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Abst rac t  [ l ]  implied t h a t  i n su l a to r -  i n i t i a t e d  breakdown 
could be  prevented by c a r e f u l  thermal des ign of 

A new in t e r - e l ec t rode  i n s u l a t o r  designed t o  t h e  i n t e r - e l e c t r o d e  wal l  components; some r e s u l t s  
Prevent insulator-induced a x i a l  breakdown has  of Hermina [ 3 ]  confirm t h i s .  The present  work 
been t e s t e d  under cond i t i ons  of appl ied  e l e c t r i c  s tud ied  a  "laminated" i n s u l a t o r  des ign ( see  Fig. 1)  
f i e l d .  The des ign was succes s fu l  i n  i t s  main which provides  t h e  necessary  cool ing  i n  t h e  regions 
goal; however, indications a r e  t h a t  t he  plasma of h igh Jou le  hea t ing ,  but  which keeps t h e  average 
breakdown th re sho ld  vo l t age  was somewhat conpro- s u r f a c e  tempera ture  a s  h igh a s  poss ib l e .  I n  t h i s  
mised by t h e  design.  Some pre l iminary  measure- des ign,  two cooled m e t a l l i c  p i eces  a r e  placed next  
ments of breakdown th re sho lds  r e l evan t  t o  d i s k  t o  t h i n  i n s u l a t o r s  which a r e  ad j acen t  t o  t h e  elec- 
gene ra to r s  a r e  a l s o  presented .  A previous ly  t rodes ;  a  wide i n s u l a t o r  s e p a r a t e s  t h e  two cooled 
developed a n a l y t i c a l  model of a x i a l  breakdown has m e t a l l i c  p i eces .  
been improved and pre l iminary  r e s u l t s  i n d i c a t e  t h e  
importance of e l e c t r o n  temperature e l eva t ion  and Thermal Analys is .  An approximate plasma s i d e  con- 
confirm the  need t o  consider  e l e c t r o n  recombina- vec t ion  and wa l l  s i d e  hea t  conduction model was 
t i o n  with a  heavy p a r t i c l e  a s  t h e  third-body. developed t o  he lp  des ign the  wal l  such t h a t  break- 

In t roduc t ion  down would not  be  i n i t i a t e d  by t h e  i n s u l a t o r .  The 
heat  t r a n s f e r  from a  tu rbu len t  boundary l aye r  t o  a  

Previous experimental  and a n a l y t i c a l  work has wal l  w i th  a  prescr ibed v a r i a t i o n  of su r f ace  tem- 
pe ra tu re  was developed fo l lowing t h e  method of 

i 
cha rac t e r i zed  and quan t i f i ed  many of t h e  a spec t s  
of a x i a l  breakdown i n  l i n e a r  MHD genera tors  [ I ,  

Kays [ 6 ] .  Previous ly  ca l cu l a t ed  inc reases  i n  heat 
f l u x  r e s u l t i n g  from Jou le  hea t ing  were incorporat-  2, 3 ,  41.  I n  p a r t i c u l a r ,  r e s u l t s  f o r  a s imp l i f i ed  
ed i n t o  t h e  c a l c u l a t i o n  procedure.  A quasi-two- e l ec t rode  con f igu ra t ion  have shown t h a t  a  thresh-  

o ld  vo l t age  must be  exceeded and t h a t  breakdown dimensional s o l u t i o n ,  inc luding a x i a l  conduction t 

can be i n i t i a t e d  e i t h e r  by t h e  plasma o r  by t h e  between t h e  components through a  spec i f i ed  con- 

i n t e r - e l ec t rode  i n s u l a t o r  i t s e l f .  For many e lec-  t a c t  r e s i s t a n c e ,  was obtained f o r  t h e  composite 

t rode  w a l l  des igns ,  t h e  threshold  vo l t age  f o r  in- wa l l .  
I 

s u l a t o r - i n i t i a t e d  breakdown is  lower than t h a t  
f o r  plasma breakdown; some improvement i n  gener- The main parameters which can be contro l led  i n  

a t o r  performance might be achieved i f  i n su l a to r -  t h e  des ign a r e  t h e  i n t e r - e l ec t rode  i n s u l a t o r  mate- 

i n i t i a t e d  breakdown can be prevented.  Plasma- r i a l s  and t h e  degree of cool ing  of t h e  m e t a l l i c  

i n i t i a t e d  and i n s u l a t o r - i n i t i a t e d  threshold  v o l t -  components. The cool ing  of t h e  metal  components 

ages have been ca l cu l a t ed  f o r  a  s imp l i f i ed ,  ap- i s  ad jus t ed  by changing t h e  th ickness  of a  s t a in -  

p l i ed  f i e l d  con f igu ra t ion  [2,  4 1 .  A two dimen- l e s s - s t e e l  cap brazed t o  a  water cooled copper 

s i o n a l ,  time-dependent computer s o l u t i o n  was used backing piece .  The most important parameter not 
e a s i l y  c o n t r o l l e d  is t h e  contac t  r e s i s t a n c e  be- 

t o  so lve  t h e  coupled f l u i d  and e l e c t r i c a l  problem 
tween t h e  ceramic i n s u l a t o r s  and the  water-cooled f o r  t h e  plasma; t h e  plasma s o l u t i o n  was coupled m e t a l l i c  elements.  A des ign wi th  alumina for  t he  

t o  a  thermal and e l e c t r i c a l  s o l u t i o n  f o r  t h e  
t h i n  i n s u l a t o r s  was f i r s t  considered and t h e  re- i n t e r - e l ec t rode  i n s u l a t o r .  The r e s u l t s  compared 
s u l t i n g  w a l l  temperature d i s t r i b u t i o n  i s  shown i n  favorably wi th  t h e  measured response,  but  t h e  

e f f e c t  of Jou le  hea t ing  i n  t h e  plasma was gener- Fig .  2.  The e l e c t r o d e  was designed t o  opera te  a t  
a  uniform temperature of 1100 K i n  t he  absence of a l l y  under-pre&icted. The f i r s t  p a r t  of t h i s  

paper p re sen t s  experimental  r e s u l t s  f o r  an  i n t e r -  Joule hea t ing  and t h e  "cooler" p i ece  was con- 
s t r u c t e d  e n t i r e l y  of copper t o  provide t h e  maxi- e l e c t r o d e  wa l l  con f igu ra t ion  designed t o  prevent  

i n s u l a t o r - i n i t i a t e d  breakdown. Some improvements 
mum coo l ing  of t h e  alumina i n s u l a t o r .  The l a r g e  

t o  t h e  two-dimensional plasma code a r e  descr ibed i n s u l a t o r  was MgO and t h e  contac t  of t h e  MgO with  

and r e s u l t s  presented  f o r  t h e  a x i a l  configura- t h e  surrounding copper was assumed t o  be good. 

t i on .  The w a l l  temperature d i s t r i b u t i o n  wi th  a  plasma 
c u r r e n t  of 35 amps ( t y p i c a l  of t he  l e v e l  required 

The d i s k  genera tor  has been advanced a s  an  t o  produce p lasma- in i t ia ted  breakdown) is com- 
pared,  i n  Fig. 2,  wi th  t h e  d i s t r i b u t i o n  with no 

a l t e r n a t e  genera tor  con f igu ra t ion ,  with one pos- 
s i b l e  advantage t h a t  breakdown problems w i l l  be cu r r en t .  S i g n i f i c a n t  i nc reases  i n  t h e  e l ec t rode  

e l iminated  o r  reduced. Plasma breakdown thresh-  tempera ture  and more impor tant ly  i n  t he  alumina 

o ld  vo l t ages  have been ca l cu l a t ed  by Shamma [5]; 
tempera ture  make t h i s  des ign unacceptable.  Even 

however, there a r e  some a s p e c t s  not  considered i n  when a d d i t i o n a l  cool ing  was provided t o  t h e  e lec-  

h i s  model and t h e r e  i s  need f o r  a d d i t i o n a l  model- trade, t h e  thermal des ign was st i l l  unacceptable.  

ing and perhaps even more f o r  experimental  da ta .  The f i n a l  des ign used boron-ni t r ide  f o r  t h e  insu- 
The second p a r t  of t h e  paper addresses  t h e  gen- l a t o r s  ad j acen t  t o  t h e  e l ec t rodes  and was designed 
e r a 1  problem of breakdown f o r  d i s k  genera tors .  t o  have t h e  e l e c t r o d e s  ope ra t e  a t  a  uniform tem- 
A s imp l i f i ed  con f igu ra t ion ,  which s imula tes  some p e r a t u r e  of 1100 K, with a  cu r r en t  of 35 amps 

of t h e  c h a r a c t e r i s t i c s  of a  d i s k  genera tor ,  i s  f lowing through t h e  plasma. The coo le r  p i eces  

considered us ing  a  modified ve r s ion  of t h e  break- were s t a i n l e s s - s t e e l  capped copper designed t o  
down code d iscussed above. A ve ry  l imi t ed  s e t  of keep t h e  boron-ni t r ide  temperature a t  approxi- 
experimental  r e s u l t s  is  a l s o  presented  f o r  t h i s  mate ly  1200 K with a 35 ampere cu r r en t .  The con- 

conf igura t ion .  t a c t  between t h e  MgO and t h e  surrounding cooling 
p i e c e s  was assumed t o  be poor, such t h a t  t he  sur- 

Laminated In ter -Elec t rode  I n s u l a t o r  Design f a c e  tempera ture  would be  h igh.  The ca l cu l a t ed  
tempera ture  d i s t r i b u t i o n s  w i t h  and without cu r r en t  

Experimental and a n a l y t i c a l  r e s u l t s  of Unkel a r e  shown i n  Fig .  3; t h e  i n s u l a t o r  temperatures 
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appear t o  be  below the  l e v e l s  f o r  which i n s u l a t o r -  
i n i t i a t e d  breakdown would be expected .  

Experimental Set-up. The i n t e r - e l e c t r o d e  con- 
f i g u r a t i o n  d iscussed above was assembled and t e s t -  
ed under an  app l i ed  e l e c t r i c  f i e l d  i n  t h e  M.I.T. 
MHD Simula t ion  F a c i l i t y  [ 7 ] .  The b a s i c  plasma 
cond i t i ons  of t h e  t e s t s  were: 

in = 0.18 k g / s  

The b a s i c  exper imenta l  set-up is  shown i n  Fig.  1; 
t h e  d e t a i l s  of t h e  e l e c t r o d e  module cons t ruc t ion  
a r e  shown i n  Fig .  4. A window por t  was i n s t a l l e d  
on t h e  w a l l  oppos i t e  t h e  e l e c t r o d e  module t o  a l -  
low v i s u a l  observat ions .  A d u a l  f i l t e r  video re-  
corder  system was used t o  record  s e p a r a t e  images 
of t h e  plasma and wal l  response.  Voltage probes 
were i n s e r t e d  i n  t h e  near-e lec t rode  region t o  
measure t h e  response  of t h e  vo l t age  drops ;  t h e  
p o t e n t i a l s  o f  t h e  cooler  p i eces  were a l s o  mea- 
sured.  The a x i a l  vo l t age  was supp l i ed  by two 
HP-6479C s o l i d - s t a t e  power supp l i e s ,  t oge the r  
capable of ope ra t ing  a t  600 v o l t s  and 35 amps. 
The vo l t age  and cu r r en t  c o n t r o l  c i r c u i t r y  of t h e  
power supp l i e s  was such t h a t  momentary (-0.1 s ec )  
l e v e l s  of h igh  cu r r en t  were p o s s i b l e ,  but  such 
t h a t  s teady a r c s  i n  excess of 35 amps were no t  
allowed; t h i s  c h a r a c t e r i s t i c  was u s e f u l  i n  mini- 
mizing damage from t h e  a r c s  which were formed. 

Experimental Resul ts .  

The main experimental  r e s u l t s  were obtained 
by applying success ively  h ighe r  v o l t a g e s  between 
t h e  e l ec t rodes  u n t i l  breakdown was observed. Ex- 
periments were performed f o r  t h r e e  con f igu ra t ions :  

a )  upstream e l ec t rode  a s  a n  anode; 

b) upstream e l ec t rode  a s  a cathode; and 

c)  upstream e l ec t rode  a s  an anode and t h e  
coo le r  p i eces  shor ted  toge the r .  The t o t a l  vo l t age  
ve r sus  a x i a l  cu r r en t  v a r i a t i o n s  f o r  each of t h e  
t h r e e  ca ses  a r e  shown i n  Fig.  4a-4c. As indi -  
ca t ed  i n  t h e  f i g u r e s ,  breakdown was observed f o r  
each conf igu ra t ion .  The dua l  f i l t e r  video records  
i nd ica t ed  t h a t  a l l  breakdowns were i n i t i a t e d  by 
t h e  plasma. Severa l  d i f f e r e n t  t ypes  of breakdown 
were observed and w i l l  be d iscussed below. The 
p lasma- in i t ia ted  threshold  v o l t a g e  f o r  configura- 
t i o n s  a and b was approximately 210 v o l t s  f o r  a 
2.0 cm t o t a l  gap; t h i s  compares w i th  a l e v e l  o f  
-240 t o  270 v o l t s  f o r  a 1.91 cm monol i th ic  MgO in- 
s u l a t o r  a s  measured i n  previous  experiments a t  
Stanford.  The plasma cond i t i ons  a r e  somewhat d i f -  
f e r e n t ,  bu t  i t  appears  t h a t  t h e  plasma breakdown 
s t r e n g t h  may have been compromised by t h e  add i t i on  
of t h e  i n t e rmed ia t e  meta l  cool ing  p ieces .  

Resu l t s  With t h e  Cooler P i eces  Unshorted. The po- 
t e n t i a l s  o f  t h e  coo le r  p i eces  and t h e  e l e c t r o d e  
p i eces  a r e  shown i n  Fig .  5 f o r  t h e  pre-breakdown 
cond i t i on  and f o r  two types  o f  breakdown. P r i o r  
t o  breakdown t h e  major i ty  of t h e  o v e r a l l  vo l t age  
drop is  i n  t h e  r eg ions  near  t h e  anode and cathode. 
In some c a s e s  t h e  breakdown was p a r t i a l ,  i n  t h a t  
one o r  bo th  of t h e  gaps nea r  t h e  main e l ec t rodes  
a r ced ,  but  no  s t rong  d i scha rge  was observed i n  
t h e  region ove r  t h e  MgO i n s u l a t o r ;  t h e  r e s u l t i n g  
v o l t a g e  d i s t r i b u t i o n  i s  shown i n  t h e  f i gu re .  This  
t ype  of breakdown occurred when t h e  vo l t age  d i f -  

f e r ence  was -80 v o l t s  f o r  t h e  upstream gap and 
-100 v o l t s  f o r  t h e  downstream gap; breakdown was 
observed once a t  t h e  upstream gap wi th  a vo l t age  
of 50 v o l t s .  Af t e r  breakdown a vol tage  of -110 
v o l t s  was app l i ed  ac ros s  t h e  cen te r  8m MgO in -  
s u l a t o r .  Previous  d a t a  i n d i c a t e  a plasma break- 
down vo l t age  of 170 v o l t s  and an i n s u l a t o r  break- 
down vo l t age  of 110 v o l t s  f o r  t h i s  s i z e  gap; un- 
f o r t u n a t e l y ,  t h e  quenching of t he  a r c s  by t h e  
power supply d i d  not  a l l ow u s  t o  s ee  i f  i n s u l a t o r  
breakdown of t h e  8mm gap would have followed. 
For o t h e r  a p p l i c a t i o n s  of vo l t age ,  t h e  c e n t e r  was 
a l s o  bridged by a breakdown a r c  and t h e  r e s u l t i n g  
d i s t r i b u t i o n  is  shown i n  F ig .  5. The v ideo re-  
cords  showed t h a t  t h e  upstream gap was a r c i n g  and 
t h a t  an a r c  had formed between t h e  upstream cool- 
e r  ~ i e c e  and t h e  downstream e l ec t rode .  The a r c  
b r i d g i n g  t h e  upstream gap covered a s i g n i f i c a n t  
width  o f  t h e  e l e c t r o d e  (o r  was r ap id ly  moving 
l a t e r a l l y )  and t h e  c u r r e n t  was considerably  
h ighe r  t han  when only t h e  two smal l  gaps were 
bridged by a rc s .  

Resu l t s  With t h e  Cooler P i e c e s  Shorted.  The 
format ion of a r c s  between t h e  var ious  m e t a l l i c  
segments r e q u i r e s  a d d i t i o n a l  vo l t age  drops t o  be  
e s t a b l i s h e d  on t h e  elements which a r e  not  d i r e c t -  
l y  supp l i ed  by t h e  power source .  To o b t a i n  some 
informat ion on t h e  e f f e c t  t h a t  t hese  e x t r a  v o l t -  
age drops  have on t h e  breakdown behavior,  t h e  two 
cooler  p i eces  were e x t e r n a l l y  shorted and t h e  r e -  
s u l t i n g  con f igu ra t ion  t e s t e d .  As ind ica t ed  i n  
F ig .4 ,  breakdown was observed a t  cons iderably  
lower vo l t ages ;  i n  one i n s t a n c e  a t  125 v o l t s .  
These breakdowns were considerably  more i n t e n s e  
than t h e  p a r t i a l  breakdowns observed when t h e  
coo le r  p i eces  were unshor ted .  The vo l t age  d i f -  
f e r ences  between t h e  gaps when breakdown occurred  
were550 v o l t s  f o r  t h e  upstream gap and -75 v o l t s  
f o r  t h e  downstream gap; t h e s e  compare t o  l e v e l s  
of 80 t o  100 v o l t s  when t h e  p i eces  were not  sho r t -  
ed. 

Breakdown Phenomena i n  Disk Generators 

With t h e  except ion  of t h e  main cu r r en t  take- 
o f f s  (and in t e rmed ia t e  c u r r e n t  t aps  i f  necessary)  
t h e  wa l l s  of t h e  d i s k  gene ra to r  a r e  i n s u l a t o r  
wa l l s ,  t h a t  i s ,  they a r e  designed t o  c a r r y  no n e t  
cu r r en t .  This  c o n f i g u r a t i o n  is considered t o  be  
favorable  f o r  p reven t ion  of a x i a l  breakdown and 
i t  is gene ra l ly  f e l t  t h a t  h ighe r  a x i a l  f i e l d s  can  
be  accommodated f o r  d i s k  genera tors .  Although 
it  is  p o s s i b l e  t h a t  l a r g e  s i z e  t o t a l l y  ceramic 
wa l l s  may be  developed f o r  t h e  d i s k  gene ra to r ,  i t  
i s  more l i k e l y  t h a t  t h e  w a l l s  w i l l  be  composed of 
a l t e r n a t i n g  i n s u l a t i n g  and conducting r i n g s  a s  
shown schemat ica l ly  i n  Fig.  6. 'Although t h e  r i n g s  
cause no d i s t o r t i o n  i n  t h e  azimuthal d i r e c t i o n ,  
t h e  l o c a l  sho r t i ng  i n  t h e  r a d i a l  d i r e c t i o n  can 
l ead  t o  c i r c u l a t i n g  c u r r e n t s  a s  shown i n  t h e  f i g -  
u re .  Considering r eg ions  away from t h e  cu r r en t -  
conducting e l e c t r o d e s ,  t h e  d i s k  genera tor  can be  
assumed t o  have t h e  fo l lowing advantages r e l a t i n g  
t o  t h e  breakdown th re sho ld  vol tage:  

a) s i n c e  t h e  m e t a l l i c  conductors do n o t  
normally c a r r y  c u r r e n t ,  t h e  vo l t age  
drop due t o  t h e  e l e c t r o d e  mechanisms 
must be  supp l i ed  ou t  of t h e  per p a i r  
vo l t age  d i f f e r e n c e .  

b) s i n c e  t h e  wa l l  is perpendicular  t o  t h e  
magnetic f i e l d  t h e  cu r r en t  concen t r a t ions  
around t h e  e l e c t r o d e  edges a r e  no t  a s  
s eve re  a s  nea r  l i n e a r  genera tor  i n t e r -  
e l e c t r o d e  gaps. 
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I n  add i t i on ,  i f  breakdown occu r s ,  t h e  d i s k  con- 
f i g u r a t i o n  may be  l e s s  prone t o  damage, a s  t h e  
JxB fo rces  on t h e  r e s u l t i n g  a r c  would be  i n  t he  
plane of t h e  wa l l ,  r a t h e r  t han  i n t o  t h e  w a l l ,  
a s  on t h e  anode s i d e  of a  l i n e a r  genera tor .  

Some breakdown threshold  vo l t age  c a l c u l a t i o n s  
have been performed by Shamma [ 5 ] ;  however,addi- 
t i o n a l  c a l c u l a t i o n s  and measurements of breakdown 
c h a r a c t e r i s t i c s  a r e  d e s i r a b l e .  

Experimental Simulation of Disk Generator Break- 
down. A s  a  f i r s t  s t e p  i n  providing a  d a t a  base  - 
f o r  d i s k  genera tor  breakdown, a  channel w i th  t h e  
e l ec t rode  arrangement shown i n  Fig.  6  was de- 
signed and assembled. An a x i a l  f i e l d  i s  appl ied  
t o  t h e  simulated d i s k  w a l l  by d r iv ing  cu r r en t  
a x i a l l y  down t h e  channel from t h e  upstream e l ec -  
t rode  p a i r  t o  t h e  downstream e l e c t r o d e  p a i r .  A 
window por t  i s  provided t o  a l l ow a  f u l l  view of 
t h e  s imula ted  d i s k  wa l l  and v o l t a g e  probes a r e  
mounted a t  va r ious  l o c a t i o n s  near  t h e  t e s t  module. 
The e l e c t r o d e s  of t h e  t e s t  module were designed 
i n  a  manner s i m i l a r  t o  t h a t  o f  t h e  l i n e a r  break- 
down module. The i n s u l a t o r  is a  1 /4"  MgO insu- 
l a t o r .  

The experiment was assembled, but only l imi t ed  
r e s u l t s  were obta ined because of e l e c t r i c a l  sho r t -  
ing  of t h e  e l ec t rodes  used to*app ly  t h e  a x i a l  
f i e l d  i n t e r i o r  t o  t h e  channel  w a l l s  ( i . e . ,  not  
through t h e  plasma). The h ighes t  vo l t age  d i f f e r -  
ence between t h e  s imula ted  d i s k  wa l l  elements was 
-60 v o l t s ,  a t  which po in t  a r c  spot a c t i v i t y  was 
observed on t h e  upstream e l e c t r o d e  element. 

The gap between ad jacen t  e l ec t rodes  was t e s t -  
ed under appl ied  f i e l d  cond i t i ons  and plasma- 
i n i t i a t e d  breakdown was observed a t  a  vo l t age  of 
130 v o l t s .  For t h i s  gap of 6.4 mm a  plasma break- 
down threshold  vo l t age  of 150 t o  170 v o l t s  is in- 
d i ca t ed  from previous  d a t a .  

Plasma Breakdown f o r  
Axial  and Simulated Disk Configurations 

The coupled f l u i d  and e l e c t r i c a l  model f o r  
t he  a x i a l  d ischarge  con f igu ra t ion ,  o r i g i n a l l y  
developed a t  S tanford  [ I ] ,  ha s  been improved and 
extended to  consider  a d d i t i o n a l  e l ec t rode  con- 
f i g u r a t i o n s  inc luding t h e  s imula ted  d i s k  config- 
ura t ion .  The time-dependent f l u i d  s o l u t i o n  is  ob- 
t a ined  f o r  a  two-dimensional flow region us ing 
t h e  usua l  boundary l a y e r  assumptions;  t h e  c u r r e n t  
d i s t r i b u t i o n  is c a l c u l a t e d  f o r  t he  same two dim- 
ens iona l  region.  The o r i g i n a l  code solved t h e  
e l e c t r o n  c o n t i n u i t y  equa t ion  us ing t h e  t h r e e  body 
e l e c t r o n  r e a c t i o n  r a t e s  of Curry [ a ] ;  u s ing  t h e s e  
r a t e s  considerable  depa r tu re  from t h e  equ i l i b r ium 
e l e c t r o n  number dens i ty  was observed i n  t h e  
boundary l a y e r .  The work of Okazaki [9]  p o i n t s  
ou t  t h e  need t o  consider  t h r e e  body heavy re- 
combination e s p e c i a l l y  a t  t h e  lower temperatures;  
f u r t h e r  examination of t h e  l i t e r a t u r e  i n d i c a t e s  
t h a t  recombination r a t e s  w i t h  N 2  a s  t h e  t h i r d  
body [ l o ]  a r e  f a s t e r  even than  t h e  r a t e s  f o r  CO, 
used by Okazaki. With t h e  e l e c t r o n  number den- 
s i t y  malintained c l o s e  t o  equ i l i b r ium,  t h e  assump- 
t i o n  of Te 2 Tg made i n  t h e  i n i t i a l  work w i l l  b e  
v i o l a t e d  a t  lower c u r r e n t s  and e l e c t r o n  tempera- 
t u r e  non-equilibrium has  been included i n  t h e  
code. 

Ca lcu la t ions  were made f o r  cond i t i ons  c lo se  t o  
those  i n  t h e  d i s k  breakdown experiment. A f i r s t  
set of c a l c u l a t i o n s  was made f o r  an, a x i a l  d i s -  

charge and a  second s e t  was made f o r  t h e  simu- 
l a t e d  d i s k  con f igu ra t ion .  The vo l t age  current  
c h a r a c t e r i s t i c  f o r  t h e  a x i a l  d i s cha rge  is  shorm 
i n  Fig .  7 f o r  t h e  c a l c u l a t i o n  where a  ba lance  be- 
tween Joule  hea t ing  and i n e l a s t i c  c o l l i s i o n a l  
l o s s e s  i s  used t o  determine Te (an i n e l a s t i c  
l o s s  f a c t o r  of 1000 t imes t h e  e l a s t i c  r a t e  was 
assumed) and a l s o  f o r  a  c a s e  where Te is  forced 
t o  remain c l o s e  t o  t h e  gas temperature.  As can 
be  observed, t h e  e l e c t r o n  tempera ture  e l eva t ion  
s i g n i f i c a n t l y  reduces t h e  a x i a l  vo l t age  and in- 
d i c a t e s  t h a t  breakdown w i l l  occur a t  a  s i g n i f i -  
c a n t l y  lower vo l t age  and c u r r e n t  than would be 
predic ted  wi th  t h e  e l e c t r o n  temperature equal t o  
t h e  gas temperature;  a l s o  i n  t h e  ca se  wi th  T,#T~ 
t h e  breakdown occurs c l o s e r  t o  t h e  wa l l .  Even 
wi th  t h e  f a s t e r  r a t e s ,  i n  t h e  a x i a l  conf igura t ion  
t h e  r ap id  change i n  w a l l  tempera ture  (as  t h e  gas 
flows from t h e  b r i c k  t o  t h e  e l ec t rode )  causes t he  
e l e c t r o n  number dens i ty  t o  be  above t h e  equ i l i -  
brium values  i n  t he  region c l o s e  t o  t h e  e lec t rodes .  
The work of Martinez [ l l ]  i n d i c a t e s  t h a t  a  secon- 
dary i o n i z a t i o n  l a y e r  forms n e a r  t h e  wa l l  due t o  
h igh T and g r e a t l y  a c c e l e r a t e d  ion iza t ion  by 
e l e c t r g n  impact. The h igh values  of ne near the  
w a l l  i n  t h e  absence of Jou le  hea t ing  r e s u l t  i n  
low d i s s i p a t i o n  a t  a  given cu r r en t  l e v e l  and there-  
f o r e  may delay t h e  formation o f  t h i s  l aye r ;  none- 
t h e l e s s  t h i s  process w i l l  occur  and i t  should be 
considered i n  more d e t a i l  f o r  t h e  a x i a l  configur- 
a t i o n .  

For comparison, c a l c u l a t i o n s  were a l s o  made 
f o r  t h e  s imula ted  d i s k  con f igu ra t ion  and the  re- 
s u l t s  a r e  shown i n  Fig. 7 ;  t h e  vo l t ag r  between 
t h e  s imula ted  e l ec t rodes  i s  p l o t t e d  a ~ a i n s t  t he  
cu r r en t  f low through an e l e c i r o d e  (ne; current  
t o  t hese  elements i s  ze ro ) .  No "extra" cathode 
vo l t age  drop i s  included i n  t h e  ca l cu l a t ions .  
A threshold  vo l t age  of -160 v o l t s  is indica ted  
f o r  t h i s  6.4 mm gap i n  t h e  d i s k  conf igura t ion  
i n  c o n t r a s t  t o  a  l e v e l  of -180 f o r  t h e  d i r e c t  
a x i a l  appl ied  f i e l d .  It should  be pointed out 
t h a t  t h e  a l t e r n a t i n g  meta l lceramic  r i n g  con- 
f i g u r a t i o n  i s  only one of s e v e r a l  concepts 
examined f o r  d i s k  f a b r i c a t i o n .  More de t a i l ed  
eva lua t ion  of t hese  concepts  is c l e a r l y  re- 
qui red .  

Summary and Conclusions 

The experimental  r e s u l t s  of appl ied  f i e l d  
t e s t i n g  of a  laminated in t e r - e l ec t rode  in su l a to r  
wal l  have been presented .  The des ign was suc- 
c e s s f u l  i n  avoiding i n s u l a t o r - i n i t i a t e d  break- 
down; however,the exposed m e t a l l i c  elements ap- 
peared t o  compromise t h e  r e s i s t a n c e  t o  plasma 
breakdown. I n  most ca ses  a r c i n g  was observed be- 
tween t h e  main e l ec t rode  and t h e  in termedia te  
m e t a l l i c  cool ing  p i eces  r a t h e r  than a n  a r c  spann- 
ing t h e  e n t i r e  gap between t h e  main e lec t rodes .  
An i n i t i a l  experiment t o  s tudy  breakdown phenom- 
ena i n  d i s k  genera tors  w i t h  wa l l s  cons t ructed  
of m e t a l l i c  r i n g s  s epa ra t ed  by i n s u l a t o r  was 
run; however,only moderate vo l t ages  (60 v o l t s )  
were app l i ed  and no breakdown was observed (or  
expected).  The t h e o r e t i c a l  model t o  p red ic t  
plasma breakdown,originally developed a t  Stanford,  
has been improved t o  cons ide r  electron-tempera- 
t u r e  non-equilibrium and t o  u se  three-body heavy 
recombination r a t e s  i n  a d d i t i o n  t o  t h e  three-  
body e l e c t r o n  r a t e s .  The r e s u l t s  f o r  t h e  appl ied  
f i e l d  geometry show t h a t  e l e c t r o n  temperature 
e l e v a t i o n  l e a d s  t o  a  r e d u c t i o n  in t h e  threshold  
vol tage ,  and ,a change i n  t h e  d i s t ance  from t h e  
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wall  a t  which t h e  breakdown develops.  Fu r the r  
a n a l y t i c a l  work should be  addressed to  t h i s  
problem and a d d i t i o n a l  comparisons with measure- 
ments of breakdown should be  made. 
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Figure 1. Schematic of Laminated I n t e r - e l e c t r o d e  
I n s u l a t o r  Module and Experimental  Con- 
f i g u r a t i o n  used f o r  Applied F i e l d .  
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Figure 2. Wall Temperature D i s t r i bu t ion  f o r  
Laminated Elec t rode  Design Using 
Alumina. Wall Components Designed 
t o  Give t h e  Shown D i s t r i b u t i o n  i n  t h e  
Absence of J o u l e  Heating. 

Figure 3. Wall Temperature D i s t r i b u t i o n  f o r  
Laminated Elec t rode  Design Using 
Boron-Nitride. Wall Components 
Designed t o  g i v e  t h e  des i r ed  Tempera- 
t u r e  D i s t r i b u t i o n  wi th  Jou le  Iieat,ing. 
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F i g u r e  4 a .  P l o t  of  T o t a l  A x i a l  V o l t a g e  Versus  
T o t a l  A x i a l  C u r r e n t  Showing Pre-  
b r e a k d o w  and Post-Breakdown c o n d i t i o n s .  
Anode was Upstream E l e c t r o d e  and "Cooler"  
P i e c e s  Were Unshor ted .  
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F i g u r e  4b. P l o t  o f  T o t a l  A x i a l  V o l t a g e  Versus  
T o t a l  A x i a l  C u r r e n t  Showing Pre -  
Breakdown c o n d i t i o n s .  A l l  Breakdowns 
w e r e  Plasma I n i t i a t e d ,  b u t  Not A l l  
Spanned t h e  E n t i r e  I n t e r - E l e c t r o d e  
Gap. Cathode was t h e  Upstream 
E l e c t r o d e  and  t h e  "Cooler"  P i e c e s  
were  Unshor ted .  

Cooler pieces 
shorted 
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F i g u r e  LC. P l o t  of  T o t a l  A x i a l  V o l t a g e  Versus 
T o t a l  A x i a l  C u r r e n t  Showing Pre-  
Breakdown and Post-Breakdown Con- 
d i t i o n s .  A l l  Breakdowns Were Plasma 
I n i t i a t e d .  Anode was t h e  Upstream 
E l e c t r o d e  and t h e  Cooler  P i e c e s  w e r e  
S h o r t e d  Out .  The Breakdocms Spanned 
Both  Small  Gaps. 

32A (no Breakdown) 
- - - - -  51A (Breakdown of b o t h  

s m a l l  gaps)  A!- - - 75A (Breakdown of up- 
s t r e a m  c o o l e r  t o  
ca thode)  

- 100V - 2 

M e t a l l i c  
"Coole r"  
P i e c e s  

F i g u r e  5 .  P o t e n t i a l s  of e l e c t r o d e  module 
components  f o r  no breakdown and 
f o r  two t y p e s  of breakdown. 

Breakdown Arc 

Circulating Curre 
in Absence of Bre 

Insulator Wall 

F i g u r e  6. Schemat ic  o f  t h e  D i s k  Genera to r  Wal l  
Away from E l e c t r o d e  C u r r e n t  Take-of f s .  
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Figure 7. Sketch of Channel Configuration Used 
t o  Simulate t h e  Disk Generator.  
Electrodes on Both Sidewal ls  a r e  Used 
t o  Apply an Axia l  F i e l d  Across t h e  
Simulated Disk Wall. Op t i ca l  Access 
i s  Provided t o  t a k e  Dual F i l t e r  
Photographs of t h e  In t e r - e l ec t rode  
Region. 

loo- S i m u l a t e d  Disk , / 
Configura t ion  

100. 

energy balance 

0. 
i 

0. 10. 20. 30. 

Axia l  Current o r  Current Enter ing  
Simulated Disk Wall Module (amps). 

F igure  8 Voltage-Current Calcula t ions  f o r  a x i a l  
and s imula ted  d i s k  con f igu ra t ions .  
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