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SUtPL4RY R e s u l t s  a r e  presence2 of a n  i n v e s i i g a t i o n  of rhc  c h s r a c l e r i s t i c s  o r  c l a s h i n g  a rcs  on overhead 
l i n ~ s .  W i ~ h  p a r l i c u l a r  C ~ P I W S ~ S  o n  t h e  arc d u r a t i o n  and 1't  and t h e i r  b c a ~ i n g  on  p r o t e c r i o n .  The p a r t i c l e  
r m i s s i a n  r a t e s  have a l s o  been inucsc iga tcd .  hrc were measured aver n r s n g e  of current f o r  Val:- ( 

. ~ a r s  of 2 4 0  V d c a  and 6 . 6  kV, f o r  bo th  c o p p e r  and a lumin ium conduc tors .  The r e s u l t s  show t b L  a1um:nium 
i p a ~ t i ~ l e ~  r e p r e s e n t  s much more s e r i o  s prohlem i n  cerns of f i r e  i n i t i a t i o n ,  because of t h e i r  h igher  i! ccmpt:recore. '?he arc  d u c a r i o n s  and I i v a l u e s  a r  currenrs from 65 t o  860 amps i d i c n r e  t h l t  normal f u s e  
p r : i r i c r i i in  wnild be u n l i k e l y  co operarc i n  rho event of such f a u l t s ;  
1. 1S'IXODUCTION d i f f i c u l t  t o  s u s t a i n  a f ree -bnrn ing  arc  over the  

I e n o c h  r e a l  t i n t  f r o n  in tc r -conduc tor  separa t i0 r . s .  
,\ic d i s c h a r g e s  betwrcn t h e  c o n d u c t o r s  of overhead 
l i w : :  h l v r  impar W n t  r s m i f i e a t i o n s  i n  t h e  
.Aus t ra l i an  enviionrnen: becansc  rhcy r e p z c s m t  a 
p o t c n t i n l  causc of f i r e  by i g n i t i o n  o f  C l m m a b l c  
mi l i c r iv l  under  t h e  i i n c .  Thc a r c i n g  may be  i n -  
i t i a t e d  by a number oC c a s e s .  C l a s h i n g  o f  con- 
duc:ors may be caused by s t r u n g ,  g u s ~ i n g ,  w i d s  or 
hy a o v m e n t  uf conduciors a s  a r e s u l t  of e1cc:ro- 
n a g n e r i c  f o r c e s  d u e  t o  f u u l c  cu r r en t s .  A s  a 
re.-;: of c l n s h i % ,  wherher bciwcen ew p k s e  con- 
dai:r.ors o r  n phase  and  n e u t r a l  coduc ior ,  a short 
r - l r c u i r  r ~ t r r e n t  f l o w s  a t  L ~ C  i n s m n c  of c o n t a c t  
mnk?%, J a l l o u e d  b y  a c e i n g  when t h e  ca:tt?ce i s  
broken n s  t h e  conductors  s c p j r a r e .  Tho l i k c l i i r o o d  
u f  s u c h  c l a s h i n g  r r c u r r i n g  i s  i s r e a r e d  s i g n i f i -  
c a n t l y  i f  t h c  w g  of t h e  l i n e s  i s  e ~ c e s s i v e ,  d u e  
c i c h c r  ro lhi$lier :ha" normal l i n c  a n d / o r  a m b i e n t  
rmpwanlre or a s  n r o n i l r  of i n c o r r s i :  r e n s i o n i n g  
uf t h c  l i n t .  d u r i n g  c r c c t i a n .  A l r e r n i r i v e l y ,  n r c i n g  
may r e s u l t  from f o r e i g n  o b j e c t s  b r i d g i n g  t h e  l i n e s .  
? lost  t y p i c a l l y ,  t h i s  would i x l u d r  t r e e  b r a n c h e s  
a c r o s s  rhc l i n e s .  At voltages a b w c  a b u t  a k i l o -  
v u l r ,  Lherc i s  a s u b s t a n t i a l  c u r r e n t  f l o w  (of a t  
l e a s t  t c n s  of m i l l i a m p s )  througi>, t h e  wmd i n i t i a l l y .  
< h i s  current g r a d u a l l y  i n c r e a s e s  i n  m a g n i m d e  d u e  
m c a r h o n f z a c i o o  of  t h e  m o d  u n t i l  e v e n h i a l l y  
r h e r r  is a f u l l ,  opcn, arc i n i t i a t e d  a l o n g  t h e  
-mod s u r f a c e ,  a t  which time a s h o r t  c i r c u i t  a rc  
hecween the condi ic ro rs  occurs, wich t h g  c u r r e n t  
mup,niiudc l i m i t e d  c n n s i d c r s h l y  by t h e  a rc  im- 
pedance.  

In t h e  c a s e  of chc c l a s h i n g  f a u l t ,  f i r e s  may be 
i n i t i a t e d  by h igh  tempcrnhlrc  p a r t i c l e *  which f a l l  
ro t h e  ground a f r c r  be ing  genera ted  by m e l t i n g  of 
t h e  covducror bo th  a t  che i n i t i a l  s e p z r a r i o n  and 
l a t e r  a t  t h e  arc rooc p o i n t s  an t h e  conductors. 
wiw! w u d  b r i d g e s  t h e  conducrors, t h e  current f l o w  
through t h e  i n d ,  though m a l l ,  causes t h e  wood to 
e v e n t u a l 1  y i g n i t e ,  p a r t i c u l a r l y  a t  t h e  c0nrac.t 
p a i n t s  a d  to d r o p  burning embers t o  i h c  ground. 
The subseqaeni  f u l l  a rc  a l o n g  t h e  bnod s r f a c e  w i l l ,  
a d d i t i o n a l l y ,  produce high t a n p e r a h i r e  m e t a l  par- 
t i c l e s  f r o n  i h e  mol ten  arc  r o o t s  on  the c o n d u c t o r s .  

l r 'h i le  t h e s e  f a u l t s  h v e  such p a t e n t i a l l y  d i s a s t r o u s  
coiiscqucncer;,  thcy a re  of ten d i f f i c u l t  £or t h e  
s y s t m  p r o t e c t i o n  t o  d e t e c t  and t h u s  a re  n o t  e l -  
hays  i s o l a t e d  q u i c k l y  enough to p r e v e n t  f i r e s  
o c c u r r i n g .  I n  t h e  case of c l a s h i n g  f a u l t s ,  t h e  
problm: l i e s  i n  rhe  f a c t  i t s t ,  i n  g e n e r a l ,  i r  i s  

-. ~~ 

This  i s  a' resul'; a£ t h e  ~ t u r a l  bowine a i  the  arc - ~ - 
due  t o  c o n v r e t i v e  buo)ar.cy a d  ro ocher f a c t o r s  
s c h  a s  w i d  g c n c r i l c d  d i s s i p r i o n  01 arc power. 
A S  a c e s u i r ,  t h e  v o l t a g e  r e q u i r e d  to s u s t a i n  such 
arcs i s  c o n s i d e r a b l e  (of t h e  o r d e r  of 15 V a i r s  
per cm) and t h e  a rc  s e l i - r r t i n g u i s h e s  a s  e re-  
s v l t  of i ~ s  own i n s c u b i l i t y .  T h i s  tendency ru 
e x t i n g u i s h  is muss e v i d e n t  i n  t h e  low v v l w 8 e  
(4151240 V)  l i n e n  because of the limited v o l w g c  
a v a i i a b l e  ro s u s t a i n  t h e  arc. As a r e s u l ~  o f  t b e  
s e l f - e x t i n g u i s h i n g  p r o c e s s ,  i n  many cases t h e  arc 
d u r a t i o n  n a y  nor be s u f f i c i c n i l y  long Lo cause a n y  
p r a r e c r i v e  d e v i c e  ( f u s e ,  r e c l o s e r  e t c . )  to nperure .  
The problem is f u r t h e r  exacerba ted  hy rbe current 
l i m i t i n g  effecr of t h e  h i g h  arc  v o l t a g e s  g e n e r a t e d .  
Thus a l t h o u g h  t h e  clanl! ing a d  arcing may occur 
r e p e a t e d l y  wer n pra longa(  pe r iod  of t i a c ,  t h e  
i n d i v i d u a l  c l a s h i n g  nnd n r c i n g  d u r a t i o n  nnd t h e  
arc c u r r e n t  m y  nor be s u f f i c i e n t  to  t r i p  the  
p r o t e c t i o n ,  rlms a l l o w i n g  the n r c i n g  ro conrlrlue 
f o r  a prolonged per iod  w i t h  prolongal  p roduc t ion  
o f  inolten p a r r i t l c s .  

The f a u l t  which r e s u l t s  from a piece uf iiood 
across overhead l i n e s  is a r y p i c a l  example of t h e  
high i e s i s t a n c e  f u u l t .  The c u r r e n t  f l o w  through 
t h e  u o d  is, i n i t i a l l y .  much l e s s  than t h e  normal 
l o a d  c u r r e n t  a d  i s  t l w s  noc seen a s  a f a u l t .  A s  
s r e s u l t ,  t h e  f a u l t  may e x i s t  f o r  a c o n s i d e r a b l e  
pe r iod ,  d u r i n g  u h i c b  t ime  b i ~ r n i n g  c a b e r s  may d r o p  
to  t h e  ground. p o s s i b l y  r e s v l t i n g  i n  i g n i t i o n  oE 
ground cover. A f t e r  same rime (5 - 30 m i n u t e s )  
m f f i e i e n t  surface c a r b o n i r a t i o ~ l  of w o d  may b u i l d  
up t o  allow a Free-burning arc  to  he i n i t i a t e d  
a l o n g  t h e  wood m r f a c e .  men t h i s  occurs ,  t h e  
arc current mangirude and d u r a t i o n  w i l l  ~ t o b a b l y  be 
s u f f i c i e n t  to a c t i v a t e  t h e  p r o t e c t i o n ,  a l t h o u g h  a s  
w i t h  the c l a s h i n g  are t h e  s u b s t a n r i a l  ark i m p d -  
anee w i l l  r s s u l i  i n  significant c u r r e n t  l i m i c a t i o r : .  

The p r o b l w  p r e s e n t i d  b y  such f a u l t s  r o ' t h e  p ro-  
t e c t i o n  d e s i g n e r  i s  made more d i f f i c u l c  5y t h e  
l a c k  oE d e t a i l e d  i n f o r m a t i o n  c o n c e r n i n g  rhe  
c h a r a c t e r i s t i c s  and p r o p e r r i e s  of mcli f a u l t s .  l n  
p z r c i c u l n r ,  svch h a s i c  d e t a i l s  8 6  f a u l t  d u r a t i o n ,  
v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s ,  arc movement and 
f a u l t  12c ere nor k n o w ,  n o t  t o  mention o t h e r  p r o -  
p e r t i e s  such as  r a t e  of p rcducr ion  of p j r t i c l e s .  
t h e i r  c w p e r a h i r e  decay and t r a j e c t o r i e s .  

A programme of i n v e s t i g a r i a r  aimed ar  dr.ierminiily 
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,"me or rbe bas i c  p r o p e i r i e s  4f s v c l ~  f a u l t s  Iws 
heen undertaken a r  UNSW a d  t h i s  paper d e s c r i b e s  
%me of the r e s u l t s  of i n i t i a l  i r r ve s t i ga t i ons  of 
rlic a r c ing  r e su l t i ng  f r m  c l a s h i n g  of s i n g l e  phase 
C O n d ~ ~ t ~ ~ ~  a t  240 V o l t s  and 6.6 K Vo l t s .  

Mm OF PARTICLE EMISSION 

n e r e  has  been ve ry  l i t t l e  work done on the problem 
of c l a sh ing  arcs,  and i n  p a r t i c u l a r ,  there is no 
information a v a i l a b l e  wi th  regard  t o  the f a c t o r s  
~ h i c h  determine the a rc  c u r r e n t  du ra t i on ,  arc move- 
ment and ttic e ros iun  of material . .  Apart f ran the  
vnrh of Srrom (1946) an lent arcs, the  only rorh on 
arc c h a r a c t e r i s t i c s  of any r e a l  re levance  tas been 
~once rned  with rhor t  a rcs  on low v o l t a g e  busbars a t  
r e l a e i v e l y  high c u r r e n t s  ( tens of thousands of 
m p s )  (Fisbcr ,  1970; b g n e r  and Founta in ,  1948).  
Similar prohlems w i t h  protece ion  ope ra t i on  occur 
even on such sys r ens  (Kaufnunn and a g e ,  1960). bur 
to a l e s s e r  degree because uf chr. lower arc vo l t age  
of the s h o r t  arc and the  consequent  dccrevsed een- 
dency to l i m i t  cu r r en t .  

]'he imporraur c t a r s c t c r & r i c  of c l a sh ing  is rhe 
r a r e  of r ru s ion  of  conductor m a t e r i a l  and the  form 
a i d  quantity of the p a r t i c l e s  when e j ec t ed  from the  
c lashing  s i t e .  I n  p a r t i c u l a r ,  i c  is not  c l e a r  
vhhethrr che i n i t d l  mel t ing  o f  the  con t ac r  br idge  
a t  scparvr ion  or the  subsequent a r c ing  provides  the  
major source of e j ec t ed  m a t e r i a l .  The only r e p o r t -  
ed i n v c s r i g r t i o n s  of par t i d e  product ion  by c ln sh -  
ing aar contained i u  a r e p o r t  of t h e  S t n t e  Elecr-  
i i e i t y  C o m i s s i a n  o f  V ic to r i a  (SECV : 1977). The 
i twcs t i ga t i ons  r epo r t ed  t h e r e  were concerned o n l y  
w i t h  the  p a r r i c l c  product ion  and the temperature 
dccny and t r a j e c t o r y  oi tile par t i c k s .  Tirere m s  
no i nves t i ga t i on  of the  a rc  p r o p e r t i e s  and i t s  

I e f f e c t  on eros ion .  

'ihc r a t e  of c r a s i a n  of m n t e r i a l  by the a rc  i s  de-  
pendent on the  power d i s s i p a  Led a t  the anode and 
cathode roors  on  the conducrors.  This power is de- 
termined by the  arc c u r r e n t ,  t h e  sum of the  anode 
and ca thode  f a l l  v a l m g e s ,  and t h e  s t a b i l i t y  of the  
roors. The anode snd ca thode  f a l l s  a re  iq ,sens i r ive  
to c u r r e n t  and do nor v a r y  s i g n i i i c a n t l y  f o r  d i f -  
f e r e n t  metals,  being u s u a l l y  a b o u t  25 - 3 0  Vo l t s  
t o t a l .  Thus the maximum energy per second a v a i l -  
ab l e  f o r  producing e ros ion  is t y p i c a l l y  25 Kjoules 
per kilocoulomb. iiot a l l  of c h i s  w i l l  be used f o r  
conversion to eros ion  a s  some w i l l  be used f o r  
mainraining the arc, some w i l l  be d i s s i p a t e d  away 
by conduction and r a d i a t i o n  and sone w i l l  he used 
ro vapau r i s e  conductor m a t e r i a l  - a l o s s  process 
which i s  d i s t i n c t  from l o s e  i n  a ;nacroscopi= par-  
t i c l e  form. 

The a c t u a l  mechanism of p a r t i c u l a t e  l o s s  due  t o  
conductor c l a sh ing  a t  the r e l a t i v e l y  slow r a t e s  of 
con t ac t  Separution encountered irere w i l l  be s i m i l a r  
t o  t h a t  of normal c o n t a c t  e ro s ion .  Power w i l l  be 
developed i n  the  c u r r e n t  f low c o n s t r i c t i o n  a t  the 
po in t  of c o n t a c t  : t h i s  w i l l  be genera ted  i n  a 
sphere of r a d i u s  a - 5 x 10-3 ccn, where a i s  ehe 
r ad iu s  of the cantacc  a r e a .  As rhe  c o n t a c t s  sep- 
a r a t e ,  a decreases ,  t h e  c o n t a c t  r e s i s t a n c e  i nc rea s -  
es, as does  the  c o n t a c t  v o l t a g e  d r o p  and hence t h e  
paver developed i n  t h e  con t ac t .  Thus the  temper- 
a t u r e  of t h e  concacr i nc r ea se s  u n t i l  i t  r e aches  the  
mel t ing  p o i n t  of the  conductor ma te r i a l .  At  t h i s  
poin t ,  a molten br idge  forms between the  s e p l r a t i n g  
contacts to  c a r r y  rhe c u r r e n t .  men t r u e  separs-  
t i on  occurs as  the b r idge  i s  broken, t h e  tempera- 
N r e  s t  the  con t ac t  p o i n t s  is high  enough f o r  
vapour isa t ion  of meta l  and e l e c t r o n  emission to  

. . i n i t i a t e  an  arc d ischarge .  When the  arc forme, the 
cathode and snode spo t s  a re  maintained a t  h igh  

temperatures (2500 - 30030 K f o r  "on-ihermionic 
m a t e r i a l s )  by the  cathode and anode f a l l s .  I n  
gene ra l ,  these  tempcrnrurcs a r e  above :he bo i l i ne  
p o i n t s  of the  meta ls .  

Consequently,  t he r e  are r io  beys i n  which p;irLicle.s 
may bc w i r t e d .  At the i n s t a n t  of c o n t a c t  stpara- 
Lion, be fo re  the a rc  has e s t ab l i shed ,  the  rupture  
of rbe molten br idge  w i l l  cause emission of sis- 
u i f i c a n r  numbers of molten p a r t i c l e s .  This  mecllan- 
i s n  w i l l  produce increased emission wirli cu r r en t .  
Af t e r  the  a r c  has e s t a b l i s h d  i t s e l f ,  t h e  arc r o o t s  
w i l l  be e s s e n t i a l l y  molten pools  of condilctor 
macer ia l  and thus t h i s  m a t e r i a l  nay  be l o s t  both by 
v a p o r i s a t i o n  to a g a s e w s  s o r e  or by macroscopic 
p a r t i c l e  loss of molten metal .  Ihe pressure  grad- 
i e n t  e s r ab l i shed  by the  arc a t  rhr cur l la ic  i n  pa r -  
t i c u l a r  w i l l  help the  l a t t e r  p roces s  by e f f e c t i v e l y  
blowing the  molten r a t e r i a l  o f f .  The l o s s  r a t e  
due  m arc heacing i s  dependent a n  arc current and 
du rac ion  and on the s r a b i l i i y  of the  a rc  roocs .  

I n  a d d i t i o n  m arc and conrnc? h a  r ing ,  o ther  
f a c r o r s  determine che amount o f  m a r e r i a l  e j ec t ed .  
The conductor marer in l  and its me1 ring poin t ,  i t s  
a l e c r r i c a l  r e s i r i i v i t y  and s p e c i f i c  hea t  are i m -  
p o r t a n t  f a c t o r s .  I n  genera l ,  the  h isher  the mel t -  
ing p i n t  ard bo i l i ng  po in t ,  the l e s s  i s  the l o s s  
by che a rc  processes i n  genera l  ( inc luding  vapour 
l o s s ) .  Tivs  i t  w u l d  be expected thac  s t e e l  vuuld 
have l e s s  l o s s  than capper,  which w u l d  be l e s s  
t h n  the l o s s  € r an  aluminium. Wilson (1955) Ins 
measured arc  cros ion  l o s s e s  f o r  a nunher o f  mat- 
e r i a l a  and found the t o t a l  l o s s  from aluminium to 
be a lmos t  twice char from copper,  wi th  the molten 
l i q u i d  l o s s  having rlie same r e l a t i v i t y .  Recause of 
t h e  method of arc  i n i t i a t i o n ,  Ui lson ' s  experiments 
d id  n o t  inc lude  a l o s s  component due  to  contact 
hr idge  rupmre .  

Arc motion w i l l  a l s o  have some bearing on the l o s s -  
es - i f  the  are roors are s t a t i o n a r y  then t he re  
may be enhanced heat ing ,  whercas i T  the a rc  r o o t s  
move then the l o s s  may be s u b s t a n t i a l l y  reduced.  
However t h i s  may be counternc tcd by the f a e  t  t h a t  
nn e r r a t i c a l l y  moving arc may produce a greater 
f r a c t i o n  of l a r g e r  p r t i c l e s  than a s t a t i c  a r c  
wilere the  major l o s s  w i l l  be by vapo r i s a t i on .  A s  
t h e  electromagnetic f o r c e s  an  the arc arc 8ignif  i- 
c a n t ,  t he r e  w i l l  u s u a l l y  be somc arc novement, 
p a r t i c u l a r l y  a t  high c u r r e n t s .  The f o r c e  w i l l  he 
g iven  by 4 l2% and thus ihe motion w i l l  be away 
f r a  the  source, bur thc v a r i a b l e  scpvrot ion  of the  
conductors  during c l a sh ing  and the e f f e c t s  of buoy- 
ancy  a d  w i d  w i l l  r e s u l t  i n  a q u i t e  e r r a t i c  arc 
movement. 

The e s s e n t i a l  aim of t h i s  i n i t i a l  phase o f  the  pro- 
j e c t  was t o  i n v e s t i g a t e  the a r c ing  c h a r a c t e r i s t i c s  
of c l a sh ing  f a u l t s  on overhead l i n e s .  %e exper i -  
ments i x l u d e d  the de terminat ion  of vo1tage;current  
c h a r a c t e r i s t i c s ,  cur rent -arc ing  time r e l a t i o n s h i p ,  
number and s i z e  of e j ec t ed  p a r t i c l e s  and a r c i n g  
12t. A l l  of these  were obtained f o r  a range of 
c u r r e n t ,  f o r  240 V ard 6.6 kV and f o r  alumjnium a d  
copper conductors.  

The appara tus  used comprised a sho rc  span :of two- 
w i r e  l i n e  s e t  up i n  the  high c u r r e n t  l a b o r a t o r y  a t  
UNSW. The span l e n g t h  was 3.1 me t r e s  and conductor 
s epa ra t i on  ws0.4  metre.  Current  through the  arc 
and vo l t age  across the  conductors  a t  the  end sup- 
p o r t  i n s u l a t o r s  were measured wi th  a n  o sc i l l ag raph .  
The i r o l t agemeasu rwenc  t hus  i nc ludes  scme in-  
d u c t i v e  drop due to  tlie inducrance between poin t  of 
measurement and the  arc. This m s  taken i n t o  
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account when cotisrruc r ing  the d p r n i c  v o l c a m p e r e  
c t w r a c t r r i s t i c s .  

C l a s h i n g  w s  i n i t i a t e d  manual ly by i n d u c i n g  con- 
due tor n o t i o n ,  wich a n  i n i v l J  ted l e n g t h  of twine, 
when t h e  a c t i v e  l i n e  was l i v e .  I n  s d d i t i o r ,  io 
c u r r e n t  and v o l t a g e  mewuremenis b o r h  h i g h  speed 
and v i d e o  Fi lms were taken t o  r c c o r d  p a r t i c l e  emis- 
s i o n .  I n  a d d i t i o n ,  a 35 mm camera w i t h  open 
s l i i i t ~ r r  d u r i n g  c las l i ing  bas used ro p r o v i d e  a very 
e l e a r  i n d i c a t i o n  of t h e  numbers i n d  t r a j c c t o r i c s  of 
e m i t t e d  p a r t i c l e s  (Pig. 1 ) .  The number and s i z e  of 
p a r r i c l e s  on i rced  w s  determined by c o l l e c r i n g ~ a l l  
s o l i d  m a t e r i a l  emi t t ed  d u r i n g  c l a s h i n g .  

F i g u r e  2 shows t l l r  maximum and minimum a r c  d u r a t i o n 5  
for aluminium and copper  aver the  f u l l  range o f  
c u r r c n t  a t  240 V o l t s  between conduccore. As can be 
seen, t h e  s i c  between ~ l u m i n i u r n  cunduc tors  is eon- 
s i s t e n c l y  of l o n g e r  d u r a t i o n  t M n  t l w t  hetween 
capper  conductors. Ten i n d i v i d u a l  c l o s h i n g s  verc 
performed a t  each c u r r e n t  l e v e l  for each type of  
C O ~ ~ U C  t o r  - 

rnax. value - - L ~  J 
A t  

I 

?is. 1. Clash ing  Arc p a r t i c l e  Em$ssion. 
~ lumin iurn  conduc tors  a t  575 Amps. T o t a l  o f  e i g h t  
s e p a r a t e  c l a s h e s  over u 1 0  second p e r i o d .  

At 240 Volcs ,  a r a n g e  of c u r r a n t  from 6 0  amps up  rn  
8 6 0  amps ( p r o s p e c t i v e  values)  was used .  A t  6.6 kV. 
because "I s v p p l y  l i m i t a t i o n s ,  r h e  c u r r e n t s  used 
were only u p  to a maximum of  1 0  a m p s .  Although the  
. . 
nlgh vo1r;tge a rcs  do n o t  produce a n y  s i g n i f i c a n t  
p a r t i c l e  e m i s s i o n  because of t h e  lor. c u r r e n t ,  t h e  
r e s u l t s  are, n e v e r t h e l e s s ,  of impor tance  i n  determ- 
i a i n g  the  arc d u r v t l n n  a t  h igh  v o l w g e .  Por long  
arcs ( i n  c o n t r a s t  to t h c  s i r n a i l a n  w i t h  s h o r t  a rcs )  
Lhe c u r r c n t  magnitude d o e s  m i  have a strong e f f e c t  
an a rc  d o r a t i o n .  Thus rhc 6.6 kV r e a i l r s  ob ta ined  
p r o v i d e  u s e f u l  d c u i l  of  t l x  a rc  d u r a r i a n  a f t e r  
c l a s h i n g ,  even Lhough rile 1 2 c  v a l u e s  a rc  v e r y  l i m i t -  
e d .  By u s i n g  the  low curren: d a t a  t o  e s t i m a t e  arc 
d u r a t i o n  at h i g h e r  c u r r e n t s ,  wc ace  making t h e  M -  
p l i e i e  assumpi ion  that rhr arc  voltage (and hence 
c l e c t r s c  f i e l d !  does n o t  have any  s i g n i f i c a n r . d e -  
pcndencc un c u r r c n i ,  so t h a t  t h e  g rowth  of  arc 
v o l t a a c  t o  e x t i n c r i o n  is i d e p e n d r n i  of c u r r e n t .  
'*is a s s u m p t i &  is suppor ted  by S c r a m ' s  measure- 
m a r s  i n  cha r  he found an a l m o s i  c o n s t a n t  e l e c t r i c  
f i e l d  f a r  c u r r e n t s  u p  to 5,700 Amps, f o r  boil,  1.2 
m e t r e  long  and 0.3 mcrre l o n g  arcs .  Under those  
c a n d i r i o n s ,  t h e  uve iage  e l e e c r i c  f i e l d  f e l l  i n  t h e  
range 1 0  - 1 5  V u l r s l c n  w i t h  no  s i g n i f i c s n r  c u r r e n t  
d e p m d e n c e .  

P i g .  2 .  Arc d u r a t i o n  a t  240 Volcs  for Cil and A 1  
Ten arcs were used n r  each cundic ion .  

V o l  cage t r a c e s  d u r i n g  the  a r c i n g  e x h i b i t  a v e r y  
e r r a t i c  ; m p l i r n d e  v a r i a t i o n ,  wi th  sudden i n c r e a s e s  
i n  v o l t a g e  a t  v a r i o u s  t h c s  c a d s i n g  a d e c r e a s e  in 
c w r e n t  r a g n i t u d e  d u c  to  t h e  current l i m i t i n g  
effect of t h e  a r c i i r c u i t  i n t c r e c t i o n .  The a re  was 
observed to move d u r i n g  each i n d i v i d u a l  a r c i n g  
~ e r i o d :  o n l y  r a r e l y  d i d  tlic arc anchor a c  one 
p o s i r i o n .  The e r r a t i c  vol i -age was a s s ~ c i a t e d  w i t h  
a rc  mwernenr, with  sudden changes i n  arc v o l c a g c  
c o i n c i d i n g  w i t h  sudden c b n g c s  i n  t h e  arc root 
p o s i t i o n s  on clic candoc t o r s .  

'cable 1 shows t h e  v a l u e s  of t o t a l  I ' t  ob ta ined  f r a n  
t h e  currenr waveforms a r  marimun arc d u r a t i o n  f o r  
t h e  tw marerivls a t  the v a r i o u s  c u r r e l t  l e v e l s .  
These a re  oi imporrance i n  that they w i l l  dc te rminc .  
fo r  f u s e  p r o t e c t e d  s y s t m s ,  whether a k r t i c u l a r  
r a c i n g  of f u s e  w i l l  o p e r a r e  i n  the  evcnc of a 
c l a s b i n g  f a d  t. 

4 . 1 . 2  P a r t i c l e  m i s s i o n .  

Table 2 d c w i l s  t h e  s i z e s  a d  number of p r c i c l c s  
c n i t t e d  a t  i h e v a r i o u s c u r r e n i  l e v e l s .  Tlie p s r -  
t i c k s  have been grouped i n t o  t h r e e  s i z e  a l l o c a t i o n s  
v i r .  d i m . e t c r  l e s s  ttwn 0.3 m,  bermen 0.3 and 
1 . 0  mm and g r r a r e r  t l u n  1 . 0  mm. I c  can be scrn  
t M t  fo r  both aluminium and copper ,  most (, 50%) oi 
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:he p a r t i c l e s  eni i r icd were l e s s  rhan 0.3 mm u r  
w c h  cur - renr  l e v e l .  ibwevpr ,  a t  t h e  h i g h e r  c u r -  
r e n ~  l e v e l s ,  i l w  i l luniniunl  conductors cen i  io  e m i t  
nure l a r g e  p i l r t i c l c s  w h i l e  a t  lower  currents. t h e  
C O ~ P P ~  p r r i ~ l e s  t e i d  tu h e  l a r g e r  than  t h e  a l u m i n T  
ium.  Ther r  i s  n o t  n s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  
r o t a 1  number of  p a r t i c l e s  m i r i e d .  

Tab le  2 .  -- 
Number - and s i z e  of i o l l e c t ~ r t i c l  -- - es .  

Eack couer  i s  t h e  a c c u m u l n t i c n  of ten 
c l a s h e s  f o r  each m a t e r i a l .  d  is p i l r r i c l e  
d i m c t e r  . 
F e u r e s  f o c  ~ l u m i n i u m  a r e  sliuyn i n  pilrrn- 
~ h e s i s  v n d e r  t h e  c o r r e s p o n d i n g  f i g u r e  for 
c o p p e r .  

The va r iovs  pho tograph ic  r e c o r d s  show a l a r g e  m ~ m -  
ber  of p a r t i c l e  tracks f o r  aluminium crmduceors  
(e .g .  Fig,. I ) .  From t h e  h i g h  s p e d  f i l m ,  a maxi-  

mum of 8 8  v i s i b l e  aluminium p a r t i c l e s  were observ-  
ed to  l e a v e  r h e  conducror  d u r i n g  o n e - = l a s h ,  buc 
o n l y  50:: of t h e s e  were observed to rcucb t h e  ground 
before burn ing  u p .  A number of the  l a r g e r  incan-  
d c s c c n t  p a r t i c l e s  were observal co disintegrate 
i n t o  y n a l l e r  p a r t i c l e s  on h i t t i n g  t h e  g round .  I n  
some cases,  incandescence  l a s t e d  Ear more ihan  one 
second a f t e r  r e a c h i n g  t h e  f l o o r .  

I n  c o n t r a s t  to t h e  a b w e ,  t h e  pho tograph ic  r e c o r d s  
f o r  c l a s h i n g  w i t h  copper  c o n d u c t o r s  shaved a p p a r -  
e n t l y  v e r y  few p a r t i c l e s  w i t t e d .  Thus, from che 

f a c t  t l w t  t h e  numbers d o  nor d i f f e r  g r e n r l  y  f r o m  
C I I O S ~  c o l l e c t e d  Eor  aluminium, i t  wmld seem t iwr  
Lhe copper  p r l i c l e s  a r e  ar a much l o v e r  tempera- 
t u r e  than clie aluminium. T h i s  i s  sonevlwt s u i p r i s -  
i n g  i n  v iew of t h e  r e s p e t i v e  m e l t i n g  p o i n t s  : 
761°C f u r  A1 and 10839: for  C u .  Huircvcr, t h e  
l i k e l i h o o d  is t h a t  t h e  o x i d a r i o n  r e a c t i o n s  of t h e  
m e m l s  may be s i g u i f i c i l o ~ l y  different i n  terns of 
t h ~ i r  energy of iormacion. i t  i s  known, for  
example (SECV 1971) t h a t  t h e  aluminium a u i d a r i u n  i s  
v e r y  exo thermic .  

4.2 High Vol tage  C l a s h i n g  

I n  a d d i t i o n  ro clic low v o l t a g e  (415V) s y s r e a ,  
where t h e  f n i l l i  currents may be q u i c e  h igh ,  c las l l -  
5% is a l s o  a common occurrence i s  11 kV l i n e s ,  
a l t h o u g h  t h e  c l n s h i n ~ ,  w i l l  be somewlwt different i n  
chlracrer .  idith rhe  much h i g h  vo1iap.r ; m n i l a b l r ,  
i h e  arc l e n g t h  can bc much l o n g e r  b e f o r e  i r  es- 
c l n g u i s h e s  and ;a6 u consequence, the  arc d u r n r l o n  
w i l l  be much i n c r e n s n i  and even rhough t h e  l o v e r  
f a d  t  currenrs g i v e  a lower r n ~ c  of p r r i c l c  mis-  
s i o n ,  t h e  l o n g e r  a r c  duration compenr?rcs for t h i s .  
At t h e  same time, ~ h c  arc was observed io bc much 
nore s t a b l e  than a t  l o u  u o l  tngcs .  T h i s  may have 
been p a r t l y  d u e  to the decreased  e l e c  t romagnrcic  
f o r c e s  a c t i n g  a t  rile lower c u r r e c t s .  F i g .  3 si,ovs 
rhc maximum and minimum a r c i n g  d u r a t i o n s  i o r  c l a s i l -  
inf i  e t  6.6 kV for b o t h  copper  .lnd aluminium. 
:\gain, i t  can be seen t h a r  i h e  arc  d u r a t i o n  inr 
a l u n i a i u n  is subs tan . t in1 ly  G r e a t e r  than f o r  copper  
a l t h o u g h  there i s  some anomaly ir. che niaimum 
v a l u e s  a t  low carzrnes ,  rriwrr. the  d i f f e r e n c e  be- 
t w e n  minimum and mrin!um l o r  aluininium is v e r y  
g r e a t .  As expected.  t h e  a r c i n g  t i n e s  are mcch 
l o n p c r  ~ h u n  t h o s e  at. low v o l m g e .  

I 

F i g .  3 .  Arc "" ra t ion  r r  6 .6  kV. 
Maximum and minimum t imes  a re  shown f o r  A1 and Cu 
a r  v a r i o u s  c u r r e n t  l e v e l s .  Five arcs  a t  eat!? 
c o n d i t i o n .  
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Ac t h e  low currents t i tere  i s  c f f c c r i v c l y  no p a r t i c l e  
cmias ion  - t h e  o n l y  l o s s  was by v a p o r i s a t i o n .  B r -  
c v u ~ c  t h e  arc is rnucll m O T e  s t a b l e  than a r  low vol- 
tapes, t h ~  v o l t a g e  t r a c e  shows a v e r y  s o o o r h l y  
v a r y i n g  m t u r c  b , i th  a s t e a d y  i n c r c a s e  i n  arc v o l -  
t age  a s  t h e  arc  bovs u p w r d  and l e n g t h e n s  d u e  ca 
i t s  buoyancy. There i s  n s imvlWncaus  dccrc. lsc  i n  
c u r r e n t  d u e  t o  current limit in^ a c t i o n .  The i n -  
d i v i d u a l  v o l u g c  c y c l e s  show v c r y  w e l l - d e f i n e d  i g -  
n i t i o n  and e x t i n c t i o n  peaks  wi th ,  i n  g e n e r a l ,  rile 
copper  s inwing considerably h igher  l g n i  t i o n  nnd 
e x c i o c c i o n  v o l t a g e s ,  ar r a u l d  be expec ted  from t h e  
d i f f e r e n c e  i n  a r c i n g  r imes of t h e  two m e t a l s .  

The a r c i n g  times of Fig .  2 acknowledge t h e  f a c t  t h a t  
aluminium is n poor n r c i n g  m a t e r i a l  i n  t h a t  i t s  
low n c l t i n g  p o i n t  promotes e r o s i o n  by a r c i n g  and 
tile fact r l w i  r h e  r c s u l r u n r  big11 vapaur d e n a i L i e s  
near Llle r l d ~ ~ r u d e s  a t  CY=L.CIIL zero ~ L V I Y C L .  t h ~  arc 
i g n i t i o n  v o l t a g e .  A s  a consequence,  rhe aluminium 
Ia%s& arc burns for l o w e r  p e r i o d s  than copper ,  
vhich has a s i g n i f i e a n c i  y  b i e h e r  m e l t i n g  p i n t  and 
h igher  arc i s n i t i o n  v o l t a g e s .  

The meabvred a r c i n g  rimes and l'r v a l u e s  f o r  t h e  
c l a s h i n g  t e s t s  show r h e t  in most  cases, fuse pro- 
c c c t i o n  w u l d  nmt o p e r a t e  d a r i n g  such f a u l t s .  i f  
vile c1asl:ing i a  repcarcd  p e r i o d i c a l l y ,  che p r e -  
load ing  cifecr on  rbe f u s e s  w i l l  cause some re- 
d o c l i o n  i n  o l l c ra r ing  l Z r  v a l u e s  of t h e  f u s e  (Turncr 
and Turner, 1981) bur r h r  r e d u c t i o n  r e l i c s  on re- 
ilea ted c l u s b i n g  and t lms  c a n n o t  bc espec ced co be  
i ' e l i a b l e .  Thus, i r  must  b c  concluded from t h e  
awsurmenrs r h i c  f u s e s  w i l l  be u n l i k e l y  fo g i v e  
any  r e a s m a b l c  d s g r e e  of p r o r e c r i o l :  a g a i n s t  c l a s h -  
ing a t  low vol t e g e s .  A t  high v o l t a g e s ,  where Llie 
ixrc d u r a t i o n s  are much l u n g r r .  t h e  r i m a t i n n  is 
samcwhar d i f f e r e n t ,  bur  the  cause of t h e  increased 
arc d u r a t i o n ,  rhe lonp arc, a l s o  l w s  a d c e r i n c n o l  
effect i n  t i lot  the arc  r e s i s t a n c e  may be h i g h  
enough t o  l i m i t  arc c u r r e n t  s u f f i c i e n t l y  ro keep 
t h c  u p e r a r i q  12r dawn ro v a l u e s  low enough to 
cause f u s e  o p e r a t i o n  t o  be s i g n i f i c a n t l y  de layed .  
i h r  s i t u a c i o o  r l w s  may a p p r w c h  t h e  h i g b  r c s i s u n c e  
cau l  r. Thus i t  i s  i n  r e g i o n s  where 
l i n e s  a re  prone ru c l a s h i n g  cro d e s i g n  p r o t e c t i o n  
t l w t  w i l l  sense t h e  f a u l t  q u i c k l y  and operate t o  
i s d a t e  t h e  f a u l t  b e f o r e  damage i s  caused .  I n  sme 
cases c h i s  may r e q u i r e  more e x o t i c  f o r m s  of p r o -  
t r c  t i o a  t h a n  arc g e n e r a l l y  i n  u s e  i n  d i s t r i h u r i o n  
sys tems  (Aucoin and R u s s e l l ,  1 9 8 2 ) .  

'The p a r t i c l e  erosion measurements, v h i c h  stlow 
upprox imare ly  s i m i l a r  nunbers f o r  aluminium and 
coppcr  a p p e a r  t o  c o n t r a d i c t  the r e s u l t s  of k' i lson,  
whc found A1 l o s s e s  EC be much h igher .  t larcuer  
t h e r e  i s  no r e a l  c o n t r a d i c t i o n  a s  Wilson measured a 
mass l o s s ,  and t h e r e  is a s i g n i f i c a n t  burn  u p  r a r e  
ui ;? luninium, where t h e  o x i d a t i o n  p r o c e s s  i s  v c r y  
exor l t e rn ic  and r a p i d .  The exo thermic  o x i d a t i o n  
process a l s o  p roduces  much h i g h e r  aluminium p a r t i c l e  
t empera t t i r es .  There is, i n  f a c t ,  an i n c r e a s e  i n  
t empera tu re  o f  t h e  a lumin ion  a f t e r  emiss ion  (SECV, 
1977) wher-s i t  a p p e a r s  from t h e  o p t i c a l .  r e c o r d s  
t b t  t h e  copper  p a r r i c l e s  are much ~ o a l e r .  Ths, 
a l i h o u g h  s i m i l a r  quantities of p a r t i c l e s  may r e a c h  
t h e  g round ,  i t  is a p p a r e n t  t h a t  copper  i s  a much 
p r e f e r r e d  conduc tor  f a r  c l a s h i n g  because  of its 
l e s s e r  probability of c a u s i n g  f i r e .  Prrm t h e  ex- 
per iments  of SFCV. (1977), i t  i s  a p p a r e n t  t h a t  onLy 
p a r t i c l e s  of s i z e  g r e a t e r  than  1 mn diamecer  are 
l i k e l y  to  cause i g n i t i o n  of f lammable w a r e r i a l .  

A T  t h i s  s m g c  o f  t h e  c rper iments ,  i r  is not pnss -  
i b l e  ro d e t e r m i n e  how che p a r t i c l e  p roduc t ion  from 
c o n t a c t  s e p a r a t i o n  and from n r c i n g  a r e  appor t ioned  
i n  t h e  t o t a l .  Tlw p a r t i c l e s  oC most i n t e r e s t ,  i . e .  
g r e a t e r  than 1 mm d i a m e t e r ,  show a significant i n -  
CTCISC wit11 c u r r e n t ,  h u t  bo th  m ~ h a n i m s  would p r o -  
d u c e  t h i s  r e s u l t  ( S l a d e  and &hemou, 1971; Wilson, 
1955) .  The arc motion,  v h i c h  i n c r e a s e s  a r  higher  
~ u r r e n r s  1-5 t h e  apparent r e s u l t  of d e r e a s i n g  t h e  
c u m 1  emiss ion  because of t h e  l a c k  of concenrraced 
heaeitig s t  a n y  p a r t i c u l a r  e l e c t r o d e  s p o t s .  Ibw- 
ever, exper i inen t s  perform& i n  our  1aburnLor ies  on 
busbar  a r c i n g  i n d i c a t e  rha t  while  t h e  t o t a l  e r o s i o n  
loss is decreased, it is t h e  uapour loss ti-c i s  
reduced ,  whi.le t h o  m i s s i o n  of l a r g e  macroscopic 
p a r r i c l e s  may. i n  f a c t ,  be enhanced. 

6. SUPL%\RY AND CONCLUSIOSS 

D c u i l s  of t h e  p r o p e r t i e s  of ilrcs r e s u l t i r g ,  frm. 
c l a s h i n g  Ivwc been p r e s e n i r d  Loxerhcr with d e -  
t a i l s  of p a r t i c l e  emiss ion  c e s u l t i n g  from c l s s l i i n g  
of bo th  aluminium ;lid coppcr  conduc tors .  The re-  
sul:s show cbac a lomin iun  p a r r i c l e s  r e p r e s e n t  a 
much more s e r i o u s  problem i n  t e r n s  of f i r e  i n -  
i r l u t l u n  hcc~vse of t h c i r  h igher  t w p e r a t u r e .  
The arc d u r a t i o n s  and a r c i n g  12t values over a 
r a n g e  of c u r r e n t  l'rm 6 5  amps to 860  amps i n d i c a c e  
rha t normal f u s e  p r o t e c t i o n  would be  u n l i k e l y  :o 
opcrntc i n  tbc  rvcnr of .wch f a u l t s .  

The no thor  m u i d  l i k e  ro cxpicss h16 g r a r i m d e  
co K.K. Tan and 'T.T. ljong f o r  cheir  hc ip  i n  the  
exper iments  and t h e  Sydney County C o v n c l l  f o r  
f i n a n c i a l  suppor t .  
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