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Results are presented of investigations of the dependence of crater 
diameter and depth and of transfer of electrode material for a spark 
discharge in txansfermer oil under an external pressure ranging from 
1.01 �9 l0 s t o 252.5 �9 10 s N/m ~ . The results obtained are discussed from 
standpoint of the role of the transient pressures and the surface and 
thexmophysical properties of the liquid metal. 

The e l e c t r i c a l  e r o s i o n  du r ing  a s p a r k  d i s e h a r g e  
in an h e r m e t i c a l l y  s e M e d  c h a m b e r  f i l l ed  with t r a n s -  
f o r m e r  oi l  depends  a p p r e c i a b l y  on the e x t e r n a l  s t a t i c  
p r e s s u r e s  [11. The a u t h o r s  of [1] exp la in  th i s  r e l a -  
t i o a s h i p  in t e r m s  of the  d i f f e r e n t  v a l u e s  of the  t r a n -  
s i en t  p r e s s u r e s  in the  d i s c h a r g e  gap,  by  the s u r f a c e  
p r o p e r t i e s  of the  e l e c t r o d e  m a t e r i a l ,  and by  the  con -  
d i t ions  o f r e m o v a I  of f u s e d  m e t a l  f r o m  the i n t e r e I e c -  
t r o d e  space .  It was  noted that  the  e x t e r n a l  s t a t i c  
p r e s s u r e s  m u s t  be  a p p r e c i a b l y  in f luenced  both b y  v a r i -  
a t ion  of the  d i m e n s i o n s  of  the  g a s  bubble ,  and by the  
t r a n s f e r  of m e t a l  a t  c o n s i d e r a b l e  s t a t i c  p r e s s u r e s  m a y  
a l so  be one c a u s e  of d e c r e a s e d  e l e c t r i c a l  e r o s i o n ,  a s  
d e t e r m i n e d  by the weight  of the e l e c t r o d e  b e f o r e  and 
a f t e r  a d i s c h a r g e .  In add i t ion ,  the  e x t e r n a l  s t a t i c  
p r e s s u r e s  m u s t  have  an  a p p r e c i a b l e  inf luence  on the 
s p a r k  d i s c h a r g e  channel  d i a m e t e r ,  and t h e r e f o r e ,  on 
the  s i ze  of the c r a t e r  f o rmed .  

F o r  an e x p e r i m e n t a l  v e r i f i c a t i o n  of the above  h y -  
p o t h e s e s  we m a d e  s i m u l t a n e o u s  o s c i l l o g r a p h i c  and 
h i g h - s p e e d  p h o t o g r a p h i c  r e c o r d s  of the  d i s c h a r g e ,  
and m e a s u r e d  the e r o s i o n ,  the  d i a m e t e r  and depth  of 
the c r a t e r s  f o r m e d ,  a s  wel l  a s  the  amount  of m e t a l  
t r a n s f e r r e d  be tween  e l e c t r o d e s .  

The e x p e r i m e n t a l  a p p a r a t u s ,  which has  been  d e -  
s c r i b e d  in [1], a l lowed  us to conduct  e l e c t r i c a l  d i s -  
c h a r g e s  in an h e r m e t i c a l l y  s e a l e d  c h a m b e r  with e x -  
t e r n a l  s t a t i c  p r e s s u r e s  f r o m  1.01 �9 105 to 252.5" 
�9 105 N / m  2. The  i nves t i ga t i on  was  c a r r i e d  out with in -  
d ividuM c o n t a c t l e s s  d i s c h a r g e s  (C = 100 pF ,  U = 1 0 0 0 -  

2000 V) be tween  c y l i n d r i c a l  e l e c t r o d e s  of c o p p e r  and 
A r m c o  i ron ,  whose  work ing  s u r f a c e s  had  been  p r e -  
v ious ly  po l i shed .  The d i a m e t e r  and depth of the  c r a t e r s  
w e r e  m e a s u r e d  on a P M T - 3  m i c r o s c o p e .  

3 . 0 ~ t .  ~ 

F ig .  1. V a r i a t i o n  of c r a t e r  d i a m -  
e t e r  D, m (1 -3 )  and depth h, m 
(4 -6 )  for  d i s c h a r g e  in an  open 
c h a m b e r ,  a s  a funct ion  of e x t e r -  
nal  p r e s s u r e  P ,  N / m  2, i n a l i q u i d  
d i e l e c t r i c  m e d i u m  with C = 100 
#F ,  U = 2000 V for  Cu (1 and 4) 
and F e  (2 and 5), and for  U = 

= 1200 V for  Cu (3 and 6). 

R m a y  be s e e n  f r o m  Fig .  3 tha t  the c r a t e r  depth 
i n c r e a s e s  m o n o t o n i c a l l y  whi le  the  d i a m e t e r  d e c r e a s e s ,  
a s  e x t e r n a l  s t a t i c  p r e s s u r e  is  i n c r e a s e d .  

F o r  a d i s c h a r g e  in a gas  m e d i u m  s i m i l a r  l aws  w e r e  
p r e d i c t e d  t h e o r e t i c a l l y  by Drabk ina  [2], and ob ta ined  
e x p e r i m e n t a l l y  b y  G e r e c h k o r i  [3]. 

The e x p e r i m e n t a l l y  ob ta ined  d e p e n d e n c e s  m a y  be 
e a s i l y  exp la ined  by  c o n t r a c t i o n  of the  channel  of the:, 

F ig .  2. P h o t o g r a p h s  of c r a t e r s  on the s u r f a c e  of A r m c o  i ron  for  d i s c h a r g e s  in t r a n s f o r m e r  
oi l ,  wi th  U = 2000 V, C = 100 #F,  and e x t e r n a l  p r e s s u r e  P,  NTm 2 of: a) 1.01" 105; b) 101- 

�9 105; c) 202" 105 . 
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s p a r k  d i s c h a r g e  due to the s t e a d i l y  i n c r e a s i n g  c o u n t e r -  
p r e s s u r e  of the l iquid  with i n c r e a s e  of s t a t i c  p r e s s u r e .  
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F ig .  3. Dependence  of the d i f f e r ence  in 
dens i t y  of the chosen  l i ne s ,  AS, p r o -  
p o r t i o n a l  to the  l o g a r i t h m  of the c o n c e n -  
t r a t i o n  of m a t e r i a l  in the  a r c  gap,  on the  
b u r n - o f f  t i m e  t,  sec ,  for  a d i s c h a r g e  in 
open c h a m b e r  (1) and in a h e r m e t i c  c h a m -  
b e r  (2), with P = 151.5-  105 and 50.5 .  

�9 105 N / m  2 (3 and 4). 

As is shown by the c u r r e n t  and vo l tage  o s c i l l o -  
g r a m s ,  the va lue  of the  e n e r g y  l i b e r a t e d  dur ing  the 
d i s c h a r g e  does  not depend on the  e x t e r n a l  s t a t i c  p r e s -  
su re .  

D e c r e a s e  of the d i s c h a r g e  channel  d i a m e t e r ,  for  
the  e n e r g y  l i b e r a t e d  du r ing  the d i s c h a r g e ,  l e a d s  to 
c o n t r a c t i o n  of the s u r f a c e  t h e r m a l  s o u r c e  and thus  to 
i n c r e a s e  of the t h e r m a l  power  p e r  unit  a r e a  of the  
e l e c t r o d e  s u r f a c e .  T h e r e f o r e  t h e r e  wil l  a l so  be an 
i n c r e a s e  in the  depth  of fused  m e t a l  for  a c e r t a i n  d e -  
c r e a s e  in c r a t e r  d i a m e t e r .  

It m a y  be seen  f rom the pho tog raphs  p r e s e n t e d  (Fig.  
2), tha t  with i n c r e a s e  of e x t e r n a l  p r e s s u r e ,  the na tu r e  
of the c r a t e r  s t r u c t u r e  changes  a p p r e c i a b l y .  F o r  a 
d i s c h a r g e  in t r a n s f o r m e r  oil  a t  a t m o s p h e r i c  p r e s s u r e  
(Fig.  2a), the c r a t e r  s u r f a c e  ( apa r t  f rom the p e r i -  
p h e r a l  r eg ion)  is qui te  smooth .  Th i s  is  due to the fac t  
tha t  p r a c t i c a l l y  a l l  of the  fused  m e t a l  r e m o v e d  f rom 
the e l e c t r o d e s  is  th rown out of the i n t e r e l e c t r o d e  gap  
and s c a t t e r e d  into the  s u r r o u n d i n g  m e d i u m .  At the  
i n c r e a s e d  s t a t i c  p r e s s u r e s  {Fig. 2b and c) t h e r e  a r e  
good p i c t u r e s  of p a r t i c l e s  of c r y s t a l l i z e d  m e t a l  which 
has  e i t h e r  not been  th rown beyond the end s u r f a c e  of 
the  e l e c t r o d e s  o r  has  f a l l en  back  onto it aga in  upon 
c o l l a p s e  of the gas  bubble .  The na tu r e  of the  l i n e a r l y  
d e p o s i t e d  m e t a l  p a r t i c l e s  (Fig.  2c) shows tha t  the 
second  p o s t u l a t e  is m o r e  p robab l e .  

The t r a n s f e r  of m e t a l  at  v a r i o u s  s t a t i c  p r e s s u r e s  
was  i n v e s t i g a t e d  by two m e t h o d s :  1) by s p e c t r a l  a n a l -  
y s i s ,  and 2) us ing  r a d i o a c t i v e  i so topes .  

In the f i r s t  c a se  the inves t iga t ion  was conducted  
a c c o r d i n g  to the fol lowing technique.  The d i s c h a r g e  
was c r e a t e d  be tween  a copper  (cathode) and a n ickel  
(anode) e l e c t r o d e  under  the s a m e  condi t ions .  Af te r  
the d i s c h a r g e  the ca thode with n icke l  t r a n s f e r r e d  to it 
s e r v e d  as  one of the e l e c t r o d e s  in a s p e c t r a l  ana ly s i s .  
The second  e l e c t r o d e  (copper)  was  s h a r p e n e d  to an 
angle  of 14 ~ The d i s t ance  be tween  the e l e c t r o d e s  in 
the  s p e c t r a l  a n a l y s i s  was 2 mm.  Burn -o f f  s p e c t r o -  
g r a m s  were  r e c o r d e d  for  10 sec  each (over  70 sec)  
on an ISP-28  s p e c t r o g r a p h  with the a id  of a DG-2 a r c  
g e n e r a t o r  a t  a c u r r e n t  (without bu rn -o f f )  of 5 A and a 
s p e c t r o g r a p h  s l i t  width of 0.015 mm.  The pho tograph ic  
p l a t e s  (type I) we re  deve loped  fo r  3 ra in  in s t a n d a r d  
Ghib i sov  deve lope r .  M i c r o p h o t o m e t r y  of the s p e c t r a l  
l i ne s  (Ni 3050.8 A and Cu 3073.8 A) was done on a 
M F - 2  m i c r o p h o t o m e t e r .  The chosen  l i ne s  w e r e  ho-  
mologous  pa i r .  

It may  be s een  f r o m  Fig .  3 tha t  with i n c r e a s e  of 
a r c  burn ing  t i m e  the n icke l  is  g r a d u a l l y  bu rned  off. 
The g r e a t e s t  amount  of n icke l  was  t r a n s f e r r e d  to the 
anode at  an e x t e r n a l  s t a t i c  p r e s s u r e  of P = 50.5- 105 
N / m  S (curve 4). The l e a s t  c o n c e n t r a t i o n  of n icke l  on 
the  coppe r  was  o b s e r v e d  in the c a s e  of a d i s c h a r g e  at  
a t m o s p h e r i c  p r e s s u r e  (curves  1, 2). 

F i g u r e  4 (curve 1) shows the r e s u l t s  of the i n v e s t i -  
ga t ion  of t r a n s f e r ,  a s  ob ta ined  with the a id  of r a d i o -  
ac t ive  i so topes .  A c y l i n d r i c a l  c o p p e r  e l e c t r o d e  of 
m a s s  0.003 kg,  used  as  the anode,  was  a c t i v a t e d  p r i o r  
to the  e x p e r i m e n t  in a v e r t i c a l  channe l  of the IRT-2000 
a tomic  r e a c t o r  of the  AS BSSR. The neu t ron  flux at  the 
s p e c i m e n  l o c a t i o n  was  1013 n e u t r o n s / c m  2. sec ,  The 
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Dependence of the number 
of p u l s e s  N (1), the  d i f f e r e n c e  of 
d e n s i t y  for  a b u r n - o f f  t i m e  of 10 
sec ,  AS (2), and the to ta l  e r o s i o n  
A m ,  kg (3) on the e x t e r n a l  p r e s s u r e  

P ,  N / m  S. 

e l e c t r o d e  s e r v i n g  as  the anode was i r r a d i a t e d  for  10 
sec .  Fo l lowing  i r r a d i a t i o n  the  c o p p e r  con ta ins  s e v e r a l  
f l - ac t ive  i s o t o p e s ,  the two m o s t  ac t ive  c o n t r i b u t o r s  
be ing  Cu I~ with a h a l f - l i f e  of 5] rain,  and Cu ~4 with 13 
h r ;  the l a t t e r  is  the  m o r e  convenien t  for  our  t es t .  F o r  
th i s  r e a s o n  the s p e c i m e n  was  d e - e x c i t e d  for  4 h r ,  at  
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which t ime  the Cu 66 isotope had p r ac t i c a l l y  comple te ly  
decayed.  We may the re fo re  cons ide r  that  the s p e c i m e n  
p o s s e s s e d  only a f i -ac t iv i ty  of ha l f - l i fe  1 3 h r .  T h e  
e l ec t rodes  which had se rved  as cathodes dur ing  the 
d i scha rges  were  evaluated  for f l -ac t iv i ty  in a lead 
cas t le  with an end-window SBT-7 counte r  and a s c a l e r  
under  ident ical  condi t ions ,  the background count  being 
not m o r e  than 20/rain.  F r o m  a c o m p a r i s o n  of the de-  
pendence  of the d i f fe rence  of densi ty ,  AS, on P (for a 
bu rn -o f f  t ime  of 10 sec)  with the dependence of the fl- 
ac t iv i ty  of the cathode N, on P (curve 1) it may  be 
seen  that  the two methods  give r e s u l t s  that  a re  in qua l -  
i ta t ive ag reemen t .  Max imum t r a n s f e r  occur s  in both 
ca se s  at a p r e s s u r e  of 50.5- 105 N / m  2, then followed 
by the h igher  p r e s s u r e ,  151.5 �9 l0  s N /m 2, and quite 
sma l l  t r a n s f e r  is observed  in the case  of d i scharge  in 
a h e r m e t i c  chambe r  without ex te rna l  s ta t ic  p r e s s u r e .  

High-speed  photography of the expans ion  p r oc e s s  
of the gas bubble ,  p e r f o r m e d  us ing  a S K S - l m  c a m e r a  
(4000 f r a m e s / s e c )  showed that  with i n c r e a s e  of ex-  
t e r n a l  s ta t ic  p r e s s u r e  the l im i t i ng  s ize of the gas bub-  
ble and its expans ion  and col lapse  t imes  d e c r e a s e d  
apprec iab ly .  Thus,  at a s ta t ic  p r e s s u r e  of P = 50.5.  
�9 105 N / m  2 (C = 100 #F,  U = 1200 V) the m a x i m u m  
rad ius  of the gas bubble was 0.47 cm,  and 0.63 cm in 
the h e r m e t i c  chamber ,  and for d i scha rge  in a pool of 
l iquid with a f ree  su r face ,  1.6 cm. 

The col lapse  t ime  of the gas bubble (t), as c a l c u l a -  
t ion has  shown [4], is p ropor t iona l  to P0 -5/6, where  
P0 is the ex te rna l  s ta t ic  p r e s s u r e  co r r e spond ing  to the 
hydros ta t i c  p r e s s u r e  at the depth of explos ion of a 
chemica l  explosive .  At an ex t e rna l  s ta t ic  p r e s s u r e  of 
P = 50.5 �9 10 ~ N/In 2, the t ime  of f i r s t  expans ion  of the 
gas bubble  is roughly  750 zsec ,  and 1250 #sec for a 
pool d i scharge .  

With fu r the r  i n c r e a s e  of s ta t ic  p r e s s u r e  the l i m i t i n g  

s ize of the gas bubble d i m i n i s h e s  and becomes  c o m -  
m e n s u r a t e  with the d i m e n s i o n s  of the end faces  of the 

e lec t rodes .  
The e x p e r i m e n t a l  data p e r m i t  an explanat ion  of the 

dependence  of the value of the e l e c t r i c a l  e r o s i o n  on the 

ex te rna l  s ta t ic  p r e s s u r e  (Fig. 4, curve  3) for a d i s -  
charge  be tween copper e lec t rodes .  

As may be seen  f rom Fig. 4, at s ta t ic  p r e s s u r e s  
up to 50.0" 105 N/In 2 the total  e r o s i on  i n c r e a s e s ,  while 
with fu r the r  i n c r e a s e  of the s ta t ic  p r e s s u r e ,  the value 
of the e l e c t r i c a l  e r o s i o n  fal ls  sharply .  

The i nc r ea se  in the value of the e l e c t r i c a l  e r o s i o n  
at p r e s s u r e s  P < P c r  (Pcr  = 50.5 .105 N / m  2 for the 
case  shown in Fig.  4) is assoc ia ted ,  as shown in [1], 
with i nc r ea se  in the amount  of meta l  thrown off f rom 
the e l ec t rodes  due to the l a rge  t r a n s i e n t  p r e s s u r e s  in 
the i n t e r e l ec t rode  gap. The above hypothes is  is con-  
f i rmed  by the r e l a t i v e l y  even eroded sur face  of the 
meta l  for P < 50.5 �9 105 N/In  2 (Fig. 2a) and by the in -  
c r e a se d  depth of the  c r a t e r s  with i n c r e a s e  of s ta t ic  
p r e s s u r e  f o r  a r e l a t i ve ly  smal l  change in d i a m e t e r  

(Fig. 1). 
The reduc t ion  of e r o s i on  a t  l a r ge  s ta t ic  p r e s s u r e s  

(P > Pcr )  is due ma in ly  to d e c r e a s e  in s ize  of the gas 
bubble  and to the consequent  i n c r e a s e  of the f r ac t ion  
of l iquid me ta l  r e t u r n e d  to the e l ec t rodes  upon co l -  
lapse  of the bubble.  

A second cause  is the cons ide rab l e  r educ t ion  of 
c r a t e r  d i a m e t e r  with i n c r e a s e  of s ta t ic  p r e s s u r e ,  as 
follows f rom Fig. 1. T r a n s f e r  of meta l  cannot  be con-  
s ide red  as the cause  of this  type of change in e l e c t r i c a l  
e ros ion ,  s ince  the cu rves  Am = f (P)  and the t r a n s f e r  
cu rves  a re  qua l i t a t ive ly  s i m i l a r  in form.  
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