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Conductor Clashing Characteristics of Overhead Lines

T.R. BLACKBURN
Senior Leeturer, Dept of Electric Power Engg. University of N.S.W.

SUMMARY Resulis are presenced of an investigation of the characteriscics of clashing arcs on overhead
lines, with particular emphasis on the ave duration and It aud thelr bearing on protection.
Arc properties were medsured over a’ range of current for val
ages of 240 Volrs and 6.6 kV, for both copper and aluminium conductors.
s problem in terms of fire initiation, because of their higher

The arc dutarions and It values ar currents from 65 to 860 amps indicate that normal fuse

emission rates have also been investigated.

pavticles reptesent a much more sering
tempuraturea.
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The particle

The results show that alumiaium

protvection would be wnlikely to operate in the event of such Taults.

L. INIRODUCTION

Are discharges between the conducters of overhead
lincs have important ramifications in the

sustral ian environment because they represent a
potential cause of fire by ignirion of [ lammable
mataerial under the line. The arcing may be in-
itiated by @ number of causes, Clashing of con-
ductors may be caused by strong, gusting, winds or
by movement of conductors as a ressly of electro-
magnetic forces due vo fault currents. As 3
rasult of clashing, whether between two phase con-
ductors or a phase and neutral comductor, a short
siveuit current flows at the instant of contact
making, followed by arcing when the contact is
broken as the conductars separate. The likelihood
vl such clashing occurring is imcreased signifi-
cantly if the sag of the lines is excessive, due
ecirher to higher than normal line and fer ambignt
renperanire oF as a resule of incorregct tensioning
of the line duripg crection. Alternmatively, arcing
may result from foreign objects bridging the lines.
Most typically, this would imclude (ree branches
across the lines. At voltages above about a kilo-
volt, there is a substantial current flow (of at
least tens of milliamps) through the wood initially,
This current gradually dincreases in magnitude due
to carbonfzacion of the wopd untll evepntually
there is a full, open, arc initiated aleng the
wood surface, at which time a short circuit arc
berween the conductors occurs, with the current
magnitude limited considerably by the arc im-
pedance,

in the case of the clashing fault, fires may be
initiated by high temperature particles which fall
to the ground after being generated by melting of
the conductor both at the initial geparation and
laver at the arc root points on the conductors.
When wood bridges the conductors, the current flow
through the wood, though small, causes the wood to
eventually ignlte, particularly at the contact
points and ro drop burning embers te the ground.
The subsequent full arc along the wood surface will,
additicnally, produce high temperature metal par-
ticles from the melten arce roots on the conductors.

While these faulys have such potentially disastrous
consequences, they are often difficult for the
system protection to detect and thus are not al-
ways isolated quickly enough to prevent fires
occurring.  In the case of clashing faults, the
problem ilies im the fact that, in general, it is
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difficult to sustain a free-burning arc over the
length regulting from inter-conductor separations.
This is a result of the natural bowing of. the arc
due to convective buoyancy and to other factors
such as wind generated dissipation of arc pewer.
As a result, the voltage required to sustain such
arcs is considerable (of the order of 15 Valts

per cm) and the arc self-extinguishes as a re-
wlt of its own instability. This tendency o
extinguish is most evident in the low voltage
(415/240 V) lines because of the limirted voltage
available to sustain the arc. As a resulc of the
self -extinguishing process, in many cases the arc
duration may not be sufficiently long ro cause any
protective device (fuse, recloser atc.) to operate.
The problem is further exacerbated by the current
limiting effect of the high arc voltages generated.
Thus although the clashing and arcing may occur
repeatedly over a prolonged period of time, the
ind ividual clashing and arcing duration and the
arc current may not be sufficient to trip the
protection, thus allowing the areing to contimue
for a prolonged pericd with prolonged productien
of molten particles.

The fault which results from a piece of wood
across overhead lines is a rypical example of the
high resistance Fault., The current flow through
the wood is, initially, owch less than the normal
load current and is thus not seen as a fault. As
a result, the fault may exist for a considerable
period, during which time burning embers may drop
to the ground, possibly resulting in dgnition of
ground cover. After some time (5 - 30 minutes)
sufficient surface carbonization of wood may build
up to allew a Free-burning are to be initiated
along the wood surface. When this occurs, the

arc current mangitude and duration will probably be
sufficient to activate the protection, although as
with the clashing arc the substantial arc imped-
ance will result in significant current limiratiou.

The problem presented by such faules to'the pro-
tection designer is made wmore difficule by the
lack of detailed information concerning: the
characteristics and properties of such faules. In
parcicular, such basic detalls as fault durartion,
volrage~current characteristics, arc movement and
fault 14t are not known, not to mention other pro-
perties such as rate of production of parcicles,
their temperature decay and trajectories.

4 programme of imvestigacion aimed at dgrermining




some ¢l the basic properties af such faulits has
yeen under taken at UNSW amd this paper describes
gome of the results of initial investigations of
the arcing resulting Erom clashing of single phase
conductors ar 240 Volts and 6.6 K Volts.

2. MECHANISM OF PARTICLE EMISSION

There has been very little work done on the problem
of clashing arcs, and in particular, there is no
information available with regard to the factors
which determine the arc current duration, arc move-
ment and the erosion of material. Apart from the
work of Scrom (1946) on long arcs, the only work on
arc characteristics of any real relevance has been
concerned with shart arcs on low voltage busbars at
relatively high currenrts (tens of thousands of
amps) (Fisher, 1970; Vagner and Fountsin, 1948).
similar problems wich protection operation occur
even pa such systems {Kaufmann and Page, 1960), but
to a lesser degree because of the lower axc voltage
of the short arc and the consequent decreased ten—
dency to limit current.

The important characteriscic of clashing is the
rave of erosion of conductor material and the form
and quantity of the particles when ejected from the
clashing site. In particular, it is not clear
whether the initial melting of the contact bridge
at separation or the subsequent arcing provides the
major source of ejected materijal. The only report-
ed Investigations of particle production by clash-
ing are contained in a report of the State Elect-
ricity Comnission of Victoria (SECV : 1877). The
inwestigations reported there were concerned only
with the particle preducticn and the temperature
decay and trajectory of the particles. There was
no investigaztion of the arc properties and its
effect on ercsion.

The rate of erosion of material by the arc is dae-
pendent on the power dissipated at the ancde and
cathode roots on the conductors. This power is de-
termined by the arc current, the sum of the anode
and cathode fall voltages, and the stabilicy of the
roors, The ancde and cathode falls are insensicive
te current and do not vary significantly For dif-
ferent metals, being uswally about 25 - 30 Volts
total. Thus the maximum energy per second avail-
able for producing erosion is typlcally 25 Kjoules
per kilocoulomb. Hot all of this will be used for
conversion to erosion as some will be used for
maintaining the arc, some will be dissipated away
by conduction and radiation and some will be used
to vapourise conductor material — a loss process
which is distinct from loss in a macroscopic par-
ticle form.

The actual mechanism of particulate loss due to
conduc tor clashing at the relarively slow rates of
contact separation encountered here will be similat
to that of normal contact érosion. Power will be
developed in the current £low constriction at the
point of contact : this will be generated in a
sphere of radius & - 5 x 1073 ctm, where a is the
radius of the contact areaz. As the contacts sep-
arate, a decreases, the contact Yesistance increas-—
es, as does the contact veltage drop and hence the
power developed in the contact., Thus the temper-—
ature of the contact increases ungil £t reaches the
welting point of the conductor material. At this
point, a molten bridge forms between the separating
contacts to carry the current. When true separa-
tion occurs as the bridge is broken, the tempera-~
ture at the contact points is high encugh for
vapourisation of metal and electromn emission to
initiate an arc discharge. When the are forms,
cathede and anode spots are maintained at high

the
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temperatures {2500 - 30009 K for non-thermionic
materials) by the cathode and amode £alls. 1In
general, these temperatures ate above the boiling
poings of the metals.

Consequently, there are two ways in which particles
may be emitted., At the dnstant of contact separa-
tion, before the arc has established, the rupture
of the molten bridge will cause emission of sig-
wificant numbers of wmolten paxrticles. This mechan-
ism will produce increased emission with current.
Af ter the arc has established itself, the arc roots
will be essentially wolten pools of conductor
material and thus this matetial may be lost both by
vaporisafion to a gaseous state or by macrescopic
particle loss of molten metal. The pressure grad -
ient established by the arc at the cathode in par-
ticular will help the latter process by effectively
blowing the molten material off. The loss rate
due ro arc heating is dependent on arc current and
duration and on the stability of the arc roots.

In addition to arc and contact heating, other
factors determine the amount of material ejected.
The conducter material and its melcing poding, its
electrical resiscivity and specific heat are im-
portant factors. In general, the higher the melr-
ing point and boiling point, the less is the loss
by the arc processes in general (including vapour
loss)., Thus it would be expected thar steel would
have less loss than copper, which would be less
than the loss from aluminium. Wilscn (1955) has
measuTed arc erosion losses for a number of mat-
erials and found the total loss frem aluminium to
be almost twice that from copper, with the molten
liquid loss having the same relativity. Because of
the method of arc initiation, Wilson's experiments
did not include & logs component due to contact
bridge rupture. ’

Arc motion will alsc have some bearing on the lass-
es - if the arc roots are stationary then there
may be enhanced heating, whercvas if the arc roots
move then the loss may be substantially reduced.
However this may be counteracted by the fact that
an erratically moving arc mzy produce & greater
fraccion of larger particles than a static arc
where the major loss will be by vaporisation. As
the electromagnetic forces on the arc are signifi-
cant, there will usuzlly be some arc movement,
particularly at high currents, The force will be
given by X% 12dL ané thus the motion will be away
from the sourceé, but the variable sepavation of the
conductors during clashing and the effects of buoy-
aney and wind will result in a quite erratic arc
movement.

3. THE EXPERIMENT

The essential aim of this initial phase of the pro-
ject was to imvestigate the arcing characteristics
of clashing faults on overhead lines. The experi-
ments Included the determination of voltage=urrent
characteristics, current-arcing time relationship,
number and slze of ejectved particles and arcing
12¢, A1l of chese were obzained for a tange of
current, for 240 V ard 6.6 kV and for alumfinium and
copper conductors,

The apparatus used comprised a short span ‘of two=
wire line set up in the high current laboratory at
UNSW. The span length was 3.1 metres and copductor
sepatration was0.4 metre, Current through the arc
and voltage across the conductors at the end sup-
port insulators were messered with an oscillograph.
The voltage measuremenc thus includes some in-
ductive drop due to the inductance between point of
measurement and the arc. This was teken into




account when constructing the dynamic volc-ampere
characteristics.,

Clashing was initiated manually by iwmlucing con-
ductor motion, with an insulated leogth of twine,
when the active line was live. In addition to
current and voeltage measurements both high speed
and video films were taken to record particle emis—
sion. In addition, @ 35 mm camera with cpen
shutter during clashing was used to provide a very
clear indication of the numbers and trajectories of
emitted particles (Fig. 1), The number and size of
parvicles emitved was determined by collecting 'ail
solid material emitted during clashing.

#ig. 1. Clashing Arc particle Bnrission.
Alyminium conductors at 575 Amps. Total of cight
separate clashes over a 10 second period,

At 24D Voles, a range of curvent from 60 amps up to
860 amps (prospective values) was used- AL 6.6 kV,
because of supply limitations, the currents used
were only up to a wmaximum of L0 amps.” Although the
high voltage arcs do not produce any significant
particle emission hecause of the low current, the
results are, nevertheless, of importaunce in determ-
ining the are duratlon at high voleage. For long
arcs (in contrast ta the situation with short arcs)
the currcent magnitude does not have a scrong effect
on are duration. Thus the 6.6 kV results obtained
provide useful detail of the arc duration afrer
clashing, even Lhough the IZc values are very limit-
ed. By using the low current data te estimate arc
duration at higher currents, we are making the im-
plicit assumption that the arc voltage (and hence
electric field) does not have any significant .de-
pendence on currentg, so that the growth.of arc
voltage to extinction is imdependent of current.
This assumption 1s supported by Straom's measure-
meats in that he found an almast constant electric
field for currents up to 5000 Amps, for both L.2
metre long and 0.3 metre long arcs. Under those
conditions, the average elecrric field fell in the
range 10 - 15 Veolts/em with no significant current
depandence.
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4, RESULTS
4.1 Low voleage clashing.
4.1.1 aAre characteristics.

Figure 2 shows the maximum and mipimum arc duration:
for aluminium and copper over the Full range of
current at 240 Velts berween conductors. As can be
seen, the arc between aluminiuvm conductors is con=~
sistently of lenger duratiom than thar between
copper conductors. Ten individual clashings were
performed at each current level for each type of
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wig, %, Arc duration at 240 Volrs for €u and Al.
Ten arcs were used at each condition.

Voltage rraces during the arcing exhibit a very
erratic amplitude variation, with sudden increases
in voltage at various times cadsing 3 decrease in
current magnitude due te the current limiting
effect of the arc-circuit interaction. The arc was
observed to move duripg esch individual arcing
peried; only rarely did the arc anchor at obe
positien. The erratic voltage was associated with
arc movement, with sudden changes in arc voltage
coinciding with sudden changes in the arc root
pasitions on the conductors.

Table | shows the values of toral 12!: obtained from
the current waveforms at maximum arc duration [or
the two materdals at the various current levels,
These are of importapce in that they will determine,
for fuse protected systems, vhecher a particular
rating of fuse will operate in the event of a
clashing fault.

4,1,2 Particle emission. ;

Table 2 details the sizes amd number of particles
emitred at the various current levels. The par=
ticles have been grouped into three size allocations
viz. diameter less than 0.3 mn, between 0.3 and

1.0 v and greater than 1.0 mm, Tt can be seen

that for both aluminium and copper, most (> 50%) of




Current lam;“ T Alcminium "I Copper
Izt {Amp2/sec)

I 63 752 -8B
! 100 1 284 456
Y 2512 1 686
406 17 153 14 507

575 17 21t 4 194

Bg0 4 510 & 227

- Table 1.

2 .2
Total It {7i"dt) from current waveforms aC maxi-
Tum arc duratiom.

the particles emitted were less than 0.3 mm at

each current level. However, at the higher cur-~
rent levels, the aluminium conducters temd to emit
more large particles while at lower currents, the
copper particles temd to be larger than the alumin-
ium. There is not a significant difference in the
total number of particles emitied.

i d<0.3 ] 0.3¢d 1.0] d»1.0 | Total ] Largest
(amps}) Count size
(mm)
65 30 25 2 57 2.0
(18) (2) (0 (39) (0.7)
100 30 1’ 1 38 | 1.7
(18) (2) (1) {(40) (1.3
234 i 50 5 3 58 1.0
{35) i 1} (456} {1.0)
406 50 12 1 63 1.3
i (50) (25) (6) (8L) {2.5)
575 50 30 z 82 1.8
{50} (25} (8) 83y 1 (2.3)
860 50 40 2 92 1.7
: (30) (40) {13} (103) {1.7)
Table 2.

Number and size of collected particles.

Each count is the accumulaticn of ten
clashes for each material. d is particle
diameter .

Figures for aluminium are shuwna in pacen-
thesis under the correspending figure for
COpper.

The varicus photographic records show a larpe mm-
ber of parcicle tracks for aluminium conductors
(e.g. Fig. 1). From the high speed film, a maxi-
mum of 88 visible aluminium particles were observ-
ed to leave the conducrer during ome tlash, but
only 50% of these were observed to reach the ground
before burning up. A number of the larger incan-
descent particles were observed ro disintegrate
into smaller particles on hitting the ground. 1In
some cases, incandescence lasted for more than one
serond after reaching the floor.

In contrast to the above, the photographic records
for ¢lashing with copper conductors showed appar-
antly very few particles emitted. Thus, from the
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fact that the mumbers do uot differ greatly from
those coliected for aluminium, it would seem that
the ¢opper particles are at a much lower tempeva-
ture than the aluminium. This is sopewhat surpris-
ing in view of the respective melting points
7679C for Al and 10839C fur Cu., However, the
likelihood is that the oxigation resctions of the
metals may be siguificantly different in terms of
their energy of formarion, 1t is koown, for
example (SECY 1977) that the alumipium oxidation is
very exothermic .,

4.2 Migh Voltage Clasibving.

In addition to the low voltage (415V) system,

where the Fault currents may be quice high, clash-
ing is also a common occurrence in 11 kV lines,
although the clashing will be somewhat different in
character. With the much higher voltage available,
the arc lengch can be much longer bhefore it ex-
cinguishes and as & consequence, the arc duration
will be much increassd and even though the lower
fault currents give a lower rate of particle emis-—
sion, the longer arc duracion compensates for this.
At the same time, the arc was observed to be much
more stable than at low valtages. This may have
been partly due to the decreased eleclremagnetic
forges acting at the lower currents. Fig. 3 shows
the maximum and mipnimum arcing durations for clash-
ing At 6.6 k¥ for both copper and aluminium.

Again, it can be seen that the arc duration for
aluminium is substantially greater than for copper
although there is some anomaly in the minimum
values at low currents, where the difference be-
tween minimem and maximoem [or aluminiuw is very

- g

.

great. As expected, the arcipg times are much
langer than those at low voltage.,
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Fig. 3. Arc duration a2t 6.6 kV.

Maximum and minimem times are shown for Al and Cu
at various current levels. Five arecs at each
condition.




Atv the low currents there is effectively no particle
emission - the only loss was by vaporisatjon. Be-
cause the ate is much more stable than ar low vol-
tages, the voltage trace shows a very smoothly
varying nature with a steady increase in are vol-
rsge as the arc bows upwsrd and lengthens due o
its buoyancy. There is a simultancous decrease in
current due to cutreat limiting action. The in-
dividual volrage cycles show very well~defined ig-
nition amd extinction peaks with, in general, the
copper showing considerably higher “ignfition and
extinction voltages, as would be expected from the
difference in arcing times of the twp metals.

5. DISCUSSION

The arcing times of Fig. 2 acknowledge the fact that
aluminium §s a poor arcing material in that its

low melting point promotes erosion by arcing and
the fact that the resultant high vapour densities
near the elegtrodes at current zero reduce the arc
ignition voltage. As & consequence, the aluminium
based arc burns for lonper periods than copper,
wvhich has a significantly higher melting point and
higher are ignition voltages,

The measured arcing times amnd I.glt values for the
clashing tests show that Iu most cases, fuse pro-
tection would not operate durinmg such faults. 1If
the clashing is repeated periodically, the pre-
loading ecffect on the fuses will cause some re—
duction in operating 1t values of the fuse (Turner
and Turner, 1981) but the reduction relics on re~
peated clashing and thus cannot be expecred to be
reliable.  Thus, it must be concluded from the
measurements that fuses will be unlikely to give
any raascnable degres of prorection apainst clash-
ing at low voltages. At high veltages, where the
arc durations are much longer, the situarion is
somewhat different, but the cause of the incressed
arc duration, the long arc, also has a detrimental
effect in that the avec resistance may be high
enough to Ilimit arc current sufficiently to keep
the operating 12¢ down to values Tow enouglh to
cause fuse operation to be significantly delayed.
The sitvacion thus may approach the high resistance
fault, 7Thus it is necessary im regions where
lipes are prone ro clashing to design protection
that will sense the fault quickly and operate to
isolate the fault before damage is caused. In some
cases thig may require more exctic forms of pro-~
tection than are genevally in use in distriburion
systems (Aucoin and Russell, 1982}.

The particle erosion measurements, which show
approximately similar numbers for aluminium and

. topper appear te contradict the resules of Wilsen,

whe found AL losses ce be much higher., However
there is no real contradiction as Wilsen measured a
mass loss, and there is a significant burn up rTate
of aluminium, where the oxidation process is very
exothermic and rapid, The excthermic oxidation
process also produces much higher aluminium particle
temperatures. There is, in fact, an increase in
temperature of the aluminium af ter emission (SECVY,
1977) whereas it appears from the optieal records
that the copper particles are much gooler. Thus,
altheugh similar quantities of particies may reach
the ground, {t is apparent that copper is a much
preferted conductor for clashing because of its
lesser probabilicy of causing fire, From the ex-
periments of SECV, (1977}, it is apparent that only
particles of size greater than 1 wm diameter are
likely to cause ignition of flammable material.
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At this stage of the experiments, it is not poss-
ible Lo determine how the particle production from
contact separation a#nd from arcing are appertioned
in the total. The particles of most ipnterest, i.e.
greater than 1 om diameter, show a sigeificant in-
crease with current, but both mechanisms would pro-
duce this result (Slade and Mahemaow, 1971; Wilson,
1855). The are motion, which increases at hipher
currents has the apparent result of decreasing the
total emission because of the lack of concentraced
heating at any particular electrode spots. How-
ever, experiments performed dn our laboratories on
bushar arcing indicate that while the total erosiom
lass is decreased, 1t is the vapour loss that is
reduced, while the emission of large macroscopic
particles may, in fact, be enhanced.

6. SUMMARY AND CONCLUSIONS

Details of the properties of arcs resulting from
clashing have been presenged together with de-
talls of particle emission resulting from clashing
of both aluminium anmd copper conducters. The re-
sulvs show rthar aluminium particles represent a
much more serlious problem in terms of {ire in-
itiaclon becavse of their higher temperature,

The are durations and arcing 12¢ values over a
range of current from 65 amps to 860 ampg indicate
that normal fuse protection would be unlikely to
operate in the event of such faulrs.

7. ACKROWLEDGEMENTS

The avthor would like to express his graritude
to K.K. Tan and T.T. Wong for their help in the
experiments and the Sydney County Council for

financial support.
8. REFERENCES

AUCOIN, B.M. and RUSSELL, B.D. (1982). Distri-
butionr High Impedance Faulct Detection. IEEE Trans,
PAS-101, 1596-1606,

FISHER, 1..E. {(19703). Resistance of Low-Voltage
AC Arcs. IEEE Trans. IGA-6, 607-616.

KAUFFMAN, R.H. and PAGE, J.C. (1960). Arcing
Fault Protection for L.V. Power Distribution
Systems. AIEE Trans. Z_Sg_, 160-167.

STATE ELECTRICITY COMMISSLON OF VICTORIA £1977).
An examination of particles from conductor clashes.
Report Ko, FM-L,

SLADE, P.C. and RAHEMOW, M.D. (1971). Initial
Separation of Electrical Contacts Carrying High
Currents. J. App. Phys. 42, 3290-3297.

STROM, A.P. (1946), Long 60-Cwle Arcs in Alr.
AIEE Trans, 65, 113~118. -

Lnflq'ent:e
Prec. 4th.
Lodz,  319-323.

TURNER, H.W. and TURNER, (., (1981},
of Preloading on Fuse PerEorwance.
Int. Sym. Swirtching Arc Phenomena;

WAGNER, C.F. and FOUNTAIN, L.L. (1948). ‘arcing
Fault Currents in Low-Voltage AC Cirtuits. AIEE
Trans. &7, 166-174. ;

WILGON, W.R. (1955). High-CuTTent Arc Eroslon of
Electric Contact Marerials, AIEE trans. 1§,
657664,

216






