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Electrical Characteristics of Magnetohydrodynamic-Generator
Sidewalls with Segmented Z-Bar Design
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The electrical characteristics of segmented Z-bar insulator walls for magnetohydrodynamic power generators
havebeen investigated. Experiments were carried out, using a 20-MW (thermal input) power generator, to compare
the performance of the Z-bar sidewall design to that of the conventional straight-bar configuration. Electrical
properties were measured for clean-fuel (bare-wall) and simulated coal-fired (slagged-wall) test conditions. The
Z-bar sidewall design was found to be superior for its ability to adjust to varying generator load and operating
conditions. The wear-inducing electrical stresses were much lower and more uniformly distributed in the Z-shaped
configuration than in the straight-bar design. The effects of bar segmentation on the interbar voltage and fault
power distributions were also studied. The selection of sidewall design for several recent power generators was

based in part on the results of this study.

Nomenclature

electric field intensity, V/m

axial electric field intensity, V/m

v Faraday field intensity, V/m

value of E in the core flow region, V/m
electrode current, A

interbar short-circuitcurrent, A

number of overlapped electrodes

Hall voltage of generator, V

N ovlp
VHall

I. Introduction

HE rectangular cross-sectioned flow channel of the magne-

tohydrodynamic (MHD) power generator is formed by four
walls. The two walls having surfaces parallel to the magnetic field
vectorare the electrode walls. The sidewalls separatingthe electrode
walls are insulator walls. Because of the unavailability of electrical
insulating materials that can reliably withstand the harsh environ-
ment inside coal-fired generator channels, the insulator walls are
typically constructed of water-cooled metal elements that are insu-
lated from each other to prevent any net flow of current.! Figure 1
shows several typical insulator wall designs.

Figure 1a shows a peg wall design. These walls are constructedof
rectangularor square metallic elements (pegs), typically 2-3 cm on
a side, separated by thin strips of insulator material. The advantage
of this design is its electrical flexibility and its superior electrical
insulating properties under all kinds of generator operating con-
ditions. The disadvantages are the mechanical complexity arising
from the large number of small elements and the need for inter-
nal manifolding within each row of pegs for cooling. With proper
engineering and assembly procedures, such walls can be made to
operatereliably and have, in fact, been tested at the 20-MW (thermal
input) generator size for hundreds of hours. Scaling of the peg wall
to large commercial sizes is difficult because of the large number of
wall elements.
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To simplify insulator wall design, the conducting-bar sidewall,
shown in Fig. 1b, is used. The sidebar elements lie nominally along
the direction of equipotential planes in the generator. The side-
bars also serve as the diagonal connections for electrode currents to
flow from the cathodes to the anodes. This design is hydraulically
more reliable than the peg design, having no internal manifolding
of coolant. Such continuous-bardesign however can only be used in
diagonally-loaded generators and it does not allow external current
control or fault power control.

To alleviate these problems, the conducting sidebars are split,
as shown in Fig. 1c, which allow the use of external circuits for
electrode current control. Each sidebar segment is large enough
to be individually cooled. In comparison to the continuous side-
bar design already discussed, the segmented bar design requires
a larger number of coolant hoses and penetrations of the pressure
vessel.

A disadvantage of the bar-style sidewall designs is their inability
to follow changing potential distribution in the plasma. When the
bar orientation becomes misaligned with the plasma equipotential
plane, sidebar elements span voltage gradients that can cause cir-
culating currents to pass between the sidebars and the plasma, as
well as current leakage and arcing between the bars. Misalignment
can occur in the electrode boundary-layerregions of the channel or
when the generator is operated at off-design conditions.

Segmented-bar sidewall designs have been extensively tested in
both oil- and coal-fired MHD generators. Material wear due to in-
terbar current leakage and arcing have been observed. The locations
of the wear on the sidewalls of a 50-MW (thermal input) coal-fired
generatorare shownin Fig. 2. Material loss occurred at the upstream
edges of the long cathode sidebars near where these bars overlap the
upstream midbars. The wear patterns suggest anodic erosion due to
leakage currents and/or arc discharges. These wear locations corre-
spondedto positionswhere highinterbar voltages were measured >3
Anodic protection, using brazed tungsten and tungsten-copper sur-
face caps, has been tried on the cathode sidebars with varying de-
grees of success.

The other wear areas, at the corners where the anode wall joints
the sidewalls, also coincided with locations where high insulator-
gap voltages were measured. Anode materiallosses from arc melting
were observed during posttest inspections. The direction of the arc
currentis from an anode to its upstream anode sidebar. In most cases
the wall corner joint insulating seal is punctured by arcs, whereas
the interanode insulators remain intact.



1094 PIAN AND PETTY

a) Peg wall

CATHODE

¢) Segmented bar wall

Fig. 1 Insulator sidewall designs.
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Fig. 2 Observed wear patterns on the sidewalls of a 50-MW coal-fired
generator channel.
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A variation of the segmented-sidebardesign is the Z-bar design,
shown in Fig. 3, in which the wall elements are arranged to follow
more closely the actual shape of equipotential planes in the gener-
ator. The heights of the two vertical elements within the Z-shaped
rows are selected to approximate the thickness of electrode wall
boundary layers. Such a design was selected for a recent coal-fired,
proof-of-concept MHD generator."*

This paper describes MHD generator tests carried out to study
the electrical properties of segmented Z-bar sidewalls. The effects
of cathode voltage nonuniformities and sidebar segmentation on
the wear-inducing electrical stresses were also investigated. The
descriptions of the sidewall tests are presented in Sec. II. The gen-

Table1 Generator operating conditions and
channel geometry of sidewall comparison tests

Parameter Value
Total mass flux, kg/s 2.0
Oxidant N/O ratio 0.7-0.8
Seed fraction, wt% potassium 1.0-1.5
Oxygen stoichiometry 0.9
Equivalent ash carryover, % 0 and 30
Peak magnetic field intensity, T 2.5
Generator channel length, m 1.0
Channel height, m

Inlet 0.15

Outlet 0.18
Channel width, m

Inlet 0.07

Outlet 0.12

ANODE WALL

Z~BAR WALL

CATHODE WALL

Fig. 3 Z-bar insulator wall design.

erator channel used in the tests was assembled so that one of the
sidewalls has the Z-bar wall design, while the other has the conven-
tional straight-bardesign. This arrangementallowed one to compare
directly the performance of these two types of sidewall designs un-
der similar test conditions. Results from clean-fuel generator tests
are reported in Sec. III, whereas those for slagged-wall tests are
describedin Sec. IV.

II. MK-VII Insulator Sidewall Tests

The sidewall tests were carried out in the Mk-VII MHD facility, a
20-MW (thermal input), 3-T test facility, using a workhorse gener-
ator channel. The plasma source was an ash-injected oil combustor,
operating with number 2 fuel oil and oxygen-enriched air. Fly ash
from Rosebud coal was injected into the combustor to simulate slag
carryover. A supersonicchannelhaving an inlet Mach number of 1.2
was used for the tests. This channel was 1.0 m long, consisting of
56 segmented electrode pairs. The generator was diagonallyloaded,
with external diagonal connections of nine overlapping electrodes
(the angle between the diagonal link connection and the vertical
plane was approximately43 deg). Currentcontrol devices were used
in the external diagonal connections.

Electrodesof the workhorse generator were constructedof copper
with stainless steel, platinum, or tungsten caps brazed to the gas-
side surfaces. Interelectrodeinsulators were made of 2.5-mm-thick
boron nitride wafers.

Layouts of the two insulator sidewalls are shown in Fig. 4. The
right sidewall was configured with straight bars, while the left wall
had the Z configuration. Arrangements were made to accommodate
two different bar segmentation patterns, consisting of three- and
four-segmentbar rows, on each of the sidewalls. The nomenclature
adopted for the different bar elements within a row of diagonal
bars is included in Fig. 4. The sidebars were constructed of copper;
insulators were fabricated from strips of boron nitride.

The test conditions and channel geometry are summarized in
Table 1. Measurements of the electrical power output, Faraday and
interelectrode voltages, electrode currents, and sidewall electrical
properties were taken at the various test conditions. The sidebars
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Fig. 4 Layouts of the sidewalls for the Mk-VII bar-wall comparison tests.

on both sidewalls were instrumented to measure the interbar volt-
ages. External switchingcircuits were also connectedto the sidewall
elements for measuring the interbarshort-circuitcurrents and for use
to obtain alternative sidewall configurations by intentionally short-
ing out shorter bar elements.

The sidewall comparison tests were carried out for both ash-
injected (slagged-wall) and clean-fueled (bare-wall) generator op-
erating conditions. Although bare-wall surface conditions are not
representative of coal-fired generator operation, they are included
in the present tests because the results provide qualitative perfor-
mance trends that apply to all sidewall surface conditions, includ-
ing slagging walls. The bare-wall test data were also easier to mea-
sure and to interpret. The voltage and current measurements from
the slagging tests were often unsteady and difficult to reproduce
due to changing conditions of the slag coverage. Also, the ap-
pearance of slag-induced cathode voltage nonuniformitiesresulted
in voltage maldistributions that complicate sidewall performance
comparisons.

III. Bare-Wall Comparison Test Results

Using the measured Faraday and interanode voltages, one can
make a quick assessment of how well the diagonal-barorientations
are aligned with the plasma equipotential planes under nominal
Mk-VII test conditions. As discussed earlier, the amount of side-
bar wear that one can expect during extended generator operation is
directly related to this misalignment. The streamwise distributions
of the measured plasma equipotential angles are compared with the
bar-inclination angles in Fig. 5. All angles are measured from the
vertical direction. The external and core flow equipotential angles
are defined as tan™'(E,/ E,) and tan™'(E,./ E,), respectively. The
external angles refer to the orientation as viewed from outside of
the channel (from one electrode wall to another). The values of E,
are determined from the measured Faraday voltages; the values of
E, are estimated from the interanode voltage measurements. The
core angles are those in the core region of the duct flow (exclud-
ing the boundary-layerregions). The values of Faraday field inten-
sity in the core region, Ey, were inferred from transverse voltage
measurements (using a peg-style sidewall) taken during subsequent
workhorse generator test operation at similar test conditions. The
diagonal-bar rows for both sidewall designs were inclined at an
angle that spanned (overlapped) 9 electrodes. The resulting angle
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Fig. 5 Equipotential vs sidewall-bar angles, Mk-VII workhorse chan-
nel tests.

between the straight bars and vertical was approximately 45 deg,
whereas the slanted portions of the Z-bar rows, that is, the two cen-
ter bars, were about 55 deg from vertical. Figure 5 shows that the
orientation of the Z bars generally matches the plasma equipoten-
tial distributions, both in the core flow region and near the electrode
walls. Misalignment of the straight bars with the gas equipotential,
however, is about 10 deg in the core flow region.

Distributions of the electrical parameters as a function of side-
bar configurations and segmentation patterns were investigated.
Figure 6 shows the various sidewall configurationsthat were studied
during the bare-wall tests. Configurations A and B were the four-
and three-segment Z-bar designs; D and E were the straight-bar
designs. Configurations C, F, and G were obtained by shorting the
anode endbars (or end pegs) to the anode midbars of configurations
A, D, and E, respectively.

The interbar voltage measurements for the differentsidewall con-
figurations are compared in Fig. 7 at the nominal Mk-VII operat-
ing condition. The voltages shown in Fig. 7 are those across the
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Fig. 6 Sidewall configurations; MKk-VII sidewall comparison tests.
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Fig. 7 Measured interbar voltage and inner-bar current distributions;
MK-VII sidewall comparison tests.

anode sidebar-to-downstream anode gaps and the gap voltages in
the region of the overlapping midbars, that is, cathode sidebar-to-
upstream midbar gap, cathode midbar-to-upstream anode midbar,
etc. We compared these particular voltages because material wear
was often observed at these locations on the straight-bar sidewalls
(see Fig. 2). Results show that the maximum voltages across these
critical gaps can be reduced by utilizing a Z-bar configuration and
by increasingthe bar segmentation. Reductionin the magnitudes of
these high voltages decreases the potential for interbar arcing and
diminishes the driving force for electrochemical corrosion.

The magnitudes and directions of the bar currents for several se-
lected sidebars are also shown in Fig. 7. These are the currents that
exist within the sidebarsunder nominal Mk-VII generatoroperating
conditions. The driving force for these currents is the voltage gra-
dient set up across the individual sidebars by the generator plasma.

The currents exit the sidebars at the upper edges of the metallic el-
ements, causing anodic wear at these locations. The paths of these
currents lead to an adjacent sidebar or recirculate to the generator
plasma. The greater the mismatch between the sidebar inclination
and the plasma equipotential plane is, the larger the magnitude of
recirculating current and greater the sidebar wear. The magnitudes
of the bar currents were determined by measuring the appropriate
interbar shorting currents. For example, the bar currents in the long
midbars of configuration B were determined by shorting the anode
and cathode midbars of configuration A and measuring the resulting
shorting currents. Similarly, the bar currents in the anode sidebars
of configuration G were determined by shorting the anode sidebars
and midbars of configuration E. Although only a few of these in-
ternal bar current measurements were made during the tests, and
they were further limited to the long sidebars, the results of Fig. 7
showed that the currents circulating in Z-bar elements were lower
than those in the straight bars. The bar currents in the long Z-bar
elements were all less than 0.2 A, whereas those in the long straight
bars were all over 0.2 A. This trend implies there will be less wear
on the anodic edges of sidebars of the Z-bar sidewalls.

Another important parameter to consider in the sidewall com-
parison is the interbar fault power. These faults result from arcing
between adjacent sidebars, or between sidebars and electrode el-
ements, that lead to complete breakdown of the interbar insulator
gap. This increases the wear at the corner edges of the affected
sidebars and can resultin rapid destruction of the interbarinsulator.
The effects of interbar faults are minimized by limiting the power
that can be coupled into such faults. The interbar fault power de-
pends not only on the gap voltage, but also on the rigidity with
which the plasma tends to impose such voltages between adjacent
bar elements. The fault power is proportional to the productof inter-
bar short-circuitcurrent /. and open-circuit voltage. The measured
interbar I for different sidewall configurations are compared in
Fig. 8. For the straight-bar sidewalls, the magnitudes of I, were
very high across the gaps between the anodes and their upstream-
anode endbar gaps (more than three times higher than for the Z-bar
configuration). /. across the gaps between the cathode sidebarsand
their upstream-anode sidebars were also large for sidewalls having
long cathode sidebars, that is, configurations E and G. The interbar
gaps with large short-circuit currents also have very high interbar
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voltages, as shown earlier in Fig. 7. The combination of large in-
terbar short-circuitcurrent and high gap voltage implies large fault
power can be coupled into the interbar arcs, increasing the chances
for damaging the sidebar elements. The locations of these gaps are
precisely where the greatest material wear was observedon the coal-
fired generator sidewalls (shown earlier in Fig. 2).

Figure 9 compares the measured interbar /. for the various side-
bar configurations in the anode/sidewall corner regions and shows
the directions and the paths of these currents. The notation of the
sidebar configurations refers to that in Fig. 6. Several interesting
trends can be noted: 1) The measured /. and the resulting values
of fault power are substantially lower for the Z-bar configurations
(configurations A and C) than for the straight-bar designs (config-
urations D and F). 2) Magnitudes of /. increased at least threefold
when the length of the anode endbar is increased (compare con-
figuration A vs configuration C). This also resulted in a more than
threefold increase in the magnitude of interbar fault power. A side-
wall arrangement similar to configuration C had been previously
considered for a prototypic coal-fired MHD generator design.* The
longer anode bars would reduce the total number of required side-
wall elements and simplify wall construction. However, as a con-
sequence of the present test results, configuration C was eliminated
from considerationbecause of its undesirablefault-power character-
istics. 3) The paths taken by the anode-to-sidebarshorting currents

are different for the long Z- and straight-bar configurations (com-
paring configurations C and F). In configuration F, a large fraction
of the shorting current (approximately 5.3 A) passes from the anode
sidebar and into the gas at a location very near the anode wall, in
the boundary-layerregion. By contrast, all of the shorting currentin
configuration C (approximately 1.6 A) enters to the gas at a loca-
tion much farther away from the anode wall, closer to the core flow
region of the channel. In general, current moves from the sidebar
to the gas at the location where the voltage gradient between the
sidewall and the gas is the greatest. The fact that very little cur-
rent passes out of the endbars in the anode wall boundary-layer
regions (in configurations A and C) suggests that the Z bars are
very well matched to the plasma equipotential planes in these wall
regions.

IV. Slagged-Wall Comparison Test Results

Voltage nonuniformities occur over the cathode wall of MHD
channels operating with slag-laden flows. The influence of
these voltage nonuniformities on the electrical performances of
segmented-bar sidewalls was investigated in our slagged-wall tests.

Voltage nonuniformities arise when groups of adjacent cathodes
are shorted by polarizedslag.’ The polarizationof the slag is thought
to arise from the ionic nature of current transport across the slag
layer, causing deposition of metallic potassium at the electrode
surface>® As a result of these slag-induced shortings, the gener-
ator Hall voltage is sustained by just a few nonshorted intercathode
gaps. The voltages across these open cathode gaps are substantially
higher than when no slag shorting occurs. At times these high gap
voltages can exceed 120 V. Typical streamwise and time variations
of intercathodevoltages from the Mk-VII tests are shown in Fig. 10.
Slag shortingson the cathode wall cause electrical potential maldis-
tributions in the plasma, which in turn locally increase the interbar
voltages on the sidewalls. Sidebar damages caused by high interbar
voltages have been observed >3

The effects of the cathode nonuniformitieson the distribution of
interbar voltages for different sidewall configurations are shown in
Figs. 11-13. Schematic diagrams showing the measured interbar

L I I I Y B B I Y

100 [~ 1

50— ]

ol 1 I ULJ ' L
0 10 20 30 40 50 60 70
ELECTRODE NO.

INTERCATHODE VOLTAGE (volt)

Spatial variations

T 17 T T J T 1

100

50

| l |

84 86 88 90 92 94 96 98 100
TIME (minutes)

VOLTAGE OF CATHODE GAP 38 (volt)

Time variations

Fig. 10 Typical streamwise and time variations of the intercathode gap
voltage.
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Fig. 11 Interbar voltage distribution when a high-voltage cathode cap
is adjacent to the three-segment straight bars.
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Fig. 12 Interbar voltage distribution when a high-voltage cathode gap
is adjacent to the three-segment Z bars.

voltages for the three-segment straight- and Z-bar configurations
are shown in Figs. 11 and 12. Figure 13 shows results for the four-
segment Z-bar configuration. Because of the transient nature of the
voltage nonuniformities, voltage data must be selected from differ-
ent times during the generator test to compare the various sidebar
configurationson an equal basis. Results shown in Figs. 11-13 were
taken from those times when a high-voltage cathode gap (approx-
imately 85 V) was situated adjacent to a group of sidebars of in-
terest. Also, the magnitudes of the generator load voltage were all
selected to be about the same (approximately 1.1 kV). The mea-
sured interbar voltages around the diagonal-bar rows situated im-
mediately upstream and downstream of the high-voltage cathode
gaps (shaded bar rows in Figs. 11-13) can be compared between
the different sidewall configurations. The Z-bar configuration has
lower interbar voltages than the straight-bar configuration under
the same stress, that is, a high-voltage cathode gap. The results
also show that the influences of the cathode nonuniformities up the
sidewalls can be distributed more evenly by increasing the sidebar
segmentation.

The comparison was carried out using typical data selected from
specific time periods during the slagged-wall test. The same con-
clusions about sidewall performances can be reached by examining
data over the duration of the test. Histograms of interbar voltages

Mk-VII Left Wall
Hall Voltage = 1.1 kV

High Voltage Cathode Gap

Fig. 13 Interbar voltage distribution when a high-voltagecathode gap
is adjacent to the four-segment Z bars.

have been used to determine where the high gap voltages were lo-
cated, as well as the frequency of their occurrence® The results
showed interbar voltages for the straight-bar configurations were
very high for a substantial portion of the test. The magnitudes of the
cathode sidebar-to-upstreammidbar gap voltages (80-100 V) were
comparable to those previously measured on the 50-MW coal-fired
generator sidewalls.? The interbar voltages for the Z-bar sidewall
were lower (5-40 V) and much more evenly distributed, especially
for the four-segmentZ-bar configuration.

Surface protections against erosion and corrosion are required
for the sidewall elements of long-duration MHD generators. The
designs and material selections of these gas-side cappings are deter-
mined fromresultsof durationand engineeringtesting. As discussed
earlier, the range of influence of the cathode nonuniformities is a
function of the particularsidewall configuration. The extent of wall
regions that require surface protection is determined by how far up
the sidewalls that these effects are felt. An example showing the
decreasing influence of cathode nonuniformities along the Z-bar
sidewall is shown in Fig. 14. Here, the ratios of gap voltage to in-
tercathode voltage are compared for different interbar gaps in the
vicinity of the cathode wall. The ranges in the values of the voltage
ratio are due to variationsin the slagging test data. Results of Fig. 14
indicate that the influences of voltage nonuniformities are weak be-
yond two horizontal rows above the cathode wall. The magnitudes
of the voltage signature at these locations have been reduced to less
than 25-30% of those of the source voltages (the high intercath-
ode voltages). The sidebar capping strategy for a recent prototypic
MHD generator was based on these test results.* To simplify the
construction of these Z-bar sidewalls, only two horizontal rows of
bars nearest to the cathode wall were fabricated with tungsten caps;
the remaining four rows of sidebars were uncapped.

The tradeoffs between bar segmentation and surface capping re-
quirements must be considered to simplify sidewall construction.
Sidewall designs with coarse bar segmentation will require fewer
numbers of total sidebar elements. However, for sidewall designs
with long cathode sidebars, such as those of Figs. 2 and 8, high
interbar voltages can appear halfway up the sidewalls. Hence, com-
plicated protective cappings may be required for large fraction of
the sidewall surfaces. The influences of the cathode nonuniformities
can be attenuated more quickly through greater segmentation of the
cathode sidebars. Greater number to sidebars will then have to be
fabricated for each sidewall. However, only sidebars situated near
the cathode wall will require surface cappings. The majority of side-
bars on each sidewall can be of the simpler uncapped design. One
must strike a balance between the complication of fabricating many
small sidebar elements vs the complexity of incorporating cappings
over large portion of the sidewalls.
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Fig. 14 Decreasing influence of the high cathode-gap voltage along the sidewall.

V. Conclusions

MHD power generator experiments were carried out to study
the electrical characteristics of segmented Z-bar insulator walls.
Analysis of the test data, for both slagging- and bare-wall operating
conditions, showed that the wear-inducing electrical stresses were
lower and more evenly distributed for the Z-shaped configuration
than in a conventional straight-bar design. Magnitudes of interbar
voltages, interbar fault power, and circulating bar currents were all
substantially lower for the Z-bar sidewalls. The potentials for arc
breakdown at the anode/sidewall corner joints were also reduced in
this type of sidewall design. The sidebars were found to align very
closely with the direction of plasma equipotential planes, which
resulted in the decreased electrical stresses.

The influence of cathode voltage nonuniformities on the electri-
cal properties of segmented-barsidewalls was also investigated. By
the comparison of sidewalls of the same design, the effects of the
cathode nonuniformities can be attenuated over shorter distances
through greater segmentation of the cathode sidebars. Comparing
differing segmented-bar sidewall designs, the interbar voltages on
Z-bar sidewalls were lower and more evenly distributed.

The Z-bar insulator wall design was used in a recent coal-fired
prototypic MHD generator channel. The sidewall selection was
based, in part, on the results of the present study. This generator
was part of an integrated topping cycle power train that was used
for proof-of-concepttesting at a government test facility in Mon-
tana. Duration testing was performed at conditions representative
of commercial MHD power plant operation to establish compo-
nent lifetimes and to verify the design performance parameters. The
Z-bar sidewalls were in excellent condition after over 500 h of du-
ration testing. Posttest wear measurements suggested the sidewalls
can easily exceed the 2000-h lifetime requirement. Furthermore, re-

liability of the Z-bar design was demonstrated by its trouble-free
service throughout the test series.
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