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Abstract

Electrical nonuniformities in MHD generators
were studied experimentally and analytically by
the technique of "influence coefficients'. These
coefficients were measured by an AC instrument in
both clean fuel and slagging channels. Leakage
current effects were studied by applying external
shorting resistors and by measuring the polariza-—

tion time constant for slag layer axial conduc-
tance.

A model for nonuniform behavior of arc-mode
channels with up to fifty-one electrode pairs was
solved numerically using the influence coeffi-
cient technique. Buckling type instabilities of
electrical axial distributions were observed for
sufficiently negative arc dynamic resistance
coupled with small external resistive loads. The
maximum fault power of an axial short was found
to depend on the uniformity of the Faraday cur-—
rent distribution; the trends of the computed
variation of fault power were confirmed by non-
uniform loading experiments.

I. Introduction

Nonuniformities in electrode currents and
voltages occur in MHD generators due to both
internal faults and to external circuits. A
variety of internal effects such as interelec—
trode leakage due to surface deposits, Hall volt—
age breakdown, and arc mode current transport can
cause electrical nonuniformities. Although the
precise cause of these nonuniformities is often
uncertain, they have been observed in both seg-
mented Faraday and diagonal wall generators oper—
ating under both Tlgg%ing conditions as well as
with clean fuels. *“? The recent application of
external power conditioning and control circuits
results in imposed electrical nonuniformities at
frequencies up to a few thousand Hertz. Voltage
consolidation circuits require a periodic shuf-
fling of electrode, currents at a frequency of a
few hundred Hertz. More recently, the role of
power conditioning equipment, such as voltage
consolidators and inverters, has been expanded to
include the control of various internal faults
that can arise.

The characteristics of electrical nonuni-
formities will be described in this paper. The
general approach is based on the concept of
"influence coefficients" which we described in
reference 1. The use of influence coefficients
allows the rapid computation of various external
circuits interacting through the plasma via a
large number of electrode terminals. This tech-
nique was employed in a stability study of the
arc mode, segmented Faraday generator in which up
to 51 electrode pairs were used.

An AC instrument, which can measure influ-
ence coefficients during generator operation, has
been developed and used to measure these coeffi-
cients in three different generator test sections
in our laboratory.

The previous experimental work1 on influence
coefficients has been expanded to include the
effect of leakage currents by introducing exter-
nal resistors between adjacent cathodes and/or
anodes. The data from these experiments allow
both the experimental determination of the influ-
ence coefficients for leakage currents while also
verifying the usefulness of this technique for
predicting nonuniformities due to leakage cur-
rents.

Work on the prediction of influence coeffi-
cients in the presence of plasma boundary layers
has been initiated with the goal of directly
comparing these theoretical values with the above
measured values.

II. Modeling of Nonuniform Electrical Behavior

The effects of finite segmentation, non-
linear voltage drop, and leakage resistances on
the temporal evolution of electrical nonuniform-
ities are modeled by grafting the influence co-
efficient model for the plasma region to a model
for electrode arcs at some appropriate boundary
as indicated schematically by the dashed lines in
Fig. 1.

Description of the Plasma Region

The Faraday and Hall voltages (VPk,VEE,VPc)

at the edge of the plasma region adjacent to the
k-th electrode pair are determined for nonuniform
operation by a superposition over all Faraday and
leakage currents times their appropriate
"influence" coefficient. The k-th Faraday volt-
age is:

vE = UBhY - R Z (’z"kFFI + 70 42 4 770 5%

Fk ch all n -n°n = “k-n'n k-n"n
(1
.a .a , .c .
_ B [k The P hat "
wao 2
where EFF s —Ff , and EFC are the dimensionless

influencgncoe Ficients %S% the k—~th Faraday volt-~
age due to, respectively, the n-th Faraday, anode
leakage, and cathode leakage currents; Rch

= h'/pwo is the characteristic plasma resistance,
o is the plasma electrical conductivity, and B is
the Hall parameter. The k-th plasma Hall voltage
at the anode is given by:
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where EA{ » A , and EAC are the dimensionless

influende coefficients %5% the k—-th anode Hall
voltage due to, respectively, the n—th Faraday,
anode leakage, and cathode leakage currents.
Similarly, the k~th plasma Hall voltage at the
cathode is:
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where ECE ECA , and ECC are the dimensionless

influencenéoe%fgcients %5% the k—-th cathode Hall
voltage due to, respectively, the n-th Faraday,
anode leakage, and cathode leakage currents.
These dimensionless influence coefficients are
functions of geometry and Hall parameter.

The E{En coefficients can be readily found
for the consant conductivity, narrow electrode
(c/p <K 1) case by utilizing the plasma kerpel

(at 6 = 0) derived by Solbes and lowenstein” for
an infinitely segmented channel:
— h(m) +

K(x) = 1n [LRsh(m) *+ 1) )

cosh(mx) - 1

where X £ (x - x")/h’. The transverse coeffi-
cients are given approximately from the plasma
kernel by:

=FF

Zyo, = K {Gken)p/n’} (s

The singularity at X = 0 can be circumvented by
averaging the kernel over the electrode length,
c:

EEF = (p/h’ B K> (6)

oh e/2n”
where <K> = —— lim [ R(x)dx.

ex) "

Values of EFT calculated by the kernel
method compare favorably (see Table 1) with the
previous Laplacian solution;” for reference,
values for the other influence coefficients and
symmetry and reciprocity relationships between
the coefficients are included in Table 1.

Application to Arc Mode Generators

The negative voltage—current characteristic
of electrode arcs can result in electrical non-
uniformities as shown by the linearized stability
analysis of Solbes and Lowenstgin and the non-
linear analysis of Kuo, et al. The development
of these nonuniformities in finitely segmented
channels with nonlinear voltage drops is studied

.2

Table 1

Influence Coefficients for Constant
Conductivity Case: p/h = 0.156, c¢/h = 0.010

Analytical Previous Solution!
— e — -~
—FF —FF =CF —CA -CC
k-n Zgen Zk—n Zk—n Zk—n Zk—n
-3 .037 .040 -.014 +.004
~2 .062 .069 -.030 -.002 +.013
-1 .113 .13 -.174 -.003 +.14
0 461 47 174 -.003 -.35
1 .113 .13 .030 -.003 +.14
2 .062 .069 014 -.002 +0.13
3 .037 .040 .008 +.004
4 .02 024 .005 +.002
5 .014 .014 .003 +.001
6 .008 .009 .001
SFC _ _FA _ _ _CF  _ _AF
Note Zeen T 7 Bgen T 7 Beonm1 T Bkened
=CC _ =AA
Zk—n N zk—n
—AC _ =CA
Zg-n = Zgn
here by numerically solving the circuit equations
for the model shown by Fig. l. For the case
without leakage resistances, the circuilt equation
for the k-th electrode pair is:
dI N
k FF _
Lgr + Ry I+ nzl T It Ve =u B0 (D)

where L = circuit inductance, R;; 1s the k-th
load resistance, and Vare is the sum of the k-th
anode and cathode voltage drops. For the present
study, V... is modeled by a linear region follow-
ed by an inverse power function of current (see
Fig. 2):

\ = D/I™

arc I>1

for (8)

crit

Equation (7) represents a coupled set of N non-
linear equations for the N load currents, L (t).
These equations have been solved for conditions
similar to the experimental conditions of a test
with the 19 electrode pair, slagging SEG channel
in which strong electrical nonuniformitjes were
observed for loads of 13 ohms and less. The
calculated response at a loading of 48 ohms due
to a single current perturbation is shown in Fig.
3. In about 100 1 (where T = L/Rch)’ the pertur-
bation damps out while the end currents increase
to a steady state distribution. The behavior at
small load resistance is shown in Fig. 4 for Rix
= 1.7 ohms. In this case, the perturbation grows
and spreads throughout the channel such that
every other electrode pair carries a large cur-
rent whereas their neighbors are barely conduct-
ing. This buckling type of instability is a
function of the load, Ry, and the voltage drop
parameters D, m, and I _._, as well as geometry.
A stability map in terms of R; and D is presented
in Fig. 5 for m = 1/4. The region of instability
occurs for sufficiently low load resistance and
high voltage drop level. These results are com—
pared with the linear stability result of
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reference 5 in which the most unstable wavelength
occurs at 1.7 p:

d Varc 1.7 P
RL + __EE—_-> -5 Rch v for stability (9)

As shown by Fig. 5, the linearized analysis ap-—
plied locally overpredicts the region of insta-
bility.

The experimentally observed instability
corresponds to a value of D = 194 on Fig. 5,
which is consistent with measured voltage drops
in the range of 150-200 volts.

Effect of Leakage Currents. The incorpora-
tion of leakage currents in the model requires
two additional axial circuit equations and sepa-
rate models for the arc voltage drop at the anode
and at the cathode. The complete set of circuit
equations for the model shown by Fig. 1 is:

P dL a .
VFk =L dt + RLk Ik + Varc Varc (10
k k

Pa a .a a a
i = i~ -V + vV (11)
Hk Rk k arey arc

Pc c .C c c
V. = i” + Vv -V (12)
Hk Rk k arey ., arck

where R; and ¢ are the effective anode and
cathode leakage resistances between the k-th and
(k+1)-th anode and cath%des, resBectively. The
P a c
plasma voltages (VF R VHk’ and VH ) are related
to the Faraday and Eeakage currents by Egqs. (1)
to (3). The voltage drops are related to the
currents by:

c _ A _.a .a
Varck B Varck (Ik e Ty )
(13)
c c c c
\ =V (I, + i - i)
are, arc, k k-1 k

An N-electrode pair channel is described by the
3N-2 equations (Egs. (10), (11), (12)) along with
N initial conditions for the Faraday currents.
The temporal evolution of the Faraday and leakage
currents and voltages are found as a function of
the load and leakage resistances.

The coupled 3N-2 nonlinear equations are
sglved numerically for dI,(t)/dt, 12(t) , and
ix(t) (R=1,...N), (&1,...N~1), using a Newton-—
Raphson method whereby a Jacobian matrix of the
partial derivatives with respect to dI,/dt,

i% and i (k=1l,...N), (f&=1,...N~1) is used to
drive residuals to zero by iterating. Values of
the above 3N-2 time dependent variables from the
preceeding time step are used as initial guesses
for the current time step. After all dI,/dt’s
and leakage currents have converged (typically
after 2 to 10 iterations) to within some small g,
a forward Euler method is used to calculate the
values of the Faraday currents for the next time
step.

The electrical response of anode insulator
breakdown and of cathode/anode polarization are
readily simulated through the manipulation of the
leakage resistances and by using appropriate

voltage drop models at the anode and at the
cathode.

Typical Results

Leakage currents play an important role in
the development of buckling type instbilities.
Using a negative arc voltage characteristic of
V = ae smoothly grafted into a linear region
at low currents (Fig. 6) the effect of leakage on
the temporal evolution of the Faraday currents
was studied for several external loads. For
large external loads, leakage currents typically
lead to small nonuniformities of the Faraday cur-
rents (Fig. 7), while for small loads leakage
currents greatly affect the magnitude, distribu-
tion, and temporal evolution of the Faraday cur-
rents. TFigs. 7 and 8 show that an anode leakage
current tends to augment the upstream Faraday
current, as expected from the Hall effect. 1In
Fig. 8 for the case without leakage the buckling
instabilities propagate inward from the ends,
while for the case with leakage the instabilities
originate at the center, resulting in a different
final Faraday distribution.

Initial current perturbations also have a
large effect on instability propagation due to
the nonlinear behavior of the arc voltage drop.
Figure 9 shows two cases where buckling type
instabilities propagate outward from initial
current perturbations resulting in different
Faraday current distributions. When instabil-
ities arise the preferred mode is a high-low-
high-low Faraday current distribution, however
numerous other modes (e.g., high-high-low—low)
have been observed for different initial current
perturbations and leakage currents.

III. Channel Experiments

Loading experiments were conducted with both
the clean fuel M-2 facility and the slagging SEG
flowtrain. Influence coefficients were measured
for three channels: the M-2, SEG, and PEG, a
small, high magnetic field channel. The charac~
teristics of these three channels are summarized
in Table 2.

Table 2

Test Channel Characteristics

Channel Fuel # Electrodes w th p/h B

cm (T)

M-2 Ethanol 13 3.2x10.2 0.375 1.8

PEG Ethanol 26 l.4x 6.2 0.081 5.0

SEG Coal 19 3.2x10.2 0.156 2.6
Slurry

The M-2 facility consists of the M-2 combus-
tor (which operates on ethanol and oxygen), a
run-in section, and the thirteen electrode pair
M-2 test_section. The flow area is h x w = 10.2
x 3.2 cm”; pitch-to-height ratio p/h = .38 and
electrode length-to-pitch ratio ¢/p = 0.5. The
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channel sidewalls were ~2000 K magnesia and the
electrodes were ~1300 K stainless steel. The
mass flow rate was 0.16 kg/sec with N2/02 = 0.5.

Slagging Flowtrain

The slagging generator flowtrain is shown in
Fig. 10. The M-8 combustor is fired on a pulver-
ized coal/ethanol slurry with oxygen and has a
residence time of 20~40 msec. The combustor is
followed by a subsonic nozzle, three run-in sec—
tions, the generator test section, a diagnostic
section, and a diffuser.

The generator test section consists of nine-
teen electrode pairs with a pitch-to—height ratio
of 0.16, an electrode length—to-pitch ratio of
0.8, and insulating sidewalls of a meta% pegwall
design. The flow area is 3.2 x 10.2 cm Elec-
trodes No. 5 through 10 were stainless steel
operating at about 1200 K; the other electrodes
were ~500 K platinum clad copper.

Instrumentation. The generator test section
was fitted with iridium voltage probes in the
sidewall. Thermocouples were installed in each
electrode cap and in each electrode base. Pres-—
sure taps were located at seven ports throughout
the flowtrain. Reactant flowrates were monitored
by rotameters and/or digital swirlmeters. Cur-
rent shunts were used on all nineteen top elec-
trodes and bottom electrodes. All current shunts
and electrode thermocouples were isolated from
high common mode voltage by optical isolators.
Faraday, Hall and probe voltage signals were read
through voltage dividers.

All electrical and most flow data were
scanned, digitized, reduced, recorded, and dis-
played by a computer controlled data acquisition
system consisting of an HP2100 minicomputer,
Vidar scanner and IDVM, system console, line
printer and video monitors.

Continuous recording of critical parameters
was made on an eight-channel strip chart record-
er. The time dependent behavior of electrode
currents, voltage drops, Hall voltages, and probe
voltages were obtained by using a fourteen-track
analog tape recorder. Slag surface temperature
was measured with an optical pyrometer.

Test Conditions. Test SEG-13 was carried
out with Illinois #6 coal. The flow conditions
were: mass flowrate = 0.23 kg/sec, N2/02 = 0.25,
fuel rich equivalence ratio = 1,1, ash mass frac-
tion = 0.35 percent, and seed mass fraction = 1.0
percent.

Measurements of Influence Coefficients

The development of an AC instrument has
allowed the in situ measurement of influence
coefficients for several generator test sections.
The effect of frequency on plasma conductivity
can be ggtermlned by adding the term
1/v - 3J/et to J in the generalized Ohm’s law
whefe vy is the electron collision frequency.
This extra term is negligible at frequencies much
less than F /2m. For combustion plas-—
mas, Fo.i¢ g5t Eyplcagly 40,000 MHz so that even
at frequencies of several MHz, the plasma conduc-—

7

1.4

tivity and hence current distributions in the
plasma are the same as for the DC case. However,
the AC voltage drop at the electrodes is quite
different in the arc mode since the dynamic im~
pedance of the arcs is small and even negative
for cold electrodes. The use of AC probing cur-
rents provides a powerful technique for monitor-
ing the resistance of internal generator insula-
tor elements and for inferring information about
current distribution in the plasma. For various
practical reasons, AC diagnostics have been de-
veloped in the frequency range of 20-40 kHz; this
frequency range is low enough that the effects of
stray capacitance and lead inductance are mini-
mized, yet high enough that noise due to lower
frequency (0~10 kHz) inherent fluctuations is
eliminated.

The AC influence coefficient instrument ig
shown schematically in Fig. 1l1. An AC current is
applied through 1 pF blocking capacitors to the
n—th electrode pair. The "influence" of the AC
current is determined by measuring the AC voltage
signal at neighboring electrode pairs. These AC
current and voltage signals are processed with
bandpass filters, then rectlf%%d and d1v1ded to
produce a quantity (such as = |/|I in
Fig. 11) which can be related to 1nflugnce coef—
ficients. Since all phase information is lost in
the rectification process, the signs of the in-
fluence coefficients are determined from the
analytical work; the appropriate signs are sum~
marized in Table 3.

Table 3

Listing of Signs for Influence Coefficients

FF FA FC AF CF AA AC

2 ZR Zl Zl Zx Z1 ZX 22
cc _ca

2y %y

-2+ - + + - + -
-1+ - + + - + -
o+ - + - + - -

1+ + - - + + -

2+ + - - + + -

Since the AC current is applied as a single
Faraday or leakage current, the plasma voltage
equations (Eqs. (1)-(3)) can be readily inverted
in terms of a single influence coefficient.

Three types of influence coefficients af? dlf?ct-
lXCrelatgg to the Xeasure%Aquantlty' R

, and Z R, . The others 1nv§1ved
téé addlgional parameters”a = B/wo near & = 0.
These relationships are summarized below for
anodes:
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4F - gF
Loy
(14)
2L g s T
2, -
_—____z—f"i\;-—gf—*‘l‘——___—
P QR
(15)
L
ng = RgA
2% - &
Z_1 - %Aa =t Rf?
ot = - r® (16)
Z?A + % o= R?A
2Ah - gt

where the upper sign is the most likely for
agreement with Table 3. A similar set of equa-
tions can be readily written for the cathode
related influence coefficients. The application
of the above relationships is subject to two
conditions: first, that the AC current is flow-
ing only through the plasma and second, that the
AC voltage drops are negligible., The first con—
dition can be met by setting all external loads
much larger than the plasma resistance. The
second condition is more nearly attained in slag-
ging, cold electrode channels operating with DC
currents.

The transversg_ influence coefficients due to
Faraday current, Z, , were measured for three
channels with widefy different pitch-to-height
ratios. The effect of plasma conductivity varia-
tions was eliminated by comparing values nor-
malized by the plasma resistance, Rp, for a uni-
formly operating channel:

SFF _ _FF
zy, =12y /% an

©
Note that I §F= 1, which provides a method for

-

directly eliminating Rp. The measured coeffi-
cients are shown in Fig. 12 as a function of
pitch-to—height ratio. Note that the zeroth
coefficient approaches a value of unity for large
pitch-to~height ratio, whereas the higher order
coefficients exhibit a maxima.

2.1.5

These measured values are compared in Fig.
12 with the constant conductivity analytical
results described in Section II. The relation-
ship between the experimental normalized influ-—
ence coefficients given by Eq. (17) and those
derived analytically (Eq. (5)) is:

SFF_ —¥F, = —FF
Zy=1z,/_%zg

-]
where I Ei? is greater than one due to current
—_c0

constrictions. The agreement with the constant
conductivity solution is better than expected
implying that the increased resistance of the
boundary layers affects the influence coeffi-
cients about equally.

The influence coefficients associated with
both Faraday current and anode leakage current
were measured for slagging conditions during test
SEG-13. These values, normalized by the inferred
plasma resistance of 63 ohms, are presented in
Table 4. The parameter « was chosen to give the
best (most symmetric) fit to the data; the value
associated with Faraday current is a = l.4, while
that associated with anode leakage current is a =
5.1. The larger value for the latter case re—
flects the stronger influence of the resistive
boundary layer on the leakage current associated
coefficients as compared to those induced by the
transverse Faraday current. This effect is fur-
ther demonstrated by comparing the experimental
values in Table 4 with the constant conductivity
case shown in Table 1. The experimental values
for the coefficients induced by leakage

(Zié and Zié) are considerably larger than for

the constant conductivity solution.

Table 4

Measured Influence Coefficients
for Test SEG-13

FF AF CF FA  CAA CA
Iniéx Z2 Zl Zl Zl Zl Zl
-3 .033 .020 -.009
-2 .079 .051 =-,019 -.022 .049 -.001
-1 . 145 .095 -.095 -.062 .318 -.002
0 .331 ~-.095 .095 =-.318 -.700 -.009
1 L1346 ~.032 .025 .318 .318 =-,003
2 .079 ~-.019 .004 049 .032 -.0005
3 .054 .015 .008
4 .038 .007
a= 1.4 a = 5.1

Slag Polarization Experiments

Internal leakage due to slag polarization
was determined by measuring the AC resistance
between adjacent electrodes. The AC resistnce
instrument (described earlier in reference 8), is
now a special case of the AgAinflueneﬁ coeffi-
cient instrument in which —,, and .
are the axial resistances between the E—th and
(k+1)-th anodes and cathodes, respectively. With
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the improved version of the AC diagnostic instru-
ment, axial resistances as low as 0.1 ohms can be
resolved. The AC resistance instrument measures
the parallel combination of the slag layer re-
sistance and the "axial plasma" resistance which
is given by the appropriate zeroth influence
coefficient. Interpretation of the AC resistance
measurement requires a comparison with the
"normal" value. In practice8 slag layer polari-
zation effects are so strong” that this relative
comparison is obvious.

The time constant for polarization was de-—
termined in the present SEG-13 experiment by
measuring the axial resistances as a function of
time for various levels of current. The polari-
zation experiment was repeated by reversing the
direction of the magnetic field (and hance the
electrode polarity). Since the slag layer polar-
ization is caused by the 5ransfer of ionic spe-
cies (mainly Fe and ¥M) through the slag, the
degree of polarization should depend on net ionic
charge transport instead of time alone. This
supposition is tested by plotting the axial re-
sistance data versus the parameter, IFt, a mea-
sure of net charge transferred. The dependence
of axial resistance on Igpt is shown in Figs. 13
and 14 for two levels of Faraday current and
opposite channel polarity. Note that the slag
layer axial resistance increases at the anodes
and decreases at the cathodes with time. The
polarized levels of axial resistance depend on
the Faraday current for both anodes and cathodes,
with larger axial resistances attained at the
lower levels of Faraday current.

The axial resistance data of Figs. 13 and 14
were fitted to an exponential decay law of the
form:

RX - RXi
W =] - €xp (—IFt/‘L'Q) (18)

where RX; and RX_ are, respectively, the initial
and the final values of axial resistance and T,
is a charge "time comstant". As shown in Figs.
13 and 14, the exponential decay law fits the
data well for 1, = 7.5 - 7.7 amp—minutes over a
factor of 4.4 change in current level.

The depolarization of the anode versus the
cathode slag layers followed by polarization in
the opposite direction was observed during sub-
sequent electrical loading experiments as shown
by Figs. 15a and 15b. Despite the iunterruption
and changes in Faraday current, the opposing
polarization effects at anodes versus cathodes is
well demonstrated.

The results of the present experiment indi-
cate that quite low axial resistances are realiz-
ed at the caEhodes for a core current density of
0.83 amps/cm“. This low cathode axial resistance
can be generalized to other insulator widths by
the relation:

RC = 2.9/w  (9) (19)

where w is in cm. The time required to reach 99
percent of this polarization is:

t99 = 6.9/JF (min) (20)

2.1.6

where Jp is in (amp/cmz). These values for RXC
and tgg are probably a function of coal type as
well as electrode temperature.

Experiments with Externally Applied Faults

The electrical characteristics of interelec-
trode faults were investigated by introducing
external resistances between adjacent electrodes.

Clean Fuel Experiment. A preliminary leak-
age experiment was conducted on the clean fuel M-
2 channel at a mass flowrate of 0.1 kg/sec and
N2/02 = 0. These flow parameters resulted in a
core velocity of 370 m/sec and a plasma conduc-
tivity (measured by voltage probes) of 11 mho/m.
The generator operation in the uniform mode can
be characterized by a constant voltage drop of 65
volts and a plasma resistance of 14 ohms which
corresponds to an effective conductivity of 6
mhos/m. The Hall voltage performance, as charac-
terized by the a parameter (= <VH>/<IF>) decreas~
ed in a nonlinear fashion as the transverse cur-
rent density was increased (see Fig. 16). Note
that the experimental data approach the calculat—
ed value of « (based on measured core conductiv-
ity) for low current densities.

A variable leakage resistance was inserted
between the #7 and #8 anodes. The V-I character-
istic for this leakage current, i, and the cor-
responding Hall voltage, v2 , 1s shown in Fig. 17
along with the neighboringHﬁall voltages. As the
anode gap at #7-8 is shorted, the Hall voltage
across the adjacent gaps increased by about 40
percent. The nonshorted Hall voltage was 32
volts and the short circuit gap current was 8.5
amps which corresponds to a maximum fault power
of about 70 watts.

The Faraday currents at electrodes #6, 7,
and 8 are shown in Fig. 18. The currents asso-—
ciated with the shorted gap (#7 and #8) show
small linear changes in opposite directions as
the leakage current is increased. The other
Faraday currents, such as Iy, were mot noticeably
changed.

Neglecting the small variations in the Fara-
day currents, the maximumAkeakage current can be
related directly to the ZO influence coefficient
by:

a
V!
AA _ _ "H7 0.C.
Zy = ——ia( (@39
7" S.C.
. AA
For the present experiment, ZO == 3.8 Qor
CAA
Z0 =~ 0.27.

Slagging Experiments. The 120°s run series
of the SEG-13 experiment, in which an externally
aplied axial resistance was decremented between
runs, shows the effect of interelectrode re-
sistance on Hall voltage (Fig. 19a). While
interelectrode resistances of 80 Q have negligi-
ble effect on Hall voltage, substantial leakage
occurs at values of 20 Q and the Hall voltage
approaches zero when interelectrode resistance
reaches 5 Q. These results indicate that the
critical value of interelectrode resistance for
the initiation of Hall voltage degradation is
around 50 Q.
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Figure 19b shows the effect on Hall voltages
of an externally applied short coupled with a
downstream low current perturbation. The low
Faraday current tends to decrease the upstream
anode Hall voltages and increase the downstream
anode Hall voltages in accordance with the Hall
effect. As the externally applied axial resist—
ance is reduced, it forces the corresponding Hall
voltage to zero and, in addition, reduces the
effect of the low current perturbation on the
dovnstream Hall voltages. Note, however, that
the effect of the current perturbation on up-—
stream Hall voltages increases with decreasing
resistance (i.e., upstream Hall voltages de-
crease). Thus the influence of the current per-—
turbation is transferred upstream.

Figure 19¢c shows the effect on Hall voltages
of a low current perturbation just upstream of an
externally applied short. Here, as the applied
resistance decreases, it forces the corresponding
Hall voltage to zero and reduces the effect of
the current perturbation on upstream Hall volt-
ages. The effect of the current perturbation on
Hall voltages downstream of the short augments as
resistance decreases, thus the influence of the
current perturbation is transferred downstream.

The initiation of Hall voltage degradation
occurs at higher values of interelectrode resist-
ance when multiple faults are involved (Fig.

20). For multiple faults of equal axial resist-—
ance, the downstream-most Hall voltage decreases
first.

Comparison of Computer Model with Experiment

In using the computer code which solves for
the Faraday and leakage currents as functions of
time as specified by Eqs. (10), (l1), and (12),
various arc voltage characteristics for warm mild
steel electrodes were employed (Fig. 21) to simu-—
late channel operation in upolarized and polariz-
ed states. Figure 22 shows the computer code
predictions for the effect of externally applied
shorts for the following cases: 1) unpolarized
channel, 2) polarized channel, but with no
shorting between cathodes, 3) polarized channel
with 5 Q shorts between cathodes, and 4) polar—
ized channel with 2 Q shorts between cathodes.
The results agree qualitatively with the results
of the 120 run series of SEG-13 (Fig. 22a).
Cathode polarization has the effect of reducing
the anode Hall voltages at lower levels of leak-
age (higher R?*). TFigure 23 shows the effect of
nultiple externally applied shorts for the same
four channel operating conditions. The presence
of multiple shorts reduces the anode Hall volt-
ages at lower levels of leakage than for the
single short case. This effect is further aug-
mented when the cathodes are polarized. Again
these results agree qualitatively with the re-
sults of the 160 run series of SEG-13 (Fig. 23).

Figure 24 shows the steady state Faraday
currents obtained in SEG-13 for two different
loadings along with the predictions of the com~
puter code. For the channels in the polarized
conditions with 5 @ shorts between cathodes, the
numerical results agree fairly well with the SEG-
13 experiment. Note the code accurately predicts
the end effects.

Results of the 120 run series of the SEG-13
experiment yield an open circuit Hall voltage of

18 volts and a short circuit gap current of 1.2
amps (Fig. 25) when the channel was uniformly
loaded (<IF> = 4.5 amps); this corresponds to a
maximum fault power of 5.4 watts. An upstream
low current perturbation significantly increased
this value to 36 watts. Numerical results indi-
cate the same trends (Fig. 25); downstream high
and upstream low Faraday currents tend to in~
crease the maximum fault power across a gap while
downstream low and upstream high Faraday current
perturbations have the opposite effect.

As in the clean fuel case, neglecting chan-
nel nonuniformities, tthmaximum leakage current
can be related to the Z influence coefficient
by Eq. (21). For the SQG—IB experiment

SAA L
Z0 is -.30.

IV, Conclusions

Generator electrical nonuniformities were
investigated by using the concept of "influence
coefficients". This approach allowed the compu-
tation of the nonuniform time dependent behavior
of a large number of electrodes including the
effects of nonlinear voltage drops and leakage
resistances. Buckling-type instabilities in
axial electrical distributions were calculated
and correlated as a function of voltage drop and
load resistance. The dependence of maximum fault
power on adjacent nonuniformities was shown.

An AC diagnostic instrument was developed
and used for the in situ measurement of influence
coefficients and of axial resistance. The nor-
malized transverse influence coefficients were in
excellent agreement with those obtained from a
constant conductivity model. Axial influence
coefficients depend on the plasma boundary layer
and further work on a variable conductivity model
is needed. Slag layer polarization was correlat-—
ed with the charge transferred and a charge "time
constant" was determined.

Channel experiments with externally applied
axial resistances were conducted for both clean
fuel and for slagging conditions. Critical val-
ues of axial resistance for Hall voltage degrada-
tion were determined as well as maximum fault
power. The experimental trends for Hall voltage
and leakage current behavior are in agreement
with those predicted by the influence coefficient
model. Further work on the effects of plasma
property variations on the influence coefficient
model is in progress.
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