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Abstract

The theoretical performance of linear series segmented MHD

generators with finite size electrodes and one or a few identical exter-

nal loads is investigated. The analysis is an extension of our confor-

mal mapping investigation previously reported. The electrical charac-

teristics are evaluated as functions of the segmentation degree, the

Hall parameter and the relative position of short-circuited electrodes.

Special consideration is given to the influence of staggering the elec-

trodes , i. e. shifting the relative positions of short-circuited electrodes.

General electrical terminal characteristics, i. e. the full cur-

rent-voltage relation, can not be obtained by the exact analytical meth-

od, which is applicable only to so-called design load conditions or infi-

nitely long MHD channels. However, it is shown how the general prop-

erties can be explained qualitatively and calculated approximately by

describing off-design modes of operation in terms of a fictitious "effec-

tive" number of external loads.
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Introduction

In a loaded segmented MHD generator each electrode gives rise

to an eddy current system because it provides a local short-circuiting

path for currents induced by the generator axial electric field. The ed-

dy currents will strongly affect the generator performance by increas-

ing the internal resistance. This basic problem for MHD power genera-

tion is usually referred to as the finite electrode size effect. It can be

attributed to the Hall effect in the flowing plasma or, in different words,

the tensor properties of the plasma conductivity. The increase of the

generator internal resistance is roughly proportional to the Hall effect

parameter which in turn is given by the product of the magnetic field

strength and the mobility of the plasma charge carriers. However, none

of the two factors must be made very small because it can be shown that

both of them enter, also as factors, into the expressions for the gas

flow work and the output power density. Further, the fundamental im-

portance of the Hall effect can be still more stressed when it is ob-

served that the problem of the finite electrode size effects can in gen-

eral not be solved satisfactorily by making the electrodes and the insu-

lators very narrow in the flow direction.

Analytical treatments of two-dimensional problems where the

Hall effect is involved usually tend to be complicated because of their

intricate boundary conditions [1 ]. The special conformal mapping tech-

nique introduced by Hurwitz et al. [2] will then greatly facilitate ob-

taining a solution. The technique presumes an axially unbounded gener-

ator duct along which conditions are periodic but otherwise constant,

two-dimensionality, constant plasma properties and a small magnetic

Reynold's number. The first restriction will partly be relaxed in the

present paper, the other do not represent a serious limitation of the

practical applicability of the conformal technique.

The present paper is an extension of a recent work [3] where

we derived a conformal mapping function suitable for the analysis of

a general power generating duct. In three cases the analysis provided

exact solutions to questions concerning the most favourable duct geom-

etry. About the best relative positions of two electrodes with gas cur-

rent connection it was proved that the exactly opposed position leads to
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minimum resistance. As regards the length ratio of electrodes and insu-

lators, a relation was derived that gave both the condition for the on-

set of internal current leakage between adjacent electrodes and that

for a minimum of the generator internal resistance. It was also shown

that in practical cases the same length ratio should be taken to be unity

and that will be the case here.

2. Nomenclature and basic equations

The symbols are the same as those in ref. [3] where the

equations listed below were derived. An asterisk denotes a quantity

made dimensionless.

B = (0,0, B), magnetic field strength

d = channel width, cf Fig. 1

E = (Ex, Ey, 0), electric field strength in the laboratory system

Ê  = (Ex, Ey-VB, 0), gas frame electric field strength

I = electrode current

Ix = axial gas current

I* = lj(o1 VBd)

j = current density

m = integral number < 0

n = number of external loads

P = Ixcpi ="IecPk> P o w e r output from a generation section of the
length 2 p

P*= P e / (2a l P V2B3d)

P£ = Ie VBd, gas flow power for a generator section of the length

2p

Pf = P f/(2a1 p V2B2d)

p = Av tan(e-a) + Aj + l/2

q = Av cot a + Au - 1/2

U*= cPl./(2p VB)

V = (V.0,0), gas velocity

x = 2pm, position of short-circuited electrode, cf Fig. 1

a = load angle, cf Fig. 1

(3 = tan 9, Hall parameter

Au = conformal shift defined in ref. [3]
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Av = conformal shift defined in ref. [3]

7] = Pe/P£ = - cpk (VBd), generator efficiency

9 = Hall angle

p = insulator or electrode width, cf Fig. 1

ö i = scalar conductivity reduced with respect to ion slip

cpk = potential between electrodes having gas current connections,
cf Fig. 1

cp. = potential between points on the channel center line situated
Zp apart

•n =
 2 P m + d tan(Q-a) + 2pp ^ *

2pm + d cot a+ 2pq

u* = ££ (2)
2 pm + d cot a + 2 pq

_ d [ 2 p m + d tan(B-cy) + 2 P P ] ,^
e (2pm + d cot a + 2pq)2 [tan9 - tan(8-a)]

p* =
(2 pm + d cot a + 2pq) [tan 8 - tan(O-a)]

T # _ 2pm + d tan(8-<y) + 2pp '__

(2 p m + d cot a+ 2 pq) [tan6 - tan (8-a)]

The series segmentation

Consider Fig. 1 where a sketch of a MHD channel section is

given. The axial charge transportation is there provided both by the

heavily drawn short-circuiting conductors and by the plasma strips

separated by thin current dividing lines. Finite electrode size effects

as well as the conformal method require the segmentation degree

p/d to be much less than unity and hence only opposed electrode po-

sitions need to be considered, i. e. m is taken to be a positive or

negative integral number. The conductor BC series connects two

voltage sources consisting of the elctrode pairs AB and CD. In the

general case we now assume that the distance between correspond-

ing points on the electrodes A and C is 2np. The generator will then
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have n series of series connected electrode pairs and thus supply n

external loads. The potential difference between the electrode B and

the midpoint F between A and B is cp^/2 and, by symmetry, the same

potential exists between the point G and the electrode C. The distance

between the center line points F and G is 2np and hence their differ-

ence in potential is ncp. . Because B is short-circuited to C, the line

integral J" E- dl̂  taken any path between them is identically zero. By

taking the path B-F-G-C it is found

q^/2 + nqjj + cpk/2 = 0 (6)

Applying Eqs. (l) and (2), Eq. (6) is written as

d tan(e-a) + 2pp = 2p(n-m) (6')

and it relates the load angle a with the duct design properties p and d

and also with the electrical circuitry determined by n and m. Because p

is a complicated function of a, it does not seem possible to solve Eq. (6f)

in an elementary way.

4_. Characteristics at design load conditions

The six top schematic generator configurations in Fig. 2 show a

number of current flow geometries corresponding to various pairs of n

and m-values. The transverse current flow generator A was called type

I in ref. [3] and it was shown to have somewhat better performance than

generator B which has opposed short-circuited electrodes and is usually

denoted the Hall generator, C and D show other short-circuiting connec-

tions, generator E is open-circuited and F is a type of two loads genera-

tor.

Fig. 3 gives power-efficiency working points for generators with

the segmentation degree p/d =0.1 which means five electrode pairs per

channel width length of the channel. Four values of the Hall parameter (3

are considered for generators with 1, 2, and 4 identical loads. Each

point has been obtained by solving the relevant Eq. (6T) to find the load

angle a whereupon the power and efficiency values were obtained from

Eqs. (3) and (1) respectively.
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Two smoothly varying curves are drawn. They both refer to the

Hall angle 67. 5 . The top one is the characteristic parabola for the seg-

mented generator with opposed electrode pairs connected by independ-

ent resistors which can be varied in unison from zero (T| = 0) to infinity

(T| = 1). This curve can also be considered to represent the fictitious

series-segmented generator for which the short-circuiting position x

varies with the loading so that the current is always made to flow be-

tween opposed electrodes. Consequently it must cross the -working

points where series-segmented generators with 8 = 67.5 have current

flows between opposed electrodes, i. e. n = m. All such points are in-

dicated by arrows. Connected with them by a straight line to the right

is the working point for n, m = n + 1 and to the left lies n, m = n - 1.

The effect of "staggering" the electrodes, i. e. shifting the' m-value,

is easily found by following the straight lines between the points. The

small capital letters refer to corresponding configurations shown in

Fig. 2.

The lower continuously varying curve is the well-known charac-

teristic for a Hall generator with p/d = 0. 1 and 8 = 67. 5 . It crosses

the three points where m = 0 and it exhibits a continous variation of

the load number. Thus such a curve cannot in principle represent the

performance characteristic of any actual generator configuration which

necessarily must have a fixed number of external loads. The contra-

diction arises from the fact that the Hall generator curve was obtained

when considering an infinitely long generator duct or, stated differently,

no restriction like that of satisfying Eq. (6') was put on the load angle

a. In this section we will consider only the discrete working points,

each of them requiring one or more certain design loads determined

by the generator terminal voltage and currents. In the next section it

will be discussed what actually happens in a finite length MHD channel

when deviations occur from the design load value.

Fig. 3 can be compared with Fig. 4 where twice as finely seg-

mented channel geometries are evaluated. It is evident, and also well

known, that a large Hall parameter necessitates many segments for

a reasonable power output. On the other hand the efficiency of a given

(n, m)-configuration decreases when the segmentation degree p/d is
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made smaller. In general, generators with one or two design loads do

not appear feasible mainly because of low efficiency. Also, a decreased

Hall parameter will always make a higher power output possible but

this is achieved only at the expense of an increased number of design

loads.

A proper staggering, i. e. a favorable m-value, is important

especially when the electrodes are large. E. g. the Hall generator,

m = 0, is inferior to generators with m = 1 or 2. In most cases, gas

current flow between opposed electrodes, m = n, should be selected

as shown by the points indicated by arrows. However, when both n

and 9 are small, a deviation from the same rule can result in an im-

proved performance.

Figs. 5 and 6 show working points in two voltage-current dia-

grams, one for a medium and the other for a low value of the Hall pa-

rameter. Along the straight lines are the points for n = 0, i. e. open

circuit, to n = 4. As before, arrows indicate where n = m but, in con-

trast to Figs. 3 and 4, the straight lines here connect consecutive load

number values n, the staggering number m being fixed, m = 0 or 2. At

the higher Hall value, the short-circuiting action from the electrodes on

the axial electric field is very pronounced so that the segmentation de-

gree p/d then becomes the dominating parameter while the effect from

staggering is small. A reversed situation is shown to occur when the

Hall effect is small.

5_, Off-design operation modes

Apart from the current flow discontinuities occurring at the ge-

nerator ends, the generators A to F, Fig. 2, all satisfy the conditions

for the conformal analysis to apply, i. e. they have periodically repeated

current flow patterns near the electrodes and uniform current flows a-

cross their center lines. For each generator type Eq. (6f) will give the

relevant load angle and, when this is known, Eqs. (2) and (5) can be com-

bined for calculating the necessary design load resistance. Deviations

from this design value will lead to quite different situations.

i. When the external resistance is too large a transverse and closed

current component may occur. E.g. generator E shows what would hap-
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pen if the design load of generator A was disconnected, i. e. taken to be

infinite. The appearance of the braking current loops shown by genera-

tor E are associated with a load angle, cf Fig. 1, that is larger than

that which corresponds to n = 1 for a given generator type, in other

words, they occur when the generator operation mode is 0 < n < 1 *.

The conformal technique still applies.

ii. When a generator is driven off-design because its load resist-

ance is too small, current concentrations at the generator ends will

occur. Apart from them, the. operation mode will be a linear super-

position of two consecutive integral n-modes. Upon a further de-

crease the "effective" load number will continuously increase and, in

singular cases, attain approximate integral numbers like that for

n = 3 shown by generator H where exactly a third of the axial current

is carried by the shortcircuiting conductors. Generator G shows

another but less likely response of a single load generator to a de-

crease of the external resistance. Such a hybrid mode cannot be in-

vestigated by our conformal technique, however, it could also corre-

spond to a fictitious nonintegral load number. It should be noted that

conservation of axial current prohibits any continuous variation of the

current flow pattern along the generator.

iii. Conditions at the end of a generator are difficult to analyze.

However, in the case that the applied magnetic field is extended a few

segmentation lengths beyond the electrodes, it has been proved [43

that the end eddy current system is limited to a narrow region and

that it strongly decreases, both as to the associated power loss as

well as to the axial extensions, with increasing Hall parameter. The

end eddy currents can therefore be treated as separated from currents

between electrodes. The electrode pairs at the generator ends will

1 By extending our analysis to negative values of n, accelerators and
electromagnetic brakes could easily be investigated. A brake would
have a negative value for its power output but a positive flow work.
For an accelerator both these quantities would be negative.
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then have a smaller internal resistance than the other pairs simply be-

cause wider current strips are available to them. This fact indicates

that the transition region for different operation modes will be situated

near the generator ends.

6_. Summary and conclusions

Practically all theoretical works on MHD power generator design

have been confined to two types of power extraction which often are

claimed to be basically different, namely transverse and axial extrac-

tion. In the first case the generator with many independent and identical

loads is considered. Its properties are well known both from experi-

ments and theory. The axial extraction generator is usually assumed to

have a single load and short-circuited opposed electrodes. This latter

generator concept has been given less attention and even its fundamen-

tal working principle is seldom satisfactorily explained. E. g. the axial

field and current are ususally calculated in a way that contradicts the

existence of terminal electrodes situated at a finite distance.

The present work shows that the above generator types both re-

present rather unattractive extreme cases of a more general transverse

power extraction generator which has identical external loads operating

in parallel and each of the loads connected to a number of series con-

nected electrode pairs. At the design loading all relevant data for such

a generator can be found. Generator end effects are not taken into ac-

count here but the error introduced by this simplification is probably

less than those caused by the other simplifying assumptions imposed

by the conformal method. Off-design modes of operation are shown

also to be treatable, but with less accuracy, as long as the basic con-

dition of central current flow homogeneity inside the generator applies.

When the segmentation degree is not very small the proper

staggering of short-circuited electrodes has been proved to be impor-

tant. Practically, it should be arranged so that the gas current flows

between opposed electrodes when the generator operates under normal

working conditions.
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Fig. 1. Simplified picture of series segmented MHD channel.
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