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Abst rac t  	 with and without magnetic f i e l d ,  and examined both 

Experiments have been completed on t h e  AERL 
MK VII genera tor  t o  determine t h e  i n t e g r i t y  of 
a x i a l  segmentation.  The power which may be coupled 
i n t o  an  a x i a l  f a u l t  a s  w e l l  a s  t h e  response of t h e  
i n t e r e l e c t r o d e  region t o  an appl ied  f i e l d  have 
been determined. The e f f e c t s  of shorted anodes, 
open loads ,  and d iagonal  connection have a l s o  been 
inves t iga t ed .  Loading f a u l t s  were found t o  r e s u l t  
i n  h igh e l e c t r i c a l  s t r e s s e s  which caused i n t e r -  
e l e c t r o d e  a rc ing  and anode wal l  damage. 

I.  In t roduc t ion  

The l i f e t i m e  and performance of t he  segmented 
MHD gene ra to r  is  l a r g e l y  dependent on t h e  design 
of channels t o  e f f e c t i v e l y  endure high e l e c t r i c a l  
s t r e s s e s .  Breakdown of t h e  Hal l  f i e l d  has been 
widely acknowledged a s  one of t h e  most s e r ious  
engineer ing problems i n  t h e  development of long 
d u r a t i o n ,  combustion d r iven  gene ra to r s .  ' 3'  Many 
experiments have been completed t o  r evea l  t he  
mechanisms r e spons ib l e  f o r  t h e  Ha l l  f i e l d  break- 
down, some under a c t u a l  MHD condi t ions . '  

"Faul t  power" has  been def ined5 a s  t h e  maximum 
power t h a t  a  genera tor  may couple  i n t o  an i n t e r -
e l e c t r o d e  gap; and i s  a l s o  used t o  r e f e r  t o  t he  
o v e r a l l  H a l l  f i e l d  breakdown problem. The f a u l t  
power c r i t e r i a  provides  a b a s i s  f o r  determining 
e l e c t r o d e  p i t c h  and l eng th .  P r a c t i c a l  considera- 
t i o n s ,  such a s  water coo l ing ,  l i m i t  t h e  degree of 
a x i a l  segmentation so it may be  necessary t o  l i m i t  
f a u l t  power i n  l a r g e  channels  by t r ansve r se ly  seg- 
menting e l ec t rodes .  However, complexity and cos t  
i nc rease  wi th  i nc reas ing  segmentation because t h e  
number of power cond i t i on ing  elements i nc rease  and 
t h e  number of w i re s  i n s i d e  t h e  magnet i nc rease .  
In-house s t u d i e s  of magnet warm bore u t i l i z a t i o n  
f o r  l a r g e  channels show t h a t  t h e  number of wires  
and n o t  t h e  coolant  manifolding determine t h e  e f -  
f e c t i v e n e s s  of magnet warm bore u t i l i z a t i o n .  I t  
i s  w e l l  known t h a t  magnet c o s t ,  t h e  l a r g e s t  s i n g l e  
i tem i n  t h e  MHD topping c y c l e ,  g o e s a s  t h e s q u a r e o f  
i t s  warm bore  d iameter .  Hence, determining f a u l t  
power, H a l l  f i e l d  l i m i t a t i o n s ,  and genera tor  be- 
havior  under v a r i o u s  f a u l t  s i t u a t i o n s  i s  e s s e n t i a l  
f o r  succes s fu l  channel and c o n t r o l  c i r c u i t r y  de- 
s igns .  F ive  f a u l t  power experiments have been 
performed on t h e  AERL MK V I I  gene ra to r  and a r e  
d i scussed  i n  t h i s  paper .  Most a t t e n t i o n  was given 
t o  t h e  anode because Lorentz  f o r c e s  d r i v e  a x i a l  
a r c s  i n t o  t h e  anode w a l l  whereas a x i a l  a r c s  a r e  
pu l l ed  away from t h e  ca thode w a l l .  

Two of t h e  experiments were concerned with ob- 
t a i n i n g  informat ion t o  c h a r a c t e r i z e  t h e  segmenta- 
t i o n  des ign  used f o r  MK V I I  channels.  A rheos t a t  
was connected between an  ad j acen t  p a i r  of e lec-
t rodes  and t h e  maximum, o r  f a u l t  power which could 
be  coupled i n  t h e  a x i a l  d i r e c t i o n  was determined, 
under power gene ra t ing  cond i t i ons ,  by varying t h e  
r h e o s t a t  r e s i s t a n c e .  Also,  t h e  response of an ad-
j acen t  e l e c t r o d e  p a i r  t o  t h e  a p p l i c a t i o n  of an 
a x i a l  f i e l d  was determined. Th i s  experiment was 
performed f o r  non-power gene ra t ing  cond i t i ons ,  

d i f f u s e  and arc ing cu r r en t  t r anspor t  regimes. 

Three experiments addressed t h e  questions o f  
genera tor  behavior,  performance, and l i f e t ime  
under some common f a u l t  s i t u a t i o n s .  These were  
a x i a l  s h o r t s  on the  anode wal l  of a  Faradayloaded 
channel,  opened Faraday loads ,  and interframe 
s h o r t s  of a  d iagonal ly  connected genera tor .  All 
t h r e e  types  of f a u l t s  r e su l t ed  i n  interanode a r c -  
iqg.,;he a r c s  were dr iven i n t o  t h e  anode wal l  by 
the  JxR fo rce  r e s u l t i n g  i n  anode back wall damage. 
The anode sho r t  and diagonal  connection exper i -  
ments were terminated due t o  anode wall f i r e s .  
The open Faraday load experiment would have r e -  
su l t ed  i n  a  forced shutdown had s u f f i c i e n t  t i m e  
been ava i l ab l e .  The major conclusions of the  
f a u l t  power study a r e :  

1. 	 I n i t i a t i o n  of a x i a l  breakdown i s  a func-
t i o n  of l o c a l  thermal condi t ions  a n d i n t e r -  
e l ec t rode  vo l t age .  

2 .  	 Local thermal condi t ions  may be  s t r o n g l y  
influenced by t r ansve r se  a r c ing  which s u g -  
g e s t s  t h a t  t r ansve r se  cu r r en t  may be a n  
e l e c t r i c a l  parameter of importance in  i n i -  
t i a t i n g  a x i a l  breakdown. 

3.  	 Channel e l e c t r i c a l  connections play a 
major r o l e  i n  b a l l a s t i n g  i n t e r e l e c t r o d e  
a r c s ,  and hence determine t h e  power d i s s i -  
pated by t h e  a r c s .  

Af t e r  a  b r i e f  desc r ip t ion  of t h e  exper imenta l  
f a c i l i t y  and hardware t h e  paper d iscusses  each 
experiment s epa ra t e ly  inc luding individual  sum-
maries ,  experimental cond i t i ons ,  and r e s u l t s .  The 
f i n a l  s ec t ion  of t h e  paper i s  an overview of f a u l t  
power considera t ions  r e l evan t  t o  t h e  e f f e c t i v e  
des ign of long du ra t ion  channels.  

11. MK V I I  F a c i l i t y  Descr ip t ion  

The AERL MK V I I  f a c i l i t y  i s  an open cycle ,  
combustion dr iven,  20 MWth i n s t a l l a t i o n .  The a s h  
i n j e c t e d  combustor, u t i l i z e s  fi2 f u e l  o i l ,  a i r ,  
and oxygen a s  t h e  r e a c t a n t s .  A conventional 
water cooled copper, i r o n  co re  magnet i s  used t o  
provide t h e  induction f i e l d  of 2.33 Tesla a t  mid -  
channel. The magnetic f i e l d  p r o f i l e  i s  shown i n  
Fig.  1. The channel i s  l m  long and r ec t angu la r  
i n  cross-sec t ion  having l i n e a r l y  diverging w a l l s  
with ent rance  and e x i t  dimensions of 0.07m x .15m 
and .12m x .18m, r e spec t ive ly .  The smaller d i -  
mensions p e r t a i n  t o  t he  e l ec t rode  wa l l s .  The 
channel i s  followed by a lm long constant c r o s s -
s e c t i o n  d i f f u s e r .  The d i f f u s e r  i s  connected t o  
an exhaust tube where t h e  plasma i s  quenched, 
scrubbed, and r e j e c t e d  v i a  an exhaust s tack .  

The channel e l ec t rode  wa l l s  employ 56 wa te r  
cooled copper e l ec t rodes  2.54 cm high and 1 . 6 1  cm 
wide. The e l ec t rodes  a r e  e i t h e r  n i c k e l  p l a t e d  o r  
capped wi th  p ro t ec t ive  ma te r i a l s  such a s  s t a i n -  
l e s s  s t e e l  o r  inconel .  The e l ec t rodes  a r e  s e p a -  
r a t e d  by .16 cm wide i n s u l a t o r s  of e i t h e r  b o r o n  
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n i t r i d e  o r  alumina. The channel may be connected 
i n  t h e  Faraday o r  d iagonal  mode. 

Shown i n  Fig.  2  a r e  t h e  gas  s i d e  su r f aces  of 
t he  peg type and bar type  s idewa l l s  used i n  t h e  
Faraday and diagonal ly  loaded channels ,  respec-
t i v e l y .  The cross-sec t ion  of a t y p i c a l  e l e c t r o d e  
is a l s o  indica ted .  The p r o f i l e  of r e s i s t i v e  loads  
is  ind ica t ed  i n  Fig .  1. The peak load i s  16.552. 

The f a c i l i t y  i s  provided wi th  ins t rumenta t ion  
f o r  continuously monitoring p e r t i n e n t  thermal and 
e l e c t r i c a l  parameters.  Overa l l  burner and channel 
heat f l uxes ,  a s  wel l  a s  i nd iv idua l  e l ec t rode  heat  
f l u x ,  a r e  recorded on s t r i p  c h a r t s .  The labora-  
t o ry  computer, i n  conjunct ion  wi th  vo l t age  and 
cu r r en t  t ransducers ,  measures and r eco rds  a t  5 s ec  
i n t e r v a l s ;  i n t e r e l e c t r o d e  v o l t a g e  and load  cu r r en t  
f o r  each of t he  56 e l ec t rodes  on both t h e  top  and 
bottom wal ls .  I n  a d d i t i o n ,  t h e s e  e l e c t r i c a l  pa- 
rameters a r e  d isplayed on panel  meters which may 
be photographed. 

111. Faul t  Power Coupling Experiments 

Summary 

The maximum or f a u l t  power which may be d i s s i -  
pated between ad jacen t  MK V I I  e l e c t r o d e s  has been 
quan t i f i ed .  Anodes and ca thodes  were inves t iga t ed  
f o r  both  c l ean  and s lagging w a l l  cond i t i ons .  The 
f a u l t  power was determined by connecting a rheo-
s t a t  t o  adjacent  e l e c t r o d e s  and mapping ou t  t h e  
vol tage-current  c h a r a c t e r i s t i c  of t he  e l e c t r o d e  
p a i r ,  under power genera t ing  cond i t i ons .  by vary- 
ing t h e  rheos t a t  r e s i s t a n c e .  The vol tage-current  
c h a r a c t e r i s t i c  was n e a r l y  l i n e a r .  The f a u l t  power 
was determined by f ind ing  t h e  maximum of t he  
voltage-current product.  For anodes 29-30 under 
slagging wall  cond i t i ons  a t  a 60 kW average power 
generating l e v e l ,  t h e  f a u l t  power occurred f o r  a 
50. rheos t a t  r e s i s t a n c e  and was 100 wa t t s .  The 

core flow mid-channel cond i t i ons  a t  60 kW power 

l e v e l  a r e  J y  = Ey = and Ex =
0.8 ~ / c m ~ ,  1.2 kV/m, 
1.1 kV/m. 

Since t h e  vol tage-current  c h a r a c t e r i s t i c s  were 
approximately l i n e a r ,  it was decided t o  determine 
the  f a u l t  power on the  anode wa l l ,  a s  a  func t ion  
of number of shorted anodes,  by measuring t h e  
open c i r c u i t  vo l t age  and sho r t  c i r c u i t  cu r r en t  
only.  I t  was found t h a t  f o r  s lagging w a l l  condi- 
t i o n s  a t  a 60 kW power opera t ing  l e v e l  t h a t  0.9kW 
cculd be  d i s s ipa t ed  between anodes 27-28 when 
anodes 28 through 35 a r e  shor ted .  The f a u l t  power 
v a r i e s  almost l i n e a r l y  w i th  number of shor ted  
anode e l ec t rodes .  

Experimental Systems, Procedures,  and Operating 

Conditions 


F igure  3 shows a  schematic of t h e  i n t e r e l e c t r o d e  
rheos t a t  connection.  Rheostat  cu r r en t  and i n t e r -  
e l e c t r o d e  vo l t age  were monitored wi th  t ransducers .  
The output of t h e  t ransducers  were recorded on a  
s t r i p  c h a r t  and X-Y p l o t t e r .  To obta in  V - I  char-
a c t e r i s t i c s  f o r  experiments where e l ec t rodes  were 
sho r t ed ,  i n t e r e l e c t r o d e  sho r t ing  switches were 
connected between e l ec t rodes  28 through 36.  
I n t e r e l e c t r o d e  vo l t age  and sho r t  c i r c u i t  cu r r en t  
s i g n a l s  were d i g i t i z e d  and recorded with t h e  a i d  
of t h e  l abo ra to ry  da t a  a c q u i s i t i o n  system. 

Experiments using t h e  r h e o s t a t  system proceeded 
by ad jus t ing  the  r h e o s t a t  r e s i s t a n c e  in  d i s c r e t e  
increments and allowing s t eady  condi t ions  t o  be  

e s t a b l i s h e d .  The anode e l ec t rode  s h o r t i n g  t e s t  
was performed by sequen t i a l l y  c l o s i n g  t h e  sho r t -  
ing  swi tches  i n  t h e  downstream d i r e c t i o n  s t a r t i n g  
wi th  e l e c t r o d e s  28-29. Personnel s a f e t y  r equ i r ed  
shutdown of t h e  magnet before  each sho r t ing  swi tch  
was c l o s e d .  Af ter  each switch was c losed t h e  mag- 
n e t  power was r e s to red  and a  few minutes e lapsed 
f o r  s t eady  ope ra t ion .  

Table 1 l i s t s  t h e  opera t ing  cond i t i ons  inves-  
t i g a t e d .  Experiments with t h e  r h e o s t a t  were done 
f o r  both  t h e  c lean and s lagging wal l  cond i t i ons .  
The s h o r t i n g  experiment was done f o r  t h e  s l agg ing  
w a l l  cond i t i on  only.  The e l ec t rodes  i n v e s t i g a t e d  
f o r  c l ean  wa l l  condi t ions  were anodes and ca thodes  
27-28. For s lagging wal l  runs e l e c t r o d e s  29-30 
and 31-32 on t h e  anode and 27-28 on t h e  ca thode 
were t e s t e d .  

Experimental  Resu l t s  

Figure  4 i s  a t y p i c a l  vol tage-current  charac-
t e r i s t i c  f o r  t h e  anode gap 31-32 under s lagging 
w a l l  power genera t ing  condi t ions ;  a s  drawn r e a l  
time by t h e  X-Y p l o t t e r .  Several  runs  wi th  rheo- 
s t a t  r e s i s t a n c e  varying from 200R t o  0.752 a r e s e e n  
t o  have been completed. During t h e  course  of t h e  
t e s t  t h e  open c i r c u i t  i n t e r e l e c t r o d e  vo l t age  was 
seen t o  have va r i ed  from 36 t o  50V. The s h o r t  
c i r c u i t  c u r r e n t  was about 9.5A. The r h e o s t a t  r e -
s i s t a n c e  was regula ted  t o  va lues  which a r e  i nd i -  
ca ted  by t h e  r a d i a l  l i n e s .  F luctuat ions  i n  t h e  
gene ra to r  e l e c t r i c a l  parameters caused t h e  r a d i a l  
l i n e  t r a c i n g  a t  each d i s c r e t e  rheos t a t  r e s i s t a n c e .  

F igure  5  shows t h e  vol tage-current  c h a r a c t e r i s -
t i c s  const ructed  from average d a t a  f o r  e l ec t rodes  
27-28 on t h e  anode and cathode f o r  c lean wal lcon-  
d i t i o n s ,  and anodes 29-30 and cathodes 27-28 f o r  
s lagging wal l  condi t ions .  The p l o t s  a l l  e x h i b i t  
a s l i g h t  curvature .  Generally,  t h e  e l e c t r o d e s  
which have l a r g e  i n t e r e l e c t r o d e  vo l t ages  have 
l a r g e  s h o r t  c i r c u i t  cu r r en t s .  Also shown i n  t h e  
f i g u r e  a r e  l i n e s  of cons tant  power. The cons t an t  
power l i n e  tangent t o  t he  vol tage-current  charac-
t e r i s t i c  i s  t h e  f a u l t  power. For anode e l e c t r o d e  
p a i r  29-30 under s lagging wal l  cond i t i ons  t h e  
f a u l t  power is seen t o  be approximately 100 w a t t s .  
Clean wa l l s  have considerably lower f a u l t  power 
which i s  cons i s t en t  with t h e  lower generated power 
l e v e l s  r e s u l t i n g  from higher combustor and channel 
wa l l  hea t  l o s s .  The vol tage-current  c h a r a c t e r i s -
t i c  of ca thodes  27-28 under slagging cond i t i ons  
i s  of p a r t i c u l a r  i n t e r e s t  a s  t h e  open c i r c u i t  
vo l t age  i s  i ncons i s t en t ly  h igh.  This  r e s u l t  is 
due t o  t h e  behavior of t h e  cathode nonuniformi- 
t i e s 6  t y p i c a l  of s lagging wall  channels .  The low 
sho r t  c i r c u i t  cu r r en t  i s  incongruous wi th  t h e  
high open c i r c u i t  vo l t age  and i s  probably t h e  r e -  
s u l t  of a s h i f t  i n  t h e  cathode nonuniformi t ies  
dur ing t h e  run .  

F igure  6  shows t h e  r e s u l t s  of t h e  s h o r t i n g  
experiment. Eight l i n e a r  vol tage-current  charac-
t e r i s t i c s  were constructed from t h e  d a t a  obta ined 
by succes s ive ly  sho r t ing  anode e l e c t r o d e s .  The 
f a u l t  power would be the product of ha l f  t h e  open 
c i r c u i t  vo l t age  and half  t h e  sho r t  c i r c u i t  cur-
r e n t .  The f a u l t  power i s  p lo t t ed  i n  Fig .  7 ,  a s  a  
func t ion  of t h e  number of downstream anode e l e c -  
t rodes  shor ted  and i s  seen t o  i nc rease  almost 
l i n e a r l y  with t h e  number of s h o r t s  a t  t h e  r a t e  of 
140 w a t t s / s h o r t .  With seven anode e l e c t r o d e s  
shor ted  t h e  f a u l t  power i s  approximately 0.9 kW. 
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C 

9. 


F a u l t  power may b e  d e f i n e d  i n  terms of g e n e r a -
t o r  e l e c t r i c a l  and geomet r ic  p a r a m e t e r s  a s  f o l l o w s :  

' f a u l t  = '0.c. I s . c .  ( 1 )  
where 

Cons tan t  

i n t e r e l e c t r o d e  open c i r c u i t  v o l t a g e  '0.c. 
i n t e r e l e c t r o d e  s h o r t  c i r c u i t  

I S . C .  
c u r r e n t  

w i t h  
= ExP ( 2 )

v o . c .  

and i f  i t  i s  assumed t h a t  t h e  s h o r t  c i r c u i t  e q u a l s  
t h e  Faraday  c u r r e n t ,  t h e n  

= JyPR 	 ( 3 )Is. c .  
where 

Ex 	 f r e e  s t r e a m  a x i a l  f i e l d  

c u r r e n t  d e n s i t y  


J~ 

P 	 e l e c t r o d e  p i t c h  

e l e c t r o d e  l e n g t h .  

I n s e r t i n g  e q u a t i o n s  (2)  and ( 3 )  i n t o  e q u a t i o n  ( 1 )  
y i e l d s  

' f a u l t  = c E J P'R 	 ( 4 )x Y 

For a Faraday  loaded  g e n e r a t o r ,  t h e  f a u l t  power 
would cor respond  t o  t h e  p r o d u c t  of h a l f  t h e  open  
c i r c u i t  v o l t a g e  and s h o r t  c i r c u i t  c u r r e n t ,  t h e r e -
f o r e ,  C=0.25 i n  e q u a t i o n  ( 4 ) .  For  a d i a g o n a l l y  
connec ted  g e n e r a t o r  C=0.5 s i n c e  t h e  c u r r e n t  which 
may be  coup led  i n t o  a  f a u l t  i s  from a n  a r e a  o f  2P.  
Using t y p i c a l  v a l u e s  f o r  Ex, P ,  and R i n  e q u a t i o n  
( 4 ) ,  Pfault X 60 w a t t s  f o r  a  Faraday loaded  ma- 
c h i n e .  T h l s  a g r e e s  r e a s o n a b l y  w e l l  w i t h  t h e  ex-
p e r i m e n t a l l y  de te rmined  v a l u e  of 100 w a t t s  and  i s  
p r o b a b l y  lower  due t o  t h e  l i n e a r  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  approx imat ion .  

I t  shou ld  b e  no ted  t h a t  t h e  f a u l t  power and  t h e  
power i n  a  f a u l t  c a u s i n g  d e s t r u c t i o n  of c h a n n e l  
e l e m e n t s  a r e  i n  g e n e r a l  two d i f f e r e n t  q u a n t i t i e s .  
The f o r m e r ,  a s  shown i n  Eq. ( I ) ,  may be  d e f i n e d  
u s i n g  f r e e  s t r e a m  e l e c t r i c a l  p a r a m e t e r s  and e l e c -  
t r o d e  s i z e .  The l a t t e r  depends  on t h e  e l e c t r o d e  
w a l l  d e s i g n  o n l y .  However, f o r  v i a b l e  c h a n n e l  
d e s i g n s ,  t h e  f a u l t  power shou ld  be  e q u a l  o r  by 
some marg in  of  s a f e t y  s m a l l e r  t h a n  t h e  power t h a t  
c a u s e s  c h a n n e l  d e s t r u c t i o n .  

C o n c l u s i o n s  

1. 	The f a u l t  power f o r  s l a g g i n g  w a l l  o p e r a t i o n  
of t h e  MK V I I  on  t h e  anode w a l l  i s  1 0 0  
w a t t s  and i n c r e a s e s  l i n e a r l y  w i t h  t h e  num-
b e r  of s h o r t e d  anode e l e c t r o d e s .  

2 .  	 The 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  of  an 
e l e c t r o d e  p a i r  under  power g e n e r a t i n g  con-
d i t i o n s  h a s  a s l i g h t  c u r v a t u r e  and i s  w e l l  
approx imated  by a s t r a i g h t  l i n e .  

I V .  Applied F i e l d  Exper iments  

Summary 

The r e s p o n s e  of t h e  MK VII channe l  w a l l  i n t e r -  
e l e c t r o d e  r e g i o n  t o  t h e  a p p l i c a t i o n  of a n  a x i a l  
f i e l d  h a s  been d e t e r m i n e d .  A DC power s o u r c e  was 
used  t o  a p p l y  a  v o l t a g e  t o  a n  a d j a c e n t  p a i r  o f  
anode e l e c t r o d e s .  V a r i o u s  e l e c t r o d e  and i n s u l a t o r  

m a t e r i a l s  were i n v e s t i g a t e d  o v e r  a  r a n g e  of f l o w  
c o n d i t i o n s  f o r  bo th  c l e a n  and s l a g g i n g  w a l l s .  
Some exper iments  were performed i n  t h e  p r e s e n c e o f  
a magne t ic  f i e l d  b u t  wi thou t  seed t o  a v o i d  i n -  
duced EMF. Below a  t h r e s h o l d  v o l t a g e ,  60-100V, 
t h e  e l e c t r o d e  p a i r  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  
was somewhat l i n e a r  i n d i c a t i n g  a n  e l e c t r o d e  p a i r  
r e s i s t a n c e  of 70-270R f o r  c l e a n  w a l l s  and 35-270R 
f o r  s l a g g i n g  w a l l s .  S l a g  l a y e r  l e a k a g e  accounted  
f o r  t h e  lower s l agged  w a l l  r e s i s t a n c e .  New un- 
s l a g g e d  e l e c t r o d e  w a l l s  have i n t e r e l e c t r o d e  i m -
pedance of  3000 and g r e a t e r .  For  v o l t a g e s  ex-
ceed ing  t h e  t h r e s h o l d  l e v e l  a n  a b r u p t  d e c l i n e  i n  
e l e c t r o d e  p a i r  r e s i s t a n c e  t o  2-40 o c c u r r e d .  T h i s  
b e h a v i o r  was due t o  a change i n  t h e  c u r r e n t  t r a n s -
p o r t  mode from d i f f u s e d  t o  a r c i n g .  T e s t s  p e r -  
formed i n  a  .5-2 T e s l a  magne t ic  f i e l d  r e s u l t e d  i n  
i n t e r e l e c t r o d e  i n s u l a t o r  a r c  d 2 m p e  caused  by 
i n t e r e l e c t r o d e  a r c s  d r i v e n  by JxB f o r c e s .  The 
t ime  f o r  a n  i n t e r e l e c t r o d e  a r c  t o  p e n e t r a t e  t h e  
f u l l  h e i g h t  of  an i n s u l a t o r  ranged  f rom 4 - 11 
s e c  and was found+tq be  a  f u n c t i o n  of  i n s u l a t o r  
m a t e r i a l  and t h e  JxB f o r c e .  

Exper imenta l  Systems,  P r o c e d u r e s ,  and O p e r a t i n g  
C o n d i t i o n s  

A  schemat ic  of t h e  e x p e r i m e n t a l  c i r c u i t r y  i s  
shown i n  F i g .  8 .  A r e g u l a t a b l e  DC power supp ly  
was connec ted  i n  s e r i e s  w i t h  a b a l l a s t  r e s i s t o r ,  
3 .8  o r  8.5Q, and any a d j a c e n t  anode  e l e c t r o d e  
p a i r .  For  t e s t s  performed w i t h o u t  magne t ic  f i e l d  
a 300V, 35a power supply was used  and  f o r  t e s t  
c o n d i t i o n s  w i t h  magnet ic  f i e l d  a  500V, 200a power 
supp ly  was used .  Transducers  were u s e d  t o  moni- 
t o r  c u r r e n t ,  i n t e r e l e c t r o d e  v o l t a g e ,  and power 
supp ly  v o l t a g e .  A  m u l t i c h a n n e l  s t r i p  c h a r t  was 
used t o  r e c o r d  t h e  e l e c t r i c a l  p a r a m e t e r s .  A l s o ,  
an X-Y p l o t t e r  was employed t o  d i r e c t l y  o b t a i n  
t h e  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  of a n  e l e c t r o d e  
p a i r .  F i g u r e  8 shows t h e  a r c  l u m i n o s i t y  system 
t h a t  was used t o  d e t e c t  an i n t e r e l e c t r o d e  a r c  
a f t e r  it p e n e t r a t e d  t h e  ful+l+height of a n  insu-
l a t o r  under  t h e  a c t i o n  of JxB f o r c e s .  S l o t s  were 
m i l l e d  i n  t h e  anode w a l l  backboard  under  t h e  in -  
s u l a t o r s  s e p a r a t i n g  e l e c t r o d e  p a i r s  15-16, 33-34,  
and 43-44. These s l o t s  were viewed w i t h  f i b e r  
o p t i c  t u b e s .  The f r e e  end of t h e  f i b e r  o p t i c  
t u b e  was connec ted  t o  a p h o t o c e l l .  The p h o t o c e l l  
o u t p u t  was a m p l i f i e d  and r e c o r d e d  on  t h e  s t r i p  
c h a r t  a l o n g  w i t h  t h e  e l e c t r i c a l  p a r a m e t e r s .  

For  t e s t s  performed w i t h o u t  m a g n e t i c  f i e l d ,  t h e  
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 s  w e r e  o b t a i n e d  by 
r e g u l a t i n g  t h e  power supp ly  i n  d i s c r e t e  v o l t a g e  
inc rements  s t a r t i n g  a t  ze ro  v o l t a g e  and t e r m i n a t -  
ing  a t  t h e  a r c i n g  t h r e s h o l d  v o l t a g e  l e v e l .  I n  
o r d e r  t o  i n s u r e  t h a t  a s t e a d y  r e s p o n s e  t o  each 
v o l t a g e  l e v e l  was a c h i e v e d ,  3-5 m i n s .  were p e r -  
m i t t e d  t o  e l a p s e  b e f o r e  t h e  power s u p p l y  v o l t a g e  
was inc remented .  The t e s t s  r u n  w i t h  magne t ic  
f i e l d  proceeded by r e g u l a t i n g  t h e  power supp ly  t o  
some v o l t a g e  above t h e  t h r e s h o l d  l e v e l  and s h u t -  
t i n g  down t h e  power supp ly  when a b u r s t  of lumi-
n o s i t y  was r e g i s t e r e d  by t h e  s t r i p  c h a r t  r e c o r d e r .  
The t i m e  e lapsed  between t h e  a b r u p t  d e c l i n e  of 
i n t e r e l e c t r o d e  v o l t a g e  and t h e  d e t e c t i o n  of lumi-
n o s i t y  a t  t h e  backboard would be  i n d i c a t i v e  of 
i n s u l a t o r  c u t t i n g  t ime .  

The o p e r a t i n g  c o n d i t i o n s  i n v e s t i g a t e d  a r e  
l i s t e d  i n  Tab le  2 .  S t a t i c  c o n d i t i o n s  ( i . e . ,  no 
f low) were checked f i r s t .  Next ,  t e s t s  were con-
duc ted  i n  f lowing  a i r  o n l y  f o l l o w e d  by t e s t s  w i t h  
unseeded combustion p r o d u c t s  and c l e a n  w a l l s .  The 
magnet was t u r n e d  o n  and t h e  t h r e e  e l e c t r o d e p a i r s  
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ins t rumented f o r  a r c  l uminos i ty  d e t e c t i o n  were 
t e s t e d .  F i n a l l y ,  t h e  e f f e c t s  of seeding were ex-
p lo red  and experiments were completed wi th  s l ag -  
g ing w a l l s .  

Experimental  Resu l t s  

Table  3  i s  a l i s t i n g  of t h e  e l e c t r o d e  p a i r s  
t e s t e d ,  t h e  e l e c t r o d e  m a t e r i a l s ,  and t h e  channel  
ope ra t ing  cond i t i ons .  The e l e c t r o d e  m a t e r i a l s  
eva lua t ed  were copper,  n i c k e l  p l a t ed  copper ,  
tungsten/copper ,  s t e e l ,  s t a i n l e s s  s t e e l ,  and 
molybdenum. A l l  i n t e r e l e c t r o d e  i n s u l a t o r s  were 
boron n i t r i d e  except  f o r  t h e  i n s u l a t o r s  used wi th  
e l e c t r o d e  p a i r s  33-34 and 43-44 w h i c h l z e r e a l ~ ~ m i n a .  

A  t y p i c a l  exper imenta l  r e s u l t  f o r  a run  per-
formed i n  t h e  absence of a  magnetic f i e l d  i s  
shown i n  Fig .  9 which i s  t h e  vol tage-current  char-
a c t e r i s t i c ,  a s  recorded by t h e  X-Y p l o t t e r ,  of 
e l e c t r o d e  p a i r  52-53 wi th  s lagging w a l l s .  The 
e l e c t r o d e  p a i r  may be seen t o  have been sub jec t ed  
t o  f o u r  v o l t a g e  l e v e l s ,  namely, 49,  54, 63 and 
71V. The s lope  of t h e  vol tage-current  c h a r a c t e r -
i s t i c  changed from 160R f o r  v o l t a g e s  lower than 
49V, t o  70R f o r  v o l t a g e s  exceeding 49V. Th i s  
change i n  s lope  d id  no t  occur  f o r  t h e  c l e a n  wal l  
runs .  In  a d d i t i o n ,  s t r i p  c h a r t  r eco rd ings  i n d i -  
c a t e  t h a t  t h e  s l o p e  change occurred  on ly  a f t e r  
t ime i n t e r v a l s  of a few seconds.  The i n c r e a s i n g  
s l a g  conduc t iv i ty  (decreas ing dV/dI) i s  caused by 
s l a g  p o l a r i z a t i o n  due t o  i n t e r e l e c t r o d e  charge  
t r a n s p o r t  and by l o c a l  J o u l e  d i s s i p a t i o n  h e a t i n g  
t h e  s l a g  t o  t h e  threshold  of e l ec t ro the rma l  i n -
s t a b i l i t y .  Pass ing t h e  c r i t i c a l  po in t  of t h i s  
i n s t a b i l i t y  r e s u l t s  i n  a  breakdown wi th  co r r e -
sponding a r c i n g .  Arcing i n i t i a l l y  occurred  a t  
63V and was ind ica t ed  by an  abrupt  drop i n  v o l t a g e  
t o  33V and an inc rease  i n  cu r r en t  from 1 . 5  t o  8 .4  
amps. The a r c  was immediately ext inguished and 
p rea rc ing  cond i t i ons  were r e s t o r e d .  This  behavior  
is  b e s t  i l l u s t r a t e d  by F ig .  10  which shows t h e  
p o r t i o n  of t h e  s t r i p  c h a r t  recording j u s t  a f t e r  
t h e  v o l t a g e  was r egu la t ed  t o  63V. A f t e r  a  de l ay  
of 53 s e c ,  t h e  i n t e r e l e c t r o d e  v o l t a g e  dropped and 
was accompanied by an  i n c r e a s e  i n  c u r r e n t .  Th i s  
c o n d i t i o n  l a s t e d  f o r  a b r i e f  per iod  of t ime and 
p rea rc ing  cond i t i ons  were r e s t o r e d .  A f t e r  a de-
l a y  of 18 s e c ,  t h e  a r c i n g ,  a r c -ex t ingu i sh ing  
p roces s  resumed. This behavior may be expla ined 
a s  fo l lows .  Af t e r  t he  e l e c t r o d e  p a i r  t h r e sho ld  
v o l t a g e  i s  exceeded i n t e r e l e c t r o d e  a r c i n g  r e s u l t s .  
The n e t  e f f e c t  on the  app l i ed  f i e l d  c i r c u i t  is a 
change i n  e l e c t r o d e  p a i r  r e s i s t a n c e  from, i n  t h i s  
c a s e ,  40Q t o  4R. As t h i s  change occurs  t h e  power 
supp ly  v o l t a g e  remains cons t an t  and t h e  c u r r e n t  
i n  t h e  c i r c u i t  i n c r e a s e s  s i n c e  t h e  equ iva l en t  c i r -  
c u i t  r e s i s t a n c e  has  dropped. The l a r g e r  c u r r e n t  
r e s u l t s  i n  a g r e a t e r  v o l t a g e  drop a c r o s s  t h e  ba l -  
l a s t  r e s i s t o r  and t h e  v o l t a g e  a c r o s s  t h e  e l e c -  
t r o d e  p a i r  must t h e r e f o r e  d e c l i n e .  As mentioned 
above, t h e  pos t -arc ing i n t e r e l e c t r o d e  v o l t a g e  
drops  t o  33V which i s  i n s u f f i c i e n t  t o  s u s t a i n  t h e  
a r c .  The a r c  ex t ingu i shes  and p rea rc ing  condi- 
t i o n s  a r e  r e s t o r e d  followed by r e -a rc ing .  

F igu re  11 i s  a  p l o t  showing t h e  th re sho ld  and 
a r c i n g  vo l t age -cu r ren t  p o s i t i o n s  f o r  a l l  e l e c -  
t r o d e  p a i r s  t e s t e d  wi thout  magnetic f i e l d .  For 
s t a t i c ,  a i r  f l ow,  and unseeded combustion condi- 
t i o n s ,  t h r e sho ld  v o l t a g e s  were i n  t h e  range 250- 
300V. At t h e s e  c o n d i t i o n s  t h e  a r c  v o l t a g e  drops  
were approximate ly  35V f o r  c u r r e n t s  of approxi-
mate ly  25 amps. For c l e a n  and s lagging w a l l  
plasma c o n d i t i o n s  t h re sho ld  v o l t a g e s  ranged from 
60-llOV. Arc v o l t a g e  d rops  were 30-45 v o l t s  a t  

5-15 amps. There were no n o t i c e a b l e  v a r i a t i o n s  
i n  the  vol tage-current  c h a r a c t e r i s t i c s  w i th  chan- 
n e l  wal l  l oca t ion  o r  e l e c t r o d e  m a t e r i a l .  The 
only s l a g  e f f e c t  was t h a t  of p o l a r i z a t i o n  and 
served t o  i nc rease  t h e  p rea rc ing  leakage c u r r e n t  
bu t  d id  not  e f f e c t  t he  t h re sho ld  v o l t a g e  va lue .  

Also shown in  Fig.  11 i s  t h e  appl ied  f i e l d  
d a t a  of C u r t i s ,  e t  a1 . '  The i r  experiments were 
performed wi th  A1203 i n s u l a t o r s  of t h e  same 
th i ckness  and length  wi th  c l ean  wa l l  cond i t i ons .  
Excel lent  agreement of t h re sho ld  v o l t a g e s  and t h e  
prearc ing e l ec t rode  p a i r  r e s i s t a n c e ,  may be ob- 
served.  

Figure 12 shows a  t y p i c a l  s t r i p  c h a r t  record- 
i ng  f o r  a  run performed wi th  magnetic f i e l d  but 
without seed.  The s t r i p  c h a r t  r eco rd ing  shows 
t h e  i n t e r e l e c t r o d e  v o l t a g e ,  c u r r e n t ,  and luminos- 
i t y  de t ec t ion  system t r a c e s  f o r  anode e l e c t r o d e s  
43-44 under c l ean  wal l  cond i t i ons .  Arcing oc-
curred  a t  an average v o l t a g e  of 100V. The a r c  
vo l t age  drop and cu r r en t  a r e  seen t o  be approxi-  
mately 45V and 15a ,  r e s p e c t i v e l y .  A pu l se  i n  t h e  
luminosi ty  t r a c e  i n d i c a t e s  t h e  a r r i v a l  of an 
i n t e r e l e c t r o d e  a r c  a t  t h e  anode wa l l  backboard. 
The s t r i p  c h a r t  i n d i c a t e s  an  i n s u l a t o r  c u t t i n g  
time of 4 .5  s e c ,  s i n c e  t h a t  was t h e  d u r a t i o n  of 
t ime between t h e  drop i n  i n t e r e l e c t r o d e  vo l t age  
and the  de t ec t ion  of luminosi ty  a t  t h e  backboard. 

Figure 13 i s  a  pos t - t e s t  photograph showing 
e l ec t rode  p a i r  33-34, t h e  A1203 i n s u l a t o r  sepa- 
r a t i n g  t h e  e l e c t r o d e s ,  and t h e  anode wal l  back- 
board. The a r c  t r a c k  a c r o s s  t h e  i n s u l a t o r  is 
seen a s  wel l  a s  t h e  po in t  where t h e  a r c  was ex-
t inguished by t h e  backboard. The photograph a l s o  
shows t h e  s l o t  t h a t  was mi l l ed  i n  t h e  backboard 
under t h e  i n s u l a t o r  and t h e  c l i p s  which held  the  
f i b e r  o p t i c  tubes .  

Figure 14 is a p l o t  of t h e  product of magnetic 
f i e l d  s t r e n g t h  and a r c  c u r r e n t  v e r s u s  i n s u l a t o r  
c u t t i n g  time f o r  t h e  t h ree  e l e c t r o d e  p a i r s  t e s t ed .  
The p lo t  i n d i c a t e s  t h a t  f o r  A1203 i n s u l a t o r s  a 
40% reduct ion  i n  t he  magnetic f i e l d  s t r eng th -
cu r ren t  product r e s u l t s  i n  a 60% i n c r e a s e  i n  in- 
s u l a t o r  c u t t i n g  time. The p l o t  a l s o  demonstrates 
t h a t  boron n i t r i d e  i n s u l a t o r s  a r e  pene t r a t ed  by 
a r c s  approximately 60% f a s t e r  than alumina insu- 
l a t o r s  under t h e  same cond i t i on .  

Conclusions 

1. 	 For appl ied  f i e l d  c o n d i t i o n s ,  t h r e sho ld  
vo l t age  l e v e l s  f o r  MK V I I  e l e c t r o d e  p a i r s  
ranged from 60-100V. 

2 .  	 Prearc ing e l ec t rode  p a i r  r e s i s t a n c e  was 
90-270R f o r  c l ean  w a l l s  and 35-275R f o r  
s lagging wa l l s .  S lag  l a y e r  p o l a r i z a t i o n  
and heat ing  by J o u l e  d i s s i p a t i o n  accounted 
f o r  t h e  lower r e s i s t a n c e .  

3.  	 There were no n o t i c e a b l e  e f f e c t s  on t h e  
threshold  vo l t age  l e v e l  w i th  s l a g ,  e l ec -
t rode  m a t e r i a l ,  o r  channel l o c a t i o n .  

4.  	 Arcing occurred a t  t h e  t h re sho ld  vo l t age  
i n  some cases  immediately,  and i n  o t h e r  
ca ses  a f t e r  de lays  ranging from 1 / 2  sec  
t o  2  112 min. 

5. 	 The response of an e l e c t r o d e  p a i r  t o  an  
appl ied  vo l t age  i s  a  s t r o n g  f u n c t i o n  of 
the  c i r c u i t r y  employed ( i . e . ,  power supply 
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c h a r a c t e r i s t i c s  and b a l l a s t  r e s i s t a n c e  
v a l u e s ) .  

6. 	 Anode i n t e r e l e c t r o d e  a r c s ,  i n  the  presence 
of a  magnetic f i e l d ,  a r e  dr iven i n t o  t h e  
e l ec t rode  wal l  and c u t  through boron n i -  
t r i d e  o r  alumina i n s u l a t o r s .  

7. 	 The time f o r  a  s t a b l e  a r c  t o  cut  through 
an A1203 i n s u l a t o r  i s  i nve r se ly  r e l a t e d  t o  
t h e  magnetic f i e l d  s t rength-current  prod-
uc t .  Boron n i t r i d e  i n s u l a t o r s  appear t o  be 
l e s s  r e s i s t a n t  t o  a r c  pene t r a t i on  than 
alumina i n s u l a t o r s .  For t h e  condi t ions  of 
t h e  experiment t he  t ime t o  cu t  an in su l a to r  
i s  of t h e  order  of 5  seconds. 

V. Shorted Anode Experiment 

Summary 

The MK V I I  genera tor  behavior with e x t e r n a l l y  
shor ted  anodes has been determined.' Nine anode 
e l e c t r o d e s  were s equen t i a l l y  shor ted  in  the  down- 
stream d i r e c t i o n  s t a r t i n g  with e lec t rode  pa i r  28-
29. This  was accomplished by ex te rna l  sho r t  c i r -  
c u i t  swi tches  f i t t e d  with ins t rumenta t ion  f o r  
measuring t h e  sho r t  c i r c u i t  c u r r e n t .  An a r c  lu- 
minosity system s i m i l a r  t o  t h a t  descr ibed i n  
Sect ion  I V ,  was used t o  monitor t h e  gaps between 
anodes 25-26, 26-27, and 27-28. 

The gap vo l t age  27-28, anode 28 t ransverse  
plasma c u r r e n t ,  and t h e  ex t e rna l  shor t  c i r c u i t  
cu r r en t s  increased monotonically with number of 
shor ted  anodes. The load c u r r e n t s  associa ted  wi th  
shor ted  e l ec t rodes  were inve r se ly  r e l a t e d  t o  t he  
shor t  c i r c u i t  cu r r en t s .  With anodes 28 through 35 
e x t e r n a l l y  sho r t ed ,  t he  vo l t age  between anodes 27 
and 28 was 95V and the  t r ansve r se  plasma cu r r en t  
a s soc i a t ed  with anode 28 was 52 amperes. A t  t h i s  
condi t ion  t h e  s t r i p  c h a r t  recorder  channel i nd i -  
ca t ing  27-28 in teranode vo l t age  showed s igns  of 
a r c i n g .  I n t e r e l e c t r o d e  a rc ing  was character ized  
by ins tantaneous  drops i n  vo l t age .  With n ine  
e l e c t r o d e s  ex t e rna l ly  shor ted  t h e  frequency of 
a r c ing  and a r c  ext inguishing,  f o r  e l ec t rode  p a i r  
27-28, increased.  Af ter  approximately 64 min. a t  
t h i s  cond i t i on ,  e l ec t rode  p a i r  27-28 became in- 
t e r n a l l y  shor ted  due t o  a r c  damage. The high 
e l e c t r i c a l  s t r e s s e s  s h i f t e d  upstream to  anode p a i r  
26-27 causing s imi l a r  a r c ing  behavior and subse- 
quent e l e c t r o d e  sho r t ing .  The self-propagating 
l e c t r o d e  sho r t ing  continued i n  t he  upstream d i r ec -  
t i o n  u n t i l  t h e  t e s t  was terminated by an  emergency 
shutdown due t o  a  burning anode wal l .  Pos t - t e s t  
examination of t h e  channel w a l l  components r e -
vealed  many a r c  damaged in teranode i n s u l a t o r s  and 
extens ive  cha r r ing  of t h e  f i b e r g l a s s  anode wal l  
backboard. The backboard became charred ,  and 
hence,  e l e c t r i c a l l y  conductive+bq a s s a u l t  from 
i n t e r e l e c t r o d e  a r c s  d r iven  by JxB fo rces .  The 
damaged backboard, and t i e  rods  compressively 
loading groups of e l ec t rodes ,  provided t h e  perma- 
nent  i n t e r n a l  sho r t i ng  cu r r en t  path.  

Experimental Systems, Procedures,  and Operating 

Conditions 


F igure  15 is  a schematic of t h e  MK V I I  e l e c t r i -
c a l  connect ions  and ins t rumenta t ion  used f o r  t h e  
t e s t .  I n  a d d i t i o n  t o  t h e  s tandard  f a c i l i t y  in- 
s t rumenta t ion ,  e igh t  e x t e r n a l  sho r t  c i r c u i t  con-
nec t ions  equipped wi th  sho r t ing  swi tches ,  ammeters, 
and c u r r e n t  t ransducers  were i n s t a l l e d  between 

anode e l ec t rodes  28 through 36. The shor t ing  
connection and ins t rumenta t ion  a r e  indica ted  by 
t h e  dashed l i n e  i n  Fig .  15.  The in t e r e l ec t rode  
vo l t age  f o r  anodes 25-26, 26-27 and 27-28 were 
monitored by a s t r i p  c h a r t  recorder .  S lo t s  were 
mi l led  i n  t h e  anode wal l  backboard under t he  in- 
s u l a t o r s  associa ted  wi th  anode p a i r s  25-26, 26-27 
and 	 27-28. The s l o t s  were used t o  accommodate 
t h e  	a r c  luminosity d e t e c t i o n  system described i n  
Sec t ion  I V .  

Once s t a b l e ,  genera tor  ope ra t ion  a t  spec i f i ed  
cond i t i ons  was achieved, e x t e r n a l  shor t ing  of 
anodes began. Personnel s a f e t y  made it necessary 
t o  t u r n  off  t h e  magnet be fo re  each sho r t ing  switch 
was c losed.  Elec t rode  p a i r s  were shorted one a t  
a t ime i n  t h e  downstream d i r e c t i o n  s t a r t i n g  with 
anodes 28-29 and ending wi th  35-36. Af ter  each 
sho r t ing  switch was c lo sed ,  t he  generator was a l -  
lowed t o  run f o r  approximately f i v e  minutes dur- 
ing  which time t h e  ins t rumenta t ion  was consulted 
f o r  i n d i c a t i o n s  of e l e c t r i c a l  f a u l t  development. 
Table 1 l i s t s  t h e  opera t ing  condi t ions ,  which a r e  
t y p i c a l  f o r  s lagging wal l  ope ra t ion  of t he  MK V I I .  

Experimental Resul ts  

Figures  16a through 16c i l l u s t r a t e  the  gener- 
a t o r  e l e c t r i c a l  behavior a t  3 r ep re sen ta t ive  
t imes during t h e  experiment. The d i s t r i b u t i o n  of 
i n t e r e l e c t r o d e  vo l t ages ,  t o t a l  p o t e n t i a l ,  load 
c u r r e n t s ,  and in teranode sho r t  c i r c u i t  cu r r en t s  
a r e  shown in  each f i g u r e .  F igure  16a represents  
t h e  i n i t i a l  f a u l t  f r e e  s t a t e  of t h e  generator.  
Some cathode nonuniformi t ies  a r e  present  c r ea t ing  
a s t e p  l i k e  Ha l l  vo l t age  d i s t r i b u t i o n .  Peak load 
c u r r e n t s  correspond t o  an approximately .85 t'./cm2 
cu r ren t  dens i ty .  Af ter  9  anodes were ex t e rna l ly  
sho r t ed ,  j u s t  p r i o r  t o  f a u l t  damage, t he  vol tages  
and c u r r e n t s  were d i s t r i b u t e d  a s  shown i n  Fig.  16b. 
This f i g u r e  i l l u s t r a t e s  t h e  condi t ions  which lead  
t o  f a u l t  propagation i n  t h e  upstream d i r e c t i o n .  
The i n t e r e l e c t r o d e  vo l t age  i s  seen t o  be l a r g e r  
on the  upstream end of t he  shor ted  group than t h e  
downstream end. This  coupled wi th  t h e  concentra- 
t i o n  of plasma cu r r en t  on t h e  upstream e l ec t rode  
of t h e  shor ted  group r e s u l t s  i n  high e l e c t r i c a l  
s t r e s s e s  which s h i f t  t o  succes s ive  upstream elec-  
t r o d e s  a s  i n t e r n a l  e l e c t r o d e  s h o r t s  occur.  
F igure  16c shows t h e  vo l t ages  and cu r r en t s  j u s t  
p r i o r  t o  t he  t e s t  te rminat ion .  The sec t ion  from 
s t a t i o n  28 t o  13  i s  i n t e r n a l l y  shor ted  v i a  t he  
charred  anode backboard. This  condi t ion  eventu-
a l l y  r e s u l t e d  i n  a  forced shutdown. 

The l o c a l  vo l t age  and c u r r e n t  evolut ion  a t  
t h e  upstream end of t h e  sho r t ed  group i s  shown 
i n  Figs .  17 and 18, r e spec t ive ly .  Figure 17 
shows the  vo l t age  between anodes 27-28 a s  a  
func t ion  of t he  number of sho r t i ng  switches 
c losed.  The p l o t  demonstrates the  almost l i n e a r  
i nc rease  i n  i n t e r e l e c t r o d e  vo l t age  from 15V 
under normal opera t ing  cond i t i ons  t o  95V when 
n ine  anodes a r e  shor ted  downstream. Figure 18 
shows p l o t s  of t h e  sho r t  c i r c u i t s ,  load,  and 
t r ansve r se  plasma c u r r e n t s  a s  a  funct ion  of t he  
number of sho r t i ng  switches c losed.  As succes-
s i v e  downstream anodes a r e  sho r t ed ,  t he  shor t  
c i r c u i t  cu r r en t  between e l ec t rodes  28 and 29 is 
seen t o  i nc rease  from OA with no e l ec t rodes  
shor ted  t o  46A wi th  e l ec t rodes  28 through 36 
shor ted .  As t h e  e l ec t rode  p a i r  28-29 shor t  
c i r c u i t  cu r r en t  i nc reases ,  F ig .  18  demonstrates 
t h a t  e l ec t rode  28 load cu r r en t  decreases from 
12 amperes when t h e r e  i s  no s h o r t  c i r c u i t  
c u r r e n t  t o  8  amperes when t h e  s h o r t  c i r c u i t  
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cu r ren t  i s  44 amperes. F igure  18 shows t h e  cur-  
r e n t  l eav ing  anode 28 and enter ing  t h e  plasma. 
This  c u r r e n t  i s  t h e  sum of t he  load c u r r e n t  and 
s h o r t  c i r c u i t  c u r r e n t .  The f i g u r e  shows t h a t  t h e  
anode e l e c t r o d e  28 t r ansve r se  plasma c u r r e n t  i n -
c r e a s e s  from 12A under normal cond i t i ons  t o  52A 
when e l e c t r o d e s  28 through 36 a r e  sho r t ed .  

The f i r s t  i n d i c a t i o n  of i n t e r e l e c t r o d e  a r c i n g  
occurred wi th  e igh t  e l ec t rodes  sho r t ed .  This  
condi t ion  i s  shown i n  F ig .  19 which i s  t h e  s t r i p  
cha r t  recording dur ing t h a t  t ime pe r iod .  I n t e r -
e l ec t rode  v o l t a g e  f o r  gap 27-28 shows an a r c i n g  
p o t e n t i a l  of 95V. I n t e r e l e c t r o d e  a r c i n g  wascha r -  
a c t e r i z e d  by an in s t an t aneous  v o l t a g e  drop be- 
tween anodes 27-28 accompanied by a n  in s t an t aneous  
vo l t age  i n c r e a s e  between anodes 26-27. Res tora-
t i o n  t o  p rea rc ing  v o l t a g e  l e v e l s  occurred  immedi-
a t e l y  af terward  i n d i c a t i n g  t h a t  t h e  a r c  was ex-
t inguished a f t e r  a s h o r t  de lay .  Th i s  behavior  
r e su l t ed  because t h e  gene ra to r  could no t  s u s t a i n  
a high enough i n t e r e l e c t r o d e  v o l t a g e ,  i n  t h e  
presence  of t h e  l a r g e  a r c ing  c u r r e n t ,  t o  suppor t  a 
s t a b l e  a r c .  Th i s  i s  s i m i l a r  t o  t h e  s i t u a t i o n  de-  
s c r ibed  i n  Sec t ion  I V .  

A f t e r  anodes 28 through 36 were e x t e r n a l l y  
sho r t ed ,  a r c i n g  between e l ec t rodes  27 and 28 con-
t inued f o r  approximately 64 min with i nc reas ing  
frequency u n t i l  t h e  neighboring anodes became 
permanently shor ted  due t o  a r c  damage. The a r c  
luminosi ty  d e t e c t i o n  system r e g i s t e r e d  high l u -  
minosity dur ing t h e  period when t h e  ad j acen t  
e l e c t r o d e  became permanently shor ted  but was n o t  
u se fu l  f o r  determining i n s u l a t o r  a r c  c u t t i n g  t imes  
a s  t he  i n t e r e l e c t r o d e  a r c s  were not  s t a b l e  and t h e  
i n s u l a t o r  damage r e s u l t e d  from many sho r t  d u r a t i o n  
a r c s .  The i n t e r n a l  sho r t i ng  of anode p a i r  27-28 
r e s u l t e d  i n  a  s h i f t  of e l e c t r i c a l  s t r e s s e s  ( i . e . ,  
i n t e r e l e c t r o d e  vo l t age  and t r ansve r se  plasma cur-
r e n t )  t o  anode p a i r  26-27. This gap began a r c i n g  
and permanently shor ted  a f t e r  20 minutes.  The 
a x i a l  f a u l t  continued se l f -propagat ing  i n  t h e  up- 
stream d i r e c t i o n ,  i n  a  s imi l a r  manner, consuming 
e l ec t rodes  27 through 23. Table 4  l i s t s  t h e  e l e c -  
t r i c a l  parameters,  magnetic f i e l d  s t r e n g t h ,  e l e c -  
t rode  p a i r  sho r t i ng  time, and insula tor /backboard  
cond i t i on  f o r  those  e l ec t rodes  incorpora ted  i n t o  
t he  f a u l t .  The a r c i n g  p o t e n t i a l  and plasma cur-
r e n t s  a t  a r c i n g  cond i t i ons  a r e  seen t o  range from 
85-105V and 24-628, r e spec t ive ly .  Pos t  t e s t  exam-
i n a t i o n  of t h e  anode wal l  components revealed  a r c  
damaged i n s u l a t o r s  and charred backboard f o r  a l l  
e l e c t r o d e  p a i r s  except 25-26. This i n s u l a t o r  was 
no t  a r c  damaged which i s  cons i s t en t  wi th  t h e  s t r i p  
c h a r t  r eco rd ing  which showed no s i g n s  of i n t e r -
e l e c t r o d e  a rc ing  be fo re  sho r t ing .  Elec t rode  
sho r t ing  i n  t h i s  c a s e  was the  r e s u l t  of backboard 
f a i l u r e  due t o  overheat ing  and subsequent cha r r ing .  
The i n t e r n a l  s h o r t i n g  of e l ec t rode  p a i r  23-24 was 
followed by t h e  simulatneous sho r t ing  of e lec-
t rodes  13 through 23. This  event caused a  fo rced  
shutdown of t h e  gene ra to r  due t o  a  burning anode 
wa l l  backboard. 

F igure  20 shows pos t - t e s t  photographs of t h e  
anode w a l l  w i th  e l e c t r o d e s  1 through 33 removed. 
The charred  backboard r eg ion ,  which provided t h e  
e l e c t r o d e  sho r t ing  pa th ,  i s  seen t o  extend from 
e l e c t r o d e  13 t o  20. The backboard s l o t s  t o  ac- 
commodate t h e  a r c  luminosity d e t e c t i o n  system may 
a l s o  be  seen.  The f i g u r e  a l s o  shows t h e  upstream 
s i d e  of anode 27. The e l ec t rode  and i n s u l a t o r  a r c  
damage i s  evident  i n d i c a t i n g  a  mu l t i t ude  of i n t e r -
e l e c t r o d e  a r c s .  Also shown a r e  t h e  ho le s  accom-

modating t h e  t i e  rods which compressively load 
groups of e l ec t rodes .  

I n  order  t o  compute t he  plasma c u r r e n t s  l i s t e d  
i n  Table 4 ,  t h e  load and s h o r t  c i r c u i t  c u r r e n t s  
associa ted  wi th  t he  e l e c t r o d e  must be added, a s  
descr ibed previous ly .  For e l e c t r o d e s  which 
shorted due t o  i n t e r n a l  f a u l t s  t h e  s h o r t  c i r c u i t  
c u r r e n t s  were unknown a s  they could no t  be meas- 
ured .  I n  order  t o  es t imate  t h i s  s h o r t  c i r c u i t  
cu r r en t ,  and hence f a c i l i t a t e  t h e  computation of 
t h e  t r ansve r se  plasma c u r r e n t ,  a r e l a t i o n s h i p  be- 
tween t h e  load cu r r en t  and sho r t  c i r c u i t  c u r r e n t  
was sought. F igure  18 demonstrates t h e  r e l a t i o n -  
sh ip  between t h e  load c u r r e n t  and sho r t  c i r c u i t  
from da ta  obtained with t h e  e x t e r n a l l y  shor ted  
e l ec t rodes .  I f  load cu r r en t  i s  p l o t t e d  a g a i n s t  
sho r t  c i r c u i t ,  i t  i s  found t h a t  t h e  r a t i o  of t h e  
change i n  sho r t  c i r c u i t  cu r r en t  t o  t h e  change i n  
load current  i s  approximately t e n .  This  r e l a -  
t i onsh ip  was used t o  e s t ima te  t h e  e l ec t rode  f a u l t  
sho r t  c i r c u i t  cu r r en t s  from t h e  measured load cur-
r e n t s .  This provided the  b a s i s  f o r  t h e  e s t ima te  
of t h e  t r ansve r se  plasma c u r r e n t s  repor ted  i n  
Table 5.  

The o v e r a l l  e f f e c t  of t h e  a x i a l  f a u l t  on t h e  
generator performance i s  summarized i n  Table 5. 
The data  i nd ica t e s  t h a t  t he  sho r t ing  of e l e c t r o d e s  
13  through 36 r e su l t ed  in  a  10% dec l ine  i n  Ha l l  
vol tageand a Z @ % d r o p i n t h e p o w e r  genera t ing  l e v e l .  

Conclusions 

1 .  	 A t  r ep re sen ta t ive  s lagging wall., Faraday 
loaded MK V I I  condi t ions ,  an in teranode 
vo l t age  of 80-100V and a  t r ansve r se  plasma 
cu r r en t  of 45-60A, on t h e  downstream e l ec -  
t rode ,  a r e  required  t o  i n i t i a t e  i n t e r -  
e l ec t rode  a rc ing .  

2.  	 The Hal l  f i e l d  breakdown on t h e  anode wa l l  
may propagate i n  t h e  upstream d i r e c t i o n ,  
wi th  each shor ted  e l e c t r o d e  p a i r  c r e a t i n g  
t h e  e l e c t r i c a l  cond i t i ons  f o r  i n t e r e l e c -  
t rode  a rc ing  with upstream e l e c t r o d e s .  

3.  	 The a x i a l  i n t e r n a l  f a u l t s  were caused by 
a r c  damage, and subsequent cha r r ing  of t h e  
NEMA Grade G-10 f i b e r g l a s s  m a t e r i a l  used 
f o r  t he  backboard and e l e c t r o d e  t i e  rods .  
Replacing the  r e s i n  r i c h  G-10 f i b e r g l a s s  
with G-7 f i b e r g l a s s  may prevent  cha r r ing  
and t h e  corresponding l o s s  of d i e l e c t r i c  
p rope r t i e s  of t h e  back wa l l .  

V I .  Open Faraday Load Experiment 

Summary 

The MK V I I  genera tor  behavior under s l agg ing  
wal l  condi t ions  with s i x  Faraday loads  removed i n  
t he  mid-channel s ec t ion  (24 through 29) has  been 
determined. As an  inc reas ing  number of l o a d s  
were opened t h e  anode i n t e r e l e c t r o d e  v o l t a g e  on 
t h e  downstream end of t h e  open group inc reased  
monotonically from 30V in  t h e  f u l l y  loaded condi- 
t i o n ,  to  90V with f i v e  loads  open. On t h e  up- 
stream end of t h e  open group t h e p o l a r i t y r e v e r s e d  
and was -75V wi th  f i v e  loads  open. The ca thode 
gaps wi th in  and a t  t h e  end of t h e  unloaded group 
supported l i t t l e  o r  no vo l t age  g r a d i e n t .  The gap 
a t  t h e  upstream end c a r r i e d  n e a r l y  a l l  t h e  H a l l  
vol tage .  This is a t t r i b u t e d  t o  cathode s l a g  
leakage.  The d a t a  indica ted  some r e d i s t r i b u t i o n  
of current  generated i n  t h e  unloaded s e c t i o n .  
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The cu r r en t  t o  t h e  two o r  t h r e e  e l e c t r o d e s  j u s t  
upstream and downstream of t h e  open group in-  
creased such t h a t  t h e  o v e r a l l  generated power de- 
creased only s l i g h t l y .  

S t r i p  c h a r t  recordings  ind ica t ed  i n t e r e l e c t r o d e  
a rc ing  between anode e l e c t r o d e s  29 and 30. The 
du ra t ion  of t h e  t e s t  was 4  hours and 15 minutes 
and no emergency shutdown due t o  i n t e r e l e c t r o d e  
a r c  damage was r equ i r ed .  Pos t - t e s t  examination of 
t h e  channel components revealed  a r c  t r a c k s  i n  t h e  
i n s u l a t o r s  s epa ra t ing  anodes 28,  29 and 30. None 
of t h e  a r c  t r a c k s  reached t h e  e l ec t rode  t i e  rods  
o r  penet ra ted  t h e  f u l l  he igh t  of t h e  i n s u l a t o r s .  
However, i t  i s  be l ieved t h a t  eventual  damage t o  
t h e  anode back wal l  would have r e s u l t e d .  

Experimental Systems, Procedures ,  and Operating 
Conditions 

The ins t rumenta t ion  employed f o r  t h i s  experi-  
ment was t h e  s tandard  f a c i l i t y  da t a  logging sys-
tem. In  a d d i t i o n  s t r i p  c h a r t  recorders  were used 
t o  monitor t h e  i n t e r e l e c t r o d e  vo l t age  f o r  anode 
and cathode e l e c t r o d e s  23 through 32. 

The experiment proceeded by allowing t h e  gener- 
a t o r  t o  achieve  steady ope ra t ion  a t  spec i f i ed  con-
d i t i o n s  and opening loads  one a t  a time. F igu re21  
i s  a p l o t  of generated power v s  t ime.  I t  shows 
t h a t  a f t e r  a b r i e f  debugging per iod loads  were 
opened one a t  a time i n  t h e  o rde r  28, 27, 29, 26, 
25 and 24. Due t o  des ign c o n s t r a i n t s  t h e  magnet 
was 	 shut down be fo re  removing each load. After 
t h e  magnet power was r e s t o r e d  Fig.  21 shows oper- 
a t i o n  a t  each cond i t i on  varying from 10 min t o  
1 112 hours .  With loads  25 through 29 removed t h e  
nitrogenloxygen r a t i o  was lowered from 0.8 t o  0.7 
r e s u l t i n g  in  an inc rease  i n  average generated 
power from 50 kW to  75 kW. The t e s t  was termin-
a t ed  due t o  run t ime cons ide ra t ions  r a t h e r  than 
channel f a i l u r e .  Operating cond i t i ons  a r e  l i s t e d  
in  Table 1 and a r e  t y p i c a l  f o r  MK V I I  s lagging 
wa l l  cond i t i ons .  

Experimental Resu l t s  

The d i s t r i b u t i o n  of i n t e r e l e c t r o d e  vo l t ages ,  
Ha l l  v o l t a g e  and cu r r en t  j u s t  p r i o r  t o  t e s t  termi-
na t ion  is  shown i n  Fig .  22. The i n i t i a l  f a u l t  
f r e e  d i s t r i b u t i o n s  was e s s e n t i a l l y  t h e  same a s  
shown i n  Fig .  16a.  Observing Fig .  22, one notes  
s e v e r a l  s u b s t a n t i a l  d i f f e r e n c e s  between t h e  anode 
and cathode behavior .  A l l  t h e s e  d i f f e r ences  can 
be a t t r i b u t e d  t o  t h e  s l a g  leakage on the  cathode 
wa l l .  Most no tab le  i s  t h e  absence of appreciable  
nega t ive  in t e r ca thode  v o l t a g e s  t h a t  a r e  expected 
to  appear i n  t h e  downstream por t ion  of t h e  un- 
loaded group, and t h e  very h igh (130V) y e t  harm- 
l e s s  i n t e r ca thode  vo l t age  a t  t h e  upstream end of 
t h e  unloaded group. 

As shown, t h e  maximum Faraday vo l t age  reached 
i s  about 490V. The t h e o r e t i c a l  UBh (h is  the  
l o c a l  gene ra to r  he igh t )  i s  about 500V. Hence, 
r e load ing  a group of e l e c t r o d e s  over a  region 
t h a t  corresponds  t o  60% of gene ra to r  he ight  a l lows 
t h e  genera tor  t o  change i t s  e x t e r n a l  load f a c t o r ,  
k,  from k=0.5 t o  1. Th i s  of course  depends on 
the  number of i n s u l a t o r s  involved and t h e i r  a b i l -  
i t y  t o  c a r r y  vo l t age .  

F igure  23 i s  a  p l o t  of i n t e r anode  vo l t age  a s  a  
func t ion  of number of open loads  f o r  t he  adjacent  
anodes j u s t  upstream and downstream of t h e  open 
group. The anodes involved a r e  i d e n t i f i e d  f o r  
each p o i n t  i n  t h e  f i g u r e .  The downstream i n t e r -  

anode vo l t age  is seen t o  i nc rease  from 30V with 
no open loads  t o  95V with loads  25 through 29 r e -  
moved. The upstream anode i n t e r e l e c t r o d e  p a i r  
e x h i b i t s  an i n t e r e l e c t r o d e  vo l t age  p o l a r i t y  r e -
v e r s a l  of -75V when loads  25 through 29  a r e  r e -  
moved. The upstream and downstream in teranode 
v o l t a g e s  i nc rease  somewhat symmetrically about 
t h e  nominal va lue  f o r  a f u l l y  loaded condi t ion .  

F igure  24 is a  p l o t  showing t h e  s p a t i a l  d i s -  
t r i b u t i o n  of cu r r en t s  f o r  e l ec t rodes  20 through 
35. Average cu r r en t  cond i t i ons  a t  each loading 
condi t ion  a r e  shown. This  p l o t  i l l u s t r a t e s  t h a t  
c u r r e n t  r e d i s t r i b u t e s  such t h a t  nea r ly  a l l  t he  
power i n  t h e  unloaded s e c t i o n  i s  d i s s ipa t ed  i n  
t h e  l oads  adjacent  t o  t h e  open group. For exam-
p l e ,  with load 28 open, t h e r e  is  an inc rease  of 
3  amps t o  load 29. With load 27 and 28 open t h e  
c u r r e n t  t o  load 26 and 29 inc reases  by 1 amp and 
3 .5  amps, r e spec t ive ly .  There a r e  some anomalies 
a t t r i b u t a b l e  t o  s h i f t i n g  cathode nonuniformi t ies .  

F igure  25 i s  a  po r t i on  of t h e  s t r i p  c h a r t  r e -
cording wi th  e l ec t rodes  25 through 29 open. It 
shows interanode vol tages  29-30, 30-31, and 31-32 
and in terca thode vo l t ages  23-24 and 24-25. The 
in t e r ca thode  24-25 vo l t age  i s  seen t o  ab rup t ly  
s h i f t  from 16V t o  approximately OV. This i s  an 
example of t h e  dynamic na tu re  of cathode nonuni- 
f o r m i t i e s .  The s t r i p  c h a r t  a l s o  i n d i c a t e s  t h a t  
a t  t h i s  condi t ion  a rc ing  between anode e l ec t rodes  
29 and 30 f i r s t  began. The arc ing i s  character -  
ized  by t h e  l a r g e  amplitude changes i n  vo l t age .  
The a rc ing  vo l t age  l e v e l  appears  t o  b e  approxi-  
mately 120V. 

Figure  26 i s  a  pos t - t e s t  photograph of t h e  up- 
stream s ide  of anode 29. The i n t e r e l e c t r o d e  in- 
s u l a t o r  i s  heavi ly  a r c  damaged which suppor ts  
evidence of i n t e r e l e c t r o d e  a rc ing  ind ica t ed  by 
t h e  s t r i p  c h a r t .  None of t h e  a r c  t r acks  pene- 
t r a t e d  t h e  f u l l  he ight  of t h e  i n s u l a t o r  or reached 
a t i e  rod .  This expla ins  why t h e  backboard was 
undamaged and no e l ec t rode  sho r t ing  occurred .  
Also,  a small  a r c  t r a c k  was found i n  t h e  insula-  
t o r  s epa ra t ing  anode e l ec t rodes  28 and 29. 

No a rc  t r acks  were found in  t h e  upstream por- 
t i o n  of t h e  unloaded group. This i s  expected 
because t h a t  region had negat ive  in teranode v o l t -  
ages .  The cathode wa l l  was undamaged d e s p i t e v e r y  
h igh vo l t ages  (see Fig .  22).  This is because of 
t h e  favorable  Lorentz fo rce  d i r e c t i o n  a c t i n g  on 
cathode a x i a l  a r c s .  

Conclusions 

1. 	 Removing f i v e  loads  from t h e  mid-section of 
t h e  MK V I I  genera tor  r e s u l t s  i n  a  cu r r en t  
r e d i s t r i b u t i o n  which mainta ins  approxi-  
mately t h e  same generated power. 

2 .  	 The Faraday vo l t age  i n  t he  unloaded sec-
t i o n  reached approximately UBh ( k = l ) .  

3.  	 The cathode i n t e r e l e c t r o d e  vo l t ages  d i f f e r  
dramat ica l ly  from t h a t  of t h e  anode. High 
cathode s l a g  conduct iv i ty  and leakage 
causes t hese  d i f f e r ences .  

4.  	 I n t e r e l ec t rode  a r c s  r e s u l t i n g  from an open 
load f a u l t  appear t o  d i s s i p a t e  l e s s  power 
than i n t e r e l e c t r o d e  a r c s  caused by shor ted  
anodes. This conclusion i s  a r r i v e d  a t  on 
the  b a s i s  of experiments run under t h e  
same generator condi t ions .  Shorted anodes 
r e su l t ed  in  an a r c  damaged backboard a f t e r  
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1 hour,  whereas opening loads  r e su l t ed  i n  
minimal i n s u l a t o r  damage a f t e r  4  hours .  

V I I .  Diagonal Connection 

Summary 

The behavior of t h e  d iagonal ly  connected MK V I I  
generator with i n t e r f r ame  s h o r t s  has  been inves t i -
gated.g The in t e r f r ame  s h o r t s  were no t  e x t e r n a l l y  
imposed but were i n t e r n a l l y  generated by cathode 
nonuniformities6 sho r t ing  groups of cathodes.  
These nonuniformities were projec ted  through t h e  
diagonal l i n k s  onto t h e  anode wal l  where des t ruc -  
t i v e  f a u l t s  occurred.  Data were c o l l e c t e d  f o r  
var ious  loadings  and over a range of flow and 
slagging condi t ions .  Continuous frame construc- 
t i o n  was achieved us ing s idewal ls  of d iagonal ly  
arranged bars  e x t e r n a l l y  wired to  anode and ca th -  
ode e lec t rodes .  Load vo l t age  and cu r r en t ,  a s  wel l  
a s  interframe vo l t ages  and t o t a l  frame c u r r e n t s ,  
were continuously monitored. Two frames were 
completely instrumented t o  measure i nd iv idua l  
e lec t rode  and bar  c u r r e n t s .  

At standard NK V I I  cond i t i ons ,  using Eastern 
ash a s  the slagging medium, 45 klJ was indica ted  
a s  the  maximum generated power a t  a load of 10Q- 
12W. Using Western ash  a s  t he  s lagging medium 
decreased t h e  generated power by 15% and decreas-  
ing the nitrogen/oxygen r a t i o  from 0.8 t o  0.6 in-
creased the  generated power by 50%. I n  gene ra l ,  
the  overa l l  e l e c t r i c a l  parameters ( i . e . ,  load 
voltage and cu r r en t )  were quasi-steady but t he  
interframe vol tages  and t o t a l  frame cu r r en t s  were 
unsteady with f requent  p o l a r i t y  r eve r sa l s .  I t w a s  
a l so  found t h a t  t h e  s idewal l  bars  adjacent  t o  
anode and cathode e l ec t rodes  a c t  a s  e l ec t rodes  
but do not neces sa r i l y  exchange current  i n  t he  
same d i r ec t ion  a s  t he  adjacent  e lec t rodes .  

After 7 hours and 20 minutes of power genera-
t i o n  the  t e s t  was terminated due t o  burning of t h e  
anode back wa l l .  Pos t - tes t  inspect ion  of t h e  
channel revealed extens ive  damage t o  t h e  anode 
wall  backboard and e l ec t rode  t i e  rods .  In addi-  
t i o n ,  many of t h e  interanode insu&a$ors were c u t  
by in t e r e l ec t rode  a r c s  dr iven by JxB fo rces .  

In genera l ,  t h e  e l e c t r i c a l  s t r e s s e s  t h a t  i n i -  
t i a t e d  the  d e s t r u c t i v e  f a u l t s  were lower than 
those measured i n  t he  Faraday channel experiments.  
A s  shown by Eq. ( 4 ) ,  t he  f a u l t  power f o r  t h e  same 
e lec t rode  p i t c h  and same f r e e  stream condi t ions  
may be higher i n  t h e  d iagonal  than i n  t h e  Faraday 
channel. 

Channel Connections, Procedures,  and Operating 

Conditions 


To provide t h e  continuous frame const ruct ion  
used i n  the  d iagonal  connection,  t he  anode, ca th-
ode, and s idewal ls  were wired a s  shown i n  Fig .  27. 
The gas s i d e  su r f ace  of a 3-piece d iagonal  l i n k  
i s  shown i n  Fig .  2. The d iagonal  bar  segments 
and t h e  anode and cathode e l ec t rodes  were con- 
nected with e x t e r n a l  w i re s  t o  provide an un in t e r -  
rupted current  pa th .  A l l  47 frames,  with t he  ex-
cept ion  of frames 26 and 32, were provided wi th  
an external  cu r r en t  pa th  equipped wi th  a  cu r r en t  
transducer f o r  monitoring t h e  t o t a l  frame c u r r e n t .  
Frames 26 and 32 were wired such t h a t  t h e  cu r r en t  
enter ing  o r  l eav ing  each e l ec t rode  and bar could 
be monitored. This  con f igu ra t ion  i s  a l s o  shown 
i n  Fig.  27. The ba r  and e l ec t rode  cu r r en t s  f o r  
frames 26 and 32 were d isplayed on panel  meters .  

The channel loading i s  shown i n  F ig .  2 7 .  The 
f i r s t  n ine  e l ec t rodes  on the  anode wa l l  and t h e  
l a s t  n ine  on t h e  cathode wal l  were t h e  power 
take-off s ec t ion .  Each of t h e  power take-off 
e l ec t rode  connections was b a l l a s t e d  wi th  a 1 R  r e -
s i s t o r .  Diodes were wired i n  s e r i e s  with t h e  
b a l l a s t s  to  prevent current  c i r c u l a t i o n .  

The experiment was run on two consecut ive  
days.  A l a r g e  po r t i on  of t he  experiment was de-
voted t o  developing a  load l i n e .  Ample t ime was 
allowed t o  achieve  s t a b l e  ope ra t ion  a f t e r  each 
change i n  opera t ing  condi t ions .  The sequence of 
events  a r e  shown i n  Fig .  28 which a r e  p l o t s  of 
t o t a l  generated power a s  a f u n c t i o n  o f  burner 
time f o r  each day. 

Table 6  l i s t s  the  opera t ing  cond i t i ons  inves-
t i g a t e d  dur ing t h e  experiment. F ive  ope ra t ing  
cond i t i ons  were run.  The f ixed  parameters  were 
mass flow, combustor pressure ,  potass ium concen- 
t r a t i o n ,  s l a g  ca r ryove r ,  i n l e t  Mach number, and 
magnetic f i e l d .  The nitrogen/oxygen r a t i o ,  a sh  
type ,  and gene ra to r  load were v a r i e d .  Table 7 
l i s t s  t he  c o n s t i t u e n t s  of t h e  Eas t e rn  and Western 
a sh  used f o r  t h e  slagging medium. 

Experimental Resu l t s  

Figure 29 shows t h e  load l i n e  t h a t  was devel -  
oped f o r  t h e  genera tor  from t h e  d a t a  obta ined a t  
t h e  va r ious  ope ra t ing  condi t ions .  Three d a t a  
po in t s  were obta ined a t  a  s i n g l e  f low cond i t i on  
and a  load l i n e  was const ructed .  For Eas tern  ash  
a t  N/O= 0.8,amaximum power of 45 kW i s  i nd i ca t ed  
f o r  a 10-12Q load .  Use of Western a sh  a s  a s l ag -
ging medium i s  seen t o  decrease  t h e  genera ted  
power. The mean and RMS cathode i n t e r e l e c t r o d e  
vol tages  f o r  e l ec t rodes  12 through 44 a r e  p l o t t e d  
aga ins t  t ime i n  F ig .  30, f o r  both  Eas t e rn  and 
Western a sh .  Comparison of t h e  two p l o t s  shows 
t h a t  Western Ash has a  h igher  RMS v o l t a g e  than 
Eastern a sh .  The RMS vo l t age  i s  approximate ly  
equal t o  t h e  mean vo l t age  i n  t h e  c a s e  of t h e  
Eas tern  ash  whereas f o r  Western a s h  t h e  RMS v o l t -  
age exceeds t h e  mean, i nd i ca t ing  f l u c t u a t i o n s  
g r e a t e r  than 100%. This i n d i c a t e s  g r e a t e r  sever-
i t y  of cathode nonuniformi t ies  w i th  Western s l a g  
than with Eas tern  s l a g .  Note t h a t  t h e  mean v o l t -  
ages f o r  Eas tern  and Western ash  a r e  nea r ly  iden-
t i c a l  . 

Figure 3 1  summarizes some of t h e  informat ion 
obtained from frames 26 and 32 which were com-
p l e t e l y  instrumented with ammeters. A s  mentioned 
previous ly  t h e  c u r r e n t s  f lowing through each 
e l ec t rode  and ba r  s p l i t  were measured. Ammeters 
were mounted on a  panel and photographed every 
f i f t e e n  minutes.  The meter r ead ings  a r e  i n d i -
cated by t h e  numbers 1 through 8 i n  F i g .  31. 
Values of t h e s e  readings  a r e  l i s t e d  f o r  v a r i o u s  
opera t ing  cond i t i ons  and t imes.  The c u r r e n t s  
enter ing  o r  l e a v i n g , t h e  s i d e  wal l  b a r s  and e l e c -  
t rodes  have been computed from t h e  ammeter read-
ings  and a r e  l abe l ed  "a" through "h" i n  t h e  
f i g u r e .  The major conclusions a r e :  a )  s idewa l l  
ba r s  ad j acen t  t o  anodes and ca thodes  a c t  a s  e l ec -
t rodes  but do no t  neces sa r i l y  exchange c u r r e n t s  
i n  t he  same d i r e c t i o n  a s  t he  a d j a c e n t  e l e c t r o d e s ,  
and (b) t h e  middle s e c t i o n  of t h e  t h r e e  s e c t i o n  
bar wal l  does n o t  draw cu r ren t  from t h e  plasma. 
The p r a c t i c a l  imp l i ca t ions  of t h e s e  conc lus ions  
are :  a )  e l e c t r i c a l l y  continuous b a r s  must be  
capped with p r o t e c t i v e  ma te r i a l s  t o  ach ieve  ac- 
ceptable  l i f e t i m e ,  and b) s e l e c t i o n  of p r o t e c t i v e  
cap m a t e r i a l s  i s  complicated by t h e  b i -d i r ec t ion -  
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a l i t y  of t h e  co l l ec t ed  c u r r e n t ,  r equ i r ing  t h e  
p r o t e c t i v e  cap t o  perform s a t i s f a c t o r i l y  a s  both  
anode and cathode. Although these  conclusions 
a r e  no t  d i r e c t l y  connected t o  f a u l t  power consid-
e r a t i o n s ,  they a r e  c e r t a i n l y  noteworthy. 

To i l l u s t r a t e  t h e  behavior  of t h e  anode wa l l  
i n t e r e l e c t r o d e  vo l t age  and t h e  frame c u r r e n t s ,  a 
p l o t  of gap vo l t age  29-30 i s  shown i n  Fig .  32 and 
the  t o t a l  frame cu r r en t  f o r  frame 29 i s  shown i n  
Fig.  33. The ope ra t ing  cond i t i ons  which co r r e -
spond t o  each power genera t ing  i n t e r v a l  may be 
determined from Fig.  28. 

F igure  32 shows t h e  h ighly  unsteady behavior of 
t h e  in ter f rame vo l t age  f o r  both  days of running. 
During t h e  f i r s t  day a t  a burner time of approxi-
mately 325 minutes t h e  v o l t a g e  dropped from an 
average l e v e l  of approximately 60 v o l t s  t o  an 
average l e v e l  of about 12 v o l t s .  This drop may be 
t h e  r e s u l t  of i n t e r e l e c t r o d e  a r c  damage, o r  of 
cathode nonuniformi t ies  s h i f t i n g  t h e  high vo l t age  
away from cathode gap 20-21. During t h e  second 
day t h e  vo l t age  l e v e l  i nc reased  dramat ica l ly  when 
the  N / O  r a t i o  was reduced t o  i nc rease  t h e  power 
generated from 36 kW t o  70 kW. Note t h a t  t h e  RMS 
and mean cathode vo l t ages  shown i n  Fig .  30 a r e  i n  
f a c t  i n t e r f r ame  vo l t ages  t h a t  r ep re sen t  in teranode 
f l u c t u a t i o n s  a s  we l l .  

F igure  33 shows t h e  t o t a l  frame cu r r en t  f o r  
e l e c t r o d e  29 f o r  both days .  The cu r r en t  i s  un- 
s teady wi th  f r equen t  r e v e r s a l s  of d i r e c t i o n .  This 
i s  another  example of l o c a l  cu r r en t  b i -d i r ec t ion -  
a l i t y  making an  anodic p a r t  of t h e  frame ca thodic  
and v i c e  v e r s a .  An observat ion  which may be  made 
i s  t h a t  t h e  cu r r en t  i s  somewhat constant  and uni -  
d i r e c t i o n a l  when t h e  v o l t a g e  between e l ec t rodes  
29 and 30 i s  below approximately 35 v o l t s .  For 
v o l t a g e  l e v e l s  exceeding t h i s  va lue ,  t h e  cu r r en t  
i s  q u i t e  unsteady wi th  f r equen t  cu r r en t  f low d i -  
r e c t i o n  r e v e r s a l s .  This obse rva t ion  was no t  t r u e  
i n  a l l  c a ses .  

As p rev ious ly  mentioned, t h e  t e s t  was termin-
a t e d  due t o  a  burning anode w a l l .  Pos t - t e s t  exam-
i n a t i o n  of t h e  anode w a l l  revealed  t h a t  t h e  back- 
board was seve re ly  burned under e l e c t r o d e s  32 
through 37. The t i e  rods  which compressively 
loaded t h e s e  e l e c t r o d e s  were a l s o  burned. Figure  
34 shows t h e  cond i t i ons  of t h e  anode wa l l .  Elec-
t rodes  13  through 45 have been removed t o  r evea l  
t h e  charred  backboard. Res i s t ance  measurements 
i n d i c a t e  t h e  charred  region t o  have a  very  low 
impedance. The backboard appears  t o  have provided 
an a x i a l  c u r r e n t  pa th  between e l ec t rodes  2 l t h r o u g h  
37. Another a x i a l  c u r r e n t  pa th  was provided by 

t h e  charred  t i e  rods ,  not  shown. Both t h e  t i e  

r ods  and backboard were made of f i b e r g l a s s  NEMA 

Grade G-10. The cathode wa l l  and s idewa l l s  of 

t h e  channel were undamaged. Figure  35 is  a  pos t - 

t e s t  photograph of t h e  upstream s i d e  of anode 

e l e c t r o d e  32. Mul t ip l e  a r c  t r a c k s  may be  seen i n  

t h e  i n t e r e l e c t r o d e  i n s u l a t o r .  This  was t y p i c a l  

of t h e  cond i t i on  of a l l  t h e  i n s u l a t o r s  s epa ra t ing  

anode e l e c t r o d e s  26 through 34. Some a r c  t r a c k s  

extended t h e  f u l l  he igh t  of t h e  i n s u l a t o r  and 

o t h e r s  te rminated  a t  t h e  t i e  rods .  This evidence 

exp la ins  how t h e  t i e  r o d s  were burned and how t h e  

backboard burning was i n i t i a t e d .  


Conclusions 

1. 	 The in t e r f r ame  v o l t a g e s  and frame c u r r e n t s  
of a d i agona l ly  connected MHD gene ra to r  a r e  
uns teady,  but  t h e  t o t a l  load c u r r e n t  and 
load v o l t a g e  is  quas i -s teady.  

2. 	 Although t h e  exact sequence of events  i s  
no t  known, t h e  channel t e s t e d  appears  t o  
have f a i l e d  due t o  a  damaged f i b e r  r e s i n  
backboard and e l ec t rode  t i e  rods .  The 
backboard and t i e  rods  became cha r r ed ,  and 
hence e l e c t r i c a l l y  conduct ive ,  by i n t e r -  
e l e c t r o d e  a r c s  which penet ra ted  the  insu- 
l a t o r s  s epa ra t ing  e l e c t r o d e s .  

3 .  	 At cons t an t  f low cond i t i ons  and s lagging 
r a t e s ,  t h e  use  of Western ash a s  t h e  s lag-  
ging medium r e s u l t s  i n  about 15% reduct ion  
i n  genera ted  power compared t o  Eastern ash 
a s  t h e  s lagging medium. This  behavior i s  
a t t r i b u t e d  t o  t he  g r e a t e r  degree  of po la r i -
z a t i o n  of t h e  Western ash which increases  
leakage c u r r e n t s  on t h e  cathode wal l .  This 
i s  demonstrated by increased cathode RMS 
v o l t a g e .  

4. 	 The bar  type  s idewal ls  a c t ,  i n  some cases ,  
a s  e l e c t r o d e s  exchanging cu r r en t  with the  
plasma. The d i r e c t i o n  of t h e  cu r r en t  flow 
may be  t h e  same a s  neighboring anodes o r  
ca thodes ,  o r  it may be  opposi te  t o  the  ad- 
j acen t  e l ec t rodes  r e s u l t i n g  i n  a  cu r r en t  
c i r c u l a t i o n  a t  t h e  corners  of t h e  channel. 
Choosing a  p ro t ec t ive  cap ma te r i a l  f o r  
b a r s  which draw current  i s  complicated by 
t h e  ex i s t ence  of current  r e v e r s a l s  which 
make ca thodic  bars  anodic and v i c e  versa .  

5. 	 In teranode a rc ing  which eventual ly  re-
s u l t e d  i n  a forced shutdown occurred a t  
lower measured in teranode vo l t ages  than 
those  measured i n  t h e  anode shor t  experi-  
ment w i th  a  Faraday channel.  The Faraday 
load a c t s  a s  a  l o c a l  b a l l a s t  which i s  ab- 
s e n t  i n  d iagonal ly  connected genera tors  
w i th  on ly  g lobal  b a l l a s t .  Lack of l oca l  
b a l l a s t  i n  t h e  diagonal channel allows 
i n t e r e l e c t r o d e  a r c s  t o  be sus ta ined f o r  
r e l a t i v e l y  long du ra t ions  r e s u l t i n g  in  a r c  
power d i s s i p a t i o n  which is  much higher 
than i n  Faraday channels.  

V I I I .  Overview 

The AERL f a u l t  power program revealed  t h e  
cha rac t e r  and behavior of t h e  MK V I I  generator 
wi th  r e spec t  t o  a x i a l  i n s u f f i c i e n c i e s  . The expe- 
r iments  determined; (1) t he  genera tor  f a u l t  power 
a s  a  func t ion  of shorted anodes,  (2 )  t h e  e l ec t ro -  
thermal s t r e s s  l e v e l s  required t o  i n i t i a t e  break- 
down, (3) t h e  genera tor  behavior f o r  var ious  
loading and f a u l t  condi t ions ,  and (4) generator 
des ign d e f i c i e n c i e s  i n  connection wi th  a x i a l  
breakdown. 

I n  g e n e r a l ,  a x i a l  breakdown phenomena may be 
descr ibed a s  fo l lows.  I n t e r n a l  f a u l t  i n i t i a t i o n  
depends on l o c a l  e lec t ro thermal  s t r e s s e s .  Faul t  
damage t o  t h e  channel depends on g loba l  channel 
cond i t i ons  such a s  type of loading (Faradayl 
d i agona l ) ,  t ype  of f a u l t  (open Faraday load,  a x i a l  
anode s h o r t ,  in ter f rame s h o r t )  and t h e  p rec i se  
e l e c t r o d e / i n s u l a t o r  back w a l l  des ign.  The load- 
ing and type  of f a u l t  determine t h e  s t a b i l i t y  of 
t h e  breakdown v i a  b a l l a s t i n g  of t h e  f a u l t  cu r r en t ,  
and t h e r e f o r e  determine t h e  average power d i s s i -  
pated by t h e  i n t e r e l e c t r o d e  a r c .  

The o rde r  of f a u l t  s e v e r i t y ,  beginning with 
t h e  most s e r i o u s ,  i s  (1) in ter f rame s h o r t ( s )  i n  
d i agona l ly  connected genera tor ,  (2) in teranode 
s h o r t ( s )  i n  a Faraday genera tor ,  and (3) opened 
Faraday l o a d s .  The ranking r e f l e c t s  t h e  s t rong 
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-- 

dependence of t he  f a u l t  average power on the  bal -  
l a s t i n g  of t he  f a u l t  cu r r en t .  

The following conclusions have been reached a s  
a r e s u l t  of the  f a u l t  power experiments.  

1. 	There a r e  two d i s t i n c t  i n t e r e l e c t r o d e  p a i r  
voltage-current regimes. The f i r s t  regime, 
below some threshold  vo l t age ,  corresponds 
t o  a  high impedance gap wi th  an almost l i n -  
ea r  r e l a t i onsh ip  between i n t e r e l e c t r o d e  
vo l t age  and a x i a l  leakage c u r r e n t .  The 
second regime, above t h e  threshold  vo l t age ,  
corresponds t o  a  low impedance gap wi th  an  
almost l i n e a r  r e l a t i o n  between in t e r e l ec -  
t rode  vol tage  and a x i a l  a rc ing cu r r en t .  
Based on the  experiments performed i t  ap-
pears t h a t  t he  f a u l t ,  o r  maximum power 
po in t s  l i e s  between those  two regimes and 
i t  i s  a  t r ans i to ry  s t a t e .  

2 .  	 In t e re l ec t rode  a r c s  a r e  r a t h e r  unsteady and 
a r e  present f o r  dura t ions  of mi l l i seconds  
o r  l e s s .  Evidence of t h i s  behavior was 
found i n  both the  appl ied  f i e l d  experiment 
and the  loading f a u l t  experiments.  E a l l a s t -
ing,  such a s  an ex t e rna l  r e s i s t o r  i n  theap-  
p l ied  f i e l d  c i r c u i t  o r  e l e c t r o d e  boundary 
l aye r s  and Faraday loads ,  causes  t h e  i n t e r -  
e l ec t rode  vo l t age  drop which immediately 
ext inguish  i n t e r e l e c t r o d e  a r c s  and l i m i t  
t h e  a r c  cu r r en t .  

3 .  	 Discrepancies i n  threshold  a r c ing  vo l t age  
l e v e l s  between the  appl ied  f i e l d  t e s t s ,  t he  
loading f a u l t  experiments,  and t h e  diagonal 
connection experiment i n d i c a t e  t h a t  t h e  
a r c ing la rc  ext inguishing process  may be  oc-
curr ing  a t  higher frequency than standard 
t ransducers  and s t r i p  cha r t  recorders  can 
de t ec t .  For example, under appl ied  f i e l d  
condi t ions  arc ing occurred ,  i n  some c a s e s ,  
a t  70V. Under a c t u a l  MHD condi t ions ,  
i n t e r e l ec t rode  arc ing was no t  de tec ted  un-
til a  po ten t i a l  of 95V was achieved. The 
d i f f e r ences  i n  equivalent  b a l l a s t i n g  and 
inductance between t h e  c i r c u i t s  a r e  l i k e l y  
t o  cause the  v a r i a t i o n s  i n  a r c  l i f e t i m e .  

4 .  	 Anode wal l  i n t e r e l e c t r o d e  a r c s  are+dziven 
i n t o  the  wal l  under t h e  a c t i o n  of JxB 
forces .  This i s  v e r i f i e d  by both appl ied  
f i e l d  and power genera t ing  experiments. 
In t e r e l ec t rode  i n s u l a t o r s  a r e  cut  by a r c s ,  
copper e l ec t rodes  a r e  scored by t h e  a r c s ,  
and t h e  G-10 f i b e r g l a s s  backboard and e lec-  
t rode  t i e  rods a r e  charred and become e lec-  
t r i c a l l y  conductive by i n t e r e l e c t r o d e  a r c  
a s s a u l t .  Elec t rode  sho r t ing  r e su l t ed  only 
when the  backboard became s i g n i f i c a n t l y  
charred .  Preliminary inves t iga t ions  sug-
g e s t  t h i s  problem w i l l  b e  eliminated by r e -
plac ing the  G-10 f i b e r g l a s s  backboard with 
noncharring G-7 m a t e r i a l .  No damage t o  the  
cathode wall  o r  s idewa l l s  was observed i n  

Therefore ,  i t  i s  expected t h a t  a l t e r n a t i v e  
backboard m a t e r i a l  (G-7) w i l l  a l l e v i a t e  t h e  
s e l f  propagat ing  tendency of anode a x i a l  
f a u l t s .  

Future work w i l l  i nc lude  s t u d i e s  on s h o r t  c i r -  
cu i t ed  Faraday l o a d s ,  e l e v a t i o n  of breakdown 
l i m i t s ,  f a u l t  d i a g n o s t i c s  and f a u l t  countermeas-
ures  such a s  a r c  s t r e t c h i n g  and quenching i n  t h e  
i n t e r e l e c t r o d e  space .  
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Table 1. Fault Power Experiment Operating Conditions 


any of t he  experiments. 	 Operating Parameter Clean Wall 
 Slaggin:: Wall 


5. 	 The f a u l t  power s c a l e s  w i th  t h e  number of 
shor ted  e l ec t rodes .  This  means t h a t  i f  
e l ec t ro the rma l  s t r e s s e s  a r e  s u f f i c i e n t  t o  
cause t h e  sho r t ing  of one anode e l ec t rode  
p a i r ,  t h e  time required  t o  s h o r t  success ive  
upstream e l ec t rodes  decreases  r e s u l t i n g  i n  
a s e l f  propagating f a u l t .  However,asnoted 
above, t he  e l ec t rode  sho r t ing  t akes  p l ace  
through t h e  charred G-10 backboard ma te r i a l .  

Mass flow 1.8 kg/sec 1.8 kglsec 
Combustor pressure 3.1 kg/cm2 3.1 kg/cm2 
Nitrogenloxygen 0.8 0.8 
Fuel stoichiometry 10% fuel rich 10% fuel rich 
Seed K2CO3 K, CO 3 

Potassium concentration 1% 1% 
Ash injection 0 25% carryover 
Inlet Mach No. 1.5 1.5 
Mid-channel magnetic field 2.33 Tesla 2.33 Tesla 
Average generated power 38 kW 60 kW 

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


Mass 
Opera t ing  Flow 
C o n d i t i o n  ( k g l s e c )  

No. 1 0 

No. 2 A i r  o n l y  

No. 3 1 . 8  

No. 4 1 . 8  

No. 5 1 . 8  

No. 6 1 . 8  

T a b l e  2 .  Applied F i e l d  Experiment  O p e r a t i n g  C o n d i t i o n s  

Mid-Channel 
Combustor P o t a s s i u m  Ash I n j  . Magnetic  

P r e s s  N i t r o g e n /  F u e l  Concen . ( %  Carry- F i e l d  
(kg/cm2 ) Oxygen S t o i c h i o m e t r y  (%K) o v e r )  ( T e s l a )  

0 


0 


S t o  i c h i o m e t r i c  0 

( 1  0 

, f  25 


0 


Table 3 .  E lec t rode  P a i r  Tes t  Program 

Anode Operat ing B a l l a s t  

E lec t rode  Condit ion E lec t rode  Res i s t ance  

P a i r  No.  No. Mate r i a l  (Q) 


13-14 1 Copper 8.5 

4-5 2 Molybdenum 8.5 


25-26 3 Tungsten/copper  8 . 5  

32-33 3 Tungstenlcopper  8.5 

10-11 3 S t e e l  8 .5  


8-9 4 S t e e l  8 .5  and 3.8 

29-30 4 Tungsten/copper  3.8 

54-55 4 S t e e l  3 .8  

17-18 4 Tungsten/copper  3.8 

18-19 4 Tungsten/copper  3 .8  

11-12 4 S t e e l  3.8 

12-13 4 S t e e l  3 .8  


3-4 5 Molybdenum 3.8 

35-36 5 S t a i n l e s s  S t e e l  26-1 3.8 

52-53 5 S t e e l  3 .8 

23-24 5 Tungstenfcopper  3.8 

15-16 6  Nicke l  p l a t e d  copper  8 . 5  

33-34 6  Nicke l  p l a t e d  copper  8 . 5  

43-44 6 Nickel  p l a t e d  copper  8 . 5  


TABLE I 


PARAMETERSCHARACTERIZING FAULT PROPAGATION 

DOWNSTREAM 

lLECTRODE 


ARCING TRANSVERSE MIONETIC SHORTING 

ELECTRODE P O T F N T l l L  PLASMA CURRENT FIELD TIME 


PAlR IVOLTSI IAMPSI ITESLAI IMIN.1 


27-28 


26-27 


-
25-28 


CHARRED 

TRACKS 

CHhRREO 

23-24 ARC 

TRACKS 


CHARRED 

T a b l e  5. 	 Summary of  P r e  and  Post-Breakdown 

P e r f o r m a n c e  P a r a m e t e r s  


Measured Measured 
Average  Average 

Power H a l l  V o l t a g e  
(kw) ( v o l t s )  

B e f o r e  Breakdown 

A f t e r  Breakdown 

R a t i o  ( a f t e r l b e f o r e )  
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T a b l e  6 .  Diagonal  Connect ion O p e r a t i n g  C o n d i t i o n s  

Opera t ing  Parameter  Opera t ing  C o n d i t i o n  No. 
1 2 3 4 5 -

1 . 8T o t a l  Mass Flow, kg / sec  1 . 8  1 . 8  1 . 8  1 . 8  

Combustor P r e s s u r e ,  kg/crn2 3 . 1  3 . 1  3 . 1  3 . 1  3 . 1  

Nitrogen/Oxygen 0.8 0 . 8  0 .8  0 . 8  0.6 

Fue l  S to ich iomet ry  10% f u e l  r i c h  10% f u e l  r i c h  10% f u e l  r i c h  10% f u e l  r i c h  10% f u e l  r i c h  

Seed KzC03 K2 C0 3 K2C03 KzC03 K2CO-1 

Potassium Concen t ra t ion  1% 1% 1% 1% 1% 

Ash E a s t e r n  E a s t e r n  E a s t e r n  Wes te rn  Western 

Ash I n j e c t i o n  R a t e  
(Equiva len t  Carryover  R a t e  25% 25% 25% 25% 25% 

I n l e t  Mach No. 1.5 1 . 5  1 . 5  1 . 5  1 . 5  

Magnetic F i e l d  (Mid-Channel) 2.33 2.33 2 . 3 3  2.33 2 . 3 3  

Load 1OR 6.7R 15R 15R 15R 

T a b l e  7 .  F l y  Ash M i n e r a l  ~ n a l y s i s *  

E a s t e r n  Ash Wes te rn  Ash 

% Weight % Weight  
M i n e r a l  A n a l y s i s  I g n i t e d  I g n i t e d  

S i l i c a ,  SiO2 42.69 45 .05  
Alumina,  A1203 22.55 2 2 . 1 4  
T i t a n i a ,  T i 0 2  1 . 1 0  0 .99  
F e r r i c  Oxide,  Fe203  1 9 . 1 3  5 . 0 5  
Lime, CaO 5 . 7 0  1 8 . 0 0  
Magnesia ,  MgO 1 . 2 4  4 . 6 0  
P o t a s s i u m  Oxide,  K20 1 . 8 0  0 . 4 5  
Sodium Oxide,  NazO 1 . 7 2  0 .57  
S u l f u r  T r i o x i d e ,  SOs 3 . 2 4  1 . 0 1  
Phos .  P e n t .  P2O5 0 . 7 1  0 . 4 1  
Undetermined 

* 
A n a l y s i s  performed by Commercial T e s t i n g  & 
Engineer ing  Co., Ch icago ,  IL 
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I..1 .UWOR 

CU PEGS 

CR EN 

0 
I 
10 

I 
20 

I 
30 

I 
40 50 60 

ELECTRODE NO. 
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CATHODE ELECTRODE 
PAlR 

LTii 
Fig. 3 	Schematic of Fault Power Coupling Experi- 


ment Wiring Connectionsand Instrumentation 


A X I A L  CURRENT [amps) 

Fig. 4 	Real Time Plot of Anode Pair31-32Voltage- 

Current Characteristic for Slagging Wall 

Power Generating Conditions 


A X I A L  CURRENT (AMPS) 

Fig. 5 	Clean and Slagging Wall Anode and Cathode 

Voltage-Current Characteristics for Power 

Generating Conditions 


/ MAXIMUM POWER) 

AXIAL CURRENT (AMPS) 
Fig. 6 	Linear Approximation of Voltage-Current 


Characteristics as a Function of Shorted 

Anodes 


I 	 I 1 I 
O: 2 4 6 8 

NO. OF DOWNSTREAM ANODE 
ELECTRODESSHORTED 

Fig. 7 	Fault Power as a Function of ShortedAnodes 


O.C. POWER 
SUPPLY 0 - 3OOV 350 - 500V 

0 - 35a 0 - ZOOa 

r 1 
VOLTAGE TRANSDUCER 

CURRENT TO STRIP CHART RECORDER 5 BALLAST 
TRANSDUCER AND X-Y PLOTTER 

i 
VOLTAGE TRANSDUCER I 

ANY ADJACENT ANODE 
ELECTRODE PAlR 

1.6rm 

LFLOW DIRECTION 

Fig. 8 	Schematic of Applied Field Experiment 

Wiring Connections and Instrumentation 


SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


I 

BORON NITRIDE INSULATOR 

, - - WIDTH 16cm 

CURRENT ( amps)  

F i g .  9 Rea l  Time P l o t  of Anode Pa i r52-53Vol tage-
Cur ren t  C h a r a c t e r i s t i c  f o r  S lagg ing  Wall 
Applied F i e l d  Conditions 

INTERELECTRODE 
VOLTAGE 

POWER SUPPLY 
VOLTAGE 83 V 

ELECTRODE LENGTH - 1 1  7rm 
ELECTRODE PITCH = 1 7  cm 

INSULATOR WIDTH = 16 cm1 FLOW DIRECTION 

F i g .  

1 ; ~---- - 51 
1 0  S t r i p  Chart  Recordof  Anode P a i r 5 2 - 5 3 f o r  

S lagg ing  Wall Applied F i e l d  Condi t ions  

ELECTRODE PlTCH - lam 
lLECTRODE LENGTH - 0 - l 1  m 
BORON NlTRlDE INSULATOR WlOTH ..<Em 

CURTIS 
DATA

2;, 
0 

0 5 10 15 20 25 30 0 5 

CURRENT ( a r n ~ s )  
F i g .  11 Threshold vo l tage-cur ren t  P o s i t i o n s  and 

Arcing Voltage-Current  P o s i t i o n s  f o r  Ap-
p l i e d  F i e l d  T e s t s  

F ig .  1 2  S t r i p  Char t  R e c o r d o f  Appl ied  F i e l d  T e s t  
i n  t h e  P r e s e n c e  of  a  Magne t ic  F i e l d  

0 B O R O N  N I T R I D E  INSULATOR 

A L U M I N A  INSULATOR 

0 2 4 10 

INSULATOR CUTTING TIME (SEC) 
Fig.  1 4  Loren tz  F o r c e  - I n s u l a t o r  C u t t i n g  Time 

R e l a t i o n s h i p  

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


ANODE INTERELECTRODE VOLTAGE 
TO COMPUTER IEL. 1-56] 
TO STRIP CHART (EL. 25-29) 

SHORT CIRCUIT 
SWITCHING 
CONNECTION 
(EL. 28-35) 

SHORT CIRCUIT 

(EL. 1-56] IEL. 28-36) 

--k- CATHODE INTERELECTRODE 
VOLTAGE (EL. 1-56) 

SCHEMATIC OF INSTRUMENTATION AND WIRING CONNECTIONS 

F ig .  1 5  Schematic o f  Shorted Anode Experiment 
W i r i ng  Connec t ions  and Ins t r umen ta t i on  

40 

MAGNETTIME 1 :  2 :  16 
30 


2 0  

10 

0 


CHAN CHAN 

F ig .  16a Computer Record o f  E l e c t r i c a l  Parameters f o r  Typ i ca l  Slagging Wal l  Opera t ion  

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


CHAN CHAN 

F i g .  16b Computer Record of E l e c t r i c a l  P a r a m e t e r s  w i t h  Anodes 28 t h r o u g h  36 E x t e r n a l l y  S h o r t e d  

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


-- 

@
' 0 1 2 3 4 5 6 7 8 

NUMBER OF SHORT SWITCHES CLOSED 


0 16 32 48 64 80 96 
VOLTS 

F i g .  1 9  	 S t r i p  Char t  Record w i t h  E l e c t r o d e s  28-35 
E x t e r n a l l y  Shor ted  

F ig .  1 7  	 Anode P a i r  27-28 I n t e r e l e c t r o d e  Vol tage  
a s  a  Funct ion  of S h o r t  Switches Closed 

50r 

F i g .  20 	 Post-Test  Photographs Showing Anode Wall 
Backboard Condi t ion  (Top) and t h e  Up-
s t ream S u r f a c e  of  Anode 27 (Bottom) 

OHM FARUN DATE 2/10/80 MARK l 

NUMBER OF SHORT SWITCHES CLOSED 
Fig.  1 8  Anode P a i r  27-28 Shor t  C i r c u i t  C u r r e n t ,  

Load C u r r e n t  28, and Transverse  Plasma BURNER TIME IMINS AFTER 2HRS 0 MlNS 0 SECS 1 

C u r r e n t  28 a s  a  Funct ion  of Shor t  F i g .  21  Generated Power v e r s u s  Burner Time f o r  
Swi tches  Closed Open Faraday  Load Experiment 

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


RUNTIME 7 .O 0 

- MAG TIME 4 . I2  27 M A S K 7  LO&D 0 0  OHM.FA RUN*~II 12/10/80
0 0  

W 

g 50 	 0 28 OPEN 
4-

A 21 & 28 OPEN a 3 
e V 27, 28 01 29 OPEN 


5 -50 0 26. 27. 28 6 29 OPEN 

0 


X 25. 26. 27. 28 & 29 OPEN 

ELECTRODE # 

F i g .  24 	 S p a t i a l  D i s t r i b u t i o n  of Load C u r r e n t s  a s  
a F u n c t i o n  of Loads Removed 

C H A N  

F i g .  22 	 Computer Record of E l e c t r i c a l  Paramete rs  
w i t h  Loads 24  through 29 Removed 

a


' 105-
U 	 29/30
0


I 0  90-

0 16 32 48 64 80 96 112 VOLTS 

F i g .  25 S t r i p  C h a r t  Record w i t h  Loads 25 th rough  
NUMBER OF OPEN LOADS 29 Removed 

F i g .  23 Anode I n t e r e l e c t r o d e  Vol tages  a s  a  Func-
t i o n  of Number of Loads Removed 

F i g .  26  P o s t - T e s t  P h o t o g r a p h  o f  t h e  Upstream 
S u r f a c e  o f  Anode 29 

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


CURRENT /TRANSDUCER 

DIAGONAL BAR 

COMPUTER WALL 


VOLTAGE TRANSDUCER 

LOAD 

ANODE 

DIAGONAL BAR 

CATHODE 

F i g .  27 	 Schematic of Diagonal ly  Connected Channel 
Showing Wiring and I n s t r u m e n t a t i o n  

MARK 7 

RUN DATE 10115180 OHM D l  


BURNER TlME (MINS AFTER 0 HRS 0 MlNS 0 SECS) 

MARK 7 

RUN DATE 10116180 0HM:DI 


1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 

BURhlER TlME (HRS AFTER 0 HRS 0 MlNS 0 SECS) 

F i g .  28 	 Genera ted  Power v e r s u s  ~ u r n e ;  Time f o r  
Diagonal ly  Connected Channel I n v e s t i g a t i o n  

CURRENT (AMPS) 

F i g .  29 	 Diagonal ly  Connected Genera tor  Load Line  

POWER FAULT TEST MARK 7 0HM:DI 

RUN DATE 10116180 NCHAN-33 12 -44  NTH-1 -

20.0 	 RMS 

10.0 

MEAN 
20.0 -

Y 

0 10.0:: 
5
6 0.0 

40.0 
4 
5 
> 30.0 

'RMS 

20.0 

40.0 

30.0 

MEAN 
20.0 

10.0 

0.0 
0 5 10 15 20 25 30 35 

BURNER TlME (MINS AFTER 5 HRS 0 MlNS 0 SECSl 

F i g .  30 	 RMS and Mean Cathode V o l t a g e s  f o r  Eas t -  
e r n  Ash (Top) and Western Ash (Bottom) 

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19


MARK 7WINDOW FRAME CURRENT DISTRIBUTION 

RUN DATE 10/15/80 CHANNEL 29 0HM:DI 

AMMETERS: 0- @ 
BAR CURRENTS: a - h 

OPERATING CONDlTlON 

i 1.8 kg/$ 
N/O = 0.8 

1% K 
8 - 2.31 

10% FUEL RICH 

BURNER TlME (MINS AFTER 0 HRS 0 MINS 0 SECS) 

MARK 7 
RUN DATE 10/16180 CHANNEL 29 0HM:DI 

F i g .  31 Data from Completely Instrumented 
Diagonal Frames 

RUN DATE 10115180 CHANNEL 29 
MARK 7 
0HM:DI 

F i g .  33 

BURNER TlME (MINS AFTER 0 HRS 0 MINS 0 SECS) 

Frame 29 T o t a l  C u r r e n t  a s  a F u n c t i o n  of  
Burner Time 

BURNER 'TIME (MlNS AFTER 0 HRS 0 MINS 0 SECSl 

MARK 7. . . ... . 
RUN DATE 10116180 CHANNEL 29 0HM:DI 

60.0 -
50.1 

z 
a - 40.0 
L 

30.0 
w 
(3 20.0
5
d 10.0
> 

0.0 

-1 0 
0 60 120 180 240 300 360 420 480 510 600 660 720 

BURNER 'TIME (MINS AFTER 0 HRS 0 MINS 0 SECS) 

Fig .  32 Anode P a i r  29-30 
a s  a Function of 

I n t e r e l e c t r o d e  Vol tage  
Burner Time 

F i g .  34 Pos t -Tes t  Photographs  Showing Anode Wall 
Backboard C o n d i t i o n  (Top) and t h e  Up- 
s t r e a m  S u r f a c e  of Anode 32 (Bottom) 

SEAM #19 (1981), Session: Open Cycle II

https://edx.netl.doe.gov/dataset/seam-19

