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Formulas describing an individual electrode erosion event are derived. 
The relationship of this phenomenon to heat conduction and phase 
transitions at the electrode and to the electrical characteristics of the 
discharge are determined, 

In our  pape r  [1] we used concepts  concern ing  the 
d i s c r e t e  e m i s s i o n  of e l e c t r o d e  m a t e r i a l  dur ing  a con-  
densed  s p a r k  d i s c h a r g e ,  and the hypothes is  that  th is  
p r o e e s s  is  due to a su r faee  heat  sou rce ,  to d e r i v e  
fo rmu la s  for  e s t ima t ing  some of the quant i t ies  whieh 
c h a r a c t e r i z e  an e l e m e n t a r y  act  of e m i s s i o n  of the 
vapor  phase  of the m a t e r i a l .  We now p ropose  to r e -  
fine the r e s u l t s  of [1] by s y s t e m a t i c  cons ide ra t ion  of 
the phase  t r an s i t i ons .  

The heat  accumula ted  in some volume ad jacent  to 
the heel  of the s p a r k  channel  can be de t e rmined  f rom 
the d i f fe rence  between the heat  f luxes en te r ing  and 
emerg ing  f rom this  volume:  

AQ = A Q 1 -  h QI = q a  s x - -  -q' A--sx. (1) 

Owing to the b rev i ty  of the d i s cha rge  pu lse ,  the 
second t e r m  of Eq. (1) can be a s sumed  to be van i sh -  
ingly sma l l ,  so that  

h q  = q a s ~ .  (2 )  

The heat  AQ is  expended in r a i s i ng  the t e m p e r a t u r e  
of this  volume through heat  conduction,  and in phase  
t r ans i t i ons  of the f i r s t  kind,  

A Q = ~  Th--Tb A--sx+rAm n. (3 )  
l 

The second t e r m  of Eq. (3) can be r e w r i t t e n  as  

r a m  = r y A V =  ryAs l .  (4) 

Subst i tut ing (4) into (3) and dividing (3) by ASr ,  we 
obtain 

= __AQ = ~, T h - - T  b -~- __ryl (5) 
As~ I x 

Set t ing l ~ (aT) 1/2 and r e c a l l i n g t h a t  a = k / c y ,  we obtain 

l~c v x = (6) 

Subst i tut ing (6) into (5), we find that  

-~=9~ T h - - T  ~ q- r L _ 
l cl 

= x-Ll (T~--% § 

E x p r e s s i o n  (7) imp l i e s  that  

l =  --=-~" ( T h - - T b  q- ~ -  ) .  (8) 
q 

The above e xp re s s ion  for  t g ives  us new f o r m u l a s  for  
AVn and Amn: 

A V n = I A s = - = - ~  ( T h - - T b  + r )  A - S , q  (9) 

A m n = A  Vy = L_.=_ (Th__ Tb + ._~._)yA---~. (10) 
q 

S imi l a r l y ,  Tj n, and m n a r e  given by 

r "2  
�9 - -  (Th--Tb + 7)c  (11t 

--2 t q 
n - -  - -  = t, (12) 

m~ -= A m,n  ---- ~ A--st. 03)  

The r igh t -hand  s ides  of al l  the above f o r m u l a s  con-  
ta in  the quanti ty -~, which can be ca lcu la t ed  by a s -  
suming that  the ene rgy  l i be r a t ed  in the d i s c h a r g e  gap 
is  ins tan taneous ly  d i s s ipa t ed  through a sphe r i ca l  s u r -  
face  in the ca se  of a point  d i s c h a r g e ,  o r  through the 
s ide su r f a c e  and b a s e s  of the cy l ind r i ca l  volume of 
the s p a r k  channel .  

In the l a t t e r  c a se  the mean  t h e r m a l  f lux dens i ty  
i s  given by 

= k IV = k  CU~ . (14) 
st n d (d -4- 2h) 

Numer ica l  ca lcu la t ion  of the quanti ty q is  quite 
diff icul t ,  s ince  the coeff ic ient  k depends on the p a r a m -  
e t e r s  of the d i s c h a r g e  c i r c u i t  and s ince  h i s  a function 
of U and depends  on the na ture  and s ta te  of the medium 
in which the d i s c h a r g e  oc c u r s .  

In view of th is  i t  is  expedient  to e x p r e s s  the ~ in 
Eqs.  (8)-(13) in t e r m s  of e l e c t r i c a l  quant i t ies  c h a r -  
ac t e r i z ing  the d i s c h a r g e  pu lse .  

The ene rgy  l i b e r a t e d  at the anode i s  approx imated  
by the e x p r e s s i o n  

t 
W/~ = (U, + @.I" idt. (15) 

0 

In the case  of a condensed s p a r k  d i s c h a r g e ,  the 
e l e c t r i c a l  o sc i l l a t i ons  a r e  damped,  so that the in -  
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s tantaneous  c u r r e n t  is  given by 

R 

i = i 0 e - ~  ~ sin0) t. (16) 

The ene rgy  l i b e r a t e d  in the t ime dt tu rns  out to be 

R 

dWa = (Ua + q))ioe 2L sino) tdt. (17) 

The to ta l  ene rgy  l i b e r a t e d  at  the anode in the i - t h  
h a l f - p e r i o d  can be d e t e r m i n e d  by in tegra t ing  (17): 

T 
" 7  ( i + D  _ R 

Wai = (Ua + tp) io ~ e gUtsi n 2___~_nT 
T 

--7-i 

2LRT2(Uo +qD)io~ - '~c  t (sin 2~ 
= R=T2--'--~ 16--L=a --7 L , r 

dt 

t +  

T 

4nL . 2.~ t~] T(i:~') (18) 
+ RT cos T } J r 

E x p r e s s i o n  (18) t akes  account of the decay  of o s c i l -  
la t ions  in the c a s e  of a condensed s p a r k  d i s c h a r g e  
and enab les  us to compute  the energy ,  and t h e r e f o r e  
the c u r r e n t  dens i ty  at the anode,  in any h a l f - p e r i o d  of 
the d i s cha rge  without addi t ional  a s sumpt ions  c o n c e r n -  
ing the va lues  of k and h. The r e su l t ing  f o r m u l a  is  not 
a convenient  one for  p r a c t i c a l  ca lcu la t ions ,  however .  
It can be s imp l i f i ed  by neglect ing the va r i a t i on  of the 
p e r i o d  during the o sc i l l a t i ons  and by taking the va lues  
of i0 d i r e c t l y  f r o m  c u r r e n t  o s c i l l o g r a m s .  This enables  
us to wr i t e  the fol lowing e x p r e s s i o n  fo r  the ene rgy  
l i b e r a t e d  at the anode in the t ime  dr: 

dW~i = (Ua + (p) i0isina) tdt. (19) 

The e n e r g y  l i b e r a t e d  in the i - th  h a l f - p e r i o d  can be 
found by in teg ra t ing  (19): 

T/2 
Wa~ = (U~ + ~) io~ f sin ~o tdt = ( U a  + ~ q)) ioi T 

0 

(20) 

Equation (20) a l lows us to compute  the a v e r a g e  den-  
s i t i e s  of the t h e r m a l  f luxes  at the anode in any ha l f -  
pe r iod  of the d i s cha rge .  The e x p r e s s i o n  for  q tu rns  
out to be 

qai = ' Wai -- 2(Ua + tp)io~ (21) 
As --r A--s~ 

2 

Subst i tut ing (21) into (8)-(13),  we obtain computa t ion  
f o r m u l a s  for  e s t ima t i ng  li ,  AVni,  Amni ,  T, n i ,  and mni  in 
the i - t h  h a l f - p e r i o d ,  e x p r e s s e d  in t e r m s  of the e l e c t r i c a l  
quant i t ies  c h a r a c t e r i z i n g  the d i s c h a r g e  p r o c e s s  and 
the phys ica l  p r o p e r t i e s  of the e l ec t rode  m a t e r i a l :  

li = 2 ( U  a § q0) ioi 

av.~=-2(u~+~)~o~ Th--Tb + , (23) 

- ( ) r g(As) ~n~/ Th__Tb + , 
A m,i = 2(U~ + r io~ c (24) 

( ~cv(A s)~a 2 
x t =  [2(Ua+~)ioi]  ~ T h - - T  b + , (25) 

nt = [2(U~ + q~)ioi] ~ h, (26) 
~cyn~(A--s)2 ( T h - - T  b + r )  2 

2(U~ + qOioi 
m,t i = , t i. (27) 

The number  of m i c r o c r a t e r s  f o rmed  on the anode 
during the en t i re  d i s c h a r g e  pu lse  and the m a s s  of 
m a t t e r  emi t t ed  in the vapor  phase  f rom this  e l ec t rode  
ove r  the s ame  per iod  a re  

[2 (Ua 
n~ = X + (p) i~ 6, 

i=t Xcyg~(A --~)2(T h -  Tt, + + ) 2  

k 

tuna = X 2 (Ua + (p) ios 

,=, ~c r~--Vb + T 

(28) 

h. (29) 

F o r m u l a s  (22)-(27) can be s imp l i f i ed  in the case  
of r e c t a n g u l a r  d i s cha rge  pu l s e s .  Here ,  the energy  
l i b e r a t e d  at the anode can be wr i t t en  as  

w ,  = ( u ,  + e ) I A  t. (30) 

The t h e r m a l  f lux dens i ty  dur ing the d i s cha rge  pu lse  
tu rns  out to be 

q- (U, + q)) I A t (U, + qD) I 
= _ = - _ (31) 

A s A t  As 

E x p r e s s i n g  I in t e r m s  of the c u r r e n t  dens i ty  at the 
anode, we obtain 

q-a = (Ua + (P)J" (32) 

Substi tut ing (31) and (32) into (8)-(13),  we obtain 
a s y s t e m  of equations c h a r a c t e r i z i n g  the p r o c e s s e s  at 
the anode in t e r m s  of the e l e c t r i c a l  p a r a m e t e r s  and 
phys ica l  p r o p e r t i e s  of the e l ec t rode  m a t e r i a l  in the 
ca se  of r e c t a n g u l a r  pu lse  d i s c h a r g e s :  

I= 
(U. + ~) I 

(u~ + ~)j 
(33) 

A V =  
(ua + ~) I 

(ua + ~) j '  , (34) 
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(U~ + (p) I 

),,A-sY ( T h - - T  b + --~'-) 

(u. + (~)i 
(35) 

T = 

XCV(A---s)~(Th--Tb + +)~ 
[(va + ~) f]" 

LCV Th--T  b + C 

[(u. + ~) i] 
, ( 3 6 )  

[(ua + ~) ~] 

[(Ua + ~) i] 5 

tr/n 
(Ua + ~) I 

A t ~  

At,  (37) 

A t =  

~, (u.  + ~) i A s A t, (38) ++) 
The equations for  the cathode can be wr i t t en  out in 
s i m i l a r  f o rm  by taking the c u r r e n t  and dens i ty  va lues  
co r r e spond ing  to the cathode and r eca l l i ng  that  the 
t h e r m a l  f lux dens i ty  at the cathode is  given by 

q-c= UcI- 
As 

Equations (22)-(27) and (33)-(38) d e s c r i b e  the 
e l e m e n t a r y  p r o c e s s e s  at the anode in the ca se  of 
o s c i l l a t o r y  d i scha rg ing  of the capac i t ance  and for  
r e c t a n g u l a r  c u r r e n t s ,  r e s p e c t i v e l y ,  in t e r m s  of the 
e l e c t r i c a l  quant i t ies  c h a r a c t e r i z i n g  the d i s cha rg e .  
They r e f l ec t  the f ac to r s  which  affect  the quant i t ies  

occu r r ing  in the le f t -hand  s ides  of the equations and 
enable  us to e s t ima te  the i r  v a l u e s .  Exact  numer i ca l  
computat ion of these  quant i t ies  i s  s t i l l  e x t r e m e l y  d i f -  
f icul t  owing to the lack  of r e l i a b l e  da ta  concerning  the 
va lues  of the phys ica l  cons tan ts  of the m a t e r i a l  at  the 
high t e m p e r a t u r e s  and p r e s s u r e s  involved in s p a r k  
d i s c h a r g e s  and concern ing  t h e i r  functional  dependences  
on t h e s e  p a r a m e t e r s .  

NOTATION 

l is  the th ickness  of the l a y e r  of the q u a s i - v a p o r  
phase  of the m a t e r i a l  emi t ted  f rom the e l ec t rode  s u r -  
face  as a r e su l t  of  an e l e m e n t a r y  explosion event;  AVn 
and Am n a r e  the volume and m a s s  of th is  l aye r ;  T is  
the r i s e  t ime  of the e l e m e n t a r y  explosion;  n is  the 
number  of e l e m e n t a r y  explos ions :  mn is  the m a s s  of 
the vapor  phase  emi t ted  f rom the e l ec t rode  dur ing  a 
s ingle  d i s cha rge  pulse ;  X, 7, and c a r e  the ave rage  
t he rma l  conduct ivi ty ,  dens i ty ,  and speci f ic  heat  of the 
e l ec t rode  m a t e r i a l ;  q is  the effect ive t h e r m a l  flux densi ty ;  
T h and T b a r e  the su r face  t e m p e r a t u r e  of the heated e l ec -  
t rode  and the boi l ing point  of the e l ec t rode  m a t e r i a l ;  a is  

the t h e r m a l  diffusivi ty;  AS is the average  a r e a  of the 
anode m i c r o c r a t e r s ;  t is  the dura t ion  of the d i s c h a r g e  
pulse ;  r is  the sum of the spec i f ic  hea ts  of mel t ing  
and vapor iza t ion ;  k i s  a f ac to r  which r e p r e s e n t s  the 
f rac t ion  of c apac i t o r  ene rgy  l i be r a t ed  in the d i s cha rge  
gap; C is  the c a p a c i t o r  capac i t ance ;  U is  the vol tage  
a c r o s s  the capac i t o r  p l a t e s ;  d and h a r e  the d i a m e t e r  
and length of the spa rk  channel; i0i is  the peak  value 
of the c u r r e n t  in the i - th  ha f t -pe r iod ;  e is  the base  of 
na tura l  l o g a r i t h m s ;  R and L a re  the r e s i s t a n c e  and 
inductance of the d i s c h a r g e  c i r cu i t ;  U a and U c a r e  the 
anode and cathode potent ia l  d rops ;  (p is  the e l ec t ron  
work function; T is the pe r iod ;  k is  the number  of 
h a l f - p e r i o d s .  
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