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Abstract:

A mathematical model of a magnetohydrodynamic-steam electrical power generation system was
developed, incorporating the results of experimental and theoretical investigations conducted by
various researchers, applicable to large power generation. A real gas at sub sonic condition (typical for
large power generation) is used in the flow calculation. A quasi one-dimensional MHD generator
model was used to explore the advantages of the model in the design of the control mechanisms for the
system. The numerical techniques used in the simulation are described and the results of the simulation
are presented. The behavior of the MHD generator in response to load changes are discussed. The
dynamic model of the direct-current (DC) to alternating-current (AC) power converter is presented and
the design parameters compatible with the MHD generator operation are dis cussed. The dynamic
model of the steam plant and air heaters was developed and the results of the simulation of the model in
response to changes in input conditions are shown. The design parameters of the steam plant for a 2000
megawatt (thermal input) MHD system are given.
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ABSTRACT

A mathematical model of a magnetohydrodynamic-steam electrical
power generation system was developed, incorporating the results of
experimental and theoretical investigations conducted by various
researchers, applicable to large power generation. A real gas at sub~
'sonic condition (typical for large power generation) is used in the
flow calculation. A quasi one-dimensional MHD generator model was
used to explore the advantages of the model in the design of the
control mechanisms for the system. The numerical: techniques used in
the simulation are described and the results of the simulation are
presented. The behavior of the MHD generator in response to load
changes are discussed. The dynamic model of the direct-—current (DC)
to alternating-current (AC) power converter is presented and the
‘design parameters compatible with the MHD generator operation are dis-
cussed. The dynamic model of the steam plant and.air heaters was
developed and the results of the simulation of the model in response
to changes in input éonditions are shown. The design parameters of
the steam plant for a 2000 megawatt (thermal input) MHD system are
given. ‘ -




Chapter L
INTRODUCTION

1.0 System Simulation

Ihe goal of developing a large Magnetohydrodyﬁamics (MHD)
Electrical Power Generation System has created a need for the_study of‘
the system performance under normal and abnormal operating éonditions.
Simulation provides one means for investigatingtthe behavior qf the
system and aids in predicting system performancé under specified
operating conditiéné. The system may be represented by a scaled,
piiot or analytical (mathematical) model. After considering the
advantages and the diéadvantages of éach model, such as f;exibility,
cost, time.and-responsiveqess;-the”matheméﬁical model was selected
for this study. | | |

The mathematical model consists .of partial and ordinary
differentigl equafions which dccurately defihe the'systeﬁ. Sincg the .
simﬁlation is implemented by the use of a digital computer, numerical

methods are utilized in solving the defining eqﬁafioﬁs.

1.1 - Open-cycle MHD-Steam Electrical Power Generation

Magnetohydrodynamics or more correctly magnetofluidmechanics is

the science dealing with the .interaction between an electrically




2
conducting fluid and a magnetic field. ¥or a compressible fluid; part .
of the kinetic and.thermal energy is converted directly into élec£ri—
city. A simple MHD generator is shown in Figure 1.1. The_generator
cgnsists of a channel of rectangulaf créss—section with one pair of
electrically‘coﬁduétiﬁg electrodes and one pair of electrically insu-
lating walls. The load is connectedAbetween the electrodes, and the
'magnetic.field is perpendicula; to the insulatipg wall.

In an open-cycle MED generator, the fluid consists of the
combustion gases from the burning éf fossil fuels, seeded with an
alkaii'metal to increase the electrical cqnductivity. A combustion
temperature of ZSQO0 Kelvin to 2800° Kelviﬁ is necessary to provide
enough .electrical conductivity and thermal energy fof én efficient
energy.conVersionJ

| The fluid flow is accelerated thréugh a nozzle and gntérs'the
MHD duct. The magnetic field'acts to decelerate the charge carriers
in‘the fluid stream. In the absence of energy transfer from the
other particles, the electrons spin in a circular orbit about thg
transverse axis in the magnetic field. fhe fluid stream forces the
electréns thrpugh the appliéd magpetic fieid. The net effect is a
‘reducfion in the kinetic energy of the fluid stream and an equiéalent.
direct current electrical power is induced in the external load cir-

cuit. The coordinate system used to describe the phenomena taking




3
place in-the generator is shown in Figure 1.2.
If a steady state condition is assumed, and gne—dimensional
flow approximations are used, the Voltagé.induéed by the interaction

of the velocity field with the magnetic field is
'Ei = uB : A , ' - (1.1)
and the current density is

J = o(uB=E) : S | : (1.2)

. where the notation is defined in the symbol reference list.

Following Rosa [1],' a loading factor (K) may be defined as

K = E/uB ' . (1.3)
so that B ‘
J = o0 - K)uB (1.4)

The power delivered to the load per unit volume is

P JE = oK@ =~ K)uZBz.

The current interacts with the magnetic field to induce a force
- (F) opposed to the fluid motion. The force on a unit cube of the

fluid is

e
I

JB = o(l - K)de . - : 1.5)




Load

Figure 1.1. A Simple MHD Generator

l,

Figure 1.2. Coordinate System.
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In order for the gas to move through the generator, a pressure
difference between the entrance and the exit'must exist and is given

by (negleéting_friction effects)
- 2. ’ . )
p = FL = ol - K)uB"L (1.6)

where L is the geﬁerator length.
The work done by the gas in pushing itself through the'magngtic

field is

P, = Fu = o(l - K)u’B? ' , C L (1.7)

Thus the electrical efficiency is
N = PO/Pi = 'K o (1.8)

Since the energy dissipation in this ﬂevice:occurs within the
working fluid, it is not lost energy, and can still be recovered in a
bottoming plant.

In the MHD generator, the eleptriéal conductivity of the fluid
decreases rapidly with the decreasing gas temperatufé; thus it becomes
uneconomiéal.to eitract electrical power directly from the fluid by
the MHD process below a fluid temperature of 2100°K.. The thermal
enexgy_of.tﬁe-fluid leaving.the MHD -generator can be used for heating

the air needed in the combustion process ( to attain high combustion




6
temperature) and to produce steam for a steam turbine to generate
more power (see Figure 1.3). The ﬁHD generator ;hus operates as a
topping plant for a steam-electric éower plant making it possible to
obtain higher Ehermal efficiency £han existing conventional thermal

electric power plants.

1.2 Historical Review

Magnetohydrodynamics Elgctrical Power Generation

Magnetohydrodynamics electrical power generation is based on the
Faraday_effec; in which a voltage is‘inducéd in a circuit when a
magnetic field linking the circuit is changed. This effect was first
observed by Michael Faraday [2] in 1831, when he'gxperimented With
mercury flowing through a magnetic field. Industrial‘experiments with
gaseous MHD were conducted by Karlovitz [3] in the period 1938 to-1944.
The génerator failed'to operate because of the low éonductivity of the
wofking gas.

Exténsive work started again in the late fifty'’s and_earlys
sixty's in’the United States [4-8]. The first combustion experiment
Qas performed at Westinghouse Electric Corp. [8] and followed by
- similar experiment [9]. The cycle analysis of the MiD electrical -
power generatiﬁn gystem [10-17] showed that ifia MHD generator is
" operated above ZSQOOK, and used as a topper for‘a steam plant, high

thermal efficiencies can be .obtained. Considerable work had been done
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also on the environmental aspects of MHD [18-20]. The high.température
MHD energy conversion process, With,the higher attainable thermal
efficiency it makes possible, also provides opportunity for. the reduc-

tion and control of air and thermal pollution from the power plant.

One—dimensional Steady State Flow

Extensive research has‘been conducted in the Unitéd States [21-
30]; and other countries [31-36] to better understand the MHb-process
and to solQe the tgchnological problems associated with the phenomena.
The dévelopmeﬁt of a réliable method of calculatiﬁg the flow-of a
fluid in a MHD channel is one of the most impo;tant problems, the

golution of which may aid in the development of MHD'generators;

Considérable tesearch work has Been-devoted'to this problem. The com-
.plexity of'three—dimensionai models [37-38], led early researchers to
consider one-dimensicnal approximations. |

ihe analysis of the MHD generagor steady state response with an
ideal gas as a working fluid was perférmed by several researchers [7,
39;40]. Some of the studies devoted'to the comparison‘of the results
of the one—dimensionai'theory With:experiments [22-25] show that this
theory may be used for the calculation of the flow in the}channel of'
iarge MHD generators if the effects of the boundary layer and the end
teglon nonuniformities.are neglected. The one-dimensional theory is

adequate for the calculation of the power output, electromagnetic.
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L

9

pressure gradieﬁt and load current. In refereﬁces [41-42], the heat
transfer and friction effects are treated ds a fixed percentage of the
MHD generator output, while in [43-451], fhe heat transfer and friétidn
‘effects are calculated as functions of'the.gés parameters (temperature,
pressure; &elocity, mass density, etc.).

Numerical calcu}ation'of the elec;rical parameters-in a Faraday—.
type MHD generator with two-dimensional gas fiow was performed by
Celinski [46], in which the effects of tﬁe viscous and thermal bounda- .

ry layers on the power outpﬁt of the MHD generator was considered.

One-dimensional Time—-dependent Flow

>Most of,;hg analytical work done relating to the development of
the MHD method of energy cénversion, consideréd only ﬁhe steady-state
problem of the fiow. Earlier work on time—dependen£ MHD chaﬁnel flow
done by Yen and Chang [47], considered a time dependént pressure
gradient in the channel. 'The convolution integral and superposition
principle was used to obtain the solution for any arbitrary time-
" dependent pressure gradient. ILundgren, et al. [48], did an analysis
of the transient MHD duct flow of an electrically conducting viscous
incompressible fluid. .Ihe results éhowed that the responée of the
fluid was similar to the résponse of é méss—spring system with a dam-
per. The computational problems in MHD (time~dependent and ;ime—inde—

pendent flow)'wgre also studied by Killeen [49].. A review of a number




10
of computational techniques usefui in solving the equations of MHb was
presented. A review of existing literature and experimentél inves~
tigatioh of non-steady state flow of a viscous incompressible, electri—
cally conducting fluid in MHD channels can be found in reference [50].

" In open-cycle MHb elec;rical power. generation systems, the work-
ing fluid is a real, viscoué, coﬁéressible multi—comppnent gaé. There
are several research studies devoted to this problem_[51—56]; “In
reference [51], the probleﬁ of one-dimensional unsteady—staée flow of
an electricaliy'conductiﬁg fluid'in the éhannel of the MHD generator
and the nuﬁerical solution are di;cussed. The results of the ﬁumerical
soiution of the ﬁroblem of a sudden éhangé in the'load parameters are
given. A small MHD channel (.96l m x .5 m x .1l44 m) was considered.

In reference [52], thé problem éf the - input ;hock wa&e into- the channel
with continuous electrédes and constant cross—seétion is established

and numerically solved; One~dimensional non—stgady state motion of an
inviscid non-heat coﬁducting gés behind the front of a shock wave are
considered. End effects and current leakage in the channel are neglec-
ted. In reference [53], the results of a numerical solution of the
problem of unsteady-state flow with ideal gas and external load circuit-
ry are given. The external circuit conéists of a resistance and induc-
tan;e. In a later paper [54]1, the flow of a real gas in a.channel of

variable cross—sectional area was considered. The channel includes
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the nozzle, MHD generator and diffuser. The gas is assumed to be
flowing from a large.reservoir such;thét the boundary conditions may

be cbnsidered fiied. An-artificiél‘visqosity [57] was'introduéed into
the equation describing the flow,_making it pdssible to calculate the
separation of flow (discontinuity) in fhe channel. 1In this reference, .
the results of thé numerical solution fér a faiflf_largé MHD channel
are presented. The channel is 10 metérs_iong (noézle - 2 meters, MHD
generator — 5 meters and diffuser ~.3 meters). Rosciszewski and Yeh
t56] performed a numerical calculatién of a non-steady, non-equilibrium
‘flow in a divergent linear MHD generator. The purpose of the research
-work was to determine the time necessary'fér the estaﬁlishmeﬁt of a
steady state condition at différeﬁt generatof loads and gas input
péfémetérs, .The two-step Lax—ﬁend?off finite difference method [57]
was used to solve the MHD equations. Oliver [155] conducted a stﬁdy

of the transient response of a MHD é;neratdr to changes in the load
condition. Two types of generatofs Weré considered, a constant velocity
supersonic singlé load diagonal wall genergtOr and a constant velocity
subsonic multiplé‘load'diagonal wall generator. The working fluid was
assumed to be an ideal gas.' The two step—-Lax Wendroff methodiwas also
used ﬁo implement the computer calculatibn;. The response of the

generator to a finite amplitude magnetodcoustic disturbance was obtained.
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Direct—curreﬁt to Altefnating—currént Powef Conyersion

The increasing use of high—voltage direct-current (HVDC), power
transmission has Eteéted the need for dynamic models to amalyze the
performance oflglternating—curfent to direct—-current convérters. A
digital computer simulgtion provides'a:vérsatile and accurate alterf.
native to é'scéled_physical model. The most sgitable configuration
fo? HVDC operation is-the basic bridge 6r Gréetz-[57] Eircuit. (See
Figure 1.4). The beﬁavior of this three-phase briﬁge converter under
steady-state ﬁormal operation is.fully‘documeﬁted f57—58]. The convér—
sion of power at eéch end of the HVDC link'may'be:carried out by'
mercury arc converters or by thyristors.

In 1966, Hingofani,_et al developed-a néw digital computer .tech-
nique fér.the study of ﬂVDC systems. The éechnique is called the
Central Process Méthod based on fhé fact that the operation of a HVDC
convertér consists of simiiar consecutive brocesses. Each'bridée
converter is represeﬁted by a set of differential -and boolean equations.
This-technique may be used to obtain the waveform of transient and
Steady-étate voltages and currents,anywhere in the HVDC system. In a
later paper [60], the simulatioﬁ of abnormal conditibps (faults) in 4
: HVbC system Was.presented.

* Hingorani and Hay-[61-63], developed a more flexible aﬁd accurate

technique in digital simulation of HVDC systems. The digital computer
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program may represent different circuit configurations, modes of con-~
trol and protective devices; Hingorani and Mountford [64], also deve=-
_ ldped'a.method by which truﬁk‘lines'ﬁ;y be simuiated for the purpose
of ioad_flow analysis by digital computer.. The power system may con~

tain one or more DC transmission links.

Steam Plant Dynamic Modelling and Simulation

The developmént.of the'mathemafical model of a steém plant
characterizing the dynémic»behavior of each component is necessary for
the dynamic céntrol of the-plént. A number of mathematical models
have been made to describe the dynamics §f ste;m plant cgéponenté {65~
73]. 1In 1958; Chien, et~a1. [65], prévided’tﬁe first comprehensive dy-
namic analysis of a steam boiler. The.model was a simple representa;

-tion of an oil-fired, single furngce3 natural circulation marine boiief.
A formulation of the mathematical model of a 200 MW eleétric pdwer
generatiﬁg station (Cromby Unit No. é of_Philadélphia Electric Co.)
was publishéd by Daniels, et al. [66] in 1960. The éystem includes a
pulverized coal—firéd,‘twin.furnace, éontrolled circulétién reheat
boiler.. In 1964,.Nicﬁolsoﬁ t67], develope@ optimal and subopfimal N
digital congrollers,for the control of én oil-fired boiler model'spe—
cified by discrete state variables and transition fuﬁction. -The dyna-

" mic model used was similar to that of Chien, and the steady state test

data was obtained from a boiler installed at an industrial power sta-
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tion at Merseyside, Gt. Britain. Thompson [a8], published in 1965, a’
refined version of the Daniels model. A linearized mathematical model

which describes the dynamics of the drum, downcomer, waterwall, econo-

mizer; superheater and the combustion pertion of aAlarge_utility power

plant was &evelopédm -The state Variable technique was used in imple;
meﬁﬁing the model. A comparison with tﬁe.dynamic response of the
Cromby Unit No.‘2 was made.

In 1968; Anderson, et al [69], developed ; mathématical model
for a 200 MW coal—fifed, drum type, natural circulat;dn boiler with
rehéat. - The differential equatdons charéctErizing the behavior of
each componentiwere linearized and ﬁanipulated into state space form
for solution in a digital computeru: Speedy [70], studied the least
squares procedure in estiméting.the parameters of a steam generating
plant model. The results showed that the least squares method pro=
vides a simple proceduré for obtaining mathematical ﬁodgls of sfeam
generating plant with root—mean—sduare (rms) prediction accuracy'bet;gr
than 5 Z. .

In 1971, McDonald, et al -[71=72]}, developed a noﬁ—linear.mathe—
matical model of a drum type, twin furnace, reheat boiler-turbine
generator system wﬁich is suitable ‘for control system'analfsis and
design.. All model parameters were obtained from design dgta and unit

acceptance test data of the systeﬁ. The system under study was the
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coal-fired, - 200 MW Cromby Unit No. 2. An extensive comparison of the
model simulation with the field data was made. [Ixcellent agreement was
found in both closed loop,sfeady state operation and_open—loop tran-
sient response. . McDonald and Kwatny [73], extended their study to the
deveiopmeﬁt of a methodology for the design and analysis of multi-
variable process controls and its application to the eontroi of conven-
tional, drum-type, fossil-fired, single reheat steam power plants based
‘on'optimal_linear control theery. .

The bottoming plant of the MHD system is different from a con-
ventional steam.plant. In the MHD system, tﬁe boiler is an unfired
waste-heat boiler without the losses'assoeiafed with tﬁe furnace. THe
air preheatee.in the conventional plant is ueed to lower the stack gas
temperature, whereas in the MHD eystem, the air is first compressed,;
thus increasing ite temperature. Feedwater heating is accomplisﬁed by
stack gas cooling, wall cooling of.the-combuStien chemBer, MHD channel
and diffuser.and'elso by the regeheratiQe method.

Hoover, et al. [14], proposed a steam hottoming plant for the
MHD system operating at 2.4 x 107‘Newtons/sq m / SZZoKelvin with single
reheat and the steam exhausting at 3.8 x 10—-2 m mereury. There are
four steam turbines, one high pressure, one intermediate pressure and
two low pressﬁre turbines developing an aggregate power apéroximately

equal to one-half of the total MHD system power output. Steady
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state performance of the steam plant was evaluated.

Laﬁton and Steyens [74], provided~a first comprehensive design
of a proposed steam bottoming‘plant basea on a 2000 MW thermal input'
té the MHD system. The steam plant operates at a supercritical

‘conditions (2.4 x 107 Newtons/sq m, 822°Kelvin) and single'reheat.
The steam turbine consists of one high pressure, one intermediate pres-
sure and one low pressuye turbine. Only the stgad§ state performance

of the steam plant was investigated.

1.3. Statement of the Problem

The problems of the.steady state flow of a conducting fluid in
the channel of a MHD generator have been extensively investigated.

The prospects of the development of iarge industrial MHD elec?rical
power generation sygtem creates an urgent ﬁeed for the solution of the
problems associated with the'time—deﬁendent flow in the channel and
the analyses of the_dyﬁamic response of the system components.'

The dynamic response characteristics of a‘léfge MHD electrical
power generation system may be obtained by ﬁsing a scaled physical
model or by the computer simulation of the mathematical model. It is
expensive to build and operéte a scaled mo&el and it is difficult for
the scaled model to accurately represent the dynamic respoﬁse of a
large system. Henpe,-a digital computer simulation of the mathematical

model is usually chosen because of its low cost and great flexibility.
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Alivadze, et al. [53-55] have investigated the unsteady state
flow in fhe chéﬁnel of a MHD generator. A real cﬁannel of variable
cross-section was considered, together with a nozzle and diffusef in
which a real gas is flowing. An artificial viscosity [75] term was
introducéd into the flow equations, which made it possible to calculate
separation of flow.(diécontinuity’ in the channel. The dynamic res-
ponée of the generator was obtained under different loa& conditions.

A Faraday segmented electrodes.generator was considered.

.Since a large MHD electrical power generation system includes not
oﬁly the MHD genéra£ér and diffuser but aiso the sfegm bottoming piant,
the air heafer, the combustor and the DC to AC converter, it is impor-
tant that the behavior éf these componénts should be cérefully analyzed.
The dynamic control of the system can thenh be based on the reésults of
this study.

In this stu&y, the MHD.systeﬁ components considered are the MHD
generétor, the diffuser, the steam bottoming plant and the air heater.
The dynamic models of these components were developed and the transient
respénse to changes in operating conditipns.were obtained. 1In the MHD
generator, the transient response to bhaﬁges in load condition is
investigated. The response of the steam plant to the variation of the
gas parameters (such as the mass flow rate and the gas temperature)

is carefully analyzed. The transient behavior of the DC to AC conver-
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ter is also investiggted;

The outline of. the thesis is as follows:

Chapter II. The dynamic model.of a single-load segmented MHD
generafor»is developed. Basic assumptions lgading to the &évelopment
of the quaéi 6ne-dimen§ionai model are ﬁresented. Thé iimitaﬁioné of
the model is also diséussed. |

Chapter III. The dynaﬁic model.of the steam bottoming plant aqd'

air heater is developed based on the governing laws of fluid dynamics,

. empirical heat transfer relationships and the equation of state. The

DC to AC cdnverter‘is also represented by a mathematicélimodel.

Chapter IV. The-implementafion of the digital computer simula-
tion of the mathematical model of the MHD electrical power generatién
system.components is bresented.A The numérical methods‘useduare élso
discussed.

Chapter V. In this chapter, the results of the digi;al‘computer
gimulation with the appropriate figures to illustrate the dynamic res-
ponse of the system are presented.

Chapter VI summarizes the resﬁlts and the conclusions obtained
from the simulation. The significance of the results are discussed

and the suggestions for future research are given.




Chapter I1

FORMULATION OF THE MATHEMATICAL MODEL OF

A MAGNETOHYDRODYNAMIC GENERATOR

2.0 Introduction

In this chapter, the mathématical mbdgl of a magnetdhydrodyﬁamic,
(MHD) generator is formulated. The three-dimensional MHD equations are
first described and the MHD approxiﬁations.applicable to MHD electrical
power generdtion are presented. The quasi one~dimensional MHD flow
applipable to a lérge eléctficai power genérapion system is developéd.

The limitations of the model are also discussed.

2.1 Magnetohydrodynamics Equations

MHD electrical power generation involves the flow of a viscous,
compressiﬁlg, electricaliy conducting:fluid through.; chanﬁel in the
presence of a transverse.magnetic field. As in fluid'dynamics; the
fluid may be considered as a cqntinﬁoué medium. The MHD equatioﬁs
consist of the Navier—Stokes_eq@ations of fluid dynamics, the energy
equation, Maxwell's equations; the equation of state of the working
fluid and Ohm's law. The derivation of these equations can be found in
references [76-78]. Neglecting the.effect of magnétization aﬁd polari-

zation [77], the MHD equations are (per unit volume):
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Fluid Dynamics Equations

Mass Conservation or Continuity Equation. This equation expres-

ses the principlé of conservation of mass, i.e. the time rate of change
of mass in an arbitrary volume is equal to the total mass flow out of

that volume.

9p. P
e TV (ov)

f
(]

(2.1)

The Equation of Motion or the Momentum Equation. The body

forces acting on the fluid are the Lorentz force (JxB), the electro-
static or coulombic force (pE), the inertial and pressure forces (Vp)

and the viscous force (Ve1) [77].

Dy

e - -Vp + Ver 4+

+ JXB | (2.2)

where %E = %; + wv°V , the convective derivative [77-78].

The Conservation of Energy Equation. The energy equation consists

of the internal energy equation and the kinetic energy equation (the

“product of the’momeﬁtum equation and the velocity). The kinetic energy.

equation is

- D(v?/2)
"B

- [v.W)p + Ve(yr) + v.JXB

+ z}peg

1 | o 2.3
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and the equation for the infernal energy of the working fluid is

i

o = - {p.(vlaz) + Ve (kVT) + J2/O’ }. 2.4)

where U is the internal energy of the working fluid per unit mass,
ﬁ(V°g) is the work doﬁe by the pressure, V<(xVT) is the rate of thefmal
energy lost ffom the fluia; JZ/G is the ohmic heating,-and Ve(vet) is
the dissipation fungtion [77]. The change in the electrical stored
energy-is negligible becaﬁée the permittivity‘of the working fluid is
approximately equal to that of free space.

The total energy equation is

T

PRWETID = - @)+ TD 4 v
+ I+ Ve(ve)

+  yeJxB (2.5)
where (y+*V)p + p(Vey) = Ve(vp) is the rate of mechanical work
done by the gas in working against‘the pressure forces on the surface

of‘the volume. But

2, , _
veJ¥B + J°/¢ + vep E = JE (2.6)
Thus
D 2
g W v /2) = - {V-(up) + Ve(VI) -+ J°E

+ Ve(yer) } @
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- The specific interndl energy is

U = h - ple ‘ (2.8)
and‘
D . 3
p5e (®/0) = pgt(p/p) +  pveV(p/p)
- %% + Ve (yp) (2.9)

Hence the energy equation may be written as

2wty = R gvn + gE
+  Ve(uen) } (2.10)

The equation'of State (for an ideal gas) may be written as
P = pRT

The thermodynamic, electrical and trénsport propefties are:

The specific enthalpy is h ' = \h(p,T) (2.11)
The thermal conductivity is k- = «k(p,T) (2.12)
The viscosity is n = n(p,T) » ' (2.13)

The électrical conductivity is ¢ = o(p,T) (2.14)
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Maxwell's equations are:

V'E = pe/é - (2.15)
: 9B
VX_E— = - -a—t- . (2.17)
’E
VKB = (@ + ) (2.18)

2.2 MHD Approximations

The process involved in a MHD fl;w is descriﬁed accurately by
the three-dimensional fluid dynamic eqﬁations, Ohm's law aﬁd Maxwell's
equations. In MHD electrical power géﬁeration, a number of approxima-’
tions can be made which will be valid over a wide range of -operating
conditions. These are: |

(1) The fluid flow involves velocities much smaller than the
velocity of light, thus relativistic effects are neglected. 'Ip 1arge
MHD generators the fluid velocity is typically in the order of |
lO3 m/éec. The relativistic factor (Vi - v2/c2) may then be considered
equal to unity. | |

(2) The.dispiacement current in.the.electrically conducting_
-medium ié very small comp;red to the conduction curreﬁt over a Widev

- range of frequency. The ratio of the amplitude of the displacement
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: oK R
current (ESEO to the amplitude of the conduction current is approx-

imately

3E, N
€(Bt)/O‘Emax - _ T

In open—-cycle MHD energy conversion where the working fluid is the
gaseoﬁs products of the combustion o6f fossil fuel and air, the typical

parameters are ¢ = 2 - 10 mho/m and € = 10_12. This gives a ratio of

lb_lB which shows that even at very'hiéh frequencies the displacement
current is negligiblg;

~(3) The magnitude of the excesé charge density,(pe) may be
obtained from the equation eV:*E = Pe (Gauss's laW).. Since E varies
Iingarly over some small region, the excess charge densgity is approx-—
imateiy equal to E/L,‘where L is the éharacteristic length of the

electric. field. The ratio of theé magnitude of the current flow due to

the excess charge to the amplitude of the conduction current is approx-—

" imately

peu/oE' = eEu/LoE = eu/Lo

Typical values of u and L are 103 m/sec and 1.5 m respectively. This

gives a ratio of 10—10, which means that the excess charge current can

be safely neglected.




26
(4) The electrostatic body force in the working fluid is equal

to peg. The ratio of this force to the magnetic force (Lorentz) is

o E/JxB = €E/[LBo(E + uB)]

”

The applied electric field (E) is the same order of mégnitude as uB, .

thus
- 2
JXB = o (uB”)

and the rétio is then equal to

EEZ/GLUBZ = eu/oL

which is in the order of 10_10.

(5) The induéed maghetic field is equal to uoLuB. Dividing
the induced magnetic field by the applied magnetic field B, gives the
magnefic Reynolds number, R.m = jygLu. The typiéal value for open-
cycle MHD electrical power generation is approximately 10—2, which
means that the'induced magnetic field can be safely negleéted.

Uéing the above approximations;vfhe MHD equatio#s may then be
written as |

Continuity equation

B+ vew = 0 o (2.19)
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Momentum equation

Dy

5% = -~V + Ver o+ JxB (2.20)

Energy equation

2 2 * -t EB. o o
th(h + v /2) g v + v (KV.T) + J°E
+ Ve(yer) .= 0 . (2.21)
Ohm's law
J % oc@+vxB) - B_(IxB)/B +sési'['(gxg')x_l;]/32 (2.22)
Maxwell's equations
Vel = .0 | T (2.23)
VB = 0 (2.24)
vxE = J | . | (2.25)
. 9B . '
VKE = - ~ (2.26)

ot

2.3 Quasi one-dimensional MHD equations

Dynamic control of a MHD system requires a simple but accurate
mathematical model, thus avoiding é complex control implementation prob-
lem. Some approximations must be made to reduée the three-dimensional
model to a one-dimensional model. Howevgr, this does not imply that

the process in the MHD channel is one-dimensional. - -
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~ The approximations are:

'(l) The variation of the cross—sectional area of the channel is
such that the only significant component of the veiocity is iﬁ the
axial diregtion. This imply that-A%%witl [80].

(2) All non—uﬁiformities in the end region (inlet and exit) of

. the MID chapnel can be neglected. These non-uniformities are associa-

ted with.eddy currénts in the end regions. These eddy currents tend
to reduce the power output of the MHD generator. However, the loéses
may be reduced by increasing the generator'aspect ratio (L)D). Mefhods
that may be used in reducing these losses are discussed in réferences
[81-83].

(3) The magnetic field is constant and parallel to the z-axis

and the electrostatic field is only in.the x and y direction. The

‘magnetic field is uniform over the cross-section of the duct.

(4) The induced magnetic field is negligible. ‘This‘implies that
the magnetic Reynolds number (a measure of the ease with which the
fluid flows through a magnetic field) is smaller than unity. For open-

cycle MHD, the magnetic Reynolds number is very much less than unity..

Thus, the perturbation of the‘maénetic field is very small.

(5) The fluid flow parameteré (velocity, temperature, pressure

and mass density) are assumed to be uniform over the cross-section.

4
This implies that the flow parameters may be represented by its average
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value over the cross-section of .the chanpel.

The quasi one-dimensional equations may then be written:

Continuity
B L LAy
5t + N ax(puA) 4] (2.27)
.Momentum
L Bw o, Bu " 3p _
Q 5T + pu el S +. (JB)X F (2.?8)
Energy
%h 3w o, o 8h 23 _ 3p
pat + »pu 5t + pu ™ + - pu e v + JE -~ G (2.29)
Ohm's law
JX _ o : [a+ Bise)Ek - Be(Ey - uB)1(2.30)
1 f BiBe) + Be .
: o )
J = {1+ 8,8 )(E_~uB) + B E_] (2.31)
y (1+8,8)+8°2 1e’ Ty ex
ie’ . Ve
. 91T _ 9 . 3L
where F = oy and G = BXCK %

The.MHb generator may be oﬁerated:éé a constant area, éonstanth
velocity, cénétant Mach number, constant temperature, constant pressure
or - constant dénsity generator. The constant area generator is very
useful for MHD experiments. For spbsoﬁic and supeﬁsonic,inlet condi-

tions, the flow will tend to ‘a Mach number of unity at the exit,[84].
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The thermal energ& is converted into kinetic energy for a subsonic
inlet: condition and the kinetic energy will be converted to thermal
energy for the supersonic‘inlet condiﬁions. These converted emergies
canno£ be recovered in the duct,‘£hus.th£_conversion efficiency is
reduced. In the constant velocity generator [85], the gas temperature
decreases so that the Mach number at the exit is greater than at the
inlet resulting in an increasing diffuser losses. In a constant tem-
perature generator, the electrical energy 1s obtained ffdm the kinetic
energy only [86]. In thé constant pressure or density MHD generator,
only a part of the flow kinetic energy is converted to electrical
energy, the rest being converted to thermal energy. The constant Mach
number generator (for a perfect gas in the absence of heat transfer),
when optimized provides fhe maximu@-electrical power output with mini--
mum duct size [87]. In a generatof utilizing real, viscous, comptres-
sible gas as a working flqid, the optimum (minimum duct size for.a
maximum power output ana fixed pressure ratio) is close to a constant

Mach number generator [45].

2.4 . Heat Transfer and Friction Effects

The quasi one-dimensional model ignores the effects of the vis-
cous and thermal boundary layers. Due to MHD forces, électrical dis~-

sipation near the electrode wall, the deposition of the qondensed seed

- and.slag'on the wall, the existing boundary layer theory developed for
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rocket engine nozzles [88] may not be applicable to MHD generators.
In fhe.develoément of the héat tranéfer and friction effects equations, .
the boundary layer is ignored. The boundary layer effects are‘dié—
cussed in section 2.7.

The heat transfer (G) and friction (F) terms-in the quasi -one-
dimensiénal equations may be expres§e§ in terms of the heat flux and

shear stress at the duct wall. Tt is assumed that the heat transfer

" and friction effects are the same on the electrode and insulator walls.

The'momentum and energy balance equations for an element.of the duct

length are [89]

’ﬁ .
0

4 v /D . . (2.32)
G = 4, * /D (2.33)
The shéar stress (Tw) is calculated from the friction factor
£ = 271 /pu2

w ’ . ’ (2:34)

The flow in a segmented MHD duct may be considered similar to a
fully developed flow in a long rough tube. The flow in a duct is
controlled by the Reynolds number (Re = oud/n ). For a large MHD

generator with thermal input greater than 2 megawatts, the range of

the Reynolds number is lO5 to 107 (turbulent flow). For this range,

: -.2
the friction factor is approximately [90] , £ = clRe
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The effect of the MHD forces on the vaiue of the frictién factor
for large MHP generators has not been fully investigated. Various'
authors [90,91] reported values of friction coefficignt (cl) for small
MHD generators equal to threeltimes greater than in the case of a
smooth wall. In an inves;igation conducted by Zankl [92], using a

small channel (4 cm x 5 cm inlet, 12 cm x 5 cm exit, 1.6 m long),

" the larger friction coefficient led to an increase in the temperature

and pressure of the combustion gas, thus resulting in the increase of
electrical conductivity. However'fof'large generators, the friction

coefficient may not be as large as that exhibited by small experimen-

‘tal generators.

The friction term (F) may then be written
Foo= 2 c.P u2 Re—"2 ' (2.35)

The convective heat flux’(qc) is obtaitied from the convective

heat transfer coefficient (Gh)

Ch = qc/(Taw - TW) (2.36)
200 S
where T = T + R u/2C
aw P
. 1/3
R = Pr -
Pr =

C n/k
P
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In a fully developed pipe flow [89]

_ .8 .4
Ch = c2Re Pr’ k/D 2.37)

where cziis a constant which depends on the wall roughness, obtainable

from experimental data [93-94]. The value of ¢, is also influenced by

2.
the MHD effects, seed and slag deposition on the walls and the Ohmic
dissipation on the electtodes.

The convective heat fluk may then be written as

q, - czRe'sPr'4(K/D)(T =T+ Ru2/2) o (2.38)

Let AT = T-T and Ah = h -nh

W W
where h and hw are the specific enthalpy at the temperatures T and TW
réspectively. But Ah = ATCP + ApCt, thus for small variation of
pressure, Ah = ATCP, or h - hW = Cp(I - TW). The convective heat

flux may then be rewritten as

q cre’ e tteme )@ - o+ RP/2) T (2i39)

c 2

The actual convective heat ioss is gréatly influenced by the
slag and seed deﬁosiés on the walls which would lead to an increase in
the wall surface‘temperature of the inner walls. This would result in
the reduction of the thermal boundary layer thickneés. |

The radiative heat flux (qr)‘is calculated from the radiation

| N —
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equation [95]

_ 4 4, '
@ = S (egT - e T (2.40)

The wall emissivity (EW) depends on the material and condition of the
wall surface and the gas emissivity_(eg) depends on the duct dimension ‘
and the working fluid constituents'IQS]. An approximate formula for

(eg) extrapolated from the curves obtained by McAdams [95] is

g, = ST p°> x 1074 (2.41)

The viscosity and the thermal conductivity of the combustion

gas are given by [89]

=
1l

2.1x10°8 (r + 780) (2.42)

« 1.71 x 107 (@ + 270)/M , (2.43)
‘in the calculation of the gag specific enthalpy, the value for
chemical equilibrium is used‘(Appendix A) which implies that chemical
equilibrium exisés throughout the cross—section of the channel. This_
is justified by the short chemical reaction tiﬁe (at high operating:

temperature and pressure), much smaller than the residence time of

the gas in the combustion chamber.
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2.5 Working Fluid Thermodynamic and Electrical Properties

The calculation of the thermod&namic properties of the gas are
based on the law of mass action. This calculation involves the solu-
tion of a set of non-linear simultéﬁéous differential equations for
the molar concentration of the various fluid constituents. A number
of numerical calculatiéns have been.pérforme&lby different feséarchers
t96—99]. | |

In this s;udy, theythermodfnamic equations were obtained from
the equations develofed by Baylis, et al. [100] to fit theidefailed
equilibrium calculation of Freck and Roberts [961. Thelequations'are
given in Appendix A,

Since the cﬁﬁbustion products'of'air'aﬂd coal have a low elec-
“trical conductivity, an3élkali metal (prefe&ably cesium or potaésiﬁm)
is added to provide the neceséary electrical conductivity for an
efficient energy-conversion. This_process'is called seeding. 'The

degree of ioﬁizatidn (electron dehsiﬁy) is given by the Saha equation

[104]
nn
e i 5040 3 5040
Log [——=%1 = - —=— - = Log ——
pos: ,ni T L 2 T
) _ gi' .
+ 26.9366 + Log- Z-E— (2.44)
o >

which employs the law of mass action to obtain the electron density.
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The calculation of the electron density and the electron mobilityl
in a seeded plasma has been discussed by various authors [96—99, 101~
103]. The electrical properties of the gas used in this study were
obtained from the simplified equations developed in reference [100] to
fit the detailed calculations preformed by Freck [96]." The equations
are given in Appendii A. It was assumed that the eléctrical properties
of the gas may be represented by its average value throughout the
cross—se;tion of the channelf However in the presence of an electro-
magnétic field, a gasdynamic turbulence in the electrically conducting
fluid gives rise to fluctuations in the electric field and current
denéity. These arise because of the fluctuation in the yelocity and
conductivity of the workiﬁg fluid. These changes in conductivity and
electron mobility are subject to a time constant [105] which is suffi-
ciently large so as to prevent the electrons from féllowing the tur-—
Sulent fluctua?ions.

The valués_qf the electrical conductivity of the combustion

products of coal, air and alkali see& still remain uncertain as long

as the effects of the rare components of the coal and the slag are

unknown. The effects may not be negligible. The uncertainty in the
chemical composition of the seeded combustion gas makes it appropriate
to use the simplified physical model for calculating the electriecal

cenductivity.
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2.6 The Single-lead Segmented MHD Generator Model

The Linear MHD Generator. The linear channel is the simpleét
MHD'genergtor geometry and by farltﬁe moét advance in the develépment
stage of MHD.generators. In the following aﬁaiysis, the velocity u
is taken in the x—direction'and the magpetic field in the z-direction.
The induced electric field (vXB) is then equal to uB in‘the y-direction
(See Figure 2.1).

The three most common types df linear genérators are the conti-
nuous electrode Faraday, the segmented electrode Faraday.aﬁd the seg;
mented electrode Hall genefator. The gontinuous electrode generator
is shown in Figure 2.2. This is the simplest.of all MHD generator
configuration and operates with a single load. There is no electric
field in parallel with the fiow but large'axiallcurrent exists.

The current dehsity equations 2,30 and 2.31 become

- . 2 2 .
Jx = —cBe(Ey - uB)/[(1 + BiBe) + Be ] | (2.45a)
I = o +8,8)E - uB)/[(L+8.8)%+82] (2.46a)
v iTe’ Ty . i“e’ - " Te ‘
Introducing é load factor ( K = Ey/uB ), tﬁe above equations may

then'be written

J
x

0B (L - OB/ + 6;8)" + 8,11 (2.45b)
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Figure 2.1 Diagram for the Analysis of a
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Figure 2.2 Continuous Electrode Faraday MHD Generator
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J
y

o(1 + 8,8 ) (K - L)uB/[(1 + sie»e)2 + sez] - (2.46b)

The power generated per unit volume 1is

o K(L - K)u’B* (L + 8.8 )
P = EJ = 5 o (2.47)
@+ 887 + 8,

since E = 0.

- x . ‘ -

In the continuous electrode generator, there is an ohmic loss
in the electrodes due to the axial 'current. This loss can be reduced
by segmenting the electrodes (Figure 2.3). Thus, there is an axial
field developed in the generator and the axial current becomes zero.

The equations for this generator may then be written

Jy = c(Ey, - uB)/(1 + BiBe) : . (2.48)
E, = Be(Ey - uB)/(1 + B,8) ' _ (2.49)
B _ 2.2 '

P o= EJ = K(1 - K)ou"B"/ (1 + B.8,) (2.50)

The segmentiéd electrode pairs may be short-circuited and an

external load connected between the first and the last pair to form a

Hall generator (Figure 2.4). This forces Ey = 0. Thus
0[(1 + Bise)Ex + BeuB] . . C
Jx = . vk ) (2-51)
1+ BiBe) + B,
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E
X

- KﬂﬁeuB/(l + BiBe? o (2.52)
where Kﬁ -1s the ratio of the axial electric field and the open-

circuit .akial. electric.field. The power density is

222
: : (1 - YoB "u'B
P = EJ = T W% s (2.53)
- (1 + B BOICL+ 8;8)° +8,°]

An'anglysis of the Hall effect on the electrical terminal
characteristics, generated power per unit volume, pressure gradient
and generator efficiency [106] showed tha£ for a segmented electrode
Faraday generator, the pefformancé is independent of the Hall effect
fof very small values of Bi. For the continﬁous electrode génerator,
the poﬁer density deteriorates as‘Be increases., In a Hall generator,
the power density ana efficiency is comparable-to that of the segmen-
ted electrode Faraday generator for large values of Be (Be:$> 1) but
is poor when Be is small. Analysis of the.performance of these three
types of generators with Hall effect was also performed by Celinski
[40] with similar results.

For the working fluid under consideration in this study

( combustion products of coal, air and seed), the Hall parameter Be

is in the range 1 to 6 and Bi<3< 1. This range of values rules out

the use of the Hall and-the continuous electrode generator. However,
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Figure 2.3 Segmented Electrodes Faraday Generator
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Figure 2.4 Hall Generator
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_the~éegmented electrode Faraday generator requitres a multiplicity of

loads.

A series or cross—connected generator was proposed by De Montardy
[107] to reduce'the number of loads ;ohnected.to the generators (see
Figure 2;5). The cross-connection between the electrodes on the top
and Eottom wall are equipotential planes in the oﬁe—diﬁénsional model.
The angle of cross~connection introduces‘aﬁ electrical constraint.

represented by the parameter
o = —Ey/Ex , ' (2.54)

For a finely (infinite segmentation) segmented generator with

no distortion in the electric field, the current demsity is [107]

J = J - o J : . (2..55a)

x y
, (B + uB( - 8)/( + 0% ~
or J = Ql+a") o 5 - (2.55b)
(1+8.7) :
e
The open—éircuit electric field is
E. = =-uB(a=8)/+a?) (2.56)
X0 e
and the power density
KA - B (o - 8 0u"B’] |
P = JE = (2.57)

@ +8)% (1+d)
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The total current crossing any equipotential plane is constant

and equals the load current given by
o, = AW - al) ‘ (2.58)

The generator electrical parametegs, (Lorentz force, current
density, eleétric field, isentropic efficiency, power density) may be
calculated in terms of the load current and the cross-connection para-
meter @). Féllowing Bayliss [100] ,-.a dﬁuen'sionles\a current Is intro-—
* duced to éimpiify‘the equations (Téble 2.1), \ |

A I/ (AouB) ' X (2.59)

Isentropic efficiency is defined as the ratio of the pbwef output per
unit volume to the work done agaiﬁst the Lorentz force QiXﬁ).
ng = (EJ_+ Eny)/JyuB | © (2.60)

Electrode Voltage Drop. There is an electrode voltage drop

caused by the poor emission properties of the electrode.materials aﬁd
thé cold bouﬁdary layer at the surface of the electrodeé- Thé vdltage
drop varies with the load current, témpexature and the material 6f the‘
electrode walls. The higher the'temperature of the é&ectrode, the
thinner is the boundary layer and the iower is the voltagé drop [108],

At 1afge current densities, the voltage drop is approximately constant.
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Figure 2.5. Series or Cross-connected Generator
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Figure 2.6. Coordinate System for Segmented
Electrode Generator [100]
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For a large MHD generator operating at subsonic condition the voltage
drop may vary between 40 to 200 volts [110]}. It is convenient to

define an electrode voltage‘drop'parametér

¢ V/huB : . (2.61)

and introduce this parameter in the one~dimensional equations\for the

single-load MHD generator.

Effects of Segmentdtion. The segmentation of the electrodes is

necessary to compensate for the power reduction due to the Hall effect

‘and also to reduce the duct end lossés due to loop currents [111].

The ana;ysis in the preceding section assumed infinite segmentation.
In a practical MHD geﬁerafor, the electrode pitch aﬁd width is finite,
typically one to five centimetgfs, liﬁited by thé axial elec;rié field. .
The'infiuence gf a finife electrodé pitch and width (two-dimensiona1>
effects considere&) for a segmented Faraday genergéor was first inves-

tigated by Hurwitz, Kilb and Sutton [112] .and for the three types of

~generators (segmented Faraday, Hall and'cross—connected'generators)

with the electrodes and the insulating gap‘gqual in width by Dzung
[113]. Similar investigations limited to the segmented Faraday genera-
tor were also performed by Yeh and Satton [1;4] and Schuitz-Grunow-and

Denzel [115}. In a later paper, Dzung [116] considered the influence

"of a finite electrode pitch for the three types of -generators for any
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ratio of electrode and'gap widths. A set of curves and formulae were
derived showing the effects of finite segmeﬁtation on the power density,
generator efficiéncy aqd on the vol#age-cufrent characteristics of the
ﬁHD genefatorw An énalysis performed by Witalis [117-118] also showed
resulﬁs similar‘to that obtained by Dzung.:

A more useful form of introducing the two dimensional effects of‘
electrode and‘gap widths into the one diﬁensional MHD equations based
on the work of Dzung was proposed by Welly [100]. It is aséumed that
the conditioqs.in the duct do not vary with x, thus the current and
potential systems are.periodic with the segmentation. Then, the

" currents and poteptials qf the three electrodes (O,X,Y)‘in.ﬁiguré 2.6
may be éxp;esséd as functions of thg Hall parameter; pitch tovheight

ratio (b/h) and the electrode to pitch ratio (a/b): These are repre-

sented by resistances R._,R R .
' XX yXT yy
ox = Ralx T Rygly o , (2.62)
= i . 2.63
- RoIe * Rk (2.63)
where ® - potentials measured in the moving frame at electrodes

X and Y with respect to electrode O.

) Ix - axial current

; Iy - current to each electrode
? - - Rky = - Ryx , ‘'since there is no relative‘disﬁlacement between

electrodes.




Table 2.1. Expression for the Generator Parameters [100]

Lorentz Force

- B+ I @ - B8))
.1+ a? o

Power Density

821w+ 8) TR+ 89))

1 +-a2

Axial Current
Density '

cuB(I*(i +aB8) —a)

1+ az

Transverse Current
Density

- ouB(L + I'@ - §))
1 +-a2

Axial Electric
. Field

~uBl@ +8) -1 +8D)
l.+a2 ’

Tramnsverse Electric

‘quB[@ + 8) = (1 + BT

Field 1 +-a2
%* %
Isentropic I @+8) -1 2(1 + 32)
Efficiency

o - B)I* +1

Load Factor

@+ ehHr

-7 %9

LY

)
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The above, equations may be written [lOOj

| GEX. = kJ o+ kBI .' (2.64)
;= kJ 4+ k8J 2.65
9E, Sy 8, ) (2.65)

vhere the bars over the electric field and current density components

-denote that these are average values over the duct height or along one

period of thé'segmentatibn.(whichever'is épﬁlicable) and the‘coefficients
kx, ky, k are related to the fesistances in equations 2.62 and 2'637

The equations in Table 2.1 may then be modified by the inclusion
of these coefficieﬁts and the electrode voéltage drop ﬁarameter )]
(see TaBle-2.2). The coefficients may‘be evaluatea using numerical
relaxation method [119—120]_6r by conformal mapping [112,116—118]. The
coefficients used in.fhis study were.obtained from the performgnce ‘
curves published by bzung [116] which is applicable to any configura-
tion of electrodes ‘and insulators in é'geﬂerator operating‘under any
load condition assuming homogenéity in the éenter_of the duct. The

curves are shown in Figure 2.7. The coefficgents may then be written

[100]
K, = 1/@+b'V) " | (2.66)
: % % 2 % . .
K, = LB L uE V] = b+ (2.67)
k= (B-Db (u-ve)/(BA+DvV)) (2.68)




Table 2.2. Generator Parameters With Segmentation Effects [100].
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where b* =. b/h
c = a/b
a — electrode width
b - eleétrodg pitch
h - electrode separation

and u, u', v, v' are obtained from the:curves sbown in Figure 2.7.
The derivation of the gﬁasi»one—&imensional equations this sec-
tionlwere bésed on the assumption that all the MﬁD duct‘parameters
(o, B, u, B) are constant along the generator length. However, the
parameters méy vary in all directionms thus introducing errofs in the
results. The electrodynamic effects of non-uniformity of magnetic
field and fluid parameteﬁs,was investigated by Cc.mey'[121]° The
assumptions he made were (a) the'fluia parameters are constant over

the cross-section of the channel and (b) the effect of finite segmenta-—

- tion was neglected.

Coney used the relaxation method to solve the two-dimensional MHD
duct equations with consideration of the effects of discontinuities.
The resﬁlt of his investigation showed ;hat.the one-~dimensional method
was adequate for the calculation of power output, electfomagnetic
pressure-gradient.and the total 1oad;cﬁrrent in-the duct away from.the

dispontinuity.' However the one-dimensional theory could not adequate-

.1y describe the potential distributioh through a discqntinuity, but
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the errors in the calculation of the powér output and electromagnetic
.pressure over the region were not exceséive.

Coney showed that for a small génerator‘(150 MW thermal input),
the errors obtained in the one—diménsional theory weré émail_(il %) in
thé calculation of the eléctromagnetic pressure Eoth near and away from
the discontinuity. The errors in the power output caicuiét%on were
greater; .over tha.ﬁﬁole“ducf, fhe Pouerfbuﬁgut cqlculatgd-was.abéut
3 % too high. _ |

No study has been made as to the applicabiiity of these results
(or the scaling) to a large MHD generatorkobe;ating under differeﬁt

magnetié field strength; pressure and temperature. .

2.7 Boundary Layer Effects

The fléw in the MHD generator ﬁay bé divided into two parts, the
inviscid core flow and the boundary.layers in the vicinity of the duct
walls. Several analyses have been performed to iﬁvestigate this type
of flow [38,122—123].‘ In refefénce [1384l39], it was assumed that the

viscous and thermal boundary layers have the same thickness (8),

5(x) = a.x.Rek> . . (2.693)

In aerodynamics [124], the value of the coefficient.(a) is .37,
however in MHD generators the coefficient may be taken to be equal to
.32 [122]. Thus

5G) = .32 x S(apsiyt ¢ ' ' (2.69b)
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The effects of the boundary layer are determined by the ratios
(8/b) and (5/h), where b and h are'the cross-sectional dimensions of
the MHD generator. To show fhe relative effécts of the boundary layer
on two different generator sizes, a parameter y is introduced.
(Gs/hs) smal; generator

y = —ss T - (2.70a)
(Sl/hl) large generator

Assuming a square and constant cross—section for both generators and
a factor of (Kl) in their linear dimensions, the relative effects (y)

at the half length of both channels is equal to
v o= &2 [ /n) [ Cageg/nlt (2.70b)
1 s 8 s 1"1° 1 ) - :

If the velocity, the mass density and the temperature of the gas at

the half—length of both channels have the same‘values, then

2 S | (2.70¢)

A numerical example Would.be appropriate. Considér an e#perimén-
tal generator with the dimension (.1 m x .1 mnxlm ) and a larée
generator (1 mx 1mx 10 m.) wifh the gas parameters at the half-
length ( u = 700 m/sec; p = .35'Kg/m3 ;3 T= 2400°K) .

The boundary 1ayer thickness for the generators are:

For the small generator S :00894 m

.0564 m

For the large géneratbr 8
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and the (§/h) ratios are:
For the small generator G[h = .6894
For the large generator ¢&6/h =  .0564
The ratio of the relative effects is y = K 2 1.58489.

1

A theoretical investigation of the effects of the gas non~-
uniformity in the  MHD channel due to fhe boundary layer was conducted
by Celinski.-[46]. It was assumed that (a) the gas dynamic and
elecpricél parameteré are conétant in the‘diréction of the ﬁlow,

(b) the effecfs of finite electf&de Width ﬁere neélectéd, (c) the
electrical conductivity is a fupétion of the local gas temperatp?é

and pressure only, (d) the channel is 6f constant cross-section,

(e) the applied magnetic field is coﬁstaﬁt, (f) the magnetic Reynolds -
number 1s very small, (g) the chaﬁnel end effects were negligible

and (h) perfect electrodes and insulators'were used. Celinski used
the method of electriéal equivaient circuits [125] in the calculation.
Only ﬁhe solution to the two-dimensional problem was obtained due to
the large computer capacity requirement of a three-dimensional model.
The results of Celinski's study'showed that (a) the\oﬁen~§ircuit
voltage is not strongly affected by the boundary layer and its magni-
tude is slightly dependent oﬁ the wall temperature and independent of
the Hall parameter. (b) The internal resistaﬁcé of the generator is
strongly increasing with‘the increase of the Halllparameter? especial-

ly when cold walls are used. (c) The power output is strongly




55
influenced by the boundary layer.thickness., (d) The Ohmic losses due
to the circulating current increase with the increase in the boundary
layer thickness and with the decrease of the Hall parameter. (e) The
axial current increases with the increase in'the.thickness of the

boundary layer.

2.8 Scope and Limitations of the Model

The quﬁsi one-dimensional model used in this study is based on
the assumptions preseﬁted in section 2.3, appliéable to ia;ge MHD.
generators. The heat transfer and friction terms used.are discusse&
in section 2.4. It is assumed that the déposition of the slag and
the seed on the inner_walls of the channel would resuit in the reduc-
tion of the heat transfer coefficient. The friction coefficient for
a large MHD generator 1s assumed to be smalle; than that of a small
experimental generator'but larger than that of the ;mooth tube. The

size of the generator considered is large enough such that the overall

effect of the boundary layer is a reduction in the power output by less

than 10 Z.

Since the calculation: of the electrical conductivity is based on
the simplified eéuations (Appendix A) for the combustion products of
carbon, Hy&rogen, oﬁygen and'nitrogen'and seed, the calculated conduc—
tivity may deviate from the actual conductivity by as much as 10 Z.

The effect of the electrode voltage drép and the finite segmen-

" tation are considered to improve the.overall'éccﬁracy'of~the model.
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The non~uniformities in the end regions'are neglécted. ‘However, for
a large generator, the aépect ratio (L/D> can be chosen such that the
power losses in the end regions'are minimized. Furthermore, the
exponential decay of the magnetic ﬁield at the end regions tend to
reduce the eddy and circulating currénts.

A single-load MHﬁ.generatof is considered to avoid the multipli—"
city 6f load required by the segmenfed Féfaday generator. The_gQSr
dynamic input conditions are chosen to represent operating‘conditions

applicablé to large MHD generators.




Chapter III

FORMULATION OF THE MATHEMATICAL MODEL OF THE

MHD POWER GENERATIQN SYSTEM COMPONENTS

3.0 Introduction

4 The méthemétical model of the MHD system components'are developed
in this chapter. The components considered are the steam bottoming
plant, the air heater and the DC to AC converteér. The descriptiqn‘of
the gas and the steam cycles aré presented in section 3,1. The steady
state éir, gas and steam parameters are also given. The dynamic model
for the steam plant and the.air heater are formulated in section 3.2.
In section 3.3, the dynamic model of the DC to AC converter is

described.

3.1 The Steam Bottoming Plant and The Air Heater
| The bloﬁk diagram of the MHD-Steam power generating systgm
considered in this study is shown. in Figure 3.15‘ The steam flant and
the ailr heater are partitioned into the followiﬁg sections:
(a) Water/Steam Cycle

@n) Feedwater heater

(2) Feedwater pumps

(3) Wall cooling - cémbustor; MHD generator ahd‘diffuéer

) 'EconomiZef |

(5 Radiant section
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(6) Pfimary Superheater

(7) High Pressure Steam Turbine

(8) Reheatér

(9) Low Pressure Stéam Turbine

(16) Condenser

(11) Extraction Pump

(b) Air cycle |

@9) Gompréssé?

(2) Low-Temperaﬁure Air Heater

(3) High-Température Air Heater

As a first step towgrds the_simulétion of a complete MHD-Steam

'power geﬁeration system, a simplé open~loop model of the steam piant
and the air heater.is considered. The components included in the |
model are the high temperature economizer, the low témperature air
heater,'the radiant section, the higﬂ temperafu£e air heater, the
primary superheater, and the reheateff' The effect of the low temp-
erature economizer, the feedwater heater, thg wall cooling tubes and
the feedwater pump dynamics were omitted because the added complexity
would not result in any siénifigaﬁt conttribution to the model perfor;
mance. |

3.1.1 ° The Steam'Cycie

The top steam temperature used in the heat balance ¢alculationé

is 823°k. Supercritical pressure with single reheat is used. The
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‘complete steam cycle is shown in Figure 3.2, with the corresponding

inlet and outlet steam conditions. The steam plant design is based on

a 2000 MW thermal input to the MHD combuétion chamber.

3.1.2 The Gas Path

From the MHD auct, the combustion gas.flows through the diffuser
Wﬁere.efficient pressure recovery is very important. Thé heat loss in
the diffuser is employed in Produéing steam. The gas then flows

through the radiant section consisting of a rectangle formed by tubes

‘contained in a lined cylindrical pressure vessel. Approximately 95 %

of the heat is absorbed by the tubes through radiation and 5 % through
convection (defermined by the convection and radiation heat transfer
coefficients and the gas temperaturé [74,95,127]). The next section is
the regenerative high temperature air heater where the heat transfer
rate is approximately 93 Z by radiation and 7 % by—coﬁvection. The gas'
leaving the high temperature air héater flows through the p;imary |
superheater where the heat transfer rate is approximately‘lo Z by
radiation and 9Q % by convection. Héwever in the simplified model the

heat transfer rate is assumed to be purely by convection. The reheater

_éection is downstream of the primary superheater. The gas: then flows

through the low temperature air heater and finally through the two

economizers. The complete gas path is shown in Figure 3.3. The impor-

tant design .parameters of the steam plant and the air heaters are

shown in Appendix B.
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3.2 Formulation of the Mathematical Model of the Steam .Plant and

The Air Heaterx

The dynamic behavior of the steam plant and the air heater may

be represented by non-linear, partial differential equations related

" to fluid fIOW'and heat transfer. The solution of a set of these

equations are difficulf, thus simplifying assumptions have to be made.
The steém plant is Aivided into a numbér of sections such £hat the
propérties of steam, water and .the coﬁbﬁstion gas are assumed to vary
only in the axial direction. The properties of steam in each section
may be represented accurately by a polynomial derived:from the steam
tables [126] using the least squares method [Appendix C]. This
reduces the number of calculations required (by approxiﬁately 86 %)

to obtain the necéssary steam properties. Since the fluid is at

supercritical conditions, there is no distinct: transition from water

to steam. The basic assumptions madg in the formulation bf the mathe-
matical model are:

(a) Fluid flow is one-dimensional fully developgd turbulent
flow. '

(b)' Heat tranmsfer from the tube wall Fo the internal fluid may‘
be eipressed by the Nusselt equation‘[127]; which épplies only to
constant flow. '

(¢) All gravitational and kinetic energy terms are neglected.

(d) The heat transfer along the length of the'tube or along
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the length of the fluid flow is negligible.

(e) Heat. storage of the tube is concentrated at the center of
the tube W;ll. | |
| (£) Fluid‘préperties are'défihea by average values over the
cross—sectional area.

(g)"The dynamics of the combustion gas are negligible.

EQery section of the steam plant consists of hundreds of tubes
in paréllel. Uniform distribution -among the parallel flow is assumed,
thus a single fluid flow may be used to represent_tﬁe multiple fiow
path of each unit. |

The film conducténce‘of the steam is assumed to Varydwith the
.8 power of the fluid flow inside the tube and the film conductance
on the éas éide-is assumed - to véryvas the .6 power of the gas flow -
[95]. The variation of the coefficients with -temperature is neglected.
The gas-side radiative heat transfer is represented by the Stefan—
Boltzman law [95]. The volumes and the weights :of the connecting
pipes are considered to be lumped with their adjacent section.

The steam plant is basically a Universal-Pressure boiler [127].
It is a high cabacity, high temperéture, once-through boiler. The
working fluid is pumped into the unit ‘as a liquid, flows through all
the pressure-part heating surfaces sequentially, Qhere it is converted
to steam as it absorbs heat. There is no recirculation of water with-

in the unit, thus a drum is not required to separate the water from
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the steam. At superéritical pressure there is no distinction between
the water and the steam.

| Since the dynamic fesponse of the turbine-generator combination
are much.faster than that of the boiler, only the steady state
equations of fhe turbine are included in thé model. '

The dynamic equations for each sec;ion are based on the steam

proﬁerties at tﬁe outlet of the section and the gas properties at tHg
inlet of that sectionm. |

The mathematical model of each section described below is based

on the governing laws of fluid dynamics (conservation of mass, conser-

~vation of momentum and conservation of energy ), empiriéal heat trans-

fer relationships and the equation of state obtained from standard

textbooks [80,95,128].

Conservation of mass

A 2L W

ot S 0 _ ' : (3.1

Conservation of Momentum

P du du L pu”
o + o ( Y + u x )y + 2¢cC -O (3.2)

Conservation of Energy

-3—;(wh) + AEt(Up) = qw' : ._ (,3.3)_
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Equation of State

i

o 2 (p,h) o (3.4)

T

T(p,h) | (3.5)

Heat Storage in the Tube Wall

HTW .
dg = 9 = Ap Gt : (3.6)

Heat Transfer from the Tube Wall to the Fluid

qq - = .Cg@ (v'vs/wso)'8 (T, - T : (3-'7_) .

Convective Heat Transfer from tﬁe Gas Side to the Tube Wall
e = cap (wju 3 (@ -1 (3.8)
g g 0 g go g w )

Radiative Heat Transfer from the“Gas Side to the Tube Wall

_ 4 4 '
qg = TrDOS(Tg —TW) | | (3.9)

The partial differential equations representing the fluid dyna-
mics may be reduced to ordinary differen;ial equations vélid only for
small disturbances about an operating point.

The £luid ﬁynamic equations may then bé reduced té:

‘Conservation of mass

Ve = v, -w , o (3.10)
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- Conservation of Momentum

2
p; —p = fwi‘/pi, (3.11)
Conservation of .energy

: d
Wihi + Qs - woh.0 = V dt(ph) (3.12)

The heat transfer equations may be rewritten:

Heat Storage in the tube wall

, dTW
Qg - QS = WﬁCW s (3.13)
Heat transfer from the Tube Wall to the Fluid -
Q - constant x w 'SkT -T) (3 14)
s nsta o (T o .
Conveétive heat Transfer from Gas Side to the Tube Wall
Q. = constant x w '6(T -T) (3.15)
g g g W . '

Radiative Heat Transfer from the Gas Side to-the Tube Wall

Qg = constant x (Tg4 - TW4) ‘ (3.16)

3.2.1 The High Temperature Economizer
The feedwater leaving the wall cooling tubes (MHD duct and
cbmbustor) flows through the. feedwater heater. The feedwater pump

increases the water pressure from 850 psia to.supercritical pressure

{
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(2.728 x lO7 Newtons/sq m). The feedwater theﬁ flows through the
high temperature economizer. The economizer consists of 5.1 cm tubes
arfanged on a 10.4 cm squaré pitch.

Mass equation. -

W Vo = Ve 3c° ‘ (3.17)
Momentum Equation
P - P = £ wi/p ' (3.18)
ei eo e ei’Vel *
Energy equatién
w.h., - wh +q =v3e ny ° (3.19)
ei ei eo eo e e dt*"eo eo’ . :
Heat Transfer equations
- dr '
Qge -Qe = Wéce‘dtem _ (3.20)
Q '= constant X w '8(T —.hT ) (3.21)
e ] ed em . eo ’

Steam (water) properties (See Appendix C)

p = p(,h) ;3 T = T(p,h)

3.2.2 The Diffuser Wall Cooling Tubes

The water leaving the high temperature economizer is used to

maintain the diffuser wall temperature at 1300°Kelvin. It is assumed
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that the chénge_in the wall température for é given change in the gas
température would be Qery small, thus’the metal heat balance equatiqn
is not included in this section. The steam flows through small tﬁbés
(2.635 cm OD) with adjacent tubes in contact.

Mass equation

Voo T Vg = Vg g—ido o (3.22)
- Momentum eduation

Pao ' 7 Pgo T fd Wei/peo : (3.23)
.Energy equation

wo B *Q - Wi h, o=V, %t(-pdohdo) (3.24)
Heat transfer equation

Q, = constant x W-{8(T - T,) (3.25)

d W do

do

3.2.3 The Radiant Section

The radiant section is remote from the combustion chamber thus
ensuring that no tubes can see the flame. The tubes (3.8 cm OD) are
arranged with a tube pitch 3.8 cm, fouching but not welded to adjacent

tubes. Parallel flow is considered in this section. The equations.
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are:

Mass equation

W - = .V do i ‘ /
do Vi Yo de” . (3.26)
Momentum egpatién
- = f w 2/ : -
Pdo Psi p Ydo’Pdo - (3.27)
Energy Equation
- d (p_.h_ ¥ ‘
Yaoldo Yt Qp wsi?si Yp g¢ stst : -(3.28)
Heat transfer equations
: . dT
- = WC m .
%p % ppdct’ (3:29)
Q - constant X w -8 (T - T ) |
) si pm si ’ (3.30)

3.2.4 The Primary Superheater

The steam from the radiant superheater flowg through the primary
superheater in parailel flow arrangement. The tubes are divided into
two banks to allow soot blqwing. From the primary superheatef the
steam flows to the ﬁigh pressuré sFeém turbine. The turbine transforms
the heat éf ﬁhe superheated steam into work without forming moisture.

A pdrtién of the steam léaving the turbine is used for feedwatér

heating.
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The equations are:

Mass equation

si hi s dt

Momentum -equation
si

. o 2
Py Ppi ~ fs Wsi/psi_

Energy equation

g |
Yoilst t % 7 Vnifni T Ve @eCniPngd
Heat transfer equations
d .
Qgs Qs B Wscs dt sm
Q - = constant x w °8(T - T )
s : hi sm hi

3.2.5 The Reheater

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

The steam discharged from fhe high pressure turbine is reheated

before being fed to the low pressure turbine. This provides a larger

enthalpy change in the low pressure turbine resulting in an increase-

in efficiency.

Mass equation

- d pq.
ho 1i r dt =

(3.36)
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Momentum equation
el =t W (3.37)
Pho P11 r "ho’®ho '

Energ& equation

Yho'ho T Q% T Wighyy T rdt(pllh ;) (3.38).

Heat transfer equations

e - o = wec LTn (3.39)

gr o r r dt
Q = constant X W 8A(T .7 ) (3.40)
T 14 rm 1i ’ *

3.2.6 The Steam Turbines

Since the dyhamié response of the turbine is much faster than
that of the boilers, only the steady state equations:for these com-

ponents are used. There are two turbines_cbnsidered in this study,

the high pressure turbine and the low pressure turbine. The inter-
mediate pressure turbine 1s assumed to be lumped together with the
! low pressure turbine.

The High Pressure Turbine

| Enexrgy équation

hlhhl "ho ho = Ph (3.41)

where Ph represents the mechanical output of the turbine. The steam
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flow rate is [128]

Yhi T

where Ah’ the flow area is controlled by the governor valve position.’

Ay Py /Ty

73

(3.42)

The output to the éhaft is directly proportional to the steam flow

for small perturbations

Ph =

constant x w, ,

hi

The Low Pressure Turbine

The. equations are:

¥iilyg

Y11

rd .
]

Wlohlo

Ay PV

‘constant X w,,

P

1i

1

. 3.2.7 The Low Température Air Heater

(3.43)

(3.44)

(3.45)

k3.46)

The low temperature air heater is a metallic , recuperative

type with a thermal duty of 200 megawatts. The air is compressed by

a turbine driven compressor to a pressure of eight atmospheres, then

fed to the low temperature air heater. The heater raises the air

temperature to 838°K.
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The equations are:

Mdss equation

_ - . d-p ’ (3.47)
Wac Wal Val dt al
Momentum equation
- = 2/ 3.48
pac pal ‘ al "ac pal (3.48)

Energy equation

h ) (3.49)

d
Wachac + Qal - Walhal Val dt(pal al

Heat transfer equations

, o T -
anl - Qal - wélcal dr elm (3.50)
Q = constant x W'6'(T - T..) (3.51)
al al alm al ’

Properties of Air ( See Appendix D)

i(p,h) f (3.52)

o
T = T(p,h) ' , (3.53)
o = p/(2.870678 x 10° x Z x T) - . (3.54)

'3.2.8 . The High Température Air Heater

A checker brick regenerator is proposed to heat the air from

838°K to 1480°K. (See-Figure 3.4). The dynamic response of the
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regenerator may be determined from the thermal equations consisting of
partial differential equations. The théfmal equations. are based on

an equiﬁalent circular channel of the brick [129]. (See figure ~3.5)-
FollowingVChojnowski, et al. [129]? the.thermal'equatiqhs are:

In the brick
KbV Q = pCb Yy : . (3.55)

In the fluid (gas or air)

aT -

qZﬂRi = pr . ) | C (3.56}
Wﬁeré q = ha(Gi - 1) during'the air blow and
q .= hg(ei - ) + e(@i -, T4) during the gas blow
The boundary conditions are '
t= 9, KbV@ = 0 at F = RO
KbV@ = q at r = Ri
T(inlet) = constaﬁt
where a - Width.pf'the-channel
b .- chanﬁél pitch
Cb -~ gpecific heaﬁ of thg brick
. = the radiation transfer.coefficient, circular model
h - the conveptive heat tranéfer_coefficient, circular model
S thermal coﬁdgctivity of the br;ck,'circﬁlér model
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q - rate of heat transfer per unit cross—section, circular
model
R =~ fixed radius, circular model, (Ri = al/r Ro = b/V/m)
r - general radius; cirpular model
T - _fluia.temperature
t -~ time
w - mass flow rate of the fluid
p - brick temperature ‘
® - ©brick mass density
Suffixes .a - air
g - gas
i - inner
0 - outer

The resﬁlt of the numerical solution of these thermal equations
and‘an inveétigation of the temperature behavior of the fluids and
the refractory materials used (conducted by Chojnowski, et al [129])
are shown. in Figure 3.6. A cqncepfugl design of the regénerator was
aiso presented in reference [129]. For a 2000 MW fhermal plant, the
regenerator will consist of 12 units of which at any time 6 will be
on gas, 3 on air} 2 on pressﬁrizatidn and depreséurizatioﬁ during
switchover and one on standby. _Since the time response of the brick
regenerator is longer compared to the metallic tubes in the steam

plant, a steady state flow is assumed for this section.




Figure 3.5. Model used in
the numerical analysis [129]
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3.2.9 The Gas Path

The fuel used has a low'heating value such that oiygen enrichment
is necessary to obtain high thermal efficiency. The fuel is seeded
with potassium salt (K2C03).t° provide the necessary electrigal conduc-
tivity. With the air pre-heated to-1480°K and enriched with oxygen to.
produce a.Nifrogén/Qxygen mole-ratio of 3.6, the cémbustion temperature
is approximately 2700°K at 5.5 ;tmospheres of pres%ure. The equations
used in the calcuiation of the combustion témperatufe are éhown in
Appendix'F.. The combustion gas ig accelerated through a tozzle in
order to attain a velocity of 765 meters/séc at the generatof inlet.
The gas flows through the MHD generator where a portion of the kinetic
and the thermal energy 1s converted té eléctrical enefgy in. the pre-
sence of a constant applied magnetic field. PFeSSUre recovery and
velocity réduction is obtained through the diffuser; From the diffuser
the gas flqws fhrough the steam planf and the air heaters. 1In the

foliowing equations for the gas path, the inertia and the heat capa-

‘citance of the gas are neglected.

The heat transfer equations are:

Qép = gonstant x (Tg - Tim)_

.6 ‘
-+ constant w T - T : . 3.57
constant x . ( g | Pm) ( : )
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anh = constant x (Tgp - Tb ) +
constant x ﬁ;6(T - T.)
g  &p b
Q = constant x w'6(T - T )
gs ' g gah sm
.— A ..6
Q. = constant x w (T - T )
gt : g gs rm
Q = constant x w'6(T - T _)
gal g ‘gr alm
Q = conétant‘x w'6(T 1 - T
ge g gat. em
T = T - C
gp g QgP/( gpwg)
Tgah B Tgp - anh/(cgahwg)
Tgs - Tgah_ Qgs/(cgswg)
T = T - C w
gr gs Qgr/( gr g)
Tgal B Tgr - anl/(cgalwg)
Tee = Tgal™ g/ Coey)

(3.

3

3.
(3.
(.
(3.
.

(3.

3

(3.

(3.

58)

.59)

60)

61)

62)

63)

64)

65)

.66)

67)

68)

The specific heat of the gas is dependent on the gas pressure

and gas temperature. The specific heat values shown in Appendix E

were obtained from the gas properties calculations (Appendix A).
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The equations used in the calculation of the combustion temp-
eraturé for a given air pre-heat temperature and pressure, oxygen

enrichment and_éeeding level are shown in Appendix F.

3.3 Dynamic Model of.the DC to AC Converter

The direct curfenf (DC) produced by the MHD generator is con&er—
ted to alternating c#rrenf (AC) and stepped up in voltage for trans- |
mission compatibleiwith an existing network. DC to AC pbwgr conver—
sion has been successfully employed in high—voltage systems in several'.
countries [le—lBlIu

Two t?pes of valves have been used in these high voltage systems,
mercury arc valves and thyristors. The‘staté of the art has prﬁgreéséd
to>the point tﬁat thyristors can be used in high voltage DC systems
[132-136]. | '

The voltage~current characteristics of a MHD generator have been
predicted and experiméntally verified to be a straight line, from open
circuit voltage and zero current to zero Volfage and short circuit
current (assuming.that the gas dynamic parameters remain the same).

For vérying.load conditions, the generator may operaté on a sing;e
'voltage—current curve and the inverter circuif would then be required
to mainéain constantlvoltage as réquired by the transmission line. The
DC to AC converter would perforﬁ the following fﬁnctioné, (a) it must
stabilizé the system -in cases of deviations.in‘the working fluid

parameters, (b) it must facilitate equipment operation in change-over
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and post emergency conditions and (c¢) it must provide for the proper
regulation of the MHD generator power in conjunction with the external
grid system. Thus, the Dé to AC power converter should include con-
trol circuitry with the following basic features, (a) limit the fluc-
tuation of the current due to the fluctuation of the alternating vol-
tages, (b) limit the maximum currept (in éaées of abnormal conditions)
to avoid damage fo fhe inverte; valves and other current carrying
devices, (c) prevent'commutatibn failures in the inverter, (d) keep
the power factor as high as possible} (e) control the power delivered,
(£) control the frequency and (g) reduce the harmonics.

* The proposed'systém which incluaes the above features is sh§wn
in Figure 3.7. The control of the power delivered and the limitétiqn
"of the_fluctua;ion of current and maximum current are accomplished by
the use of the tap-changer .control of the transformer and the control
of the ignition angle of the Qalves.. To prevent commutation failure,
constant extinction angle control may be-eﬁployed. This method is
thoroughly discussed in réference [130]. Harmonics are reduced by the
use of harﬁdnic filters consisting of capaditoré and inductors in
geries or:parallel. Power factor is maintained as high as possible by
adding shunt capacitors and also by making the extiﬁction angle.aé
small as possible;“Fréquency control is accomplished by\cohttollihg
the ignition angle of the inverter valves. A detailed information on

the design of these control mechanisms can be found in reference [130].
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DC filters may be necessary to smooth the input current of the
inverter; An inductor is connected in series with the line for‘this
purpose. The inductor also acts to reduce the harmonic voltages and

currents in the DC line by smoothing the ripples.

3.3.1 The Inverter Circuit

The inverter circuit chosen for this study is the Graetz or the
bridge type invefte? (figure 1.4) which is the most suitable inverter
for high voltaée bC pberatidn [57-58,130]. The steady state analysis
6f this type of inverter is Well'documented [57-58,130-131]. Since
the outﬁut of fhe inverter'is connected to an existing AC transmission
grid, pﬁaée~controlled commutation is employed.

To meet the system voltagé reqqirement, series connection of the
thyristors is necessary. In the series connécted tﬁyristors, unequal
voltage distribution exists due to the differences in their leakage
currents [138]. It is essential to maintain uniform voltage distriBu—
tion under all coﬁditions including external switching surges and

atmospheric disturbances. This is achieved by connecting a voltage

‘equalization (resistor) and damping circuits (resistor and capacitor

in series) across each thyristor [135]. Thé capacitance compensates .

for the unequal recovery time of tthistofs.(see Figure 3.8).

The system current requirement can be meet by parallel operation

of thyristars. Matched thyristors (matched static and dynamic charac-
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teristics) are used [136] to ensure equal current sharing and equal
dissipation. However under different conditions the characteristics
of matche&';ﬁyristors may vary, thué some kind of external current
sharing.devicé must be-used. One scheme is to use anode resistors
(Figure 3.9) which can be adqutedlto bring about closer current
sharing. However tﬁis method Qould increase the voltage drop and the
power loss in the ﬁhole circuit. For larée power systems, current

sharing transformers are more appropriate (Figure 3.10).

3.3:2‘ Formulation of the Dynamic Model
In the formulation of the dynamic model of the DC to AC:power.
converter, theﬁfollowing assumptions will be ﬁade:
| oy Each’section of the Bridge inverter can be represented by

a single thyristor with a finite forward resistance and an infinite

backward resistance. The capacitance effects of the thyristors are

neglected.

(2) The effects of the voltagg and'curréht equalization circuits
are neglected.

(3) The inverter will be operated in an open-loop coﬁdition;
thus control circuitry is not included in the model.

(4) The transformer link to the AC transmission grid will be
represented Ey an equivalent resiétgnce and inductance in seriés:with

an ideal source. .Tap changing in the transformer is not included.
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Figure 3.10. Current-sharing transformer
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(5) A DC reactor is connected in series with the MHD generator
in addition to the line resistance and line inductance.

(6) The effects of harmonics are neglected.

3.3.3 Inverter Operation

The invérter operatiGn consists of conéecutive processes, each
prdcesé starts with the firing and commﬁtation peridds follbwed by a
period.in which two valves in series cafry the full current. The
process.is completed by the firing of the next valve. \At any given
time_the‘inverter is either in a commutating or non-commutating state.

Tb aid in the s;udy of each process, each valve‘may be rep-
resented by tﬁe number of the process in which it_fires (1 + 6m), where
m is an iﬁteger (n=0). Thus valve 1 will fire an& conduc£ the direct
current in proqesses.l, 7, 13, eﬁc. The two consecufive processes
(commutating and non—éommﬁtating) are illustrated in Figure 3.11.

.A simplified equivalent circuit of the processes 1 and 2 may

be obtained by removing the non-conducting valves and replacing the

.transformer by its‘equivélent circuit. The similarity between proces-

ses 1 aqd 2 (Figure‘3.12a,b,c)vmakes it possible fo represent each
procesé by the single circuit of Figure 3'13ﬂ At the start of the
commutation,.the current (i) increases from zero until it is equal to
current Id at the end of the commutation state. When éommufation is.

completed, the valve (n - 2) ceases to conduct, thus the current (i) is
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equal to the current (Id).

The time varying voltages e dre different for each

e.., e
n’ “bn’ Tcn

process. . The current I IY’ and I, are expressed in terms of the

R’ B
generétor.current (Id) and the commutating current (i) (see Tabie'3.l).
Since the transformer has a leakage inductance, the transfer of current
from one phase to another requires a fiﬁite time (commutation time). .

The angle corresponding to the commutation time is referred to as the

commutation.or the overlap angle. The effect of the finite commutation

time on the DC voltage waveshape is shown in Figure 3.14.

The two possible operating conditions of the inverter at any time

are the commutating and the non-commutating states. The differential

. equations répresenting the behavyior of the inverter may then be written

(see Figure 3.13b):

Cdmmutating State

From loop ABCFED

~dt

Ve IRy +O2R) O+ n T ' (éan + e'cn)/z'
+ iR + "L%ti- - NP Zﬁ)%zd = 0 (3‘.69)
.From loop BCHGB"
e e e - 2R % Im - 2£ii~
an . cn S . d . dt .
+ 18I - '0 @370




Table 3.1. Transformer alternating phase voltages correspondlng
' ’ " to.each process number and alternating line currents
in teris of the direct current and the commutatlng
current :
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Non—cbmmutating'Staté
Vd + en T € + iR -
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+ 2R)

(3.71)

(3.72)

(3.73)
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Figure 3.13. Inverter generalized equivalent circuit.
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Chapter IV

COMPUTER IMPLEMENTATION OF THE SYSTEM MATHEMATICAL MODEL

4.1 The MHD Generator and Diffuser
- The behavior of the MHD generator and diffuser is characterized
by a set of partial differential equations and a set of algebraic

equations defingd in chapter II. The motion of the fluid in the

.MHD channel is often characterized by discontinuities of the fluid

parameters or its-derivatives even 1if fhé flow is smooth in the begin~
ning [141]. The different types of diécontinuitiés are contact dis-
continuity ( mass denéity and‘energy.aré discoﬁtinuous but pressure
and velocit§ are qontinuous),,a shock ( where ﬁass densit&, energy,

pregsure and velocity are all discontindoﬁs), and a rarefaction (only

certain derivatives are discontinuous).

Several methéds ére available to solve the timefaependent MHD
equations in which shock may occu%. A method which is applicable pnly
to.shock-free MHD flow may be used in conjunction with shock-patching
methods. The éhéck-is maintained as a discontiﬁuity and the Rankine-
Hugoﬁiot relafions.[144] are applied écross the discontinuity. This'
is applicable only in one—dimensionai problémg'utiiigéég tﬁe Eﬁlérian
variaﬁles [75].  Another method invélvés the changipg of the~qumefical
procadurés,io_cbntinue thé‘intééra?iop fhréugh the aiscontinuity. The

procedﬁre may be a polynomial Curve—fitfing technique and-a fine mesh




97

near the shock [145]. Several shock patching methods are described in
references [75,143].

A most suitable method would be one that allows the formatidn
of a shock in the MHD fléw and a}so allows the ﬁumerical calculation
to proceed without using any special treatment of thg shock or even
requiring the detection of the shock. Ihe most widely used method is
the Lax-Wendroff methéd f146-1471 and its modified forms {75,141].
Several modifications of the original Laxlweﬁdroff ﬁethod ére.also
discussed in reference t143]. |

In this étudy, the MHD equations were solved by employing the
two-step Lax Wendroff method. This method based on the systeﬁ of
conservation gqﬁaﬁions (mass density, ﬁomentum density and energy .
density as dependent variables) enables one to.integrate across the
discontinuity. If the method is applied td non-conservative equagions
(ﬁass density, velocity and temperature as dependent va?iables), signi~
ficant errors will occur iﬁ crossing the sﬁock'wave’[l47], HowéVer,
an.accﬁrate-sblution may be obtained over the region oufside the shock

and even in the presencé of a rarefaction wave.

4.11 Derivation of the Conservation Equations

The MHD equations are ( from section 2.3)

so(pud) = 0 R . (2.27),

Q>
rt
b ]

9
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du Bu _ _9p o, - o |

Por T oPu = T UB) F. _ (2.28)

3h 3u Sh L 23w _ p

o) 3¢ + pu o + pu . + pu 5% - 3t + (2.29)
JE -~ G ’ (2.29)

The above equations have to be converted to the conservation
law form, in which thé dependent &ariables are the mass density, the
momentum denéity and the internal stagnation energy dénsity. The
conservation equations are:

Conservation of Mass density

o

: (Gua) = 0 o | “4.1)

e L
'§‘¢’|°’

Conservation of Momentum density

m

3 , 2 .
e T oage@ /e + p) 4 F - (IB)_ 4

2 dA
(m /DA)a; = 0 (4.2)

Conseryation of Stagnation Internal Enérgy density

. Aa N . .
2 L. . + ¢ - JE
E + ax[m(Es + ?)/p]A

+ @, + L )
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where m = pu
4 2’
E = p( e + u/2)
e = h - p/p

The conservation equations are of the form

U, IR HE |
= + = + GW)= 0 (4.4)
The two-step Lax Wendroff method presented in reference [75] is
for fluids which are non-viscous and thermally n6n¥conducting
characterized by the form -

3U. oF L I
ot . ax 0 ‘ . (4.5)
Since the MHD equations include viscous friction, heat loss to

the walls and poWer extraction, a modified two-step Lax Wendroff

method will be used. In this method the values of U (the dependent

- variables defined in equation 4.4) are computed fdr,temﬁorary points

at half-time and half-space increments, (n + 1/2, j £ 1/5) in the

first step of calculation. The second step is then employed to deter-

- mine the value of U at the final point (n + 1, j ); The finite

difference calculation procedure  for. equation 4.4 is as follows:
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Step One
n n At n n
U = (U ut 32 - =R (F - F)
: + Ax +
i+ 1/, A J jt+ta ]
At n’ n '
- — G, G, ‘ : 4.5
n + 1/,
v - o= @ + 0T /2 - (F - )
j- 1/2 J J 1 j
- L ® + ¢y, : (4.6)
2 7] -1 -]
Step Two
. 1 1
S m+1 . . o ane , B /2 n+ 2/
U, . = U, - Z;( - F - )
o S i+ i+ s
At n -+ 1/2 n + 1/2.
- 5 (6 . - G ) 4.7)
' it 1, i-1/

The stability limitation is given by the Courant, Freidrick and

Lewy stability criterion [142]:
CJu] +a) gy | (4.8)

whicHh means that the sound wave cannot trayel more than one cell
length in one time increment. This stability condition is often

comparahle to an elaborate matrix stability analysis [143].
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4.2 The Steam Bottoming Plant and the Air Heater

The behaviotr of the steam planf and the air heaters are charac-

terized by a set of ordinary differential equations of the form

UL pE) = 0 S : 4.9)
dt ) .

~and a set of algebraic equations. There are several numerical methods

that can be used in solving a system of first order differential

equations. The choice of the method to be-used is based on many fac-

tors such as:

(1) The accuracy réquired. The error in the solution depends

.on the error incurred at each step of the integration and the propa-

~.gation of the error in later steps. (2) The speed of which the com-

putation will be performed. (3) The ease with which the'eétimation
of the errors at each step may be made. (4) The ease with which a
method can be programmed for a compﬁter solution and the availability
of the computer prog?am.

" The various numerical procedures are roughly classified into

two groups, the one-step method‘and the multi-step method [148],

employing either the direct or iﬁdirect use of Taylor's expansion
series of the solution function. The single step method uses only
the results obtained for ( ti ) in the approximatioa of the value at

(¢t ). In the multi-step method the results obtained for

o |
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( tys By . tio s e s ti - p ) are reéuired, the numbepr being
dependent on the formula utilized; There are many methods in both
categories [148-150] but the most commonly used methods are the Runge-
Kutta (siﬁgle_step) and the Pre&ictor—corrector (multi—step) methods.
[151].

The charaéteristics of these two methods are:
(a) Runge-Kutta method

(1) They are self-starting, (2) fhgy require severa} evalua-
tions of the function and are therefore time consuming ( a faurth
order requires‘four evaluations of the functiop), (3) being éelf—
starting, they'permit an easy change in the step size, (4) they pro-
vide qé easily obtainable information'about the‘tfuncatién error.
(b)- Prediétor—correcﬁor method

- (1). .They are not self-starting hencé'requires a methoﬁ such

as the Runge-Kutta method for starting, (2) since they require infor~
mation about p;ior points fpr repeated eQaluation of the function,
theyiare‘mqre efficient, (3) a change in the step size requires a
temporary reversion to a Runge-Kutta method, (4) a‘good estimate of
the truﬁcation error is available out éf';he compu;;tional algorithm.

A more complete and useful method Would be a combination of the
Runge-Kutta ( to start the computation)_and the predictor—corrector

method ( to evaluate succeeding values of the function ). However,
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the complexity éf the program involving botﬁ methods ﬁakes it impér—
étiVe to ﬁse the single-step methbd. Furthermore, the Runge-Kutta
method is cbmparable in accuracy, often more accurate than corres-
ponding oxrder ﬁredictorfcorrector method althougj it requires ﬁwice

as much calculation time. Because of the difficulty of estimating

the per step error, the step size may be chosen conservatively

(smaller than is actua;ly necessary) to achieve the desired accuracy.
A fourth order Runge-Kutta algorithm was used with the step size
varied according to the accuracy. required. A derivation of this
algofithm may be found in reference [148-150].
The‘set of ordinary first order differential equations is
expressed in exﬁlicit form

F = tee (4.10)

The fourth order Runge-Kutta calculation procedures is

Vi e = vyt %(kl + 2k, o+ 2k, + Kk, )(4.11)
where k. = f(ti, yi)
ky = £+ %’Yi +‘%k1.)
kg = £(t; 4 h?’yi +'%ké)
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k4 = f(ti + h, i + th)

where h is the step size.

Since the error will not be calculated in the Runge~Kutta

. method, the'differential equations are solved using different step

sizes and the behavior of the solution is observed with regards to
stability and c¢onvergence. To reduce the round-off errors, double

precision arithmetic is employed.’

4.3 The DC to AC Power Converter

Thé'matheﬁatical model representing the DC to AC power convér;
sion circuit consists of différential; algebrai§>ana,boolean gqﬁations
(equations»3.69 - 3.73). The two sets of differéntial equations
represeﬁ£ two differént states of-opération, nameiy the commutating
and the non-commutating sfateér' The discontinuity occurs by virtue
of the valve changing its conducting §tate.

The compufer flow diagram employed in solviﬁg the set of
differential equations with discontinuities is éhbﬁn in Figure 4.1.
The differential equations are solved using fhe fourth order Runge-
Kutta method (siﬁilar to that used fof the steém plant). :This
method is suitab;e for equatibné Which~ﬁontain discontinuities
because each step'is computed indebendently. Computation is done up

to the point of discontinuity and then restarted from the disconti-
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nuity with appropriate changes in the system differential equations.

4.4  Computer Program to -Simulate the Mathematical Model

The computer program used to simulate the quasi~one dimensional

. MHD equations is shown in Appendix G. The author used the computer

program (Runge-Kutta algorithm) developed by Dr. R. M. Johnson to
simulate the behavior of thé steam plant the air heater and the DC to
AC poWer converter. This program”is-on file in the Computer Center

system library.
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INPUT
DATA

i

SELECTION OF
EQUATIONS
SOLVE
EQUATIONS
DISCONTINUITY
YES OR
END OF
PROCESS?
NO
OUTPUT
N
END? 2
YES
Figure 4.1. Computer Program Flow Diagram - DC to AC Power

Conversion Circuit




Chapter V
RESULTS OF THE COMPUTER SIMULATION

5.0 Introduction

The mathematicél model’of the MHD system components were imble—
mented by the use of the Fortran IV programming language. All the
arithmetic operatioﬁs were performed in double precision to minimize
truncatipn efrors. fhe results of the simulation of the time~dependent
flo& in the MHD chanﬁel and the simulation of the d&namic behavior of

the steam bottoming plant are presenfed in this chapter.

5.1 Steady State Flow in the MHD éenerator

A magnefohydrodynamic_genefator and diffuser was deéigned'using
the non-conservative, quasi ope-dimensional steady state MHD equatioms.
The flow section of the MHD channél is .shown in Figure 5.1. The MHD
generator is segmented and diagonélly connected with a single external
load resistance. There is no regulationh system connected to the
external circuit. However, the load resistance may be varied to obtain
the transient.response of the‘ggnerator. The MHD generator design
parameters are shown in Table 5.1. '

The steady state performanceféf the MHD generator under fhree
different load current conditions were obtéined and the results are
shown iﬁ Figu;es’S.Z to 5.6. The voltage-current characteristic of

the generator is shown in Figure 5.2.
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Figure 5.1. Diagram of the flow section of the channel
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Table 5.1. MHD Generatoxy Design Parameters

1 Geometry

Electrode pitch
Electrode width
Insulatoy (gap) width

Cross—connection parameter

Channel cross-section, Inlet

. Exit
Channel 1enéth
No. of Electrodes

(2) ° Gas Dynamic Variables

Presgure, Inlet
| Exit
Ggs Temperature, Inlet
Exit
Gas Veloc;ty,.Inlet
© o Exit
Mach number, Inlet
Exit

Wall Temperature

4 cm
3 cm-

icm

1.28

1.644 m

6.859 m

12 m

300

3.98 atmospheres

.987 atmospheres
2590°Kelvin
2300%Kelvin

765 meters/sec
625 meters/sec
.776

.672

1300°Kelvin
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Table 5.1. MHD Generator Design Parameters (continuation)

(3) Combustion conditions

Working Fluid -~ Combustion products of sub-bituminous coal,

oxygen enriched air and potassium seed.

" Seed ~ .5 % potassium (mole fraction)
Combustion'temperaﬁure ”‘ - 2700%elvin
Combustion pressure ;, 6.étmospheres
Air pre-heat temperature Y- 1480%elvin
'Mass flow rate , air .- -~ 580 Kg/sec
| coal - 72.8 Kg/sec
oiygen : ~ 17.3 Kg/sec .
seed - - 7.3 Kg/sec

(4) Electrical parameters

Eleqfricai éonductivity, Inlet - 6.1 mho/meter
Exit: - 3.34 mho/meter
Magnétié field ' - ~ 6 Tesla
Loa& current | ) - 16000 amperes
Terminal-voitage - - 29,570 volts
Open—circuit Voltége - 65,625 Qolts
Maximum current degsity, Jy . = 10800 amperes/sq m
JX - = 4700 amperes/sq m
Maximum Hall field ‘ - 2870 volts/meter

Voltage drop parameter ' - .007




1L

VOLTAGE
(volts)
60000

40000

20000 ™

| I I \
0 10000 20000 30000 40000

CURRENT (amperes)

Figure 5.2. Voltage-current characteristic of the MHD
Generator
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Figure 5.4, Variation of Gas Velocity with Channel distance for three

different load current conditions.
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At a load current of 5000 amperes, a compression shock occurred

at approiimately five meters (x = 5 .m) from the generator inlet. The

result was a sudden increase in the gas pressure and temperaturé and a
degrease in the éas‘velocity. The power output dropped to 38 % of the
designed power outpuf ( 473 MW at 16000 amperes ).

At a load éﬁrrent of 10000-ampefes,'power is generated for the
first 7.4 meters of the channel. -Beyond 7.4 meters, the gas flow is
acgelerated.. fhe gas velocity éxceeded Mach oﬁe ) ét the generator
exit, thus further acceleration of~the‘gas flow occurred in the sub-

sonic diffuser.

5.2 Time-dependent Flow in the MHD Charinel

The behavior of the MHD generator and diffuser waé simulated
using thé model described in chapter II. It was assumed .that the gas
enters the MHD channel from a large reservolr and is discharged from
the'diffuser‘iﬁto‘a lérge volume (such as the radiant section of the
steam plant). Thus, the initial and boundary conditions (the stag—
nation barameters) may be considetedAfixed.

The MHD equations are in consérvation form (equafions 4,1 to
4.3)

LIS )

. + GU) = 0 ° | (5.1)

‘An initial condition (t = 0) is assumed, such that a.éteady
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state flow exists with a known distribution of the gas dynamic, thermo-—

dynamic and electrical parameters:’

° = p@; m = m@; E, = E_ () ' (5.2)
F o= F(#); G = G(x) - \ : (5.3)
3= 3 003 3= 300 (5.4a)
E_= :Ex(x); Ey = Ey(x) ' (5.4b)

The distribﬁtion was obtained from the numerical solution of a

"system of differential equations descrlblng the steady state flow of

the working fluid in the MHD channel “This set of parameters was then
introducéd as initial conditions for tte system of consertative time—
dependent MHD flow equations. The MHD tiﬁe—dependent flow equations
were simulated for seven (7) milliseconds and the resu;ting’gasdypamie
patemeters (Figure 5.7 to 5.9) were used as initial conditions for the
succeeding calculations. |

The initial and boendary'conditions forvthe‘system of equations

(equations 4.1 to 4.3) are

]
o

constant, if x

o
il
J
]

(5.5)

=
]
]
I
]

[an)

constant, if x (5.6)
so . “sjo.
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p = p2 = constant, if x = 16 meters (5.7)

where Plo’ E s and'p are the corresponding stagnation parameters

810

of the working fluid.

5.2Ll Trénéient Response of the MHD Geqéfatdr

A pure resistance was connected'across the terminals of the MHﬁ
generator such that the operating current is equal to 16000 amperes;
The tfansient response of the generator was obtained by changing the
;oéd resistance_(instantaneoﬁsly) to approximétely 52 % of the steady
state load resistance. The response of the generator to this step
change in the load resistance is shown iﬁ Figures.S.lO to 5.12. 1In
Figure 5.10 thg variation of the tefminal voltage and load curreﬁt
(normalized with the values at t = 0), andfthe generétor internal
'reSis;ancé Qith time are plotted, The terminél voltage and the load
current reached their steady state values in approximately 16 milli-
seconds. However, the generator internal resistance required more
time to stabilize (appfoximatgly 24 milliseconds). The variations of
the generator electrical and gasdyﬁamic'parameters (at t = 23.2 milli—
sepondé) are shown in Figures 5.11 to 5.12. The increase (+ 52 %) in
fhe load resistance caused the generator terminai voltage to increase
(+ 18.9 %), the load current to decrease t—22%)'and the.ﬁoﬁer-output

to decrease (7.23 ). A portion of the internal energy of the Working:
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Figure 5.10a.

Response of the MHD Generator to a + 52 % step

change in the load resistance (V

d

normalized with the wvalues at t =

and I
0y,

L

are

' 1
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L - load current 2
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dc

IL - load current

VdC - terminal voltage
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Figure 5.10b. Response of the MHD Generator to a + 52 % step

change in the load resistance (Vdc and IL are
normalized with the values at t = 0).

(Expanded time scale)
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fluid was converted to kinetic energy as indicated by the decrease in

the gas temperature and an increase in the gas velocity.

5.2.2 MHD Generator Coupled to a DC to AC Power Converter

The operating conditions of the MHD geneiator (completely
described in Table 5.1) are:
Load current (IL) - 16000 amperes
Terﬁinal voltage (Vdc) - :29568 volts
Internal resistaqcé (Ri)— 2.25 ohms
Power output (Po)' -~ 472 megawatts
The DC to AC converter designed for this generator (not optimized)

has the following parameters:

‘Transformer line voltage B ~ 27000 volts
Inverter ignition deléy'aﬁgle - 138°

' Overlap éngle o - 13.5o
.Commutatiné inductance - .4 miliihénry
Transformer resistance "~ - .03 ohm

The rate of'chaﬁge of the load current is largely determined by
the inductance of the series inductor and the internal resistance of
the MHD generator (Ld/Ri)' The minimum commutating time constant is
govérned mainly by the (di/df).capability of the thyristors which is
approximately"lo8 aﬁperes/secogd.< Rippies in the current requife

smoothing by the use of harmonic filters so'that the AC‘output is
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approximately a sine wave.

No attempt was made to simulate the MHD generator coupled to a i

DC to AC converter. It is suggested that more information should be

obtained from the simulation of the complete MAD channel (nozzle,

generator and diffuser). This study considered only the generator and

the diffuser portion of the channel.

5.2.3. Dynamic Response of the Diffuser

The diffuser was designed.to reduce the velocity of the gas

. leaving the MHD generator and for efficient pressure recovery. The

pressure of the gas at the diffuser exit should be high enough to

provide a positive pressure betweéen the steam plant inlet (gas side)
and the atmosphére. Under steady state condition, the pfessure at the

generator exit is equal to .987 atmosphere. At the diffuser exit, the

pressure increased to 1.28 atmospheres which is. sufficient totake care

of the preséure drop in the steaﬁ-plant and the air heaters.
" A 452 % step change in the generator load resistance resulted in-

a generator exit pressure of .95 atmosphere and a diffuser exit pres-—-

.sure of 1.24 atmosphereé. The variation of the gas velocity and gas

tempefature in the diffuser are shown in Figure 5.13. A large reduc-
tion in the power output (decrease in the load current) of the generator

may cause a large drop in the generator'exit pressure (see Figure 5.6). -
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Figure 5.13,

(b) t = 23.2 milliseconds

Variation of the gas velocity (normalized)
and the gas temperature (AT) with the
channel distance in the diffuser and time.
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Under this condition a longer diffser is necessary. The diffuser
should be desigﬁed to take care of this abnormal condition otherwise

a draft fan is necessary to suck the gas out to the atmosphere.

5.3 Dynamic Response of the Steam Plant

The dynémic model of the steam plant includes four sections, the
high temperature economizer, the fadiant segtion, the primary super-
heater and the reheater. No effort was doﬁe to subdivide each section
into a number of sub-sections (to obtain a more accurate result).

Since the steam plant is in its comceptual stage, ﬁo.bomparison can be
made with an existing system. The stéady state design pa?ameter; of
the steam plaﬁt.are shown in Table 5.2. A complete listing of the
steam plant design parameters is given in Appendix B, -

The steam plant was simulated to determine its response to a
variétion in the input parameters (such as the coﬁbustion gas mass
flow rate and temperature, and the mass flow rate of the steam or feed-
Wéter). The aesign parameters were based_on the steady 'state operating
qonditions of a steam plant for a 2000 megawatt thermal input to the
MHD system.

The state of the gas (temperature and pressure) entering the
steam planﬁ is.determined by the operating condi£ions of the MHD

generator and diffuser. The variations in the power output of the MHD
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Table 5.2. Steady State Design Parameters of

the Steam Plant
Gas Temperature , Inlet

Exit

Water/Steam Temperature, Inlet

Exit

Steam Pressure, High Pressure
Turbine

Low Pressure
Turbine

Steam Flow Rate, Primary cycle
Reheat cycle.
Power Outpuf

Air Compressor Power Requirement -

1

2358%k o B
420°K
306°k
822k (primary cycle)
823%K (reheat cycle)
2.409 x lO7 W/sqm, In

4,13 x lO6 N/sq m , Out

3.786 x 10° N/sq m , In
'5.08 x 10* N/sq m , Out
404 Kg/sec

387 Kg/sec

587 ﬁegawatté

152.5 megawatts
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will cause a corresponding variations in the dynamic and thermodynamic
parameters of the gas. A reduction in the power output.of the MHD
generator ( with no reduction in the mass flow rate) may be large
enough to‘produce a large increase in the velocity of the gas (see
Figure 5.3-5.6). If‘supérsonié speed is reached befqre the gas entets
the diffﬁser, the_subsonic diffuser will act as a nozzle, fhereby
- accelerating further the gas flow. A shock may-alsb occur, which is
cﬁaracterized by the sudden drop in the éas velocity‘and the sudden
increase in thé gas pressure and temperature (Figure 5.3—5.6)E

The variation of the gaé temperature, pressure and velocity

greatly affects the performance of the steam plant. Over—exposure to

adverse temperature, temperature gradient and gas velocity may cause
failure or erosion of the metallic parts or even a reduction in the
.clearance between tubes. It is thérefore-necessary to obtain the
transient response of the steam plant components to the variations in

- the gas flow parameters.

5.3.1 Results of the Simulation -~ Stéam;planf

~An open—léop transient response was obtained for a stép change
in the combustion gés temperature entering the steam plgnt with the
steam flow rate fixed. The variation 6f the metal temperature of the
radiant section, superheater and reheater to a +5 % étep change in the

gas temperature and to a +5 % step:change'in the gas mass flow rate
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are shown in Figures 5.14 to 5.16. The variation of the throttle
pressure and temperature ére aléo‘shoﬁn. In Figure 5.14, a + 5%
step change in the combustion gas temperature ét'the inlet of the
radiant section produces a 24°K (3.3 %5 increase in the metél temp-
erature of the ;adiant section . The time constant for this seétion
is approximately 60 secopds. The metal temperaﬁure of fhe primary
.superheater increased by 12°k (1.4 %) with a time constant of approx-
imately 22015egohds. For the reheéter.metal, the temperature in-
creased by 3°k (.35 %) with a tiﬁe éons;ant of approximately.260
'seconds. The throttle temperatﬁre increased by 13°k with a time
constant of approximately 150 seconds and the throttle pressure
dropped by 2.5 % (timg conStant.of'épproximately 96 seconds).

A+5 Z step change in the gas mass flow rate prodﬁced a very
small increase in the fadiant section metal température (1ess.than
1°K); The effect on-the superheater metal temperature is comparable'
with that of the + 5 7 step change in the gas temperature. However,
the effect on the reheater metal témperature.is three times as much.
'The throtfle teﬁperature (high preésure turbine) increased by QdK
.compafed to 13°K for a.+ 5 % step change in the gas temperature, while
a vefy small decrease in the tﬁrottlé pressure was noted (.15 %).

fo prevent excessive increasé in.;he metal témperatﬁre, the
_steam flow rate was increased and attthe same time the governor vélvq

opening was -increased-to produce more power. Ignoring the transit
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Figure 5.14. Open-loop response of the steam plant to a +5 %

step change in the combustion gas temperature
at the inlet of the Radiant section.
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Figure 5.16. Open~loop response of the steam plant to
a +5 % step change in (1) the
combustion gas temperature and (2) the
combustion gas mass flow rate.
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time of the water/steam through the plant, the responée of the steam
plant to a + 5 % step change in the gas combustion temperature, a + 5 %

step change-in the steam mass flow rate and a 5 ¥ step change in the

governor valve opening was obtained. The results are shown in Eigures

5.17 to 5.i8., The radiaﬁt section metal temperaturg increased by 20%k
(time comnstant of approkimately 80 seconds). The inc;ease in the
superheater méfal‘temperature is 3°K ( ééproximately'1800 seconds time
constant) .

The steam plant cén safely accomodate small variations of the
gas temperature and mass flow rate for long periods of time by varying
the feedwater flow rate. The large variations in the gas temperature

for a short period of time (less than the time constant of the steam

. plant metal compoments) can also be safely handled. However, a very

large increase for a longer period of time may be detrimental to the

metal parts of the plant. Thus, it is important that the MHD generator

should not be operated with low power output over a long period of
time unless tﬁere is a corresponding decrease in the gas mass flow

rate.
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Figure 5.17. Response of the Steam Plant to a + 5 %

Step Change in the Combustion Gas
Temperature, the Steam Mass Flow Rate
and the Governor Valve Opening




138

5 %k T
sm
r/' :
rm
0 | i 7 T
1000 2000 3000 sec
Tl
5 Ox—
144
0
i | T
1000 2000 3000 sec

Figure 5.18. Response of the steam plant to a +5 7%
step change in the combustion gas
temperature, the steam mass flow rate,
and the governor valve opening.




Chapter VI

SUMMARY AND SUGGESTED FUTURE RESEARCH

6.0 Introduction

This chapter summarizes the results obtained and describes the
conclusions drawn from the research study conducted. The significance

of the fiﬁdings'is discussed, and the possible extensions of the

‘research work are mentioned.

6.1  Summary and Conclusions

The problem of time—depenaent MHD flow islof considerable in- -
terest because of the prospect of the develdpment of MHD eiectrical
power_genefétion. _Tﬂe understaﬁding of the transient and‘thg steady
state‘behavior of the system components.is necessary in the design of
the controi meéhénism for the system.

The mathematical model of fhe system was developed applicable to
large power génefation systems. The flow of a real gas (combustioﬁ
products of coal, air, oxygen and seed) ag subsénic conditioné'(ty,

pical fér large systems) was considered. Only the open-loop operation

was considered, thus the operation of the various control mechanisms

were not included in the model.
-The dynamic- response of the MHD generator to load changes was

obtained. ' The fast response of the MHD generator to load changes and
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and the linear voltage—current characteristic (over a limited region)

make it compatible with a DC to AC power converter. The rate of

' change of the load current can be limited by the setries inductor.’

However, further investigation is required especially in the simulation
of the MHD generator coupled to a DC to AC converter. Since the rate
of change of the generator internal resistance is smaller than the

rate of change of the load current and the load voltage (for pure

“resistance load), it is important to &etermine the effect of the
. generator internal resistdnce on the rate of change of the load
current if the generator is coupled to a DC to AC converter. Likewise, -

it is important to determine the correlation between the rate of change

of the generator internal resistance and the changes in the mass inW 
rate of'the working fluid.

The péwer output of the MHD generator should be maintéined.such
that.the velocit& of the gas at the generato; exi£ does not exceed the
velocity of sound. A large increése_in the velocity at the generator
exit also results in the decrease of thevgas temperature, thus a
péssible decrease inlthe steam pléﬁt efficiency is obtained. It is
aiso_impoftant to maintain a certain level of diffuser exit pressure
to ensure a_positive pressure between the steam.plant iﬁlet and exit
(gas side). '

Only the dynamic response of the steam plant to changes in the
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input Eonditions ( gas temperature, gas mass flow rate, steam flow'
rate and governor valye area) was considefed in this study. It was
shown that certain variations in the gas éa?ameters at the inlet of
the steam plant caused adverse effécts'on the physical component of the
pPlant. Large variations of these parameters mustlbe ayoided to prevent
plant failﬁre; The wvariation of the power drawn from the MHD system
'should be a proportional change in both the steam plant and the MHD
_ generator to avoid adverse effects including a large drop in system
efficiency.

The simuiation of the MHD generator and diffuser required large
storage and computation time. The cglqula£ion of one time step re-
. quired_4.8.millisecon&s. Thus 80 minutes of computer time wés required
to simulate 20 milliseconds of real fime, a ratio of 2.4 x 105. The
core stordge required was 15000 words. TInclusion of the nézzle in the
model would incfegse the core storage and the computation time by as
much as 25 - 30'%.

It is unéconomical and impraqticél to simulate the MHD generator
éoupled with'the‘steam plant because the time response of the”stéam
B plant components is of the order lO5 largér than the time response of
the MHD generator.

A more accurate results ( in the gas dynémic and electripal

parameters) can be obtained if the complete MHD channel (nozzle,
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generator and diffﬁser) is simulated. Further investigation is needed
in the design of the channel especiallylin matching the nozzle with
the generator aﬁd the generator with the diffuser to avoid disconti-

nuity in the gas parameters.

6.2 Suggestions for Future Research

The following areas appear to be fruitful for future work:

" (1) A computer simulation of the MHD channel which includes the

ﬁézzle, the generator and the diffuser. The dynamic respoﬁse to varia-
tions in the input and output conditions should be investigated.

(2) The possibility of using hybrid computation technique in the

. simulation of the time-dependent flow in the MHD .channel.

3) A study of the different numerical techniques specifically for
MHD eleétrical power generétion (expliéit or implicit methdds). |

(4) A simulation of the MHD generator coupled to a DC to AC converter
operating under normal and abnormal comnditions.

G). A simulation of the cémplefe MHﬁ'system in which the generétor

is coupled to a DC. to AC converter with the converter coupled to the

‘steam plant turbine—generato;g The complete system may be coupled

to a power transmission grid.
(6) A more accurate modelling and simulation of the steam plant by

subdividing each component 'into several sections.
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APPENDIX A

'THERMODYNAMIC AND ELECTRICAL PROPERTIES

OF THE WORKING FLUID

The calculation of the therﬁodynamic and electrical properties
of the working fluid (coal, air and alkali seed ) was based on the

chemical equilibrium equation for carbon, oxygen, nitrogen and

- hydrogen mixtures [100]. Since the effect of the minor constituents

of the working fluid have not been fully investigated, simplified

equations were used in this study. The units used are in International

~ Units (s1).

Thé specific enthalpy of thé combustion gas is given Ey

3 .
| 4.187 x 10 |
79 % 5Y + 30 1 + [_—T—W%—E".—J- 4+ (2 - 32 )¢ +
' e -1 : )

U - 3Y - U ]+ (117 + 30E) (Y 46 - 1) x 10°) +

135+¢+0 x 10° 3 foré = 1
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3
: Q
B(T,p) = I 4187 x 1 1 T 07+ (9 - 8E )6+
(88 + 4)¢ + 32 + 28y
Ty +5Y + 30 ] + 4E3—22——] [T+ (5- 38 )¢ +
v/T »
e -1 .
Y -3V -U T+ (17+30E) (Y+ 6 -1) x 100 +
3 _
135.£.U x 10~ .} H for ¢ <1
where E = 48 /(A + 46 )
Tv = (3000 - 2000 + 3009 )/(1 - .5& +..09% )
§ - carbon to hydrogen ratio of the fuel
Y - nitrogen. to oxygen mole ratio of the combustion gas
¢ ~ fuel mixture ratio ( actual fuel,to oxygen ratio/

stoichiometric fuel to oxygen ratio)

The extra number of molecules " due té the dissqciation of the

triatomic molecules into diatomic molecules is

X [1+ (1= ¢)/X+ (.36([1 =0 /D> 1

[1+ .36(0 -¢ )/X]

X
[1+ .64(6 - 1)/X + .3([6 - 11/5)% ]

for.

for

=<1

=1
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The extra number of molecules due to the dissociation of the

diatomic molecules into monatomic molecules is .

(I -2.8X) 2 - E+ 1)

vo= -5
[4.X.K1.K2.p (.985 x 107) ]
where X = Y for ¢ =1
X A 32 -8+ ) +AEG -28 + 29 )]
3(L+ 2.A.8) @ -¢+P) + 2.A2.£2(5 28 + 2y )
for ¢ 51
. 1/3°
and A = [ 28+ Y 1.
2 =5
4.Kl .p(.987 x 107)
R - .39 % 1074 38+ 34000/T)
K, = .4 x 1073 o(1.38 + 29000/T)

The specific enthalpy of the fuel, the oxidant and the seed

Before combustion is
hbc(T) = Wé'ha(Tpa)/w o+ Wb'hox(To)/W +
[(8E + 4)¢.Fuel - 8.79 x 10’ (1 -F ) -

Ed(8E + 4)¢.Seed]/[(85 +4) + 32 + 28y ]




‘and

Fuel

pa

Seed

Ed

Type

147 -

mass flow rate of the.éir, Kg/sec

mass flow rate of the combustion gas, Kg/seé

mass flow rate of the oxygen, Kg/sec

specifig enthalpy of air , Joules/Kg

specific enthalpy of oxygen, Joules/Kg
dissocidtion energy of the seed, Joules/Ké

gross calorific valug of the fuel, Joules/Kg
préheat temperature Af air, %kelvin

ﬁemperature of oxygen, ®Kelvin

seed concentration in wéight potassium/weight fuel
seed concentration in mole 7 potassium

[ Type + 1.1 T/200 1 X 106'

- 2.3 for K2CO3

3.4 for KZSO4

39Q [ (2 ~£ )6+ Z,+91/[100 $(8E + 4)]

1

T for ¢ <1
1
2

} for ¢=1
0
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The molecular weight of the combustion gas is

Moo= (8 + 4) + 32 + 28y ; for ¢ <1 .

1+ Q-8+ +Y¥+0U
_ _(8E + 4)¢ +°32 + 28y° _ . for =1
(2 - E)¢ + P+ YU

' The equation of state is

o T/(M x .1218 x 10’3)

.p =

where p ~ pressure of the combustion gas, Newtons/sq m
T - temperature of the combustion gas, 0Kélvin
p - mass‘density of the combustion gas, Kg/cu m

The electrical properties of the combustion gas are

The electron demsity is

.5
5 e—§0400/T]

1/3 B2/3

4.22 x 1023[qQ(p x (987 x 10°) T°

n = —
€ 1 + 2x10 3 (e16800/T) (Y/x)

(L-8) (987 x107°p)/(2-E + ¥)

ﬁhere B

The electron mobility is

W= T/{p x .987 x 107°1[ (4030 - 31108 ) (2.72 ~.457% )
+ (.15 + .38 ) (.660 - 1.48) T + (1050 - 1209 ) Q +

(.05¢% - .13) T.Q + (1.1 + 3.7y ) (n, x 10

and the electrical conductivity is

1.6 x-iO_l9 e ﬁ

it

a.




APPENDIX B
 DESIGN PARAMETERS OF THE STEAM PLANT AND AIR HEATERS .

The steam flant and air_heaters were designed forla 2000 MW
thermal input to the MHD coﬁbustpr. The power outpﬁt of the steam
plant is approximately 55 % of the total power output,of'the'system.

The thermal duty of each sfeam'plant section was chosen such that
each'sectién is located at the temperature zone Wﬁere the gas temp-
erature is high enough to provide good heat transfer from the gas to
thé steam yet not so high as to result in excessive tube teﬁpgratureu

The heat transfer equation for heat fléw is [127]

q = TUSAT ' ' ' - (B.1)
where ¢ - rate of heat flow, Joules/sec
U ~— overall combined conductance; Joules/sq m,sec,oK
S ~ Theat transfer surface area, sqm
AT - temperature difference causing heat flow, °x

The overall combined conductance (U) includes fluid convection c

_conductance and intertube radiation conductance. The equation (B.1)

may be expanded as follows, to show the quantitative relationship in

"the transfer of heat from a heating to a cooling fluid:-

al
Il

= —- 1) = T 1 4 _ t
US{XTm Wc(Tl T2) k 4 c‘(T2 Tl)

|

wby - hy) : (3.2)
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wﬁere Tm - mean temperature differenée_between the heaéing and the’
cooling fluid ( see chapter IV of reference [127].
w - mass flow rate of hotter fluid, Kg/sec
c -  mean specific heat_of hotter fluid, Joules/Kg,OK
(normally Cp) |
c — specific heat of the fluid at constant ﬁressure
‘Ti,Tz— temperature of hotter fluid enterfng and leaving the

heat transfer surface, °K

w' -~ mass flow rate of colder fluid, Kg/sec
¢' - specific heat of colder fluid
Ti?Té - temperature of colder fluid entering and leaving the

1heat transfer surface
hi,hé-— specific‘enthalp§.of tﬁe coldgr fluid enfering and
leaving the heat transfer surface, Joules/Kg.
The inlet and exit temperature (of gas and steam) in each section
:Were calculated using equation B.2. The gas temperature leaviﬁg the
last section of the steam pl;nt (economizer) was assumed to be 4200K
which is high enough to preveﬁt condensation of sulfuric acid on the

economizer tube wall [127].




B.1

B.2

| W R S )

Low Temperature Economizer

Thermal duty

Tube size

. Surface area

Volumerf water

Volume of ﬁetaf

Density of meta1

Mass of metal

Metal specific heat

Gas Inlet temperature
Exit temperature
Mass ‘flow rate

Water inlet temperature
| Exit temperature

Mass floﬁ rate

"High Témperature Fconomizer

Thermal duty
Tube size
Surface area
Volume of water
Volume éf metal

Mass of metal
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93000000 Joules/sec
5.1 cm bD, .635 cm thick
12860 sq m

92.5 cu m

71.5 cum

6600 Kg/cu m

476470 Kg

3186 Joules/Kg

548 °x

420 °x

687 .4 Kg/sec

355 °x

412 °x

387 Kg/sec

96000000 Joules[sec

5.1 cm OD, .635 cm thick
11840 8q m

85.3 cum

65.6 cu m

432000 Xg




Gas Inlet temperature
Exit temperature
Mass flow rate

Water Inlet temperature

Exit temperature

" Mass flow rate

B.3 ‘ Diffuser Cooling Tubes

Thermal duty

Tube size

Volume of éteam

Gas Inlet temperature
Exit temperature
Méss flow rate

Steam Inlet temperature

Exit temperaturé'

Mass flow rate

B.4

Radiant Section
Thermal duty
Tube size
Surface area

Volume of steam
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671 °x
548 %k
687.4 Kg/sec

473 °x

- 525 %k

404 Kg/sec

21500000 Joules/seé

2.635 em OD, .635 cm thick
1.144 cum

2299.5 °K

2358°K

687.4 Kg/se;

525 °K

536 °K

404 Kg/sec

300000000 Joules/sec
3.8 cm 0D, .635 cm thick
1350 sq m

5.7 cum




Volume. of metal

Mass of metal

Gas Inlet temperéture
Exit témperatqre -

Mass flow rate

Steam Inlet temperature’

Exit temperature

Mass flow rate

B.5 Primary Superheater

Thermal duty

Tube size

Surface area

Volume of steam

Volume of metal

Gas Inlet temperature
Exit temperature
Maés flow rate

Steam.Inlet temperature

Exit temperature

Mass flow rate
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-—

7.14 cum

47100 Kg
2358 °K

- 2173 %k

687.4 Kg/sec

' 536 °k

651 °x

404 Kg/sec

584800000 Joules/sec

3.é cm 0D, .635 cm thick
8310 sqg m

35.; cu m

43,7 cu m

1826 °x

o

1213 °k

687.4 Kg/sec

651 °x

822 °x.

404 Kg/sec




Reheater

' Thermal dﬁty

Tube size '

Surface area

Voiume of steam

Volume of metal

Mass of mefal

Gas Inlet temperature
Exit temperature
.Mass flow rate

Steam Inlet temperature

Exit température

Mass flow rate

.B.7 Low Temperature Air Heater

Thermal duty
Tube size
Surface area
Volume of air
Volume of metal

Masé of metal
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261000000 Joules/sec
5 cm OD, .635 cm thick
14090 sq’m

94 cu m

%4.6 cu m

492300 Kg

1213 %k

919 °x

687.4 Kg/sec

550 °x

822 6K

387 Kg/sec

200000000 Joules/sec
5.1 em, .325 cm thick
26300 sg m

254 cum

80 cu m

528000 Kg
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Gas Inlet temperature
Exit temperature
Mass flow rate

Air Inlet temperature
Exit temperature

Mass flow rate

B.8 High Temperature Air Heater

Thermal duty
Number of units

6 on gas, 3 on air, 2

919 °x
671 °x

687.4 Kg/seq

516 %k

838 °x

580 Kg/sec

436000000. Joules/sec

12

on pressurization and depres-

surization during switchover and 1 on standby

Mat;ix height

Base area

Passage size

Préessure Shell height

Pressure shell diameter

Gas Inlet temperature
Exit temperature
Mass flow rate

Air Inlet temperature
Exit température

Mass flow rate

28.5 cm

37 sq m

15 em x 15 cm
48 m

9.15 m

2173 °x

1826 °x
687.4 Kg/sec
838 %k

1480 °x

580 Kg/sec




APPENDIX C
THERMODYNAMIC PROPERTIES OF STEAM/WATER

The thermodynamic properties .of steam/water were obtained from
reference 1152]. The mass density and the temperature are expressed
in.terms of the spécific enthalpy and the pressure. The method of
Least Squgres was used to obtéin the desired polynomial expression for

each region of interest with errors limited to less than .2 Z%.

c.l. The Economizer and the Diffuser wall Cooling Tubes

T = .aé +'al h + a2h2 + a3h3
o = ¢+ cl}-1 + c2h2 + <:3h3 +dp+ .d2p2 + d3p-3
where a_ = 268.51 | c, = 2.455216 x 1074
a, = 2.3209x 107 o = ~8.0570184 x 1077
a, = 2.13519 x o1 d, = 3.388339 x 107°
§ | aé - -1.7977 x w0t d, = -4.16304 x 107
| 3 c, = 118L.23 4y = -1.1045783 x 10721
} ¢, = -5.6162 x 107

for 400 <T <550 °K 3400 <p < 4200 psia




c.2.

where

for

Cc.3.
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The Radiant Boiler Tubes

o o © 3
o]
| n
It I

o
it

500< T <

a + a
o

670 °x

2
lh.+ a2h + a3

2 3
252.77

1.84876 x 1077

6.327195 x 10 11
-3.0705698 x 10717

2.130739 x 10°

~2.441379 x 10714

~3.1984747 x 10”22

The Primary Superhéatér Tubes

The coefficients are:

o
W
I

o
I

-2.43656 x 10

901.28
4

~9.155152 x 10 12

1.88961 x 107 %/

6.804904 x 107°

(o}

. d

3

3 2
h™ + blp + b2p + b

3200 < p <4000

2.553673 x 10

3
3P

2

2 3 . 3
<, + clh + g-h - ¢, h f dlp + d2p + d3p

1848.
~1.65883 x 10

9.927461 x 10

~1.54802 % 10°°

~2.305187 x 10713
8.2748951 x 10

psia

964.7
~3.53043 x 1074

2.353127 x 10 12

8.6834533 x 10718

7.9417977 % 1070

21 -




for

Cl‘4-

for

C.5.
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b, = -6.8024416 x 10714 d; = -1.0829445 x 1077

by, = 4.90753777 x 10722 dy = 2.67533636 x 10720
620 < T < 830 °k 3200 < p < 3800 psia
‘The‘Reheater Tubes

The coefficients are:

a = 449,22 c =  5.029

0 '. o

al = -1.06938 x 10 cl = .3,24766 x 10

a, = -3.848692 x 107" c, = -6.087039 x 107"

ay = 1.96655242 x 107t ey = 1.5578034 x 10719

6 - -6

b, = 2.195649 x 10 4, = 1.7334559 x 10

b, = 3.6871222 x 0713 d, = 1.43081998 x 10713

b, = -1.61763505 x 10720 dy = =-4.94395512 x 10721
530 < T < 830 °k 520 < p< 650 psia
The High Pressure Steam Turbine Exhaust

The coefficients are:

a = 268.55 c = 4.67

[o] (o]

a, = 2.10955 x 10 c, = 8.1106 x 10

a, = 2.685907 x 1071t c, = =2.244634 x 1071t
Cay = 3903805 x 107° o, = -2.297003 x 107
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: -5
b, = 4.895478 x 10 dy
-12
by = -9.939367 x 1077 4,
b, = 8.65004945 x 1017 g

for 450« T< 600 °K

where h

~ specific enthalpy, Joules/Kg
P - pressure;.Newtons/sq m
0 - mass density, Kg/cu m

T - temperature , °x

400 < p'< 700

1.9053 x 10>

-3.874922 x 10" 12

3.345578 x 10 L2

psia




APPENDIX D -

. THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR

The properties of air were obtained from reference J153].

‘D.1. Low Temperature Air Heater

3
3P

.9403

' ~4
3.004735 x 10
-4.4398956 x 10
2.1527 x 10710
-2.990621 x 10~
4.98913045 x 10

-2.315999 x 10

_ 2 3 . 2 3
T = 2, + alh + a2h + a3h + blp + b2p + b3p
Z = ¢ +ehtobhliendtdntdn?ed
o ) €3 1P T 4P
o = p/(286.1186 x Z x T) -
where a = 772.09 c
(o] (o]
a, = -1.73118 x 107 e
1 . 1
a. = 3.199369 x 10~ c
2 . 2
_ -15’
a, = -1.281605 x 10 cy
b, = 3.444268 x 10™° d
1 : _ 1
_ -12
b, = =5.551004 x 10 " d,
by = 2.61970912 x 10718 dg.
for 550 =T << 900 °k ; 1<p<l10

atmospheres

-7

8

-1

20

4
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High Temperature Air Heater

The coefficients are:

a = 182.5 . c =
[o] o
a. = 6.95564 x 10 ¢, =
1 . 1
e -10 ' o
a, = 1.220374 x 10 | ¢, =
L -17 _
ay = 3.45359 x 10 ¢y =
- - -6 -
b, = '5.71180135 x 10 | d; =
b, = -1.063745x 1001 - 4 =
2 2
b. = 5.3234325 x 10718 d, '=
3 “3
for 1000<T < 1800 °k ; 1<p< 10
T -~ air temperature, “Kelvin
Z - compressibility of air

P - air pressure, Newtons/sq m
p = air mass density, Kg/cu m

h - air specific enthalpy, Joules/Kg

~-5.99173 x 10

1.2184

4

5.576015 x 10'7

~1.7155671 x 1070

-2.41645388 x 1of8

4.15909067 x 10~ 1%
~1.98454265 x 10720

atmospheres




APPENDIX E
SPECIFIC HEAT OF THE COMBUSTION GAS

Thé avérage specific heat of the combustioﬁ gas may be
expressed as.a linear function of the temperafure at the inlet of the
specified section.- These eéuations were derived from the gas
properties calculation as shown in the Appendix A. Since the preésure
diffefence'between the gas inlet and the gas outlet of the steam |
plant is smail, the effect of the pressure variatiop on the specific
enthalpy is negligible. The specific heat (constantlpressure)
equations are

E.1. Radiant Boiler

(o]

Cgp = 2045. + .4262(’1‘_g - 2260.) H 2000 =T =<2500 K

E.2. High Temperature Air Héater

¢ .= 1507.7 + .7199(T - 2020.) ;1400 <<T=<2300 °Kk
“gah gp

CE.3. Primary Superheater

C. = 1315.7 + .2136(T ,-1540.) 3  800<=T <1800 °K
gs gah

E.4. Rehedter

Cop = 1210.4 + .3537(Tgs;3~‘ 980.) ;s 600=<T <1300 °K

°




E.5.

E.6.

Lt
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Low Temperature Air Heater

C = 1128.9 + .4574(T - 700)
gal . gr

High Temperature Economizer

C = 1073.6 + .4338(T .- 540.)
ge _ gal ,

.
3

3
b

450 <= T << 1000

400 =<T <2700

0]

°x

K




APPENDIX F
CALCULATION OF THE COMBUSTION TEMPERATURE

The combustion temperature is calculated from the energy

balance equation [154]

h(.Tcspc) = h;bC(TC) = QC/W

where h(TC,pC) the enthalpy of the combustion products

th(Ic) ~ the enthalpy of the fuel, the oxidant, and the
aeed before combustion
Qc - heat loss to the combustion chambe; wa}ls'
W - mass flow rate of the combustion products

The heat loss to the. combustion chamber walls is given by

. : ) 4
Q, = mDL, {C [ h(T,p) = h(T ,p) + S(eg.Tc -
e .T 4 )'} + 7.D 2‘{ ¢, [h(T ,p ) - W(T_,p )] +
ws' we e -7 The c’Fe wefe
S (e .T bl e o )}
g ¢ we ~wc
where DC - characteristic diameter of the combustion chamber, m
LC. - length of the combustion chamber, m
p - combustion pressure, Newtons/sq m




"Gams -
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combustion tempefature, oKelvinl
Qesign wall temperature, ®Kelvin
emi;sivity of the combuétion gas
emissivity of the side walls

emissivity of the end walls ) 5

convective heat tramsfer coefficient on ‘the side wallsv

.8
Gams .Re (k/DcCp)
convective heat transfer coefficient on the end walls

.8 .
Game.Re (k/(DcCp)

empirical coefficien; in the turbulert heat transfer
correlation fér the side walls and the end walls
respectively |

Reynolds number

Specific heat (conétant pressure) of the gas, Joules/

Thermal conductivify of the gas

The cross—sectional area of the combustion chamber is

calculated from the continuity equation

A =
[}

The mass density ( pc) is calculated from the equation of state

W/(pcauc) -

at the combustion temperature and pressure. It is assumed that ~




Ll
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there is a negligible pressure drop in the combustion chamber.

The length of the combustion chamber is

where u, is the optimuﬁ velocity of the gas in the combustion

chamber for a minimum surface area given by
- : 1/3
u, = [4W/(W-pc-Tr)]

where Tr is the residence time for the complete combustion of coal

and W is the mass flow rate of the combustion gas.




APPENDIX G
THE FORTRAN LV COMPUTER PROGRAMS

The computer simulations were done a? the Montana State
University Computing.Center using the XDS Sigma 7 compufer. The
dynamic models were implemented by the use of the Fsrtran iV computer
Programming language. All arithmetic operations were pérformed in
double precision to minimize truﬁcatiop errors.

G.1  Program MHDTD

This program is used to solve the quasi one~dimensional time-—
dependent magnetohydrodynamics equations in conservation form developed
in chaptex II.

The two-step Lax-Wendroff finité difference method is used,
making it possible to integrate through a discontinuity. The dependent
variables are the mass density, tbe momen tum denéity and thé stagnation
internai energy density. The in@ependent variables are time and

distance along the channel.

Nomenclature
A - cross~sectional area of the channel, meters
AA -  width to height ratio of the channel
AMP ~ dimensionless current )
AMP1 -  load current, amperes
BETA -~  Hall parameter
BN - applied magnetic field density, webers/sq m
Ch - electrode pitch to channel width ratio

C5 - electrode pitch, meters .




| S -

DADX .
DELTA
DIFF

DTAU

DUCT

DX

EDC
EFF
ENT
EOC
EY

pPul
PMHD
PSI

VDC
VoG

XJB
XJE
XJX
XJY

- XMAEH
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hydraulic duct diameter, meters

slope of the area profile of the channel

carbon.to hydragen ratio of the fuel ‘

diffuser length, meters

time increment, seconds

MHD generator length, meters

channel length incremeht, meters‘ .

stagnation internal energy density of the gas,
Joules/cu m

_ axial electyic field, volts/meter

isentropic efficiency

internal energy of the gas, Joules/Kg

open-circuit axial electric field, volts/meter’

transverse electric field, wvolts/meter

viscous force, Newtons/cu meter

heat loss to the channel wall, Joules/cu meter

gas pressure, Newtons/sq meter

fuel mixture ratio

MHD electrical power output, Joules/sec

nitrogen to oxygen mole ratio

seed concentration in mole %

heat loss to the wall of the MHD generator, Joule
Joules/sec

heat loss to the diffuser wall, Joules/sec

load resistance, ohms

internal resistance of the generator, ohms

-mass density of the gas, Kg/cu meter

electrical conduct1v1ty, mho/meter

gas temperature, ®Kelvin

time, seconds

wall temperature, “Kelvin

yelocity of the gas, meters/sec

voltage drop parameter

generator terminal voltage, volts

generator open—-circuit voltage, volts
momentum density, Kg/sq meter . sec

Lorentz force, Newtohs/cu metetr

electrical power density, Joules/sec.cu meter
axial current density, amperes/sq meter
transverse current density, amperes/sq meter
cross—connection parameter

molecular weight of the gas

gas flow mach number

total channel length, meters
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Input Data
The first four read statements read the following list according
to the format (6F.0).

Cross—connection parameter (XKY) .

Width to height ratio of the chanmel (AA)

Load Registance (R)

Electrode pitch (C5)

Electrode voltage drop parameter (VD)

" Applied magnetic- field density. (BN)

Nitrogen to Oxygen mole ratio (PSI)

Fuel mixture ratic (PHI)

Carbon to hydrégen ratio of the fuel (DELTA)

Seed concentration in mole % (Q)

Wall temperature (TW)

Load current (AMP1)

Channel distance dncrement (DX)

Total channel length (XMAX)

Time increment. (DTAU)

Initial time (TAU)

Final time (TAUMAX)

Number of x-increments (M)

. Number of time steps to be skipped before printing
the output (IFREQ)

Number of x-increments for the MHD generator (IDUCT)

Generator length (DUCT)

Diffuser length (DIFF)

Molecular weight of the gas Cmﬂ)

The fifth read -statement reads tlie cross—gectlonal .area profile

of the'channel according fp.the forma£¢(lOF.0).

fhe'sixth read statement reads the initial conditions, namely,
the stagration inﬁefnél.energy density (E), the préssute (P), the mass
density (RHO) and the momentum density (W) dccording to the format

(5D15.8).
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The size of the variables (mass. density, velocity, pressure,

temperature, momentum density, stagnation internal energy density,

Lorentz force, power demsity, friction force, heat transfer term,
current density, electric field, Machﬂnumber; area, slope of the area,
Hall parameter, electrical’conductivity, isentropig effiéiency, and
internal energy) is de;ermined by the channel length and the channel

length increment.
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G.2 . SUBROUTINE UPDATE

This, subfoutine calculates.the'electrigal parameters of the MHD

generator, .the heat transfer and friction terms needed in the program

MHDTD.

Input

The input yariables required are the mass density, momentum
density, stagnation internal energy density, pressure and generator

load current.

Nomenclature

CH
| EG

EW

QR
QW
RE

RED

XK

- convective heat transfer coefficient

gés emissivity

wall emissivity

friction term

heat transfer term

gas enthalpy

radiative heat transfer
convective heat transfef
recovery factor

Reynolds number
Boltzman's constant

thermal conductivity

- viscosity
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G.3 'SUBROUTINE HGAS

This subroutine calculttes the thermodynamic and electrical
properties of the working fluid.

Input

The input variables needed afe gas tepgperature, gasﬂpressure,
seed concentratign, fuel miﬁture ratio, carbon to hydrogen ratio in
the fﬁel and nitrogen to o%ygen ratio..

Qutput

The output variables are gas énthalpy, electrical conductivity,

mobility and specific heat (constant pressure) of'the gas.

Nomenclature
cp - specific heaf (constanf pressure).
H - gés enthalpy
SIG - eléctrical conductivity
XMUL - mobility

XNE - electron density
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