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astract gap swi t ch .  Design and t e s t i n g  0: t h e  
p r o t o t y p e  swi t ch  i s  b e i n g  performed by 

A n m e r i c a l  model has been developed, and an ?laxwell L a b o r a t o r i e s .  
ezperimental progrm undertaken t o  improve the  
operatsng charac te r i s t i c s  of high  power spark gap 
switches passing ,Yenmatt  nuemge power, i J i th  b Q i -  
off uoltages of several  hundred Ki Iovol t s ,  and 
repe t i t ion  ra tes  aboue LOO pulses  per  second. 
model and rncasuremoltc a re  being used t o  undmstand 
and predic t  t h e  effects of various i n t e r re la t ed  
p a m e t e r s ,  tnc tur5ng gas flow ra te  and pressure,  
Sap spacing and geometry, recoual-j vol tage and cur- 
rent uaveform, and p l s e  r e p e t i t i o n  frequnicg. The 
numerical i.ode1 pred ic t s  t he  approdmate d i e l e c t r i c  
recovery ra t e  and the  grace period required before 
suEsrquent switching. Photo<jraphic and sFectro- 
S C O ~ ~ C  measurements of arc  proper t ies  are described. 

The 

11. Rela t ed  Research 

R e s u l t s  o f  a p r e v i o u s  program, con- 
duc ted  by t h e  A i r  Force  Aero Propu l s ion  
Labora tory  IAFAPL) are d i r e c t l y  a p p l i c a b l e  
t o  t h e  p r e s e n t  s tudy .  The AFAPL s w i t c h  
was developed  by Maxwell L a b o r a t o r i e s ,  
I n c . l ,  and i s  shown s c h e m a t i c a l l y  i n  F ig .  L 
T h i s  spa rk  gap s w i t c h  c o n s i s t s  o f  two i n c h  
d i ame te r  e l e c t r o d e s  and i s  o p e r a t e d  w i t h  
o v e r v o l t a g e  t r i g g e r i n g .  The e l e c t r o d e s  are 
made o f  copper  w i t h  e l k o n i t e  (Tungsten-  
S i l v e r )  t i p s .  Dry a i r  f lows r a d i a l l y  in -  
ward a t  flow r a t e s  UP t o  150 c u b i c  f e e t /  

I. I n t r o d u c t i o n  minute  (CFM) and i s  exhaus ted  through t h e  
hol low copper  e l e c t r o d e s .  The gap s p a c i n g  

P r e s e n t  and f u t u r e  a p p l i c a t i o n s  o f  l e )  o f  t h e  e l e c t r o d e s  i s  0.S cm. 
Aerospace.  sh ipboa rd  and-ground based 
p u l s e d  power s y s t e m s  r e q u i r e  c l o s i n g  
s w i t c h e s  t h a t  are more advanced than  t h e  
p r e s e n t  s t a t e  of t h e  a r t .  High power 
s w i t c h i n g  d e v i c e s  p l a y  a v i t a l  r o l e  i n  
power c o n d i t i o n i n g  n e t w o r k s  i n  p r o p e r l y  
a d a p t i n q  c a p a c i t i v e  s t o r a g e  sys tems t o  meet 
t h e  r equ i r emen t s  o f  v a r i o u s  l o a d s .  A h i g h  
power spa rk  gap  s w i t c h  program h a s  been 

g e r e d  c l o s i n g  s w i t c h  c a p a b l e  o f  s e v e r a l  
hundred p u l s e s  p e r  second.  Other  swi t ches  
a l s o  under  c o n s i d e r a t i o n  i n c l u d e  Thyra t rons ,  
L iquid  Metal Plasma Valve (LMPV) and Cross-  
e d  F i e l d  c l o s i n g  s w i t c h e s .  Design g o a l s  
for  t h e  p r e s e n t  program are g iven  i n T a b l e  I. 

w i n i t i a t e d  t o  meet requi rements  o f  a t r i g -  

TABLE I. NSWC PROGRAM D E S I G N  GOALS 
( P e r  E l e c t r o d e  P a i r )  

Average P o w e r  2 . 5  - S MW 
Holdoff Vol tage  100 - 300 KV 
P u l s e  Width 20  - 50 usec 
Energy p e r  P u l s e  1 0  - 100 k i l o J o u l e s  
R e p e t i t i o n  Rate 50 - 250  pps 
Recovery Ra'te > 250 V / U s e c  
L i f e t i m e  105 p u l s e s  
E f f i c i e n c y  > 98 p e r c e n t  
Weight,  Volume Minimum 

A numer ica l  model h a s  been developed 
and expe r imen ta l  measurements are b e i n g  per -  
formed t o  unde r s t and  a n d  c o n t r o l  t h e  i n t e r -  
a c t i o n  between t h e  arc d i s c h a r g e  and t h e  , 
gas  f low i n  a s p a r k  gap swi t ch .  Fundamental 
r e s e a r c h  performed a t  The U n i v e r s i t y  o f  
Michigan,  i n  c o n j u n c t i o n  w i t h  t h e  Naval 
S u r f a c e  Weapons C e n t e r ,  has  been coord i -  
n a t e d  w i t h  a p a r a l l e l  e f f o r t  i n v o l v i n g  dc- 
s i g n  and f a b r i c a t i o n  o f  an improved s p a r k  

i 

The accomplishments  p e r  e l . ec t rode  p a i r  
f o r  t h e  AFAPL program a r e  g iven  i n  Table  I L  

TABLE 11. AFAPL ACCOMPLISBMENTS 
( P e r  E l e c t r o d e  P a i r t )  

Average Power 1. 4 mi 
Ho l d o  f f Vo 1 t age 2 0  KV 
P u l s e  Width 20  usec 
Energy p e r  P u l s e  5 . 6  k i l o J o u l e s  
R e p e t i t i o n  Rate 100 - 5 0 0  pps 
G a s  Flow 150 CFM ( A i r )  
Switch Grace P e r i o d -  700  uscc 
Charge T r a n s f e r  

p e r  P u l s e  280 mC 
L i f e t i m e  106 
Ef f i c i e n c v  - 9 9 . 7  percent 
Weight 
Volume 
T r i g g e r e d  

30 lb; 
0.6: f t 3  
Overvo l t ing  Mode 

t m o - i n c h  OD e l e c t r o d e s  made of copper  w i t h  
Tungs ten -S i lve r  t i p s .  

The d i r e c t i o n  o f  gas f low as  shown i n  
F ig .  1 was found t o  be  impor t an t ;  r e v e r s i n g  
t h e  f low by i n t r o d u c i n g  gas  through t h e  
e l e c t r q d e s  caused  a much s lower  s w i t c h  re- 
covery .  Reversed f low d i r e c t i o n  caused  t h e  
arc d i s c h a r g e  t o  be  convec ted  i n  a d i r e c -  
t i o n  o f  d e c r e a s i n g  f low v e l o c i t y  so t h a t  
a r c  t r a n s i t  t i m e  th rough t h e  gap w a s  i n -  
c r e a s e d .  When t h e  gas  i s  euhaus ted  through 
t h e  e l e c t r o d e s ,  a r c  v e l o c i t y  i n c r e a s e s  to- 
ward e l e c t r o d e  c e n t e r l i n e .  and t h e  h o t  qas 
i s  convected  a t  h igh  v e l o c i t y  o u t  of t h e  
swi t ch .  

d * A s s i s t a n t  P r o f e s s o r ,  Member A I A A .  
**Member A I A A .  
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R e s u l t s  o f  t h e  AFAPL s w i t c h  tes ts  i n d i -  
cate t h a t  t h e  fo l lowing  twelve v a r i a b l e s ,  
l i s t e d  i n  Table  111, a r e  impor t an t  i n  h igh  
power s p a r k  gap s w i t c h  o p e r a t i o n .  

- TABLE 111. PARAMETERS AFFECTING 
SWITCH OPERATION 

Gas Flow Rate  ( $ 1  Gap Spac ing  ( e )  
G a s  Type E l e c t r o d e  Shape 
G a s  P r e s s u r e  ( P )  E l e c t r o d e  M a t e r i a l  
Cur ren t  P u l s e  [ I ( t ) l  Grace P e r i o d  
Opera t ing  Vol tage  ( V )  Recharge T i m e  
Charge T r a n s f e r  (Q) R e p e t i t i o n  Frequency 

The above pa rame te r s  were found t o  be 
i n t e r r e l a t e d ,  c o m p l i c a t i n g  t h e  o p t i m i z a t i o n  
of swi t ch  performance.  Gas v e l o c i t y  was 
found t o  be one o f  t h e  most impor t an t  
parameters .  Local  v e l o c i t y  depends on f low 
r a t e ,  e l e c t r o d e  geometry,  gap spac ing  and 
g a s  p r e s s u r e .  rlaximm p u l s e  r e p e t i t i o n  
f requency  is  a f u n c t i o n  o f  r echa rge  rise- 
t i m e ,  o p e r a t i n g  v o l t a g e ,  and g race  p e r i o d  
b e f o r e  a p p l i c a t i o n o f v o l t a g e  waveform. 

The measured r e s t r i k e  r a t e  was found to  
d e c r e a s e  i f  t h e  gas  v e l o c i t y  was i n c r e a s e d .  
Inc reased  r e s t r ike  r a t e  occur red  due t o  i n -  
c r e a s e d  charge  t r a n s f e r  p e r  s h o t ,  r a t e  of 
r i se  o f  r echa rge  v o l t a g e ,  and a d e c r e a s e  i n  
g r a c e  pe r iod .  Larger  gap spac ings  a c t u a l l y  
i n c r e a s e d  r e s t r i k e  r a t e  because  flow ve loc -  
i t y  d iminished .  I t  was a l s o  found t h a t  by 
o b t a i n i n g  h i g h e r  gas  v e l o c i t i e s  by us ing  
smaller d i ame te r  e l e c t r o d e s ,  a l l  o t h e r  
pa rame te r s  be ihg  f i x e d ,  o p e r a t i o n  a t  h i g h e r  
v o l t a g e s  axd lower f low rates w a s  p o s s i b l e .  - 

To ho ld  o f f  v o l t a g e s  o f  300 K v ,  h igh  
g a s  p r e s s u r e s  and/or  l a r g e  gap spac ings  are 
r e q u i r e d .  For d ry  a i r ,  more t h a n  5 atmos- 
p h e r e s  p r e s s u r e  a r e  r e q u i r e d  f o r  gap spac-  
i n g  o f  2 c m .  Eoth h igh  gas  p r e s s u r e  and 
t h e  l a r g e  gap s p a c i n g  l e a d  t o  h igh  gas  f l o w  
r equ i r emen t s .  I n c r e a s i n g  t h e  gap spac ing  
l e n g t h  necessi ta tes  i n c r e a s e d  gas  f low i n  
o r d e r  t o  ma in ta in  a c o n s t a n t  f low v e l o c i t y  
i n  t h e  gap r eg ion .  A s  a r e s u l t  of these 
c o n s i d e r a t i o n s ,  i t  can be seen  t h a t  t h e  
d e s i g n  o f  a s p a r k  gap to  be o p e r a t e d  a t  
h i g h  r e p e t i t i o n  f r e q u e n c i e s  and h igh  v o l t -  
age  invo lves  a c a r e f u l  b a l a n c i n g  and o p t i -  
miza t ion  oc s e v e r a l  f a c t o r s .  A method cu r -  
r e n t l y  cons ide red2  t o  i n c r e a s e d  ho ldof f  
. v o l t a a e  v e t  minimize a a s  flow r a t e  i s  t o  ~. 
oPer3ce s e v e r , i l  qae coo lcd  spark  c3ps i n  
series. Ana lys i s  s h s w s  t h i s  to be Tore 
p r a c t i c a l  than  t h e  i n c r e a s i n g  gap dimension 
L because gas  flow r a t e  i n c r e a s e s  a s  E 3  
w h i l e  h o l d o f f  v o l t a g e  i n c r e a s e s  propor-  
t i o n a l  t o  9,. 

111. Numerical Model 

During normal  o p e r a t i o n  o f  a r e p e t i t i v e  
s p a r k  gap s w i t c h ,  energy  i s  d e p o s i t e d  i n  
t h e  spark  channel  by j o u l e  h e a t i n g  duriP.g 
t h e  conduct ion  c y c l e .  T h i s  energy  i s  par -  
t i a l l y  r a d i a t e d  away, p a r t l y  conducted t o  
t h e  e l e c t r o d e s ,  and p a r t l y  removed by con- 
v e c t i o n .  For  t h e  swi t ch  t o  f u n c t i o n  prop- 
e r l y ,  it is n e c e s s a r y  t h a t  t h e  d i e l e c t r i c  
s t r e n g t h  of t h e  gas  be r e s t o r e d  a f t e r  each  

2 

s h o t  b e f o r e  v o l t a g e  i s  r e a p p l i e d .  Other -  
w i s e ,  t h e  swi t ch  w i l l  r e s t . r i k e  p r i o r  t o  
t h e  n e x t  p u l s e .  In  o r d e r  for t h e  d i e l e c -  
t r i c  s t r e n g t h  o f  t h e  gas  t o  be r e s t o r e d  
be'zween s h o t s ,  it i s  n e c e s s a r y  t o  remove 
o r  c o o l  t h e  h o t  gas  g e n e r a t e d  by t h e  s p a r k .  
The e l e c t r o d e s  themselves  are a l s o  coo led  
by t h e  gas  f low.  Gas flow c o o l i n g  i s  
e s p e c i a l l y  impor t an t  i n  t h e  o p e r a t i o n  o f  
h i g h  power r e p e t i t i o u s  s p a r k  gaps .  

A numer ica l  model h a s  been developed  
which p r e d i c t s  t h e  d i e l e c t r i c  s t r e n g t h  o f  
t h e  f lowing  gas  and t h e  t r e n d s  i n  r e s t r ike  
p r o b a b i l i t y  a s  swi t ch  pa rame te r s  a r e  var -  
i e d .  The gas  f low p a t t e r n  and a l l  impor- 
t a n t  h e a t  t r a n s f e r  mechanisms have been 
i n c l u d e d  i n  t h e  model. The d i s c h a r g e  
column l e n g t h ,  r a d i u s ,  and t empera tu re  are 
de termined  as f u n c t i o n s  o f  t i m e  d u r i n g  t h e  
c u r r e n t  p u l s e  and subsequent  g a s  c o o l i n g  
p e r i o d .  

i s  t o  assess t h e  e f f e c t s  o f  t h e  in te r re -  
l a t e d  s w i t c h  pa rame te r s  l i s t e d  i n  Table  111 
t o  o p t i m i z e  d e s i g n  t r a d e o f f s .  The numeri-  
ca l  model h a s  a l s o  been used t o  de t e rmine  
which expe r imen ta l  measurements a r e  most 
u s e f u l  t o  b e t t e r  unders tand  s w i t c h  pe r -  
formance. 

The pr imary mot iva t ion  f o r  t h e  model 

The s p a r k  gap s w i t c h  i s  modelled by 
two e l e c t r o d e s  w i t h  geometry as shown i n  
F ig .  1. Geometry and dimensions corres- 
pond to  t h e  AFAPL t es t  s w i t c h  d e s c r i b e d  
p r e v i o u s l y .  Gap spac ing  i s  0 . 5  c m ,  o u t s i d e  
d i ame te r  is  5 .08  c m .  The s imple  t w o  elec- 
t r o d e  o v e r v o l t e d  spa rk  gap r e s u l t s  i n  r e l a -  
t i v e l y  uniform electr ic  f i e l d s ,  t h u s  h i g h e r  
ho ldo f f  v o l t a g e s  than  t r i g a t r o n  s p a r k  gaps .  
Air f l o w s  r a d i a l . 1 ~  inward a s  shown, e x i t i n g  
a l o n g  t h e  e l e c t r o d e  a x i s .  The des ign  i s  a 
good one from a gasdynamic s t a n d p o i n t  i n  
t h a t  t h e  d i s c h a r g e  l e n g t h  is fo rced  t o  
i n c r e a s e  by a f a c t o r  of 5 . 5  as it i s  con- 
vec ted  downstream O F  t h e  minimum gap y e t  
f low v e l o c i t y  i n  t h i s  r eg ion  remains 
c o n s t a n t  t o  w i t h i n  1 0 % .  

The spa rk -gene ra t ed  a r c  d i s c h a r g e  i s  
assumed t o  have c y l i n d r i c a l  geometry f o r  
s i m p l i c i t y .  The low d e n s i t y ,  h i g h l y  v i s -  
cous  h o t  gas  column is  e s s e n t i a l l y  imper- 
v i o u s  t o  t h e  su r round ing  gas  f low,  s i n c e  
by c o n t i n u i t y  t h e  small  a b s o l u t e  d e n s i t y  
v a r i a t i o n s  i n  t h e  low d e n s i t y  c o l u m  re- 
s u l t s  i n  a n e t  mass i n f l o w  t h a t  is a 
n e u l i u i b l e  f r a c t i o n  o f  t h e  mass f l o w  o f t h e  ~, 
su r round inq  $15. A ur . : fo r i  r , i d i s l  t cn?e r3 -  
t u r c  ?rofilr :s a s s u i e d  f c r  s r n p l i c i c y :  
t h i s  assumption i s  n e a r l y  r e a l i z e d  by r a d i -  
a t i o n  dominat.ed a r c s 3 .  Cond i t ions  o f  l o c a l  
thermodynamic e q u i l i b r i u m  can be expec ted  
t o  p r e v a i l  f o r  t h e  p r e s e n t l y  cons ide red  
e l e c t r i c  f i e l d s ,  g a s  p r e s s u r e  o f  one atmos- 
phere  and t i m e  scales o f  many microseconds4. 

inward a s  shown i n  F ig .  1; an arc v e l o c i t y  
of 9 5 %  o f  t h e  c a l c u l a t e d  ave rage  gas  ve loc -  
i t y  a t  t h a t  r a d i a l  l o c a t i o n  h a s  been used.  
Photographs o f  t r a n s v e r s e l y  blown d i s -  
cha rges  i n  s i m i l a r  gaps  were used t o  

The d i s c h a r g e  i s  convec ted  r a d i a l l y  



e s t i m a t e  a r c  r e l a t ive  v e l o c i t y 5 r 6 .  Mcasure- 
m e n t  o f  d i s c h a r g e  v e l o c i t y  i n  t h e  p r e s e n t  
geometry i s  a major goa l  o f t h e e x p e r i m e n t a l  
p a r t  of t h i s  program. 

The p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  
govern ing  h e a t  t r a n s f e r  have been s i m p l i -  - f i e d  t o  t h e  fo l lowinq :  

(31  

t h e  arc c e n t e r l i n e .  C e n t e r l i n e  t empera tu re  
T and area A are de termined  a s  f u n c t i o n s  o f  
t i m e  t. The c u r r c n t  p u l s e  waveform I ( t )  is 
s u p p l i e d  t o  c a l c u l a t e  t h e  J o u l e  h e a t i n g  
term. T o t a l  r a d i a t i o n  losses U ( T )  i n  
w a t t s / c m 3  f o r  h i g h  t empera tu re  a i r  a t  o n e  
atmosphere have been c a l c u l a t e d  by Hermann 
and Shade', E i s  a f a c t o r  g r e a t e r  t h a n u n i t y  
t h a t  i n c l u d e s  reabsorbed  r a d i a t i o n  and is 
de termined  from t h e  same r e f e r e n c e .  Dens i ty ,  
P ,  h e a t  c a p a c i t y ,  Cp.  t he rma l  c o n d u c t i v i t y ,  
k, and e l e c t r i c a l  c o n d u c t i v i t y ,  a ,  o f  a i r  
v a r y  w i t h  t empera tu re  a c c o r d i n g  t o  Y o s ~ .  
Radia l  conduct ion  losses i n  t h e  p a r t i a l  d i f -  
f e r e n t i a l  e q u a t i o n  have been approximated 
by - 4nkT/A w h i c h  would be  e x a c t  f o r  t h e  
case of a p a r a b o l i c  t empera tu re  p r o f i l e .  
T h i s  assumpt ion ,  proposed by Lowkeg, con- 
s i d e r a b l y  s i m p l i E i e s  t h e  a n a l y s i s ;  h i s  
r e s u l t s  f o r  a n  a x i a l l y  blown arc show good 
agreement  w i t h  exper iment .  

Equat ion  ( 2 )  is t h e  boundary c o n d i t i o n  
t h a t  d e f i n e s  t h e  a r c  a r e a  such t h a t  t o t a l  
energy  ba lance  i s  s a t i s f i e d ,  s i m i l a r  t o  t h a t  
used by F r o s t  and Liebcrmannlo.  
convec t ion  1o.sses from a c y l i n d e r  i n  t r a n s -  
verse f l o w  a r e  g iven  by Eq. ( 3 )  f o r  N u s s e l t  
numbcr Nu. Reynolds number, R e ,  is t h e  
r e l a t i v e  V e l o c i t y ,  U 1 : :  t imes arc d iame te r  
d i v i d e d  by f r e e  strca.n k inemat i c  v i s c o s i t y .  

impor t an t  i n  t h e  f i n a l  c o o l i n g  p rocess  and 
is  de termined  from: 

615 Nu = .466 R e '  

Equat ion  (1) i s  t h e  energy  ba lance  on 

c_, 

Forced 

The v a r i a t i o n  o f  a r c  l e n g t h ,  ( e ) ,  is 

( 4 )  
ID - \/d' - ( 2  - HI' ( H  - Z I P .  

where ir i s  t h e  gas  f low rate  i n  CFM, D and 
d are d e f i n e d  i n  Fig.  1. 

The s i m p l i f y i n g  assumpt ions  d e s c r i b e d  
above have been inc luded  i n  t h e  model be- 
cause  i t  w a s  f e l t  t h a t  a t t e m p t s  t o  s o l v e  
t h e  f u l l  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  
vou1.d n o t  r e a d i l y  allow t h e  i n c l u s i o n  o f  
a l l  impor t an t  p h y s i c a l  p r o c e s s e s ,  e s p e c i a l l y  
t r a n s v e r s e  convec t ion  and a r c  l e n g t h  v a r i a -  
t i o n s .  I n  t h e  p r e s e n t  s i m p l i f i e d  model, 
t h e  fo l lowing  i n p u t  can  be v a r i e d :  c u r r e n t  
waveform, e l e c t r o d e  geometry,  g a s  f low rate ,  

Vol tage  waveform, d i s c h a r g e  r e l a t i v e  
-/ r e a l  gas  t r a n s p o r t  p r o p e r t i e s ,  r ecove ry  

3 

v e l o c i t y ,  and i n i t i a l  c o n d i t i o n s  of t e m ;  ir- 
a t u r e  and a r e a .  Exper imenta l  measurements 
of t h e  l a t t e r  t h r e e  q u a n t i t i e s  are  p r e s e n t -  
l y  be ing  performed.  

S o l u t i o n s  t o  Eqs. (11-(4) w e r e  o b t a i n -  
ed u s i n g  Hamming's modi f ied  p r e d i c t o r -  
c o r r e c t o r  scheme.  ?he scheme i s  a s t a b l e  
f o u r t h  o r d e r  i n t e g r a t i o n  p rocedure  i n i t i a t -  
ed  by a Runge-Kutta t e c h n i q u e ;  c o r r e c t  s t e p  
size f o r  each  i t e r a t i o n  i s  de termined  f o r  
maximum accuracy .  

Experimencal  d a t a . a n d  d imens ions  of 
, the  AFAPL s p a r k  gap  s w i t c h  a s  shown i n  
F ig .  1 were used .  Cur ren t  waveforms used 
i n  t h e  model d u p l i c a t e d  e x p e r i m e n t a l l y  
measured waveforms. I n  two series o f  tests, 
peak c u r r e n t s  were 2 . 3  and 1 5  Kiloamps w i t h  
p u l s e  d u r a t i o n s  of 32 usec and 88  vsec, 
r e s p e c t i v e l y .  

R e s u l t s  Eot one  t k p i c a l  s p a r k  gap  f i r -  
i n g  are shown i n  F ig .  2 .  Joule h e a t i n g  
c a u s e s  r a p i d  i n c r e a s e s  i n  a rc  t empera tu re  
and d i ame te r .  R a d i a t i o n  losses a r e  domi- 
n a n t  i r rmediately a f t e r  t h e  c u r r e n t  p u l s e ,  
u n t i l  t h e  a r c  t empera tu re  d e c r e a s e s  below 
10.00O0K. Convect ive  c o o l i n g  and a rc  
s t r e t c h i n g  then  dominate  a s  t h e  h o t  gas  
c o n t i n u e s  t o  move downstream w i t h  t h e  f low.  
The s l i g h t  i n c r e a s e  i n  a rc  r a d i u s  a t  
16,000"K i s  due  t o  a l a r g e  l o c a l  maximum i n  
t h e  c u r v e  of h e a t  c a p a c i t y  o f  a i r  v e r s u s  
t empera tu re .  

For s u c c e s s f u l  s w i t c h  o p e r a t i o n ,  t h e  
g a s  d e n s i t y  m u s t  i n c r e a s e  t o  n e a r l y  ambient  
d e n s i t y  b e f o r e  t h e  v o l t a g e  waveform i s  
r e a p p l i e d ,  o r  r e s t r i k e  w i l l  occu r .  The 
breakdown p o t e n t i a l  f o r  t h e  gap  has  been 
c a l c u l a t e d  us ing  e m p i r i c a l  d a t a l '  o b t a i n e d  
a t  h igh  t empera tu res  and f i t  to  t h e  Paschen 
breakdown r e l a t i o n :  

6.958 x L O 4  i/T 
(51 ._ 

"BD - Pn (668,900 L/Tl  

where t is t h e  column l e n g t h  and tempera- 
t u r e  T i s  i n v e r s e l y  p r o p o r t i o n a l  t o  g a s  
d e n s i t y .  Gas i o n i z a t i o n  i s  n e g l i g i b l e  f o r  
t h e  t empera tu res  t h a t  e x i s t  by t h e  t i m e  t h e  
v o l t a g e  waveform is r e a p p l i e d .  Breakdown 
v o l t a g e  is p l o t t e d  i n  F i g .  3 f o r  t h e  t e m -  
p e r a t u r e  decay i l l u s t r a t e d  i n  F ig .  2 .  When 
t h e  breakdown p o t e n t i a l  (VBD) o f  t h e  h o t  
c y l i n d e r  f i n a l l y  exceeds  t h a t  of t h e  mini-  
mum gap  i t s e l f ,  t h e  l a t t e r  c o n s t a n t  q u a l i t y  
is  p l o t t e d .  

A r e a p p l i e d  v o l t a g e  waveform ( V )  s i m i -  
l a r  t o  t h a t  used  i n  t h e  s w i t c h  tests of 
Ref.  1, i s  shown i n  F ig .  3. A f t e r  a g r a c e  
t i m e  o f  5 0 0  usec, t h e  v o l t a g e  rises i n  a 
(1-cos w t )  waveform w i t h  a n  ave rage  r a t e  o f  
rise o f  1 4  v / ~ s e c .  R e s t r i k e  p r o b a b i l i t y  
shown i n  F ig .  2 has  been c a l c u l a t e d  us ing  
t h e  b e s t  a v a i l a b l e  empirical r e l a t i o n  be- 
tween r e s t r i k e  r a t e  and t h e  v o l t a g e  d i f -  
f e r e n c e  (VBD - More a c c u r a t e  e x p e r i -  
menta l  measurements o f  r e s t r i k e  p r o b a b i l i t y  
f o r  t h e  p r e s e n t  geometry a r e  p r e s e n t l y  
be ing  performed. 



Numerical r e s u l t s  have been o b t a i n e d  
f o r  gas  f low rates Corresponding t o  swi t ch  
.tests o f  Ref. 1, and a r e  shown i n  F i g s .  2- 
5 .  An i n c r e a s e  i n  gas  f low rate c a u s e s  an  
i n c r e a s e  i n  g a s  c o o l i n g  and d i e l e c t r i c  re- 
covery ,  c a u s i n g  r e s t r i k e  r a t e  t o  d e c r e a s e .  
The numer ica l  model p r e d i c t s  t h e  same 
t r e n d s  a s  were observed  e x p e r i m e n t a l l y  i n  
t h e  AFAPL tests o f  R e f .  1. Higher g a s  
f low rates are c o r r e c t l y  p r e d i c t e d  t o  be 
n e c e s s a r y  t o  o b t a i n  h ighe r  p u l s e  r e p e t i -  
t i o n  r a t e s .  

v 

The model a l s o  i n d i c a t e s  t h a t  t h e  
problem i s  n o t  s imply  one  of blowing h o t  
gas from t h e  gap. When.the arc r a d i u s  ex- 
pands a s  i n  F ig .  2 ,  s i g n i f i c a n t  h e a t i n g  o f  
gas ups t ream of t h e  gap may o c c u r ;  t h i s  
g a s  t r a v e l s  a t  v e l o c i t i e ' s  o n l y  one  t e n t h  
t h a t  o f  g a s  downstream of t h e  gap.  S ig-  
n i f i c a n t  h e a t i n g  o f  t h e  low v e l o c i t y  gas  
ups t ream o f  t h e  gap  can  s e r i o u s l y  degrade  
s w i t c h  performance.  Fur thermore ,  t h e  a r c  
v e l o c i t y  may n o t  s c a l e  a s  t h e  g a s  v e l o c i t y  
and may be  s i g n i f i c a n t l y  lower than  g a s  
v e l o c i t y  under  c e r t a i n  c o n d i t i o n s .  

R e s u l t s  o f  t h e  a n a l y t i c  program t o  
date i n d i c a t e  t h a t  expe r imen ta l  measure- 
ments o f  a r c  r e l a t i v e  v e l o c i t y  and s w i t c h  
r e s t r i k e  p r o b a b i l i t y  are  needed t o  p rov ide  
e m p i r i c a l  i n p u t  d i r e c t l y  a p p l i c a b l e  t o  t h e  
p r e s e n t  geometry.  The numer ica l  model has  
.shown t h a t  s e v e r a l  c a u s e s  o f  swi t ch  re- 
s t r i k e  a r e  p o s s i b l e .  For example,  i n f r e -  
q u e n t  i n i t i a l  breakdown c e n t e r e d  upstream 
o f  t h e  minimum.gap can  l e a d  t o  e x c e s s i v e l y  
l a r g e  d i e l e c t r i c  recovery  t i m e s  and swi t ch  
r e s t r i k e .  

v 
IV. Exper imenta l  Measurements 

An expe r imen ta l  program i s  p r e s e n t l y  
underway t o  measure d i s c h a r g e  d i ame te r ,  
t empera tu re ,  and r e l a t i v e  v e l o c i t y ,  and 
s w i t c h  r e s t r i k e  p r o b a b i l i t y .  The Univer- 
s i t y  o f . M i c h i g a n ' s  Cascade A r c  F a c i l i t y ,  
shown s c h e m a t i c a l l y  i n  F i g ,  6 ,  has  been 
used t o  o b t a i n  r e p e a t a b l e  and c o n t r o l l e d  
arc d i s c h a r g e s  i n  f lowing  g a s e s .  

S c h l i e r e n  photographs  o f  d i s c h a r g e  
d i ame te r  and l o c a t i o n  a r e  be ing  made a t  
f raming r a t e s  o f  2 x 106 f rames /sec  us ing  
a Beckman-Whitley cameral3.  

Temperature  measurements are be ing  
made u s i n g  a unique  computer c o n t r o l l e d  
o p t i c a l  scanning  system. I n t e n s i t i e s  o f  
t h e  s g e c t r a l  m u l t i p l e t s  a t  5679 A and 
4 1 9 3  A i n  t h e  N I I  emiss ion  spa rk  spectrum 
are measured us ing  a r o t a t i n g  mirror and 
GCA McPherson 216.5 Polychromator .  Com- 
p l e t e  r a d i a l  t empera tu re  p r o f i l e s  i n  t h e  
d i s c h a r g e  are deduced a t  t i m e  i n t e r v a l s  of 
50 llsec from t h e  measured l i g h t  i n t e n s i t y  
P r o f i l e s ,  a f t e r  p r o p e r l y  s u b t r a c t i n g  back- 
ground i n t e n s i t y  p r o f i l e s  and per forming  
a n  Abel i n v e r s i o n .  

For  a plasma ( s i n g l y  i o n i z e d  n i t r o g e n  
i n  t h i s  case) having  a Maxwell Boltzmann -' d i s t r i b u t i o n  o f  e l e c t r o n i c  cnergy  l e v e l s ,  
E i r  local  t empera tu re  can  b.e deduced from 

t h e  measured r a t io  o f  volume emiss ion  c o e f -  
f i c i e n t s  c i . / ~ j  o f  t w o  s p e c t r a l  m u l t i p l e t s  
From: 

(Ei - E . ) / k  
= 9. A .  3. E .  ' ( 6 )  

en 2 2 2 J  
g. A .  v .  E .  

I 3 1 1  

Q u a n t i t i e s  A i  and q i  are t r a n s i t i o n  proba-  
b i l i t i e s  and m u l t i p l i c i t y  f a c t o r s ,  r e spec -  
t i v e l y ,  co r re spond ing  t o  m u l t i p l e t  f requen-  
c ies  v i ,  v j  which were s e l e c t e d  f o r  optimum 
measurement s e n s i t i v i t y .  

A t v D i c a l  ternDerature D r o f i l e  o f  a _. 
.2Ka axia! ly  blow:. c i r c u i t  b r c a k c r  a r c  i s  
sk3wn r n  Fiq. 7. D i g i t a l  t cn t : e ra t c re  
v a l u e s  can be  o b t a i n e d  a t  sample i n t e r v a l s  
as s m a l l  as 10 nanoseconds i n  t h i s  f a c i l -  
i t y .  Temperature  measurements f o r  t h e  
s p a r k  gap geometry are p r e s e n t l y  i n  
p r o g r e s s .  

V. Conclus ions  

A program h a s  been i n i t i a t e d  t o  inves-  
t i g a t e  t h e  i n t e r a c t i o n s  between arc d i s -  
cha rges  and gas  f lows t h a t  occur  i n  h igh  
power, h i g h  r e p e t i t i o n  rate s p a r k  gap  
swi t ches .  

1. A numer ica l  model h a s  been developed  
which p r c d i c t s  t h e  d i s c h a r g e  tempera- 
t u r e ,  r a d i u s  and length. ,  a s  w e l l  as 
approximate  d i e l e c t r i c  r ecove ry  r a t e  
o f  t h e  gap  v e r s u s  t i m e .  Maxi.mum 
r e p e t i t i o n  r a t e  of t h e  s w i t c h  i s  t h e n  
p r e d i c t e d .  

2 .  The model i n c l u d e s  tho  p r o c e s s e s  of 
t r a n s v e r s e  convec t ive  c o o l i n g ,  r a d i a -  
c ion  losses, a r c  l e n g t h  v a r i - a t i o n s ,  
and i n t e r n a l  conduct ion .  The program 
r e q u i r e s  t h e  fo l lowing  t o  be s u p p l i e d :  
gap geometry,  c u r r e n t  p u l s e  waveform, 
v o l t a g e  recovery  waveform, and r e a l  
gas  t r a n s p o r t  p r o p e r t i e s .  A n a l y t i c a l  
work i n d i c a t e s  t h a t  t h e  fo l lowing  
e m p i r i c a l  i n p u t  is  impor t an t :  a r c  
r e l a t i v e  v e l o c i t v .  i n i t i a l  a r e a  and 
t empcra tu rc  i n n e d r ~ i t o l y  a f c e r  Srcak-  
down, and r e t t r i k e  p r o b a b i l i t y  phc- 
nomena. 

3.  An expe r imen ta l  program i s  p r e s e n t l y  
i n  p r o g r e s s  t o  o b t a i n  t h e  above men- 
t i o n e d  e m p i r i c a l  d a t a .  S p e c t r o s c o p i c  
and pho tograph ic  measurements o f  a r c  
t empera tu re ,  r a d i u s ,  v e l o c i t y  and 
r e s t r i k e  p r o b a b i l i t y  are be ing  made 
i n  The U n i v e r s i t y  o f  Michigan ' s  
Cascade Arc F a c i l i t y .  

4 .  The n u n e r i c a l  nodel  c o r r c c t l y  ? r e d i c t s  
a d e c r e a s e  i n  r c s t r i k c  r a t e  a s  qas 
f low r a t e  i n c r e a s e s ,  as h a s  been 
measured exper imenta l ly1 .  Decreas ing  
t h e  r a t e  o f  rise o f  r ecove ry  v o l t a g e  
and i n c r e a s e  swi t ch  g r a c e  t ime a l s o  
d e c r e a s e s  r e s t r i k e  r a t e ,  i n  agreement  
w i t h  exper iments .  Switch performance 
i s  p r e s e n t l y  b e i n g  p r e d i c t e d  for  v a r i -  
a b l e  geometry and c u r r e n t  waveform. 
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