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Abstract 


Electrical nonuniformities in MID 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 MID 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 1 g ing conditions as well as 

with clean fuels.'Y9y5 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 ~ e r t z . ~  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. 


11. Modeling of Nonuniform Electrical Behavior 


The effects of finite segmentation, non-

linear voltage drop, and leakage resistance~ 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 


P Pa PC

The Faraday and Hall voltages (VFk,VHk,V ) 

at the edge of the plasma region adjacent to R e  
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: -

- L - F F ~+ E~~.a T ~ c.c+vik = uBh' - Rch all n ('k-n n k-nln k-nln) 


where yFF %-D'
k-ny -FA and yFC are the dimensionless 

influence coe f~cients !z the k-th Faraday volt- 
age due to, respectively, the n-th Faraday, anode 

leakage, and cathode leakage currents; Rch 

E hr/pwu is the characteristic plasma resistance, 

a is the plasma electrical conductivity, and is 

the Hall parameter. The k-th plasma Hall voltage 

at the anode is given by: 
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Table 1 


(2) 


-AF -AA .a + yAC .c+ R 1 )ch all n ('k-nln + 'k-nln k-n n 

where yAF yAA and yAC are rhe dimensionless k-n' +-o'.

influence coe flc~ents !o? 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: 


where Zk-n, -CF PA and PCare the dimensionless 
influence coe!f?rients !o? 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 coefficients can be readily found 
for the consant conductivity, narrow electrode 
(c/p << 1) case by utilizing the plasma kernel 
(at 0 = 0) derived by Solbes and ow en stein^ for 
an infinitely segmented channel: 

-
where x E (x - x')/hl. The transverse coeffi- 
cients are given approximately from the plasma 

kernel by: 


The singularity at 2 = 0 can be circumvented by 
averaging the kernel over the electrode length, 

c: 


where <K> Z -2ht lim lci2h'K(--)d--. 
E* E 

-FF
Values of Zk-, calculated by the kernel 

method compare favorably (sey 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 Lowenst in5 and the non- 

linear analysis of Kuo, et al.' The development 

of these nonuniformities in finitely segmented 

channels with nonlinear voltage drops is studied 


Influence Coefficients for Constant 

Conductivity Case: p/h = 0.156, c/h = 0.010 


-
Analytical Previous solution1 


AF 
k-n 'k-n- 1 

F C  - -AA 
k-n - 'k-n 

TAC - -+A 
k-n - 'k-n 

here by numerically solving the circuit equations 

for the model shown by Fig. 1. For the case 

without leakage resistances, the circuit equation 

for the k-th electrode pair is: 


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

Varc = D / I ~  for 1 > Icrit (8)  

Equation (7) represents a coupled set of N non-

linear equations for the N load currents, Ik(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 nonuniformit'es were 

observed for loads of 13 ohms and less.i The 

calculated response at a loading of 48 ohms due 

to a single current perturbation is shown in Fig. 

3. In about 100 T (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 RLk 
= 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, RL, and the voltage drop 
parameters D, m, and Icrit, as well as geometry. 
A stability map in terms of RL 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: 


R~ + dI> Rch 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: 


are the effective anode and 

wherecathode5eakageand .
resistances between the k-th and 
(k+l)-th anode andpcath@es, res ectively. The 
plasma voltages (V , VHk, and VBc) are related 
to the Faraday andF!eakage curregts by Eqs. (1) 
to (3). The voltage drops are related to the 
currents by: 

An N-electrode pair channel is described by the 
3N-2 equations (Eqs. (lo), (ll), (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 
solved numerically for dIk(t)/dt, i;(t) , and 
i:(t) (K=l,...N), (1=1, ...N-l), using a Newton- 
Raphson method whereby a Jacobian matrix of the 
partial derivatives with respect to dIk/dt, 
i: and i>.(k=l, ...N), (1I=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 dIk/dtJs 
and leakage currents have converged (typically 
after 2 to 10 iterations) to within some small E, 

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 cathodelanode 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-bl 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. Figs. 7 and 8 show that an anode leakage 
current tends to augment the upstream Faraday 
current, as expected from the Hall effect. In 
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. \Then 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. 


111. 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 ii Electrodes w x h p/h B 
cm2 (TI 

M-2 	 Ethanol 13 3.2x10.2 0.375 1.8 


PEG 	 Ethanol 26 1.4~ 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 cm2; pitch-to-height ratio p/h = .38 and 
electrode length-to-pitch ratio c/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 kglsec 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 coallethano1 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 metab 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 TIP2100 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 f 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 qetermined+by adding the term 
l/ veH M/at to J in the generalized Ohm's law7 
where veH is the electron collision frequency. 
This extra term is negligible at frequencies much 
less than F = v 12%. For combustion plas- 
mas, Fcrit fEiEypics!!ly 40,000 MHz so that even 
at frequencies of several MHz, the plasma conduc- 

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 distrihution 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 is 
shown schematically in Fig. 11. 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 rectif$%d and-divided to 
produce a quantity (such as Rk- Z IVFkl/lI I in 
Fig. 11) which can be related t: influence Foef- 
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 


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 a FF-diF%Ct-1 relatge to theC~easure&quantity: Z - R 
zxc = -R , andZll = - The other: inv!l:ed 
tie additional parameters R1 a '-= p/wo near 1 = 0. 
These relationships are summarized below for 
anodes: 
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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 tran~versg~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: 

m 
"FF-
Note that C Z - 1, which provides a method for R -m 


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. 


These measured values are compared in Fig. 

12 with the constant conductivity analytical 
results described in Section 11. The relation- 
ship between the experimental normalized influ- 
ence coefficients given by Eq. (17) and those 
derived analytically (Eq. (5)) is: 

m 

-F F 


where X Z a  is greater than one due to current 
-m 

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 a was chosen to give the 
best (most symmetric) fit to the data; the value 
associated with Faraday current is a = 1.4, 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 leaka~e 
-
(;? and i4*) are considerably larger than for 

R 
the constant conductivity solution. 


Table 4 


Measured Influence Coefficients 

for Test SEG-13 


Index 

R 

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 81, is 

now a special case of the Ahinfluenet coeffi- 

cient instrument in which RkAk and 

are the axial resistances between tk-k-th and 

(k+l)-th anodes and cathodes, respectively. With 
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t h e  improved vers ion of the  AC d iagnost ic  i n s t r u -  
ment, a x i a l  r e s i s t ances  a s  low a s  0.1 ohms can be 
resolved. The AC r e s i s t ance  instrument measures 
the p a r a l l e l  combination of t he  s l ag  l aye r  r e -
s i s t a n c e  and the  "ax ia l  plasma" r e s i s t ance  which 
i s  given by the appropr ia te  zeroth inf luence  
coe f f i c i en t .  I n t e rp re t a t i on  of the  AC r e s i s t a n c e  
measurement requires  a  comparison with t he  
"normal" value.  In p rac t i ce  s l ag  layer  polar i -  
za t ion  e f f e c t s  a r e  so s t rong8 tha t  t h i s  r e l a t i v e  
comparison i s  obvious. 

The time constant f o r  po la r i za t ion  was de- 
termined in  the present SEG-13 experiment by 
measuring the  a x i a l  r e s i s t ances  a s  a  funct ion  of 
time fo r  various l eve l s  of current .  The po la r i -  
za t ion  experiment was repeated by revers ing the  
d i r ec t ion  of the magnetic f i e l d  (and hance the  
e lec t rode  po la r i t y ) .  Since the  s l a g  l aye r  polar-  
i za t ion  i s  caused by the 4ransfer of i on i c  spe- 
c i e s  (mainly ~ e *  and K+) through the s l ag ,  t h e  
degree of polar iza t ion  should depend on ne t  i on i c  
charge t ranspor t  ins tead of time alone. This 
supposition i s  tes ted  by p lo t t i ng  the  a x i a l  re-
s i s t ance  data  versus the  parameter, IFt,  a  mea- 
sure of ne t  charge t ransfer red .  The dependence 
of a x i a l  r e s i s t ance  on IFt i s  shown in  Figs. 13 
and 14 for two l eve l s  of Faraday current  and 
opposite channel po la r i t y .  Note t ha t  t he  s l a g  
layer ax i a l  r e s i s t ance  increases  a t  the anodes 
and decreases a t  t he  cathodes with time. The 
polarized l eve l s  of a x i a l  r e s i s t ance  depend on 
the  Faraday current  f o r  both anodes and ca thodes ,  
with larger  ax i a l  res is tances  a t t a ined  a t  t he  
lower l eve l s  of Faraday current .  

The a x i a l  r e s i s t ance  data  of Figs. 13 and 14 
were f i t t e d  t o  an exponential  decay law of t h e  
form: 

RX - RXi 


RXm - RXi 
= 1 - exp ( - I F t / z  

Q
) (18)  


where RXi and RX,are, respect ive ly ,  t h e  i n i t i a l  
and the f i n a l  values of a x i a l  r e s i s t ance  and zQ
i s  a charge "time constant".  As shown i n  Figs.  
13 and 14, the exponential  decay law f i t s  t h e  
da t a  well f o r  zQ = 7.5 - 7.7 amp-minutes over a  
f ac to r  of 4.4 change i n  current  level .  

The depolar iza t ion  of t h e  anode versus  t h e  
cathode s lag  l aye r s  followed by po la r i za t ion  i n  
t h e  opposite d i r e c t i o n  was observed during sub- 
sequent e l e c t r i c a l  loading experiments a s  shown 
by Figs. 15a and 15b. Despite t he  i n t e r r u p t i o n  
and changes i n  Faraday current ,  t he  opposing 
po la r i za t ion  e f f e c t s  a t  anodes versus  cathodes i s  
well  demonstrated. 

The r e s u l t s  of t he  present experiment i nd i -
ca t e  tha t  qu i t e  low a x i a l  r e s i s t ances  a r e  r e a l i z -
ed a t  the ca  hodes f o r  a  core current  dens i ty  of 50.83 amps/cm . This low cathode a x i a l  r e s i s t a n c e  
can be generalized t o  o ther  i n su l a to r  widths by 
the  r e l a t i on :  

where w i s  i n  cm. The time required t o  reach 99 
percent of t h i s  po la r i za t ion  i s :  

where JF i s  i n  (amp/cm2). These va lues  f o r  
and t99a r e  probably a func t ion  of coa l  type a s  
wel l  a s  e l e c t r o d e  tempera ture .  

Experiments with E x t e r n a l l y  Applied F a u l t s  

The e l e c t r i c a l  c h a r a c t e r i s t i c s  of i n t e r e l e c -
t rode  f a u l t s  were i n v e s t i g a t e d  by in t roduc ing  
ex te rna l  r e s i s t a n c e s  between ad jacen t  e l ec t rodes .  

Clean Fuel  Experiment. A pre l iminary  leak-
age experiment was conducted on the  c l ean  f u e l  M-
2  channel a t  a mass f l o w r a t e  of 0.1 kg/sec  and 
N2/02 = 0. These flow parameters r e s u l t e d  i n  a  
core  v e l o c i t y  of 370 m/sec and a plasma conduc-
t i v i t y  (measured by v o l t a g e  probes) of 11 mho/m. 
The gene ra to r  o p e r a t i o n  i n  t h e  uniform mode can 
be cha rac t e r i zed  by a cons t an t  vo l t age  drop of 65 
v o l t s  and a plasma r e s i s t a n c e  of 14 ohms which 
corresponds t o  an e f f e c t i v e  conduc t iv i ty  of 6 
mhos/m. The Ha l l  v o l t a g e  performance,  a s  charac-
t e r i zed  by t h e  a parameter (= <VH>/<IF>) decreas- 
ed i n  a  non l inea r  f a s h i o n  a s  t h e  t r a n s v e r s e  cur- 
rent  dens i ty  was inc reased  ( see  Fig. 16).  Note 
t h a t  the  exper imenta l  d a t a  approach t h e  ca l cu l a t -  
ed value of a (based on measured core  conductiv-
i t y )  f o r  low c u r r e n t  d e n s i t i e s .  

A v a r i a b l e  leakage r e s i s t a n c e  was i n s e r t e d  
between t h e  87 and 118 anodes.  The V-I charac ter -
i s t i c  f o r  t h i s  leakage c u r r e n t ,  i;, and the  cor-
responding Ha l l  v o l t a g e ,  va , i s  shown i n  Fig. 17 
along wi th  t he  n e i g h b o r i n g q a l l  vo l t ages .  As t h e  
anode gap a t  87-8 i s  s h o r t e d ,  t h e  Ha l l  vo l t age  
across  t h e  ad j acen t  gaps i nc reased  by about 40 
percent .  The nonshor ted  H a l l  vo l t age  was 32 
v o l t s  and the  sho r t  c i r c u i t  gap c u r r e n t  was 8.5 
amps which corresponds  t o  a maximum f a u l t  power 
of about 70 wat ts .  

The Faraday c u r r e n t s  a t  e l e c t r o d e s  #6, 7, 
and 8  a r e  shown i n  Fig.  18. The c u r r e n t s  asso-
c i a t e d  wi th  t h e  sho r t ed  gap (#7 and #8) show 
small  l i n e a r  changes i n  oppos i t e  d i r e c t i o n s  a s  
t h e  leakage c u r r e n t  i s  i nc reased .  The o t h e r  
Faraday c u r r e n t s ,  such a s  16,were not  no t i ceab ly  
changed. 

Neglec t ing  t h e  sma l l  v a r i a t i o n s  i n  t h e  Fara- 
day cu r r en t s ,  t h e  maximum eakage c u r r e n t  can be 
r e l a t e d  d i r e c t l y  t o  t h e  L$ i n f  luence  c o e f f i c i e n t  
by: 

17t S.C. 

For the  p re sen t  experiment,  Z? = - 3.8 8 o r

iF = - 0.27. 

Slagging Experiments. The 120's run  s e r i e s  
of t he  SEG-13 experiment,  i n  which an e x t e r n a l l y  
a p l i e d  a x i a l  r e s i s t a n c e  was decremented between 
runs ,  shows t h e  e f f e c t  of i n t e r e l e c t r o d e  re-  
s i s t a n c e  on H a l l  v o l t a g e  (Fig .  19a). While 
i n t e r e l e c t r o d e  r e s i s t a n c e s  of 80  Q have neg l ig i -  
b l e  e f f e c t  on H a l l  v o l t a g e ,  s u b s t a n t i a l  leakage 
occurs a t  va lues  of 20 8 and t h e  Ha l l  v o l t a g e  
approaches ze ro  when i n t e r e l e c t r o d e  r e s i s t a n c e  
reaches 5 P. These r e s u l t s  i n d i c a t e  t h a t  t h e  
c r i t i c a l  va lue  of i n t e r e l e c t r o d e  r e s i s t a n c e  f o r  
the  i n i t i a t i o n  of Ha l l  v o l t a g e  degradat ion  is  
around 50 8. 
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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 

downstream 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 19c 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. (lo), (ll), and (121, 

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~). Figure 23 shows the effect of 

multiple 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 Q 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, th maximum leakage current 

can be related to the Zb influence coefficient 

by Eq. (21). For the S ~ G - I ~ 
experiment 


ifis -.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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Fig. 1. Schematic of circuit model for segmented Faraday 

channel with arcs and leakage paths. 


Fig. 2 voltage-cLrrent characteristic 

for arc model. 
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I n i t i a l  
v d , C  

ARC 

Fig .  6 	 Arc vol tage-current  c h a r a c t e r i s t i c  model 
employing a decaying exponent ia l .  

%=48R, 	 w i th  leakage 

R =48Cl, 	 no leakage 
L 	 (ialO-ll=l. 4a, 

t=3-r 	 t=3T"'t q::;
5 
0

2 


Elect rode  Number 

2 

Fig.  3 Current s t a b i l i -  

z a t i o n  a f t e r  an  i n i t i a l  I 
c u r r e n t  pe r tu rba t ion .  

0 

For F igs .  3 and 4 :  1 3 5 7 9 1 1  13 151719 


p/h=0.156 c/h=O. 010 Elec t rode  Yu~~lLer 

N =1? Rch=120R Fig.  4 Growth and spread 
Vo =340V T =.833psec of i n s t a b i l i t i e s  a f t e r  
n =.25 D =1?4 v-a.25 an i n i t i a l  cu r r en t  
I, =0.11a pe r tu rba t ion .  

E lec t rode  Number 

o s t a b l e ,  x uns t ab l e  	 For F i g .  7 :  

A l l  c u r r e n t s  i n i t i a l l y  

Fig.  7 	 Temporal evo lu t ion  of Faraday cu r r en t s  w i th  
and wi thout  leakage a t  h igh  ex t e rna l  loads .  

Fig.  5' 	 S t a b i l i t y  map showing t h e  e f f e c t s  a t  ex-
t e r n a l  load \ and vol tage  drop l e v e l  D. 
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%=l.7R, no leakage \= 1.7L, no leakage 

Elec t rode  Number 
tz2uOT 

2h 	 n 
For Fig.  8: 

I 
A l l  cu r r en t s  i n i t i a l l y '  0  

p/h=0.156 c/h=0.010
O 1 3 5 7 9 l l  13 15 17 19 N .lg Ri.120fi 

L L *  

Vo =340v T =.833psec 
V, =128v I, = O .  l a  

Elec t rode  Number @ =1.5 

Fig. 8 	Temporal evo lu t ion  of Faraday cu r r en t s  
w i th  and wi thout  l eakage  a t  low ex te rna l  
loads .  

2 

I I n i t i a l  Current Per tur-  

ba t ion  


0t 


1 3 5 7 9 1 1  13 151719
t=200r 


h Elec t rode  Number 


2 For Fig.  9 :  

I p/h=0.156 c/h=O.OlO 
N =19 Rch=120n 
Vo=340v T =.833psec 

1 3 5 7 9 1 1  13 15 1719 V, =128v I~ =O.la 
Elec t rode  Number R

L,, 

=1.5 

Fig. 9 	 E f f e c t  of i n i t i a l  c u r r e n t  p e r t u r b a t i o n s  
on t h e  development of buckling-type 
i n s t a b i l i t i e s .  
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I I Generator Test Section I I 
[~un-in Sections %tical Port 

DiffuserM-R Combustor 


Fig. 10 Slagging electrode generator flowtrain. 


AC Driver 
- Signal
I Processor 


Blocking Capscitors 

. .  1 

Fig. 11 Schematic of the AC influence coefficient 

instrument. 
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Fig. 12 Normalized influence coefficients versus 

pitch/height ratio for two channels com- 

pared with constant conductivity model. 


For Figs. 13-15: 

A Anode open-top 

o Cathode closed-bottom 

100 

-V: 80 Cap 5-6 

-E 
5 

TQ = 7.7 amp-min 

2 60 

4 0 

0 I t (amp-min) 

F 

Fig. 13. Axial resistance versus charge 

transfer parameter. 
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Fig. 14. Axial resistance versus charge 

transfer parameter. 


Run 120's 
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Fig. 15. Axial resistance versus charge 

transfer parameter. 
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<I,> = 4.2 amps 

Calculated Value ti-2 Channel- - B = 1.9  T 
-w --.-

\--. 
ZI <I > = 4 .2  amps w i t h  downstream l o w  F

c u r r e n t  p e r t u r b a t i o n ,  Is = 0.5 amps 

Fig. 16 I l a l l  v o l t a g e  parameter  v e r s u s  
average  t r a n s v e r s e  c u r r e n t  i e r ~ s i t y .  

<IF>= 4 . 2  amps w i t h  ups t ream low 
c u r r e n t  p e r t u r b a t i o n ,  I, = C.5 amps 

E l e c t r o d e  U b e r  -- -- 7
Ita = C.5R 5R 

-.-
2OR 8OR 

-
Fig.  19a ,E ,c  I n f l u e n c e  of a n  e x t e r n a l l y  

i; (amps) a p p l i e d  s h o r t  on anode Hall 
v o l t a g e s .  

Fig.  17 Anode H a l l  v o l t a g e  versuc  
leakilpe c u r r e n t .  

m C 
2 E l e c t r o d e  Kumber 

F i g .  20 I n f l u e n c e  of  m u l t i p l e  a p p l i e d  s h o r t s  
on anode I!all v o l t a g e s .  

unpolar ized  p o l a r i z e d  

ia7 (amps) 

Fig.  18 Faraday c u r r e n t  versus  leakage  
c u r r e n t .  p o l a r i z e d  

F ig .  21. Arc v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c  
model f o r  warm m i l d  s t e e l  e l e c t r o d e s .  
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Polar ized condi t ion ,  but no cathode sho r t ing  

Polar ized  condi t ion  wi th  5R s h o r t s  between 

Polar ized  condi t ion  wi th  5R sho r t s  between cathodes 

"& 
6 7 8 9  

Polar ized condi t ion  wi th  2R s h o r t s  between 

nPolar ized condi t ion  with 2R sho r t s  between 
w 
> h s 

m C
3 

0 

6 7 8 9- 6 7 8 9- 6 7 8 9-

R:-~= 5~ 800 OR 

Ra7-8' 5 Q  5R 80R 

Fig.  22 a , b , c , d  Computer p red ic t ions  of t h e  g= 5Q 8 0 0  8OR
in f luence  of an e x t e r n a l l y  appl ied  s h o r t  on 
Ha l l  vo l t ages  under the  condi t ions  of t h e  Fig.  23. Computer p r e d i c t i o n s  of t h e  i n f luence  
SEG 13 experiment of mu l t ip l e  e x t e r n a l l y  appl ied  s h o r t s  on Hall 

vo l t ages  under cond i t i ons  of t h e  SEG 1 3  
experiment. 

f- N U M E R I C A L  R E S U L T S  \-\ 

SEG 1 3  Exp. 

unpolarized polar ized  polar ized  po la r i zed  
- hsI,,,,,l ts 

LOAD RESIST CE = 4 0 0  OHMS 

0.5 


O 3 5 7 9  3 5 7 9  3 5 7 9  3 5 7 9  
h 
m 


8 :M
wH ~ s I s ~ m h 

3 

2 

3 5 7 9  3 5 7 9  3 5 7 9  3 5 7 9  

Elect rode  Number 

Fig. 2 4 .  Experimental and a n a l y t i c a l  s teady s t a t e  Faraday cu r r en t s  
(opera t ing  e l e c t r o d e s  83 - 10) .  
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- computer generated 

---- SEG 13 experiment 

leakage current  (amps) 

Fig.  25. 	 E f f ec t  of Faraday cu r r en t  pe r tu rba t ions  on Ha l l  voltage-leakage 

cu r r en t  c h a r a c t e r i s t i c s .  
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