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ABSTRACT

This thesis discusses the results of an investigation that was initiated in January
1996 to determine the root cause of the increasing fault trend in respect of
transient earth faults on the 275 kV transmission grid in KwaZulu-Natal, South
Africa. Historically it was thought that the persistently poor performance of this
network was caused by pollution faults. This network was reinsulated with
silicone composite insulators, and cane fire as well as veld fire management
programmes were introduced. These projects did not result in a consistently

decreasing fault trend on this 275 kV transmission grid.

The burn marks caused by the power arcs, which were identified in this study,
appeared to indicate that air gap breakdown was occurring. Birds were also
observed in close proximity to the faulted towers. Consequently it was thought
that bird streamers caused the transmission line faults. Welded rod bird guards
designed to prevent bird streamer faults were installed on eighteen 275 kV
transmission lines. The accumulative length of these transmission lines is
932 km. The implementation of this initiative coincided with a 73% reduction in
the total number of transient earth faults. This improvement in performance
indicates a strong statistical correlation showing that a large number of the

transient earth faults on the transmission grid are related to bird streamers.

Bird streamer induced faults were identified by means of the following diagnostic

techniques:
* Burn mark analysis

» Time-of-day analysis
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Bird streamer line faults have been observed on | string, V string and strain
jumper assemblies on the 275 kV power lines. However, on the 400 kV power

lines bird streamer faults have only been observed on V string assemblies.

Experimental work involved simulated bird streamers and determining the
minimum flashover distance for AC system voltages. Electric field measurements
by means of a capacitive probe were undertaken at the ground plane. The
electric field measurements at the ground plane under bird streamer intrusion
confirm that if the streamer is moved away from the live tower hardware, the
electric field enhancement at the ground plane decreases below the background

streamer propagation field.

This case study determined that in order to prevent bird streamer faults the bird
streamer must be moved away from the live tower hardware. The distance it
must be moved is at least 900 mm for 275 kV power lines and 1 100 mm for
400 kV lines.
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721
Chapter |

INTRODUCTION

1.1. Historical context of current investigation

The South African transmission network comprises a total of 25 000 km of transmission
lines, asillustrated in Figure 1.

Figure 1. Map of South Africa indicating the relative position of KwaZulu-Natal

The KwaZulu-Natal transmission network comprises 2 573 and 1 541 kilometres of 400
kV and 275 kV transmission lines respectively. The national performance target for the
275 kV transmission lines within this network is 5.8 faulty100 km/pa (Bell, 1999). The

performance of the 275 kV network in KwaZulu-Natal for the period between 1993 and
1999 is summarised in Table 1.
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Y ear Number of line Line faults: Target:
faults pa fault100 km/pa | faults/100 km/pa
1993 102 6.62 5.8
1994 126 812 58
1995 81 5.26 58
1996 125 8.11 58
1997 94 6.10 58
1998 78 5.06 5.8
1999 49 311 5.8

Table 1. 275 kV transmission line performance summary

The fault performance of the 275 kV network from 1993 to the end of 1995 displayed a
decreasing trend. This reduction in line faults was associated with the effectiveness of the
various transmission line projects in KwaZulu-Natal implemented during that period.

However, this trend was reversed in 1996.

Prior to 1996 severd projects had been implemented to improve the transmission network
performance, including the reinsulation of power lines that were within 50 km of the coast
with slicone composite insulators and the implementation of sugar cane fire and veld fire
management programmes. The objective of these projects was to reduce the outages
caused by pollution flashovers, cane fires and veld fires respectively. Detalls of the
projects are discussed briefly below:
* Reinsulation of transmission lines with silicone composite insulators
Between 1993 and 1996 most coastal transmission lines (ie within 50 km of the coast)
were reinsulated with siicone rubber composite insulators, with a specific creepage of
31 mm/kV, and this proved very effective in mitigating line faults related to marine
pollution. This project was suspended when there was a dramatic increase in the

number of line faults on the two Georgedale-Venus 275 kV lines in 1996. Of note is
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that dl the silicone composite insulators were fitted with corona rings as specified by

the manufacturer.

* Sugar cane fire management programme
Cane fire faults evolve when the heat and smoke emitted by a cane fire are of a
aufficient quantity to compromise the air insulation of a transmission line (Evert,
1993). On the 275 kV network most of the faults occur from midspan to ground. In
order to reduce faults caused by cane fires, the cane fire management programme was
introduced. This programme coordinated planned sugar cane burns with transmission
line outages for the duration of the cane burns. The scope of this programme was

recently extended to establish cane-free power line servitudes.

* Védd fire management programme
Ved fire faults occur in the same way as cane fire faults. However, their occurrence is
restricted to areas where there are grassdands. Because of its length and topography,
the 400 kV network is susceptible to veld fire faults. These faults are currently
managed by grass cutting programmes, in which the veld is cut immediately after the

growing season.

To account for the increasing trend of transient earth faults during 1996 there had to be
another earth fault mechanism besides those of pollution flashovers, cane fires, veld fires
and lightning, which were dready known. Investigation into the line faults occurring in
1996 revedled that 51% of the faults could be attributed to bird pollution. The 275 kV
line fault datais tabulated in Appendix 1.
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Pollution
2%

Unknown

Lightning
10%

Bird pollution

Other BEl

3%
Hardware
3%

Cane fire
13%

Table 2. 275 kV transmission line fault causes in 1996 - chart derived from data
contained in Appendix 1

Table 2 summarises the 275 kV transmission line faults that occurred in KwaZulu-Natal in

1996. The line fault causes are discussed below:

» Pollution faults
The transmission lines that are located near Durban and Richards Bay (see Figures 1
and 7) are exposed to marine pollution and consequently experienced numerous faults
(Schneider et d, 1978). However, snce these lines were reinsulated with slicone

composite insulators no recurring pollution faults have occurred.

* Unknown faults
When a transmission line trips and the cause of the transmission line fault cannot be
determined, that fault is classfied as an unknown fault. Generaly faults are classfied
as unknown if the burn marks caused by the power arc are not located. In this
investigation travelling wave fault locators were installed on the transmission lines to

determine the location of the line faults. This assisted in establishing the causes of the
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unknown faults, as the location of each fault could be accurately determined. This
made it possible for each unknown fault on the Georgedale-Venus power lines to be
located by a post-fault line patrol. In addition the location and nature of the power
arc, bum marks were aso documented. Britten (Britten, 1998) is investigating a light
pollution light wetting earth fault mechanism which could aso be a possble

mechanism of the "unknown" faults. This work is gtill under way.

* Lightning faults
The CSIR has profiled the lightning density of KwaZulu-Natal and found that it varies
from 4 to 10 strikes per square kilometre per annum. Durban has a lightning density
of 4, Pietermaritzburg of 7 and Ladysmith of 9 strikes per square kilometre per annum.
All the faults caused by lightning have been correlated with the lightning position and
tracking system (LPATY).

* Other faults
"Other" faults are the line faults that are caused by protection mafunction, bird nest
infringement on the ar gap clearances of the transmission lines, veld fires beneath the
lines, or trees growing into the phase conductors. In northern KwaZulu-Natal crows
build nests on the transmission towers. These nests are constructed with fencing wire
and they encroach on the electrica air gap clearances when they become dislodged by

strong winds.

* Hardware faults
These are line faults caused by mechanical falure of the transmission line hardware.

They usually result in permanent outages.

* Canefirefaults
These are line faults that result from controlled burning of cane fields underneath the
transmission lines. The utility has introduced a cane fire management programme that

coordinates the burning of the cane with power line outages. This programme has
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been very effective in preventing the line faults caused by cane fires;, but it does not
prevent faults during runaway cane fires. It is possible to manage the latter scenario

by implementing a cane-free servitude policy.

» Bird pallution faults
Post-line-fault patrols often observed bird pollution on the faulted transmission tower

and its insulator hardware. These faults were classfied as bird pollution faults.

Although some of the transmission lines were sdectively reinsulated with slicone
composite and new glass insulators respectively, these projects did not reduce the total

number of flashovers per annum.

This thesis details the results of an investigation in which a solution was found to the faults
attributed to bird pollution. Because of their persistently poor performance, the 275 kV
Georgedale-Venus 1 and 2 lines were identified as test lines for this investigation. These

two lines accounted for 45 line trips during 1996.

This thesis discusses:
1. The cause of the earth faults
2. Possible solutions
3. Smdl air gap (0-0.5 metre) breakdown characteristics under AC voltages

4. Fed results of solutions implemented

1.2. Thesis objective

Historically the bird-related faults were thought to be caused by bird excreta accumulating
on the insulators. When these excreta were wetted by mist or condensation it resulted in
leakage current activity, and dry band arcing could then develop and evolve into insulation
breakdown. This viewpoint was further substantiated by the observations of field staff
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that the line faults coincided with mig and occurred between the hours of 22:00 and
06:00.

Although some of the line faults attributed to the above are a pollution mechanism, this
investigation proposed that many of these faults were caused by a direct bridging out of
the air gap as a result of the intrusion of a bird streamer. This mechanism was postul ated
because of the correlation of bird activity within the power line servitude at the time of

faults.

This investigation also correlated weather data with that of the bird streamer fault
mechanism. This was done in order to determine possible bird streamer fault trend

characteristics.

The bird streamer fault mechanism was modelled in the High Voltage Laboratory of the
University of Natal. These laboratory smulations attempted to determine the required
electrical air gap insulation levels to prevent bird streamer faults from evolving. Electric
field measurements at the ground plane were also recorded to confirm the proposed air

gap clearances.
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1.3. Thesis layout

Chapter 2 details the findings of a literature survey of air gap breakdown mechanisms and
their application to air gap breakdown for an agpplied AC voltage, and aso reviews
published data on other utilities experience with bird-related outages.

Chapter 3 records the Georgedale-Venus transmission line history and the associated
design specifications. The bird streamer faults identified are correlated with average

ranfal, humidity and time of day to determine bird streamer fault characteristics.

Chapter 4 records the High Voltage Laboratory air gap breakdown results as a function of
electrode tip and diameter type, insulators with or without corona rings, insulator

assembly type and streamer resistivity of liquid streamers.

Chapter 5 records dectric field measurements at the ground plane under bird streamer
intruson. These results are used to determine the probability of flashover once the bird

streamer has been moved away from the high-voltage transmission line hardware.
Chapter 6 details the post-line-fault patrol findings. This chapter discusses the bird

streamer mechanism and the prevention of bird streamer faults. The field results of the

KwaZulu-Natal bird project are also presented.
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Qoo 2

AC AIR GAP BREAKDOWN IN SMALL AIR GAPS

This thesis postul ates that the bird streamer earth fault mechanism is essentiadly an air gap
breakdown phenomenon. The findings of the literature survey discussed below focus on
work with respect to unknown flashovers and ar gap breakdown of smdl ar gaps. This
study investigated:
1. Other power utilities experience
2. Air gap breakdown mechanisms for uniform and nonuniform electric field
distributions
Streamer propagation characteristics and streamer-to-leader transition
4. Switching surge clearances

5 Bird streamer fault hypothesis

Numerous researchers have been involved in developing models to explan ar gap
breakdown characteristics under various high-voltage applications. Models have been
proposed for ar gap breakdown under AC conditions. These models are used to
determine AC ar gap breakdown characteristics when a bird streamer intrudes into a

transmission tower air gap clearance.
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2.1. Other power utilities' experience

Burnham (Burnham, 1995) investigated lightning, pollution and bird streamer fault
mechanism characteristics on the Florida Power & Light (FP&L) 138 kV, 230 kV and 500
kV networks. This investigation examined the number of line faults versus the time of day
of the occurrence of the line faults. The observations on Florida Power & Light are

summarised in Figure 2 (Burnham, 1995).

Florida Power and Light: Fault mechanism trends

14

© E:'

S

[3%]

Probability of fault occurring
o

o — _ |
{2 34 5 6 7 a 91011 12131415161718192021222:3

-2
Time of day
| — Lightning - FP&L — Pollu-tion - FP&L Blrd Streamer FP&L

Figure 2. Forida Power & Light time of day versus fault mechanism correlation

The correlation of fault type versus time-of-day analysis, as illustrated in Figure 2, could
prove to be a very effective method of determining the cause of power line faults. The
Burnham moded indicates that faults caused by pollution and faults caused by bird
streamers occur a a Smilar time of day, ic in the period between 22:00 and 06:00 hours.
Burnham speculated that this could be the reason why faults caused by bird streamers had
not been identified as a mgor cause of transmission line outages on other networks.

Burnham proposed that the time-of-day fault distribution could differentiate between
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pollution and the bird streamer fault mechanisms since the profiles of the two curves were

different. The bird streamer profile was bimodal and the pollution profile unimodal.

Bonneville Power Adminigtration (West et a, 1971) demonstrated that bird streamers
were able to initiate flashover on 320 kV AC and 400 kV DC transmission lines. West
(West et d, 1971) determined that large birds could excrete a volume of 60 c\  The
resistivity of these streamers varied between 30 and 120 Qcm.

EPRI (EPRI, 1988) adso conducted investigations into unexplained transmission line
outages. EPRI concluded that the faults they observed could not be attributed to bird

streamers but were caused by a pollution mechanism.

Bird streamer faults in the South African context have been correlated with time of day
under section 3.3. A bird streamer modd leading to flashover is discussed in sections 2.2
to 24. These models are used to develop a hypothesis in respect of the flashover

mechanism and techniques for identifying and preventing bird streamer faullts.

2.2. Air gap breakdown mechanisms for uniform and nonuniform electric

field distributions

For uniform and nonuniform electric field distributions the development of the electron
avalanche and the consequent breakdown mechanisms have been well documented by
Raether (Raether, 1964), Loeb (Loeb, 1955) and Meek (Meek & Craggs, 1978) among
others. The subsequent discussion of this work represents a summary of their findings

with respect to the expected breakdown characteristics of uniform and nonuniform air

gaps.
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2.2.1. Uniform field distributions

Townsend (Kuffd et a, 1984) investigated the growth of current as a function of the
applied voltage across an air gap. Townsend proposed that for uniform fields the growth

of charge carriers in the air gap is summarised by equation 1.
N = Nog*? Equation 1

where N is the number of charge carriers

a is Townsend's first ionisation coefficient

Equation 1 quantifies the growth of ions in the air gap, either by electron collisions or by
photoionisation, as an exponential function. The phenomenon is termed an electron
avalanche. Equation 1 was later modified to include the effect of electron attachment in

the process of charge carrier multiplication. This relationship is summarised in equation 2.
N = N,e@" Equation 2

where r| is the attachment coefficient and (a - r|) is known as the effective

ionisation coefficient (A)).

Raether (Kuffd et al, 1984) observed that when the number of charge carriers was greater
than 10° but smaller than 10° the growth of the electron avalanche was weakened. When
the number of charge carriers exceeded 10° the growth of the charge carriers was
exponential and breakdown followed. At this point the electric field in the air gap was 31
kV/cm. In a uniform field the start of the electron avalanche ensures that the entire air gap
will break down.

Raether attributed this weakening of the avalanche growth to the space charge effect of
the ion concentrations on the head of the electron avalanche. In uniform fields, the space
charge effects on the growth of the electron avalanche are negligible. However, in
nonuniform fields the space charge effects play an important role in the mechanism of

corona discharge and subsequent air gap breakdown.
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Townsend's electron avalanche mode hypothesised that the breakdown time for the air
gap should be at least the time taken for an electron to cross the air gap. Experimental
evidence proved that the time to spark was quicker than this. This observation led to the
establishment of the streamer breakdown mode.

2.2.2. Nonuniform field distributions

In a nonuniform electric field distribution the electric fidd in the air gap varies across the
ar gap as a function of electrode geometry and distance. The relationship between the
applied voltage and the eectric field is summarised in equation 3.

V=JE.dx Equation 3

At low pressures Townsend's equation takes the form of equation 4
N =N, exp[ an (x)dx] Equation 4

Corona inception will occur when the electric field at the high-voltage electrode
approaches 31 kV/cm. However, this will not lead to complete air gap breakdown but to

sustained corona discharges.

In investigations into nonuniform electric field distributions it has been observed that the
time of development of sparks in the gap is much shorter - one order of magnitude less -
than the average time taken by an electron to cross the air gap. Moreover, for rod-plane
geometries eectric field enhancement is only high enough at the anode for ionisation to
occur. lonisation can only occur near the cathode with the ad of space charge distortion.
These observations have illustrated the important role that space charge distortion playsin
nonuniform air gap breakdown and have given rise to the development of the streamer

breakdown mechanism.
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2.3. Streamer propagation characteristics and streamer-leader transition in

air

Streamer propagation characteristics of smdl air gaps have been investigated extensively
by Marode (Marode, 1975), Waters (Waters et a, 1968), Goldman (Goldman, 1981) and
Galimberti (Gallimberti, 1972) among others. Their findings are discussed below.

2.3.1. Streamer propagation characteristics of small air gaps

Marode (Marode, 1975) determined that immediate breakdown does not result when the

streamer arrives at the cathode, but it appears that electron attachment is dominant.
A A

: >
+———> +—r
18 nsec 500 nsec
Time Time
Figure 3. Streamer current evolution, Figure 4. Streamer current evolution
primary streamer from primary streamer to transient arc

Figure 3 illustrates the current evolution of a streamer that crosses the air gap but does not
cause breakdown. Marode (Marode, 1975) aso determined that the streamer channel has
an electric field gradient of about 4-5 kV/cm. As the streamer reaches the cathode, a
return wave propagates towards the anode at a velocity of 10° cm/s.  This return wave is

correlated with a decrease in current flowing in the air gap, as indicated in Figure 4.
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Marode (Marode, 1975) concluded that electron attachment is dominant in the conductive
channel. The streamer channd will be transformed into a hot arc channel when the ion
density exceeds 10 dectrons/cm®. Consequently rapid thermalisation of the channd must
occur due to detachment and joule heating within the streamer channel. Marode aso

determined that streamer pulses have arise time of the order of 18 nsin air.

Goldman (Goldman, 1981) investigated corona discharges prior to sparkover as a function
of electrode geometry, ar pressure and humidity. Goldman determined that corona
discharges have current/volt characteristics smilar to those of a glow discharge. This
implies that there is a current magnitude dependency before sdlf-sustained streamer

discharges evolve into an arc.

Waters (Waters, 1968) investigated the measurements of the electric field at the ground
plane under streamer propagation in the ar gap. He determined that the electric field at
the ground plane could be as high as 8 kV/cm. Waters used a field mill to determine the
electric field intensity at the ground plane. Fied mills are instruments that are able to
measure the electric field at the ground plane by measuring the charge induced on a plane.
This induced charge is a function of the eectric field exposed to the plane. The field mills
have been used extensvely to measure electric fields in the study of atmospheric
electricity, including lightning, and in high-voltage measurements (Waters, 1968; and
Kuffel et a, 1984). The principle of relating electric field at a plane to the charge induced
on that plane is discussed in section 5.2.

The modd of streamer propagation proposed by Galimberti (Galimberti, 1972)
determined that new electron avalanches would occur where the eectric field was greater
than 26 kV/cm. A streamer would be initiated where the eectric field was greater than 26
kV/cm and would propagate into the air gap until the electric field was reduced to less
than 7 kV/cm.
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2.3.2. Streamer-to-leader transition

The role of streamer propagation in large ar gaps has aso been investigated in detail by
Rizk (Rizk, 1997), Jones (Jones et d, 1978), Hutzler (Hutzler et a, 1978) and Waters
(Waters, 1981) among others.

An important distinction between corona streamers and leader trandition is that when
streamers bridge an ar gap, voltage collgpse does not result immediately, whereas a leader
channel is sufficiently conductive to initiate afina arc after bridging an ar gap (Jones et d,
1978). As the charge conducted by the streamer increases, there is sufficient energy
avallable to increase the core temperature of the streamer channd (via collisions and joule
heating). When the temperature reaches 3 000 °K a stable leader channd is formed. The
leader channel has been observed to progress in stepped growth, at a velocity of 20
mm/(is, behind the streamer discharges (Jones et a, 1978).

Rizk (Rizk, 1989) proposed that a continuous leader would begin propagation where the
electric field exceeded 31 kV/cm. At this point the leader gradient would start at 4 kV/cm
and approach 0.5 kV/ecm when a cumulative charge injection of 45 uC/m into the leader
channel is maintained. This work concerned switching surges. Rizk's work quantified the

difference in eectric fidld gradient between streamers and |eaders.

Hutzler (Hutzler et a, 1978) suggested that the streamer gradient is about 4-5 kV/cm.
Thus a streamer would tend to propagate until the average electric field is 4 kV/cm. This
value is sendtive to space charge in the air gap, as the streamer would not be propagating

into a space charge free air gap. This work was published in respect of switching surges.

Geldenhuys (Geldenhuys, 1986) dso investigated the electric field at the earth plane. He
determined that the streamer would propagate to the earth plane when the field at the
earth plane was 56 kV/cm. A summary of streamer propagation criteria is set out in
Table 3.
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Reference | Voltage application Air gap | Electric field threshold for
size streamer propagation:
kV/cm peak
Waters Positive switching 20 cm 8 kV/cm
Galimberti | Positive switching lcm 6.8 kV/cm
Hutzler Positive switching Im 4 kV/cm
Geldenhuys | Positive switching 05m 56 kV/cm

Table 3. Summary table of streamer propagation criteria

The above models are not consistent in determining the background field where streamers

will stop propagating but a minimum of 4 to 5 kV/cm seems reasonable.

2.3.3. AC breakdown characteristics

Alternating current corona has been investigated by Boulet (Boulet et a, 1966), Trinth
(Trinth et d, 1968), Rizk (Rizk, 1997) and Goldman (Hirsh et a, 1978) amongst others.
Their findings are discussed below.

Trinth (Trinth et d, 1968) investigated both direct current and alternating current corona
modes from corona inception until the onset of breakdown streamers. Trinth (Trinth et al,
1968) summarised the relationships between the corona modes and explained why the
negative corona modes are suppressed under norma condition during aternating current

excitation.

Boulet (Boulet et d, 1966) investigated the effects of conductor gradient changes caused
by atmospheric conditions above and below freezing point. This work calculated the
increase in corona loss and also the increase of radio interference levels attributed to these

atmospheric conditions.

Page 28 of 123



University of Natal Case study into bird streamer caused transient earth faultson a 275 kV transmission grid.

Rizk (Rizk, 1997) investigated AC breakdown characteristics a¢ AC voltages with a
frequency of 60 Hz. He determined that for air gaps of less than 1 metre there is no
ggnificant difference between the sparkover voltages in the presence of fog and dry air.

Under AC voltage application streamer ionisation of the air gap is expected to result. Of
note is the fact that the space charge generated in the ar gap is essentially generated ahead
of the electron avalanche (once the electron avalanche has reached its critical size).
Observations during experiments show a luminous discharge near the anode that tends to

propagate towards the cathode, as illustrated in Figure 5.

#——— Electrode

AC source

<+—— Equipotential plane

Ground plane

B

Figure5: Rod-planeillustration

As the streamer reaches the cathode, an injected current is observed, which is a function of
the externa circuit capacitance. It can aso be deduced that there are charge carriers
outside the luminous glow (corona cloud). Consequently it is not possible to conclude
that streamers will dways emanate from the electrode and propagate into the air gap. A
streamer can be initiated anywhere in the air gap where there is a charge carrier and
aufficient electric field gradient. This is more apparent with respect to lightning and
switching surge applications.

Goldman (Hirsh et d, 1978) has investigated streamer growth as a function of applied

voltage and current flowing into the air gap. Under AC voltages the role that ions play in
each half cycle is reversed. It is aso expected that the ions left in the air gap during the
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previous hdf cycle will tend to reduce streamer propagation during the next hdf cycle

until the electric field has swept the ions from the previous discharges away.

Goldman (Hirsh et al, 1988) documented that for a point-to-plane electrode geometry the
electric field distribution aong the x axis of the air gap can be determined as:

2V
EX = (r +2x)In[(r +2d) / r]

Equation 5

where r is the point radius, V is agpplied voltage, d is air gap length and E is the electric
field inthe air gap axis x.

This relationship will be useful to modd the above rod-plane gap and ad in any electric
field measurements at the ground plane (discussed in Chapter 5).

2.4. Switching surge clearances: gap factor

This discussion presents a switching surge model to substantiate the findings that the
current ar gap clearances on the transmission lines are sufficient to withstand switching
surges. Gdlet (Galet et al, 1973) proposed a modd for air gap breakdown under

switching surges:

k* 3450
V0 = kV Equation 6
A

where k isthe gap factor =1.2 and d is distance in metres.
This gap factor has been detennined experimentaly for rod-rod (in the vertical plane)

geometry (Kuffd et al, 1984; Les Renardienes group, 1972; and Lloyd, 1981) among

others.
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For an air gap clearance of 1.97 metres, the application of equation 6 for a gap factor of
12 would require a switching surge magnitude of 818 kV for air gap breakdown.
Georgedale-Venus 2 has aminimum air gap clearance of 1.97 metres. There have been
no line faults correlated with switching operations on the transmission grid. This

observation appears to be consistent with Gallet's model.

2.5. Bird streamer fault mechanism hypothesis

On the basis of the above discussion it is postulated that for an AC flashover to occur
some conductive or partially conductive object has to be introduced into the tower
window such that it encroaches the live tower hardware. The most logica source of
such an intrusion would be a bird streamer. The proposed bird streamer mechanism is
defined as:
A liquid streamer excreted from a bird, which bridges the entire distance
between tower steelwork (earth plane) and the nearest live hardware point, or a
sufficient part thereof. This streamer then acts as afuse and as the current
through the streamer increases, it vaporises due to joule heating and an
electrical arcisestablished.
This mechanism is illustrated in Figure 6 (abird streamer is illustrated in Appendix 5).
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All dimensions are in mm. \_—

Figure 6. Bird streamer illustration
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As the bird streamer encroaches the tower ar gap clearances, the necessary (but not
aufficient) condition for breakdown will occur, ie the primary gap between the live
hardware and the approaching streamer will break down. This event is not necessarily
aufficient for a transient earth fault to evolve. The resistance of the bird streamer will
initidly limit the amount of current flowing in this dynamic circuit. The sufficient
condition for a transient arc to evolve would be the current flowing in this circuit being
aufficient to vaporise the bird streamer (due to joule heating) and then to drive a power

arc, which would evolve, to bridge out the entire transmission tower's air gap clearance.

Figure 6 shows that if the bird streamer is moved lateradly away by more than a ‘critical
distance', from position A to B, no flashover will result as the primary gap clearance will
be sufficient to insulate the now intruding ground electrode of the bird streamer. This
thesis proposes to determine the required air insulation to fulfil this condition and in so
doing prevent atransient arc from developing by ensuring that a bird streamer is not able

to meet the necessary and sufficient criteria established in the above modedl.

If, however, a pollution mechanism were responsible for the earth faults experienced, the
trip incidence would remain unchanged. The pollution mechanism referred to here is not
the classica dust or sdt deposit buildup over a period of time, but rather one where bird
excreta pollute the insulators. The insulators would be polluted as birds are not
discouraged from perching above the entire insulator string. If this bird streamer
hypothesis is feasible, burn marks caused by the power arc could be used to identify bird
streamer faults. The burn marks caused by the power arc when the streamer bridges the
transmission tower air gap clearances should be vertically above one another, ie the power
arc should be initiated on the live hardware and terminate verticaly above the live
hardware on the tower steelwork. The power arc termination should be a fev metres
away from the dead end insulators (on a 275 kV, V sring configuration). Burn mark
andyss applied to fault cause identification is discussed in detail in Chapter 3.1.3 and
further illustrated in Appendix 5 (for strain towers, | strings and V strings).
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2.6. Conclusion

Research has been initiated into air gap breakdown phenomena relating to lightning and
switching surges. These voltage impulses were thought to be the most stressful design
contingency for transmission line insulation. However, this work will have to be applied

to AC voltage application to determine air gap clearances for bird streamer intrusion.

As discussed in section 2.2, various authors have extensively investigated streamer
propagation and its role in air gap breakdown. This thesis will make use of their models
to model the breakdown of the primary air gap under bird streamer intrusion. According
to the published literature there appears to be a large range for the eectric field
magnitudes at which a streamer propagation will stop propagating. These magnitudes
range from 4 to 8 kV/cm. This investigation will determine the electric field magnitude at
the ground plane under AC voltage application. Rizk (1997) has adso determined the AC
breakdown voltage versus air gap length for both dry and mist conditions. These results
indicated that air humidity does not play a crucid role at 158 kV phase to earth.

Consequently this investigation will consider only dry air conditions.

Burnham's time-of-day analysis (as discussed in section 2.1.) will be correlated with the
Georgedale-Venus faults. This correlation could prove a useful diagnostic tool in
determining the cause of power line outages by means of historica performance data
West (1971) aso demonstrated that bird streamers cause transient earth faults on 320 kV
AC systems.

A mode of bird streamer faults and a possible solution have been proposed. This model
indicates that to prevent line faults caused by bird streamers the bird streamers should be
moved lateraly away from the high-voltage hardware. This mode aso proposesthat it is
possible to identify bird streamer caused line faults by visualy observing the location of
the burn marks caused by a power arc after aline fault. These burn marks should indicate

that the flashover isin a vertical plane, ie across the transmission tower air gap clearances.
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721
L’\ka,pter 3

STATISTICAL ANALYSIS OF GEORGEDALE-
VENUS PERFORMANCE

The purpose of this chapter is to determine the Statistical fault characteristics of the bird
streamer faults. To achieve this, the following data has been investigated:

1. Higtorical information on the Georgedale-Venus lines

2. The twelve-month moving average (12 MMA) performance statistics
3. Total number of faults versus time of day

4. Tota number of faults per month versus average ranfal

5. Total number of faults per month versus average humidity

3.1. Historical information on the 275 kV Georgedale-Venus 1 and 2 lines

Post-line-fault investigations of the Georgedale-Venus transmission lines by operations
and maintenance daff have laid the foundation from which the bird streamer fault
mechanism was identified. This chapter discusses.

1. The Georgedae-Venus 1 and 2 line route

2. Measurement of tower window clearances

3. Pogt-line-fault investigations
4. |dentification of the bird streamer fault mechanism
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3.1.1. Discussion of the Georgedale-Venus 1 and 2 line route

Figure 7 shows the geographic location of the Georgedale-Venus lines. The power lines
traverse the KwaZulu-Nata Midlands of South Africa This areais prime agricultura land
stretching south of the Mooi River to Baynesfield and 15 km north of the Mool River to
Griffins Hill.  North of Griffins Hill the climate is noticeably drier and the vegetation is
predominantly thorn-veld. Bird activity has always been observed in the servitude during

routine line patrols. Commonly sighted birds include vultures, ibis and cranes.

& . L]
g Kwa;-Zulu Natal
./t’,% /RORAKENSBERG' PSJ South Africa

! {5
""‘i " . VJICOLENSO PS
e, \ )
b e AVenus

T £t l""\} ?’ ) 4 -
~ Drakensbtfrgss  + Mooi River Y 4
j -__gMountam
: 7-_'.'_,Range

LI S

Figure 7. Geographic location of the Georgedale-Venus power lines - line

length 140 km

These observations aso implicated the birds as the primary cause of the earth faults, but
no conclusive fault mechanism had been determined. Previous experiments proved that
bird streamers could initiate an ar gap breakdown (Burger et a, 1995). However, this

investigation did not conclude that bird streamers were a dominant fault mechanism.
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3.1.2. Measurements of tower window clearances

The IVI suspension towers of the Georgedale-Venus power lines are of the AIV tower
type. The minimum ar gap clearance on the Georgedale-Venus lines is 2.1 metres for the
glass insulator string assemblies.  This clearance was measured in the centre of the V
string assembly on tower 61 of Georgedale-Venus 1. The electrica clearance of tower 61

is summarised in Figure 8.

—\ /T~

Corona Ring

All dimensions arein mm-

Figure 8. lllustration of live hardware electrical clearances for the AlV tower type

However, after the IVI towers were reinsulated with silicone composite insulators, the
minimum air gap clearance was measured as 197 metres. This decrease in ar gap
clearance was caused by the ingtallation of the corona ring fitted on the live end of the
slicone composite insulators.  The reduction in air gap clearance would certainly increase
the probability of air gap breakdown under bird streamer intrusion, as experienced in the

sudden increase in line 2 earth fault trip incidence during 1996. Theoreticaly these
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clearances should withstand switching surges in excess of 818 kV (refer to equation 6,
Chapter 2).

Rizk (Rizk, 1997) and Takasu (Takasu et d, 1981) reported rms phase-to-earth
breakdown voltages of approximately 500 kV (rms, phase-to-earth voltage under dry

conditions) and 460 kV (rms, phase-to-earth voltage under fog conditions) for 2 m ar

gaps. Rizk's results confirm that the air gap clearances of the Georgedale-Venus lines

should not influence the line's electrical performance under either wet or dry conditions.

In practice no earth faults coinciding with transmission switching operations have been

observed. Most of the lightning faults occur on the outer phases (Appendix 2).

3.1.3. Post-line-fault investigations

Post-line-fault patrols on the Georgedale-Venus lines reveaed the following data:

The mgjority of faults occurred on the centre phase of the towers. The centre
phase is eectricaly denoted as the white phase on these lines.

The mgority of faults occurred on the V strings, athough faults have been
observed on | strings aswell as on strain tower jumpers.

The faults appeared to start on the live end corona ring and terminate directly
above the live hardware on the tower steelwork, as depicted in Figure 8. Strain
towers exhibited smilar flash marks - burn marks on the jumpers and directly
above the jumpers on the tower steelwork, as illustrated in Appendix 5. On glass
insulation the yoke plate and usudly the first disc were burnt, and there was a
corresponding burn mark directly above the V string on the tower steelwork.
Faults appeared to coincide with migt or rainy periods.

The lightning position and tracking system (LPATS) confirmed that lightning was
responsible for 30% of the faults (5-6 faults pa).
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Figure9. Left: Burn markson live Right: Burn marks on centre of

corona ring tower steework

3.1.4. Georgedale-Venus technical summary

The 275 kV Georgedale-Venus 1 and 2 lines were among the poorest performing 275 kV
transmission lines in KwaZulu-Natal. Steynberg (Steynberg et a, 1993) initiated an
investigation to determine the cause of this poor performance. The historical information

pertaining to these two lines is summarised below:

* The Georgedale-Venus lines were commissioned in the 1960's, using the A1V
tower type. The term A1V refers to a particular tower manufactured by
Powerlines and now supported localy by ABB (Pty) Ltd.

* The length of each line is 140 km and the lines were initidly insulated with glass
discs (U70 and U120 glass insulators) with a specific creepage of 14.9-15.9
mnvkV.

The insulation coordination specifications are:
* One minute power frequency withstand of 460 kV, rms.
»  Switching impulse withstand of 850 kV.
» Lightning impulse withstand of 1 050 kV.
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« The lightning density on the line route is high: 7-8 strokes per km? pa.

« Pollution levels on the line are very lightt ESDD 0.03-0.06 mg NaCl/cm?® (IEC
815,1986; Steynberg et a, 1993).

» Bird pollution was identified as a fault mechanism, but its impact was limited to

two known vulture restaurants, one at Griffins Hill (still operational today) and the
other 10 km south of Griffins Hill a Mooi River (which was closed down after

1993). Vulture restaurants are areas where anima carcasses are placed with the

express purpose of feeding vultures to prevent species extinction.  Specia

precautions are taken to ensure that no other animals can eat the carcasses.

* The fault performance of these lines exceeded 10 faults/100 km/pa.

As a result of Steynberg's investigation (Steynberg et a, 1993) both transmission lines

were reinsulated.

Line 1: This line was selectively reinsulated with glass disc U120 insulators.
The term selective reinsulation means that only the glass insulator assemblies,
which had either pin corrosion or extensive pollution, were replaced. Insulator
assemblies in the area of Mooi River were observed to have moss growing on
the sheds of the | string assemblies. All these insulators were replaced. These
insulator assemblies had no corona rings. This project was completed in 1994.

Line 2. All suspension towers (l11, 1VI) between Georgedale Substation and
tower 306 (100 km from Georgedale Substation) were reinsulated with silicone
composite insulators with a specific creepage of 31 mm/kV. All slicone
composite insulators were fitted with 12 inch diameter corona rings, as
specified by the manufacturer. The application of corona rings reduced the
minimum air gap clearances from 2.1 mto 197 m. This project was completed
at the end of 1995.
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3.1.5. Identification of bird streamer fault mechanism

After the Georgedale-Venus lines had been reinsulated the performance of these lines was
radically atered. Line 2 had 70% of its suspension towers fitted with silicone composite
insulators.  Silicone composite insulators had previoudy proved to eiminate pollution-
related trips in KwaZulu-Natal. Historicaly most unexplained earth faults on these lines
were attributed to a pollution type breakdown mechanism. After reinsulating the
Georgedale-Venus 2 power line with dlicone composite insulators (in  1995) the
occurrence of pollution faults was thought to be very unlikely. As a result of the
accumulation of data supporting bird streamers as the dominant fault mechanism, a
decision was taken to identify suitable bird guards that would prevent bird streamer faults
and implement them at various test sites. This philosophy was adopted to prove the
hypothesis, based on the experience of Florida Power & Light (Burnham, 1995), that a

bird streamer fault mechanism could be a dominant earth fault mechanism.

A detailed lig of the line faults is tabulated in Appendix 2. The performance of the two

lines is summarised as a progression of the bird guard project in Table 4.
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Georgedde-Venus 1 (275 kV) Georgedale-Venus 2 (275 kV)
Year | Action taken Fault trips pa | Action taken Fault trips pa
Jun- None 10 None 9
Dec
1990
1991 | None 9 None 14
1992 | None 13 None 16
1993 | First investigation 12 First investigation complete 7
- complete
1994 | Reinsulated with glass 18 None 16
1995 | None 7 Reinsulated with composites 16
1996 | None 15 Experimentation with WRBGs | 29
1997 | Ingtalation of WBs 9 Installation of WRBGs 9
1998 | Initid ingtallation of 6 WRBG ingalation continued | 9
WRBGs (centre phase (centre phase only)
only)
1999 | Completion of WRBG 1 Completion of WRBG 3
ingtalation (centre phase installation (centre phase only)
only)

Table 4. Surhmary of Geor gedale-Venus performance, 1990-1999

During 1994 both Georgedale-Venus lines (1 and 2) faulted excessvely. The performance
of both lines exceeded 11 faults/100 km/pa. However, dfter line 1 had been reinsulated
(with glass) its fault performance improved dramaticaly, and it was decided to continue
with the reinsulation of line 2 (with sllicone composite insulators) in 1995. During 1996

both lines continued faulting excessively, and the number of faults on line 2 doubled.

The line fault performance data in respect of the two Georgedale-Venus 275 kV lines
between 1996 and 1998 was used in the datistical analysis that would determine the bird
streamer earth fault characteristics. With the acquisition of a travelling wave fault locator
after November 1996, fault location on the Georgedale-Venus lines was greatly enhanced.
This alowed consistent fault cause identification. The causes of the line faults in the
period of 1996 to 1998 are summarised in Table 5.
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’Eult cause Line 1. Number of faults, Line 2. Number of faults TOTAL

1996-1998 1996-1998
Fires (cane and veld) 1 2 3
Pollution 2 0 2
Storm (lightning) 3 11 14
Bird streamer 19 23 42
Unknown 2 6 8
TOTAL 27 42 69

Table5 Linefault summary, 1996-1998

The Georgedale-Venus 1 and 2 transmission lines share the same servitude. If the known
fault causes (storms, cane and ved fires) are excluded, it can be assumed that the rest of
the fault sample could be caused by bird streamers. This would result in a fault sample of

52 faults (ie 42 bird streamer, 2 pollution and 8 unknown) for 1996 to 1998.

The bird streamer faults were aso correlated with the weather parameters. It was hoped
that these correlations would ad in determining the bird streamer fault trends as a function

of weather parameters.

3.2. Twelve-month moving average as a progression of the bird guard
project

The effectiveness of the bird guard project in reducing line faults is summarised in the
twelve-month moving average (12 MMA) statistic. The 12 MMA datistic is determined
as.

12

2 (number _ of _line_ faults)
1

12 MMA —
12

The 12 MMA is the cumulative sum of dl the faults experienced by each of the
transmission lines over the past 12 months. The 12 MMA, normalised to faults100
km/pa, is presented in Figure 10.
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Georgedale Venus 1 and 2 Performance Summary versus Bird Guard Installed
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Figure 10. 12 MMA summary of the Georgedale-Venus lines

The effectiveness of the welded rod bird guards (WRBGsS) is clearly illustrated by the
ggnificant improvement in both transmission lines' performance (see section 6.2). Table 6
details the action taken in ingtaling bird guards on the two Georgedale-Venus power lines.
Since the applicéttlion of the bird guards the performance summary of the power lines
shows a decrease from more than 15 faults100 km/pato less than 5 faults/100 km/pa.

Time Action taken

Jan 96 Investigation into poor performance started

Aug96 | WRBGs, type 1, inddled at Griffins Hill - line 2

Sep96 | WRBGs inddled at Midmar Dam on line 2 / shade cloth on line 1

Nov96 | WRBGs, type 1, ingtalled on T 18-100, line 2

April 97 | WRBG inddlation started on line 1
May 98 | WRBGs, type 2, ingtallation continued on line 2

May 98 | WRBGs, type 2, ingtalation continued on line 1

Feb99 Ingtallation of WRBGs on lines 1 and 2 completed

Table 6. Summary of bird guard work on the Georgedale-Venus lines
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3.3. Total number of faults versus time of day

Further verification (if needed) that birds were the cause was obtained by performing time-
of-day andyss on the line faults (sample sze 52) highlighted in Table 5. The time-of-day

analysisfor the Georgedale-Venus 1 and 2 transmisson linesis presented in Figure 11.

Number of Faults versus Time of Day -1996 to 1998
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Figure 11. Number of suspected bird streamer faults per time of day

The bird streamer faults on the Georgedale-Venus transmission lines appear to have three
dominant peaks. The mgority of bird streamer faults occur during the morning hours of
05:00-12:00. A substantid number of faults dso occur during the late night and early
morning hours. This is a noteworthy trend as one might assume that bird activity would

decrease in the evening. Apparently this hypothesis is not conclusive.

This distribution shows sgnificant differences from those published by Florida Power &
Light (Burnham, 1995). The bird streamer fault distributions of FP&L (sample size of 145
faults) indicate that that the mgority of the faults reported occurred during the hours of
20:00 to 06:00 and no significant faulting activity between 10:00 and 19:00.
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If the characterigtics of the Georgedale-Venus lines prior to reinsulation are considered,
the sample size is increased to 90 faults, excluding dl storm- (lightning-) and fire-related
faults. A detailed listing of these faults is in Appendix 3 and presented in Figure 12.

TIME OF DAY FAULTS -1993 TO 1998
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Figure 12. Bird streamer faults versus time of day for a sample size of 90 faults

It is noticeable that the faults occur over the entire 24-hour period. The distribution is

summarised in Table 7.

Time of pesk Bird streamer faullts, Bird streamer faults, 1993-
1996-1998 (52) 1998(90)
Peak 1 04:00-12:00 . 54% 49%
Peak 2 21:00-03:00 25% 29%
Peak 3 16:00-20:00 12% 17%
Peak 4 14:00 2% 3%
Other Rest of day 7% 2%

Table 7. Distribution summary of bird streamer faults

The time-of-day analyss on these two lines indicates that the bird activity occurs dl day
and dl night, with 70% of the faults occurring between 21:00 and 12:00.
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The time-of-day andysis by Burnham (Burnham, 1995) indicates that the profile of the
time-of-day analyss and time of line faults are two parameters that can be used to
differentiate between line faults caused by pollution and those caused by bird streamers.
However, when the bird streamer faults were correlated with this model there were no
noticeable smilarities between the Florida Power & Light pollution correlation and the
Georgedale-Venus bird sreamer faults. A direct application of this modd to the
Georgedale-Venus power lines may therefore have resulted in the wrong conclusion being
drawn. The correlation is presented in Figure 13. Clearly the profile of the Georgedale-
Venus lines is sggnificantly different from that of Florida Power & Light (Burnham, 1995).
Although this analysis is extremely interesting, it clearly needs more detailed investigation
before it can be accepted as conclusive.

Time of day analysis of Bird Streamer faults correlated with FP&L
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Figure 13. Bird streamer prafile of the Georgedale-Venus lines

The only dmilarity between the Florida Power & Light (Burnham, 1995) and the
Georgedale-Venus lines is the shape of the time-of-day analysis as opposed to the time of
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the dominant peaks. To elaborate, both curves have a peak at 22:00, after which the
curve drops off at 02:00. The curves then peak again a 06:00. This double peak
characteristic is in stark contrast with the pollution sngle peak characteristic as proposed
by Florida Power & Light (Burnham, 1995).

3.4. Total number of faults per month versus average rainfall

The bird streamer faults were aso correlated with rainfdl to determine whether there was
any direct relationship between bird streamer faults and rainfdl patterns. The rainfal data
was obtained from two weather stations - Cedara and Estcourt. These westher stations
are located 20 km from the power lines. A detailed listing of this data is tabulated in
Appendix 2.

Average Rainfall versus Number of Faults per Month
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Graph 4: 1996-1998 faults per month versus average rainfall

The results presented in Graph 4 appear to indicate that most of the bird streamer faults
occur during dry weeather conditions (the winter months). For the purposes of this
discussion, the dry months are defined as May, June, July and August and the wet months

asthe rest of the year. The results of this correlation are summarised in Table 8.
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Wet months Dry months

Ave rainfall # of faults Ave rainfall # of faults
97 mm (Cedara) 19 48 mm (Cedara) 31

120 mm(Estcourt) 19 32 mm (Estcourt) £il

Table 8. Faults versus wet and dry months

Table 8 shows that 62% of dl faults on the Georgedale-Venus lines occur during the

winter months.

Burnham (Burnham, 1995) aso documented that the datistica

characteristics of faults caused by bird streamers and faults caused by pollution are very

amilar.

In order to understand this winter trend it will be ussful to extract the number of

faults caused by vulture activity at Griffins Hill. These faults are summarised in Table 9.

Date Time [Line name Cause Phase |Line fault locators - distance
[Georgedale/Venus] km
1 ([11.07.97 0.54 Georgedale-Venus 1 Birds White 117.7/23.3
2 |09.05.96 155 Georgedale-Venus 1 Birds White 100.4
3 |09.05.96 3.25 Georgedale-Venus 1 Birds White 101.3
4 109.05.96 4.41 Georgedale-Venus 1 Birds White 103
5 ]06.05.96 4.59 Georgedale-Venus 1 Birds White 94
6 [22.04.97 5.07 Georgedale-Venus 1 Birds Blue 94/18.56
7 129.0796 551 Georgedale-Venus 1 Birds White 106.2
8 |22.08.96 6.33 Georgedale-Venus 1 Birds White 101.4
9 21.06.97 16.43 Georgedale-Venus 1 Birds White 110/18.26
10 |06.06.96 18.19 Georgedale-Venus 1 Birds White 94
11 |28.07.96 22.12 Georgedale-Venus 1 Birds White 107.7
12 |20.06.97 22.25 Georgedale-Venus 1 Birds Blue 112/14.47
13 |31.05.97 8.21 Georgedale-Venus 1 Unknown White 131.6/8.8
14 |06.05.96 1.16 Georgedale-Venus 2 Birds White 115.8
15 |07.06.96 247 Georgedale-Venus 2 Birds White 94.11
16 [23.05.96 6.51 Georgedale-Venus 2 Birds White 103
17 |07.06.96 7.31 Georgedale-Venus 2 Birds White 83
18 |18.07.97 10.25 Georgedale-Venus 2 Birds White 126.1/15.2
19 |22.05.96 17.56 Georgedale-Venus 2 Birds White 103
20 (27.05.96 20.42 Georgedale-Venus 2 Birds White 100
21 |22.05.96 22.46 Georgedale-Venus 2 Birds White 98.3
22 |22.07.97 11.09 Georgedale-Venus 2 Unknown White 124/16
23 109.07.97 15.32 Georgedale-Venus 2 Unknown Blue 84/?

Table 9. Faults caused by vultures at Griffins Hill
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All the faults listed in Table 9 occurred at Griffins Hill, 15 km north of Mooi River. Once
bird guards had been ingadled at Griffins Hill, the white-phase trips decreased to zero on
both lines 1 and 2. Both lines are glassiinsulated in this area. When this sample was
sorted, it was only sorted on position of fault. However, dl the line faults at Griffins Hill
occurred during the months of May to August. All these line faults were associated with

bird streamers caused by Cape griffin vultures eating and roosting on the power lines.

Table 9 confirms that although bird streamer faults may have smilar characteristics to
pollution mechanism faults they should not be confused. Burn mark analysis and bird

excreta observations should be used to differentiate between the two mechanisms.

Graph 4 shows that during the wet season there is a definite increase in line faults during
the months of January to April aswell as in October. These faults are aso interesting, as
one would expect bird activity during the wet seasons to be consistent during the months
of November and December. The reason why this data appears inconsistent is that it
could be skewed by as much as 50% due to the installation of bird guards on both lines.
The installation of bird guards had been completed by the end of November 1996.

3.5. Total number of faults per month versus average humidity

The transmission lines in KwaZulu-Natal are exposed to considerable humidity variances.
EPRI (EPRI, 1987) recorded that natural wetting of insulators occurs when the relative
humidity reaches 85-90%. The correlation between the number of faults per month and
relative humidity is presented in Figure 14, and a detailed listing is given in Appendix 2.
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Average humidity versus number of faults per month
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Figure 14. Faults per month versus average humidity

Figure 14 shows that natural wetting is likey to occur during most of the year, except
June, July and August. During the months of April to September the average rainfal for
Estcourt is less than 50 mm per month. These ranfdl trends indicate that there will
probably be an accumulation of pollution on the insulators and it is consequently expected
that there may be pollution-related trips during this period. Figure 14 aso indicates that
during May and October there will probably be natura wetting of the insulators as the
relative humidity is greater than 85%. It is interesting to note that both these months
correspond with high trip incidence. This could explain why the unknown trips were

historically associated with misty conditions and hence with the pollution mechanism.

However, the performance data, as summarised in Appendix 3, indicates that not many

pollution trips occur on ether of these power lines.

The correlation of bird streamer trips with rainfal and average humidity is not obvious.

The peaks of the faults do not correspond with the traditional pollution month of August
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for KwaZulu-Natal. However, what can be clearly concluded is that since the application

of bird guards both lines have shown a significant decrease in faulting activity.

3.6. Discussion of fault correlation

Sections 34 and 35 attempted to correlate the Georgedale-Venus line faults with
atmospheric conditions. However, there is no obvious correlation between the line faults
and the various weather parameters. It is equdly difficult to correlate the line faults with
bird activity, because night-time bird habits (with respect to bird interaction with power
lines) are largely unknown. However, the following bird behaviour characteristics have

been observed.

The different bird species active on the Georgedale-Venus line route have complementary
behavioural patterns. During the summer, spring and autumn months the mgority of
faults occur south of Griffins Hill. These faults can be attributed to the ibis and crane bird
species. However, during the winter period most of the faults occur at Griffins Hill, while
afew occur 10 km north of Griffins Hill. These faults are directly correlated with vulture
activity inthe area. It is interesting to note that the entire transmission network, including
the 400 kV network, experiences sgnificant faults during this period. The faults tend to

occur in areas lying in an approximate 100 km arc from the Drakensberg.

The fault correlation with weather parameters showed the following trends:
1. Most faults occurred during the dry winter months.
2. The average humidity was above 85% at 20:00 for the entire year, except the
winter months. This trend indicates that these lines are susceptible to natural
wetting phenomena. However, no pollution-related line faults have occurred

on these transmission lines.

The bird streamer faults appear to have weather characteristics very smilar to those of

pollution mechanism faults as recorded in the literature.
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The role played by the travelling wave fault locator in fault finding cannot be
overemphasised. Burn mark andyss is dependent on the location of the faulted tower
being identified. Only when this is achieved, is it possble to determine the difference
between pollution mechanism faults and bird streamer ar gap breakdown mechanism

faults.

3.7. Conclusion

This chapter attempted to identify a specific trend in the number of faults and weather
parameters as an indication of a bird streamer fault mechanism. However, it has been
determined that there is no obvious correlation between this fault mechanism and weather
parameters. What is of interest is that during the dry periods of the year the line faults do

not decrease; in certain instances they even increase.

The only successful dtatistical tool to differentiate between faults caused by pollution and
faults caused by bird streamers is time-of-day anadysis. This report suggests that further
work needs to be done to develop time-of-day andysis as a conclusive tool in determining

the causes of line faults.
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721
L’\hﬂpter 4

EXPERIMENTAL INVESTIGATION INTO AC
BREAKDOWN BEHAVIOUR OF SMALL
DIVERGING FIELD AIR GAPS

Having determined that bird streamers were the most probable cause of the poor
performance of the Georgedale-Venus power lines, thought was given to quantifying the
effects of bird streamer intrusion into tower window air gap clearances. The am of these
experiments was to determine the effects of the reduced air gap clearances due to the
corona ring intrusion of the slicone composite insulators. Tower clearance measurements
indicated that when the glass V string insulators were replaced with sllicone composite

insulators the air gap clearance was reduced from 2.1 to 1.97 metres.

The University of Natal High Voltage Laboratory was used to smulate the bird streamer

intrusion and determine suitable ar gap withstand criteria

4.1. Experimental hypothesis

The bird streamer intruson was initidly modeled by using a brass electrode, and
subsequently by using wet string soaked in a conductive sdt solution. The advantage of
using a brass electrode is that the effects of insulator types and corona rings can be

determined more easly as the experiments are more controllable.
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Eleven experiments were performed to determine the critica distance of a faling liquid
streamer. The term critical distance is defined by Figure 6. These experiments

investigated the effects of AC voltage breakdown as a function of:

1. Insulator types:
a Glass U 120 BS discs (dl insulator assemblies used 16
glass discs)
b. 275 kV dlicone composite insulator
2. Insulator configurations:
a V gring.
b. | string
3. FEffects of electrode type:
a Brass electrode
b. Wet string electrode
4. All results were correlated with the classica rod-plane breakdown.

The experiments performed were:

1. Rod-plane breakdown characteristics - effects of electrode tip and rod diameter
(section 4.2)

2. FEffects of a corona ring (on dlicone composite insulators) on breakdown
characteristics (section 4.3)

3. Effects of electrode (brass) position on ar gap breakdown, using a 'V string
dlicone composite insulator assembly with corona rings (section 4.4)

4. Effects of electrode (brass) position on ar gap breakdown, using a glass |
string with 16 U120 BS insulators (section 4.5)

5. Effects of electrode (brass) position on ar gap breakdown, using silicone
composite | string insulators with corona rings (section 4.5)

6. Effects of electrode (brass) position on ar gap breakdown, using a glass V
string insulator assembly, with 16 U120 BS insulators per string (section 4.4)
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7. Effects of wet string resistivity (wet string electrode) on air gap breakdown,
using aglassV string assembly (section 4.6)

8. Effects of wet string electrode on air gap breakdown, using a glass V string
assembly  (section 4.7)

9. Effects of wet string electrode on ar gap breakdown, using a dlicone
composite V string assembly with corona rings (section 4.7)

10. Effects of wet string electrode on ar gap breakdown, using a slicone
composite | string insulator assembly with corona rings (section 4.8)

11. Effects of wet string electrode on air gap breakdown, using a glass | string
insulator assembly (section 4.8)

All glass strings comprised 16 U120 BS insulators. The experimental data is documented
in Appendix 3, and it includes the breakdown voltage and standard deviation.

4.1.2. Experimental setup
V0|tage Cascaded
regulator transformer R = 300kQ

Test %bject

Figure 15. Experimental setup

Figure 15 illustrates the basic test circuit for dl the AC experiments. A Brentford AC
voltage regulator was used to increase the test voltage linearly until flashover occurred. A

cascaded transformer test set of variable voltage from 0-240 kV rms was used.
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Each test circuit is discussed in detail in association with the experimenta results.

4.1.2. Experimental procedure

Each data point represents the mean of sx applied breakdowns. The standard deviation
was aso computed for each data set. The results were corrected to standard temperature
and pressure (STP) as per the DEC specification (DEC 60-1, 1989). All quoted voltage

values are sngle phase-to-earth rms values.

For the purposes of this report these results will be reported under the following
subsections:

1. Rod-to-plane AC breakdown voltage versus electrode type and rod diameter

2. Investigation into the effects of corona rings on bird streamer intrusion

3. Electrode position versus AC air gap breakdown for V string configurations

4. Electrode position versus AC air gap breakdown for | string configurations

5. Effects of wetted string resistivity on AC breakdowns

6. AC breakdown characteristics when using V string assemblies under various

electrode type intrusions
7. AC breakdown characteristics when using | string assemblies under various

electrode type intrusions

4.2. Rod-to-plane AC breakdown voltage versus electrode type and rod

diameter

This experiment was conducted to determine the characteristic AC voltage breakdown
relationship as afunction of electrode tip type and rod diameter (d) at various primary gap
lengths (1), asillustrated in Figures 16 and 17.
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4.2.1. Experimental setup

High Voltage Electrode

Diameter - (d)

A

Gap Length - Primary Gap ;

v

Ground Plane

Figure 16. Rod-plane experimental layout

A brass electrode was used in this experiment and the electrode was rigged in a vertical
position perpendicular to the ground plane, as illustrated in Figure 16. During these

experiments the following electrode tips were investigated.

m Flat cut

Figure 17. Dludtration of rod electrode tips
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4.2.2. Results of AC breakdown voltage versus electrode tip type rod-to-

plane configuration

During these experiments a large amount of corona activity was observed on the live eectrode.
The presence of the space charge distortion produced by the corona would effectively increase
the electrode radius. Consequently, as the corona cloud gets bigger the shape of the electrode

tip becomes less sgnificant.

Rod-Plane AC. Voltage Breakdown Characteristics - Effect of Electrode Tip.
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Figure 18. Rod-plane AC breakdown trends versus electrode tip type
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Figure 19. Rod-plane AC breakdown trends ver sus electrode diameter
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Note: The average standard deviation for these results was less than 3%. The results obtained
can be summarised as follows:

1. At low flashover voltages (< 50 kV) where no corona activity was observed, there
was a variance between the AC breakdown characteristics and the different rod tips
and rod diameters. However, as the gpplied voltage increased, the shape of the
electrode tip and the rod diameter became less sgnificant.

2. The only exception was the 12 mm flat cut electrode, which showed a drastically
altered AC breakdown characteristic. This is probably due to there being no sharp
edge to cause electric fidd enhancement near the live electrode.

These results compare favourably to Rizk (Rizk, 1997).

4.3. Investigation into the effects of a corona ring on bird streamer

intrusion

The purpose of this experiment was to determine the effects of the corona ring on breakdown
voltage under bird streamer intrusion. To achieve this, the primary gap breakdown voltage was
correlated for the case in which there was a corona ring installed and for the case in which there

was no coronaring installed.

Prior to this experiment it was thought that by installing corona rings on in-service composite
insulators, this electric field grading would decrease the probability of insulation failure under
bird streamer intruson. This experiment was important considering that there is in-service

slicone composite insulation without corona rings.
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4.3.1. Experimental setup

The dlicone composite insulators were rigged in the | string configuration. The

experiment was constructed as illustrated in Figure 20.

primary gap lengths were kept the same.

— Ground Plane

e Insulator
— Assembly

Bird Streamer

Jl:

— «——— Primary Gap o
— Length - Arc Path

Live Hardware - Y oke Plate

Corona Ri ng‘:“

During this experiment the

Figure 20. | string assembly illustrating the different air gap lengths with and

without corona rings

4.3.2. Results of corona ring investigation

At smdl gap lengths (< 200 mm) the surface roughness effects of the corona rings appear

to enhance the electric field as the breakdown strength is significantly less in this case than

in the scenario where no corona ring was fitted. However, as the ar gap spacing

increases, space charge effects appear to negate the surface roughness effects of the

corona rings in the breakdown process. The insulator fitted with corona rings has a

greater voltage withstand (9%) than the insulator with no corona rings at 158 kV (or

275 kV service voltage).
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Effect of Corona Rings on Air Gap Breakdown - | string silicone composite insulator.
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Figure 21. AC breakdown trends versus corona ring application

Note: The average standard deviation was less than 3.5%.

These results would appear to contradict the fault trip incidences incurred on the Georgedale-
Venus two 275 kV powerline in 1996. A possible explanation is that the corona rings do
decrease the minimum air gap clearance by 100-150 mm. This is aso supported by the on-site
measurement of minimum clearances of 1.97 m (silicone composite insulator with corona rings)
and 2.1 m (glass insulators), although the yoke plate and conductor assemblies are not moved
with respect to each insulator type. This decrease of 100 mm at service voltage potentia could
result in an equivaent decrease in breakdown potential from 158 kV to 120 kV for a streamer of
fixed length. This amounts to a 24% decrease in insulation strength against bird streamer
intrusion. This is more sgnificant than the 9% breakdown potential gain with the use of corona

rings.
Thisis an important requirement to consider when reinsulating glass-insulated lines with slicone

composite insulators. The insulator connecting length in the latter case could be increased by as

much as 200 mm to accommaodate the corona ring intrusion.
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4.4. Electrode position versus AC air gap breakdown for V string

insulator assemblies

This experiment was implemented to determine the breakdown trends as a function of the
streamer position aong the V insulator configuration for both silicone composite and glass
insulator assemblies. It was done to determine the minimum distance for which a bird
should be moved aong the tower top to prevent a fdling streamer from causing ar

insulation breakdown.

4.4.1. Experimental setup

This experiment investigated the air gap breakdown characteristics of a bird streamer
intruding into the V string assembly for three different electrode positions: vertical, across
the string, and horizontal. The experimental setup isillustrated in Figures 22, 23 and 24.
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Ground plane

Vertical bird streamer

\/7 intrusion
\/7 Primary gap
w7

High-voltage electrode

|nsul ator assembly

Figure 22. V string configuration - indicating the electrode positions for vertical

bird streamer intrusion

Ground Diane

Aeross-the-string bird

Insulator assembly <€ streamer intrusion

Primary gap

High-voltage

electrode
Figure 23. V string configuration - indicating the electrode position for across-the-

string bird streamer intrusion
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Ground Diane
Insulator assembly “{_
Horizonta bird streamer rimary gap _
_ _ ~ | High-voltage
intrusion - electrode was
electrode

grounded

Figure 24. V string configuration indicating horizontal bird streamer intrusion

This experiment is of particular importance, as it will determine the critical distance where,
if abird streamer enters, flashover is likely. This distance is thought to be dependent on

the insulator assembly type, as this will determine the electric field distribution at the live
end hardware under nomina operating conditions.

4.4.2. Experimental results

The experimental results for the above configurations are summarised below. The average
standard deviation for these results was less than 3%.
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Figure 25. AC breakdown trends as a function of silicone composite insulation and

electrode position - V string insulator configuration

=
W\l f o
A
i &
10 g A
=
s >4
4
. S/
_.-//'
m -3'/ e ————————_1 _ |
A". 5 — FtdPlare [
S ) 2- - £ Valical Fiaie |
o a——c Across the Sding |
b A HxaaU Rare
0]
0 Ko 2X 300 40 500 630
Alr Gap Lergih (mm)

Figure 26. AC breakdown trends as a function of glass insulation and electrode

position - V string insulator configuration
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At 158 kV rms (on both glass and slicone V string assemblies) the air gap breakdown
length is essentiadly the same for dl electrode positions. This observation is interesting as
the breakdown voltage appears to be a function of the primary gap length and not of the
creepage path of the insulators (under dry conditions).

For an applied voltage of 158 kV the primary flashover gap for a brass earth electrode is

370 mm for slicone composite insulators and 390 mm for glass insulator assemblies (5%).

The probable reason why the Georgedale-Venus trip incidence doubled when silicone
composite insulators replaced the glass string insulators is not easly quantified. It would
appear that the former insulators do perform better than glass (5%) under bird streamer
intrusion, but the corona rings decreased the air gap clearances by 100 mm. Assuming
that the bird streamer lengths remained constant, the primary ar gap for the slicone
composite insulators was effectively reduced from 370 mm to 270 mm. This caused an
effective decrease of 24% in the voltage withstand of the primary gap clearance. It is
probable that the decrease of air gap clearance caused by the corona rings intrusion into

the air gap is the dominant factor.

These results indicate that it is reasonable to only record the air gap breakdown in the
vertical plane when studying V string configurations.
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4.5. Electrode position versus AC air gap breakdown for | string

configurations

4.5.1. Experimental setup

Grouni|d Plane

i~

Vertical bird streamer intrusion

/

Prim ary Gap
L ength - Arc Path

Live Hardware ~ Yoke Plate Stitream er |Intrusion

~n H orizontal B ird

Figure 27. | string bird streamer simulations indicating vertical and horizontal

intrusion positions

The purpose of this experiment was to investigate the breakdown characteristics of an |
string insulator and explain why the | string insulators had not experienced many bird
streamer related earth faults.

4.5.2. Experimental results

The dlicone composite | string configuration had very different characteristics for bird
streamer intrusion with respect to the horizontal and the vertical planes, the latter showing
a 15% greater voltage withstand. The glass | string does not show this trend. For the
latter scenario the breakdown strengths tend to be independent of electrode position.
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Figure 28. AC breakdown trends versus electrode position - silicone | string

The average standard deviation was < 3%.
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Figure 29. AC breakdown trends versus electrode position - glass | string

The average standard deviation was < 3%.
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These results led to the conclusion that the voltage grading effect of the cap and pin glass
insulators causes a more even distribution of eectric field density in the air gap than that
of the dlicone composite insulators. The latter insulators would be expected to have a
greater electric field concentration at the live hardware, but this would be expected to
drop off more rapidly with distance than the field distribution obtained with the glass

insulators.

For dlicone composite insulators, the primary gap breakdown lengths at 158 kV are
330 mm and 380 mm for the horizontal and vertical configurations respectively. The glass
insulator primary gap lengths are very smilar at 158 kV for both the above configurations.
The primary gap length is 390 mm.

For dl future | string smulations, only the vertical ar gap breakdowns will be

implemented as these results will determine a worst-case scenario (for the composite 1

string) and will be representative for the glass | string case.

4.6. Effect of wet string resistivity on AC breakdowns

The previous experiments modelled the bird streamer as a brass rod. The purpose of this
experiment was to determine the effects of a liquid streamer (stationary) on the primary

gap breakdown characteristics.

The breakdown results are tabul ated below:

Airgap | Streamer resigtivity | Breakdown | Standard | Corrected Corrected
length [kQ.m"] voltage deviation | breakdown standard
[mm] NaCl solution [kV] [kV] voltage [kV] | deviation [kV]
400 40 196.1 2.7 194.01 2.7

400 10 000 192 55 195.9 5.6

Table 10. Summary of AC breakdown voltage versus variation in streamer
resistivity
Note: The average standard deviation was less than 5%.
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The am of the experiments using a wet string to Smulate a bird streamer was to determine
the effects of streamer resistivity with respect to the primary air gap voltage withstand.
These experiments concluded that for a resstivity variation between 40 and 10 000 kf2m"

! there was no breakdown voltage variation for a gap spacing of 400 mm.

In Appendix 3, which contains the results tabulated for the AC voltage breakdown trend,
the average resstivity of the wet string is tabulated as well.

4.7. Final summary of Vstring AC voltage trends for various electrodes
The experimental setup is the same as that of the previous V string simulations.  This

experiment correlated the AC voltage trend in the vertical plane only.

A C, Breakdown Trends for various electrode types - V string assebly

7

wn
=]
—-

A.C. Voltage Breakdown (kV)

oo F =
sol o—=e rod plane |
o—b Brass Electrode glass V string
G—_a Wet String Electrode glass V string
_— Wet String Electrode silicone comp' V string
— Brass Electrode silicone comp. V string
— 158 kV system voltage
[+ (NE— L — I 1 1
o 100 200 300 400 500 aon

Air Gap Length (mm )

Figure 30. V string AC voltage trend summary

Intuitively it was expected that the electric field distortion under aliquid streamer intrusion
in the ar gap would be considerably less than in the case of a conducting brass rod. The

results tend to support this reasoning; the wet string streamer yielded 24% and 18%
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greater withstand characteristics than the brass electrodes for slicone composite and
glass-insulated assemblies respectively. Table 11 summarises the primary gap distances

for the various dectrodes:

Electrode types Air gap length (mm) to prevent
breakdown at 158 kV (minimum)

Rod-plane 430

Brass electrode (12 mm point), glass V 390

Brass electrode (12 mm point), silicone V 370

Wet string electrode, glass V 320

Wet string electrode, silicone V 280

Table 11. Summary results of air gap breakdown clearances - V string

4.8. Final summary of | string AC voltage trends for various electrodes

The experimenta setup of this experiment is the same as that shown in Figure 25. Like
the V string experiment, this experiment correlates the AC voltage breakdown trends with

bird streamersin the vertical planes.

A.C. Voltage Breakdown Trends verse Various Electrode Types -1 string Insulator Assembly.

g
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Figure31. Summary of | string AC voltage trends for various electrodes
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The | string smulations again yielded surprising results, in that the wetted string for the
glass | string smulation yielded the same result as the brass rod of the silicone composite |

string smulation.  The results obtained are summarised below:

Electrode types Air gap length (mm) to prevent
breakdown at 158 kV (minimum)

Rod-plane 430

Brass electrode (12 mm point), glass | 405

Brass electrode (12 mm point), silicone | 380

Wet string electrode, glass | 380

Wet string electrode, for silicone | 355

Figure 32. Summary of air gap breakdown clearance results - | string

4.9. Concluson and discussion of results

For large air gaps, space charge effects are dominant under AC voltage breakdowns.
Consequently the breakdown voltage is independent of the electrode diameter and
electrode tip shape. The rod-plane results compare favourably with Rizk's results. Rizk
(Rizk, 1997) dso correlated the effect of moisture in the air with AC voltages. These
results show conclusively that for air gaps smdler than 1 m there is no ggnificant

reduction in breakdown voltage trends when mist is present.

The primary gap withstand results clearly illustrate that silicone composite insulators
perform better than glass insulator assemblies under bird streamer intrusion, ie the
streamer has to penetrate closer to the line hardware for a flashover to result. This is an
important factor when reinsulating transmission lines, but the air gap clearances for the
composite insulators must not be encroached upon by the corona rings on the live

hardware side.
When comparing the actual primary gap lengths of glass and silicone composite insulator

assemblies, and also considering the V and | insulator configurations, it is apparent that if

the primary gap length is greater than 410 mm it will be sufficiently large to prevent
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primary gap breakdown. Consequently a primary air gap of 410 mm was used as the

design criterion for a 275 kV system voltage at standard temperature and pressure.

The length of the primary gap needs to be increased to accommodate the practicalities of
transmission tower live hardware (eg that some lines may be fitted with corona ringsin a
horizontal plane) and the practicalities of bird excretion. The exact trgectory of a bird
streamer after excretion is not known and has not been studied during this project. To
accommodate the above factors, a sdfety factor of 2 was gpplied to the primary gap
length. This thesis recommends that the bird streamers be moved at least 820 mm away
from the live hardware for a 275 kV system operating voltage (at STP). This distance
assumes that the conductor bundle width is 380 mm for the 275 kV transmission line.
Consequently the critical distance a bird streamer would have to be moved on a 275 kV

line would be 1 000 mm from the tower centre (the sum of 820 mm and 180 mm).

As stated above, a safety factor of 2 was used because the exact trgjectory of the bird
streamer, when excreted, is unknown. Furthermore, the effects of wind on the bird
streamer trgjectory were not considered. Considering performance where bird guards

have been ingtalled, this safety factor appears to be adequate.
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71
L"kapter 3

ELECTRIC FIELD MEASUREMENTS AT THE
GROUND PLANE

The results discussed in Chapter 4 indicated that a bird streamer needs to be moved away
from the live tower hardware by a relatively smdl distance - only 820 mm for a 275 kV
system voltage. To confirm this finding, electric field measurements at the ground plane
were implemented to determine the probability of air gap breakdown under these

conditions.

Electrica streamers have been observed to propagate in ar where the eectric field
exceeds 31 kV/cm and the streamers will stop propagating if the electric field fdls below a
vaue of 4-8 kV/cm. The objective of this chapter is to make use of eectric field
measurements at the ground plane to quantify the probability of air gap breakdown under

intruding bird streamers.

5.1. Block diagram of a capacitive probe

The voltage (Vc2) is capacitively coupled to the source voltage via the capacitance of the
external circuit. The magnitude of the external capacitance was determined as being in the
order of 5 pF (Marode, 1975). The value of C, must be such that the circuit is not loaded
and the probe measurements are therefore accurate. This sgnd is inputted into an
oscilloscope via a high input impedance buffer amplifier. The experimental setup is
illustrated below.
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Capacitive Probe Block Diagram

Voltage
HV Electrode
Source

Gscillescope

Capacitive Probe Buffer Amplifier . Voltage Measurements

Figure 33. Capacitive probe block diagram

5.2. Introduction to electric field measurements

A capacitive probe may be used to measure the electric field at the ground plane under
bird streamer intrusion. This measurement will be used to substantiate the finding that in
order to prevent bird streamer faults the bird streamer should be moved away from the live
hardware.

At an earthed plane, the charge (Q) induced on this plane is proportional to the electric
fidd (E,) at the plane. Thisrelationship is known as Gauss's law.

IEn.ds:—Q' Equation 7

Consider an equipotentia field distribution for a point-plane geometry. If it is assumed
that for a amal area at the ground plane (the area of the capacitive probe) the eectric field
distribution is uniform across this area, equation 6 (Chapter 2) amplifies to:
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E, = QA Equation 8
Electric field at the plane can be measured by determining the charge induced on the
surface. Using the definition of capacitance:

C=QV Equation 9
Subgtituting 10 into 9, the following relationship is obtained:

En=v.c/AEO Equation 10

This is known as a capacitive electric field probe. This probe has a limitation that has
important practical implications. The total charge induced on the earth plane does not
originate soldy from the applied electric field but aso, if any is present, from the

conduction current.
Q=sul [ E, ds+ [ J Adr) Equation 11
5 a

Consequently this technique measures the total electric flux at the plane. Waters (Waters,
1968) has done research into this phenomenon and has developed field filter probes that

are capable of filtering out this conduction current.

Equation 10 infers that the electric field is proportional to the voltage induced on the
capacitive probe.
E = V.C/Aeo
= kv kV/cm Equation 12

The capacitive probe used in this investigation had a surface area, A = % 0.01% n.

Equation 10 may be smplified to equation 12 since both the capacitance and the surface
area of the probe are constant. The accuracy of the probe is dependent on the
measurement of charge in the air gap. The total charge in the air gap does not originate
solely from the electric field in the air gap but aso from the conduction current (caused by
streamer activity in the air gap, equation 11). It is important to quantify the effect of the

conduction current on the accuracy of the electric field measurement.
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Equation 5 (Chapter 2) details the electric field and the point-plane relationship. Equation
5 will be used to determine the effect of the conduction current on the eectric field

measurements.

5.3. Experimental setup

Figure 33 illustrates the experimenta setup for the electric field measurements. A variable

supply voltage of 0-30 kV was used. The voltage was increased manually and the results
were recorded at the respective voltages.

5.3.1. Capacitive probe calibration - parallel plane geometry

Using pardld plane electrode geometry, with an ar gap of 250 mm, the following results
were recorded:

V' source t cdodaed = VOUt C =EsA/V
kVrms | V/d kV/cm \/ rme PF

5.05 0.18 0.99 50.55
1003 | 0.36 198 50.55
14.99 0.53 3.04 48.47
2000 [0.71 4.03 48.98
2504 |0.89 5.09 48.61
29.40 104 5.94 48.68
Average capacitance 49.31 +2.1

Table 12. Calibration of capacitive probe

Table 12 shows that for an electric field of between 0.18 and 1.04 kV/cm the capacitive
probe has a standard deviation of 4.3%. In subsequent experiments the input capacitance
of the probe was taken as 49.31 pF. The above air gap was 250 mm, which resulted in
low electric fields. Another experiment was implemented to determine when this

capacitive probe saturated. This experiment had an air gap spacing of 84 mm.
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V suce | E cdadaed = Vv/d Vout E=CV/eA | % error | Comments

kV rms | kV/cm V rms | kV/cm, rms

11 0.13 0.71 0.126 31 Okay

2.0 0.23 1237 | 0.219 4.8 Okay

5.01 0.59 3.39 0.60 -1.7 Okay

7.07 0.84 4738 | 0.84 0 Okay

10.07 120 6.789 | 1.20 0 Okay

15.11 1.80 10.18 | 1.80 0 Okay

20.58 245 1465 | 2.60 -5.7 Okay

29.53 351 9.6 17 52 Probe saturated

Table 13. Results of capacitive probe saturation properties

Table 13 shows the results of the capacitive probe saturation characteristics. The probe
appears to saturate when the input voltage becomes greater than 15V peak. The probe
can measure eectric fields up to 2.6 kV/cm rms. The percentage error versus applied
electric field is illustrated below.

Absolute % error of capacitive probe versus applied electric
field

<

4]

E
1

Absolute % Error
(] w

-
L

013 022 0.6 0.84 12 18 26
Electric Field [kV/cm, rms]

Figure 34. Absolute % error versus applied eectric field of the capacitive probe
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5.3.2. Capacitive probe calibration - sphere plane geometry

A sphere plane geometry was aso used to calibrate the capacitive probe. The same
experimental setup was used, asillustrated in Figure 33.

The radius of the sphere was 43.5 mm and the ar gap length 250 mm. The results
obtained are summarised in Table 14. These values were substituted into equation 5
(Chapter 2). Equation 5 then smplifies into:

2%V

E =

(0.0435 + 05) *In(***%%04435)
B 2*\V

1372
\Y £ calculated T VOUt E =CV/eA % error

kV/cm

2.02 0.029 0.148 0.026 10
3.98 0.058 0.31 0.055 51
8.06 0.117 0.65 0.115 17
9.97 0.145 0.79 0.14 34
15.10 0.220 120 0.21 1
20.04 0.292 1.626 0.288 13
25.02 0.365 2.05 0.363 05
29.53 0.430 2.475 0.439 -2

Table 14. Sphere plane electric field measurements

The results obtained show clearly that for an electric field greater than 0.05 kV/cm and

smdler than 0.5 kV/cm (rms values) the capacitive probe has an accuracy of 2%.
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5.4. Electric field measurement under bird streamer intrusion

On the 275 kV transmission grid the welded rod bird guards effectivdly moved the bird
streamers 700 mm away from the nearest high-voltage line hardware. The purpose of this
experiment was to quantify the likelihood of a primary ar gap breakdown under bird
streamer intrusion. It has been well documented that streamers will propagate into an air
gap when the electric field is greater than 4 kV/cm (Hutzler, 1978). Should the eectric
field at the ground plane be close to 4 kV/cm, the bird streamers would have to be moved

further away from the high-voltage transmission line hardware.

54.1. Experimental setup

Rod-plane electrode geometry was used as the HV test circuit. The rod electrode had a
point tip. The experimenta setup is illustrated below.

High-voltage

electrode

Primary

Ground
T e —1
Caoacitive probe

[ |

Figure 35. Electric field experimental setup
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5.4.2. Experimental procedure

The applied voltage was increased manudly and the eectric field measurements were

recorded at specific applied voltage magnitudes. The results were corrected to STP.

5.4.3. Results of electric field measurements under simulated bird

streamer intrusion

Electric Field at the Ground plane versus Applied A.C. Voltage -
rod plane geometry with air gap of 700 mm

2.5-
— —©—Measured Electric Field
w
E 2 ~ —O— Electric Field-absence of space charge =~~~ ~ ~ =~~~ =
S
2= 15 s
=
=
o
c -
2
§ 05~
w

0 -, - —

123 246 492 615 80 92.3 1077 123 1385 158.7 1723
A.C. Voltage [kV.rms]

Figure 36. Results of eectric fieddd measurements under bird streamer intrusion

Figure 36 shows that a a 275 kV line voltage the eectric field at the ground plane has a
peak vaue of 2.5 kV/cm. This is dgnificantly below the streamer propagation criteria of
4-5 kV/cm. If the gradient of the measured electric field in the absence of space charge is
maintained, the second curve is derived. This curve has been titled "electric field - absence
of space charge'. The difference between this curve and the measured eectric field at
higher voltages indicates how the space charge in the air gap actualy increases the electric
field in the air gap at the ground plane at relatively large distances from the high-voltage
electrode. For events of short duration, such as afdling bird streamer, it is postulated that
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this lower curve may be a lower dectric field limit and the measured electric field curve an

upper limit. The most probable eectric field enhancement caused by the fdling bird

streamer would be between these two limits.

These results have confirmed field experience that when the bird streamer is moved away

from the transmission line hardware the probability of breakdown is greatly reduced.
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Ckapter '

BIRD GUARD PROJECT IMPLEMENTATION

In order to prevent bird streamer earth faults, this thesis proposed to move the bird
streamer away from the live-line hardware - such that the primary air gap would not break
down. Chapters 4 and 5 determined that the critical distance to move the bird streamer is
1000 mm at 275 kV line voltage. To effect this solution, suitable bird guards needed to be
designed and tested. This chapter documents this investigation. The chapter layout is
presented below:

1. Suitable bird guards and test sites

2. Bird guard designs for field tests

3. Results of bird guard field tests

4. Discussion of fieldresults, 1996-1997

5. Discussion of field results, 1998-1999

6.1. Identification of suitable bird guards and test sites

Initidly three types of bird guards were identified:
1. Welded rod bird guards (WRBG); seeFigure 34
2. Whirdly Bird (WB, or rotating vane); see Figure 35
3. Crimped wirelug (CWL); (ABB, 1994)

In addition, three test sites were established on the Georgedale-Venus 275 kV lines.
1. GriffinsHill: Towers 338 to 355

Page 83 of 123



University of Natal Case study into bird streamer caused transient earth faults on a 27SkV transmission grid.

Griffins Hill was identified as an active vulture restaurant. In the months of
May, June and July of 1996, line 1 experienced seven and line 2 experienced
five bird streamer faults.

2. Baynedfidd: Towers 97 to 100
Baynesfiddd was identified as an active ibis (hadedah) area. Line 1 had
experienced one and line 2 had experienced two bird streamer faults. This was
the area where most of the materia for the bird guard video was recorded.

3. MidmarDam: Towers 168 to 178
Line 1 experienced three trips and line 2 experienced one trip caused by bird
streamers during 1996.

These tests commenced in August 1996 and terminated in December 1997. Because most
of the faults occurred on the centre phase, bird guards were applied only on the centre
phase. All faults occurring on these transmission lines were investigated with the ad of

Hathaway travelling wave fault locators and correlated with the bird guard performance.

6.2. Bird guard designs for field test

Two welded rod bird guards were designed and tested:

1000
1200, 700

isol |
', \ |

¥
T e e ._...______Y v

S TR T

WRBG Type 1 WRBG Type2

Figure 37. Welded rod bird guard design
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EPRI (EPRI, 1988) used smilar devices to deter bird activity on transmission towers and
concluded that they were very effective. However, the application of these bird guards in

the current experiment was different.

The application of the WRBG and the WB is illustrated below.

NAVAVAR Vi ﬁ |
A 2K R X7

VA

Bird runways

Figure 39. Application of rotating vane bird guard with bird runways
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As illustrated in Figures 38 and 39, the bird guard application covers arelatively smal area
of the tower top. The intention of this design is not to diminate bird activity on the
transmission towers, nor to prevent the insulator assembly from being polluted. These
diagrams aso indicate possible areas where birds could ill perch and could ill cause a

fault, eg the bottom of the tower boat, directly above the V string.

6.3. Summary of bird guard field tests and results

Most of the line faults experienced on the Georgedale-Venus lines were white phase earth
faults. Consequently it was decided that bird guards would be ingtalled only on the white
phase, ie the centre phase. The hypothesis was raised that if the faults on the white phase
decreased and the faults on the other two phases increased, then this would aso indicate
that bird streamers are a dominant fault mechanism. A summary of the field test results is
tabulated below.

Georgedale-Venus 1 (275 kV) - line length 140 km

Ted site Date installed | BGtype Results

Griffins Hill, 1 May 1997 WB Mechanica failure of BG

T 338-355: 4l resulted in 2 trips: T 344 &

towers and 2 WBs 347. WBs were then replaced

per tower and no further trips occurred.

Baynesfield, 1 Apr 1996 wWB No repeated trips.

T 95,97 & 99:

only IVI towers

and 2 WBs per

tower

Baynesfield, T 99 | 1 Dec 1997 PLPbird flight | Mechanica failure of crimped
diverters wire lugs occurred. However,
suspended on no repeated faults occurred.
wire

Midmar, 1 Sept 1996 Shade cloth No repeated trips, but the

T 168-177: dl VI shade cloth was replaced with

towers WRBGs at the end of 1997.

Baynesfidd, 1 May 1997 WB Mechanica failure of units.

T 50-80 No repeated trips. WBs were

then replaced with WRBGs.

Table 15. Field test results on the Georgedale-Venus 1 line
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Georgedale-Venus 2 (275 kV) - line length 140 km

Test Ste Dateingalled | BGtype | Results

Baynesfield, T 99 | 1 Apr 1996 Crimped Birds (hadedah) were observed to
wire lug land on the CWL BG and flatten
it?. No repeated trips occurred.

Griffins Hill, 1 Aug 1996 WRBG No repesated trips occurred on any

T 338-355: dl typel phase at Griffins Hill. 1t must be

towers. noted that 4 towers at Griffins Hill
do have bird runways.

Baynesfield, 1 Dec 1996 WRBG No repeated trips. In February

T 18-100: only typel 1996 a crowned crane was found

V! towers dead, hanging from a WRBG, type

1. Type2 WRBG was designed
and implemented on other portions
of the line. There have been no
further incidents or bird fatalities

since using WRBGs.
Midmar Dam, 1 Sept 1996 WB No further trips and no mechanical
T 173-176 falures. After the experiment these
BGs were replaced with WRBGs.

Table 16. Field test results on the Georgedale-Venus 2 line

6.4. Discussion of field results, 1996-1997 (December)

With the exception of WRBG type 2, dl bird guards tested experienced mechanical
problems when exposed to the transmission line environment for a long time (sx months).
The bird guards aso had limited success in preventing earth faults on the transmission
lines.
1. Crimped wire lug BG: A hadedah landed on it and flattened it.
2. Shade cloth: This device got torn in the wind and it then tended to intrude into
the electrical clearances of the power line.
3. Whirely Birds (WB, or rotating vane): The early designs had mechanica
problems, which were later solved. However, experience gained on the Avon-
Mersey and Avon-Durban North lines during 1997 showed that although these
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bird guards were effective in preventing faults during daylight hours,

were three trips in the evenings.

Bird runways. These devices are mechanicdly very strong.

there

Birds were

observed using them, but the birds aso tended, after landing on the runway, to

migrate towards the centre of the tower.

It is suggested that these be used

when there are recurring trips where WRBGs have been fitted. The bird

runways are illustrated in Figure 39.

Detailled summaries of faults experienced on the Georgedale-Venus 1 and 2 lines during
1997 are presented in Tables 17 and 18 respectively.

Georgedale-Venus 1 (275 kV) - performance summary 1997

Month Number | Fault description Line fault locator
of faults reading from
Georgedale
January Nil
February Nil
March Nil
April 1 Blue phase, T 343, bird streamer 94 km
May 2 1. Blue phase, silicone composite | string 1 20km
bird streamer

2. White phase, unknown 2. 130 km
June 2 1. Blue phase, T 359 (strain), bird streamer 1 123km

2. White phase, T 344, bird streamer 2. 110 km
Jduly 2 1. Whitephase, T 37, bird streamer 1. 15km

2. White phase, T 347, bird streamer 2. 118 km
August 1 Lightning LPATS confirmed 1 43 km
September | Nil
October Nil
November | Nil
December | 1 Lightning LPATS confirmed 1 90 km

Table 17. Line 1 performance summary, 1997
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Georgedale-Venus 2 (275 kV) - performance summary 1997

Month Number | Fault description Line fault locator
of faults reading from
Georgedale
January Nil
February Nil
March 1 White phase, T 130, bird streamer 40 km
April Nil
May Nil
June 1 White phase, T 241, bird streamer 79 km
Jduly 3 1. Blue phase, unknown 1 80km
2. White phase, unknown 2. 125 km
3. White phase, T 361, bird streamer 3. 126 km
August 2 1 Lighting LPATS confirmed
2 White phase, T 24, 11l tower bird 2. 7.6 km
streamer
September | 1 White phase, Til, bird streamer 3.5km
October Nil
November | 1 Lightning LPATS confirmed
December | Nil

Table 18. Line 2 performance summary, 1997

The performance data of the fault trips clearly indicates that the welded rod bird guards
ingtalled on line 2 were more effective than the rotating vane bird guards instaled on line
1. Most of the bird streamer faults occurred outside the identified bird corridors,
consequently bird guards will be ingtalled along the entire length of the line in dl future
bird guard projects.

The improvements in the trip incidence appear to be a direct result of the bird guards
ingtaled. These results gave the investigator the confidence to conclude that the bird
streamer fault mechanism is a dgnificant cause of earth faults on the high-voltage

transmission system.

As aresult of the above data, welded rod bird guards were instaled on a further sixteen
275 kV lines in KwaZulu-Natal. The 275 kV transmission network is illustrated below.
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Figure 40. Map of 275 kV network in KwaZulu-Natal

Bird guards were ingtdled on the centre phase of the following power lines.

% installed bird guards
of line length -
installed on centre

Line Name KM. phase
Bloukrans/Danskraal 1 24.5 100
Bloukrans Tugela 1 61.4 100
Bloukrans Tugela 3 62.3 100
Bloukrans Venus 1 20 100
Bloukrans Venus 2 21.1 100
Hector Mersey 1 55.49 90
Georgedale Mersey 2 50.2 90
Georgedale Venus 1 140 100
Georgedale Venus 2 140 100
Avon Durban North 1 22.2 100
Avon Durban North 2 23.1 100
Avon Mersey 1 68.7 30
Avon Mersey 2 68.8 30
Georgedale lllovo 2 49.3 100
Georgedale Klaarwater 2 27.5 100
Hector lllovo 1 54.4 100
Hector Klaarwater 2 22 100
Hector Klaarwater 3 22 100

Table 19. 275 kV, KZN power lineswith bird guards
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6.5. Discussion of field results, 1998-1999

18, 275 KV (932 km) KZN Power Lines- Bird guard performance summary: 1996-1999

% Installed blrd
guards

Total number of line faults [Fits/100km/p.a.]

0o - —t e by bR e

& ) & @@@@_@
9&@9\“"‘@9‘&\»“8’“&&*& »’a"'es”"‘ Ry

Time [months]

-~ Monthly Total 18 275 Flts/100 kmip.a. 12 MMA 18 275 kV Fiis/100 Km/p.a.

% Installed WRBG s Llnear (12 MMA 18 275 kV FIts/lOO km/p a)

Figure 41. KwaZulu-Natal bird guard project results

Figure 41 shows the total number of faults experienced by the above transmission network
of eighteen 275 kV transmission lines. The cumulative length of this network is 932 km.
Since the application of bird guards, there has been a reduction in the total number of line
faults experienced on this 275 kV network, from 9.8 faults’100 km/pa in October 1996 to
2.6 fault’100 km/pa in December 1999. This represents a 73.4% reduction in the total

number of line faults experienced.

The twelve-month moving average performance statistics of the individua power lines are

presented below.
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Figure 42. Bird guard performance summary of the Bloukrans lines

Note: 18 transmission lines have had welded rod bird guards ingtalled since 1996. Sixteen
of the 275 kV transmission lines are presented in Figures 36, 37 and 38. This is because
two transmission lines (Hector-Klaarwater 2 and 3) that had WRBGs ingtalled on them
were recently commissioned. These transmission lines have never faulted and as a result

they have not been included in the above performance summary.

All of the 18 transmission lines except Georgedale-Venus 2 and Bloukrans-Danskraal 1
had welded rod bird guards ingaled on them during the period from May to November
1998. The other power lines had bird guards ingtdled on them by January 1998. All the

power lines at Bloukrans have experienced a reduction in the number of line faults.
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. Bird guard project performance summary - Georgedale Power Lines
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Figure 43. Bird guard performance summary of the Georgedale lines, 1998-1999

All these power lines, except Hector-Mersey 1, whose only line fault was caused by a cane
fire, experienced a decrease in the number of line faults following the 1998 bird guard
project. The most noticeable is the Georgedale-Venus 1 power line - from 13 line faults
(March 1998) to only one line fault (December 1999).
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Hrd guard performance summary - Avon Rower Lines
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Figure 44. Bird guard performance summary of the Avon lines, 1998-1999

This network has relatively few line trips and most of the line faults are associated with
cane fires. However, Figure 44 does show the success of the bird guard project on the
Avon-Durban North 1 power line - the number of line faults was reduced from 4 to O

faults per annum.

Bird guards were ingaled only on the first 22 towers outside Avon, on the Avon-Mersey
1 line. However, during 1999 two bird streamer line faults occurred on this power line on
two separate strain towers. This type of experience shows that bird guards should be

fitted to the entire power line and not selectively to certain corridors.
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6.6. Conclusion

The poor performance of the 275 kV Georgedale-Venus 1 and 2 lines was investigated.
Numerous solutions had previoudy been implemented but limited success was achieved in
curbing transient earth faults. These actions included reinsulation with silicone composite
insulators and glass insulators respectively.  Various bird guards, including saw tooth,
crimped wire lugs, shade cloth and bird landing platforms, had aso been implemented with

limited success.

Historically the unknown faults were attributed to a pollution mechanism breakdown.
This investigation determined that the mgority of the earth faults were caused by bird
streamer air gap breakdown.

Welded rod bird guards were designed and installed and they have had tremendous
success in reducing the number of transient earth faults on the greater 275 kV transmission
network in KwaZulu-Natal. The total number of line faults has been reduced from 9.8 to

2.6 faults per 100 kilometres per annum. This represents a percentage reduction of 74%.
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aapter 7

CONCLUSION

This investigation was initiated to determine the root cause of the increasing fault trend of

transient earth faults on the 275 kV transmission grid in KwaZulu-Natal. The following

conclusions have been reached:

Post-line-fault patrols reveaed that the faults on the Georgedale-Venus 1 and 2 lines
were characterised by an apparent air gap breakdown, ie the tower burn mark was
located verticaly above the live end burn mark. This indicates a bird streamer
mechanism and is further supported by evidence of bird activity in the power line
servitude.

Time-of-day andlysis appears to indicate that bird streamer faults can occur over the
entire 24 hour period.

Bird streamer faults can occur in both dry and wet climates. No conclusive trends are
evident when these faults are correlated with relative humidity and rainfall.

Bird streamer faults have been observed to occur on V string, | string and strain tower
jumpers on the 275 kV network. However, on the 400 kV network bird streamer
faults have only been observed on V strings.

This thesis recommends that to prevent bird streamer faults the bird streamers should
be moved a minimum distance of 1 000 mm away from the centre of the tower at 275
kV.

Welded rod bird guards have been identified as the most effective bird guards in
KwaZulu-Natal .

When reinsulating power lines with slicone composite insulators the insulator
connecting length should be increased to prevent air gap clearance infringement caused
by the installation of corona rings.

The primary gap breakdown strength is not senstive to variation of liquid streamer
resistivities between 40 and 10 000 kQ/m.
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Aepier 8

RECOMMENDATIONS FOR FURTHER
WORK

On the basis of this investigation the following recommendations are made:

=

Time-of-day models as proposed by Burnham appear to be a successful tool in
determining the cause of transmission line outages. However, this method needs to be
refined to accommodate the South African characteristics of pollution, lightning and
fire-related outages.

Welded rod bird guards should be ingtaled on other poorly performing transmission
lines where there appear to be air gap breakdown phenomena as determined by line
patrols.

Further work needs to be done on the possibility of this fault mechanism occurring at
132 kV, 88 kV, 66 kV and 33 kV system voltages.

Bird interaction with power lines needs to be reviewed and Streamer excreta
characteristics of birds need to be documented.

Other bird guard types need to be developed to accommodate live-line maintenance

activities.
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APPENDIX 1: All KwaZulu-Natal 275 kV Line Faults of 1996

Case study into bird streamer caused transient earth faults on a 275 kV transmission grid.

DATE TIME OFF LINE NAME KV |R |REASON PHASE |[LFLR REMARKS

1 02.01.96 10.00 Georgedale-Venus 2 275 |B |Birds White 34.6 Nothing visual found

2 11.01.96 08.56 Georgedale-Venus 1 275 |B |Birds Blue 64 T 174/75 & 176: flash marks visible

3 15.01.96 10.28 Ingagane-Bloukrans 2 275 |B |Birds White 66 Between T 195 & 238: crows' nests found

4 19.01.96 08.24 Georgedale-Venus 2 275 |B |Birds White 6 T 23, W phase: corona ring to structure flashover

5 19.01.96 18.16 Ingagare-Danskraal 1 275 |B |Birds White 72 T 212: flashed over; between T 195 & 238: crows'
nests found

6 19.01.96 23.55 Ingagane-Danskraal 1 275 |B |Birds White 0 Between T 195 & 238: crows' nests found

7 20.01.96 09.54 Georgedale-Venus 1 275 |B |Birds 61.31 T 174/75 & 176: flash marks visible

8 25.01.96 12.44 Georgedale-Venus 1 275 |B |Birds White 10 T 37: white phase flashed over

9 25.01.96 16.56 Georgedale-Venus 1 275 |B |Birds White 18 T 58: white phase flashed over

10 02.02.96 01.50 Bloukrans-Tugela 3 275 |B |Birds White |33 T 24: bottom disc white phase flashed over

11 12.02.96 16.39 Ingagane-Danskraal 1 275 |B |Birds White 70 T 197-238: crows' nests found

12 22.02.96 22.39 Georgedale-Venus 2 275 |B |Birds White 26.49 Patrolled, Nov 96 - T 85: flashed over due to bird
streamer

13 25.02.96 09.09 Georgedale-Venus 2 275 |B |Birds White 55 New flash mark, T 175: badly bird-polluted

14 21.03.96 09.43 Avon-Durban North 1 275 |B |Birds White 6 T 21: flashed over

15 22.03.96 21.20 Avon-Mersey 2 275 |B |Birds White 16 T 56: flashed over due to bird streamer

16 04.04.96 21.22 Bloukrans-Tugela 1 275 |B |Birds White 0 LFL faulty / T 84-86: top disc W PH flashed over

17 10.04.96 06.30 Ingagane-Bloedrivier 4 275 |B |Birds White 18 T 51 & 53: flashed over due to bird pollution and
crows' nests

18 11.04.96 09.39 Georgedale-Venus 2 275 |B |Birds White 28.23 T 97: flashed to top cross member (hadedah)

19 11.04.96 19.38 Bloukrans-Tugela 3 275 |B |Birds White 6 Vultures in the area. No flash marks found

20 15.04.96 09.16 Avon-Mersey 2 275 |B|Birds White 1 T 6: flashed over due to bird streamer
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21 17.04.96 01.53 Ingagane-Bloedrivier 4 275 |B |Birds White 21 T 54 & 55: badly polluted and have been replaced

22 28.04.96 10.14 Ingagane-Danskraal 1 275 |B |Birds White 64 T 164: W & R phase flashed over

23 01.05.96 00.01 Bloukrans-Tugela 3 275 |B |Birds White 0 T 124: bottom disc flashed over

24 01.05.96 00.26 Bloukrans-Danskraal 1 275 |B |Birds White 5 T 9: flashed over to steel, disc not flashed

25 01.05.96 23.59 Bloukraiis-Tugela 3 275 |B |Birds White 0 T 124: bottom disc flashed over

26 02.05.96 01.50 Bloukrans-Tugela 3 275 |B |Birds White 0 T 124: bottom disc flashed over

27 06.05.96 01.16 Georgedale-Venus 2 275 |B |Birds White 115.8 T 346-355 /T 347: two discs flashed over, one
broken

28 06.05.96 04.59 Georgedale-Venus 1 275 |B |Birds White 94 T 346-355 /T 343: flashed over

29 09.05.96 01.55 Georgedale-Venus 1 275 |B |Birds White 100.4 T 346-355 K 344: flashed over

30 09.05.96 03.25 Georgedale-Venus 1 275 |B |Birds White 101.3 T 346-355 /T 348: bottom three discs flashed over

31 09.05.96 04.41 Georgedale-Venus 1 275 |B |Birds White 103 T 346-355 /Tower 350: flashed over

32 16.05.96 10.35 Ingagane-Danskraal 1 275 |B |Birds White 69 T 231: badly flashed over - to be replaced

33 22.05.96 17.56 Georgedale-Venus 2 275 |B |Birds White 103 T 343, 344 & 347: badly polluted

34 22.05.96 22.46 Georgedale-Venus 2 275 |B |Birds White 98.3 T 343, 344 & 347: badly polluted

35 23.05.96 06.51 Georgedale-Venus 2 275 |B |Birds White 103 Flashed on S/Tower 345 from jumper-tower

36 27.05.96 10.04 Avon-Durban North 1 275 |B |Birds White 7 T 27: flashed over due to bird pollution

37 27.05.96 20.42 Georgedale-Venus 2 275 |B |Birds White 100 Flashed on S/Tower 345 from jumper tower

38 28.05.96 08.55 Avon-Mersey 2 275 |B |Birds White 1 T 5: badly polluted

39 28.05.96 18.51 Bloukrems-Tugela 3 275 |B |Birds White 44 T 115, 114: possible flash marks

40 06.06.96 18.19 Georgedale-Venus 1 275 |B |Birds White 94 T 344: flashover from conductor to tower / vultures

41 07.06.96 02.47 Georgedale-Venus 2 275 |B |Birds White  |94.11 T 344: flashover from conductor to tower / vultures

42 07.06.96 07.31 Georgedale-Venus 2 275 |B |Birds White 83 T 344: flashover from conductor to tower / vultures

43 14.07.96 16.50 Avon-Durban North 1 275 |B |Birds White 7 T 26: flash mark

44 28.07.96 22.12 Georgedale-Venus 1 275 |B |Birds White 107.7 T 347: flash marks visible on steelwork

45 29.07.96 05.51 Georgedale-Venus 1 275 |B |Birds White 106.2 T 343: flash marks visible on steelwork
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46 30.07.96 12.08 Georgedale-Venus 2 275 |B |Birds White 14 T 49: steelwork flashed over / composite rubber
(281 kv)

a7 30.07.96 13.30 Ingagane-Chivelston 1 275 |B |Birds White 0 T 2: flashed over / suspect bird streamer

48 31.07.96 04.18 Ingagane-Bloukrans 2 275 |B |Birds White 19 T 68: flashed over / T 64-74 birds' nests

49 20.08.96 00.51 Georgedale-Venus 1 275 |B |Birds White 53.74 T 173: flashed over

50 22.08.96 06.33 Georgedale-Venus 1 275 |B |Birds White 101.4 Patrolled T 345-329: T 333 flashed over

51 23.08.96 10.28 Ingagane-Danskraal 1 275 |B |Birds White 70 T 211: flashed over

52 28.08.96 17.44 Ingagane-Danskraal 1 275 |B |Birds White 71 T 208: possible flash damper to tower

53 29.08.96 07.31 Georgedale-Mersey 2 275 |B |Birds White 12.9 T 45: flashed from jumper to tower/next to
waterhole

54 28.09.96 19.24 Bloukrans-Tugela 1 275 |B |Birds White 5 T 18: wire hanging down from bird's nest

55 01.10.96 10.24 Bloukrans-Tugela 1 275 |B |Birds White 5 T 18: bird's nest collapsed onto jumper

56 06.10.96 06.38 Ingagane-Danskraal 1 275 |B |Birds White 21 T 30-90: dead birds found under T 75

57 08.10.96 10.15 Georgedale-Venus 2 275 |B |Birds White 18.36 T 59: bird streamer (found 20/11/96)

58 21.10.96 09.32 Georgedale-Venus 2 275 |B |Birds Red 46 Crows' nests: T 136-139/T 136, 138, 139
flashed over

59 22.10.96 06.10 Avon-Mersey 2 275 |B |Birds White 48 T 145: flashed over due to bird pollution

60 02.11.96 06.30 Ingagane-Danskraal 1 275 |B |Birds White 70 T 227: flashed over due to bird pollution

61 10.11.96 22.56 Avon-Mersey 2 275 |B |Birds White 16 T 56: flashover jumper to steelwork due to bird
streamer

62 17.11.96 10.58 Ingagane-Danskraal 1 275 |B |Birds White 71 T 220: flashover due to bird streamer

63 19.11.96 07.12 Georgedale-Venus 2 275 |B |Birds White 17.19 T 61: bird streamer TWS = 19.4

64 19.12.96 23.39 Georgedale-Venus 2 275 |B |Birds Red 30.6 T 92: flashed over due to bird pollution

65 05.01.96 12.12 Klaarwater-Mersey 1 275 |C |Cane fire Three 55.13 T 41 -42: Hullet's Shongweni Estates

66 17.05.96 16.00 Avon-Irmpala 2 275 |C |Cane fire W-B 54 Unreported, T 165-166 (farmer unknown)

67 18.05.96 05.40 Avon-Impala 2 275 |C |Cane fire White 81 Unreported, T 229-230, Manyana Farm

68 03.06.96 13.02 Avon-Durban North 1 275 |C |Cane fire Blue 11 T 22-23: runaway fire, Redwoods Farm (J Hullet
or J Laatz)
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69 08.06.96 06.11 Avon-Impala 2 275 |C |Cane fire Blue 60 T 142-143: contractor burned close to line (windy)

70 21.06.96 04.15 Georgedale-lllovo 2 275 |C |Cane fire Blue 24.64 T 73-74: runaway fire, Klipspruit Farm (Linley
Gonlag)

71 24.06.96 05.11 Avon-Impala 2 275 |C |Cane fire White 79 T 204-205: runaway fire, Emoyini Farm (Mr MS
Dunne)

72 24.06.96 05.14 Avon-Durban North 1 275 |C |Cane fire Blue 0 T 204-205: runaway fire, Emoyini Farm (Mr MS
Dunne)

73 30.06.96 00.30 Avon-Durban North 1 275 |C |Cane fire Red 30 T 86-95: runaway veld fire started cane fire

74 16.08.96 05.11 Avon-Impala 2 275 |C |Cane fire White 46 T 211: farm, Emoyeni area (Mr Johan Mncwango)

75 16.08.96 08.41 Avon-Mersey 1 275 |C |Cane fire Blue 41 T 176-177: unreported, Krommedraai Farm (C
Teddar)

76 16.09.96 17.45 Avon-Durban North 1 275 |C |Cane fire W-B 107 T 302-303: unreported, Marsabit Farm (Mr
Pretorius)

77 15.10.96 10.23 Avon-Durban North 1 275 |C |Cane fire Blue 7.8 T 221 -222, Obanjeni Estates, unreported

78 24.10.96 14.48 Avon-Durban North 1 275 |C |Cane fire R-B 8.3 T 23-24: runaway fire, Redwood Estates (B Hulet)

79 24.10.96 14.50 Avon-Durban North 1 275 |C |Cane fire R-B 8.3 T 23-24: runaway fire, Redwood Estates (B Hulet)

80 24.10.96 14.51 Avon-Durban North 1 275 |C |Cane fire R-B 8.3 T 23-24: runaway fire, Redwood Estates (B Hulet)

81 24.10.96 14.51 Avon-Durban North 1 275 |C |Cane fire R-B 8.3 T 23-24: runaway fire, Redwood Estates (B Hulet)

82 04.01.96 07.51 Ingagane-Bloukrans 2 275 |W/|Foreign White 66 T 196: pieces of wire on conductor

83 11.04.96 00.49 Ingagane-Danskraal 1 275 |l |Hardware White 66 T 165: bottom two discs flashed over

84 20.11.96 18.06 Hector-lllovo 1 275 |l |Hardware 0 T 113: line switched out for parted e/wire

85 15.05.96 18.50 Impala-Invubu 2 275 |H |Human White 0 T 10. contractor painting tower's left cover on ins

86 16.05.96 07.09 Impala-Invubu 2 275 |H|Human White 0 T 10: contractor painting tower's left cover on ins
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87 03.02.96 13.45 Georgedale-Venus 1 275 |A |Pollution Blue 108 T 318 & 329: flashed over / agripollution

88 05.02.96 02.48 Avon-Durban North 1 275 |A |Pollution Blue 68 T 185: marine pollution / not reinsulated yet

89 24.01.96 00.42 Georgedale-lllovo 1 275 |Z |Storm Three 27.92 LPATS confirmed

90 26.01.96 17.39 Georgedale-Venus 2 275 |z |Storm Blue 45.53 LPATS confirmed

91 26.01.96 18.35 Georgedale-lllovo 1 275 |z |Storm White  45.45 LPATS confirmed

92 12.03.96 20.06 Georgedale-Venus 2 275 |z |Storm Red 72.74 LPATS confirmed

93 25.06.96 21.10 Georgedale-Venus 2 275 |z |Storm Red 71 LPATS confirmed - 43 kA

94 08.07.96 21.04 Georgedale-Venus 2 275 |z |Storm Red 99.94 LPATS confirmed

95 24.09.96 17.50 Georgedale-lllovo 2 275 |z |Storm Blue 2.4 LPATS confirmed -23 kA

96 08.10.96 16.47 Avon-Durban North 1 275 |z |Storm Red 37 LPATS confirmed

97 08.10.96 18.22 Georgedale-Venus 2 275 |z |Storm B-R 58 LPATS confirmed

98 19.10.96 15.11 Georgedale-Venus 2 275 |z |Storm Red 33 LPATS confirmed

99 26.10.96 21.46 Georgedale-Venus 2 275 |z |Storm White 44.14 LPATS confirmed

100 |02.12.96 18.20 Hector-Klaarwater 1 275 |z |Storm Red 10.1 LPATS confirmed

101 |23.12.96 18.23 Ingagane-Danskraal 1 275 |z |Storm White 72 LPATS confirmed

102 |01.01.96 01.40 Avon-Impala 2 275 |y |Unknown White |21 No fault found

103  |26.01.96 07.10 Bloukrans-Danskraal 1 275 |y (Unknown White |14 Nothing visual found

104 27.01.96 12.36 Ingagane-Bloukrans 2 275 |y |Unknown White 21 T 37,74, 75& 77: crows' nests; T 36 & 70: one
disc broken

105 16.02.96 18.23 Ingagane-Bloukrans 2 275 |y |Unknown White 71 Patrolled from T 185to T 244: nothing visual
found

106 18.02.96 20.16 Avon-Mersey 1 275 |y |Unknown Blue 41 LPATS negative

107 |03.03.96 08.57 Ingagane-Danskraal 1 275 |U |Unknown White 95 T 204-216: T 205 - one broken disc; T 212-old
flash marks

108 19.03.96 02.38 Bloukrans-Tugela 3 275 | U |Unknown White 2 T 6: ground and members polluted / no flash
marks

109 24.03.96 21.29 Ingagane-Bloukrans 2 275 |y |Unknown White 19 T 16-80: nothing visual found

110 ]02.04.96 00.58 Bloukrans-Tugela 1 275 |y [Unknown White |0 LFL faulty / LPATS negative

111  |06.04.96 09.33 Ingagane-Bloukrans 2 275 |y |Unknown White 60 Lads did patrol: no report received

112 13.04.96 05.45 Georgedale-Venus 2 275 |U |Unknown White 44 Patrolled T 135-167/168-178: nothing visual found

|
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113 18.05.96 22.17 Ingagane-Bloedrivier 4 275 |U |Unknown White 21 LPATS negative. LFL suspect. Tienie to confirm

114 24.05.96 20.57 Georgedale-Venus 2 275 |U |Unknown White 27 Nothing visual found

115 |26.05.96 02.23 Georgedale-lllovo 1 275 |y |Unknown White  [4.4 T 107 back to s/station: nothing visual found

116 18.07.96 18.52 Ingagane-Danskraal 1 275 |y |Unknown White 19 Patrolled T 16-60: nothing found

117 19.07.96 02.31 Bloukrans-Tugela 1 275 |y |Unknown Red 25 No report received; requested again on 24/7

118 |01.08.96 17.07 Georgedale-Venus 2 275 | U |Unknown White 18 LPATS negative, no patrol done

119 12.09.96 01.25 Klaarwater-Mersey 1 275 |y |Unknown Blue 73.16 Patrolled T 45-79: nothing visual found

120 |03.10.96 14.10 Georgedale-Venus 2 275 |y |Unknown White 16 Patrolled by Brian Peachey: nothing visual found

121 |01.12.96 06.03 Georgedale-lllovo 2 275 |y |Unknown White 0 Patrolled from Georgedale - T 40: nothing visual
found

122 |01.12.96 06.08 Georgedale-lllovo 2 275 |y |Unknown White 74 Patrolled from Georgedale - T 40: nothing visual
found

123 |01.12.96 20.17 Ingagane-Danskraal 1 275 |y |Unknown White 70 Neville patrolled T 204-215: nothing visual found

124 14.08.96 17.04 Georgedale-Venus 2 275 |F |Veld fire R-W 56 Between T 167 and 168: Mpopomeni Township
area

125 14.08.96 17.07 Georgedale-Venus 1 275 |F |Veld fire White |57 Between T 167 and 168: Mpopomeni Township

area
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APPENDIX 2: - Georgedale-Venus Performance Summary 1996-
1998
Date Time |Line name Cause Phase [Line fault locators
[Georgedale-Venus] km
1 (20.08.96 |0.51 |Georgedale-Venus 1 |Birds White  [53.74
2 |11.01.96 |08.56 |Georgedale-Venus 1 |Birds Blue 64
3 [11.07.97 |0.54 |[Georgedale-Venus 1 |Birds White 117.7/23.3
4 109.05.96 {155 |Georgedale-Venus 1 |Birds White 100.4
5 109.05.96 |3.25 |Georgedale-Venus 1 |Birds White 101.3
6 [09.05.96 |4.41 |Georgedale-Venus 1 |Birds White  [103
7 106.05.96 |4.59 |Georgedale-Venus 1 |Birds White (94
8 120.01.96 [09.54 |Georgedale-Venus 1 |Birds White |61
9 |22.04.97 |5.07 |Georgedale-Venus 1 |Birds Blue 94/18.56
10 |29.07.96 [5.51 |Georgedale-Venus 1 |Birds White 106.2
11 |22.08.96 |6.33 |Georgedale-Venus 1 |Birds White 1014
12 |04.05.97 |10.35 |Georgedale-Venus 1 |Birds Blue 20/121
13 [10.07.97 |10.55 |Georgedale-Venus 1 |Birds White 16.8/124.2
14 125.01.96 [12.44 |Georgedale-Venus 1 |Birds White 10
15 |21.06.97 ]16.43 |Georgedale-Venus 1 |Birds White 110/18.26
16 [25.01.96 |16.56 |Georgedale-Venus 1 |Birds White 18
17 [06.06.96 |18.19 |Georgedale-Venus 1 |Birds White |94
18 (28.07.96 |22.12 |Georgedale-Venus 1 |Birds White 107.7
19 20.06.97 |22.25 |Georgedale-Venus 1 |Birds Blue 112/14.47
20 [05.03.98 19.21 |Georgedale-Venus 1 |Pollution White 11
21 [03.02.96 |13.45 |Georgedale-Venus 1 |Pollution Blue 108
22 |103.09.97 |20.1 |Georgedale-Venus 1 |Storm R-N 45.7/95.3
23 106.03.98 |20.37 |Georgedale-Venus 1 [Storm
24 128.12.97 |17 Georgedale-Venus 1 |Storm Blue 80/30
25 [31.05.97 [8.21 [Georgedale-Venus 1 |Unknown White 131.6/8.8
26 |08.03.98 |12.01 |Georgedale-Venus 1 |Unknown White
27 114.08.96 [17.07 |Georgedale-Venus 1 |Veld fire White |57
28 106.05.96 |1.16 |Georgedale-Venus 2 |Birds White |115.8

Page 108 of 123




Univerdity of Natal

Case study into bird streamer caused transient earth faultson a 275 kV transmission grid.

29 |07.06.96 |2.47 |Georgedale-Venus 2 [Birds White  [94.11
30 [28.05.98 |3.47 |Georgedale-Venus 2 |Birds White |70

31 |23.05.96 |6.51 |Georgedale-Venus 2 |Birds White 103

32 119.11.96 |7.12 |Georgedale-Venus 2 |Birds White 17.19
33 |07.06.96 |7.31 [Georgedale-Venus 2 |Birds White |83

34 115.08.97 |7.36  |Georgedale-Venus 2 |Birds White  |7.6/133.7
35 |22.03.97 (8.1 Georgedale-Venus 2 |Birds White  [40.07/91.5
36 [19.01.96 |8.24 [Georgedale-Venus 2 |Birds White |6

37 121.09.97 |8.59 [Georgedale-Venus 2 |Birds White  [3.45/137
38 |125.02.96 |9.09 |Georgedale-Venus 2 |Birds White |55

39 |21.10.96 |9.32 |Georgedale-Venus 2 |Birds Red 46

40 [11.04.96 |9.39 [Georgedale-Venus 2 (Birds White  (28.23
41 {02.01.96 |10 Georgedale-Venus 2 |Birds White 34.6

42 108.10.96 |10.15 |Georgedale-Venus 2 |Birds White 18.36
43 |18.07.97 [10.25 |Georgedale-Venus 2 |Birds White  [126.1/15.2
44 130.07.96 [12.08 |Georgedale-Venus 2 |Birds White 14

45 [10.06.97 {14.39 (Georgedale-Venus 2 |Birds White  [78.8/62.5 _
46 |22.05.96 |17.56 |Georgedale-Venus 2 |Birds White 103

47 |127.05.96 [20.42 |Georgedale-Venus 2 |Birds White 100

48 122.02.96 |22.39 |Georgedale-Venus 2 |Birds White  [26.49
49 |22.05.96 |22.46 |Georgedale-Venus 2 [Birds White  [98.3

50 ]19.12.96 [23.39 |Georgedale-Venus 2 |Birds Red 30.6

51 119.10.96 [15.11 |Georgedale-Venus 2 [Storm Red 33

52 [01.04.98 |16.53 |Georgedale-Venus 2 (Storm

53 |26.01.96 [17.39 |Georgedale-Venus 2 |Storm Blue 45.53
54 106.11.97 |18.22 |Georgedale-Venus 2 |Storm Blue 45.4/91.8
55 |08.10.96 |18.22 |Georgedale-Venus 2 |Storm B-R 58

56 |31.08.97 [19.1 |Georgedale-Venus 2 |[Storm Red 48.1/93.1
57 112.03.96 |20.06 |Georgedale-Venus 2 |Storm Red 72.74
58 106.03.98 [20.21 |Georgedale-Venus 2 |Storm

59 108.07.96 [21.04 |Georgedale-Venus 2 [Storm Red 99.94
60 |125.06.96 |21.1 |Georgedale-Venus 2 [Storm Red 71

61 [26.10.96 |21.46 |Georgedale-Venus 2 |Storm White  |44.14
62 [13.04.96 |5.45 |Georgedale-Venus 2 [Unknown White |44

63 |122.07.97 [11.09 |Georgedale-Venus 2 |Unknown White 124/16
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64 |03.10.96 [14.1 |Georgedale-Venus 2 [Unknown White 16
65 [09.07.97 |15.32 |Georgedale-Venus 2 |Unknown Blue i84/?
66 |01.08.96 |17.07 |Georgedale-Venus 2 |Unknown White 18
67 |24.05.96 |20.57 |Georgedale-Venus 2 [Unknown White |27
68 |14.08.96 |17.04 |Georgedale-Venus 2 |Veld fire R-W 56
Jan |Feb [Mar |Apr |May|Jun |Jul [Aug [|Sep [Oct [Nov [Dec
Number of trips 6 (3 |3 |3 |13 |6 (8 |4 1 (3 (1 |1
Ave min temperature ~C - Cedara 15.5/15.5{13.8{10.5/6.8 |13.7 |3 |58 |9.1 |11.6/12.5/14.3
Ave max temperature “C - Cedara 24.5|25.3|24 |22.3|20 |19 |17 |20 |22 |21.9|22.8|25.4
Jan |Feb [Mar [Apr |May|Jun |Jul |Aug |Sep |Oct |Nov |Dec
Number of trips 6 |13 |3 |3 |13 |6 |8 |4 |1 (3 |1 |1
Ave min. temperature “C - Estcourt 15.9(16.1{14.3({10.3/6 |2.3 |2.5|5.2 [9.4 |11.7|12.8|14.9
Ave max temperature °C - Estcourt |26.7[26.8/25 [22.7/|20 [19 |17 [21 [24 [23.6[24.7]27.1
Jan [Feb [Mar |Apr [May|Jun [Jul |Aug [Sep |Oct |Nov |Dec
Number of trips 6 |3 (3 |3 |13 (6 |8 |4 |1 (3 |1 |1
Rainfall mm - Cedara 161 (132 (113 [63 |64 |34 |78 {17 |18 |91 |99 |97
Rainfall mm - Estcourt 226 {135 (151 (47 |30 (29 (48 [20 |34 ([101{99 (170
Jan |Feb [Mar |Apr [May|Jun [Jul |Aug |Sep |Oct |Nov |Dec
Number of trips 6 (3 (3 3 |13 |6 |8 |4 |1 |3 |1 |1
Average humidity % - Cedara - 08:00 |83 (86 |87 |85 (80 |74 |81 |75 |77 |77 (77 |80
Average humidity % - Cedara - 20:00 (93 (92 (91 (89 (91 |72 |80 |78 (81 (89 |89 |92
Average humidity % - Cedara -14:00 (71 (68 |66 (58 {49 (40 (47 (41 |50 (63 |68 (65
Table 2: Weather data correlated with fault performance
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APPENDIX 3: Suspected Bird Streamer Faults 1993-1998

1 |19.06.93 |0.04 |Georgedale-Venus 1 |Pollution

2 [28.07.95 |0.28 |Georgedale-Venus 2 |Birds 105
3 [20.08.96 [0.51 |Georgedale-Venus 1 |Birds White |53.74
4 |11.07.97 |0.54 |Georgedale-Venus 1 |Birds White |117.7/23.3
5 ]19.06.94 |1.06 |Georgedale-Venus 2 |Unknown 95

6 |06.05.96 [1.16 |Georgedale-Venus 2 |Birds White [115.8
7 117.09.93 |1.23 |Georgedale-Venus 1 |Birds 7

8 [09.05.96 |1.55 |Georgedale-Venus 1 [Birds White 1100.4
9 |07.06.96 |2.47 |Georgedale-Venus 2 |Birds White ]94.11
10 [16.04.93 |3.12 |Georgedale-Venus 2 |Pollution 50
11 {09.05.96 (3.25 [Georgedale-Venus 1 |Birds White {101.3
12 (20.06.94 |3.57 |Georgedale-Venus 1 [Unknown 0

13 |13.12.94 |4.22 |Georgedale-Venus 1 |Unknown 28
14 |27.12.95 |4.25 |Georgedale-Venus 2 |Birds 22.14
15 |03.05.93 (4.3 Georgedale-Venus 1 |Birds

16 |01.08.94 |4.3 Georgedale-Venus 2 |Birds 0

17 [26.11.95 |4.31 |Georgedale-Venus 1 |Pollution 441
18 |02.08.94 |4.36 [Georgedale-Venus 1 |Birds 21
19 [09.05.96 |4.41 |Georgedale-Venus 1 |Birds White |103
20 [09.05.93 |4.48 |Georgedale-Venus 1 |Pollution

21 |06.05.96 |4.59 [|Georgedale-Venus 1 |Birds White (94
22 |22.04.97 |5.07 |Georgedale-Venus 1 |Birds Blue

23 |01.08.94 |5.11 |Georgedale-Venus 2 |Birds 96
24 [21.11.95 |54 Georgedale-Venus 2 |Pollution 5.3
25 |13.04.96 [5.45 |Georgedale-Venus 2 [Unknown White |44
26 |29.07.96 |5.51 |Georgedale-Venus 1 |Birds White [106.2
27 120.06.94 16.07 |Georgedale-Venus 1 [Unknown 94
28 122.08.96 [6.33 |Georgedale-Venus 1 [Birds White [101.4
29 |18.04.94 |6.43 |Georgedale-Venus 1 |Birds 44
30 [11.09.94 |6.47 |Georgedale-Venus 2 |Birds 102
31 {23.05.96 |6.51 |Georgedale-Venus 2 |Birds White {103
32 119.11.96 |7.12 |Georgedale-Venus 2 |Birds White [17.19
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33 |07.06.96 |7.31 |Georgedale-Venus 2 |Birds White |83

34 [15.08.97 |7.36 |Georgedale-Venus 2 |Birds White |7.6/133.7
35 (27.12.95 |7.45 |Georgedale-Venus 2 |Birds 53.05

36 [22.03.97 |8.1 Georgedale-Venus 2 |(Birds White 140.07/91.5
37 [31.05.97 |8.21 |Georgedale-Venus 1 |Unknown White ]131.6/8.8
38 [06.02.94 |8.23 |Georgedale-Venus 1 |Pollution 40

39 |19.01.96 [8.24 |Georgedale-Venus 2 |Birds White |6

40 |16.12.95 |8.44 |Georgedale-Venus 2 |Birds 25.19

41 |21.09.97 |8.59 |Georgedale-Venus 2 |Birds White |3.45/137
42 125.02.96 |9.09 |Georgedale-Venus 2 |Birds White |55

43 [21.10.96 |9.32 |Georgedale-Venus 2 |Birds Red 46

44 110.10.94 |9.34 |Georgedale-Venus 2 |Birds 67

45 111.04.96 19.39 |Georgedale-Venus 2 |Birds White ]28.23

46 102.01.96 |10 Georgedale-Venus 2 |Birds White [34.6

47 108.10.96 [10.15 |Georgedale-Venus 2 |Birds White [18.36

48 118.07.97 |10.25 |Georgedale-Venus 2 |Birds White [126.1/15.2
49 (04.05.97 |10.35 |Georgedale-Venus 1 |Birds Blue 20/121
50 |10.07.97 [10.55 |Georgedale-Venus 1 |Birds White 116.8/124.2
51 [22.07.97 |11.09 |Georgedale-Venus 2 |Unknown White |124/16
52 {30.07.96 |12.08 |Georgedale-Venus 2 |Birds White (14

53 [09.08.95 |12.25 |Georgedale-Venus 2 [Birds 12

54 125.01.96 |12.44 |Georgedale-Venus 1 |Birds White |10

55 ]03.02.96 |13.45 |Georgedale-Venus 1 |Pollution Blue 108

56 [03.10.96 |14.1 |Georgedale-Venus 2 [Unknown White |16

57 |24.11.95 [14.14 |Georgedale-Venus 2 |Pollution 6.53

58 110.06.97 |14.39 |Georgedale-Venus 2 |Birds White |78.8/62.5
59 [09.07.97 |15.32 |Georgedale-Venus 2 |Unknown Blue 84/?

60 |04.08.94 [16.29 |Georgedale-Venus 2 |Birds 97

61 [21.06.97 |16.43 (Georgedale-Venus 1 |Birds White [110/18.26
62 |25.01.96 {16.56 |Georgedale-Venus 1 |Birds White (18

63 ]01.08.96 [17.07 |Georgedale-Venus 2 |Unknown White |18

64 |16.12.95 |17.36 |Georgedale-Venus 2 |Pollution 44.43

65 |19.09.95 [17.56 |Georgedale-Venus 2 |Birds 134.3
66 [22.05.96 [17.56 |Georgedale-Venus 2 |Birds White |103

67 |02.05.93 |18.13 |Georgedale-Venus 1 |Pollution
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68 (06.06.96 |18.19 (Georgedale-Venus 1 (Birds White (94
69 [14.04.95 |18.22 |Georgedale-Venus 2 |Unknown 10
70 [19.12.95 |18.53 |Georgedale-Venus 1 |Birds 91.52
71 [03.09.93 |19.29 |Georgedale-Venus 2 |Birds 0

72 {19.06.94 |19.49 |Georgedale-Venus 1 |Unknown 0
73 |26.04.94 |20.19 |Georgedale-Venus 2 |[Birds 98
74 |06.06.95 {20.42 |Georgedale-Venus 1 (Birds 2

75 [27.05.96 |20.42 |Georgedale-Venus 2 |Birds White 100
76 124.05.96 [20.57 |Georgedale-Venus 2 |Unknown White |27
77 |17.11.95 |21.04 |Georgedale-Venus 1 |Pollution 25.43
78 [18.04.94 |21.17 |Georgedale-Venus 2 |Birds 51
79 [24.05.94 |21.18 |Georgedale-Venus 2 |Unknown 96
80 [21.12.95 |21.3 |Georgedale-Venus 2 |Birds 38
81 [26.04.93 |21.44 |Georgedale-Venus 1 |Pollution 101
82 |28.07.96 |22.12 |Georgedale-Venus 1 |Birds White |107.7
83 |20.06.97 |22.25 |Georgedale-Venus 1 |Birds Blue 112/14.47
84 |22.02.96 |22.39 |Georgedale-Venus 2 [Birds White |26.49
85 [22.05.96 [22.46 |Georgedale-Venus 2 [Birds White {98.3
86 [10.10.93 |23.26 |Georgedale-Venus 1 |Pollution 39
87 109.10.94 |23.35 |Georgedale-Venus 2 |Birds 42
88 [19.12.96 |23.39 |Georgedale-Venus 2 |Birds Red 30.6
89 |11.01.96 [08.56 |Georgedale-Venus 1 |Birds Blue 64
90 [20.01.96 |09.54 |Georgedale-Venus 1 |Birds White |61
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APPENDIX 4:  AC Voltage Flashover Results

1. Rod-plane breakdown characteristics - effects of electrode tip and rod diameter

3 mm rod diameter, with aflat cut electrode tip

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 31.48 0.86 31.59

100 50.82 0.16 51.05

150 76.89 0.86 77.23

200 97.23 178 97.67

250 108.72 174 109.06

300 118.24 4.85 11851

350 124.43 0.81 124.68

400 139.08 0.71 139.36

450 157.42 1.66 157.73

500 180.68 13 181.04

600 210.04 167 210.46

T=20.7°C; P= 754 mmHg, RH =66.7%; source resistance = 300 kfi

3 mm rod diameter, point electrode tip

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 25.08 0.13 25.25

100 41.86 0.21 42.06

200 74.97 0.89 75.17

300 106.77 0.37 107.06

400 137.96 0.96 138.33

500 178.28 133 178.76

*600 354.29 3.77 218.62

T =20.7 °C; RH = 67.2%; P = 756 mmHg; T = 20.5 °C; RH = 70.5%; P = 756 mmHg
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3 mm rod diameter, parabola e ectrode tip

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 45.43 106 45.42

100 59.57 0.74 60

200 77.85 0.49 78.11

300 110.01 0.73 110.3

400 144.8 0.65 145.2

500 183.3 0.79 183.8

600 217.91 21 218.5

T =20.5°C; RH=70.5%; P= 756 mmHg

12 mm rod diameter, sharp point electrode tip

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 22.67 0.54 22.72

100 38.85 0.34 38.91

200 77.24 0.66 77.36

300 107.94 0.87 108.09

400 142.05 0.82 142.23

500 183.90 148 184.14

600 213.24 143 213.52

T=20.7°C; RH=67.1%, P =753 mmHg

12 mm rod diameter, flat cut electrode tip

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 33.99 0.59 34.04

100 56.76 0.96 56.90

150 91.29 0.79 91.51

200 126.4 1.66 126.58

250 174.72 10.17 174.36

300 228.19 10.34 227.32

T=20.7 °C; RH =67.1%; P =753 mmHg
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12 mm rod diameter, parabola electrode tip

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 25.62 0.68 25.67

100 51.51 11 51.59

200 77.03 0.76 78.94

300 107.94 0.31 108.02

400 141.63 0.66 141.74

500 183.04 0.93 183.17

600 211.96 132 212.1

T =206 °C; RH =67.2%, P =752 mmHg

6 mm rod diameter, point electrode

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 23.47 0.42 23.49

100 39.82 0.58 39.84

200 77.36 0.68 77.39

300 108.72 114 108.75

400 140.93 0.87 140.97

600 209.65 149 209.71

T =20.7 °C; RH =67.5%; P =751 mmHg

6 mm rod diameter, parabola electrode tip

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 37.72 187 37.50

100 51.61 109 51.65

200 77.81 0.78 77.84

400 142.07 135 142.11

600 210.03 136 210.09

T=20.7°C; RH=67.5%; P=751 mmHg
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2. Effects of corona rings on breakdown characteristics
275 kV slicone composite insulator, | string with corona ring

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [KVJ

50 42.95 16 42.37

100 52.43 59 51.20

150 68.92 25 67.72

200 93.05 3.0 92.17

300 121.05 24 119.84

400 166.90 20 165.23

450 195.20 16 193.25

T=21.7°C; RH=55.7%, P=754mmHg

275 kV dlicone composite insulator, | string with no corona ring

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

50 33.05 25 32.52

100 63.82 4.5 63.18

150 80.82 0.7 80.01

200 90.36 0.8 89.45

300 116.62 0.5 115.45

400 156.2 15 154.64

450 176.72 15 174.95

T =217 °C; RH=55.7%; P =754 mmHg

3. Effect of electrode position on air gap breakdown, using a V string silicone
composite insulator assembly with corona rings

Brass electrode centre of V string, vertical plane air gap breakdown

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

100 58.46 24 59.01

200 94.46 14 95.26

300 123.90 2% 124.60

400 162.26 14 163.10

450 192.53 74 193.61

T=239°C, RH=55.7%; P=755mmHg
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Brass electrode placed across string 2, composite insulators with corona rings

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

100 36.10 13 36.24

200 89.15 25 89.74

400 159.28 14 160.03

T=239°C; RH=55.7%, P=755 mmHg

Brass electrode moved horizontally away from V string configuration (silicone composite
insulators) level with corona rings

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

100 70.57 0.8 70.40

200 107.18 0.9 108.19

400 163.49 18 164.31

T=239°C; RH=55.7%; P=755mmHg

4. Effect of electrode position on air gap breakdown, using glass | string, with 16
U120 BS insulator assembly

Brass electrode, in the vertical plane, with aglass| string

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

100 44.06 2.3 44.39

200 85.23 18 85.71

300 111.57 18 112.62

400 155.39 2.3 156.12

450 175.39 2.6 176.21

500 191.28 13 192.18

T =216 °C; RH=60.3%; P =749 mmHg
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Brass electrode, in the horizonta plane, glass | string insulator assembly

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

140 68.56 19 69.20

195 86.77 2.5 87.42

330 124.68 15 125.15

430 160.37 19 160.96

T=21.6°C; RH =60.3%; P= 749 mmHg

5. Effect of electrode position on air gap breakdown, using an | string slicone

composite insulator assembly with corona rings

Brass electrode moved away in the horizonta plane

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

150 73.29 10.64 73.98

183 101.85 13 102.81

295 142.47 11 143.67

365 168.19 19 169.45

425 185.36 13 186.40

T=21.6°C; RH =60.3%; P - 749 mmHg

275 kV dlicone composite insulator, | string with corona ring, brass electrode moved in

the vertical plane

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [KV] | breakdown
voltage [kV]

50 42.95 16 42.37

100 52.43 5.9 51.20

150 68.92 2.5 67.72

200 93.05 3.0 92.17

300 121.05 2.4 119.84

400 166.90 2.0 165.23

450 195.20 16 193.25

T=21.7°C; RH=55.7%; P =754 mmHg
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6. Effect of electrode position on air gap breakdown, using a V string glass insulator
assembly with 16 discs per string

Brass electrode, ar gap breakdown in centre of V string, in the vertical plane - no corona

rings

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

100 63.26 2.8 64.51

200 92.93 0.6 94.58

300 115.88 0.8 117.02

400 '152.43 2.4 153.14

445 *170.99 4.2 171.63

500 193.23 12 193.9

"T=220°C; RH =55.0%; P= 749 mmHg
T-216°C; RH = 64.9%; P =755 mmHg

Brass electrode, air gap breakdown in the horizontal plane

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

105 46.56 0.3 47.29

200 100.49 18 102.47

300 114.03 2.8 114.92

405 161.75 4.2 163.01

500 201.30 2.0 202.87

T=216°C; RH=64.9%; P=755 mmHg

Brass electrode placed on the metal end caps of the V string

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

220- 1 disc 72.49 31 72.92

370-2 disc 134.46 0.6 135.51

450 - 3 disc 189.11 14 189.99

T=216°C; RH=64.9%; P= 755 mmHg
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Brass electrode moved horizontally away, but ar gap is now between the electrode and

the sde of the yoke plate

Air gap length | Breakdown Standard Corrected

[mm] voltage [kV] deviation [kV] | breakdown
voltage [kV]

120 61.54 0.8 62.75

240 100.93 0.7 101.92

480 163.08 2.3 163.68

T=21.6°C, RH=64.9%, P= 755 mmHg

7. Effect of wet string resistivity on air gap breakdown, using a V string glass

insulator assembly

Airgap | Streamer resistivity | Breakdown | Standard | Corrected
length [kQ.nT"] voltage deviation | breakdown
[mm] NaCl solution [kV] [kV] voltage [kV]
400 40 196.1 2.7 194.01

400 10 000 *192 55 195.9

T =197 °C; RH =85.3%; P= 755 mmHg
T =218°C; RH =62.7%; P =755 mmHg

8. Effects of wet string electrode on air gap breakdown, using a V string glass

assembly

Airgap | Streamer resstivity | Breakdown | Standard | Corrected
length [kQ.mY] voltage [kV] | deviation | breskdown
[mm] NaCl solution [kV] voltage [kV]
200 100 101.5 3.8 101.6

400 40 196.1 2.7 194.0

T=218°C; RH=62.7%; P=755mmHg
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9. Effects of wet string electrode on air gap breakdown, using a V string silicone

composite insulator assembly with corona rings

Airgap | Streamer resigtivity | Breskdown | Standard | Corrected
length [kQ.m"] voltage deviation | breakdown
[mm] NaCl solution [kV] [kV] voltage [kV]
200 200 114.98 5.7 118.2

400 400 217.7 2.3 223.8

T=20.3°C; RH=81.1%, P= 752 mmHg

10. Effects of wet string electrode on air gap breakdown, using an | string silicone

composite insulator assembly with corona ring

Airgap | Streamer resistivity | Breskdown | Standard | Corrected
length [kQ.m'] voltage deviation | breakdown
[mm] NaCl solution [kV] [kV] voltage [kV]
200 500 113.3 10.1 114.9

400 200 169.03 5.2 170.2

T-198 °C; RH =68.4%; P= 756 mmHg

11. Effect of wet string electrode on air gap breakdown, using an | string glass

insulator assembly

Airgap | Streamer resistivity | Breakdown Corrected
length [kQ.m"] voltage breakdown
[mm] NaCl solution. [kV] voltage [kV]
200 350 93.23 2.3 94.4

400 350 162.03 58 163.5

T =198 °C; RH =68.4%; P =75 mmHg
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APPENDIX 5 - Bird streamer poster
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