
E L E C T R I C A L  B R E A K D O W N  O F  C O N D U C T O R S .  

F U S I O N  S T A G E  

A.  P .  B a i k o v ,  A .  M.  I s k o l ' d s k i i ,  
G.  P .  M i k i t i k ,  V .  I .  M o t o r i n ,  
S .  L .  M u s h e r ,  a n d  A.  F .  S h e s t a k  

UDC 621.039.637+ 621.316.53 

The physical  p r o c e s s e s  accompanying e l ec t r i ca l  explosion of conductors  a re  va r ied  in nature;  
so l id - l iqu id  meta l  and l i q u i d - v a p o r  phase t rans i t ions ,  s t ra tum formation,  vapor  breakdown,  
a rc  d ischarge  ignition, e tc .  [1-6]. At the p resen t  t ime the re  exis ts  no complete descr ip t ion 
of this p roces s ,  even of a quali tat ive nature .  In such a si tuation i t  is natural  to tu rn  to compu- 
t e r  s imulat ion of physical  models  of the var ious  stages of breakdown, with subsequent ve r i f i -  
cat ion of r e su l t s  in goa l -d i rec ted  exper iments .  The p resen t  study is  dedicated to the initial 
stage of the breakdown p r o c e s s  - the fusion stage.  Not much attention has  been d i rec ted  to 
this  stage in exper imenta l  and numer ica l  studies of an applied nature ,  which is  natural  to a 
ce r t a in  degree ,  since fusion is  energe t i ca l ly  a l e ss  significant p ro ce s s  than, e .g . ,  boiling. 
However,  fo r  the just i f icat ion of theore t i ca l  posi t ions (in pa r t i cu la r ,  we will consider  a two- 
phase solid m e t a l - l i q u i d  model) ,  study of the fusion stage is of significant in te res t .  

The objects  studied were  in the fo rm of foil ,  The fusion ra te  and res i s t ance  of a foil as a function of 
the energy  applied to i t  a r e  dependent on the ra t io  of the cha rac t e r i s t i c  t imes  

where  2h 0 is the foil  thickness;  k ,  specif ic  heat  of fusion; ~, t he rma l  diffusivity; J0, initial cu r ren t  den-  
si ty;  ~0, conductivity; n, densi ty  of the ma te r i a l ;  T 1, cha rac t e r i s t i c  t em p e ra tu r e  re laxat ion t ime;  and ~2, 
p a r a m e t e r  cha rac te r i z ing  the ra te  at which ene rgy  is  introduced and the t ime for  foil  melt ing.  

We will cons ider  the following mel t ing  r eg im es ,  p o s s ~ l e  fo r  impulse heat ing of ~ foil by cur ren t s  of 
v a r i o u s d e n s i t i e s ,  and cha rac t e r i z ed  by dif ferent  values  of the p a r a m e t e r  52 = m-1/r 2 [7]. 

In the case  T 1 << T 2 ("slow" introduct ion of ene rgy  into the foil) the t empera tu re  can be cons idered  
constant  ove r  the en t i re  sect ion - all the ene rgy  diss ipated goes into fusion.  We wri te  an express ion  fo r  the 
foil  r e s i s t ance  assuming that mel t ing  occu r s  f rom the spec imen surface  [8] and that the mel t ing  front  is  
p lanar  

2b ~ (t) ~- % [ h o -- h (t)] " (1) 

w h e r e  I and b are  the length and width of the foil; h(t), th ickness  of the  sol idphase;  gl, ~2, conductivi t ies of 
the solid and liquid phases .  In as much as the t h e r m a l  conductivity is  high, the t h e r m a l  balance condition has 
the fo rm 

Combining Eqs.  (1) and (2), we obtain 

E = 2 ~ n l b [ h  o - -  h(t)]. (2) 

B 0 
n ( E )  - , ( 3 )  
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where  Q = 2~nholb , R o = l/(2hobo~). 

F o r  the case  r t > r 2 ("rapid" ene rgy  introduction) all the ene rgy  E introduced into the foil cannot reach  
the mel t ing f ront  because  of the rma l  conductivi ty.  Thus ,  a por t ion of the energy  is  lost  to superheat ing of 
l aye r s  of the solid and liquid phases  f a r  f rom the mel t ing  front .  The f rac t ion  of energy  expended in such 
heat ing is  l a r g e r ,  the l a r g e r  the ra t io  T1/r 2. Using the t h e m a l  conductivity equation one can, as in [7], ob- 
ta in  an es t imate  of the superheat ing in the cen t e r  of the foil  fo r  6 2 >> 1 

Tf Tf ncpo0z ~ cp Tf 

where  Tf  is  the fusion t empera tu re  under  normal  conditions; Cp is the specif ic  heat.  To de te rmine  R(E) in 
this  case  i t  is n e c e s s a r y  to know the t empe ra tu r e  dis tr ibut ion o v e r  the foil  sect ion.  

Formula t ion  of the P rob lem of T e m p e r a t u r e  Prof i l e  o v e r  Foil  Section.  Neglecting heat  exchange with 
the surrounding medium and boundary ef fec ts ,  we wri te  the the rma l  conductivity equations for  the solid (in- 
dex 1) and liquid (index 2) phases  

OTi O~T~-+ 1~ (i = i, 2) 
Ot Z 02 ' .n:piG i(T) (4) 

(the x axis is d i rec ted  perpendicu lar  to the foil sur face ,  and the origin is  at the foil cen te r  (Fig. 1)). The 
unknown Ti and the thickness  h(t) sa t i s fy  the the rma l  balance condition on the phase boundary 

dh OT~ OT~ 
(5) 

w h e r e  • is  the t he rma l  conductivity and Cpi is  the specif ic  heat .  

We assume that the quantit ies n~ = m, cv~ = %2, 'X~ = 2Xz a re  independent of t em p e ra tu r e  and that the 
total  cu r r en t  through the foil is constant 

I = I~ + I~ = const. 

The t e m pe ra tu r e  dependence of the conductivity m a y  be ex p re s sed  in the fo rm 

~ (7) = ~ ~ ~ (T~ --7f ) ' (6) 

w h e r e  a0i is the conductivity at T = Tf; fli is the r e s i s t ance  t em p e ra tu r e  coefficient .  

We wri te  the cu r r en t  densi ty  in the fo rm 

h = Jol (~ = Joi 
(7) 

The value of the initial cu r r en t  densi ty  p e r  unit foil width m ay  be exp re s sed  in t e r m s  of the total  cu r r en t  
and the init ial  conductivity 

h ho 

GO f (* I ~ ]oi = I kl + k~' kl = j (~ldx, k: = ,J (~2dx. 
0 h 

% I t 

Tfl V I ~  
o h(~) ho 

Fig.  1 
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Substituting Eqs.  (60, (7) in Eq. (4) and using Eq. (5), we obtain a sys tem of equations 

.2 0Ti  ~2Ti , 7o~ i 
o--7- = Z ~ '.+- . % %  ~ -r  ~ (T~ - T f  ) ' 

with boundary conditions: 

n~, ~ t  clTi OT 2 

(8) 

aT 2 
x=h~ = 0 (heat exchange with su~ounding medium absent), 

aT 1 I ~ 0 (fmrn symmetry consideratiom), 
~ x  x--0 

Tl]==~ : Tz!==h -- Tf. 

System (8) was solved numer ica l ly  fo r  var ious  p a r a m e t e r  values  with the aid of an implici t  difference 
scheme of the Crank -Nicho l son  type [9] to s e c o n d - o r d e r  accuracy  in both va r i ab les .  

l~esults of Numerica l  Solution. F igure  2a, b (curves 1-3 cor respond  to t imes  t = 0.3 r2; 0.7572; 0.9 �9 
72 ) i l lus t ra te  the dynamics  of the t e m p e r a t u r e  prof i les  in the solid and liquid phases  during melting~ As fol-  
lows f rom Fig. 2a, the t e m p e r a t u r e  on the ou te r  boundary of the liquid phase increase6  monotonically~ In 
the cen t e r  of the solid phase,  the t e m p e r a t u r e  also i nc rea se s  at f i r s t ,  but then a f t e r  reaching  some maximum 
value,  i t  fal ls  rapidly.  This can be explained by the fact  that at 62 > 1 and h(t) ~ h 0 the m a j o r  por t ion of 
the heat  l ibera ted  is  expended in increas ing  the t em p e ra tu r e  (the m a te r i a l  at the cen te r  does not "pe rce ive"  
the ef fec t  of the, phase t rans i t ion) .  In l a t e r  s tages  when the thickness  of the solid meta l  l ay e r  has dec reased  
to h(t) ~ (fiX) 1/2, an effect ive remova l  of heat  to the phase t r ans fo rmat ion  zone develops because  of t he rma l  
conduct iv i ty .  

It  is  in te res t ing  that  a h igher  t e m p e r a t u r e  gradient  exis t s  i n t h e  solid meta l  l a y e r  at the s ta r t  of the 
p rocess :  This indicates that  t r a n s f e r  f rom the solid phase to the fusion boundary is m o r e  effect ive,  and in a 
f i r s t  approximation i t  is  this  fact  which de t e rmines  the ra te  of d isplacement  of the phase boundary.  

F igure  2b shows re su l t s  fo r  rapid introduct ion of heat  (62 = 30). Even in the initial stage of the p ro -  
cess  the t e m p e r a t u r e  dis t r ibut ion ove r  foil  sec t ion  takes  on i ts  cha rac t e r i s t i c  II-shaped prof i le  (the t e m p e r -  
a ture  in the solid phase is  p rac t i ca l ly  constant) .  

The r e su l t s  of numer ica l  caluclat ion of the t e m p e r a t u r e  prof i le  (usin4~ Eq. (6)) can be r ep resen ted  in 
in tegra l  fo rm as the dependence of total  foil  r e s i s t ance  upon ene rgy  introduced into the foil R/R 0 = f iE/Q).  
The functions obtained in this  m a n n e r  f rom two quite different  values of the p a r a m e t e r  52 = 1.9 and 30 were  
compared  ~ with exper imenta l  va lues .  

Exper imen t s  and Evaluat ion of Besul ts .  The exper imenta l  method and m e a s u r e m e n t  technique were  
s imi l a r  to those of [10]. 

The re  were  ce r t a in  diff icult ies in achieving the total  cu r ren t  cons*~ncy assumed in the calculat ions.  
Using ce r t a in  approximations i t  was poss ib le  to produce r eg imes  in which this  r equ i remen t  was fulfil led 
sa t i s fac tor i ly .  The osc i l log rams  of I(t) and UB(t), shown in Fig.  3, i l lus t ra te  fulf i l lment  of this condition, 
with foil mel t ing  occur r ing  when the cu r r en t  r e a c h e s  i ts  maximum value,  where  I -- const.  
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In accordance  with these  e s t i m a t e s  the following expe r imen ta l  conditions were  chosen  

52 = t.9, e = 0,036, z = 3.5-i0 -~ scc; 
52 = 30, s = 0.027, �9 = tO -~ sec, 

where  ~ = 2Q/CU~ is  the ra t io  of the ene rgy  requ i red  fo r  phase  t r a n s f o r m a t i o n  to the  e n e r g y  s to red  in the 
capac i to r ;  T ~ I/~L--C , cu r r en t  r i s e t i m e  in the c i rcui t ;  C, capaci tance;  U 0, capac i to r  cha rge  vol tage;  and 
L, c i rcu i t  inductance.  

The e l e c t r i c a l  e n e r g y  was s to red  in a capac i to r  with C = 2.6 �9 10 -6 F, and a mechan i ca l  switch was 
used.  All e x p e r i m e n t s  were  p e r f o r m e d  with copper  foil .  

In p r o c e s s i n g  the e x p e r i m e n t a l  data,  the s ingula r -po in t  s ea r ch  a lgor i thm was used [11], pe rmi t t ing  an 
i n c r e a s e  in m e a s u r e m e n t  accu racy .  

F igu re  4 p r e s e n t s  the dependence of r e s i s t a n c e  on ene rgy  int roduced fo r  va r ious  va lues  of 52 (curves  
-4). 

Curve  1 was  ca lcula ted  by  Eq.  (3), i ,e . ,  a s suming  infinite t h e r m a l  conductivity (or v e r y  slow in t roduc-  
t ion of energy) .  Compar i son  of the ca lcula ted  function with e x p e r i m e n t  fo r  this  case  is  difficult,  since with 
slow heating, ins tabi l i ty  develops  in the foil ,  leading to i t s  des t ruc t ion .  Curve 4 c o r r e s p o n d s  to  the conver se  
l imi t ing  case  52 -* ~.  Compar i son  with e x p e r i m e n t  i s  a l so  difficult  he r e ,  s ince at a v e r y  high ra t e  of  ene rgy  
introduct ion it  is  n e c e s s a r y  to  cons ide r  nonuniform c u r r e n t  d is t r ibut ion o v e r  the conductor  secti',on due to 
skin ef fec t .  

F o r  finite va lues  of 5 ~ the function R(E/Q) na tura l ly  l ies  within the reg ion  l imi ted  by cu rves  1 
and 4; cu rve s  2 and 3 were  cons t ruc ted  f rom n u m e r i c a l  solut ions of sy s t em (8) fo r  52 = 1,9 and 30 . t  F ig -  
u re  4 a lso  shows expe r imen ta l  data  fo r  these  va lues  of 52 (points 5, 6), ave raged  o v e r  a s e r i e s  of t e n e x -  
p e r i m e n t s ~  The m e a s u r e m e n t  e r r o r  in the e x p e r i m e n t s  was  l e s s  than 5%. 

The following p r inc ip le s  follow f r o m  examina t ion  of the fimctions R(E/Q) obtained by  c~cu l a t i on  and 
expe r imen t .  

1. Af te r  the beginning of fusion the ene rgy  supplied m a y  be expended in mel t ing  of the foil m a t e r i a l ,  
superhea t ing  of the solid phase ,  and heat ing of the liquid phase  above Tf. The bas ic  contr ibution to r e s i s t a n c e  
i n c r e a s e  is  produced by  the ene rgy  spent  in me l t ing  the foil  m a t e r i a l ,  s ince the conductivi ty of the liquid 
phase  a s ~ 0.5~ I .  T h e r e f o r e ,  fo r  sma l l  va lues  of 52 the function R(E/Q) is  s t e e p e r  than fo r  l a r g e r  52. 

2. F o r  52 >> 1, because  of heat ing of the liquid phase  above Tf, at the end of the p r o c e s s  the me l t ed  
foil is on the ave r age  heated to a t e m p e r a t u r e  T > Tf. The re fo re ,  i ts  r e s i s t a n c e  will exceed  tha~ which 
c o r r e s p o n d s  to Tf  in the  liquid phase .  This  fac t  has  been  conf i rmed  both by  computat ion and expeI~iznent. 

3. F o r  both 52 = 1.9 and 52 = 30, the ca lcula ted  functions R(E/Q) ag ree  quant i ta t ively wis ex p e r i -  
men ta l  va lues  1~* (E/Q),  However ,  the qual i ta t ive behav io r  of 1~ d i f fe rs  somewhat  f rom that  of R * .  

F o r  a lmos t  the en t i r e  p r o c e s s  1~ < 1~* ~ In our  opinion, th is  deviat ion i s  not caused  by the s impl i fying 
assumpt ions  (n = const ,  e tc . ) .  Apparen t ly  th is  i s  a consequence of ins tabi l i ty  of the p l ana r  fusion f r o n t -  at 
c e r t a in  points  the foil i s  m e l t e d  a c r o s s  i ts  en t i re  width. The liquid inclusions  thus developed m a y  be r e spon-  
s ible  fo r  shift ing of the expe r imen ta l  cu rve  to h igher  va lues  than the calcula ted curve ,  to as  much  as  r ~ 
0.5 (~i. 

SFor  cu rve  3 the ca lcula t ions  could not be c a r r i e d  out to comple t ion  of the p r o c e s s  because  of the i n c o r r e c t -  
ness  of the d i f fe rence  scheme  fo r  l a rge  g rad ien t s  ar/a~ 
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Near the end of the process the foil may be regarded as a melt, in which "pieces" of solid phase are 
contained. For one and the same mass of solid phase the surface area S may prove to be larger than S*, 
so that fusion occurs more intensely for the unperturbed front and thus R* < R (Fig. 4). We might consider 
calculating the conductivity of such a system in a manner similar to that used in solid state physics ("flow 
theory") for strongly inhomogeneous media [12]. However, that problem is beyond the scope of the present 
study. 

It should be noted that the assumption of a surface-type melting becomes invalid at large superheating 
levels.  It can be shown from the results  of [13] that for  heating beyond the melting point by about 10% intense 
formation of liquid-phase nuclei wi~in the conductor volume commences. However, for sufficiently homo- 
geneous specimens andrapid energy introduction into the conductor the dimensions of these nuclei will most  
probably be small, producing a small contribution from volume fusion. 

Thus, compairson of calculations and experimental data shows that the surface melting model describes 
the initial stage, fusion, of electr ical  explosion of conductors with sufficient accuracy, both quantitatively and 
qualitatively. 
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