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Abstract

Two multiple-loading schemes were investigated
with a 60° diagonal conducting wall generator.
Analysis has shown that the feed-back coupling
scheme, where a common current return path is used,
requires I >I >-->I | where I is the gener-

ator currené fléwing bgtween the %j—l)th and jth
loads. Disruption of this pattern implies '"ener-
gy-sink mode'' operation at that location. The
direct-coupling mode operated favorably as a load-
ing scheme. Changing the load at one section does
not effect the operation of other parts of the
generator.

Large voltage fluctuations were observed near
the exit of the generator. This fluctuation is
caused by severe inter—electrode current leazkage
rather than instabilities. High frequency data
were obtained which showed a large difference in
behavior at the downstream portion of the gener-
ator.

Preliminary results were obtained on current
distribution on the collection electrodes. Cur—
rents are non-uniform, however loading schemes
have no significant effect. The specific distri-
bution seems to be more combustor related than
electrically related.

I. Introduction

The flexibility of the loading scheme on dia-~
gonal conducting wall (DCW) generator, as shown
schematically in Fig. 1, permits one to load the
generator in either a single load (two-terminal
mode), or multiple level configuration. The
choice of loading scheme depends primarily on the
interaction parameter of the generator. For small
generators, the plasma properties and consequent-
ly, the duct cross-sectional area, do not vary
appreciably along the channel. The internal im-
pedance for each electrode-volume remains fairly
uniform along the generator and, therefore, a
single load is adequate. However, for a large
generator, as will be encountered in central
power plant application, the situation will be to
the contrary. The impedance match becomes very
critical for optimizing the power output of the
generator.

To elaborate on this point further, let us
consider the short circuit current IS of a DCW
generator?,

Q+
I, = GAUB(1-4 ) l—mi?

*
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where 0 is electrical conductivity, A the cross-~
sectional area, U the velocity, B the magnetic in-
duction strength, Q the Hall parameter, ¢ is the
direction of the electric field ($=0 for Hall gen~
erator), and A is the dimensionless effective
voltage drop. ~The short circuit currents corres-—
ponding to the entrance and exit regioms can be
approximated by

g 9 1+ Q2
5% et 2
AT Q+0 1FQ

2 2 2 2 1

where subscripts 1 and 2 refer to the entrance
and exit conditions, respectively. For typical
central power plant conditions, we may have
A [of Q
11 1N 1 v 1
=Nz —=n — =
A V5,0 Ve adgtg
2 2 2

The corresponding short circuit currents ratio be-

comes
I o
s1 .72 for constant 45 angle

2
3.24 for constant 30° angle

H
e 22 22

4.45 for 30° angle at the upstream and 20°
angle at the downstream.

The generator length to mean diameter ratio
remains nearly constant for all sizes of generat-
ors due to pressure and friction losses along the
channel. However, the generator impedance varies
as the length to area ratio. Therefore, as the
generator size increases, its impedance decreases,
almost inversely proportional to the generator
diameter (or its equivalent). One therefore ex-
pects to operate a large generator at loads (1
ohm or less). The above values of the short cir-
cuit currents ratio indicate that the generator
cannot carry the same amount of load current effi-
ciently throughout the entire generator length.

If the current is higher than the generator can
produce at any given location, this section will
then "absorb' power from other sections and oper-
ate in the "energy sink' mode.? On the other hand,
if the load current is too low, in addition to the
mis-matched impedance, an undesirable high Hall
voltage will be generated. For commercial MHD
power plants, the control of the generator is ex-
remely important. Multiple-loading offers the
means for such control as compared to the single
load configuration.

IT. Analysis

Two limiting multiple-load schemes are con-
sidered here. One scheme offers maximum inter-
action among the different loads, while the other
decouples the various loads. Other loading schemes
can be considered as intermediate situations. For
example the multiple-load schemes used in the dia-
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gonal conducting wall channels at the U-25 facil-
itya’“is an intermediate loading scheme. Prelim-
inary results® were reported previously of the
two loading schemes. One loading scheme has a
common terminal at the entrance of the generator
as shown on Fig. 2 along with its equivalent cir-
cuit. This scheme (feed-back coupling) was used
in the ECAS studies® The other scheme essentially
divides the generator into a number of sub-gener-
ators as shown in Fig. 3. Each section operates
very much like a single-load generator.

At weak to moderate interactions, the load
line of a generator is linear. Therefore, two
parameters can determine the characteristics of
the generator. 1In the equivalent circuits as
shown in Figs. 2(b) and 3(b), the open circuit
voltage, Vg, and internal resistance, Ry, are
chosen as the two parameters.

1. Direct-Coupling Scheme

As shown in Fig. 3, the generator is subdivid-
ed into n sections. Each sub-generator resembles
a single-load generator. The generator current I

and load current IL are identical. Let VO , I

RL-’ Ri- be the open circuit voltage, generator

current, load and impedance of section j. I, i1

is the currxent flowing between sub—generato'}éJ

j and j+1. It is clear that when I, ., .= 0 for
3,3+l

j =1, n-1, the multiple-load reduces to the sin-

gle load case.

From the equivalent circuit, Fig. 3(b), the
generator currents can be written in terms of the
open circuit voltage, internal impedance and the
load as

1

I.= ———V
| + o,
IR, R oy
] 3
Theoretically, the maximum power output that
can be transfered to the external loads is

, i=1,2, ...., n 1)

n 2

Pmax = _%— L VO'
3 =1 ﬁ_l )

i,

J

2. TFeedback Coupling Scheme

This loading scheme as shown in Fig. 2 is
characterized as feedback loading since several
feedback paths are provided for the generator
current. All loads are connected electrically to
different sections of the generator and have a
common return path. The characteristics of each
section depends on the rest of the generator,
hence provide maximum interaction. The generator
currents can be derived from the equivalent cir-
cuit in terms of the open circuit voltage, inter-
nal impedance and the load by using the mesh-
equation as

3)
_vo_ﬂ _(Ri'H& YR ) S o | Is:l
1 1 1 1
R s,
2 1 2 1 2
: 0 NG Y(R + +R T,
von L 0 RI'n-] i RLn—l RLn_ 'L_Dn_J
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The generator current in any sectlon may be ob-
tained by solving equation (3).

The power output of the generator is simply
= 2 2 2
P=R L*+R L %+...R I 4)
101 2 2 n n

Rearranging equation (3), we can write the exter-
nal load as following:

v R, I
-1

RL1= 01 1 g1
IL
1
(V0 +V0 _ (Ri Ig-+R1 Ig
RL - 1 2 1 "1 2 "2 (3)
n IL
2
(V0+Vo+...+vo) - (Ri Ig+ .+R1 Ig)
R - _ 1 2 1 °1 n °n
n IL
n

For each generator section to operate in the gen-

erator model, it is necessary that the resistive

loss is less than the open circuit voltage. This

means that for all sections we must have
. I I

(Vo Vo? > (Rl g +...R1. g?

171 J 7] (6

+...
1

Since the load is always positive, equation (6)
requires that

I .

Lj>0,j=l,...,n @)
Equation (7) implies that for each generator sec-
tion to operate in the generator mode, we must
have

I I I
>Tg > L. 8
88, g (8)

.................... ceieeaas ()]
1 n n-i 1

On the other hand, if equation (6) is not sat-
isfied everywhere, say the jth section, then the
resistive loss of the jth section is greater than
open circuit voltage. In this case the generator
operates in the energy-sink mode® where energy is
supplied to the jth section by other parts of the
generator. Again since the load is positive, we
must have

IL <0 (10

consequently

&; 841 (11)

Equation (8) implies that for each generator
section to operate in the generator mode, the
generator current in each section must decrease
sequentially. If this pattern is destroyed at a
section, that section will operate in the energy-
sink mode. The limit of the energy-sink mode is

I =0 (12)
3
When the jth section operates as short circuit,
thus

I.=I (13)
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The condition imposed by equation (8) is quite
restrictive. This condition is more detrimental
if the load is also used as a means for control of
the generator when large variation of load may be
necessary.

III. Experimental Results

Both single load and multiple-load configurat-
ions were investigated. 1In the two multiple-load
schemes discussed in the previous section, the
generator was loaded in four sections (n=4). The
generator contains 70 window-frame electrodes. A
description of the facility and the generator can
be found in Ref. 7. The first four and last four
electrodes of the generator were shorted together
as collecting electrodes for the end connections.
In addition, electrodes (18, 19), (34, 35) and
(48, 49) were used for collecting electrodes for
the intermediate loads. The total mass flow was
approximately 1.45 kg/sec and combustor pressure
was 4 atm (absolute). The generator operated
supersonically throughout the entire duct.

1. Direct Coupling Results

Figure 4 shows the Hall voltage distribution
along the generator for both a 16 ohm single load
and a direct-coupling multiple-load of (4, 4, 4,
4) ohms. The Hall voltage is reasonmably linear
except toward the downstream portion of the chan-
nel. The two different loading schemes generated
comparable power (34.6 kw for single load and 35.6
kw for multiple load). However, the (2, 2, 8, 4)
ohm combination (Fig. 5) produced much less power
(24.5 kw) with the same total load. The reasons
for the large difference in the (2, 2, 8, 4) ohm
load and the small difference in the (4, 4, 4, 4)
ohm load, compared with the single load, can be
easily explained as follows. As reported in Ref.
5, the generator impedance per electrode was near-
ly constant throughout the channel. Consequently,
the single load and the uniformly distributed
multiple load gave the best performance. On the
other hand, when the impedance is not matched,
large degradation of the genmerator performance can
be expected as was shown here.

Two multiple load distributions are shown on
Fig. 5, (2, 2, 8, 4) and (2, 2, 4, 4). The Hall
voltage distribution in the first two sections (2
ohm each) are nearly identical for the two config-~
urations shown. Higher voltage was generated in
the third section (8 ohm) of the first configu—
ration compared with the third section (4 ohm) of
the second configuration. In the fourth section,
the two configurations again have the same load
(4 ohm). The two Hall voltages become parallel to
each other. This indicates that changing a load
in one section does not effect the operation of
other sections in the direct coupling load scheme.
This result is expected for weak to moderate inter—
actions and/or for small load changes.

2. Feed-back Coupling Results

Due to insulator deterioration, only limited
results were obtained for this loading scheme.
Fig. 6 shows the Hall voltage distribution for
two loading distributions. For the purpose of
comparison, the single load Hall voltage distri-
bution is also shown. The entrance region oper-
ates in the energy-sink mode. From the analysis
presented in the last section, we would expect
that this is due to the disruption of the decreas-
ing generator current pattern required for the
generator mode operation, that is
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T <1I
g

>I >1
g & g

1 2 3 y
This is indeed the case. For the two load con-
figurations, the generator currents are (67.4,

70.7, 54.8, 40.2 amperes) and (76.3, 78.5, 60.1,
44.0 amperes), respectively.

Because only very limited results were obtain-
ed in this loading scheme, no definite conclusions
can be drawn. Nevertheless the decreasing gener-
ator current criteria poses strong constraints on
the generator resistance along the duct.

3. Inter-electrode Voltage Fluctuation

Large inter-electrode voltage fluctuations
were observed toward the downstream portion of
the generator as shown in Figs. 4 and 5. These
fluctuations are associated from deterioration of
the insulator. Tt is suspected that current leszk-
age occurred there. It is important to notice
that there is no definite frequency associated
with these fluctuations. This is in contrast to
the instability results of Lowenstein and Solbes®.
Furthermore, the large fluctuations are not ob-
served in the first three fourths of the channel.
However, we expect that prolonged operation of
the generator would destroy the other insulators
and eventually large voltage fluctuations would
exist throughout the entire generator as observed
in the AVCO Mark VI channel.’

At the downstream portion of the generator,
the Hall parameter is high resulting from lower
pressure, and nonuniformities are large due to
thicker boundary layers. These are the favorable
conditions which promote breakdown as shown by
Oliver?®? ., Consequently the insulators are under
more strenuous conditions in the downstream area
and fail first. The large Hall voltage fluctu~
ations near the downstream portion of the gener-
ator are the onset of the progressive deteriora-
tions of the insulators. Better insulator mater-
ial and design is the most pressing problem for
long duration generator operatiom.

4. Current Distribution on Collecting Electrodes

Four electrodes on each end of the generator
are shorted together as collecting electrodes.
Figs. 7 and 8 show the current distributions for
both single and multiple load configurations.

The current distributions are highly nonuniform.
The type of loading does not seem to significant-
ly effect the distribution. Figs. 7 and 8 do not
show any similarity at all. However a definite
pattern is followed for each of the figures. This
definite pattern may be combustor related. In
Fig. 7, both an upstream and downstream conical
combustor pieces were used in conjunction with
the cylindrical main combustor. Only a down-
stream conical piece was used for Fig. 8. This
combustor configuration is not desirable since a
large portion of the generator operated in the
energy sink mode as shown in Fig. 6. The poor
performance is likely due to lower electrical
conductivity and higher nonuniformities resulting
from poor mixing and possible large eddies.

5. Fluctuations in Electrical Parameters

The experimental program includes the acqui-
sition and analysis of data proportation to fluct-
uations in electrical parameters in the generator
up to a frequency of 37.5 kilohertz as well as
their conventional mean values. This data is
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used to study the dynamics of the MHD process and
to provide information concerning the interactions
between parameters in the generator. A maximum of
fourteen parameters can be studied for any given
run.

The fluctuations in the differential voltages
in a DCW generaor with a single external load are
influenced by three factors; electrode surface
effects, non-uniformities in the combustion plasma,
and the interaction between the plasma non-uni-
formities and the MHD process.lb 2The initial
multiple load tests indicate that no drastic change
in the basic characteristics of these fluctuatioms
occur for multiple load as compared to the single
load case. There are, however, observations wor-
thy of mention.

The important characteristics of fluctuating
data are obtained by appeal to random process
theory. The fluctuation data for the multiple
load tests are analyzed in terms of probabilities
functions, correlation function, power spectral
density functions as defined by Parzen.!®

First, the magnitude of the fluctuations with
respect to the average values is discussed. It
was found that the fluctuation intensity of load
current defined by the ratio of the rms to mean

value, ”<Iz>. <15t

Y1 ° <I> ’

increases as the mean value decreases. The pre-
sence of large non—-uniformities in the plasma
effectively reduces the conductivity and the power
generated is therefore reduced. The fluctuation
intensity behavior is illustrated in Fig., 9 for a
generator load current. A similar characteristic
is observed for voltages in the generator.

For the multiple load tests, there were four
collection electrodes at the ends of the generator
but at points within the generator only two elect-
rodes were used. The frequency distribution of
the fluctuations for two load currents is shown in
Fig. 10; onme is an end current, Iy, and the other
is a center current, I,n. There is a striking
difference between these two functions. The cur-
rent collected at two electrodes has a much higher
frequency content than does the end current collect—
ed at four electrodes. The implication here is
that there is a strong dependence on electrode sur-
face effects. The low frequency behavior of the
end current Ig is shown in Fig. 1l1. The spectral
density below 100 to 200 hertz is much the same
for both the two-electrode and four-electrode
current collection.

The correlation functions and spectral densi-
ties of voltages in the generator are not drasti-
cally different than have been observed previously.
No large changes in behavior were observed as a
result of using the multiple loads rather than a
single load. However, more data is necessary be-
fore firm conclusions can be drawn. The spectral
densities of a differential voltage, the voltage
between electrodes 26 and 27, for both loading
schemes is shown in Fig. 12. The differences ob-
served are a function of combustor performance
and leakage effects.

In the case of feed-back coupled load, there
were large combustion fluctuations evident in the
very low frequency range (<100 hertz) of the spec-
tral density function of this voltage. There was
also excessive leakage evidenced by the large con
tribution in the range about 1 kilohertz. The
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second spectral density shown in this figure, for
the direct coupled mode, is more characteristic of
reasonable plasma uniformity conditions as well as
adequate insulation between electrodes.

IV. Conclusions

The two loading schemes that are investigated
here can be considered as two limiting cases. The
feed-back coupling provides the maximum interaction
among the different loading sections. Whereas the
direct—coupling scheme is the minimum interacting
scheme. In fact, in the direct coupling method,
each loading section operates very much like an
independent sub-generator. Changing load in one
section does not effect the operation of the other
sections as shown in Fig. 5. If the load is also
used as a control device, the decoupling of the
load in each section may be the most important
feature. All other types of loading, for diagonal
conducting wall generators, can be considered as
variations of these two limiting cases.

The limited results obtained in the feed-back
coupling scheme makes it difficult to draw definite
conclusions. Nevertheless one would expect this
scheme to be difficult to apply because all of the
load sections are interacting.

Large fluctuations in Hall voltage toward the
downstream end of the generator is related to the
insulator deterioration rather than instability
resulting from arc mode emission.?® Consequently,
the insulator is the most serious problem in limit-
ing prolonged operation of the generator.

The current distribution on the collection
electrodes does not depend on the loading schemes.
However, the specific distribution may be strongly
influenced by the non-uniformities of the combust-
ion gases. Therefore the fluid mechanics aspect
of the combustor operation may be more important
than expected.

Analysis of high frequency fluctuations in elec-
trical parameters have shown little difference be-
tween single load and multiple load scheme.
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Figure 1. Schematic of Diagonal Conducting
Wall (DCW) Generatocr Channel,
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Figure 2. Schematic Diagram of a DCW Cenerator with Multiple-Load
Feedback Coupling and Its Equivalent Clrcuit
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