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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.
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(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

LOAD

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
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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.




Combustor 355°K Low Temp 412°x MHD Gen. 452°k
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2
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Cooling
Feed Pump
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™ Section Superheater| 2 4 x 107 e b ine
(N/sq m)
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306°K s 822°K
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(N/sq m)
Figure 3.2. Water/Steam Cycle - Steam Bottoming Plant
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OXYGEN o o 2358°K 2173°K
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(o)
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P HEATER
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Figure 3.3. Gas Path - MHD/Steam Electrical Power Generation System
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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
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(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.




74
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





















































































































































































































































































































































































