction, and (3) leakage resistance
in the Faraday direction. Next, the author analyzes the power run in November,
1994 which yielded the maximum power output of 119.7 kW. The author also pre-
dicts the performance of the channel with diagonal operation and evaluates the
hidden capabilities of the Chinese facility.

The analyses of the Chinese channel and the comparison with the experimental
data can give a validation and a confidence of mathematical models adopted in the
present thesis.

2.2 Basic Equations

2.2.1 Coordinate System

The coordinate system used in the present thesis is shown in Figure 2.1. The plasma
flow runs along the z direction and the magnetic field is applied in the +z direction.

2.2.2 Approximations and Assumptions

Some approximations are used generally when problems of MHD energy conversion
are being presented. The approximations and assumptions which are used in the
present thesis are listed below.



Figure 2.1: Coordinate system

(1) The applied magnetic flux density does not vary with time.

(2) The induced magnetic field is negligible since the magnetic Reynolds number
of the gas plasma is much smaller than unity ! .

(3) The displacement current is much smaller than the conduction current and
is negligible.

2.2.3 Basic Equations for Gasdynamics

The basic equations used for the gasdynamical part 37 38 are given by the con-
servation of the mass, the momentum and the energy, and by the state equations
of working gas. A one-dimensional approximation is applied to the present gasdy-
namical analysis.

The one-dimensional conservation laws are given by

oU /ot + F(U) [0z = S(U) (2.1)
U1 pA

U=|0U, | = puA (2.2)

Us p(e +u?/2)A

puA
FU)=| . (;’+pA (2.3)
pu(e + 2+ u?/2)A
0

S(WU)=| pdA/dz+ AJ,B — frc |- (2.4)

(J ) E)A = loss
In the above equations t is the time, z the coordinate along the duct axis, A
the duct cross section, p the gas mass density, u the gas velocity, € the internal

9



energy, p the static pressure, f.. the friction, g, the heat loss; E = (E., By, 0) is
the electric field, J = (J;, Jy, 0) the electric current density and B = (0,0, B) the
magnetic flux density. The friction f;;. and the heat loss gi,s, are given in Appendix

A.
The state equations of working gas are written as

p=p(pT), e=¢epT) : (2.5)

where T is the static temperature 3.

2.2.4 Relations for Electrodynamics

The relation between the electric field and the electric current density is given by
the Maxwell equations and the generalized Ohm’s law. The Maxwell equations are
written below under the assumptions (1)-(3) in Subsection 2.2.2:

V-J=0 (2.6)
VxE=0. (2.7)
The generalized Ohm's law is given by

i J
J=o(E+uxB)—-g(JxB)+ﬁBﬂ2(JxB)xB+;iq—eVpe—T% (2.8)

where o is the electrical conductivity, « the gas velocity, 5 the hall parameter
of electron, B; the hall parameter of ion, p. the electron partial pressure, n, the
electron density, e the magnitude of electron charge, 7 the mean free time between
collisions and % the Lagrange derivate. The 3rd, 4th and 5th terms on the right
are much smaller than the 1st and 2nd terms on the right and can be neglected V)
in the present analysis. Consequently, the generalized Ohm’s law can be written as

B

J =o(B+uxB)-5(J x B). (2.9)

2.3 Numerical Schemes

2.3.1 Gasdynamics

In the present thesis, the one-dimensional gasdynamical equation (2.1) is solved by
the 1969 MacCormack two-step explicit method 49 V). The procedure is given as
follows.

10



Predictor step:

n At n T n
AU} = —E( i~ F)+ ALS] (2.10)
F;=FU?+ AU}), S;=58U?+AU}) (2.11)

Corrector step: A _

AU* = ——(F* — F* *

U'L Afﬁ( i 1——1)+At S'L (212)
1

Urtt =uUr+ §(AU;‘ +AU?) (2.13)

where n is the time step and ¢ the i-th node along the duct, At and Az the time
and space increments, respectively. At each step, the gas mass density p and the
internal energy € are given from the gasdynamical variable vector U as

Uy Uy U

After that, the static pressure and the static temperature are determined from the
state equations (2.5) by using the Newton-Raphson method.

2.3.2 Electrodynamics

The two-dimensional electric equivalent circuit method 42} 43} is applied, where the
MHD channel is divided into small regions and the voltage-current characteristics

of each region are expressed by a four-terminal equivalent circuit as shown in Figure
2.2.

Figure 2.2: Four-terminal equivalent circuit
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Under one-dimensional approximation of gasdynamics, the gas velocity « and
the magnetic lux density B are written as:

u = (u,0,0), B = (0,0, B). (2.15)

From Equations {2.9) (2.15), the following two-dimensional equations are derived
for electrodynamics: _

E.=(J.+pJy)/c (2.16)

E,—uB=(-J.+J,)/o. (2.17)

When a divided region has the length s, in the z-direction, the hight k. in the y-
direction and the width d. in the z-direction, the following expressions are obtained
from Equations (2.16) and (2.17) for the small regions:

Vg — Ty Tzy _“7::: (218)
vy + ey ~Tyr Ty —iy
Ty = Se/0dehe, Toy =Ty = B/0d, (2.19)

Ty = he/0deSe, €y = houB (2.20)

where v, and v, are the terminal voltages of the four-terminal equivalent circuit in
the z- and y-directions, and i, and i, the terminal currents.

Figure 2.3 shows the schematic of the network of four terminal equivalent circuits.
One electrode pitch is divided by two nodes, and the channel height in the -
direction is divided by nine nodes, including slag layers.

2.3.3 Thermodynamical Properties

In the present thesis, coal combustion gas is selected as the working fluid. The
thermodynamical properties including the gas mass density p, the enthalpy A, the
internal energy e, the hall parameter § and the electrical conductivity o are in-
dependently calculated with thermodynamical equilibrium approximation. These
properties are given by the approximate functions of static temperature and static
pressure, which are reduced from thermodynamical calculations *». The functions
of the thermodynamical properties are described by

5 5 '
p=2_2 pup T (2.21)
7=1lk=1
5 b ‘ )
A=Y hup 3T+? (2.22)
F=lk=1

12



Slag layer

Main Flow

Siag layer

Cathode

Figure 2.3: Schematic diagram of electrical equivalent circuits
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e=h-~ (2.23)
P

=B Bjrp? 3T (2.24)

M

lL

j

(=41

5
2

5
o= exp Z P 3Tk (2.25)

where pjk, hjk, B and oy are coeﬂic1ents determined by the thermodynamical
calculations.

In this chapter, the fuel is basically Datung coal from China and the oxidant
is Oxygen-enriched air. Since its combustion condition changes from experiment
to experiment, the thermodynamical properties are calculated for each experiment.
The experimental conditions have been reported in Ref. 17) and the composition of
the coal is shown in Appendix B. Figures 2.4 depict the thermodynamical properties
of the coal used in the power run at October, 1993.

2.3.4 Boundary Layer and Slag Layer

The MHD channel at IEE, China, is still small, and therefore, the boundary layer
and slag layer on the channel walls have relatively large effects on the gasdynamical
behavior. At first, the steady gasdynamical calculation is carried out without the
magnetic field, where the boundary layer and slag layer are neglected, and the
designed values are used for the thermodynamical properties of gas and for the
inlet boundary condition. The boundary layer thickness é and the displacement

thickness §; can now be estimated with turbulent boundary layer theory 4.
§= 0.373:(%)—“-2 (2.26)
6
ba= 3 (2.27)

where v = p/p is the kinematic viscosity and u the viscosity. The thickness is then
fixed in all the other computations. It is assumed that the slag thickness, 1 mm, is
constant along the channel.

The electrical characteristics of the slag layer are expressed by leakage resistances
as is shown in Figure 2.5. The accumulated experience 2!) #5) indicates that the
leakage resistance along the cathode wall in the z-direction is much smaller than
the other leakage resistance and thus is critically important. Accordingly, leakage
resistance of the cathode wall in the z-direction, R., is determined from results of
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Figure 2.5: Equivalent model of slag layer with leakage resistances

the Chinese experiments. On.the other hand, the other leakage resistances Ry, R,
and Ry are assumed to be the same values as obtained for CDIF channel 4%):

R, =950Q, R,=190Q, Ry=0.9630Q. (2.28)

A cathode open-gap has not been observed in the Chinese experiments !*), and
thus these effects are not included in the present analysis.

2.4 Coal-Fired MHD Generator Operated in IEE,
China

2.4.1 Experimental Facility at the IEE

The experimental facility constructed at the IEE consists of a coal combustor, a
conventional magnet, and an MHD channel with supersonic diffuser. Figure 2.6
shows the schematic diagram of the Chinese facility. Figure 2.7 depicts the channel
structure 2 and Figure 2.8 shows the distribution of the applied magnetic flux
density. The generator channel consists of two linearly divergent sections which
have different semi-expansion angles, 1.47° for the first section and 0.81° for the
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second section. Table 2.1 lists the basic specifications of the MHD generator. The
rated thermal input is 25 MW, the peak value of magnetic flux density is 2.1 T
and the channel length is 3.98 m, where the active length for the MHD generator
is 2.4 m. The MHD channel consists of 80 pairs of electrodes. Table 2.2 shows the
estimated design condition ' of the Chinese channel.

Table 2.1: Basic specifications of MHD generator at IEE, China

Total length 3.916 m

Length of 1st section 1.937 m

Length of 2nd section 1.943 m
Cross section at channel inlet 0.16 x 0.13 m?
Cross section at channel exit 0.16 x 0.27 m?
Cross section at interface between 2 sect. | 0.16 x 0.23 m?

Table 2.2: Estimated design condition of MHD channel at IEE, China

Channel inlet | Channel exit
Mach number 1.20 1.03
Static temperature 2589 K 2325 K
Static pressure 1.36 atm 0.712 atm
Velocity 1080 m/s 880 m/s
Power output 161.3 kW
Total axial voltage 1861.1 V

2.4.2 Brief Summary of Experiments

The experimental test conditions and power output 2 17) 18) 19) are symmarized
in Table 2.3. The first power test !”) was carried out in December, 1992, showing
rather low performance caused mainly by the water leakage occurring at the nozzle.
The power output was about 30 kW. The experimental data for the open-circuit
condition showed that the Hall field was induced along the channel in spite of the
open-circuit condition, suggesting electrical leakage in the y-direction.

The second power run 17) was conducted in October, 1993. The power output
was much improved, resulting in 98.2 kW. Direct measurement of the electrical
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conductivity was tried and reported in Ref. 17), showing rather low conductiv-
ity compared with the theoretical prediction estimated from the thermodynamic
calculation.

The third power run 7 was conducted in April, 1994. The power output, 80.3
kW, was rather low. This is mainly because the coal used was not of high quality,
and high temperatures could not be obtained in the coal combustor, resulting in
low electrical conductivity in the MHD channel.

The fourth power run '®) was carried out in November, 1994. The power output,
119.7 kW, was rather high. This is because the first half of the channel was improved
to reduce the leakage current in the y-direction.

Table 2.3: Experimental test results

Date Dec. 1992 | Oct. 1993 | Apr. 1994 | Nov. 1994 || Designed
Mass flow rate kg/s 4.048 4.035 4.243 3.800 4.00
Thermal input
26.12 22, 30.21 .92
of combustor MW 89 unknown 26.9
Power output kW 33.7 98.2 80.3 119.7 161.3

2.4.3 Estimation of Condition of Channel Inlet

In the present analysis, the inlet gasdynamical condition is kept constant for the
inlet boundary condition. The inlet gasdynamical condition is given by the mass
flow rate, the static pressure and the static temperature at the inlet. The mass flow
rate was reported in Ref. 17) and is listed in Table 2.3. On the other hand, the
static pressure and the static temperature are estimated from the thermal input of
channel and the inlet stagnation pressure. The inlet stagnation pressure of each
experiment is not reported and is assumed to be 3 atm which is the designed value.
The designed value of the thermal input of combustor is 26.92 MW, however, the
experimental value is often lower than the designed one because of the low quality of
coal. Accordingly, when the reported thermal input of combustor is lower than the
designed value, the thermal input of the channel is calculated from the thermal input
of combustor (reported) with the assumption that the heat loss at the combustor
is 10 %. On the other hand, when the thermal input of combustor is larger than
the designed one, the thermal input of the channel is assumed to be 25 MW which
is the designed value.
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Table 2.4 lists the estimated gasdynamical condition at the channel inlet. For
the case of April, 1994, the thermal input of combustor has not been reported, and
thus, the inlet static pressure and the inlet static temperature are assumed to be

the designed values.

Table 2.4: Estimated inlet condition

Date Dec. 1992 | Oct. 1993 { Apr. 1994 | Nov. 1994 || Designed
Mass flow rate kg/s 4.048 4.035 4.243 3.800 4.00
Static pressure atm 1.65 1.35 1.36 1.56 1.66
Static temperature K 2768 2612 2591 2850 2811

2.5 Results of Analyses

2.5.1 Estimation of Electrical Properties

In order to evaluate the performance of experiments, the following three key param-
eters of electrical properties are estimated: (1) effective conductivity, (2) leakage
resistance between adjacent cathodes in the z-direction, R, and (3) leakage resis-
tance between paired anode and cathode in the y-direction, R,.

It is, however, rather difficult to decide these values. Three different experimen-
tal results are used to evaluate these values: (1) direct measurement of electrical
conductivity, carried out in October, 1993, (2) open-circuit experiment done in De-
cember, 1992, and (3) second power run having generated 98.2 kW in October,
1993. , '

At first, the effective electrical conductivity is estimated by using the direct mea-
surement. Figure 2.9 compares the experimental data and computational results
of electrical conductivity along the channel, where experimental and computational
values are represented by the circles and the solid line respectively. The experi-
mental measurement was performed under the condition of no magnetic field 17,
showing rather constant conductivity along the channel. The computation is carried
out for identical conditions as the experiment, where the flow field is determined
by the steady one-dimensional calculation. In Figure 2.9, the experimental value
is lower than the theoretical value obtained from the thermodynamic equilibrium
equation. The reason why the measured conductivity is low is not clear, though
there are some possibilities, such as incomplete coal combustion, insufficient mixture
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Figure 2.9: Comparison of experiment and computation of electrical conductivity
(circles: experiment; line: computation)

of seeding material or measurement problems. The ratio of measured to calculated
values is about 5/9, and thus, the effective conductivity of the gas is assumed to be
5/9 of the theoretical value as a rough estimation.

Next, the leakage resistances R, and R, are estimated by using the experimental
data of the open circuit experiment and the second power run. These leakage resis-
tances are parametrically changed, and the obtained power output for the experi-
ment in October, 1993, and the Hall potential for the open-circuit run in December,
1992, are shown in Figure 2.10 and Figure 2.11, respectively. The differences of
lines are 1 kW and 20 V, respectively, in Figure 2.10 and 2.11, while the bold lines
indicate the experimental values of 98.2 kW for the output and 492 V for the Hall
potential. The cross point in Figure 2.12 indicates the estimated leakage resistances
in the z- and y-directions, which are 0.024 2 for the z-direction and 82.4 Q for the
y-direction. These values are treated as basic values of leakage resistance, though
the real situation varies, depending on each experiment.

2.5.2 Analysis of Experiment Performed in December 1992

The first power test was performed in December, 1992, showing rather low perfor-
mance, mainly because the nozzle suffered from water leakage. The power output
was about 30 kW. The water leakage at the nozzle may have cooled the gas temper-
ature, resulting in low electrical conductivity. A simulation is performed where the
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Figure 2.12: Estimation of leakage resistances in the z- and y-directions

electrical conductivity alone is reduced parametrically, while the leakage resistances
are kept constant at the basic values. The calculation with the three basic values
results in 121.0 kW, and the parametric analysis shows that the effective conduc-
tivities of one third, one fifth and one sixth of the theoretical value give the power
output of 74.0 kW, 37.6 kW and 28.5 kW, respectively. This shows that the water
leakage reduces the electrical conductivity to about 20% of the theoretical value.
The open-circuit voltage was also measured, where the Hall voltage along the
channel was induced in spite of the open-circuit. Figure 2.13 depicts the experi-
mental data and the computation of potential distribution along the channel, where
the three basic parameters are used. The figure shows a rather good agreement of
not only the Hall potential but also the distribution. Some discrepancy is, however,
seen mainly at the downstream part, and therefore, some parametric calculations
are performed for the distribution of effective leakage resistance in the y-direction.
The leakage resistance of the first and second sections are set to be 60 € and 200 2,
respectively. Figure 2.14 compares the distributions of Hall field for the experiment
and computation, demonstrating a good agreement. This result indicates that the
insulation in the y-direction of the second section is better than the first one.
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2.5.3 Analysis of Experiment Performed in October 1993

The second power run was performed in October, 1993. The power output improved
to 98.2 kW, where the thermal input of combustor is 22.89 MW. The power output
obtained by computation is 98.3 kW when the three basic values are used, showing
a good agreement with experiment in the power output. Figure 2.15 shows the load
resistances used in the calculation whose values are evaluated from the measured
experimental data of load voltages and load currents.
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Figure 2.15: Load resistances used in the analysis of power run at October 1993

Figures 2.16 (a), (b) and (c) show distributions of flow field, where the flow
is accelerated up to the midpoint of the channel, approaching a Mach number of
nearly two, and then an almost constant Mach number is maintained to the end of
the channel.

Figures 2.17 (a), (b) and (c) depict two-dimensional distributions of electric
quantities. Figure 2.17 (a) is the current stream function in the channel with the
contour of 20 A, (b) shows the eddy current at both end regions with the contour
of 2 A and (c) is the electrical potential. A rather large z-component of current can
be seen in Figure 2.17, which results from a large leakage current on the cathode
wall as shown in Figure 2.19. _

Figure 2.18 compares the distribution of electrode currents (Faraday current)
along the channel between the experiment and the computation. Both values ap-
proximately agree with each other where the computational value is larger than
the experimental value in the 35th through the 60th electrodes. This is because a
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large local leakage in the y-direction exists in this region, which is suggested by the
open-circuit run mentioned later.

Figure 2.19 depicts the distribution of leakage currents along the walls. Figure
2.19 shows that a rather large leakage current exists along the cathode wall in the
z-direction while leakage current along the anode wall is very small. About 60 A
is shown at the mid part of the channel, which is about eight times that of the
electrode current.

The dependency of power output on load resistance is calculated, as is shown
in Figure 2.20, where the relative load resistance to the experimental value is a
parameter. Figure 2.20 indicates that power output can be improved a little by
controlling the load resistance. _

The open-circuit voltage was also measured in a separate run. This run showed
a strange voltage distribution along the channel which was probably induced by the
strong local leakage in the y-direction. Then, the distribution of effective leakage
resistance in the y-direction was estimated, which leads to 300 {2 of leakage resis-
tance in the y-direction with almost zero effective resistance at the mid point of the
channel and also at the 55th electrode. The value of 300 Q of leakage resistance
in the y-direction is larger than that of about 80 £ which had been estimated in
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Figure 2.21: Comparison of distribution of open-circuit voltage

Subsection 2.5.1, but the estimation in Subsection 2.5.1 does not include the effect
of local shortings. Figure 2.21 plots the distribution of the open-circuit voltage
obtained by the analysis taking into account local shortings. Figure 2.21 indicates
good agreement of the computational result with the experimental one although
the experimental values are generally a little larger than the calculation result.

2.5.4 Analysis of Expefiment Performed in April 1994

The power output of 80.3 kW was rather low. This is mainly because the quality
of coal was low, leading to low electrical conductivity. In this experiment, the
thermal input was not reported, and thus, the design condition is used as the
initial condition for the time-dependent calculation. The calculation results in 90.2
kW with the three basic parameters. Then, the effective electrical conductivity is
changed to match the experiment, resulting in 53 % of the theoretical value which
gives 83.1 kW, being close to the experimental output of 80.3 kW.

2.5.5 Analysis of Experiment Performed in November 1994

The power run in November, 1994 yielded 119.7 kW. The MHD channel was mod-
ified where ceramics capped elements were used for the side-walls of first half of
the channel 1. An experiment with the open-circuit condition showed that only
a small Hall field was induced at the first half of the channel, indicating that the
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leakage current along the y-direction was reduced in the first half of the channel.

In the power run of November, 1994, the values of the load resistances are re-
ported in Ref. 18). Thus, these values are used in the present analysis. Figure 2.22
shows the distribution of the load resistances. The assumed leakage resistance in
the y-direction is modified according to the modification of channel wall itself. The
numerical calculation is carried out with 300 2 of effective leakage resistance in the
y-direction for the first half channel, with 2 Q at the center of channel where the first
and second channels are linked with a metal frame, and with 80 € for the second
half channel. As shown below, these parameters can give relatively good agreement
with the experimental result, indicating that the leakage in the y-direction is im-
proved several times at the first half of the channel compared with the old channel.
The effective electrical conductivity is estimated to be one quarter of the theoretical
value in order to reproduce the power output obtained from the experiment. This
means that the estimated stagnation temperature is too high or the mixing of seed
is very poor.

The power output calculated is 120.0 kW, which is almost the same as the
experimental result of 119.7 kW.

Figure 2.23 depicts the potential distribution along the channel, where the top
and bottom lines show potentials along the cathode and anode walls, respectively.

Figure 2.24 shows the Faraday current distribution along the channel. Figures
2.25 (a), (b) and (c) depict two-dimensional distributions of electric quantities.
Figure 2.25 {a) is the current stream function in the channel with the contour of 20
A, (b) shows the eddy current at both end regions with the contour of 2 A and (c) is
the electrical potential. The total loading current is 846 A, whereas the experiment
resulted in 814 A, indicating good agreement between the computation and the
experiment. Figures 2.23 and 2.25(c), however, indicate that the Hall potential
obtained by the analysis is 1537 V although the experimental resuit is 565 V. The
calculation yields a value that is about 2.7 times higher than the experiment. This
disagreement is investigated in the next subsection.

Figures 2.26 depict distributions of various quantities in the channel operated in
November 1994. The flow field becomes different between the first and the second
half of the channel. In the first half of the channel the flow is accelerated and the
pressure decreases sharply, on the other hand, the flow is slightly decelerated and
the pressure and the temperature is kept almost constant along the second half of
the channel. Within the active channel, the electrical conductivity is rather low,
being less than 4 S/m to less than 3 S/m while the Hall parameter is less than 1.8.
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Figure 2.24: Faraday current distribution along channel (power run at November
1994)

The maximum value of current density in the y-direction (J,) is about 3.2 A /cm?
and abnormal behavior is seen at the center along the channel which is shorted by
the metal frame.

2.5.6 Effects of the External z-direction Leakage (Power
Run at November 1994)

In the above analysis performed for power run at November 1994, the calculated
potential distribution does not agree with the experiment. This is possibly caused by
the external leakage in the z-direction as is suggested in Ref. 19). This subsection
then examines the external leakage in the z-direction which is shown in Figure
2.27. The internal leakage resistance in the z-direction, R., is determined to be
0.18 . The external leakage resistance in the z-direction is 6.5 €2, the effective
electrical conductivity is one third of its theoretical value. The y-direction leakage
resistances are selected to be the same as in the foregoing analysis. Figure 2.28 plots
the potential distribution, showing that the Hall voltage is 582 V which agrees well
with the experimental value. The power output is 117 kW and the total load current
is 835 A, which also agree well with the experimental values.
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2.6 Prediction of Performance of Diagonal Mode

Operation

So far all experiments have been carried out with the Faraday mode. However, it
is also important to examine performance of the MHD channel with the diagonal
mode. A numerical analysis is, therefore, carried out for the diagonal operation
before experiments. In the analysis, the inlet boundary condition, the effective
electrical conductivity and leakage resistances are assumed to be the same as those
of the power run of October, 1993.

2.6.1 Independent Five Loads of Diagonal Operation

The diagonal overlap is assumed to be 6 which results in the diagonal angle of 43.0°
at the channel inlet and 53.1° at the channel exit. Figure 2.29 shows the schematic
diagram of the generator with independent five loads of diagonal operation. After a
rough optimization the values of five loads are selected as 150, 95, 75, 75 and 75
from upstream to downstream. The calculation results in the power output of 104.7
kW, a little larger than the experimental result of the Faraday mode operation (98.2
kW), when the loads are not consolidated, being with the five independent loads.
Figure 2.30 plots the potential distribution along the diagonal channel with the
independent five loads, where the top and bottom lines show potentials along the
cathode wall and the anode wall, respectively. The Hall potential (the load voltage)
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Figure 2.29: Generator with independent five loads of diagonal operation

is about 1.22 kV and the total load current is about 86 A.
Figures 2.31 show the two-dimensional distributions of electric quantities. The
total Faraday current is 870 A, which is about 5 % higher than the Faraday channel.

2.6.2 Consolidated Single Load of Diagonal Operation

The diagonal overlap is also assumed to be 6 and the five loads are consolidated with
ballast resistances and diodes as shown in Figure 2.32. After a rough optimization
the value of single load is selected as 20 €. A power output of 98 kW is obtained,
which is identical to the experimental result of the Faraday mode operation. The
Hall potential (the load voltage) is about 1.4 kV and the load current is about 70
A, while the open voltage is about 2600 V and the short current is about 158 A, as
shown in Figure 2.33, which depicts the voltage-current characteristics. The curve
of voltage-current characteristics is linear and therefore the MHD interaction within
the present channel is still low. '

Figure 2.34 depicts the potential distribution along the diagonal channel with
the consolidated single load, the top and bottom lines show potentials along the
cathode and anode walls, respectively, showing that the Hall potential is slightly
higher when the load is consolidated than when loads are independent.

Figures 2.35 plot distributions of various quantities in diagonal channel with
consolidated single load, showing that the basic feature of the flow field is aimost
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Figure 2.30: Potential distribution along diagonal channel with independent five
loads

the same as the flow field of the Faraday channel. In the first half of the channel
the flow is accelerated and the flow remains unchanged along the second half of
the channel. A rather large z-component of current density is induced in the entire
channel, indicating that the present channel has a rather large leakage current along
the flow direction probably due to the slag layers on the cathode wall.

2.7 Hidden Capability of the Facility

Here, we will check the capability of the present MHD facility by changing the basic
parameters. At first, the effective electrical conductivity is assumed as the theo-
retical value, while the other two parameters are the same, and the inlet condition
and the thermodynamic properties are assumed to be the designed values. The
power output obtained is, thus, 437.8 kW, which is about four times that of the
experiment. The computation shows that the increase of electrical conductivity is
very important to increase the power output. This probably can be realized by the
complete combustion of coal or by the better mixing of seed.

Next, the leakage resistance in the z-direction is assumed to be 10.0  with the
same values for the other parameters, resulting in a power output of 406.2 kW.
This can be realized by the improvement of insulation between cathodes. It is
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however difficult to realize a better insulation between cathodes when the channel
is operated with the low temperature walls which are covered with molten slag of
coal.

Next, the leakage resistance in the y-direction is assumed to be 1000 €2, while
the other parameters have the same values, leading to a power output of 302.9 kW,
about three times that of the experiment. This probably can be realized where the
real cause of the leakage in the y-direction is revealed.

Finally, it is assumed that the effective conductivity is the theoretical value,
the leakage resistance in the z-direction is 10.0 Q, the leakage resistance in the
y-direction is 1000 . The obtained power output reaches 548.2 kW which is about
five times that of the experiment. This is the real capability of the facility, which
is hidden in the present situation.

2.8 Concluding Remarks

The Chinese 25 MWth Faraday type MHD generator is analyzed in this chapter.
The followings are summaries of the results of the analysis.

e The three key parameters of electrical behavior of the MHD Faraday channel
at IEE, China are evaluated with the experimental data of 1992 and 1993. The
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effective electrical conductivity is 5/9 times that of the theoretical value, the
leakage resistance in the z-direction is 0.024 © and the leakage resistance in
the y-direction is 82.4 , which can give very close values to the experimental
results. The power output is 98.3 kW in the calculation, whereas 98.2 kW was
obtained in the experiment for the power run performed in August, 1993. |

e Experimental data obtained in November, 1994 is analyzed to examine the
effect of the modification of the channel, showing that the implemented im-
provement was effective in reducing the leakage current in the y-direction and
resulted in the maximum power output-(about 120 kW).

e The diagonal operation is estimated. The analysis shows that the diagonal
operation can produce almost the same power output as the Faraday operation
can (98 kW). The load current is about 70 A with the load voltage of 1400 V.

e The hidden capability of the Chinese channel is evaluated, and the effects of
electrical conductivity are found to be large. If the theoretical value can be
obtained, the obtained power cutput becomes over 400 kW.

e These analyses validate the mathematical models adopted in the present thesis.
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Chapter 3 Stability Analysis of
Supersonic Diagonal-Type
MHD Generator of
Commercial-Scale

3.1 Introduction

The stability of supersonic diagonal type MHD generator of commercial-scale is
studied in this chapter.

In preliminary analyses of commercial-scale MHD power system, Y. Fujita found
the possibility of unstable behavior of large-scale diagonal type MHD generators®Y.
Using a local linear perturbation analysis, M. Ishikawa and A. Kyogoku showed
that the instability is caused by the growth of magneto-acoustic waves 26). This
analysis, however, assumed constant current loads and did not examine the effect
of the loading condition on the stability of the MHD generator. On the other hand,
T. Matsuo et al. carried out stability analysis for large-scale supersonic disk type
MHD generators and showed that the loading condition, i.e., the electrical boundary
condition, greatly, affects the stability of the generator 31). The stability analysis
for the disk type generator suggests that the diagonal type generator is expected to
be stabilized by the control of electrical behavior in the generator through its many
electrode pairs.

In this chapter, the author, therefore, performs linear stability analyses and
time-dependent calculations in order to examine effects of the electrical boundary
condition.

In the supersonic flow, disturbances of low go out of the channel in finite time,
since the supersonic flow has no upstream acoustic waves and disturbances do not
propagate upstream. When the disturbance is magnified, so large as to induce
a shock wave during its propagation, the generator becomes unstable. Then the
author evaluates the spatial growth rate of flow disturbances by a sensitivity analy-
sis?), and examines what kinds of the loading condition or the diagonal-link circuit
can suppress the growth of flow disturbance.
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On the other hand, since load current disturbances circulate through the load
circuit and the channel, the generator becomes unstable if their time growth rate is
positive. Then the time growth rate of the load current disturbance is evaluated by
a linear stability analysis ¥1). The analysis examines what kinds of loading condition
suppress the growth of the load current disturbance.

Time-dependent calculations are also performed for confirming results of the
linear analysis and for examining the stability when large disturbance, which the
linear analysis cannot treat, comes into the generator.

3.2 Basic Equations

3.2.1 Basic Equations for Gasdynamics

The basic equations used for the gasdynamical part are given under a one-dimensional
approximation as:

9U /8t + OF (U) )0z = S(U) (3.1)
U]_ _DA
v=|u |= oud (3.2)
Us ple +u?/2)A
puA
F(U) = (pu® +p)A (3.3)
pu(e + 2 +4*/2)A
0
S, = | pdAjdz+ AJB — frc (3.4)

('I - E)A — Qloss
where I is the load current.
The state equations of working gas are written as

p=p(pT), e=¢pT) (3.5)

By dropping the time derivatives, the steady state form of Equation (3.1) is

btained:
ovame () OF(U,A)

BF(U,A)%_
dz = oUu

; 3.
0A dz (3.6)

)_1[S(U1 -T) -
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Figure 3.1: Diagonal type MHD generator

3.2.2 Relations for Electrodynamics

The relation between the electric field and the electric current density is given by
the steady Maxwell equations (2.6) and (2.7), and by the generalized Ohm’s law
(2.9).

In this chapter, the diagonal type MHD generator shown in Figure 3.1 is analyzed
with quasi-one-dimensional approximation. From Equation (2.9), the generalized
Obm’s law is reduced to Equations (3.7) and (3.8) under quasi-one-dimensional

approximation.
Jo+ By =0cE; (3.7)
AV
hchl) (3.8)
where h. is the channel hight, AV the electrode voltage drop (see Appendix A).
The continuity equation of electric current for the diagonal type MHD generator
is derived from Equation (2.6):

—BJ.+J, =o(E, —uB +

B,
Rl eak

where wp is the channel width, 8, the diagonal angle and Rj.qr the leak resistance

(Jz — Jy cot gd)A =] - Weht (39)

ratio at the channel wall.
Figure 3.2 depicts the schema of diagonal connection. When diagonal links are
short-circuited, Equation (2.7) leads to

Ey, = —E; cot,. (3.10)
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When the link is connected with an inductor, the equation for the diagonal-link
circuit can be written as
dJyinp
di

where Jj;nk = —JywauAz is the current of the diagonal link, Az the electrode pitch
and L., the inductance of the link.

Llink = (Ez cot gd + Ey)hchl (311)

Anode Electrodes

/ Diagonal
MHD
Channel Link
Ilink L

Cathode Eleccrodes

Figure 3.2: Diagonal connection

3.2.3 Behavior of Perturbations

In order to analyze the stability of the generator, the present thesis examines the
behavior of the perturbations added to the steady-state flow given by Equation
(3.6). The perturbations of U and I are assumed to be given as

U — U+ U(z)exp(st), I — I+ oIexp(st) (3.12)

where s is the time growth rate of perturbations. From Equations (3.1) and (3.12),
the equation which describes the propagation of perturbations is obtained:

8F d6U(z) 88 _UPF _dA PF . 95 413
U dz - \aU ~ 32307~ dz 840" (z) + (3.13)

ol
where 1 is the 3 X 3 unit matrix and

dUu o°F L dU; O°F
dz 0U? ~ & dz 0U0U

(3.14)
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3.3 Method of Analyses

3.3.1 Loading Condition

The MHD channel is divided into n loading sections {zx_1,z¢|(k = 1,2,---,n) as is
shown in Figure 3.3, where the load circuit is constituted with the direct-coupling
scheme. The generator voltage, the load current and the load voltage of the k-th
loading section are denoted by Vienr, fr and Vigaak, respectively, as is shown in
Figure 3.4. The gasdynamical variable vector U at z = z; is denoted by U.

The integration of Equation (3.6) from = = x;_; with the initial value U(z—y) =
U;_1 gives U(x)(zr—1 < © < zi) in the steady state, which is written as a function
of Ui_; and Ij:

U(.’E) = U(.’L’, Ukul,Ik)- (315)

The generator voltage Viesr depends on the gasdynamical variables U and on
the load current Ii: .

Vl';enk = - ‘ Ex(U,Ik)dﬂI (316)

Te—1
From Equations (3.15) and (3.16), Vien in the steady state is written as a function
of Up_1 and Ij: _
Vienk = Veenk (Uk-1, Ix)- (3.17)
On the other hand, the load voltage Visaar depends on the characteristics of the
load circuit, which is given as a function of the load current Jx:

Vioadk = Vioadr (Tx)- (3.18)
Then, the loading condition for the k-th loading section is given by

Vienk (Uk=1, Iit) — Vioaar (k) = 0. (3.19)

3.3.2 Method of Sensitivity Analysis

A sensitivity analysis examines the spatial growth rate of perturbations. The growth
rate of perturbations during propagation along the k-th loading section is given by
the eigenvalues of the matrix U, /8U_;. This matrix means the rate of the
variation of exit flow Uy due to the variation of inlet flow Uj—;.

The growth rate of perturbations during propagation along the whole channel
is given by the eigenvalues of the matrix 8U,/8U,. By using oUj /OU _1, the
sensitivity matrix 8U,/0U, is written as
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U, _ U, dU,., oU,
oU, 08U,_,8U,_, 08U,
The matrix 8U/0U_, is calculated as in the following subsections.

(3.20)

3.3.2.1 Variational equations .
From Equation (3.13), the variational equation of Equation (3.1) in [zx_i, zx| with
respect to Ug_; is obtained:

d0U@) _ OF 08 . dUOF dA &°F 3U(@)
dz U, oU’ ‘0U dz 8U% ~ dz AU’ Uy,

(3.21)

where the matrix 8U (z)/0U _, represents the rate of the variation of U(z) due to
the variation of U_; when I is fixed.

The variational equation of Equation (3.1) in the k-th loading section with re-
spect to Iy is also derived from Equation (3.13):

d dU(z) 1 _dUSF dA &°F 0U(z) 88

- - 22

&z ol (aU) [(BU - o0~ a&eaw) ol T ars O
where the vector U (z)/dI; is the variation rate due to the variation of I, when
Uy, is fixed. The initial values of Equations (3.21) and (3.22) at z = z4_, are

OU (zx-1) _ U (zh1)
- =1, —ar, =0. (3.23)

3.3.2.2 Calculation of the matrix U} /0U

Equations (3.16), (3.17), (3.18) and (3.19) lead to a relation between perturbations
§U_y and 61

OVen
ﬁféUk—l + [Zgenkk(8) — Zicaark (8)]61x = 0 (3.24)
where : _

Wenk _ f:vk 0B, 0U(z) , s
OUi S BU AU, (3:25)

a‘/enk | Tk aE 6U($) BE

Z en = ~__Benv — z T
Fgeik(9) = 51 /z,,_l(aU o1, T a5,)%® (3.26)

OV '

Zloadkk (3 )= 61 I:dk : (3.27)
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By taking the loading condition into account, the variation rate matrix oU . /8U .,
is given from Equation (3.15) by

3Uk =5U(Ik) aU(.'L‘k) BIk
aUk_l ’ BUk_l 6Ik 8Uk_1

where U (zy)/0U-; and 8U (z;)/8I; are given by the integration of Equations
(3.21) and (3.22) from = = z4_; to z; with the initial values of Equation (3.23).
The term 81;/0U}_; in Equation (3.28) depends on the loading condition. It is
given from Equation (3.24) by

(3.28)

a.[k - avenk
aUk_l = —[denkk(s) - Zloadkk(s)] lgﬁ-. (329)

In the case of the constant current loading condition, incidentally, 8I; /80U _; = 0
because Zigaqrk = 00.

3.3.3 Linear Stability Analysis Method

A linear stability analysis examines the time growth of perturbatiorns of load cur-
rents. The perturbations of load currents continue to circulate through the channel
and the load circuit. Thus, the MHD generator becomes unstable when the time
growth rate of the perturbation is positive even if it is small. In the case of the
direct-coupling scheme, whether the perturbations grow or decay is judged in the
following way.

From Equations (3.19), (3.26) and (3.27), the equation for the perturbation of
the k-th load current, 81, is given as :

Ak(S)(SIk =0 (3.30)
where
| Ax(8) = Zgenkk(8) — Zioaakr(s)- (3.31)
Equation (3.30) implies that the perturbation can exist only when
Ax(s) = 0. (3.32)

The perturbation of I increases when the growth rate s satisfies both Equation

(3.32) and
Re(s) > 0. (3.33)

Whether s, which satisfies Equations (3.32) and (3.33), exists or not is judged
by plotting the locus of Ag(jw)(w : —o0 — o0). The perturbation grows in the k-th
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loading section if the locus turns clockwise around the origin. This analysis requires
the assumption that the transformation (3.31): s — Ay(s) transforms the right half
plain (Re(s) > 0) into the right-hand side of the locus A(jw)(w : —c0 — o0). We
can examine whether or not the assumption holds by plotting values of Ax(s) for
various points s which satisfy Equation (3.33) (see Appendix C).

The generator works stably if the perturbations decay in all the loading sections,
while it becomes unstable if a perturbation grows in any of the loading sections.

3.3.4 Time-Dependent Calculation

Time-dependent calculations are also performed to confirm the linear stability anal-
yses. The gasdynamical equation (3.1) is solved by the 1969 MacCormack two-step
explicit method. The procedure is described in Subsection 2.3.1.

3.4 Conceptual Design of MHD Generator

The MHD generator analyzed here is a coal-fired diagonal type MHD generator of
commercial-scale %8), whose basic specifications are listed in Table 3.1. The thermal
input is 1300 MW and the number of loads is 4. The fuel used is the Datung coal of
China and the oxidant is preheated air. Potassium, 1 %(wt), is seeded in the form
of K,COj3. Figures 3.5 show the thermodynamical properties calculated from the
thermodynamical equilibrium calculation *?. The composition of Chinese Datung
coal is shown in Appendix B. Figures 3.6 show the distributions of quantities under
the designed condition in the MHD generator. The load currents are determined to
get almost the maximum electrical power output under the limitation of the electric
field and the electric current density as:

|E,| < 3500 V/m (3.34)

IJ,| <10 A/m?, (3.35)

At first, we analyze the MHD generator connected with 4 loads as is shown
in Figure 3.7 (a). Table 3.2 lists the design values of the load currents, the load
voltages and the load resistances.

Next, the two downstream loading sections of the four sections are further sub-
divided into four loading sections in order to stabilize the MHD generator. Figure
3.7 (b) shows the loading scheme in the case of this 6 loads connection. Table 3.3
shows the load currents, the load voltages and the load resistances in this case.
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Table 3.1: Basic specifications of diagonal MHD generator

Fuel

Seed, Seed fraction

Thermal input

Channel length

Inlet stagnation pressure
Exit stagnation pressure
Inlet stagnation temperature
Exit stagnation temperature
Inlet Mach number
Maximum magnetic flux density
Electrical power output
Enthalpy extraction ratio

Chinese Datung coal
KQCO;;, 1 %(Wt) .
1300 MW

15 m

4.50 atm

1.17 atm

2700 K

2370 K

1.2

6T

220.6 MW

16.97 % -

Table 3.2: Load currents, load voltages, load resistances (connection with 4 loads)

Loading section

1st

2nd

3rd
4th

Section length | Load current | Load voltage | Load resistance
3.7 m 12000 A 6883 V 0.5737
3.7 m 8000 A 7919V 0.9899 ()
3.75 m 5800 A T187 V 1.239 O
3.75 m 4000 A 8249 V 2.062 Q

Table 3.3: Load currents, load voltages, load resistances (connection with 6 loads)

Loading section | Section length | Load current | Load voltage | Load resistance
1st 3.7 m 12000 A 6883 V 0.5737 §2
2nd 3.7 m 8000 A 7919V 0.9899 O
3rd 1.875 m 5800 A 4625 V 0.7975 §)
4th 1.875 m 5800 A 2561 V 0.4417 Q
Sth 1.875 m 4000 A 5233 V 1.308 Q
6th 1.875 m 4000 A 3015V 0.7539 Q
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Figure 3.5: Thermodynamical properties of Chinese Datung coal
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3.5 Results of Analyses

3.5.1 Results of Sensitivity Analysis

The three eigenvalues of the matrix U ,/8U, give the spatial growth rate of in-
let disturbance during propagation to the exit. The stability of the generator is
evaluated by the maximum absolute value of the three eigenvalues, which we call
“sensitivity of the channel” in this chapter. On the other hand, the three eigenval-
ues of the matrix 8U/8U._, signify the spatial growth rate of disturbance during
propagation along the k-th loading section. The stability of the k-th loading section
is also examined by the maximum absolute value of the three eigenvalues, which we
call “ sensitivity of the k-th loading section”.

At first, the sensitivity is calculated when the generator has 4 loads and s = 0.
Table 3.4 lists the sensitivity of the channel (the maximum absolute value of the
eigenvalues of U, /6U,) calculated under various loading conditions. Table 3.4
shows that the generator with constant current loads has very high sensitivity (ex-
ceeding 10%). The generator is far less sensitive, under the constant voltage loading
condition and the chmic condition, than under the constant current loading condi-
tion. Table 3.5 shows the sensitivities of the four loading sections (the maximum
absolute value of the eigenvalues of OU/dU_1,k = 1,2,3,4) with the constant
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current loads. Table 3.5 indicates that the perturbations are magnified especially
in the downstream loading sections.

Table 3.4: Sensitivity of the channel calculated under various loading conditions

Loading condition Sensitivity of the channel
constant current loads 11920
constant voltage loads 31.83
ohmic loads 92.09

Table 3.5: Sensitivity of the four loading sections with constant current loads

Loading section | Sensitivity
1st 2.921
2nd 10.15
3rd 23.74
4th 90.75

Next, the sensitivity is calculated when the angular frequency of the perturbation
is w, i.e., s = jw where j = v/~1. Figure 3.8 shows the sensitivity of the channel
when 0 < w < 3000. In Figure 3.8, the solid line shows the sensitivity in the case
of constant current loads, the broken line represents the case of 4 constant voltage
loads, and the line — - — - — represents the case of 6 constant voltage loads. Table
3.4 and Figure 3.8 show that the generator with the constant voltage loads has
small growth rate for low frequency perturbation, whereas it has very large growth
rate for high frequency perturbation, as much as with the constant current loads.
The dependence of sensitivity on the perturbation frequency in the case of constant
voltage loads is explained below. The wavelengths of the perturbation are given
by v/w and (u % a)/w because the propagation velocities of the perturbation are
approximately written as u, v +a, © —a where a is the sound velocity. Accordingly,
when w is small, the wavelengths of the perturbation are large and the electric field
in the loading section can be almost fixed by the constant voltage load. However,
when w is large; i.e., the wavelengths of the perturbation are small, the constant
voltage load circuit cannot control the electric field and thus fails to suppress the
high sensitivity.
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The analytical study in Ref. 47) has suggested that the suppression of the
fluctuation of J, is effective for preventing the growth of perturbations. Then,
inductors are inserted into the diagonal links in order to prevent the growth of the
high frequency perturbations. Figure 3.9 shows the sensitivity of the channel with
link inductors under the constant voltage loading condition. In Figure 3.9, the solid
line shows the sensitivity when the link inductance Ly, is 500 mH, and the broken
line shows the sensitivity when Ly, is 100 mH. Figure 3.9 indicates that the link
inductor can prevent the growth of the high frequency perturbation. In particular,
a very large inductance, for example Ly, of 500 mH, effectively suppresses the
growth of the high frequency perturbation.
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————— > constant voltage loads (6 loads)

Figure 3.8: Sensitivity of the channel with various loading conditions

3.5.2 Results of Linear Stability Analysis

The linear stability is examined when the load circuit consists of 4 constant voltage
loads. Figures 3.10, 3.11, 3.12 and 3.13 show the loci Ax(jw){w > 0)(k = 1,2, 3,4),
respectively, where () marks indicate the point at w = 0. In Figures 3.10 and
3.11, the loci A; (jw) and A;(jw)(w > 0) do not see the origin in the right-hand side.
Accordingly, the generator can work stably in the 1st and the 2nd loading sections.
The loci Az(jw) and Ay{jw)(w > 0) turn clockwise around the origin in Figure 3.12
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and 3.13, and thus the generator becomes unstable in the 3rd and the 4th loading
sections.

Next, the linear stability analysis is performed in the case of 6 loads shown in
Figure 3.7 (b), where the two unstable downstream loading sections are subdivided
into 4 loading sections. Figure 3.14 shows Ag(jw)(w > 0) in the case of 6 constant
voltage loads. In Figure 3.14, the locus does not see the origin in the right-hand
side, which means that the generator behaves stably in the 6th loading section. By
examining the loci for the other loading sections in the same way, it is found that
the generator is stable in all the loading sections. The above analysis shows that
the growth of load current perturbation is suppressed by subdividing the unstable
loading sections.

3.5.3 Time-Dependent Calculations

Figures 3.15 show the time-dependent distributions of Mach number calculated
under the loading conditions listed below:

(a) constant current loads (4 loads)

(b) constant voltage loads (6 loads)

(c¢) constant voltage loads (6 loads), link inductance Ly is 100 mH

(d) constant voltage loads (6 loads), link inductance Ly, is 500 mH
where the design-point condition is used for the initial condition. The gasdynamical
variables are fixed at the inlet for the inlet gasdynamical boundary condition.
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Figure 3.10: Locus A;(jw){w > 0) with 4 constant voltage loads

From the view point of the linear stability analysis, the generator with the con-
stant current loads is stable because perturbations of the load currents do not
exist. Figure 3.15 (a), however, shows that the generator becomes unstable with
the growth of fluctuation in the flow field. This instability is caused by the high
sensitivity under the constant current loading condition as indicated by the sen-
sitivity analysis. The difference between the numerical scheme used in the design
calculation (Runge-Kutta method) and the scheme in the time-dependent calcu-
lation (MacCormack method) causes numerical errors, which are utilized here as
perturbations. These perturbations are magnified during the propagation and be-
come so large in the downstream region that the flow in the generator cannot be
maintained at the design-point.

A physical explanation of the instability is given below. It is assumed that a posi-~
tive temperature perturbation is added to the flow. Since the electrical conductivity
has an exponential dependence on the temperature as shown in Figure 3.5 (a), this
temperature perturbation leads to a sharp increase of the electrical conductivity.
When the electrical conductivity increases, the current density in the y-direction,
Jy, also increases. The increase of J, strengthens the Lorentz force JyB. When the
Lorentz force becomes large, the kinetic energy of the working gas is converted into
the internal energy of the gas, and therefore, the temperature of the gas increases
again. The flow disturbance is thus amplified by the positive feedback, leading to
the instability.

Figure 3.15 (b) shows the time-dependent distribution of Mach number in the
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case of 6 constant voltage loads. The generator becomes unstable. In this case,
the linear stability analysis indicates that small perturbations of the load currents
do not grow along with time. On the other hand, the sensitivity analysis shows
that the generator has a large spatial growth rate for high frequency perturbations
while the generator is not sensitive to low frequency perturbations. Accordingly,
the reason why the generator becomes unstable can be explained below. The high
frequency part of the perturbations which comes transiently into the flow grows
large because of the high sensitivity. This large growth of perturbations induces a
shock wave in the duct, which destroys the flow field at the design-point condition.

Figures 3.15 (c) and (d) show results of time-dependent calculations when the
generator is connected with 6 constant voltage loads and with diagonal-link induc-
tors. The generator is unstable with the link inductance of 100 mH, whereas it
works stably when the inductance is as large as 500 mH.

Instead of the link inductor, current-control circuits are inserted into diagonal
links to suppress fluctuations of electrode currents in actual operations. The value of
the inductance obtained in this analysis evaluates the extent to which the fluctuation
of the current must be suppressed by the control circuit.

3.5.4 Validity of Linear Stability Analysis

Table 3.6 summarizes the results of linear stability analyses and time-dependent
calculations. Table 3.6 shows that the time-dependent calculations often result
in unstable behaviors of the MHD generator even if the MHD generator is stable
according to the linear stability analysis. This is because the linear stability analysis
is not valid when the large disturbances which induce a shock wave come from the
upstream region.

Consequently, a time-dependent calculation is performed for only one of the mul-
tiple loading sections in order to confirm the validity of the linear stability analysis.
We analyze the 3rd loading section of the four constant voltage loads and the 6th
loading section in the case of 6 constant voltage loads. Table 3.7 and 3.8 show
results of these time-dependent calculations. In Table 3.7 and 3.8, results of the
linear stability analysis agree with those of the time-dependent calculations. This
agreement indicates that the linear stability analysis is valid for small disturbances.

Here, we consider the 3rd loading section in the case of 4 constant voltage loads.
Figure 3.16 (a) and (b) show the time-dependent variations of the 3rd load current
and the Mach number distribution when the time-dependent calculation is carried
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Table 3.6: Results of linear stability analyses and time-dependent calculations

Number | Loading | Diagonal link Linear stability Time-dependent
of loads | condition condition analysis calculation
constant
4 nstan shorted stable unstable
current
constant unstable
4 shorted . . stabl
voltage or in 3rd, 4th load sections ot ©
unstable
4 hmj horted t
onmie SHOTLe in 3rd, 4th load sections unstable
constant unstable
4 Ly;n=500 mH ) tabl
voltage | P in 3d, 4th load sections tnstable
tant
6 constan shorted stable unstable
voltage
6 ohmic shorted stable unstable
constant
6 . Liink=100 mH stable unstable
voltage
tant
6 | O Las=500 mH stable stable
voltage

Table 3.7: Results of time-dependent calculations for 3rd loading section

Loading Linear Stability | Time-dependent
condition analysis calculation
constant current stable stable
constant voltage unstable unstable
ohmic unstable unstable

Table 3.8: Results of time-dependent calculations for 6th loading section

Loading Linear Stability | Time-dependent
condition analysis calculation
constant current stable stable
constant voltage stable stable
ohmic stable stable
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out only for the 3rd loading section. In Figure 3.16 (a) and (b), the load current
fluctuation grows as predicted by the linear stability analysis, after which a shock
wave occurs in the duct and the generator becomes unstable. From the linear
stability analysis, we can obtain the growth rate of the load current perturbation by
calculating the zeropoint of Az(s). In this case, the zeropoint s=41-+j209 is obtained
for the growth rate of the perturbation of the 3rd load current. On the other hand,
the flow propagation time along the one loading section is about 3.7 msec. Then,
the load current perturbation is magnified only 1.16(=exp(41x3.7x107%)) times
during the flow propagation time. Accordingly, it takes more calculation time than
the flow propagation time to find the instability caused by the growth of the load
current perturbation. Moreover, it is also difficult to estimate the calculation time
needed for finding this instability without knowing the growth rate. Thus, the linear
stability analysis is effective for examining the instability caused by the growth of
the load current perturbation.

In the region indicated by the arrow («—) in Figure 3.16 (a), the growth rate
of the load current oscillation is also calculated at 36+j209, which approximately
agrees with the growth rate evaluated from the linear stability analysis.

3.6 General Loading Scheme

MHD channel

Inlet

Exit

Flow =———

Load Circuit

Figure 3.17: MHD generator with general loading scheme

In this section, the MHD generator with a general loading scheme shown in
Figure 3.17 is analyzed. In the general loading scheme, the load voltage of the k-th
loading section Vjsaar depends not only on the k-th load current but also on the
other load currents I;(i # k). Accordingly, the individual loading sections cannot
be treated separately.
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The generator voltage vector Vgen, the load current vector I and the load voltage
vector Vygaq are defined as:

Vgenl I 1 Vioadl (I )
Vgen = : , I= : 3 Vload = : . (3-36)
VtS‘"”’- In Vioadn(I)
The loading condition follows as
V(U I) — Vieaa(I) = 0. (3.37)

3.6.1 Sensitivity Analysis

In the case of the general loading schemé, while the matrix U /08U _; cannot be
evaluated separately, the sensitivity matrix 8U,/0U, is calculated as below. From
Equation (3.15), the sensitivity matrix 89U ,/dU is given by

U, _ 0U(z,)0U, N U (z,,) 81,

alu, ~ aU,_; 8U, oI, d8U,
O (an) OU(241) Uy U (zna) Ohnmr) | 9U(z:) L,
oU,_1 " oU,_, 00U, al,.. 0oUy oI, U,

U, T2 oL au,
In the above equation, 0U (x)/0Uq(k > 2) and 8U (z,)/8I;(k > 1) are given from
Equation (3.15) by

3U(5L‘k) _ 6U(zk) BU(a:k_l) o 8U(m1)

U, ~ oU., 9Ur, U, (3:39)
6U(IBk) _ BU(wk) 8U(xk_1) . BU(:c,-_H) 8U($1) (3 40)
811- BUk_l 6Uk_2 6U1 61, ' )

and 9I;/0U,(i = 1,---,n) are determined by the loading condition as follows.
From Equation (3.37), a relation between perturbations 6U and 6T is obtained:

v
—B-UE;—R(SUO + [den(s) - Zload(s)]aI =0. (3.41)
The matrix 9V ., /0U is given by
| OVigen1/0U
OV gen = : (3.42)
U, . ’
anenn/an
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where OVien1/0U is given by Equation (3.25) and Ve /8Uq(k > 2) are given

from Equation (3.16) by

avgenk _ 3Vgenk BU(xk—l)
U, aUk—l 3U0 -

The generator impedance matrix Zgen(s) is given by

Zgen 0

Z Z
Zgen(s) = anen/aI = ge?nm gefmz

dennl denn‘Z

where
denki(s) = a‘éenk/aji-

Z gennn

(3.43)

(3.44)

(3.45)

The generator impedance Zgenkx is obtained from Equation (3.26), and the gener-

ator impedance Zgeng:i(k > 7) is given from Equations (3.16) and (3.45) by

7 o OVgent OU (zr_1)
genki aUk_l aI‘ .

The loading impedance matrix Z),4(s) is written as

Zloadu Zloadlz

Z Z
Z10ad(s) = OV100d/01 = lo?du lo?dzz

Zioadn1  Zloadn2

where
Zrondki(8) = OVioaqr /01

Z loadln
Zloa.dZn

Z loadnan

From Equation (3.41), 81;/8Uy(i = 1,---,n) are obtained as

8l,/dU,

oI, /0U,

3.6.2 Linear Stability Analysis

. 10V e
= —~(Zgen — Z10a4) 1_8_[5_05‘

(3.46)

(3.47)

(3.48)

(3.49)

In the case of the general loading scheme, we cannot treat the behavior of the
perturbation of each load current separately. However, we can judge whether the

perturbation of I grows or decays in the following way.
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Since supersonic flows are not affected by the downstream conditions, their inlet
perturbations can be independent of the downstream conditions. We assume the
following equation for the inlet boundary condition.

§Uq = 0. (3.50)

From Equations (3.41) and (3.50), the equation for the perturbation of I is given
by

(Zgen(s) — Z10ad(s))8I = 0. (3.51)
The perturbations of I increase when the growth rate s satisfies both
A(S) = dEt(den(S) - Zload(s)) =0. (352)
and
Re(s) > 0. (3.53)

Whether or not A(s) has a zero point which satisfies Equation (3.53) is judged
by plotting the locus A(jw)(w : —oo — o0) in the same way as in Subsection 3.3.3.

3.6.3 Results of Analyses

In this subsection, the MHD generator with the feedback loading scheme, as is shown
in Figure 3.18, is analyzed. The basic specifications are same as those described
in Subsection 3.5. Table 3.9 lists the load currents, the load voltages and the load
resistances with the feedback loading scheme. The loading impedance matrix with
the ohmic loads is given by

1.721 —1.721 O 0
~1.721 8450 —6.729 0
Ziud = 3.
load 0 —6.729 1895 —12.22 (3.54)
0 0 —1222 19.78

3.6.3.1 Sensitivity analysis

Figure 3.19 shows the sensitivity of the channel under the ohmic loading condi-
tion. The generator has a low sensitivity for a low frequency perturbation', whereas
it has a large growth rate for a high frequency perturbation. This result is similar
to the one with the constant voltage loads of the direct coupling scheme.
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Figure 3.18: MHD generator with feedback loading scheme

Table 3.9: Load currents, load voltages and load resistances

Load number Load current | Load voltage | Load resistance
1] (0 <z <3.75) 4000 A 6883 V 1.721 &)
2| (0<z<75) 2200 A 14800 V 6.729 Q
3| (0<z<11.25) 1800 A 21990 V 12.22 Q
4 (0 <z <15) 4000 A 30240 V 7.560 Q
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Figure 3.19: Sensitivity of the channel under ohmic loading condition
-with feedback loading scheme
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Figure 3.20: Sensitivity of the channel with link inductors
(ohmic loads, feedback loading scheme)

Figure 3.20 depicts the sensitivity of the channel with link inductors under the
ohmic loading condition. In Figure 3.20, the solid line plots the sensitivity in the
case of Lj;,x=100 mH, and the broken line corresponds to L;;»x=500 mH. Figure
3.20 indicates that the link inductor is effective in preventing the growth of the high
frequency perturbation not only when the direct-coupling scheme is used but also
when the feedback loading scheme is adopted.

3.6.3.2 Linear stability analysis and time-dependent calculation

Figure 3.21 plots the locus A(jw)(w > 0) under ohmic loading condition. In Figure
3.21, the locus turns around the origin clockwise and thus the generator becomes
unstable.

The time-dependent calculation is also performed. Figure 3.22 shows the time-
dependent distribution of Mach number. Figure 3.22 indicates that the generator
becomes unstable as is expected by the linear stability analysis.

Table 3.10 summarizes results of linear stability analyses and time-dependent
calculations in the case of the feedback loading scheme. In Table 3.10, the linear
stability analysis and the time-dependent calculation indicate that the MHD gener-
ator, with feedback loading scheme, cannot work stably even when large inductors
(for example Ljnx=500 mH) are inserted into the diagonal links.
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Table 3.10: Results of linear stability analyses and time-dependent calculations
with feedback loading scheme

Loading | Diagonal link | Linear stability | Time-dependent

condition condition analysis calculation
ohmic shorted unstable unstable
ohmic | Ljjnx=100 mH unstable unstable
ohmic Lin-=500 mH unstable unstable

3.7 Concluding Remarks

The sensitivity analysis, the linear stability analysis and the time-dependent calcu-
lation were carried out for the coal-fired supersonic MHD generator of commercial-
scale. The followings are the summaries of the results of these analyses.

e The MHD generator with constant current loads has a large spatial growth
rate of perturbations and is apt to be unstable.

e The growth rates of low frequency perturbations are small in the MHD gener-
ator with constant voltage loads or ohmic loads.

¢ When inductors are inserted into the diagonal links, the growth of high fre-
quency perturbations is suppressed.

e The subdivision of the unstable loading sections can prevent the growth of load
current fluctuation.

e In the MHD generator analyzed here, the growth of the load current fluctuation
cannot be suppressed with the feedback ohmic loads.

e The result of the time-dependent calculation confirms the validity of the linear
stability analyses for small disturbances.

It is concluded that the generator with constant voltage loads or ohmic loads
of the direct coupling scheme can be operated stably when the fluctuation of the
electrode current is kept small.
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Chapter 4 Stability Analysis of
Subsonic Diagonal-Type
MHD Generator of
Commercial-Scale

4.1 Introduction

This chapter treats commercial-scale coal-fired subsonic diagonal-type MHD gen-
erators. Subsonic MHD generators have a merit that shock waves are absent in
the duct flow. Acceleration and deceleration of flow in the subsonic channel are
easier than in the supersonic channel. The author here examines the stability of
commercial-scale subsonic diagonal-type MHD generators by a local linear pertur-
bation analysis and a linear stability analysis of channel-length scale.

The local linear perturbation analysis 26 estimates local growth rates of traveling
waves in the MHD channel by using a dispersion equation.

The channel-length stability analysis deals with the resonance instability related
with gasdynamical boundary conditions. The gasdynamical boundary conditions
of subsonic generator induce the reflection of waves at the inlet and the exit. If
the repetition of the reflection amplifies the wave of flow disturbance, the genera-
tor becomes unstable. This instability however cannot be examined by the local
linear perturbation analysis. Research 32 for disk type MHD generators has shown
that the instability is greatly affected by the boundary conditions of the duct inlet
and exit, and that the subsonic disk type generator works stably under appropriate
boundary conditions. The author applies the channel-length linear stability analy-
sis3?), which was proposed for the subsonic disk type MHD generator by T. Matsuo,
to the diagonal type generator.

At first, a conventionally designed channel *® in which the flow velocity is near
the sound velocity is examined. The linear stability analyses and time-dependent
calculations are carried out for the conventional channel. The analyses show that
the conventionally designed channel is apt to be unstable because of the growth of
the upstream acoustic wave.
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The author designs a new channel in which the Mach number is relatively low
in order to suppress the instability. The new channel is also examined by the linear
stability analyses and time-dependent calculations. These analyses show that the
local growth rate of the upstream acoustic wave is reduced and that the instability
of the generator is suppressed in the new channel.

4.2 Basic Equations

4.2.1 Gasdynamics and Electrodynamics

The basic equations used for the gasdynamical part are the same as the equations
used in the analysis for the supersonic MHD generator. The flow in the MHD
channel is described by Equation (3.1) and the state equations are given by Equation
(3.5). The steady state flow is described by Equation (3.6).

The relation between the electric field and the electric current density is given
by Equations (3.7), (3.8}, (3.9) and (3.10), where the diagonal links are assumed to
be short-circuited in this chapter except for the case particularly mentioned.

In order to analyze the stability of the generator, the perturbation is added to
the steady-state flow. The perturbations of U and I are assumed to be given as

U - U+ 6§U(z)exp(st), I— I+ b6lexp(st) (4.1)

where s is the time growth rate of perturbations. From Equations (3.1) and {4.1),
the equation which describes the propagation of perturbations is given by Equation
(3.13).

4.2.2 Loading Condition

‘The MHD generator analyzed here has multi-loads and is divided into n loading
sections [xx_1, 7x)(k = 1,---,n) as is shown in Figure 4.1. The position of the nozzle
inlet is * = x;,, and the position of the diffuser exit is 7 = Toy. In the present
analysis, a direct coupling scheme is adopted as is shown in Figure 4.1. 7

The generator voltage vector Vgen, the load current vector I and the load voltage |
vector Vig,q are defined by the following equations:

Vigen1 Ly Viad1 (1)

Vgen = : 3 I = : ) V]_Qad = 7 . E . N (4‘2)
Véenn Iﬂ Vioadn(I)
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Figure 4.1: Loading scheme of multi-loaded MHD channel

The load voltages V,,q are determined by the characteristics of loading circuit and
by the load currents I, while Ve, is determined by the gasdynamical variables U
and the load current Iy, as given by Equation (3.16).

The gasdynamical variable vectors at the inlet and the exit are denoted by Uj,,
and U, respectively. The integration of Equation (3.6) from = = iy, gives U(x)
in the steady state, which is written as a function of Ui, and I :

U(z) = Uz, U, I). (43)

The exit condition U,y and the generator voltages Vg, in the steady state are
also described by functions of Uj,, and I from Equations (3.16) and (4.3) as:

Uext = Uext(Uint,I) 3 Vgen = Vgen(Uint: I) (44)
Then, the loading condition is given by

Vgen(UinhI) - Vloa.d(I) = 0. (45)

4.2.3 Gasdynamical Boundary Conditions

The inlet boundary requires two equations for the boundary condition while the
exit boundary requires only one equation:

inlet : bint(Uint) = O(E RQ) (46)
exit : boe(Uext) = 0(€ R). (4.7)
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4.3 Method of Local Linear Perturbation Anal-
ysis

There exist three kinds of waves (entropy wave, upstream acoustic wave and down-
stream acoustic wave) in the MHD channel. The local linear perturbation analysis
evaluates local, temporal or spatial growth rates of the three waves.

The local linear perturbation analysis does not treat perturbations of load cur-
rents, and thus the following equation is assumed.

61 =0 (4.8)
Next, we assume that §U(z) in Equation (4.1) is given by the following form
§U (z) = U,e™*= (4.9)

where k is the wave number. Then from Equation (3.13) the following equation for

the perturbation is obtained.
AU,=0 (4.10)
where
Adzsl—jkaF _ 95 +dU82F +£1£ PF _
oU oU = dz 8U?  dz 848U
When Equation (4.10) has a non-zero solution of U, the following dispersion equa-
tion is required.

(4.11)

det{A4(s)} =0 (4.12)

This equation is a third order complex equation for s. When a solution of Equation
(4.12) is written as s = a + jw, Equations (4.1) and (4.9) give a perturbation wave
written as

0U (z)exp(st) = Uexplat)exp{j(wt — kz)}. (4.13)

Equation (4.13) implies that the propagation velocity of wave is given by w/k. When
the wave number is sufficiently large, the propagation velocities of three waves are
given by u, u + a and u — a where a is the sound velocity. Equation (4.13) also
means that the amplitude of perturbation wave is multiplied by exp(«|k/w|) during
the propagation of the unit length. The present paper thus adopts the multiplier
as the stability index, i.e.,

Stability index = exp(a/k/wl). (4.14)
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4.4 Method of Linear Stability Analysis of Channel-
Length Scale

4.4.1 Separation of Perturbations into Downstream and
Upstream Waves

The matrix 8F /U has three eigenvalues which are given by
AM=uta,=ul=u—a. (4.15)
Let the corresponding left-eigenvector matrix be

L 1 x+'°7“2—a,u —Ku+a K
L= (12) IE( f‘c(h,—."“‘T2 KU —n) (4.186)

Iy x—}-"zi—i-au —KuU—a K

where 5
X = (6_1,; ¢=constant (417)

a
k= (%)pzconstant (4.18)
€= pe (4.19)

a = +/x + «h. (4.20)

We transform 6U into éw by L as

éw = L(U)U. (4.21)
Then Equation (3.13) is also transformed into

u+a 0 0
Obw ddw
W + ( 0 U 0 ) -EII— = Swéw (4.22)
0 0 u—a
where
88 AU PF 9°F dA, _, OF & dU oL
So=LG5 ~ 3 o7 2400 @'Y T o0 kz::l a4

From Equation (4.22), we can separate éw into the downstream running part,
Sw™, and the upstream running part, Sw™, as
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Figure 4.2: Downstream and upstream waves

wt = LT8U, bw™ =176U (4.24)

where

Lt = (il) A =1,. (4.25)
2

The upstream wave dw™ is reflected at the inlet so as to satisfy the boundary
condition (4.6) as

abint aéUint a6ljinl'.

annt. (aawlﬁ]—n 6wmt + a5w;}t 5wmt) 0 ( )
where (DU BsU w2)
Abwt’ ddw-' " T '

The downstream wave Sw™ is reflected at the exit so as to satisfy the boundary
condition (4.7) as
abe:nct. (aaUext
6Uext afsw:xt

The upstream wave at the inlet, dw;,, and the downstream wave at the exit,
Swk,, go out of the duct and do not affect the duct flow. On the other hand, the
downstream wave at the inlet, Swi,,
propagate into the duct (see Figure 4.2).

For the convenience of analysis, we define a vector §W, which consists of the

bwi, + %ﬁﬂtaw;t) = 0. (4.28)

and the upstream wave at the exit, dwqy,

incoming waves, wi, and §wg,, as

Swi
Wi, = mt 4.29
( 0w ) (429)
If the wave of W, grows along with time, the generator becomes unstable. From
Equations (4.4), (4.24) and (4.29) the relation between §W,, U, and 61 is given

by
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O L},
Win=| _ OUg |61+ | _ 0U; |6Uin. (4.30)

ext aI ext annt
4.4.2 Linear Stability Analysis of Channel-Length Scale

The equation for perturbations 61, 6Uiy, and §W;, is derived from Equation(4.5)
(the loading condition), Equations (4.6) and (4.7) (boundary conditions), and Equa-
tions (4.4) and (4.30) as follows:

Aq A, O oI
Ay A O U ine =0 (431)
—Ay —Ap 1 Wiy,

3Vgen BVIOad anen
=4 —_ A = .
Au =5y a1 ' T 3o (432)
0 ( aagint
A21 = abext aUext 3 A22 = abext girext (4-33)
aUem oI \ aUext annt
0 [ L,
Az = - AU et , Agy = _ OUex, (434)
1 \ 30

where differentials of Uy and Vg, with respect to Uiy, or I are given by integration
of the variational equation (3.13) in similar ways to those described Subsection
3.3.2.1 and Subsection 3.6.1. In the case of the constant current loading condition,
the following equation is substituted for Equation (4.32) :

All =1 3 A12 = 0. (435)

The elimination of 6U;y, from Equation (4.31) gives

Ay — ApAL Ay ApAj) o1 ~0 (4.36)
The perturbations increase when the time growth rate s satisfies
_ -1 -1
A(S) — det( All AIZA:izlABl A12A3_21 )
Ay — ApAy Ay ApAj,
A A
= det det(Asz) =0 4.37
e((A21 A22))/e( 32) (4.37)

87



and
Re(s) > 0. (4.38)
We can judge whether or not A(s) has a zeropoint which satisfies Equation
(4.38) by the locus A(jw)(w : —oco — oo} in a similar way to the supersonic case
in Subsection 3.3.3. The generator is unstable if the origin exists on the right-kand
side of the locus A{jw)(w : —00 — 00). '

4.5 Conceptual Design of MHD Generator

Table 4.1 shows basic specifications of subsonic MHD generators which are analyzed
in this chapter. Figure 4.3 shows the distribution of the applied magnetic flux
density.

Under the basic specifications mentioned above, the conceptual design of the
MHD generators analyzed here are given by determining the distribution of the
flow velocity in the duct, Mach number of the channel inlet and the load currents
within the limitation of Equations (3.34) and (3.35).

Table 4.1: Basic specifications of MHD generators

Fuel Chinese Datung Coal
Thermal input 1300 MW

Channel length 15 m

Nozzle length 1m

Diffuser length 4m

Number of loads 4

Number of electrodes 600

Channel inlet stagnation pressure 4.5 atm

Channel inlet stagnation temperature 2700 K

Channel exit stagnation pressure about 1 atm
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Figure 4.3: Distribution of magnetic flux density

4.6 Stability Analysis of Conventionally Designed
MHD Generator

A conventionally designed channel %) in which the flow velocity is near the sound
velocity is examined in this section.

4.6.1 Conventionally Designed MHD Generator

900
800
700
600
500
400
300 -
200 .
100 p ) .
' 0 1 ! 1

0 5 10 15 20
x (m)

u (m/s)

Figure 4.4: Distribution of flow velocity in the conventionally designed generator

The Mach number at the channel inlet is 0.95 and the distribution of velocity is
given as in Figure 4.4, where the nozzle region ranges from £ = 0 to 1 m, the MHD

89



channel from z = 1 to 16 m and the diffuser from z = 16 to 20 m. The load currents
are 11000, 8800, 6800 and 5000 A, respectively. The result of the conceptual design
is shown in Table 4.2, Figures 4.5. Figure 4.5 (d) depicts the distribution of the
Mach number, which shows that the flow velocity is close to the velocity of sound
through the channel.

Table 4.2: Conceptual design of conventional channel

Channel inlet | Channel exit
Static pressure 2.70 atm 0.63 atm
Static temperature 2532 K 2104 K
Mach number 0.95 0.88
Load currents 11000 8800 6800 5000 A
Power output 253 MW
Enthalpy extraction ratio 19.5 %

4.6.2 Results of Linear Stability Analyses of Channel-Length
Scale

Figure 4.6 depicts the locus of A(jw)(w > 0) under the constant current loading
condition when T (stagnation temperature), p; (stagnation pressure) are kept con-
stant at the duct inlet for the inlet boundary condition (4.6), and ps is kept constant
at the duct exit for the exit boundary condition (4.7). In Figure 4.6, () mark in-
dicates the point corresponding to w = 0. The locus in Figure 4.6 turns clockwise
around the origin, which means that the generator is unstable. Figure 4.7 shows
the locus of A(jw)(w > 0) under the constant current loading condition when p and
T are kept constant at the inlet, and p is constant at the exit. The locus also turns
clockwise around the origin indicating that the generator cannot work stably.

Figure 4.8 plots the locus of A(jw)(w > 0) under the constant voltage loading
condition when p; and T are kept constant at the inlet, and p, is constant at
the exit. The locus turns clockwise around the origin and the generator becomes
unstable.
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Figure 4.6: Locus of A{jw)(w > 0) under constant current loading condition when
Ts, ps are kept constant at inlet and p; is kept constant at exit (conventionally
designed MHD generator) '
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Figure 4.7: Locus of A(jw){w > 0) under constant current loading condition when
T, p are kept constant at inlet and p is kept constant at exit {conventionally designed
MHD generator)
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4.6.3 Results of Time-Dependent Calculations

Time-dependent calculations are carried out to confirm the linear stability analysis
of channel-length scale. Figure 4.9 shows the time-dependent distribution of Mach
number, when p, and T, are kept constant at the duct inlet, and p; is kept constant
at the duct exit. In this case, a shock wave occurs in the channel and the generator
becomes unstable. Figure 4.10 shows the time-dependent distribution of Mach
number under the constant voltage loading condition, when ps, and 7T, are kept
constant at the inlet, and ps is kept constant at the exit. The MHD generator also
becomes unstable under the constant voltage loading condition.

Table 4.3 lists results of the linear stability analyses and the time-dependent
calculations for the conventional generator under various boundary conditions and
loading conditions. Both the linear stability analyses and time-dependent calcu-
lations show that the conventionally designed channel tends to be unstable. The
condition “fixed electrode currents” in Table 4.3 means that the electrode currents
are fixed by setting the link inductance Lyn. ~— oo. Table 4.3 shows that the
MHD generator can be operated stably if the electrode currents are fixed. This
result suggests that severe control of electrode current is required for stabilizing
the conventional subsonic MHD generator whose flow velocity is near the sound
velocity.
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Figure 4.9: Time-dependent distribution of Mach number in the conventionally
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Figure 4.10: Time-dependent distribution of Mach number in the conventionally
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Table 4.3: Results of linear stability analyses and
time-dependent calculations for conventionally designed channel

Inlet Exit Loading Linear | Time-dependent
condition condition | condition | stability calculation
constant
ps, T, constant | ps constant unstable unstable
current
constant
p,I" constant | p constant unstable unstable
current
constant
p,T constant | p constant unstable unstable
voltage
T tant tant constant tabl table electrode
onstan constan stable S
Psrts € Ps current current fixed

4.7 Newly Designed Channel to Suppress Insta-
bility of Magneto-Acoustic Waves

The preceding section shows that a conventionally designed channel is apt to be
unstable. Figure 4.11 plots the stability index (local growth rate) of the three waves
along the conventionally designed channel. Since the stability index does not depend
on the wavelength of the perturbation when the wavelength is sufficiently large 27,
Figure 4.11 shows the stability index with & (wavelength)=10 m~!. Figure 4.11
indicates that the (u — a) wave has a large growth rate and causes the instability
in the conventionally designed channel.

Equation (4.14) shows that increasing the wave velocity can reduce the growth
rate of the wave. This means that the growth of (u — @) wave is suppressed by
designing the channel where [z — a| becomes large, i.e., the flow velocity is kept low.
On the other hand, if the flow velocity is too low, the electromotive force decreases
and thus the generator cannot yield sufficient power output. Consequently, when
the distribution of the flow velocity is determined in the design of subsonic MHD
generators, it follows that both the stability and the power output should be taken
into account.

We then design the new channel in which the Mach number is relatively low and
the velocity of (u — a) wave is relatively large.

The Mach number at the channel inlet is set to be 0.8 and the distribution of
velocity is determined as is shown in Figure 4.12. The load currents are chosen to
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Figure 4:12: Distribution of flow velocity in the newly designed MHD generator
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be 14000, 10500, 9000 and 7000 A, respectively. The result of conceptual design
is obtained as is shown in Table 4.4 and Figures 4.13. Figure 4.13 (d) shows that
the generator has lower Mach number than the conventionally designed generator
analyzed in Section 4.6. Figure 4.14 depicts the stability index of the three waves
along the newly designed channel. The (u — a) wave has a lower growth rate in the
newly designed channel than in the conventionally designed channel.

Table 4.4: Conceptual design of the new channel

Channel inlet | Channel exit
Static pressure 3.12 atm 0.81 atm
Static temperature 2580 K 2196 K
Mach number 0.80 0.60
Load currents 14000 10500 9000 7000 A
Load voltages 6120 7187 5859 5294 V
Load resistances 0.437 0.685 0.651 0.756 Q
Power output 251 MW
Enthalpy extraction ratio 19.3 %

While this new channel has low flow velocity, its gas conductivity is high because
of the high static temperature (see Figure 4.13 (c)), compared with the conventional
channel. As a result, the power outputs of both channels are almost the same.
Moreover, the new channel is advantageous to the diffuser from the view point of
the pressure recovery. Since the static pressure is relatively high at the channel
exit, the load on the diffuser is reduced considerably.

4.8 Stability of Newly Designed Channel

4.8.1 Results of Linear Stability Analysis of Channel-Length
Scale

Figure 4.15 shows the locus of A(jw){w > 0) with the constant current loads when

Tiinty Deint and Peeye are kept constant for the inlet and exit boundary conditions,

where Tgns is the stagnation temperature of the duct inlet, pgy, is the stagnation
pressure of the duct inlet and psy is the stagnation pressure of the duct exit,
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Figure 4.14: Stability index along the newly designed channel

respectively. In Figure 4.15 the origin is in the left-hand side of the locus indicating
that the generator is stable.

Figure 4.16 depicts the locus of A(jw)(w > 0) with the constant current loads
when p and T are kept constant at the duct inlet, and p is kept constant at the
duct exit. Figure 4.16 shows that the generator is also stable.

Figure 4.17 plots the locus of A(jw)(w > 0) under the constant voltage loading
condition when Tiini, Dsint and Peext are kept constant. In Figure 4.17, the origin
stays on the left-hand side of the locus, and thus the generator is stable. Figure
4.18 shows the locus of A(jw)(w > 0) under the ohmic loading condition when Tgipe,
Dsint ANd Psext are kept constant. The origin is on the left-hand side of the locus in
Figure 4.18 indicating that the generator is stable.

4.8.2 Results of Time-Dependent Calculations

Figure 4.19 shows the time-dependent distribution of Mach number with the con-
stant current loads, when p, and T are kept constant at the inlet, and ps is kept
constant at the exit. The generator works stably in this case. Figures 4.20 de-
picts the time-dependent distribution of Mach number with the constant voltage
loads and the ochmic loads, respectively. The generator also behaves stably with the
constant voltage loads and the ohmic loads.

Table 4.5 lists results of the linear stability analysis and the time-dependent
calculation for the newly designed generator under various boundary conditions.
In table 4.5, “L+constant voltage” means the constant voltage loads with series
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Table 4.5: Results of linear stability analyses and
time-dependent calculations for the newly designed generator

Inlet Exit Loading Linear Time-dependent
condition | condition condition stability analysis calculations
g
Pe: Lo 7, constant | constant current stable stable
constant
T L(30mH)
Pe) 25 ps constant + stable stable
constant
constant voltage
L(100mH)
Ps; T
P, constant + stable stable
constant
constant voltage
T
by p constant | constant current stable stable
constant
»,T
p constant | constant voltage stable stable
constant
»nT .
p constant ohmic loads stable stable
constant |

500
480

X (I’TI) 15 480

440
420 time {msec)

20

Figure 4.19: Time-dependent distribution of Mach number in the newly designed
generator with constant current loads when Pging, Tsine and Peext are kept constant
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(a) Constant voltage loads

Figure 4.20: Time-dependent distributions of Mach number in the newly designed
generator with constant voltage loads and ohmic loads

(b) Ohmic loads

Figure 4.20: Time-dependent distributions of Mach number in the newly designed
generator with constant voltage loads and ehmic loads
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inductors of L mH. Table 4.5 shows that the newly designed channel is stable. In
the present analyses, the two following kinds of gasdynamical boundary conditions
are adopted. (1) ps, 7% are constant at the inlet, p; is constant at the exit. (2) p, T
are constant at the inlet, p is constant at the exit. The linear stability analysis of
channel-length scale shows that the stability of the generator does not vary between
the two boundary conditions. This is because the inlet and exit flow velocities are
low, and the stagnation pressure and temperature are not much different from the

static pressure and temperature.

4.9 Concluding Remarks

The local linear perturbation analysis and the linear stability analysis of channel-
length scale are carried out for subsonic diagonal type MHD generators.

At first, the stability of the conventionally designed generator is examined. The
linear stability analyses and the time-dependent calculation show that the conven-
tionally designed generator tends to be unstable.

Then the author designs the new channel in which the Mach number is relatively
low in order to suppress the instability. The author also examines the stability of
the newly designed generator and the main results are listed below:

e In spite of the low flow velocity, the newly designed generator yields almost the
same power output as the conventionally designed generator because of high
electrical conductivity resulting from the high temperature of working gas.

o The local perturbation analysis shows that the low flow velocity suppresses the
growth of traveling waves in the new channel.

o The linear stability analysis of channel-length scale and time-dependent calcu-
lations show that the newly designed generator works stably.
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Chapter 5 Stability Analysis of
Faraday Type MHD

Generator

5.1 Introduction

In this chapter, a subsonic Faraday type MHD generator of commercial scale is
analyzed. M. Ishikawa and A. Kyogoku et al. examined the stability of Faraday
type MHD generators of commercial scale, showing that the generator can be oper-
ated stably with ohmic loads while the generator becomes unstable with constant
loading factors %8). In this chapter, a local linear perturbation analysis and a linear
stability analysis of channel-length scale are carried out for a subsonic Faraday type
MHD generator. These analyses show the generator is operated stably with con-
stant current loads, constant voltage loads or ohmic loads. On the other hand, the
generator is unstable when the loading factors are fixed or when each load power is
kept constant.

5.2 Basic Equations

The basic equations used for the gasdynamical part are the same as the equations
used in the analysis for the diagonal type MHD generators. The flow in the MHD
channel is described by Equation (3.1} and the state equations are given by Equation
(3.5). The steady state flow is described by Equation (3.6).

The relation between the electric field and the electric current density is given
by the generalized Ohm’s law (3.7), (3:8), by the loading condition described below
and by the following equation of leakage in the z-direction:

E,
Jp= . 9.1
Rleachhl (5-1)
Four types of loading conditions are examined, being written below:
When each loading factor K is kept fixed,
AV
hchl
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When each load resistance Riqaq is kept fixed,
Eyheni = — Rigaa Jywen Az (5.3)
When each load power P,,q is kept fixed,
— By Jywenthen AT = Plogq. ‘ (5.4)
When each load voltage Vipeq is kept fixed,
Eyhent = Vioad. (5.5)

5.3 Basic Specifications of Subsonic Faraday Type
MHD Generator

Table 5.1 lists the basic specifications of subsonic Faraday type MHD generator 6
analyzed here. Figure 5.1 shows the distributions of various quantities under the

design condition.

Table 5.1: Basic specifications of subsonic Faraday type MHD generator

Fuel Chinese Datung Coal
Seed, Seed fraction K;COj3, 1 %(wt)
Thermal input 1300 MW
Channel length 15m (1 <z < 16)
Nozzle length 1m{(0<z<1)
Diffuser length 4m (16 <z < 20)
Channel inlet Channel exit
Static pressure 2.70 atm 0.65 atm
Static temperature 2533 K 2106 K
Stagnation pressure 4.50 atm 0.99 atm
Stagnation temperature 2700 K 2252 K
Mach number 0.95 0.89
Power output 258.7 MW
Enthalpy extraction ratio 19.9 %
Loading factor 0.807 (constant along the whole channel)
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Figure 5.1: Distributions of quantities under design condition
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5.4 Results of Analyses

5.4.1 Local Linear Perturbation Analysis

In this subsection, the local spatial growth rates of traveling waves are shown when
the wavelength, k, is set to be 10 m™!. Figure 5.2 shows the stability index(local
growth rate) of three traveling waves along the channel with the constant voltage
loads. The two acoustic waves, (v — a) wave and (u + a) wave, are stable while
the w wave is unstable. The local growth rate of u wave, however, is very small.
Figure 5.3 depicts the local growth rates of the waves when each load power is
kept constant. Figure 5.3 indicates that « wave is stable while (u — @) wave and
(u + a) wave are unstable. In particular, (u — a) wave has a large growth rate in
the upstream region.

1.2 T T T T T T T

stability index

2 4 6 8 10 12 14 16
x (m)

Figure 5.2: Stability index with constant voltage loads

5.4.2 Channel-Length Scale Linear Stability Analysis

A linear stability analysis of channel-length scale for the subsonic Faraday type
generator is performed in a similar way to the diagonal channel with constant
current loads. In this subsection, psn: and T, are kept constant for the inlet
boundary condition and pe. is kept constant for the exit boundary condition.
Figure 5.4 depicts the locus A(jw)(w > 0) with the ohmic loads. In Figure 5.4, the
locus does not turn clockwise around the origin and thus, the generator behaves
stably. Figure 5.5 plots the locus A(jw)(w > 0) with the constant voltage loads. The
locus sees the origin in the left-hand side, showing the generator is stable. Figure
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Figure 5.3: Stability index when each load power is kept constant
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Figure 5.4: Locus of A(jw)(w > 0) with ohmic loads

5.6 shows the locus A(jw)(w > 0) when each load power is kept constant. The locus
turns around the origin clockwise, showing the generator becomes unstable.

5.4.3 Time-Dependent Calculation

Time-dependent calculations are performed for confirming the linear stability anal-
ysis. Figure 5.7 shows the time-dependent distribution of Mach number with the
constant voltage loads, indicating that the generator is stably operated. This cal-
culation result agrees with the result of the linear stability analysis. Figure 5.8
depicts the time-dependent distribution of Mach number when each load power is
kept constant. In Figure 5.8, large fluctuations of the flow occurs in the upstream
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region and a shock wave is induced. This is because the (u — a) wave has a large
growth rate in the upstream region as is shown by the local linear perturbation
analysis. This instability is also predicted by the channel-length scale linear sta-
bility analysis. Table 5.2 summarizes the linear stability analysis of channel-length
scale and the time-dependent calculation. The analyses show that the generator
with the constant current loads can work stably. The results listed in Table 5.2
agree with the analytical result in Ref. 46).

300
280

x (m} 15 260

240
220 time {msec}

20

Figure 5.7: Time-dependent distribution of Mach number with constant voltage

loads
Table 5.2: Results of linear stability analysis and
time-dependent calculation for the subsonic Faraday type generator
Inlet Exit Loading Linear | Time-dependent
condition condition condition stability calculation

Ds,1s constant | p; constant ohmic loads stable stable
Ps, 1y constant | p, constant | fixed loading factors || unstable unstable
ps,Ts constant | ps constant constant voltage stable stable
Ds, I3 constant | ps constant | constant power load || unstable unstable
D, 15 constant | ps constant | constant current stable stable
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Figure 5.8: Time-dependent distribution of Mach number when each load power is
kept constant

5.5 Concluding Remarks

In this chapter, the local linear perturbation analysis, the linear stability analysis
of channel-length scale and the time-dependent calculation are carried out for the
coal-fired Faraday type MHD generator of commercial-scale. These analyses show
the following results. ' :

e The generator is operated stably with constant current loads, constant voltage
loads or ohmic loads.

e When each load power is kept constant, the generator becomes unstabie be-
cause of the large growth of the (v — a) wave in the upstream region.
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Chapter 6 Analysis of Interconnecting
System of Diagonal-Type
MHD Generator and AC

Power System

6.1 Introduction

In this chapter, the stability of a subsonic diagonal type MHD generator, connected
with an AC power system, is studied. A time-dependent calculation is performed for
the interconnecting system of MHD generator and AC power system with 12-phase
line-commutated inverters. The calculations show that the generator can provide
the rated power to the AC power line under the nominal condition.

Next, the behavior of the interconnecting system with faults in the AC power
system is examined. A time-dependent calculation is performed when a firing fault
of thyristor occurs. The calculation shows that the MHD generator recovers the
nominal condition following the recovery of the inverter operation after the firing
fault. The author also analyzes the interconnecting system when line faults occur
in a transmission line. The analysis indicates that some control of the firing angle is
required for the recovery of the nominal condition of the MHD generation system.
The analysis also shows that a control of firing angle recovers the inverter operation,
which enables the MHD generator to recover to its nominal condition.

6.2 Basic Equations

The basic equations used for the gasdynamical variables in the MHD channel are
the same as the equations used in the analysis in Chapters 3 and 4. The flow in
the channel is described by Equation (3.1) and the state equations are given by
Equation (3.5).

The relation between the electric field and the electric current density is given
by Equations (3.7), (3.8), (3.9) and (3.10) where the diagonal links are assumed to
be short-circuited in this chapter.
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6.3 Interconnecting System of MHD Generator
and AC Power Network

The MHD generator analyzed here is conceptually designed in Chapter 4, and its
basic specifications are listed in Table 6.1.

Table 6.1: Basic specifications of the MHD generator

Fuel Chinese Datung Coal
Thermal input 1300 MW
Channel length 15 m
Nozzle length, Diffuser length | 1 m, 4 m

Channel inlet Channel exit
Stagnation temperature 2700 K 2254 K
Static temperature 2580 K 2197 K
Stagnation pressure 4.50 atm 0.98 atm
Static pressure 3.12 atm 0.81 atm
Mach number 0.80 0.60
Power output 251.1 MW
Enthalpy extraction ratio 19.3 %
Load current 14000, 10500, 9000, 7000 A
Load voltage 6120, 7187, 5859, 5294 V
Load resistance 0.437, 0.685, 0.651, 0.756 Q2

Figure 6.1 shows the schematic diagram of the interconnecting system of MHD
generator and AC power system analyzed here. The MHD generator has four pairs
of output terminals which are connected with four 12-phase line-commutated invert-
ers. The outputs of these inverters are supplied to the 3-phase infinite bus through
transformers and transmission lines. The rated effective line voltage and frequency
of the infinite bus are selected as 275 kV and 60 Hz, respectively. The double-circuit
transmission lines are adopted where the impedance of each line is 0.01+j0.1 pu on
the basic capacity of 250 MVA and the basic effective line voltage of 275 kV. Each
12-phase line-commutated inverter is connected with a pair of transformers with the
same rated values. Table 6.2 lists the rated values of transformers on each loading

117



section, where the loading sections are numbered from upstream to downstream.
The leakage impedance of all transformers is set to be 0.00740.15 pu based on the
rated capacity and voltage of each transformer. The control and margin angles of
each inverter are shown in Table 6.3.

The AC filter and the phase modifier are usually equipped on the secondary side
of the transformers to absorb the harmonics and the reactive power generated by
the line-commutated inverters. In the present model, the 11th filter with a quality
factor of 50 and a capacity of 20 MVA, the 13th filter with a quality factor of 50
and a capacity of 17 MVA and high-pass filter (24th) with a quality factor of 3
and capacity of 29 MVA are equipped as the AC filters, while the capacitor with
capacity of 100 MVA including 6 % reactors is set as the phase modifier.

The DC reactors are equipped between the MHD generator and the inverters in
order to suppress the ripples of DC load currents. The inductance of every reactor
is selected as 30 mH.

Table 6.2: Rated values of transformers

Frequency Hz | Capacity MVA | Voltage kV
1st loading section 60 60 2.75/275
2nd loading section 60 60 3.06/275
3rd loading section 60 40 2.50/275
4th loading section 60 30 2.29/275

Table 6.3: Operation condition of line-commutated inverters

Firing angle | Overrapping angle | Margin angle
1st loading section 142 ° 14.1° 23.9°

2nd loading section 145 ° 13.0° 22.0°
3rd loading section 144 ° 13.1° 22.9°
4th loading section 145 ° 12.6 ° : 22.4 °
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6.4 Numerical Calculation Method

In the present analyses, time-dependent calculations are carried out for the detailed
three-phase circuit described in the preceding section. The node voltages and the
branch currents are determined by a nodal admittance matrix method *®), while the
gasdynamical behavior in the MHD channel is calculated by the 1969 MacCormack
two-step explicit method. The detailed procedure is described in Subsection 2.3.1.

6.5 Stability of MHD Generator Connected with
AC Power Network

In this section, the MHD generator, connected with AC power network, is analyzed.
Here, the inlet stagnation pressure and stagnation temperature are kept constant
for the inlet boundary condition, while the exit stagnation pressure is kept constant
for the exit boundary condition.

6.5.1 Performance at Nominal Condition

A time-dependent calculation is performed for the interconnecting system of MHD
generator and AC power network at the nominal condition. Figure 6.2 shows-the
three-phase line currents. The wave form of line currents is nearly equal to the sine-
wave whose frequency is 60 Hz since the harmonics are removed by the AC filters.
A Fourier analysis is also carried out for the line currents in order to evaluate
the harmonics. The calculation shows that the DC part is under 0.001 % of the
fundamental wave, the 11th harmonic is 1.83 % and the 13th harmonics is 1.17 %.
The other harmonics are under 0.1 %. Figure 6.3 plots the three-phase thyristor
currents in the inverter #11. Figure 6.3 shows the commutation of the inverter
is in the normal condition. Figure 6.4 depicts the active power supplied to the
infinite bus through the transmission lines. The active power is 248.9 MW which
is almost equal to the rated value where the power factor is 0.98 lead. Figure 6.5
shows the time-dependent variations of load currents of MHD generator. Every load
current is maintained to be the rated value where the fluctuation of the current is
suppressed under 0.1 % by the DC reactor. Figure 6.6 depicts the time-dependent
distribution of the Mach number, indicating that the MHD generator is stably
operated, although disturbances are steadily brought into the MHD channel from
the inverter system.
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6.5.2 Performance of MHD Generator When Firing An-
gles of Inverters Are Changed

In this subsection, the performance of the MHD generator is examined when the
firing angles of inverters are changed. Figure 6.7 shows the time-dependent distri-
bution of the Mach number and Figure 6.8 plots the load currents, when the firing
angle of each inverter decreases by 10° from the rated value. A shock wave occurs
in the generator since the flow is accelerated with the increase of load currents. The
shock wave propagates upstream and disappears in the nozzle region, after which
the shock waves occur and decay repeatedly. The load currents accordingly fluctu-
ate large. Time-dependent calculations have shown that the MHD generator can
be stably operated without any shock wave when the firing angle ranges within -8°
and +2° from the rated value. Figure 6.9 depicts the voltage-current characteristics
of the loading sections of the MHD generator, showing nearly linear characteristics.

6.6 Fault Analyses

In this section, the interconnecting system is analyzed when faults occur in the
inversion system or in the transmission line. When faults occur in the AC power
network, large disturbances are induced in the MHD channel. In the subsonic MHD
channel, these disturbances propagate upstream and in fact affect the performance
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Figure 6.9: Voltage-current characteristics of MHD generator

of the combustor. It is, however, difficult to analyze the system, taking into account
the interaction of the MHD generator and the combustor, because the reaction pro-
cess is complicated in the combustor. In the present fault analysis, the exit condition
of the combustor (i.e., the inlet condition of the MHD generator) is assumed to be
constant, because the reaction time of the working fluid in the combustor is much
longer than the variation time of the flow in the MHD channel.

6.6.1 Firing Fault of Thyristor in Inverter

In this subsection, the author analyzes the case where the firing signal cannot come
in the thyristor because of the fault on the control circuit of the firing angle. A firing
fault occurs on one of the thyristors in the inverter #41 at t = 0.002 sec, after which
the commutation of the inverter is restored to the normal condition. Figure 6.10
shows the three-phase thyristor currents in inverter #41 and Figure 6.11 plots the
time-dependent variation of the fourth load current. When the firing fault occurs in
the inverter, the inverter is short-circuited and the load current increases. Following
the recovery of the commutation of the inverter, the load current decreases to the
rated value. Figure 6.12 depicts the time-dependent distribution of Mach number
in this case. The small disturbance from the faulted loading section propagates
upstream, but it decays without inducing a shock wave, after which the flow filed
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Figure 6.10: Three-phase thyristor currents in inverter #41 when firing fault occurs

on inverter #41

in the MHD generator is restored to the nominal condition.

6.6.2 Single-Line Ground Fault

In this subsection, the interconnecting system of MHD generator and AC power
network is analyzed when a single-line ground fault occurs at the center of the
transmission line. In the present analysis, the single-line ground fault occurs at
t = 0.05 sec and the fault line is cuf, off at t = 0.2 sec, i.e., at 9 AC cycles after the
ground fault. The system is analyzed when the firing angles of all the inverters are
kept constant at the rated values. Figure 6.13 shows the time-dependent variation of
three-phase line voltages of the secondary side of transformers. Figure 6.14 depicts
the time-dependent variation of load currents of the MHD generator. Figures 6.15
shows the time-dependent distribution of the Mach number in the MHD generator.
Figure 6.16 plots the time-dependent variation of three-phase thyristor currents in
the inverter #11. When the ground fault occurs, the voltage of the faulted line
decreases to about one third of its rated value as shown in Figure 6.13. Since
the line voltage decreases by large amount, inverters are short-circuited and load
currents increase as shown in Figure 6.14. Since the Lorentz force J, B is weakened
due to the increase of load currents, the flow is accelerated and a shock wave is
induced in the MHD channel. The shock wave propagates upstream and disappears
in the nozzle region, after which the low flow-velocity region appears in the entire
channel. After the faulted line is cut off at ¢ =0.2 sec, the line voltage recovers

126



7500 — Y —
7450
7400
7350
7300
7250
7200
7150
7100
7050
7000

6950 L L 1
0 0.05 0.1 0.15 0.2
time {sec)

fourth load current (A)

Figure 6.11: Fourth load current when firing fault occurs on inverter #41

200
150
100

time (msec)
20 : S

Figure 6.12: Time-dependent distribution of Mach number when ﬁring fault occurs
on inverter #41

127



and the increase of the load currents stops. The commutation of the inverters is,
however, not restored to its normal operation. Consequently, the load currents
cannot recover to the rated values. Since the load currents fluctuate following the
commutation fault of inverters, the Mach number also fluctuates, in particular, in
the upstream region of the generator.

The present system cannot recover to the nominal condition from the single-line
ground fault unless the firing angle of the inverter is controlled. Then, the firing
angle is set to be 90° at ¢ = 0.05 sec after the line fault occurs. The decrease
of the firing angle, which increases the margin angle, is expected to restore the
normal inverter operation. Figure 6.17 shows the three-phase thyristor currents
in the inverter #11, indicating that the inverter operation is recovered when the
firing angle is reduced to 90°. After the faulted line is cut off, the firing angle
gradually increases to the rated value with no commutation faults of the inverters.
In Figure 6.18, the load currents gradually decrease to the rated values. Figure
6.20 shows the time-dependent distribution of Mach number with the operation of
the firing angle of the inverter. The flow in the MHD channel is also restored to
its nominal condition during the recovery of the load currents. Figure 6.19 plots
the time-dependent variation of the transmission power. The transmission power
fluctuates heavily until the faulted line is cut off. After the cutting the faulted line,
the transmission power is restored to the rated value at about ¢ = 0.4 sec.
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Figure 6.13: Time-dependent variations of three-phase line voltages
(single-line ground fault, firing angle is constant at rated value)
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6.6.3 Three-Phase Short Circuit Fault

In this subsection, the interconnecting system of MHD generator and AC power
network is analyzed when a three-phase short-circuit fault occurs at the center of
the transmission line. In the present analysis, the three-phase short-circuit fault
occurs at ¢ = 0.05 sec and the fault line is cut off at ¢ = 0.2 sec, i.e., at 9 AC cycles
after the fault. Figure 6.21 shows the time-dependent variation of three-phase line
voltages. Figure 6.22 depicts the time-dependent variation of load currents of the
MHD generator. Figures 6.23 shows the time-dependent distribution of the Mach
number in the MHD generator. After the short-circuit fault, the voltages of the
transmission line decrease sharply and the inverters are short-circuited. The load
currents increase and the flow in the generator is accelerated. This behavior of the
system is almost identical as the one with the single-line ground fault. Accordingly,
the control of the firing angle of inverter is also required to restore the nominal
condition after the three-phase short-circuit fault. In the present analysis, after the
fault line is cut off, the firing angle is set to 90° in order to recover the commutation
of the inverter. After the recovery of the commutation, the firing angle is increased
to the rated value. Figures 6.24 and 6.25 show the three-phase thyristor currents in
the inverter #11 and the time-dependent distribution of the Mach number, respec-
tively. These figures show that the control of the inverter can restore the nominal
operation of the MHD generation system.
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6.7 Concluding Remarks

The subsonic diagonal type MHD generator connected with AC power network is
apalyzed in this chapter. The following is a summary of the results of the analysis.

e The MHD generator works stably though periodic disturbances of load currents
come into the generator from the inversion system.

o The MHD generator can provide the rated power output to the transmission
line under the nominal condition.

e When line faults occur on the transmission line, the control of the firing angle
is required for the recovery of the normal inverter operation. The control of the
firing angle can restore the MHD generation system to the nominal operation.
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Chapter 7 Conclusion

Chapter 2 treats the Chinese coal-fired Faraday type MHD channel at IEE. At first,
three key parameters of the MHD channel are evaluated with the experimental data
corresponding to experiments performed in 1992 and in 1993. It is found that (1)
the effective electrical conductivity is 5/9 times that of the theoretical value, (2)
the leakage resistance in the z-direction is 0.024 2, and (3) the leakage resistance
in the y-direction is 82.4 Q2. These three parameters give simulation results which
agree with experimental ones. Next, experimental data of power run in November,
1994, is analyzed to examine the effect of the modification of the channel, showing
that the implemented improvement was effective in reducing the leakage current in
the y-direction and resulted in the maximum power output (about 120 kW).

In Chapter 2, the performance of diagonal operation of the Chinese MHD channel
is also estimated. The analysis shows that the diagonal operation will produce
almost the same power output as the Faraday operation (98 kW). The load current
is about 70 A with the load voltage of 1400 V. Finally, the hidden capability of the
Chinese channel is estimated. This analysis indicates that the Chinese channel can
yield the power output of over 400 kW if the electrical conductivity is improved to
its theoretical value.

In Chapter 3, the sensitivity analysis, the linear stability analysis and the time-
dependent calculation are carried out for the coal-fired supersonic diagonal type
MHD generator of commercial-scale. These analyses show the following. (1) The
growth rates of low frequency perturbations are small in the MHD generator with
constant voltage loads or ohmic loads. (2) The growth of high frequency perturba-
tions is suppressed by inserting inductors into the diagonal links. (3) For preventing
the growth of load current fluctuation it is effective to subdivide the unstable load-
ing sections. It is concluded that the generator with constant voltage loads or ohmic
loads of the direct coupling scheme can be operated stably when the fluctuation of
the electrode current is kept small.

In Chapter 4, the local linear perturbation analysis, the linear stability analy-
sis of channel-length scale and the time-dependent calculation are performed for
the coal-fired subsonic diagonal type MHD generator of commercial-scale. These
analyses show that the conventional type generator, whose flow velocity is close
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to the velocity of sound, is apt to be unstable due to the high growth rate of the
upstream acoustic wave. Then the author proposes the new subsonic channel in
which the Mach number is relatively low in order to suppress the instability. The
stability analyses show that the newly designed generator has the low growth rate
of the upstream acoustic wave and can work stably. The linear stability analysis
of channel-length scale and the time-dependent calculation indicate that the new
generator can be operated stably under various loading conditions, for example
constant current loading condition, constant voltage loading condition and ohmic
loading condition.

In Chapter 5, the local linear perturbation analysis, the linear stability analysis
of channel-length scale and the time-dependent calculation are carried out for the
coal-fired Faraday type MHD generator of commercial-scale. These analyses show
that the generator is stably operated with the constant current loads, the constant
voltage loads or the ohmic loads whereas the generator becomes unstable with the
constant load power.

In Chapter 6, the subsonic diagonal type MHD generator newly proposed in
Chapter 4 is analyzed when the generator is connected with AC power network.
The following is a summary of the results of the analysis. The MHD generator
works stably though periodic disturbances of load currents come into the generator
from the inversion system. The MHD generator can provide the rated power output
to the transmission line under the nominal condition. When line faults occur on the
transmission line, the nominal condition of the MHD power system can be recovered
by the control of the inverter operation.
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Appendix A Boundary Layer and Slag
Layer

The quasi one-dimensional analysis used in the present thesis cannot treat the
effects of the boundary layer and the slag layer in detail. In the present analysis,
the approximate equations shown below are used for accounting the effects of the
boundary layer and the slag layer.

(1) Friction loss and heat loss 37

The friction fr;; and the heat loss gj.ss are estimated according to the turbulent

boundary layer theory 44:
frie = 2Dpu’cs (A.1)
¢y = {2.87+ 1.58 log(z*/k,)}~*°
¥ = l4+zm
ks = 0.003m
= VA
Qioss — Gt + dr (A2)

¢ = 2DpuCrci(T; — T,,)
¢ = 4DopC.(T*—-T3)

op = 5.66x 1078 J/sm’K*
C, = 041

where ¢, is the heat loss due to the heat transfer on the wall, ¢g. the heat loss due
to the radiation, ¢; the friction factor, C, the constant pressure specific heat of
the gas, D the hydraulic diameter, k; the equivalent sand roughness representing
the roughness level of walls, T the gas temperature, T; the stagnation temperature,
T, the wall temperature, z* the modified duct length to eliminate the singularity,
C, the coeflicient relating to the coal-slag carry-over and og the Stefan-Boltzmann
constant. In the present analysis, the wall temperature is set to be 1800 K which
is the melting point of coal-slag.
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(2) Electrode voltage drop
In the boundary layer, the flow velocity and the gas temperature are much smaller

than in the main flow. Consequently, the electromotive force and the electrical con-
ductmty also decrease substantially-and the voltage drop is induced near electrodes.
In the present analysis, the voltage drop is given by the next apprommate equa.tmn

proposed in Ref. 33).
AV = 700+292(I ”l\/1+ﬁ2) V - (AL3)
J = th'/é - o -

where 6 is the boundary layer thickness.

e
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Appendix B Composition of Coal

In the present analysis, the thermodynamical properties of coal are calculated with
thermodynamical equilibrium approximation taking into account the composition
of coal. Table B.1 lists the composition of the coal used in Chinese experiments 17).

Table B.1: Composition of coal in Chinese experiments

Power run | Power run
in 1992 in 1993
Proximate | Moisture % 2.26 2.01
Analysis Ash % 17.76 19.02
Sulfur % 0.78 0.85
Volatile % 25.22 24.94
HHV MJ/keg 26.22 26.21
Ultimate Carbon % - 65.80 65.16
Analysis Hydrogen % 3.75 3.54
Nitrogen % 0.70 0.68
Oxygen % 9.07 8.74
Ash Si0, % 96.94 57.74
Composition | Al,O3 % 20.11 21.64
TiO; % 1.14 1.04
Fe203 % 11.25 9.00
Ca0 % 3.32 3.59
MgO % 0.87 1.37
Na,O % 0.4 0.49
KO % 1.59 1.80
SO; % 2.54 1.58
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Table B.2 lists the composition of the Datung coal *®) used in Chapter 3, 4, 5

and 6.

Table B.2: Compositioh of Chinese Datung coal

Chinese Datung

coal
Proximate | Moisture % 2.9
Analysis Ash % 8.9
Sulfur % 0.7
Volatile % 28.2
- | HHV MJ/kg | 30.1
Ultimate | Carbon % 79.9
Analysis Hydrogen % 45
| Nitrogen % 0.9
, Oxygen % 7.0
Ash Si0, % 47,61
Composition | AlO; % 1791
| Fe;03 % ' 19.41
CaO% | 548
MgO% | . 205
- Na,0 % 030
 80:% 3.9
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Appendix C Assumption in Linear
Stability Analysis

In the linear stability analysis used in Chapter 3, whether or not Ag(s) has a
zeropoint in the right half plain (Re(s) > 0) is judged by plotting the locus of
A(jw)(w : —oo — o0o). There exists a zeropoint in the right half plain if the locus
turns clockwise around the origin. This analysis requires the assumption that the
transformation: s — Ag{s) transforms the right half plain into the right-hand side
of the locus Ap(jw)(w : —oo — 00). We can examine whether or not the assumption
holds by plotting values of Ay(s) for various points s.

For example, we plot values of A4(s) for various points s when the supersonic
MHD generator is connected with four constant voltage loads. Figure C.1 plots the
loci of Ay(e + jw)(@ = —20,-10,0, 10, 20, 30,40 w > 0). Figure C.1 indicates that
transformation: s — Ay(s) transforms the right half plain into the right-hand side
of the locus A4{jw){w : —o0 — 00). The assumption in the other cases can be also
confirmed in the same way as mentioned above.
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Figure C.1: The loci of Ay4(a + jw){a = —20, -10,0,10,20,30,40 w > 0)
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