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Wall Surface Leakage Effects on Magnetohydrodynamic
Power Generator Performance

Carlson C. P. Pian* and Edwin W. Schmitt}
Textron Defense Systems, Everett, Massachusetts 02149

Internal surface-leakage effects on magnetohydrodynamic power generator performance were studied
using a combined experimental and analytical approach. A method to determine the wall resistance and
slag layer conductivity distributions from seed shutoff test data is introduced. These measured resistance
values were then utilized in generator performance analyses. Calculated generator variables were com-
pared with measured data to verify the modeling approach. Finally, these calculated results were used to
investigate the distribution of internal leakage currents as a function of generator size, generator oper-
ating conditions, and iron oxide injection rates. An advantage of this analysis methodology is the ability
to differentiate wall leakage from apparent leakage effects in the measured test data.

Nomenclature
A = channel cross-sectional area, m*
H = channel height, m
H' = height of iron oxide wake, m
I = current, A
L = streamwise distance over which voltage
differences were measured, m
P = channel cross-sectional perimeter, m
p = electrode pitch, m
R = electrical resistance, {}/gap
s = slag layer thickness, m
w = channel width, m
X, X, = streamwise distance, m
AV = measured voltage differential, V
o = electrical conductivity, mho/m
o) = combustion equivalence ratio
Subscripts
asg = anode wall slag layer
csg = cathode wall slag layer
gap = insulator gap
i = iron-rich slag layer
plasma = plasma value
ps = power supply value
sg, slag = mean slag layer value
swsg = sidewall slag layer

Introduction

HE internal surfaces of coal-fired magnetohydrodynamic

(MHD) power generator channels are coated with a layer
of molten slag. The slag coating reduces heat loss to the chan-
nel walls, but can also increase the internal current leakage of
the generator. The purpose of this study is to gain a better
understanding of wall leakage and how it affects the perfor-
mance of MHD generators. This task is not straightforward
because internal leakage currents cannot be directly measured
during power tests, and because it is difficult to differentiate
actual wall leakage from apparent leakage in the test data.
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Iron oxide injection further complicates efforts to determine
the amount of internal leakage. Iron oxide is sometimes added
to the cathode wall slag layer during the operation of MHD
generators in order to prevent slag-induced voltage nonuni-
formities. This voltage nonuniformity phenomenon has been
extensively reported.”” Voltage nonuniformities arise when
groups of adjacent cathodes are shorted by polarized slag. As
a result, the generator Hall voltage is sustained by only a few
nonshorted intercathode gaps. The voltages across these open
cathode gaps are substantially higher than when no slag short-
ing occurs. An example of cathode voltage nonuniformities,
measured during generator tests at the U.S. Department of
Energy’s MHD Component Development and Integration Fa-
cility (CDIF), is shown in the top plot of Fig. 1. The genera-
tor’s Hall voltage is sustained along the cathode wall by ap-
proximately 60 insulator gaps (out of 280 available inter-
cathode gaps). The remaining gaps are shorted by the polarized
slag. The appearance of these voltage nonuniformities can re-
duce both performance and lifetime.

_Polarization can be alleviated by modifying the slag layer
chemistry with the addition of iron oxide.? A typical intercath-
ode voltage distribution, measured during a generator test with
iron oxide injection, is shown in the bottom plot of Fig. 1. In
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Fig. 1 CDIF cathode wall voltage distributions for tests with and
without iron oxide addition.
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Fig. 2 Variations of generator power output at different iron ox-
ide slurry rates during test 90-DIAG-13 at the CDIF. ¢ less than
one denotes fuel rich conditions. Circles represent data measure-
ments taken at 5-s intervals.

this case, the slag-induced shorting is eliminated and the gen-
erator axial voltage is distributed among all of the insulator
gaps, with a typical intercathode voltage of less than 35 V.

Although iron oxide can be beneficial in eliminating axial
shorting due to slag polarization, it can itself contribute to
increased surface leakage. This can become a problem, espe-
cially if the iron oxide is injected improperly or if too much
is added. The decrease in measured power output for increas-
ing iron oxide slurry rates is shown in Fig. 2. Measurements
(for two different combustion equivalence ratios) showed
power output reductions of approximately 400 kW when the
iron oxide slurry rate was increased from 1.4 to 3.6 kg/min.
The decreased performance is caused primarily by increased
transverse and axial current leakages in the iron-rich slag
layers.

One of the goals of this investigation was to better under-
stand the wall leakage due to iron oxide injection. The distri-
butions of internal wall resistance under actual generator op-
erating conditions can be extremely difficult to ascertain. Iron
oxide slurry typically is injected onto the cathode wall through
ports situated upstream of the generator inlet nozzle. The re-
sulting iron oxide wake spreads along the cathode wall and up
the two sidewalls. The concentration of iron oxide in the slag
layers also decreases with increasing axial distance. The axial
variations of the generator wall resistance, as well as the elec-
trical conductivity of the iron-rich slag layers, are dependent
on many factors. These factors include the rate of iron oxide
slurry injection, location and method of slurry injection, chan-
nel length, and slag carryover rate.

Excessive potassium seed concentration in the channel wall
slag layers also can cause increased internal leakage. High seed
concentration may result from poor upstream seed injection or
may be caused by the runoff of seed-contaminated slag from
the combustor. Generator voltages and currents are reduced as
a result of this seed-induced wall shorting.?

Difficulties and weaknesses with previous methods of esti-
mating internal currents, based upon posttest data analysis, are
described later. These methods usually resulted in modeling

inconsistencies or in very large, and sometimes unrealistic, val-
ues of leakage currents.

A common approach used previously to determine leakage
currents was to carry out MHD generator performance analy-
ses using estimated values of wall resistances determined from
fundamental slag studies. The distributions of the wall leakage
currents were then calculated from a computer model.* The
weakness with this approach is that the actual wall resistance
distributions are frequently not known. Slag deposits on the
channel walls typically have large variations in composition,
temperature, and uniformity. Also, slag layer electrical con-
ductivities can have substantial amounts of axial variation due
to iron oxide injection and seed contamination of the slag.

A variation on the previous approach for estimating wall
currents was used in Refs. 5 and 6. Here, computer analyses
simulated the conditions representative of the test data. The
magnitudes of the leakage current in the analyses were para-
metrically varied until a match was obtained between the cal-
culated and measured generator electrical outputs. The leakage
current was then defined as the gross axial current required to
obtain this data match. The problem with this approach, when
applied to generator test results, is that often very large values
of leakage currents are inferred. In Ref. 5, assumed axial leak-
age currents in excess of 140 A were required to obtain data
matches with the CDIF generator test data. It is very unlikely
that this generator could have generated the measured power
outputs if such large axial currents actually existed within the
channel at the particular test operating conditions, especially
since these tests were carried out without iron oxide addition.
Because this approach infers the leakage current value from
the difference between the model results and the measured
results, any factor that affects the generator performance, but
that has not been explicitly included in the particular model
formulation, is also interpreted as a leakage loss. For example,
if the mixing of oxygen injection jets in the combustor second-
stage duct was incomplete during a particular test, and the
resulting test data are analyzed with a generator model that
assumed uniform plasma flow, then the power shortfall due to
poor flow mixing could be interpreted as wall leakage effects.
Other possible contributions to this apparent leakage include
finite electrode segmentation effects, boundary-layer effects,
and flow nonuniformities.

Reference 7 describes another approach to determine the
leakage current in which special models are developed to solve -
for the wall resistance (and another variable, usually the
plasma conductivity). The models required measured electrical
variables as inputs (usually the measured Hall voltage and av-
eraged value of the electrode currents), while values for other
generator variables are assumed (such as boundary-layer volt-
age drops, Hall parameter, and flow velocity). References 8
and 9 report on similar model formulations that infer values
of leakage currents indirectly from measured test data. As in
other indirect methods, these models cannot differentiate real
wall leakage from apparent leakage. In fact, the effects of
plasma nonuniformities and leakage current losses are not only
difficult to separate in these models, but their effects are
interchangeable.®

In this article we introduce an experimental approach using
seed shutoff test data to determine wall resistance and slag
layer conductivity distributions under actual generator operat-
ing conditions. These measured wall resistances are then used
in generator performance analyses. An advantage of this ap-
proach is that the effects of iron oxide addition and seed-in-
duced wall shorting are taken into account as part of the data
analysis. The results of computer analyses are used to quantify
how the overall generator performance is diminished by wall
leakage currents and by iron oxide addition. These results are
also used to estimate the magnitudes of leakage currents and
to determine how they are distributed among the four walls.
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Approach

The overall approach taken in this study is as follows. First,
MHD generator data from oil-fired, ash-injection combustor
(AIC) tests were used for exploratory wall leakage studies.
Ash-injection is used to simulate coal-fired generator operating
conditions. The AIC generator tests were carried out during
1982 and 1983 at the CDIF, and during 1989 and 1990 in a
generator test facility (Mk-VII MHD facility) situated in Ev-
erett, MA. The AIC test data are ideal for these exploratory
studies. They tended to be more steady and more repeatable
than coal-fired test data. Also, AIC test results are available
over a much wider range of generator operating parameters
(i.e., generator loading, iron oxide injection rate, oxidant N/O
ratio, combustion stoichiometry, magnetic field strength, and
slag-carryover rate). After confirming our leakage modeling
approach with these AIC data, we proceeded to analyze the
coal-fired MHD generator test data.’

Generator wall resistance and slag layer conductivity distri-
butions are determined from seed shutoff tests. Resistance val-
ues were measured for a variety of wall conditions, including
bare walls, walls with seeded slag, and walls with iron oxide
addition. These measured resistance profiles are then used in
our calculations to predict the generator performance under
power generating conditions. Here, we make the assumption
that the wall resistance profiles measured under seed shutoff
conditions (nonpower generating conditions) are similar to the
resistance distributions under the corresponding power gener-
ating conditions. To validate this approach, calculations were
carried out and compared with a wide range of available gen-
erator test data including 1) AIC vs coal-fired tests, 2) Mk-VII
(20-MW)) vs CDIF (50-MW,) tests, 3) Faraday vs diagonally
loaded generator tests, 4) generator tests with and without iron
oxide addition, 5) tests with various oxidant N/O ratios, and
6) tests with different values of combustor equivalence ratio.
The excellent agreements obtained in all of these data com-
parisons confirm our wall leakage assumption. The results of
the analyses were then used to determine generator leakage
current distributions as a function of generator size, generator
loading, and iron oxide injection rate.

Results

Results from the reduction of AIC generator test measure-
ments and data analyses are reported herein. Wall resistance
profiles were first obtained from the Mk-VII seed shutoff tests.
These resistance values were then used in performance cal-
culations for Mk-VII generator power tests. Results for the
CDIF MHD generator test data (AIC and coal-fired) are re-
ported in Ref. 3.

MKk-VII Seed Shutoff Results

The seed shutoff tests were carried out in the Mk-VII MHD
facility during 1989 and 1990 in order to ascertain resistance
values of the generator walls.”” These data have been re-ex-
amined and additional information has been extracted con-
cerning the nature of surface leakage currents during iron ox-
ide injection. These new data interpretations are ‘described
next.

These seed shutoff tests were carried out for a variety of
wall surface conditions, including bare walls, walls covered
with potassium-seeded slag, and walls with iron-rich, potas-
sium-seeded slag. The test procedure involved the controlled
termination of seed injection under a constant externally ap-
plied axial voltage of 400 V. A schematic diagram of this con-
figuration is shown in Fig. 3, which also shows the directional
paths that the currents will take. The measured power supply
current during a typical seed shutoff period is shown in Fig.
4. Before the seed was terminated, a power supply current of
about 32 A was measured for this particular test. This current
represents the sum of the currents flowing through the plasma
and the slag layers, as shown by the sketch in Fig. 3. The
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Fig. 3 Setup for seed shutoff tests and plasma conductivity mea-
surements.
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Fig. 4 Variations in the measured power supply current during
a typical Mk-VII seed shutoff test.

power supply current drops suddenly just after the seed valve
is closed, indicating a loss of plasma conductivity. After this
very rapid decay, there exists a transition period, lasting be-
tween 1-3 min, during which the out-gassing of the seed from
the slag layer to the gas will continue to contribute signifi-
cantly to the bulk plasma conductivity and to the measured
power supply current. This is indicated by the elbow in the
power supply current vs time curve. As discussed in detail
later, after this transition period the plasma conductivity is re-
duced to a level where almost all of the measured power sup-
ply current (about 3 A for the particular test of Fig. 4) repre-
sents the current flowing only through the slag layer leakage
paths. This established a lower bound on the estimate of
seeded slag layer resistance. A long time after seed shutoff,
the potassium seed in the slag would eventually be depleted
and the power supply current would decay asymptotically to
approximately 1.5 A, the value of wall leakage current for the
unseeded slag used in this test.

Experimental observations support the proposition that the
measured power supply current near the end of the elbow pe-
riod in Fig. 4 represented mostly current flowing through the
seeded slag layer leakage paths, with very little contribution
to the total current from the plasma region. It has been ob-
served that the characteristic times for plasma conductivity de-
cay after seed shutoff are of the orders of a few minutes, while
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Fig. 6 Axial gap resistance distributions from the Mk-VII seed
shutoff tests.

several tens of minutes are required before out-gassing of seed
alters the slag layer resistance.’

The bulk plasma conductivity decay times can be ascer-
tained from results of seed termination tests where contribu-
tions to gas conductivity by surface evaporation are mini-
mized, such as tests using bare wall channels or using liquid
seed. The former tests, conducted without ash injection, re-

sulted in little surface seeding. Measured power supply cur-
rents typically drop to less than 1 A a few minutes after seed
termination. In the latter tests, the potassium seed is injected
into the channel as an aqueous solution. Atomization of liquid
seed is very efficient, resulting in very low seed entrainment
into the slag layers. Again, the measured power supply cur-
rents drop quickly to about 1.5 A. From these results, one can
conclude that plasma conductivity is insignificant approxi-
mately 3 to 5 min after seed termination for the test conditions
of Fig. 4.

The times required for the seed to out-gas from the slag
layer can be determined by monitoring the time evolution of
the measured interelectrode voltage after seed termination. The
local slag resistances change very slowly, requiring times in
excess of 30—45 min after seed termination to reach steady
state. In situations where high seed concentrations in the slag
layers are known a priori, such as in the inlet regions of coal-
fired MHD channels and at channel locations just downstream
of the seed injectors, very low interelectrode voltages (as well
as local shorts) were measured.® Typically, these low slag re-
sistance regions would persist for 20—30 min after seed ter-
mination. The large differences between the time scales for
plasma seed depletion and for the seed to out-gas from the
slag confirms that the conditions of the slag layers at about
3-5 min after seed shutoff are representative of those condi-
tions before seed termination and during power generation.

The values of power supply currents I, measured before and
after seed shutoff are shown in Fig. 5 for various iron oxide
injection rates. The topmost curve is the measured I,, before
the seed shutoff, which represents the sum of internal currents
flowing in the plasma and through the slag layers. The bottom
curve in the figure is the I, values measured at about 3 min
after seed shutoff, which represents the magnitude of the leak-
age current through the seeded slag layer I,,,. The third curve
in this figure represents the current flowing through the plasma
Li.me- The magnitude of this current is the difference between
the measured I, before and after the seed shutoff.

Figure 5 clearly shows the increased surface leakage effects
when iron oxide is introduced. When iron oxide is not used,
the contribution of the wall/slag layer leakage paths to the total
I is negligible; almost all of the measured I, flows through
the plasma. This implies that the effective wall resistance is
considerably larger than the plasma bulk resistance. However,
the effective wall resistances are reduced substantially at
higher iron oxide slurry rates, with wall resistance values ap-
proaching that of the bulk plasma resistance. For example, at
the 1.2 kg/min iron oxide injection rate test condition, over a
third of the total measured I, flows through the channel by
way of slag layer leakage paths.

The results shown in Fig. 5 have implications for the inter-
pretation of the plasma conductivity measurements that are
routinely taken as part of the generator tests at the CDIF and
other MHD facilities. The procedure for determining plasma
conductivity is described in Appendix A. I, measurements are
typically used to determine the distributions of the plasma con-
ductivity. This is acceptable without iron oxide injection, since
the measured I, is, in effect, the current flowing through the
plasma. However, the difference between the measured I, and
Lj.oms cannot be ignored when iron oxide is used, or gross
errors can result in the inferred gas conductivity values. For
example, a 43% overprediction of the plasma conductivity
would occur for the 1.2 kg/min iron oxide injection case if
one uses the measured I, (40 A) instead of Ijum (28 A).

The wall resistance distributions for the Mk-VII channel at
various iron oxide slurry rates are shown in Fig. 6. The resis-
tance values R, in this figure are defined as an equivalent
four-wall resistance, taking into account the resistances of the
anode, cathode, and both sidewalls. The approach for deter-
mining these R, from seed shutoff test measurements is de-
scribed in Appendix B. The wall resistance for channel sur-
faces covered with potassium-seeded slag vary between 2—2.5
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Q) per insulator gap (or ohms per electrode pitch). The stream-
wise variations of R,,, suggest that the wall resistance varies
inversely with the channel cross-sectional perimeter (i.e., slag
layer conductivity for seeded slag is nearly constant with
streamwise distance). When 0.6 kg/min of iron oxide slurry is
introduced onto the cathode wall, the equivalent four-wall re-
sistance is lowered to the range of 1-1.5 {2/gap. The shape of
the R,,, distribution indicates that shorting effects of the iron
oxide wake occur predominately in the front half of the chan-
nel at the 0.6 kg/min shurry injection rate. When the iron oxide
injection rate is increased to 1.1 kg/min, the magnitude of R,
profile is further reduced by a factor of 2.

The mean electrical conductivities for the different slag lay-
ers can also be estimated from the seed shutoff test data. The
spatial variations of oy, for potassium-seeded slag layers and
iron-rich (and seeded) slag layers in the Mk-VII generator
channel are compared in Fig. 7, assuming a 1-mm thick slag
layer thickness. The methods for determining these slag con-
ductivity values, as well as the simplifying assumptions, are
included in Appendix B. The oy,, values labeled without iron
oxide in Fig. 7 are applicable to seeded slag layers coating any
of the channel walls (anode, cathode, or sidewalls) when iron
oxide is not used; as well as for those wall regions not affected
by the iron oxide wake (e.g., the anode wall and upper portions
of the sidewalls) when iron oxide is injected onto the cathode
wall. The values of slag conductivities denoted by 0.6 and 1.1
kg/min iron oxide rates apply to iron-rich slag layers on the
cathode wall and over portions of the sidewalls that are im-
mersed in the spreading iron oxide wake.

- The range of slag conductivity values at a given axial lo-
cation is due to several reasons. Some of the variations in gy,
are due to test-to-test differences in the measured data. The
Mk-VII seed shutoff tests were conducted over a two-year
span during which the channel was reconstructed several
times. Additionally, the iron oxide wake patterns measured
during posttest inspections, which were used to establish the
spread in the iron oxide up the sidewalls, varied from test to
test. The iron oxide wake typically grows linearly with stream-
wise distance and extends about one quarter to halfway up the
sidewalls (depending upon injection and wall conditions) by
the end of the 1-m Mk-VII channel. Variations in the values
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Fig. 7 Typical mean values of slag layer electrical conductivity
in the Mk-VII channel. Assumes 1-mm slag layer thickness.

of the iron-rich o, shown in Fig. 7 correspond to these ob-
served differences in the spreading of the iron oxide wakes.

Results of Fig. 7 show that the cathode wall slag conductiv-
ity can be substantially increased as a result of iron oxide
injection. When approximately 0.6 kg/min of iron oxide slurry
is added, the cathode wall oy, in the inlet region of the Mk-
VII channel can be a factor of 10 higher than that of the anode
slag layer. This difference between the cathode and anode slag
conductivities decreases with axial distance as a result of the
spreading of the wakes and the subsequent decrease in the iron
concentration in the cathode wall slag layer. By the exit of the
Mk-VII channel, the cathode slag layer conductivity is about
three times as high as that of the anode wall. When approxi-
mately 1.1 kg/min of iron oxide is added, the cathode slag
conductivities are at least 10—20 times higher than that of the
anode slag layer over the length of the channel. The effects of
these elevated cathode wall slag layer leakages on the gener-
ator performance are discussed in the next section.

MKk-VII Power Test Data Analyses

The Mk-VII power generation tests were originally carried
out during 1989 and 1990 as part of a series of MHD exper-
iments supporting the design and operation of the generator
for the integrated topping cycle (ITC) MHD project.'® Para-
metric variations in cathode wall iron oxide injection rate and
generator loading were carried out during these MHD gener-
ator tests. The supersonic test channel was 1 m long, having
56 segmented electrode pairs. The generator was configured
with current control devices in its external diagonal electrical
connections that spanned eight overlapping electrodes (the an-
gle between the diagonal and vertical planes was approxi-
mately 34 deg). Test conditions and channel geometry are
listed in Table 1. Measurements of electrical power output,
electrode currents, interelectrode, and Faraday voltages were
taken at the various generator operating conditions.

The Mk-VII test results have been compared to the posttest
analysis of the generator using an MHD generator performance
prediction computer code.'"'> This generator model is based
on a coupled core flow-integral boundary-layer formulation.
Joule dissipation effects within the electrode boundary layers
and the possibility of velocity overshoots in the sidewall
boundary layers are included in the analyses of the turbulent
boundary layers. The channel geometry, magnetic field inten-
sity, and diagonal electrical connections are prescribed in the
analyses. The mass flux, oxidant N/O ratio, combustion equiv-
alence ratio, seed fraction, and combustor/nozzle heat loss
measured experimentally are inputs. Finally, the mean values
of the slag layer electrical conductivities and slag layer thick-
ness from Fig. 7 are used in the generator analyses in order to
provide the proper wall resistances at the various cathode wall
iron oxide injection rates. This wall leakage modeling is dif-

Table 1 Operating ranges of 1989-1990 Mk-VII
generator tests

Total mass flow rate, 2.0 kg/s
Oxidant N/O ratio, 0.7-0.8
Seed fraction (% wt. potassium), 0.95-1.3
Oxygen stoichiometry, 1.0
Equivalent ash carryover rate, 30%
Coal ash type, western U.S. coal
Iron oxide slurry rate, 0—1.2 kg/min
Diagonal load resistance, short circuit, 5, 15, 20, 30, 80,
and open circuit, {)
Magnetic field intensity, 2.5 T
Channel length, 1.0 m
Channel height
Inlet, 0.15 m
Outlet, 0.18 m
Channel width
Inlet, 0.07 m
Outlet, 0.12 m
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Fig. 8 Spatial distributions of axial wall currents for different
rates of cathode wall iron oxide addition.

ferent from that used in earlier generator calculations." In pre-
vious analyses, the calculated results are obtained from an it-
erative solution scheme in which the values of the wall
resistance were varied during each of the iterative steps, until
the calculated results agreed with the measured values. Typi-
cally, the shapes of the axial profile are assumed and the mag-
nitudes of the wall resistance are varied during the iterative
steps. By contrast, in the present analyses, the only required
assumption is that the channel wall resistances during power
generation tests are similar to that measured during corre-
sponding seed shutoff tests.

The calculated generator performances were compared with
measured results. Good agreement is obtained both in the over-
all generator performance, such as generator operating load
lines at various cathode iron oxide addition rates, and in local
generator characteristics, such as streamwise variations of in-
teranode voltage, Faraday voltage, and electrode current.’ The
excellent agreements in all of these data comparisons confirm
our wall leakage modeling approach.

The analysis results are also used to estimate the magnitudes
of the internal leakage currents and to determine how they are
distributed on the various channel walls. As mentioned pre-
viously, none of these internal leakage characteristics can be
directly measured during the conduct of MHD generator power
tests. Figure 8 shows the axial distributions of the calculated
leakage currents at the matched load, open-circuit, and short-
circuit operating conditions of the generator. Results for 0 and

0.8 kg/min slurry injection rates are presented to show the
changes in leakage current distribution due to cathode iron
oxide addition. In the absence of iron oxide injection, leakages
on the anode and cathode walls were similar. The sidewall
axial currents were larger than those on the two electrode walls
because the height of the Mk-VII sidewalls is larger than the
width of the electrode walls. The channel cross-sectional as-
pect ratio H/W varied from 2.28 near the inlet to 1.53 at the
exit. When iron oxide is injected, most of the increase in the
surface current leakage occurred on the cathode wall. Com-
pared to no iron oxide addition, the cathode wall leakage cur-
rent at the 0.8 kg/min injection rate was about five times larger.
The values of axial currents on the sidewall increased slightly
towards the rear half of the channel as a result of the spreading
iron oxide wake. The decrease of the anode wall current re-
sulted from the reduced generator Hall field when iron oxide
is introduced. The maximum value of the total leakage current
(occurring near midchannel location) was about 15 A without
iron oxide addition. This peak current value increased to over
26 A at the 0.8 kg/min slurry injection rate.

The magnitudes and directions of the axial plasma and wall
currents, as a function of generator loading and iron oxide
injection rates, are shown in Fig. 9. For these results, positive
values imply currents flowing in the downstream direction;
negative currents flow in the upstream direction. The wall leak-
age currents all flow upstream, in the direction of lower elec-
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tric potential. The returning path of the wall leakage currents
is through the generator core gas region. The plasma compo-
nent of the axial current becomes more positive, or less neg-
ative (depending on the generator loading), as the cathode wall
leakage is increased due to increasing iron oxide addition. This
plasma current, if sufficiently large, can interact with the mag-
netic field to produce secondary flows. This flow behavior has
been suggested as a possible cause for nonuniform slag cov-
erage observed on the anode wall of the coal-fired ITC MHD
generator anode wall.’ The effect of this axial plasma current
can be neutralized somewhat by operating the generator on the
open-circuit side of the matched-load condition.

Summary

An accurate account of the wall leakage currents is crucial
during generator performance and data analyses. During the
analysis of conductivity test data, improper accounting of the
leakage currents can result in overprediction of the plasma
conductivities. Also, the use of incorrect or inaccurate wall
resistance distributions can lead to erroneous conclusions dur-
ing generator performance analyses.

This study demonstrated that seed shutoff test data can be
used to determine MHD channel wall resistance and slag layer
conductivity distributions, which are then used to accurately
account for internal leakage currents. The wall resistance pro-
files of potassium-seeded slag layers in the Mk-VII generator
channels have constant oy, axial distributions. The internal
wall leakages are strongly affected by iron oxide slurry injec-
tion on the cathode wall. The wall resistance profiles of iron
oxide doped slag layers are unique to individual tests and spe-
cific facilities. In general, they are found to be a function of
iron oxide injection rate, method of injection, and injector
location. '

Iron oxide addition on the cathode wall can contribute to
increased axial current flow in the generator core plasma. This
current, if it becomes large, can interact with the magnetic field
and induce secondary flows. In the diagonally loaded MHD
generator, this axial current can be neutralized somewhat by
operating the generator on the open-circuit side of the
matched-load condition.

Finally, the analysis showed that surface leakage effects de-
crease with increasing generator channel size. Axial current
leakage scales directly with the local Hall field, with the wetted
channel cross-sectional perimeter, and inversely with the wall
resistance.

Appendix A: Determination of Plasma Conductivity

The plasma electrical conductivity in the MHD generator
channel is obtained using a voltage-controlled dc power supply
connected between the nozzle and the diffuser. The electrical
connection during conductivity measurements is shown in Fig.
3. The electrodes of the generator are used as voltage probes
to measure the axial voltage distribution within the channel.
The power supply voltage settings are typically 400 V for the
MKk-VII channels and 1 kV for the CDIF generator channels.
The plasma conductivity Oy at a given location X, is de-
termined from

LX),

AGOAV(X) Al

Uplum(X ) =
Appendix B: Determination of Wall Resistance
and Slag Conductivity

The approaches used to estimate the values of the wall re-
sistance and slag conductivity from the seed shutoff test data
are described in this Appendix.

Equivalent Four-Wall Resistance

The axial wall resistance (at an axial location X,) is esti-
mated from the values of the interelectrode voltage (at X,) and
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Fig. B1 Schematic diagrém showing the spreading of the iron
oxide wake in an MHD generator channel.
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the power supply current, which are measured after the ter-
mination of the seed flow:

AV(X.)

ReolXa) = Lol

(B1)

Equation (B1) was used to establish the R,,, distributions
shown in Fig. 6.

Electrical Conductivity of Potassium-Seeded Slag Layers

The values of the slag layer electrical conductivity can be
inferred from the measured R,,,. In the absence of iron oxide
addition the definition of R,,,(X,) is

Reu(Xa) = pI{s[20(X)H(X.)
+ 0w (XIWX,) + 0o (XIW(X)]} (B2)

For simplicity, one can assume in Eq. (B2) that, at any axial
location, the slag conductivity is approximately the same for
the top, bottom, and side walls (i.e., the slag conductivity var-
ies only with streamwise location). The value of the slag layer
electrical conductivity oy, at location X, can then be estimated
from

Rgap(Xa) = P/ [o'slag(Xa)SP(Xa)] (B3) 7

The value of R,,, is determined from measured data and Eq.
(B1). This method was used to estimate the values of potas-
sium-seeded slag layer electrical conductivity (without iron ox-
ide injection) shown in Fig. 7.

Electrical Conductivity of Iron-Rich Slag Layers

In the Mk-VII MHD generator tests, the iron oxide slurry is
injected onto the cathode wall through injector ports situated
in the flow nozzle upstream of the channel inlet. The resulting
iron oxide wake spreads along the cathode wall and up the
two sidewalls, as shcwn in the sketch of Fig. B1. The defini-
tion of R,.(X,) from Eq. (B2) is

Rep(Xo) = pl{2504u(XIH(X,) — H'(X))] + 0usg(X)sW(Xo)
+ 2sa-swisg Xa)H I(Xa) + o-cisg(Xa)s W(Xa)} (B4)
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Notations for the various slag layer regions are shown in Fig.
B1l. Assuming

o'swlsg(Xa) = a'cisg(Xa) = a'isg(Xa)
Towsg(Xa) = 00ug(Xa) = 0,5(X0)
Eq. (B4) reduces to

Ren(X,) = pl(s{0x(X)2HX,) — 2H'(X,) + W(X.)]
+ 0ig(X)[2H' (X,) + WX)ID (B5)

The value of slag layer conductivity for any wall surface
with iron oxide present (oi,,) can be deduced from Eq. (B5)
at any axial location along the channel. To do this one must
know five things: 1) the value of the measured four-wall equiv-
alent R,,, during iron oxide injection (determined during seed
shutoff tests); 2) the geometry of the channel; 3) the slag layer
thickness (typically 1 to 2 mm); 4) the conductivity of slag
with no iron oxide [0, ascertained during seed shutoff with
no iron oxide addition and from Eq. (B3)]; and 5) the height
of the iron oxide wake H'. The value of H' is based on the
observed patterns of the iron oxide wakes during posttest in-
spection of the channel walls.
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