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ABSTRACT

The defining equations for MHD flow were presented. A numerical
means of approximate solution of ‘these equations was developed. -
A summary of the current theory of steady. state MHD flow and its
consequences with reqard to choking was then given. A study of
transient, choked MHD flow was then presented, using the previously
developed numerical model, and a comparison of steady and transient
flow was given. Finally, a possible means of inferring the internal
state of an MHD generator, based on terminal characteristics, was
introduced.




CHAPTER 1

1.1 Introduction

Magnetohydrodynamics (MHD), as .a method 6f energy conversion, has
recently been receiving much attention due to several attractive
features. MHD offers a complete lack.of moving parts in the generator
as well-as direct thermal to electrical-energy conversion:and, if
the MHD generator is coupled with a steam bottoming plant, efficieﬁcies
approaching 60-percent are predicted for first generation systems.
These features, as well as otherﬁ, are sufficient reason to continue
research Teading toward the eventual development of MHD as a usable
means of energy -conversion. A

The theoryybeﬁind MHD has beeﬁ available since the timé of
Faraday, when ‘he stated his we]]-kﬁown principle of magnetic induction.
This principle, stéted simply, éays fhat“if a conductor is moved
through a magnetic field, then a current will be induced in the con- -
ductor, such that its direction of flow is perpendicular to both |
the direction of movehent of the«cénductor and the direction of the
magnetic field. In fhe case of MHD, the-conductor is a fluid which is
heated to such a degree that it becomes a cbnductor through ionization.
The fluid is then forced down a duct such that the direction of flow is
perpgndicu]ar to an apﬁ]ied magnetic field. Then, by appropriate
placement of pairs of electrodes on the duct walls, electrical energy
can be extracted. This descriptfon of the MHD energy conversion process

is an oversimplification but will suffice until the problem is more
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rigorously formulated in Chapter II. For the reader who is interested
in the auxilary components necessary to operate an- MHD. facility, Rosa.
(1968) is an excé]]ent source for introductory study.

When the governing equations for an MHD generator are developed
in Chapter II, it will be seen that the equations exhibit an
“interesting characteristic. .When thé fluid velocity exceeds the local
speed of sound (i.e., the flow is supersonic), the equations are‘
shyperbolic, while if the fluid velocity is Tess than the local speed -
of sound (i.e., the flow is subsohic), thexéquations are elliptic
(Hughes, 1966). This -change of form would seem to indicate that any
flow which is transonic mightvexhibft special behavior at the sonic.
‘point. This is indeed the-case, and will-be moré rigorously defended‘ )
later. To simplify the discu;sion,'it is usual to define a Mach

number, M, as
M= u/a’ 1.1
where u is the fluid velocity and a is the local speed of souﬁd. Then
for subsonic flow, M is less than one, and for supersonic flow, M is
greater than one. ‘
To understand the special behavior of the MHD flow at M = 1, it
is necessary to -understand the significance of the speed of sound.

Sound propagates as pressure disturbances and the sonic speed is

actually the speed of propagation of theée“pressure disturbances.
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For a fluid with some given velocity, the velocity with which a
pressure disturbance will propagate upstream is given by

a - u 1.2

Ifu<a, (M<1), then (1.2) assumes a-?ositive‘va1ue, and
pressure disturbances are able to affect the flow upstream of their
occurrence. However, if u 3,a;.(M.3_]), (1.2) assumes a nonpositive
value and pressure disturbances are unable to affect thg upstream flow
conditions. With this in mind, it is obvious why flow for M = 1]
exhibits such special behavior. In fact, the behavior is so special
that the M = 1 state is usually called the-qrﬁtica1:state, and in
the absences of special conditions {usually the absence of a throatl
-at the critical point), the flow 5s.said to be choked when it reaches
its critical point. The critical poiﬁt has yet another significant
property, however, in that it is the axis of'mirror symmetry for the
flow properties. That is to say, for'a.given MHD channel configuration,
the flow of M ¢ 1 will have a mirror symmetfy with the flow for M > 1,
For instance, a subsonic diffuser will act as a nozzle for supersonic
flow. This is discussed fn much more debth by Shapiro (1953).

Deeper study 1nt9 this symmetry wi11'show, in fact, that a generator
designed to be operated with subﬁonic (supersonic) flow will not

operate properly with supersonic (subsonic) flow. Because of this,,
and the mirror symmetry, it is imperative that the critical state be

avoided at all points in the chénnel if at all possible. Based on the
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'-.preceeding discussion, we are now ab]é to define the problem which this
“thesis will attempt to examine.
Since it is desirab1e.to'avoid~choking in'the generator, this

thesis will attempt to relate the-terminal characteristics of an MHD
-generator to the internal state of the generator, such that choking
can-either be avoided or, predicted to allow for compensation. To.
accomplish this, the work‘w111:be'done'1n fhe following stages.

In Chapter II, a model.which reasonably predicts fhe steady-
state and transient response of an MHD generafor will be developed.
This model will thgn'be'used to deve]op»én‘understanding of the |
generator under varied operating coﬁditions. In Chapter III, an
understanding of choking based oﬁ the principles of steady, one-
dimensional compressible flow will be developed. This will also include
a study of.the effects of the electromagnetic interaction on the flow in
-the channel. The end of Chapter III wi]]lcontain a discussion of the
effects of choking on generator operation.

In Chapter IV, the model developed in.- Chapter II and the theory
presented in Chapter III will be used o develop an understanding of
the internal tfansient response of the generator to changes in load
and-the effects of chokiﬁg on terminal characteristics. A possible
means of preventing choking while still é]]owing the desired Toad

changes will then be presented.
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Finally, Chapter V will present a summary of the results and
conc]usions? as well -as an outline of possible areas for future

research -which have been suggested by this work.




CHAPTER II

2.1 Introduction

As discussed in the.previous chapter, it is first necessary to
develop a model of a constant area MHD -generator which reasonably
determines the terminal characteristics based on inlet and outlet
conditions and physical constraints. Further constraints in the

development of the required model are introduced because of the

compiexity of the defining equations for the system. The derivations

will begin with the generalized systemuof equations, and will then
‘proceed to reduce them to a more nume}ically tractable form. All
quantities, unless otherwise noted, represent quantities measured in
the fab frame of the system. (The 1ab'framé is the frame in which
the fluid 4s in motion and-the -generator is stationary as opposed to

the rest frame in which the fluid is at rest).

2.2 Fluid Continuity Equation

Given in (2.1) is the well-known

3p = -V-(p¥)
ot

flow .continuity equation, where p is the mass density, and V is the
vector velocity, It should be noted that (2.71) is identical in form

and usage to the electric current continuity equation.

2.3 Equation of Motion

The equation of motion is derived by an application of Newton's

—t
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Second Law, i.e., the sum of the forces exerted on a body is equal
to the rate of change of the momentum of the body. 1In this case, the
body is the f]uid of interest and the forces will be body forces, i.e.,
forces per volume. The complete equation of motion
oy
pa= -~ VP - oV¥ + Ver! +JxB + p E | 2.2

is given by (2.2) (Hughes, 1966) where P is pressure ¥ is gravitational
Apotentia],*g; is the sheaf part -of the mechanical stress tensor, J is

vector current density, Pe is the‘charge'dehsity, E_ﬁs electric field,
D

- B is magnetic flux density, __ is the*subsfantia] derivative and is
given by bt
' D 5 ud vd wd
Dt ot 9X 3y oz
and

ui + vj + wk | 2.4

Y

The left side of (2.2) represénts the rate of change of the body's
momentum, while the right ;ide represent$~a11 forces acfing on the
body. The first term on the right gide:represents the pressure
gradient acting on the f]uid;-the second, the gravitational forces; the

third, the viscous:forces; and the fourth and fifth, the Lorentz force.




2.4 Energy Equation

For the energy equation, a form givén by (2.5) (Hughes, 1966)

will be used.

De - '

p—=0 - PV-V + V‘(KTVT) + J'eE' 2.5
Dt

In (2.5), e represents the specific internal energy, @ is the mechanical
dissipation function which represents the effect of viscosity on
intefné] energy, Ky is the thermal conductivity, T is temperature,

J' is current density measured in the rest-frame, and E' is the rest

frame electric field. Kinetic energy effects are not included in

(2.5) and will be incorporated into the discussion later.

2.5 Equation of State

The fourth equation is the equation'of state modified to account
for the presence of two gases rather than one, and is given by

T+a o i : o
P = oRT . 2.6

Yo

where o is the free electron concentration, Es is the mean molecular

weight, and R is the ideal gas constant (Sutton, 1965).




2.6 Ohm's Law

The fifth and final equation of general interest is Ohm's Law
J = o(E + VxB) - u(JxB) 2.7

. where ¢ is the fluid conductivity and ﬁ is ‘the electron mobility

(Sutton, 1965).

2.7 System Configuratim and Equatiohs

The MHD duct is configured as figuré 2.7. L ié the -length of the.
duct, h is the electrode separation, z'is:the 1nsu1afor separation,
-and BZ represents the applied magnetié“field in the z;direction.' For
this model, both electrode and 1nsu1afor'separation are constant,
though not necessarily equal. -Variable, finite segmentation of
electrodes, connected in the Faraday mode, (Fig. 2.2), 1§ assumed.

The flow equations are considered in their one-dimensional

form for tﬁe'so1ution of the channel flow. Boundary layer effects.
which should be treated as three-dimensional flow, are instead
approximated by a method to be discussed.later.

This one-dimensional approximation of channel flow allows for
var&ation-of‘f1ow variables in the.x-direction only, while assuming
- that the flow variables, across any cross-section, assume their average
value. This averaging will tend to 1ncreésé the friction and heat:
transfer effects at the walls, and it is therefore necessary to

approximate these effects.
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electrode -

insulator

insulator

electrode

Figure 2.1 MHD Duct Configuration
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Figure 2.2 Faraday Connected Electrodes
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To reduce the defining equatjons (2.1, 2.2, 2.5) to their one-
dimensfona1 form, the 'y and z derivatives and velocity components are

set to zero, to obtain-

’

. 9p apu
—_= 2.8
ot - X

{5u . udu) op . , '
p —+——= - —+F+ (IxB), . 2.9
(ot~ ax ) ox

and

(2e  ude)- Pou
p—+— =0 -—+ 0+ J'E' . -2.10
(st ax) . 3X '
where F represents the friction effects on the wall, Q represents heat.
transfer effects, and graVitationa] and space charge effects have been
neglected. The effects of @ will be discussed later.
The last term on the right side of (2.10) which represents rest

frame rather than lab frame quantities is-still a problem, but it can be

avoided by multiplying (2.9) by u and adding it to (2.10) to get,

(%e ude udu uzau) dPu
p — + + + = - + 0+ J°E 2.1
(3t dx ot X ) -

where the relation,
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has been used with.the space charge neg]ected; In (2.11) the terms
| ® and uF have been cancelled since friction .can have no effect on the
total energy of the system (Pai, 1962). (2;11) can noﬂ be rewritten .
to show more clearly that the energy equation contains both internal

‘and kinetic energy.

(a(e + v272) ) ale + u%/2) Py
o +oU = - — + J.E 2.13
( ot. - ) ( 8 ) ax"

-Finally, ft is-necesséry to perform one last manipulation of the
_Flow equations (2.8, 2.9, 2.12) to put them in a form which has useful
‘properties which will be taken advantage of later. It ié_advantageous
+to have the variables representing the states on their conservative

forms (Roache, 1972). That.is,'the states should be p, m, and E_,
representing mass density, momentum, and stagnation energy, respectively,

and defined by

'm.= pu ’ ‘ 2.]4

E

g = pler u2/2) 2.15

By suitable mahipu]ation of (2.8, 2.9, 2.12) and using the relations

(2.14, 2.15), we obtain, :
’ op dpu

— = - — ‘ 2.16
ot X

' 2
om . 3P oam /p

— = e — + F + (JxB) 2.17
ot o oX X - X
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mE .
3(—>

mP

BES

ot 92X

+—)
*Q+JiE

Ekpressioné for the as-yet undefined terms in (2.17, 2.18) are

now presented, and the interested reader

the derivatijons.

should refer to Appendix A for

| o,
(dxB), = ouB”_(K-1) 2.19
3E = o(uB)? K (K-1) 2.20
E 1
K= = - 2.21
'UBz 1+ ' h
T ,Q'AX'RLQ

where Ax is the width of one segmented electrode pair, RL

is the

“corresponding Toad resistance and K-is the loading parameter associated

with that electrode pair.

T C
F=.-2
A
m2
Ty = 1/2)— Cf
p
Cp = 0.046 Re™0-0%
mC
Re = —

Thermodynamic -effects are given by

2.22

2.23

2.24

2.25
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107 M7 2.26

n = L MT

YV 1000
N .
Q= " NggmCo(T - T,) - 2.27
-and

. am/p | |

=7, — 2.28
n‘ax

where T, is the average shear stress at tﬁe wall, C is the -duct perimeter,
A is the duct cross sectional area, Cc is the friction factor, Re is the
well-known Reynolds number, m is the gas viscosity, M is the Mach number,
. T is gas temperature, TW is wall femperature, Cp is specific Heat at
constant pressure, and Nt is the local Stanton number.

" The mode]_is now completely described, with two exceptions, by the
flow equations (2.16—2.18), the equation of state (2.6), supplemental
relations (2.19-2.27), and channel configuration (Fig. 2.1, 2.2). The
exceptions are the gas conductivity, o, which is a functién of the
thermodynamic states as well as the atomic and physical structure of the
working fluid used, and the specific internal energy which 1is in

general a function of pressure and temperature. Because of the complexity

of the functional relation for conductivity, calculations of ¢ are
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treated by an approximation described in the next section: Calculation

of ‘e is also treated in the next sectjon.

2.8 MHD Generator Modé]

In this.section, the deve]opment o% the one-dimensional model for
which the equations were.developed in ‘the last section is begun.‘ In
the development of this model, two considerations are of overriding
- importance. First, the mode]-shou]dxpredict thé-response of a time-
dependent MHD generator réasonab]y wé]ﬂ;iand secondly, since the
~complexity of the defining~eqhations requires a numerical solution of

a set .of three partiai differential équations, all valid apprdximationé
and shortcuts should-be used. To satfsfy the second constraint,
several assumptions have been made.

‘ It +s assumed that the working fluid of the generator is argon,
seeded with cesium. This allows the fluid to be .considered a; an ideal
-gas since the specific heat ratio,-y,‘of a monatomié gas is nearly
constant at the temperature being considered (Feynman, 1964). The

specific fnterna] energy is then given by

e = CVT 2.29

and y is given by

C .
2 _ 2.30
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The jdeal gas constant, R, is also given by

R=C -C 2.3]

Where Cp is the specific heat at constant pressure and CV is the

specific heat at constant volume. Specific internal energy can also be

given by

2.32

This choice of a working f1u1d~a150‘a11ows?the‘condUCtiv1ty of the
" gas, o, to be approximated from a set of 'graphs (Rosa, 1968). From
these -graphs it can be. seen that o is dependgnt on both pressure and
temperature. However, sihce the bréssure dépendenpe is slight, the
approximation accounts for only témperature variations. The
conductivity is approkimated by the ké]ation,

B-A+2)

(
o = 10,( 2.33
where A is the temperature at which ¢ = 100 and B is the temperature '
at which o = 1000 (from the graph'for which the fluid is A + 0.55% Cs
at 3.15 atm). One further simplification will be made in order to
better assure the accuracy of the one-dimensional assumption and also

to avoid any problems with separation in the flow. Thé channel is
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assumed to be of éonstant cross-sectional area. With these final
: simplifications in hand, the actual integration of the defining equatidns
is now considered. |

For the integration of the time-dependent equations, a two-
step Lax-Wendroff method (Roache, 1972) will be slightly modified
to include the electromagnetic effects. This Lax-Wendroff method has
given excellent results in the-sé]ut?on of ordinary fluid dynamics
problems, and there is no reason to expect that the results will be
any less excellent when the method is applied to MHD flow. -

Before applying the scheme, ‘however, it is convenient to put

the defining équations (2.16-2.18) 1n.a-shorthand notation giQen by
Bl -3F(Y) o \ 5
= = +.G(U) . . 2.34
ot OX

and,

2.34a

je=
1
. M30

2.34b

-
o~
g

]
N




xB), | 2.34 ¢

P=(y - 1)_Es -— 2.35
using (2.6), -where d,‘the percent of jonization, is assumed to be
neglible. 1

Given the initial and boundary conditions, the- first step of the
Lax-Wendroff method is used to advance the solution one-half time Step

(see Figure 2.3) using

' ) n . n n n‘l’2-36

n+.1/2 _ n n At E-i + ] "E.i "(i'i + ] +_(:\11

u N LT it :
i+1/2 i+ 1 i 2 . AX 2 _l

This gives values for the states at intermediate points in the
mesh. Using these values and the initial values at the mesh points,

the solution is advanced one complete time step using

| 2.37

n+1/2 -n+1/2 .n+1/2 n+1/2}

R R 5% IR V7 B B V7 B R /M W Vi
Ui =y _ '

AX 2
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Figure 2.3 OQutline of the Two-step Lax-Wendroff Method
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The solution is now advanced in time as far as required by - -

iterating with this scheme. - This method of'solution‘haS'powerfu1
features which should be noted, so that they can later be used to an
advantage. First, this finite-difference scheme is conservative, and
this, when coupled with the use of conservation variables, guarantees
that proper jump. conditions across -a ‘shock in‘fhe fluid will be
obtained (Roache, i972). Becauseﬂof‘thfs, thé~method is also appli-
cable to transonic flow. Second]y, the -method has an artificial damping
effect which tends to stablize calculationsacross shocks. |

| The usual stability constraint musf still ho]d ‘to allow a
-stable solution, where u is fluid QeTocity and ¢ is the sonic speed.
AX |

lul +¢ <— - 2.38
At

g;g_' Initial and Boundary Conditions

The two-step method for the :solution of the time-dependent
equations is nearly useless, -however, if a set of reasohab]y accurate
initial conditions is not avai]ab]é. It is noted by Roache (1972)
that instabilities can occur for some.initial conditions and not for
others. He suggests this may be.caused'by spurious shock propagation
due to poor initial conditionsi Unfortunately, however, very little
work seemé.to have beeﬁ done on methéds of calculating initial

conditions.
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For this reason, and because Runge-Kutta methods are popular
and well-known, a fourth order Runge-Kutta scheme:(Gerald, 1970) s
-used to ca]cu]ate,the‘initia] conditions using the steady state
form of (2.34). .This solution is propagated in time for five time
steps af which ﬁoint a steady state -condition is assumed to be reached
as the change in total power output for one time step is Tless than
four percent. Unfortunately, this Runge-Kutta method is unable to.
give correct resﬁ]ts for-transonic conditions in a constant area genera-
tor. | _

The determination of the 0ut1et‘bounda}y con&itions is straight-
forward, as it is assumed that ‘the stagnation pressure is fixed if the
flow is subsonic ‘and the out]ef is .completely free to change if the
flow is supersonic. This is accomplished using a backward d%fference

scheme of the form for the outlet calculation. The .constraint on the

len-—_cn
F I 51._]‘_6
_.‘]

2.39
AX '

stagnation pressure is easily met'by~h01ding'Es, at “the outlet,
constant for subsonic flow.

The determination of the infet bogndary éondition is more complex
because after several tests, it was found that neither a fixed nor a
free boundary condition on U at the inlet, gave consistent results in
all cases. It was therefore necessary to add a no;zie to the generator

‘between the reservoir, (representing the heat exchanger), and the inlet
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to the MHD'generatér. ’Sincewthis nozzle is of a conQergiﬁg nature,
it is necessary to further modify the defining one-dimension equafions
by the addition of terms to account for.the areé variation. This is
done in much detail by Pai (1962) and therefore will nof be reproduced

there, Equation (2.34) then becomes

U 5 1 A .
—=-—F () -1 U - —=+6) 2.40
ot /X - A 3x .
where
‘'m
m2
- 2.40a
" p
v = |, - - i
~(yE - (v = 1) —
p 2p

This new system can be solved easily using the established methods by
defining a G*, given by
1 9A

G (U) + H (V) — — " 2.40b
A 9x

o

g*() =

where A is the cross-sectional area. All other terms have their usual
meanings. With the addition of the nozzle, it is stili necessary,

however, to estabiish boundary conditions, at the inlet to the nozzle.
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Since the f]ﬁid at this point is nearly stationary and the nozzle
inlet is somewhat jsolated from the generator inlet, the three states.
p, M, and Eg, at the nozzle inlet will all be he]d fiked.

The composite system js now given in Figure é.4 and hasjseveral
properties which should be noted. First, since the nozzle is entirely
convergent and the MHD channel is constant in cross section, the flow
will be entirely subsonic. Secondly, the inlet and outlet reservoirs
are assumed to be large enough to ébsofbvany chénges, due to fluid flow,

without effect. That is to say,-Po,'T » and Pe_are all constant and -

)
represent stagnation values.

A model is now available which is -able to predict with some degree
of accufacy, the time-dependent response of an MHD geﬁerator.subject
to various -changes in'operafing cohditions. In the next chapters, this

model will be used to enable us to develop an understanding of the

phenomena of choking and its effects on an MHD generator.
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Figure 2.4 Final System Schematic with (a) Inlet Reservoir,
(b) Subsonic Nozzle, (c) MHD Generator, and (d) Outlet Reservoir



CHAPTER III

3.1 Introduction

In this chapter, choking and why it occurs will be studied in some
detail. fhe effects and possible consequenceé of choking in an MHD
generator will then be Tooked into, based -on the understanding of
choking developed in the first section.

‘Choking, sometimes called the critical state, can be -defined in
-several ways, all of which are'comparab]e; It can be defined as hav{ng
-occurred if the mass flow rate'has-reached its .maximum at some point in
the channel, or if the Mach number is one in the absence of a throat.
Choking can é]so be'said-to have occurred-in the channel, if the pressure
ratio (Pe/Po) is less than the critical value for.the Flow.

Chabman and Walker (1971) develop an explanation of choking; for both
subsonic and'supersonic flow, based on the pressure ratio, and since this
appears to be the most easily understood, it is the method which will be
adopted here. The supersonic case, however, will be ignored as the
generator design which will bé used is for sﬁbsonic flow only. The-
interested reader ‘should refer-to Chapman and Walker for the material

on supersonic flow.

3.2 Choking-The Critical State

Consider a channel of the form given by Figure 3.1 (a). For the .

moment, assume that the flow is adiabatic. "Figure 3.1 (b) then gives

- the pressure variation for various exit pressures. Curve ‘'a' gives the
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Figure 3.1 Effects of Pressure Ratio on Fluid Flow
(a) Channel Configuration (b) Pressure Distribution
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ratio when the exit pressure i§ equal to the stagnation pressure.
Curves-‘b', ‘c', and 'd' give the pfessure ratio.as the exit pressure
is decreased until it equals the critical pressure, P*. At this point,
the flow is choked and any furthér decrease ‘in the exit pressufe will
not affect.the flow upétream of the choke, as can be seen from curve 'e';
Physically, this can be easily seen to be due to the fact that, when it
chokes, the fluid is :flowing at the -speed of sound and the speed of
sound is the rest frame velocity at which pressure disturbances propagate.
These two occurrences cause the relative wvelocity of propagation of a
pressure wave upstream to be zero. That is, the fluid downstream from
the choke is effectively isolated ffom thé fjuid upstkeam.' The pressure
ratio at which thfs occurs is called-the first critical pressure ratio.
Two further pressure ratios are é]sé usually defined but will be ignored
here since they only have meaning for supersonic flow.

Before the concept of a préssure.ratio'cén be used to any advantage,
however, it is necessary that an uhderstanding of the effects of friction
-and heat losses on the pressure ratio be understood. It is first
necessary though, to establish somé Basics and outline the restrictions
on the d%scussion to be presented.

For convenience, definean operating or applied pressure ratio,

denoted by ros and denote ‘the critical pressure ratio by rcp. For
subsonic flow to exist without choking =
1>r. >r 3.1

0 cp
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must be satisfied. For Fep 2 o> the flow will choke.

p
Before continuing, it should also be noted that any comments

concerning choking which are made concerning friction effects will

“apply directly to JxB forces, and electrical energy extraction can be

treated exactly as heat losses. This can be seen immediately from

(2.17-2.18). 1t should also be stressed that, in general, all remarks

apply only to subsonic flow and do not necessarily hold for'supersonic

flow. Care should also be taken to distinguish between steady state
phenomenon and transient phenomenon, as.wi11 be pointed out later.
With these cautions in mind, an undefstandihg of the factors which

influence choking in the steady state case will now be developed.

3.3 Steady State Effects

The effects of friction and heat losses on steady flow are outlined '
in Tables 3.2 and 3.3 and since these factors are discussed in much |
detail ‘elsewhere (Shapiro, 1953), their'effects will only be summarized
below. Frictﬁon'tends to increase the critical pressuré ratio and
thereby increase the 1likelihood of choking, while heat losses haQe just
the opposife effect; Of course, the combined effect depends on the
relation magnitudes of each effect and therefore Eanhot be treated
in a general discussion. '

The effecfs of the JxB: and J+E terms on steady flow are not so

directly analyzed, however, as they, in general,.do not exist independently.
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~Table 3.2. Effect on the Steady-State Fiow Parameters in a

Constant -Area Channel Due to Friction Only (M<1).

Pfessure (P) ' - decreases
Temperéture (1) ' . decreases
Velocity (u) | : increases
Mach Number (M) : increases

Table 3.3. Effect on the Steady—State E]dw Parameters in a’

Constant-Area Channel Due to Heat-Loss Only.(M<1).

Pressure (P) ' - ' ' increases
‘Temperature (T). c | - note *

Velocity (u) , ' , decreases
Mach Number (M) | - decreases

* . ’ )
decreases for M<1 / /v, and increases for M>1 / /¥~
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Because of this coupling, the influence of these factors on-the critfca]
pressure ratio, for various values of loading, fs determined by the
numerical integration of the steady state flow equations using the
Runge-Kutta method described in Chapter II. (See Appendix D for program).
Friction and heat losses are-neglected in the ané]ysis since the
influence of electromagnetic effects is being studied. The'resujts are
summarized in Figure 3.4. Several things-shou1d'be emphasizgd based
on these results. It is ﬁotea from 3.4 -(b) that choking due to ejectro-
magnetic effects is strongly dependent-on duct length as well as the-
pressure ratio. It is also obvious from 3.4 (b) and 3.4 {c) that.a
reduction in K will tend to move the poiht.ét‘which choking will occur
toward the inlet and at the same time will tend to increase the
critical pressure ratio, both e%fects which will tend to make choking
more likely to occur. An increase in- K will tend to have just the
opposite effect. With these general steady state effects in mind, we will
now.begin to develop a basic understanding of the transient fesponse of

an MHD generator, based on the defining equations.

3.4 Transient Effects

A preliminary understanding of the transient effect can be obtained
by considering equations (2.2,2.5) reduced to their one-dimensional form.
ou au 3P -

p—= - pu—=-—"+F+(IxB) 3.2
ot Bx. X :
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Figure 3.4 (a) Variation of [JxBland|J.E|with K
(b) Variation of length of duct needed to choke flow with K
(c) variation of Foe with K
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- 9T oT au
DCV —= - pqu —=-P—+Q+J'E' : 3.3
ot X X

Now J'+E’ can be represented by
JUE' = J°E - u(dxB), | 3.4

or, for a Faraday-connected generator

J'+E' = ou’B?(K-1)? | ‘ 3.5

where
(3xB), = ouB”(K-1) o . 3.6
3-F = ou’BPK(K-1) - 3.7

If it is assumed, for a'Faraday-connected generator, that the flow
is fully developed, steady state and that the Toading factor, K, is
constant throughout the channel, the following is easily seen.

Increasing K uniformily will, initially at least, increase (QxE)x
which will tend to increase the velocity, u. Increasing K will a]soi
tend to decrea§e J'+E', thereby decreasihg temperature, T. Decreasing
K will tend to have just the opposite effect.

This means that an. increase in K will tend to increase the proba-
bility of qhoking and a decrease in K will have ju;t the‘opposite effect.

 This, however, is exactly opposite of what would be expected based oﬁ
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the steady state analysis. This apparent conflict, however, is easily
resolved if it is realized that the-only boundary condition which 1s/
allowed to vary was the electrical 1oéd, and the flow is still con-
strained to satisfy the original bressure ratio.' What happens as both
of these boundary conditions are varied will be a point of discussion
in ‘Chapter IV.-

For the time being, this will be the extent of the discussion on
the. transient response of an MHD-generator. With the preliminary
understanding of choking just developed, some of the'consequences"of

choking in an MHD generator will be now -considered.

3.5 Choking in an MHD Generator

Consider an MHD generator-of the configuration given in Figure 3.5.
This configuration is of the génera] type which would be used for a
subgonic generator. Section (a) is a nozzle to reduce the pressure and
increase the velocity of the working fluid as it comes out of the heat
exchanger or combustor, which would preceed the MHD generator. .
Section (b) 1§ the MHD Ehanne] itself wheré energy is extracted. For
subsonic flow, this is usually of.a slightly divergent nature, such that
the flow velocity is maintained near, yet below, Mach one. Section (c)

is the subsonic diffuser to decrease the flow velocity and increase the
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Figure 3.5 MHD subsonic channel configuration
(a) Nozzle (b) Generator (c) Diffuser
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fluid pressure, such that the fluid state would be suitable for.$ heat
exchanger which would usually follow the MHD generator.
‘Based on the properties of subsonic nozzles and diffusers, it
can be easily shown that the péint of maxihum Mach number (for the sub-
sonic case), must occur at the inlet or outlet of the MHD generatbr
or interior to the MHD generator itself (Section (c}, Figure 3.5).
It further follows that'ﬁf the Flow chokeé because of electrical load
changes, it will first choke -in the -MHD generator itself and the choke
will eventually tend to be carried toward the end of the channel.
However, as the choke moves into the diffuser section, severa] things
will begin to happen.
The flow witl first develop ‘into ‘three basic regions:

a - subson{c_upstream region

B - supersonic 1nﬁermed1ate region

¢ - subsonic dowhstream region.
As these three regions move into the diffuser, regions.'a' and 'c'
will be de-accelerated while regioﬁ 'b' will be accelerated. This
will immediatefy cause a comﬁression shdck-to begin to‘deve1op between
regions 'b' ané ‘c'. At this point, several things could happen,
dependent on the applied pressure ratio. The flow could become entirely
supersonic downstream of the choke and into the‘heat exchanger. In

this case, the shock will preceed the supersonic region and therefore -




38
move into the heat exchanger also. The flow could also remain
separated into three regions in the channel with the shock remaining
fixed in position or moving to another stationary position.

No matter what happens, however, problems will arise. In the
first case, a heat exchanger which was designed for 1ow.ve1o§ity flow
will be subject to supersbnic flow and will in-all likelihood be
damaged,.if not entirely ruined.' In the second case, the shock is
causing additional stresses on thé MHD channel which has-a]ready had to
‘be built to cope with the severe*stresseﬁ of»normal operation. |

In any caée, the problem of how to restore the channel to normal
operation is now present'and the problem iércomp11cated, in the
second case, by the existence of a sHock in thé channel.

Based on the above discussion, it should be apparent that choking
should be avoided if at .all possible. With this in mind, Chapter IV

will begin a study of choking using the model developed in Chapter II.




‘CHAPTER 1V

4,1 Introduction °

In this chapter, two majof areas will be covered. First, the
transient-response of an MHD generator to various load changes will
be studied using the model developed in Chapter II. Second, a possible
means of compensating for these ‘load changgs will be developed and '

analysed using the same model.

4.2 Model Configuration

Before proéeéding with the analysis, it is first necessary,
however, to define the configuration of the MHD channel. This is done‘
in Table 4.1, which gives the basic configuration of the channel, and
“in Appendix C, which 1isfs and exp]aiﬁS'the FORTRAN-IV program used
to -implement the model. No mention is made in Table 4.1 of the outlet
boundary conditions as. they are initially dependent on the electrical

loading of the generator.

4.3 Generator Transient Response

To study the transient response of an MHD generator, it is
first necessary to establish an operating condition and to then study
the behavior .of the generator as paraheters are changed such that the
generator'moves off the steady state operating condition.

To establish the steady state operating condiéﬁon, the generator

was uniformily loaded such that the loading factor, K was one-half.




40
This corresponds to the theoretical poiht of maximum power tréﬁsfer
(see Appendix B). A summary of the outlet conditions, for this loading,
is given in Table 4.2. This loading gave-a total power output of
21.36 MW. Figures 4.3 (a,b,c,d, and e) give the distribution of
voltage, current, momentum density, pressure .and temperature for the .
length of the MHD:channel. |

From this steady state operating condition, two types of transieht

‘response were considered; the open-circuit case (K = 1), and the
short-circuit case (K= 0). 'Figurgs 4.4. and 4.5, respectively, give
the variation of several parameters for fhese two Cqses. O0f the two
cases, the open-circuit case is of fhe'most‘interest here as it tends
to increase the 1ikelihood of choking in ‘the generator.

Several things are immediate]y'obyious from these graphs.

From 4.4(a) and 4.5(a), it is aﬁparént fhat the momentum density

is constant in the MHD generator (2 - 6 meters) when the generator is
in steady state. This is thereforean 1nd1c§tor as to the state of tﬁe
generator after a disturbance has -occurred. '

From Figures 4.4(c) and§4.4(d), the process which occurs during
choking is made.somewhat clearer. As the flow chokes, the Eritica]
point iniﬁia]]y moves upsStream, causihg a supersonic region to develop.
Eventually, the cfiticé] point will stoﬁ its upstream motionAand will

move downstream to the end of the MHD generator. As this occurs, the

supersonic region, downstream of the critical point, will move into the
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-Table 4.1. MHD-Duct and Nozzle Configuration

(1) Geométrx
Noiz1e
Length
Cross-Section area, inlet
Cross-Section area, outlet
Area Variation
Generator
Length ,
Cross-Section Area, inlet
Cross-Section Area, outlet
Area Variation.
Electrode Width
Electrode Length .
No. of Electrodes
(2) in]et and Wall Boundary Con@itions
Inlet Pressure
Inlet Velocity
Inlet Temperature
-Inlet Mach Number

Wall Temperature

2 m

2.56m

.64m2

quadratic

4 m

.64m2

.64m°

constant
<13m
8m

30

4.5 atm -
29.4 m/s
2800°K
.03
1000°K
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Table 4.1. (Continued)

Gas and Electrical Parameters

Percent Argon 99.45%
Percent Cesium | - .55%
: Inlet Conductivity- ) 158.5 mhos/m
‘Specific Heat Ratio (vy) : a 1.67
Ideal Gas Constant o B20sx 107 gg%g%@k.
~Stanton Number ‘ ; 0.00032
Magnetic Field . ‘ | : : 3.0T
Electrode Voltage Drop - - 0.0V
Electrode Configuration ’ ," Faraday
: ' (segmented):

Table 4.2. Outlet Conditions for K = 1/2

Pressure _ ) .88-atm
Pressure, Stagnation : E 1.01 atm
Velocity a 425.7 m/s‘»
Temperature - . 1937 °K -

Mach Number . : b2
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Figure 4.3 Several Steady State Parameters as a Function

of Distance
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Figure 4.4 Response of MHD generator to change in load
from K=0.5 to K=0.999. (1) t=0.2 msec (2) t=4 msec (3) t=8 msec
(4) t=16 msec (5) t=24 msec
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Figure 4.4

(b) Variation of Voltage
with Distance

(cont.)
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Figure 4.4 (cont.)
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Figure 4.4 (cont.)
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Figure 4.5 Response of MHD generator to change in load
from K=0.5 to K=0.0 (1) t=0.2 msec (2) t=4 msec (3) t=8 msec















































































































































































