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ABSTRACT
A number of silicone rubber composite insulators have been examined following 15
years of service on a coastal 400 kV transmission line in the UK. Extensive
measurements of their hydrophobicity, as determined by contact angle, are given along
with a description of their appearance. The hydrophobicity change varied from the low
voltage end to the high voltage end with the lowest contact angles being found in the
middle of the string. The sheds also aged differently around their circumference and
this was reflected in discoloration differences on different sides of the insulator, in
addition to hydrophobicity changes. The greatest change to properties was witnessed
on the core of the insulators on which contact angles of less than 70 degrees were

recorded.
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1 INTRODUCTION

COMPOSITE overhead line insulators have been used
over the last twenty years and are becoming more widespread.
Originally they were deployed on low voltage systems, but
their application has gradually become more accepted on
higher voltage transmission networks. Composite insulators
consist of pultruded glass-reinforced composite cores, which
are protected by a polymeric sheath and sheds. The ends of
the insulators are terminated by metallic fittings which are
mechanically fastened to the pultrusion, and sealed to the
polymeric sheath in a variety of proprietary ways [1].

Two principal mechanisms exist for failure of overhead line
polymeric insulators. These are mechanical failure and
electrical flashover. Mechanical failure is catastrophic and
irreversible.  Early insulators suffered from this mode of
failure, often due to poor sealing between the end fittings and
the polymer allowing water ingress. Modern designs have
overcome this problem and the challenge in this area is now
one of quality control [2,3]. However, moisture ingress can
still occur if electric discharges erode sufficient sheath
material. This is a key mode of failure due to long-term
electrical activity, but results in mechanical failure through
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stress corrosion of the glass-reinforced strength member [3].

Electrical flashover can result from transients on the
network or a reduction in an insulator’s withstand capability
below working stresses. The insulator recovers from an
electrical flashover, but such an occurrence at working
stresses must be seen as a system failure. An insulator prone
to such an event is considered as ‘failed’ and has to be
serviced or replaced. The circumstances for this are likely to
be in high pollution conditions, after a prolonged period of
ageing.

The ageing mechanisms and flashover processes are
different for traditional ceramic systems and composite
insulators. This is mainly due to the higher hydrophobicity of
the polymeric surfaces of composite systems and the different
ageing characteristics [4-6]. This is particularly true for
silicone rubber. There remains a need to clarify these ageing
processes for composite systems because many of the testing
and type approval techniques presently employed have been
derived from long experience with the ceramic materials, and
are not directly applicable to the more recent materials.

Despite the complexity of the ageing chemistry of the
silicone rubber materials under consideration, it is
hydrophobicity which is key to the wet performance of the
material.  This is because when the material is highly
hydrophobic, water molecules form discrete droplets on the



surface of the insulation with high contact angles. As the
polymeric material becomes aged, the degree of
hydrophobicity is decreased and the material becomes more
hydrophilic in nature. Under these conditions water then
forms droplets with low contact angles. Under the influence of
high electric fields these water droplets can proceed to form
layers or elongated fingers of water, which can lead to the
flow of currents over the surface of the insulation [7]. The
flow of substantive currents may then lead to greater intensity
of arcing, further material damage and even flashover events
[8].

Failures of such insulators are not frequent, and since they
have not been in use long, there is limited field experience.
This paper presents hydrophobicity measurements from
insulator surfaces which have been removed after 15 years’
service on a 400 kV transmission line in the UK.

2 INSTALLATION SITE AND HISTORY

The insulators reviewed were in service on a 400 kV
overhead transmission line as part of a National Grid pilot
scheme. All the insulators were employed as suspension
assemblies and had corona/stress-relief rings fitted.
Conditions are reasonably aggressive due to the proximity of
the line to the south coast of England, with prevailing south
west winds and high salt and moisture levels in the air. The
line follows the side of a hill approximately 10 miles from the
Plymouth coast, which allows exposure to the elements on the
south side of the insulators, whilst the north side is given some
protection by the side of the valley. Since the region is
agricultural, with minimal industrial activity, the proximity to
the coastline suggests the main source of pollution is through
salt spray. The line lies approximately 50° N, 5° W.

The climate varies by the hour and over distances of kms in
this region, however, the following gives information about
average climate over the last 30 years [9,10]. The wettest
month is December which sees an average monthly
precipitation of 125 mm. July is the driest month with 45 mm
of rain. Records show least sunshine in December with a
monthly average of 56 h and most in July at 228 h. The
monthly average wind speed is fairly uniform throughout the
year at around 12 knots, predominantly from the South West
(and the Atlantic Ocean). The mean wind speeds are greatest
in January at 14 knots, and least in July at 10 knots. The
greatest wind speeds are seen when the wind is from the
Atlantic. The average maximum temperature in August is
19°C, and temperatures above 30 °C are unusual. The
average minimum temperature in August is 12 °C. Ground
frosts can occur between October and May. An average of 13
days of air frost is seen over the winter. There are on average
fewer than 10 days with snowfall each winter and 1 day with
lying snow each year.

Eighteen silicone rubber composite insulators were
installed, one per tower on an existing line over 7 km. The
insulators have not shown any signs of imminent failure, such
as high flashover statistics or physical cracking of the sheds.

Table 1. 400 kV Insulator Details.

Item mm
Core Diameter 30
Shed Diameter 148
Number of Sheds 72
Creepage Distance 10230
Length of Insulator 3050
Distance Between Sheds 60

Other composite insulators examined on this line over the
duration of this trial did not fare so well, and were replaced
previously. The insulators reported here were removed on a
routine refurbishment program 15 years after installation.

Each insulator consists of 72 identical silicone rubber sheds
assembled on a core of 120 kN tensile strength. The overall
length of the insulator is 3.35 m, with a creepage distance of
10.23 m. This provides a creepage distance to electrical stress
ratio of 25.6 mm/kV, which corresponds to a ‘high’
contamination classification as defined by Looms [1]. The
construction parameters of the insulators are given in Table 1.

3 CONTACT ANGLE MEASUREMENTS

One of the characteristics of silicone rubber insulators is
that they have the ability to recover a degree of their
hydrophobicity once removed from the ageing factors. For
this reason the delay between the observations and removal
from service is important. It is normally considered that a
material’s ‘recovery’ requires less than 12 hours [11,12].
These measurements were made many days or even months
after removal from service. Thus the surfaces of the insulators
had time to fully ‘recover’ from short-term ageing effects
before the contact angles were determined.

Contact angles were measured at the locations indicated in
Figure 1. For these measurements the insulator was oriented
so the surface under consideration was approximately
horizontal: for the core (position A) the string was horizontal,
for the top surface (position B) the string was vertical, for the
bottom surface (positions C and D) the string was upside-
down. The water droplets were placed by a syringe onto the
surface under study. The contact angle was recorded with a
digital camera and the data analysed by software. Pictures of
high and low contact angles are shown in Figure 2.

Figure 1. A typical composite insulator showing positions at which contact
angles were measured.
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Figure 2. Two extreme examples of contact angles.

4 RESULTS

4.1 VISUAL OBSERVATIONS

Although each insulator string removed from service was
somewhat different, it is useful to produce a stereotype, which
illustrates the visible features most frequently seen. Most had
some or all of the following features to varying degree:

e Grey/brown deposits on the tops and undersides of sheds;
these were heavier toward the HV, bottom end of the
insulator, and on the north side

e No evident deposits on the top surface of the south side of
the sheds but the polymeric material was bleached white

o A white residue on the core between the sheds

e Small amounts of green algae sometimes grew on the
north side of the insulators, and this was heavier in the
middle of the string

In a few cases insulators also showed:

e A whitening on the underside at the edge of each shed (i.e.
the rim)

e Some slight surface crazing at the top surface on the edge
of a shed

Insulators also occasionally showed typical signs of service
contamination such as guano and tower-paint splashes.

In general, visual observations on site revealed the
discolored material to be hydrophilic with a contact angle of
less than 90 degrees and sheens of water forming, whereas the
material with brown or green deposits was found to be more
hydrophobic with a greater contact angle and water readily
forming droplets. Figure 3 illustrates the difference in water
drop formation on the south and north facing sides of the
insulator: 3a) shows large continuous areas of water being
formed, whereas distinct small droplets are evident in 3b).

Figure 3. Illustrations of water droplet formation on the: a) hydrophilic
south side and b) hydrophobic north side of the insulator.

Figure 4. Two photographs of the same insulator: a) the dirtier north-
facing side, b) the bleached south-facing aspect. The white rim can be seen
on the underside of the sheds in the top of both of the pictures.

To illustrate the changes in color, Figure 4a shows the
accumulated algae which was present on the sides of the sheds
facing the hills of the wvalley, and Figure 4b shows
discoloration on the side of sheds which have been exposed to
the sun. Figure 5 identifies a particularly dirty set of sheds
with crazing of the surface of the silicone rubber. The very
light edges on the sheds to the front of the picture are due to
the process of removal from the tower; effectively these areas
have been scraped clean.

It appears from visual inspection that the two greatest
changes to the insulator are the discoloration on the south side
top surface of the strings and the dark deposits witnessed on
the north-facing high voltage end of the string.

Figure 5. Dirty sheds. Nearest the camera are regions of crazed surface.
The light areas at the very front were probably cleaned off during removal
of the insulator from the tower.



4.2 CONTACT ANGLE MEASUREMENT

Contact angle investigations were carried out on a total of
18 strings. Measurements were made on 11 of the 72 sheds
evenly distributed along the strings. For each shed,
measurements were made on surfaces facing north, east, south
and west, on the top and bottom surfaces of the sheds and also
along the insulator core. The contact angles corresponding to
the same location on each insulator have been averaged to
show the trend of hydrophobicity along the whole string.
Tables 2 to 5 give the contact angle averaged over the 18
measurements for the various locations A to D (as defined in
Figure 1) and the associated standard deviation. The first
column identifies the shed number counted from the top.
Errors in angle measurements are estimated at +2%. It can be
seen that natural variation is greater than this value. Figures 6
to 9 show the average contact angle for each of the four
compass directions, at each of the locations. The equivalent
tabulated and graphical data are adjacent to each other on the
page for convenience of the reader. Also shown on the
figures are the lines of best fit as given by Excel’s second-
order polynomial function. To avoid too much clutter on the
graphs, the spread of results is illustrated in Figures 6 to 9 by
an arrow on each of the north side and south side data. These
arrows represent the average standard deviation for all the
sheds in that location and face.

Figure 10 shows the typical spread of results on the core in
more detail by illustrating the maximum and minimum values
recorded on the north and south faces. It can be seen that the
spread of results can be significant and small changes in
average values of a few degrees do not imply consistency
between every insulator, and may not imply a real difference.
Nonetheless the case displayed here shows the difference
between the north and south core faces is substantial, the
maximum contact angle on the south core face being similar to
the minimum seen on the north face for the 18 insulators
measured. The two faces become indistinguishable at the high
voltage end where the contact angles are greater and ageing
less pronounced.

Measurements made on unaged material of the same
composition as the installed insulators gave an average contact
angle measurement of 103 degrees with a standard deviation
of 1.0 degree.

5 DISCUSSION

The contact angle measurements show considerable
variation from top to bottom of the insulator, circumferentially
through the compass directions, and also with the orientation
of the particular surface being considered. Generally Figures
6 and 9, showing results on the core and the inner bottom
surface, are similar to each other. Figures 7 and 8, showing
data form the top and rim, are also similar to each other. Each
is considered below before general observations are made.

That the standard deviation of the measurements on new
material is much lower than that on aged material suggests
that the scatter in results seen is due to variation between
samples rather than experimental error.

5.1 VARIATION ALONG THE LENGTH

The insulators were installed with corona rings at both
ends, which will have reduced the stress at the very top and
bottom of the string. This may explain the extreme ‘bath tub’
shape of the curves seen in Figures 6 and 9. Also the top of
the uppermost shed, the underside of the bottom shed and the
core below it are more exposed to wind, salt spray and the
natural elements. In particular, the uppermost shed will see
more direct sunlight than the rest of the insulator. It may be
for these reasons that the core has a particularly high contact
angle at the top and bottom of the strings as shown in Figure
6. This is not reflected in a similarly high value on the top
surface of the top shed in Figure 7, perhaps due to the impact
of sunlight. However, the inner, underside of the bottom
insulator does appear to reflect this effect in Figure 9.

The hydrophobicity of the sheds tends to a minimum in the
centre of the string rather than at the HV end. This is
particularly true for the core measurements. The top surface
measurements presented in Figure 7 suggest minimal variation
along the length, with the exception of the south side which
appears more aged at the top LV end. Previously a strong
decrease in hydrophobicity has been reported toward the HV
end on EPDM [13] and silicone materials [14,15], although
such a dependency is not always observed [16,17,18].

5.2 CIRCUMFERENTIAL VARIATION

The contact angles measured on both the top and bottom
surfaces of the sheds were higher on the north side than on the
exposed south side where material was discolored. Thus the
insulator shed surfaces are more hydrophobic on the north
side than on the exposed south side. This suggests that the
natural environment plays a large part in the ageing process.
A similar effect has previously been reported on EPDM
insulators aged in service [13].

The variation between the north face and the south face is
always more pronounced (by several degrees) on the top
surface rather than underneath. In the centre of the string on
the underside, the variation is not so great. This illustrates the
importance of solar radiation on the ageing process. The
greatest difference between north and south is seen on the
core in the center of the insulator length; the reason for this is
not so clear, but may be due to enhanced electrical activity in
this region.

There is very little evidence in the literature for
circumferential variation of properties after ageing. It has,
however, been noted in an installation in China that on the
side of the prevailing wind, greater ageing took place. This
was ascribed to heavier pollution deposits rather than a change
in moisture deposition or drying, and no relationship to the
direction of the sun was reported [19,20].

5.3 SHED AND CORE SURFACE VARIATION

The contact angle measurements on the bottom surfaces of
sheds near the insulator core, shown in Figure 9, are similar in
magnitude and behavior to those on the insulator core, in
Figure 6, on the north side. However, there are significant



Table 2. Mean contact angles and standard deviations on the core.

No. North East South West
Angle | S.D. | Angle | S.D. | Angle | S.D. | Angle | S.D.
102 3.7 102 4.4 99 2.7 104 2.7
95 2.7 93 3.5 86 5.9 90 3.5
14 96 2.7 93 6.6 86 6.7 91 4.8
21 94 2.5 88 5.7 83 7.1 89 5.1
28 95 2.3 86 6.5 82 6.4 88 4.5
35 93 2.0 87 3.7 83 4.9 87 3.6
42 93 2.1 88 2.4 84 2.9 90 2.3
50 96 2.7 92 2.2 83 5.1 91 1.9
57 96 3.8 94 3.7 89 5.0 93 1.7
64 97 2.0 94 2.5 93 2.7 95 1.6
72 103 32 103 32 103 1.8 104 3.2

Table 3. Mean contact angles and standard deviations on the top surface.

Contact angle (degrees)

80

Shed number from top

Figure 6. Average contact angle along the core of each insulator in each of
the compass directions (position A, Figure 1).

No. North East South West
Angle | S.D. | Angle | S.D. | Angle | S.D. | Angle | S.D.
0 94 3.7 90 1.7 89 2.1 94 5.8
7 97 1.7 90 1.5 90 3.3 93 1.8
14 95 3.1 89 54 92 2.3 92 1.4
21 94 3.9 93 5.1 88 4.5 91 2.1
28 93 4.7 89 3.1 90 3.4 93 3.7
35 95 5.0 92 2.2 86 6.9 91 1.1
42 94 3.9 91 3.2 88 3.0 91 3.3
50 97 4.5 90 2.5 86 3.5 92 1.5
57 97 5.6 91 1.7 88 4.1 89 3.6
64 95 44 91 1.6 86 3.4 93 3.7
72 99 3.7 93 1.5 89 4.7 94 3.3

Table 4. Mean contact angles and standard deviations on the outer underside.

No. North East South West
Angle | S.D. | Angle | S.D. | Angle | S.D. | Angle | S.D.
0 93 1.6 95 5.1 91 1.5 90 0.7
7 94 2.6 91 2.2 90 2.0 92 1.2
14 91 2.8 91 2.8 87 2.5 91 1.0
21 92 0.9 92 1.9 88 3.3 91 0.9
28 92 2.0 91 3.7 89 2.2 91 2.5
35 92 2.9 91 2.3 88 4.2 92 1.6
42 92 1.8 91 1.5 89 4.2 92 1.9
50 94 3.1 92 1.7 90 3.7 92 1.7
57 97 4.7 93 1.9 91 2.2 92 1.8
64 99 5.7 93 2.9 90 1.8 93 1.7
72 101 6.3 98 3.8 94 5.0 95 2.6

Table 5. Mean contact angles and standard deviations on the inner underside.

No. North East South West
Angle | S.D. | Angle | S.D. | Angle | S.D. | Angle | S.D.
0 101 3.7 99 4.9 91 1.8 94 5.2
7 97 3.6 94 2.8 92 3.0 92 3.0
14 93 2.7 95 2.5 90 4.7 93 2.3
21 93 2.2 94 24 91 2.3 93 1.3
28 94 3.1 91 3.8 92 3.4 94 3.0
35 95 1.9 93 2.6 90 5.0 94 1.3
42 96 1.8 94 2.5 91 5.3 93 1.4
50 96 4.2 95 1.5 92 3.1 94 2.0
57 98 4.0 97 4.4 94 3.0 94 3.6
64 101 4.7 95 1.9 96 4.3 96 4.9
72 102 4.0 100 3.6 97 6.0 100 4.8
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Figure 7. Average contact angle on the top surface of the sheds in each of
the compass directions (position B, Figure 1).
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Figure 8. Average contact angle distribution on the outer edge of the bottom
surface of the sheds in each of the compass directions (position C, Figure 1).
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Figure 9. Average contact angle distribution on the inner bottom surface of
the sheds down the string in each compass direction, (position D, Figure 1).



110

Max.
Ave

North face
I\ I
100

B
2
53
& 904
2
=
=
g
g 80 T -\~~~ ~~ - hdax)//' ”””” D
‘g South face { Ave ! ! !
o] Min_ ! !
| | |
70 \\\\\‘ | |
| |
| | |
o | | |

0 7 14 21 28 35 42 49 56 63 70

Shed number from the top of the string

Figure 10. An example of the spread of data between the 18 insulators. The
maximum and minimum of the contact angles for two faces of the core is
shown for the 18 insulators examined.

differences on the other sides, and particularly low values on
the south side on the core. The variation between the top and
bottom surfaces of the sheds is marked. The average
measurements from the top of the sheds is more consistent
from top to bottom of the string, varying only six degrees on
each face. However, on the core the variation is up to twenty
degrees from the HV to the LV end, with the lowest values in
the centre. This suggests that parts of the core are more
heavily damaged than the sheds. One explanation for this is
that this part of the insulator presents a smaller cross-section
to leakage currents, which results in a higher current density,
and so a higher likelihood of discharges and dry-band arcing
than on the sheds. Also, in this region the electric field is
parallel to the insulator surface, promoting surface discharges.

The difference between the top and bottom surfaces of the
sheds is illustrated in Figure 11. Here the difference between
the contact angle on the top surface and the average of the two
bottom surface locations is produced for the north and south
sides. It can be seen that on the north-facing surface, the
average contact angle is greater on the top face and so the
hydrophobicity is greatest on the top side. Towards the HV
end, however, the trend is reversed and the sheds’ undersides
tend to be less aged that the tops. On the south side it is
generally the case that the top surface is more aged than the
bottom side. Second-order polynomial lines of best fit are
shown on the Figure. The data points at the very top of the
insulator have been disregarded in generating these curves.
The line is almost a linear fit for the south side, and represents
a good fit at the HV end.

Differences have been reported previously in
hydrophobicity on the top and bottom side of aged shed
surfaces. Normally the contact angle is smaller on the
underside of the shed than the top side [16,17,18].

5.4 ENVIRONMENT AND HYDROPHOBICITY

From the results above, it is evident that the regions of the
sheds (on the south side) which have been most exposed to the
sun have discolored and are most hydrophilic in nature. Since
the area where the towers are installed is rural, with no signs
of
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Figure 11. The difference between the contact angle on the top face and
the average of the two lower-surface measurements.

heavy industry (or acid rain), it is suggested that this effect is
predominantly due to exposure to UV radiation. The cause of
discoloration/white rings at the edges of the bottom surface on
some of the sheds is unclear. This discoloration was not
always present and so further work is required to understand
the cause, although such discoloration is indicative of
discharge activity.

The north side of the insulators showed both a high
hydrophobicity and the presence of algae. From these
observations it may be suggested that the presence of the algae
promoted hydrophobicity. This may also explain the high
contact angles at both the top and bottom sheds on the
insulator strings, since there was also a high concentration of
algae in these regions. One complication to this argument is
that the insulators have been stored indoors in a dry
environment since decommissioning, and algae may have died
in that period. Investigations into the effects of fresh algae are
required to determine whether this further influences the
hydrophobicity. It may also be that in service, the presence of
algae provides shade to the underlying material, thereby
preventing damage by solar radiation. The dielectric
properties of any such surface layer are also likely to modify
local fields. Algae is less often observed on the south side of
the string. This could be due to the natural wetting and drying
of rain water. Due to the topology of the line, rain water is
predominantly directed from the south, and washed to the
north face. Similarly, wind and sun would tend to dry the
south side first, allowing better growing conditions on the
north side, as seen on tree trunks. Once algae is present, it
will tend to hold moisture on the surface longer and further
promote algae growth on the north side.

The insulator core would not have seen direct effects of
sunlight and UV radiation, due to the shading effect of the
sheds. Nonetheless the insulator core facing the south has the
lowest contact angles. However, despite the reduced contact
angles there is little sign of discoloration of the polymer
insulation in this region, although there is some evidence of
white residue. It is therefore suggested that the ageing of the
insulator core is primarily due to surface discharge activities.



Surface discharges on the core may be due to the decreased
hydrophobicity on the south-facing top surface of the insulator
sheds. Conduction over the surface of the insulator in this
region would then intensify the field distribution on the
insulator core, giving an increase in the probability of aging of
the core through water droplet corona and dry-band arcing.
That the lowest contact angles measured are on the core facing
the sun (the south side), may be because light is still more
intense on the shaded south side than the north, or it may be
because discharge activity is most active at the south side of
the core. The low contact angles on the south side of the
insulator suggest that leakage current will predominantly flow
on that side of the insulator and so preferentially promote
further discharges on that side.

The complex geometry and discrete nature of water droplets
has been the focus of much modeling of electrical fields so
that levels of surface discharge activity can be predicted and
understood [21,22]. These are complex calculations, but it is
clear that the non-uniform nature of an aged polymeric
insulator’s surface also needs to be considered if a complete
picture is to be derived. In particular the evolving end-to-end
variation and reduced rotational symmetry need exploration.

6 CONCLUSIONS

Measurements of hydrophobicity and visual observations of
the surface of field-aged 400 kV silicone rubber composite
insulators show variations from end to end and
circumferentially. On one string the contact angle varied
between 82 and 104 degrees. Within one insulator shed the
contact angle varied 11 degrees across its face from north to
south. The side of the insulator which faced the sun and
prevailing winds from the sea aged faster, as measured by loss
of color and reduced contact angle with water. That side of
the insulator was also the only one whose top surface had a
lower contact angle than its bottom surface.

The part of the insulator which showed the lowest contact
angle was the south-facing core in the centre of the string. It
is suggested that this, and the white deposits seen on the
polymer surface, are indicative of discharge activity in this
region.

Even in mild UK climate the prevailing climate has been
shown to have a major impact on the ageing of insulators.
Detailed chemical analysis is required from many faces of an
insulator to generate a complete picture of the ageing
processes. Electric field analysis models need also to account
for the lack of rotational symmetry of the system, and end-to-
end variation of surface properties.
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