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IMPACT OF UNIFORM ELECTRODE CURRENT DISTRIBUTION ON ETF

David J. Bents
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Chio

Ahstract

A basic reason for the complexity and sheer
volume of electrode consolidation hardware ln the
MHD ETF Powertrain system is the channel elactrode
current distribution, which is non-uniform., If
the channel design is altered to provide uniform
electrode current distribution, the amount of
hardware required decreases considerably, but at
the possible expense of degraded channel perfoym=
ance. This paper explains the design impacts on
the ETF electrode consolidation network associated
with uniform channel electrode current distribu~
tion, and presents the alternate consolidation
designs which occur. They are compared to the
baseline (non-uniform current) design with respect
to performance, and hardware requirements. A
rational basis is presented for comparing the
requirements for the different de. igns and the
savings that result from uniform current distribu~-
tion. Performance and cost impacts upon the
combined cycle plant are discussed.

Introduction

Due to the combined Faraday and Hall fields
within the channel, every anode and cachode volt-
age is different from its neighbor. This unique
voltage must be accommodated and maintained by the
consolidation network if power is to be extracted
from the gas in an optimal fashion. 1In a Faraday
generator, the individual electrodes must be iso-
lated from one another and see a separate load.
Their currents must also be controlled, sc that
local disturbances within the generator are
limited in their power dissipation and do not
upset its stability,

When the Faraday generator is diagonally con-
nected, current from the upstream cathodes are
routed to the downstream anodes that are at the
same voltage via a connection that crosses the
channel diagonally. This is equivalent to
putting the Faraday sources in series. 1If the
generator current profile is not axially uniform
(constant load factor generator, for example), the
diagonal connection cannot be a simple cathode~to-
anode tie, since the upstream cathode current is
usually greater than the downstream anode current,
To make the diagonally-connected generator to
perform as a Faraday machine, a summing junction
must be provided ir the diagonal connection to
remove or make up the difference in current.

Non-uniform generator current profile is a
feature of the open-cycle linear MHD generators
defined by previous studies for utility applica-
tion, including the MHD~ETF (Reference 1), The
ETF consolidation network (fig. 1), described in
detail by the CDER (Refevence 2), is a complicated

This paper Is declared g work of the U,S,
Governmentand therefore is jn the public domsin,

system because it must accomodate this non=-uniform
current profile, Using the consolidation methods
developed by AERL, groups of eight electrodes each
are consolidated together for current control and
then diagonally connected. At each diagonal tie
point (serving the eight-electrode groups) a cur-
rent injection/bleed element is introduced to
provide the necessary current variation. Addi-
tional otuges of consolidation are then used to
distribute makeup/bleed current to each of these
tie points.

If the channel design, however, was changed
to provide uniform electrede current distribution
over the entire generator length so that all elec~
trode currents were equal, a considerable savings
could be realized in the consolidation network.
This is because the diagonal connections from
cathode~to~anode would no longer need the summing
junctions since all currents are the same.
Furthermore, Demirjian and Quijano (Reference 3)
have shown that electrode current control can be
accomplished by controlling only the diagonal
currents, using transformer coupling mechanisms
similar to those formerly used to consolidate the
adjacent electrode segments, The hardware
required is equivalent tn only a single level of
consolidation. By employing uniform electrode
current distribution, it is possible to eliminate
several levels of consolidation from every cathode
to anode connection in the diagonal traverse and
to minimize the segmentation required.

MHD Channel Comparisons

In order to assess the performance impact of
incorporating uniform current distribution as an
ETF design feature, a channel design and perform-
aace analysis was carried out (Reference 4), and
followed with a combined cycle MHD/bottoming plant
vimulation. Three cases were considered for com-
parison:

CASE I - The reference case, namely the ETF
channel described by the CDER., This channel is a
12 meter, variable load factor Faraday machine
whose peak Hall field is limited to 2500 volts/
meter. Its design (including selection of channel
length) is optimized to yield maximum net electri-
cal power from the ETF combined cycle plant.

CASE II - This channel design is an attempt
to provide uniform current distribution without
exceeding the limits imposed on the reference
design. The electrode current is held constant
until the peak Hall field limit, 2500 volts/meter,
is reached. Then it is allowed to decline so that
this limit is not exceeded.
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Fig., 1 ETF-MHD Generator Consolidation Network

Connection Diagram.

CASE III - This design forces uniform current
distribution throughout the entire channel. The
2500 wolt/meter Hall field l{mit is exceeded. All
three cases were designed to the same channel
length and magnet field profile. The electrods
pitch was not changed, even though the channel
lofting varied. Mass flow and thermal inputs
were kept the same, Cases II and III were not
optimized and, therefore, only serve to illustrate
changes asgsociated with uniform current distribu-
tion. Table 1 summarizes the three cases.

Using the data from the channel design and
performance analysis, the electrical characteris-
tics of the channels can be shown by profile plots
of elegtrode voltage and current as a function of
axial position. These profiles are what the con-
solidation networks must accommodate and maintain.
The Hall gradient (from Reference 4), also plotted
with position, is a measure of how heavily the
interelectrode gaps are stressed.

X
OWe 8270-1-808+T06-001 (SHLET 1)

In Case I, shown in Figure 2, the stress is
kept below the accepted safe limit by increasing
load factor as the channel is traversed. The
current is at its peak near the inlet and falls
to nearly half that value at the exit. Since the
exit end is grounded, the first anode is the most
negative, and anode voltage does not lower to the
first cathode voltage level until about a meter
past the inlet. The voltages taper parallel to
each othe downstream with nearly constant slope,
since the Hall gradient is held constant. 1In
order to limit the power dissipated by shorting
between adjacent electrodes and because electrode
current reaches a peak of 75 amperes near the
inlet, the anodes in this region are split into
four segments. Due to the variation of electrode
current along the generator length, no equipoten-~
tial cathode to anode connection can be made
without adding or removing current from that
connection.
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Tablo 1 Sumw~ry of ETF Channel Doaigns for
Uniform Eloctrode Current Distvibution
Comparioon,
Cave | Case 11 Case M1
Channel bateline, uniform current uniform electrode
Design maxinum net distridution current distribyue
electrical power untll ! 8 k¥/m tion lhroushou(
extraction from Hall fielg channel
Tant, maximm Vnit 13 reached fleld et ls
a1l fleld fynored

2.8 kV/m, nope
uniform electrode
current disteibus
tion

Channet Langth 1198 m 1.9 n 1200 m
Hass Flow 181, kp/see 160, 1 ko/sec 161,10 kg/sec
Volume X 0 3
Thermal lnpul §39,8) My 539,01 My 519,81 Mg

Combustor Press, 4.5 atm 4.0 atm 4.2 ate

Inlet Mach ¢ 89 .89 89

Peak Hal) Fiold 2.8 kv/m 2.8 k¥/m 3.5 A/

Exit Stagnation
Pressure 1,104 atm 1,105 atm 1,104 atm
Temperature NI 23530k 2348%

Channel Heat

toss 20,95 Mg 21,85 My 22,70 My

Net MiD Power 89.5 Mg 88,5 My 85,1 Mg

Case II, shown in Figure 3, shows the effects
of forcing uniform ecurront distribution, and
simultancously imposing an upper limit on the Hall
field. Since curvent in this case is fixed (no
peak), anode/anode fault power can be limited by
dividing into only two segments. Also, the Hall
gradiant risea more slowly than in Case I. The
ganerator is not as heavily loaded at the inlet,
and so Faraday voltage is higher but Hall voltagz
is less. Lass powar is extracted from the inlec
vegion. The 2500 volts/meter Hall gradient iimit
is aventually rveached near mid-chamnel, however,
and in order to provent it from being exceeded the
current wust be lowered,

Case I1I, (Figure 4) represonts the offect of
uniform current diastribution without imposing the
Hall limit. Electrode currents throughout the
genarator are equal, but at tho expense of a Hall
field that excoeds 3500 volts/meter. This occurs
near the chaunnel axit, however, not the inlet
region whare clectrode damage uaually occuras.

Due to the varying channel load factor aud Hall
gradient that uniform current distribution
imposes, thao anode and cathode voltage lines are
not nearly so parallel as in Case I, nor do they
show conatant slopa. The axial distance (or
number of alectrodes betwen) cathode and anode
at the same potential varies considerably along
the generator length. This means that, as the
diagonal connection angle changes, some cathodes
will have to be omitted From conneetion and taken
out separately. These cathodes, called bleed
cathodes, occur avery scven or eight clectrodes
with this channel.

Case 1I and Case III are departures from Case
1, which was carefully optimized with respeet to
net electrig powar output from the combined cycle
plant. Generator performarce is reduced, and
when aelettrode curvents are forced equal over the

entire generator langth, the exit end Hall
gradient is approximately one and one half times
the allowed limit of the baseline channel,
Comparison wins made only at ETF siee, however,
and not over a range of channel sires, Domirvjian
and Pian (Raference 5) performed comparisons at
500 MW that also indicated a reduction in perform=
ance for the uniform current case but do not
indicate an exceassive Hall field, Therefore, it
is promature to conclude that uniform current
distribution alwya degrades channel performance
and pafety factova, Similar design atudies,
performed at « larger channel size (and volume)
wmuy show lans severe degradation and perhaps make
uniform currvent dist.ibution a more attractive
featuie as channel size is increased,
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AGE 1S

Consolidation Notwork Designs

The Case I consnlidation network arrangamont
is depicted schomatfcally in Figure 5. Anodes and
cathodat avo arranged into 88 separate consolida=-
tion groups of eight electrodes each, Depending
on generator position, the consolidation groups
are 3, 4, or 5 stage units that provide current
distribution and control to the electrodo seg=
ments., Two stages are used to consolidate anodes
near the inlet, one stage is used beyond the
current peak, and individual cathodes are not
consolidated since they do not require electrical
segmentation, Within vach group the electrodes
(or segments) are tcansy~rmer coupled to cach
other, for stabilization. Diagonal connection
and current summing/subtraction is accomplished
at the 80 diagonal tie points which link a cathode
group tu an anode group at the same average
voltage, In order to diagonally transverse the
channel once, electrode current must psszs ‘hrough
three scages ot cathode consolidation (current
control), enter and leave the diagonal tie point
(to resolve the differences in current), and pass
through four or five more stages of anode congol-
idation (segment current control). The summing/
subtraction junctions are served by makeup current
distribution and four bleed current collectors
identical to the electrode consolidation groups
but larger in scale.

Figure 6 shows the consolidation network that
accommodates the Case II channel. Over the
uniform current distribution portion of the
generator, eimple dingonal cennection can be used
with current control via transformer coupling,
equivalent to a single stage of consolidation,
between adjacent diagowal currents. Since the
cquipotential (diagonal comnection) angle is
changing, however, there are 29 bleed cathodes
which must be taken out and consolidated in some
fashion to reduce the number of terminals. The
exit half of the channel must be handled in the
same¢ manner as Case I, since the current from
each electrode is less than the preceeding one.

The Case III uniform current distribution
consolidation network is shown in Figure 7, No
consolidation groups are needed for current
control since the diagonal currents themselves
are controlled by transformer coupling to each
other. Interelectrode fanlt power is limited by
splitting the electrode and diagonal currents in
two. Bleed cathode currents, arising from the
angle change previously discussed, are collected
by three five stage consolidation networks
(similar to a Case I anode consolidation group and
carrying roughly the same current) and another
five stage, main load return consolidation. For
convenience, the main load consolidation (which
injects current into the generator) is split into
four separate units that are sized to match the
four current collectors. By doing this, indepen~
dent load connection is possible and two higher
level consolidation stages are avoided.

Equipment Requirements

We can assess the hardware savings associated
with uniform current distribution quantitatively
by dividing the consolidation network fumction
into three arecas:
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1. Introduction of load rurrent into the
generator at the inlet ragion,

Table 3

Conso)fdation Eay ‘pment Reguirements for Case |
2, Circulation of diagonal current, adding

or removing current from each connection as 4,01 _Units {Element_compostion of each ynit by Jevel)
required, W1 o2 3 4 8 6 7
3, Removal of load current from the generator Current ) s 2 1
at the exit region and elscvhere as required, Into
M 4 % 8 4 2
Ganerator
To determine the hardware required to accomplish ' 8 4 2
. each of these functions for the three cases, we
must mske an arbitrary definition of size for the Plagone] “ 8 4 2
consolidation network elements at their various 2 8 8 4 2 1
‘ levels. 80 . 2 1
)
Since every consolidation stage combines two Current 4 B 4 2 1
sources into one, and sinve the electrode is the m;of ,
original source, we defin« a level one consolida- Cenerator ¢ 2
tion as that equipment tilch is required to 8 ¢ 2
consolidate the current from one electrode into a
single terminal connection. For example, the
Total Ho, Elements
element which combines the currents from two anode at £ach Levels 704 704 TA4 372 86 0 4 2
segment pairs into a single anode current is a
level one consolidation (sece Table 2). An ETF
anode consolidation group of eight anodes contains
levels 0 through 4 (5 stages in all) because it Teble 4
begins by combining 32 individual anode segment &l
currents and ends with a single terminal output Congol idation Equipment Requirements far Case 11
from eight anodes., A level two consolidation is
the equipment that combines two electrode currents 2 of Units (£ lement_conpostion of each unit by lave)
into one output, level three combines four elec- ——— tchuntt by Lyvel)
trode currents (two pair) and so on. For the ETF 0 1 2 3 4 5 6 1
network, anode consolidation begina at level 0
Current 1 N2 s6 B W 7 4 2
Into
Table 2 MiD
Generator
Consol{dation Levels
Diagonal 288 )
Traverse
Level O Consolidation 1 2 segments to 1/2 electrode 8 8 4 2 1
1 segment pair consoljdated » s 2 )
1 i 2 segment pairs to 1 electrode
1 electrode assy. conso) idated
Current 1 2 W0 3 2
2 s 2 electrodes to 2 electrodes Out of
1 pr. electrodes consolidated D 3 2 i
Generator
3 : 4 electrodes to 4 electrodes 2 8 4 H 1
1 terminal consolidated
1 » 19 w5 3 2
4 ¢ 8 electrodes to 8 electrodes
1 terminal consol{dated
5 3 16 electrodes Total Mo, Elements
consol{dated at Each Level: 0 M 397 RW w0 20 NV 6
6 i 32 electrodes
consolidated
? 3 64 electrodes
consolidated Tl
8 H 128 electrodes sble &
- consolidated Conzalidation Equipment Requirements for Case {11
9 : 256 e)ectrodes
consolidated
Y, 4 of Units {Element_composition of each unit by level)
- (D1agonal Current Control s Equivalent to Level l) 0 1 ? ] 4 [ 3 7
% near the inlet and level one near the exit, and ?:nnt 1 % N v 4 2 1
] cathode consolidation begins at level two. As e 3 2 16 8B 4 2 3
i Table 3 shows, composition of the previous five Generator
stage anode consolidation group is 16 - level 0
elements, 8 - level one elements, 4 - level two w:ﬁgu 572 !
3 elements, 2 - level three elements and one level
: four element. The diagonal tie points themselves
. . ’ . Current | [N 4 2 1
; are served by relatively low level consolidation out of
; since the bleed (current inject/collect) units do o ator o8 4 2 1
¢ not carry all current from a cathode consolidation
? group to an anode group, but only the difference
i lts £ non-unif Total Ko, Elements
in current that results from the niform Total Ko, Eles o 64 122 82 2 W 8

distribution.
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The current control olemonto used for direct
diagonal connections (uniform current distribu-
tion) are squivalent to level one consolidation
since in this case the cathodo segments are taken
individually to corvesponding anode segments, then
trans formor coupled to tho adjacent diagonal
conneevion, For orample, the first half channel
diagonal connections of Case II (cathoden 1
through 325 minus the bleeds connected to anodes
113 through 410) require only 233 - level one
eloments.

The hardware requirements for providing the
three functions in each consolidation network are
shown in Tables 3, 4, and 5. The last line in
cach table shows the total number elements of
each typn; thaoe totals are also summarized in
Table 6.

Table 6
Cost Breakdown Comparison = Total Nusber of €lejentt

Required for Each Conso)idation Network According \p Level

Level of Element
0 1 1 3 4 5 6 7 8

Case | 704 704 4 32 6 10 4 H
Case I 04 397 28 120 20 12 6 ]
Case 111 494 122 62 N 16 8

Clearly fewar elements, and fewer high level
elements denote cost advantage. If we make the
simple assumption that the cost of each element
varies with its current capacity, we obtain cost
multipliers 1,0, 0,82, and 0,33 respectively for
Cases I, II and III.

Impacta Upon the Plant

It is not clear that the possible consclida-
tion network equipment savings justifies the
per formance peralty against the plant which may
result. As we have seen previously, uniform
current distribution limits the current which is
drawn from that portion of the gencrator most
able to supply it, and draws more current from
the exit portiom of the channel. Hall gradient
and heat loss are higher, but enthalpy extraction
is reduced, As the combined cycle simulation
results show in Table 7, the lowered channel

Table 7

Uniform Electrode Current Distribution Impact
on E1F Plant Performsnce

cycle MWD bottoming  stoam gross  net
coat power  Cycle cycle AC AC
input input output  power  power
| Wiy Mg My LY Mie My
| | | | |
Case 1 I 539.8  89.5 426,4 123 2,8 )
Cate 111 | 59,8  85.1 429.8 135.3 219.5  200,0

performance translates inevitably to lowered
plant efficiency. The electrical power output

differenco betwoen Case I and Case IXI channcle
is 4.5 MW, But aince the bottoming cycle domi-
nates the heat balance at ETF size, the net loss
in plant output is only 2 MW, or one percent, If
the uniform curront case had been optimized for
this plant or if the plant had been larger in
size, thio porformance reduction might not be as
severe, Howvar, it appears at first glance that
incorporation of uniform current distvibution as
a design feature would have negative impact on
overall performance deapite the positive impact
on capital cost,

3600 A
«29,0kV =
2267 KV b0 A ! 11 ]
amwi{omw{ | B [low]l  ssmw
800 A MW
=]
ALK
*5,5 kV =
0.0y —200A

Fig, 8 Inverter Unit Arrangement and Connections
for Case I Powertrain.
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Fig. 9 Inverter Unit Arrangement and Connections
for Case II Powertrain,
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Fig., 10 Inverter Unit Arrangement and Connections
for Case III Powertrain.

Are there impacts upon the inverter system?
The consolidation network removes small increments
of power distributed over the entire generator
according to the voltage and current profiles, and,
pregents this power in concentrated blocks to the
invertar system., The number of blocks, their size
and distribution depends mainly upon the current
profile.
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Since tha diagonally connected Faraday genora=
tor cannot have both uniform electrode current
distribution and conutant diagonal conncction
angle, the inverter system shich serves it io
typically composed of a main load unit which
handles the bulk current travorsing the entire
genarator length, and peveral omaller auxiliary
units which take congsolidations of the bleed cur-

rents that exit the generator in mid=secction.
When the current distribution ia non~uniform the
blead currents, taken from the diagonal tie
points, are unequal., The bleed conasolidation unit
itself will have an output current that dependa on
both the number of bloeds congolidated and their
location in the generator. Since it is always
desirable to make the number of bleeds consoli-
dated per unit an integer power of two, and since
there is a tradeoff between the allowible number
of bleed unit consolidation stages versus the
allowable number of auxiliary inverters, the nct
result is that the output from cach bleed consoli~
dation unit will be different. Each auxiliary
inverter string thus carrvies a different current.
When current distribution is uniform, however, all
the bleed currents are cqual and their consolida-
tion units can draw from any location in the
generator, either to provide the most convenient
mid=tap voltages or to divide the fotal current
into equal blocks. If the latter course is
followed, all of the inverter units can be of
equal, or nearly equal, current rating.

Figures 8 and 9 show the requived inverter
arrangement: for the non-uniform current distri-
bution cases (I and %I respectively). Note the
variation in currents betwen the inverter
strings. Additional consolidation stages could
have been used to combine some of the terminals
but, since the added equipment is equivalent to
another inverter unit, there are many terminals.
The Case IIT inverter system is shown in Figure
10, All units are of the same nominal rating
(1500 AMP).

Concluding Ramarks

From the analysis and discuassion we can assess
the impacts of incorporating uniform electrode
current distribution as a design feature of the
ETF~MHD gencrator:

1. A slight reduction in generator and over-
all plant performance.

2. An increase in electrical stress due to
Hall voltage.

3. A reduction of electrode consolidation
network aize, complexity and hardware content.

4, Fewer constraints imposed upon inverter
system configuration,

The poerformance and clectrical stress impacts are
not absolute but apparently depend on gencrator
size. The power conditioning simplification
impacts are valid at all sizes.
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