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I N V E S T I G A T I O N  O F  S L I D I N G  S P A R K  IN AIR 

S . I .  A n d r e e v ,  E .  A.  Z o b o v ,  
a n d  A. N.  S i d o r o v  

UDC 533.9 +518.5 +537.517 

Sliding sparks  occur  on the surface  of a d ie lec t r ic  under whose layer  there  is a conductor [1]. They 
appear espec ia l ly  eas i ly  if this conductor (we hencefor th  call it the initiator) is e lec t r i ca l ly  connected to one 
of the e lec t rodes .  

Extensive l i t e ra tu re  (for instance, [1-8]) is devoted to the study of sliding sparks .  Mainly the conditions 
for the originat ion of such d ischarges  in high-voltage techniques have been studied. Questions on the dynamics 
of development  have been investigated in [7, 8]. These investigations r e f e r  to the domain of comparat ively  
smal l  gaps (l<- 0.24 m). 

The presen t  paper  is devoted to an investigation of the physical  p roces se s  for  the development of sliding 
sparks  f rom shor t  to long (8 m) gaps. 

M E T H O D O L O G Y  O F  T H E  E X P E R I M E N T  

Sliding sparks  occu r r ed  on the surface  of th in-f i lm die lec t r ics  covered e i ther  with thin metal  surfaces  
or  tubes.  A voltage being formed during the discharge of a condenser  bat tery with C = 0 . 5 - 1 6  /oF {Fig. la) 
through a control lable  d i scha rge r  I on the p r i m a r y  winding (one turn) of a cable t r a n s f o r m e r  2 was used in 
the r e s e a r c h .  A voltage in the fo rm of a damped cosinusoid with a period of 2-18 #sec  (a logar i thmic damping 
dec remen t  of ~0.01) occu r r ed  at the secondary  winding (ten turns) .  This voltage was applied to the e lec t rodes  
of the d ischarge  gap (DG) under investigation. An osc i l logram was made by using the divider  D 0. The maxi-  
mum value was de termined  by using a ball 3 of d iamete r  380 mm (the calibrat ion tables were taken f rom [5]). 

The cur ren t  distr ibution was measured  along the length of the channel (Fig. lb).  To do this, the initia- 
to r  4 was fabricated f rom mutually insulated flat metal  plates .  The cur ren t  shunts Sh permi t ted  taking osci l l -  
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o g r a m s  of the p la tes .  The Rogowski bel t  (RB) m e a s u r e d  the total  cur ren t .  The ini t ia tor  was connected to the 
grounded e lec t rode  2. The d i scharge  always s t a r t ed  f r o m  the side of the high-vol tage e lec t rode  1. 

The voltage dis t r ibut ion along the length of the gap was m e a s u r e d  by the probing e lec t rode  3 and the 
voltage d iv ider  D i (Fig. lb).  

Development  of  the body of the d i scharge  channel flow was r eco rded  by using a h igh-speed  p h o t o r e c o r d e r  
(SFR). The scan  was c a r r i e d  out pe rpend icu la r ly  to the channel axis.  Development  of the channel was invest -  
igated at d i f ferent  spacings  f rom the e l ec t rodes .  Special  m e a s u r e s  were  taken to s tabi l ize  the channel in 
space .  To do this,  a na r row (1 m m  wide) control  s t r ip  of  po lys ty rene  lacquer  with a suspended powder  of  
b a r i u m  oxide (95%) and graphi te  (5%) was deposi ted on the su r face .  The method of control l ing the development  
of  the sl iding spa rk s  is examined in [9]. 

The length of the d i scharge  gap l in a plane s t ruc tu re  (see Fig. lb) var ied  between 12 and 140 cm and in 
the cyl indr ica l  s t ruc tu re  (Fig. lc)  between 25 and800 cm.  The width of the d i scharge  gap in the plane s t ruc tu re  
h was 12 o r  32 cm and in the cyl indr ica l  s t ruc tu re  ~d, with d i a m e t e r  d =4 cm. 

The following d ie lec t r i c  f i lms were  used: polyethylene (with a re la t ive  d ie lec t r i c  pe rmi t t i v i t y  e =2.2), 
polyethylene t e r e f l uo ra t e  (~ = 3,2), ce l lu lose  t r i ace t a t e  (~ = 3.5), f luoroplas t ic  m a r k  23 (e = 7.8) and m a r k  F26 
(e =10.3), sheet  v icyl  p l a s t i c  (e =3.10, and ca rdboard  (e =4 *6). The thickness  of the d ie lec t r i c  coatings A 
va r i ed  within broad l imi ts .  
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P U N C H T H R O U G H  C H A R A C T E R I S T I C S  

The minhna l  vo l t age  at which punchthrough (e lec t r ica l  breakdown) occurs  depends main ly  on l, A, and 
[5]. Inves t igat ions  of the punchthrough voltage Upt of the d ie lec t r ic  p a r a m e t e r s  (Fig .  2) for  a l a rge  gap length 
(l = 1 m) showed that  a dependence on the ra t io  r  exis ts ,  but  not on r and A sepa ra t e ly .  Dif ferent  points 
have been  obtained in Fig.  2 by  using d ie lec t r ic  m a t e r i a l s  with di f ferent  values  of the th ickness  A and d ie lec t r ic  
constant  r (the points 1 in Fig. 2 have been  obtained for  polyethylene, 2 for  Lavsan  (Dacron)m 3 for  cel lulose 
t r i aee ta te ,  4 for  f luoroplas t ic  F-23,  and 5 for  f luoroplas t ic  F-26) .  

There fo re ,  the capaci tance  of the d ie lec t r i c  f i lm (Csp=0.88 e /~ -pF /cm 2 if A is in mi l l ime te r s )  is the 
governing fac tor  in the punchthrough of long (I ~ 1 m) d ischarge  gaps by a sl iding spark ,  and the influence of 
the d ie lec t r ic  m a t e r i a l  en t e r s  only in t e r m s  of the phys ica l  quantity ~. An espec ia l ly  s t rong effect  of Csp on ^ 
Upt occu r s  in the range  of var ia t ion  of Csp between 0.5 and 5 p F / c m  2. A fu r the r  i nc rea se  in Usp(above 5 p F / c m  z) 
does not resu l t  in any not iceable diminution in the quantity Upt (see Fig. 2). This can be expIained by the fact  
that  the growth of the capaci t ive  cu r ren t  influencing the channel conductivity does not resu l t  in a diminution in 
the voltage drop in the channel.  This drop turns  out to be sufficiently sma l l  and the potential  of a high-vol tage 
e lec t rode  with low los ses  is t r a n s f e r r e d  to the head. Consequently,  a se l f - cons i s t en t  mode occurs  in which the 
e l ec t r i c a l  field intensi ty in the head is maintained high during the t ime of d i scharge  development .  The mag-  
nitude of Csp st which this mode occurs  de t e rmines  the magnitude of the c r i t i ca l  length /or.  

Now let  us examine the dependence of the punchthrough voltage on the length (Fig. 3) (the magnitude of the 
d ie lec t r i c  th ickness  in m i l l i m e t e r s  is shown nea r  the curves ,  and the d ie lec t r ic  constant  e =3.2-3.5) .  As is 
seen f r o m  the r e su l t s  in Fig. 3, the curve  Upt(l) can be divided into th ree  pa r t s .  

The f i r s t  sect ion l<-l 1 has a value of the punchthrough voltage which di f fers  slightly f r o m  the co r r e spond-  
ing value of the volume punchthrough of a gas under  the conditions of pointed e lec t rodes  (Upt/l = E 1 = 300 *350 
kV/m). There  is no influence of the m a t e r i a l  in this sect ion.  However ,  the boundary of the f i r s t  sect ion I1 de-  
pends on r As an analysis  of expe r imen ta l  r e su l t s  has shown, the gap length at which punchthrough dif fers  
sl ightly f r o m  the volume value is de te rmined  by the fo rmula  

I~ ~ 0,045 C~p ~ + OA2 m ; Upt,. = E l l  

(Csp ,  ~ F / c m 2 ) .  

The second sect ion  l l  <_ l <_ / o r  is usual ly  studied by  means  of sliding d i scha rges  in the l i t e r a t u r e  [1-8]. 
Under our  conditions the punchthrough vol tage '  is de te rmined  by  the fo rmula  

V l_ll Upt, = Upt, + (Uor - -  Vpt,) ~r - -  l~' 

where  Ucr  and /or  are  the values  of the punchthrough voltage and the length at the boundary be tween the  second 
and th i rd  sec t ions .  In te r sec t ions  of the curves  with s t ra ight  lines co r respond  to them on the curve  Upt(l). It 
has  been es tab l i shed  expe r imen ta l ly  that Ucr  and /or are  s ingle-va lue  functions (for a given mode of voltage) 
of Csp.  

lcr = 1,8C~~ m, Ucr ---- 130Cs'~ "5 , kV, 

if Csp is in p F / e m  2. 

The second sect ion is the t rans i t ion  region f r o m  a d i scharge  in a volume to a "pure ly"  su r face  d i scharge .  
This l a t t e r  is cha r ac t e r i z ed  by the governing role  of the capaci t ive  cu r r en t  through the ini t ia tor .  The magni -  
tude of the cur ren t  in the channel grows with the passage  to a "pure ly"  su r face  d ischarge ,  but the channel r e s i s -  
tance drops .  The e lec t rode  potent ial  is hence t r a n s f e r r e d  to the region of the channel head to a cons iderable  ex-  
tent ,  thereby  de te rmin ing  the intensi ty of the ionization p r o c e s s e s  at the head.  It is e s sen t i a l  that the nature  
of the ionization p r o c e s s e s  v a r y  weakly as the d i scharge  channel develops.  Such a development  is se l f  cons i s -  
tent: The intensi ty of the ionization p r o c e s s e s  is de te rmined  by the magnitude of the potential  in the head,  and 
the magnitude of this potent ial  is de te rmined  by the channel conductivity,  which depends on the intensity of the 
ionization p r o c e s s e s .  In this case  the governing p a r a m e t e r  of the p r o c e s s  is the field intensity in the channel 

The punehthrough voltage in the domain of the third sect[0n can be de te rmined  f r o m  the fo rmula  
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Vpt: ,~ t . t  [U~ + [ z 3 ( t -  t~r)]. (1) 

Under the conditions of  this exper iment ,  Es=14 J:1.5 kV/m. The e r r o r  which (1) yields  does not exceed 15-20%, 
if l -< 6 m. Fo r  l > 6 m, E s should take the value 10 kV/m. 

Punchthrough of gaps of  long length occu r s  for  U =Upt ,  as a rule ,  during s e v e r a l  ha l f -pe r iods  in the 
whole range  of f requencies  used (30-300 kHz). The use  of the r e su l t s  p re sen ted  above when working with an 
undamped a l ternat ing voltage in the s ame  f requency  range should not r e su l t  in not iceable d i f fe rences .  In o r d e r  
to b r eak  through a gap in a s h o r t e r  t ime,  the magnitude of the applied voltage mus t  inc rease  compared  to the 
Upt de te rmined  by (1). 

PUNCHTHROUGH DEVELOPMENT 

If the amplitude of the applied voltage equals Upt, then, as a rule ,  punchthrough occurs  by one channel 
although the re  a re  s e v e r a l  channels being developed in p a r a l l e l  in the incomplete  s tage.  In the p r e s e n c e  of an 
overvol tage ,  punchthrough can occur  s imul taneous ly  by s e v e r a l  channels .  The number  of such channels grows 
with the r i s e  in the overvol tage  and rapidly  r eaches  a max imum.  The c r i t e r i a  for  reaching  the m a x i m u m  num- 
b e r  of channels a re  different  for  l < / c r  and l >/cr-  F o r  1 < /cr  this  number  is d i rec t ly  independent of  the o v e r -  
voltage and is de te rmined  uniquely by the condition 

U =] .3  Ucr for l </cr" (2) 

For  ll -< l << lcr ,  condition (2) co r re sponds  to a high overvol tage ,  and for  l ~ lcr  a 30% overvol tage  is sufficient.  
This same  magnitude of the overvol tage  is even conserved  for  l > lcr" 

U = i.3 Upt for l >  /ci- (3) 

Here  Upt > Ucr .  This is re la ted  to the fact  that  for  l > / c r  incomplete  channels p o s s e s s  high conductivity and 
condition (3) is r equ i red  only to inc rease  the synchronizat ion of the i r  c losure  of the d i scharge  gap. 

It  is in teres t ing  that the effect  of suppress ion  of one channel by another  exe r t s  a governing influence on 
the instantaneous length of the incomplete  channel and not on the "cu r ren t - co l l ec t ing"  sur face .  It is seen  in 
Fig. 4a that  the cen t ra l  channel delayed the development  of the neighbors  and "se ized"  the whole " c u r r e n t -  
collect ing" su r face .  The size of  the d i scharge  gap in Fig. 4 is l= 62 cm, h=32 cm, while the d ie lec t r i c  th ick-  
ness  is 1 m m .  A 60 kV vol tage is applied in Fig. 4a, b and a 120 kV voltage in Fig. 4c. It is seen  f r o m  Fig. 4b 
that  the cen t ra l  channel being developed between the other  two has  the s ame  length (rate of  development)  as the 
side channels with the unbounded "cur ren t -uo l l ec t ing"  sur face  on one side: This su r face  only de t e rmines  the 
b r igh tness  of  the glow and the conductivity of  the channel. However ,  the number  of incomplete  channels de-  
pends on the "cu r r en t - co l l ec t i ng"  su r f ace .  The fact  is that a f ter  the d ischarge  gap has been closed,  the cu r ren t  
grows sharp ly  and the voltage on it drops  because of the r i s e  in the inductive drop in the outer  loop. Hence,  a 
weakly conducting channel can be "quenched" (see Fig. 4c). Assoc ia ted  with this is the dependence of Upt on 
the width h of the su r face ,  which holds for  h (or vd) less  than 10 cm.  

The ra te  of  channel deve lopment  is not constant .  Pauses  assoc ia ted  with fluctuations in the applied 
voltage have been obse rved  in the channel development .  In Fig. 5 photographic  sweeps of the l eade r  channel 
at the f requencies  55 kHz (a) and 250 kHz (b) are  p resen ted .  The whole 40 -cm- long  gap is r ep re sen t ed  in the 
f r ame .  The voltage is 60 kV. The mean ra te  of channel development  along the gap is ~5 �9 107 cm/sec ,  while 

Fig. 4 
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the rate between the pauses is at least  an o rde r  of magnitude higher.  Pauses  have also been observed even in 
the voltage r t se  stage [9]. In our  opinion, the origin of these pauses is associated with the nonuniform dis-  
tribution of the conductivity along the length. The hot ter  sections of the channel cool off more  intensively dur -  
ing the pauses and the conductivity along the length is equilibrated. The electrode potential is t r ans fe r r ed  to 
the head and ionization p rocesses  again develop. 

The origination of  an opposing channel f rom the grounded electrode (see Fig. 5b) can also exert , influence 
during punchthrough. The probabil i ty of the origination of an opposing channel r i ses  with the r ise  in the f re -  
quency. 

Now let us examine the nature of the change in channel, conductivity during its development. Osci l lo-  
g rams  of the cur rents  through the separate  initiator sections (I1, I3, Is, 17) and their  s u m -  the total cur rent  
(I 0) - are presented in Fig. 6. The gap length was 140 cm; the amplitude of the applied voltage was 55 kV. Also 
presented here  is en osc i l logram of the voltage U in the gap. The current  through the initiator has two com- 
ponents; i=CSU/~t  +UOC/Ot. Since the voltage has the form of a eosinusoid, then the cur rent  component 
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i ~ 0U/at has a cha rac t e r i s t i c  overshoot  at the voltage pulse front.  The complex nature  of the change in capaci-  
tance governed by the i r r egu la r  development  of ionization p r o c e s s e s  resu l t s  in the complex fo rm of the cur ren t  
osc i l logram (there is no influence of adjustments on the osc iHograms in Fig. 6). 

The potential  distr ibution at the t ime of punchthrough (t=17.5 #sec)  and at an e a r l i e r  t ime (7.5 #see)  is 
shown in Fig. 7. These distr ibut ions co r re l a t e  with the cu r ren t  osc i l lograms and p e rm i t  a determinat ion of 
the nature  of the channel r e s i s t ance  distr ibution over  its length. Thus, for  instance, when the channel reaches  
the length l =120 cm (for /cr  =105 cm) at the t ime t=7 ,5  #sec ,  the following res i s t ance  distr ibution would 
hold: For  a high-voltage e lec t rode  (l = 0) the r e s i s t ance  p e r  unit length is R//= 70 9/cm; in the range 20 <-l <- 
80 cm the value is R//= 14 9/cm [the conductivity is hence ~= 2 (~2. cm)-l] ;  and in the region of  the channel head 
60 <- l<- 80 cm, the value of R// grows to 1000 ~2/cm. The re s i s t ance  drops for sti l l  g r ea t e r  lengths. This is 
re la ted  to the propagation of the opposing channel observed  on the SFR photogram. The channel r es i s t ance  
undergoes significant changes during the development  p rocess .  

Using the dependence of  the veloci ty  of d i rec ted  e lec t ron  motion on the field intensity, we obtain the value 
of the e lec t ron  concentra t ion in the channel of an incomplete leader  of  1 m length n e =1014-10 i5 cm-3[this c o r r e -  
sponds to a conductivity on the o r d e r  of units (9  �9 cm) -1 in a 50-100-V/cm field]. In a completed discharge  
channel, the e l e c t ron  concentrat ion is 1-2 o rde r s  of magnitude higher .  
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