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I. INTRODUCTION
Pollution flashover constitutes the predominant parameter for the design, specification and dimensioning of
high voltage outdoor insulation [1]. For over a quarter of a century, polymeric insulators have been used for overhead
lines and substations due to their enhanced performance in highly polluted environments. This is mainly attributed to
the hydrophobic properties of polymeric surfaces that lead to a reduction of surface wetting and, thus, to a reduction of
leakage current and discharge activity that could result to a flashover. However, under severe ambient conditions,
discharge activity is not totally eliminated. The present investigations have demonstrated for the first time the
development of dry bands and partial arcs on polymeric insulators [Section II].
While ‘cap and pin’ ceramic insulators - e.g. porcelain and glass - employ special anti-fog designs of increased
leakage path introduced by the presence of deeper ribs, such profiles cannot be used for polymeric insulators due to
moulding restrictions [2]. Yet, these moulding properties allow the fine texturing of the polymeric surface [3].
Textured insulators are a novel approach for the improvement of polymeric insulators using a surface design
consisting of an array of hemispherical protuberances of various configurations and range of diameters. The objective is
to reduce power dissipation (P = EJ) on the insulator surface by reducing the electric field gradient E and current density
J [Section III]. Moreover, an increase of the longitudinal creepage path can be achieved without the need of increasing
the overall length of the insulator. The formation of dry bands is consequently better controlled. Where discharges do
occur, the formation of parallel current paths could lead to less harmful discharges hence mitigating damage due to
thermal stresses.
An initial theoretical classification of the textured designs resulted to a shortlist of textured patterns that could
be employed for the development of a full insulator prototype. At the next stage, these patterns were experimentally
evaluated in a series of material tests in accordance to IEC-60587 [4] inclined-plane test procedure [Section IV].
Rectangular silicone rubber samples with a plane surface were tested along with samples with a textured finish to assess
the performance against erosion and tracking. The improvement introduced by these textured patterns in comparison
with conventional non-textured samples was outstanding [5]. The standard test was modified for a more detailed study
[Section V]. From the patterns explored in this stage, the optimum configuration was determined for the development
of a full textured insulator prototype at the next stage of the research which is currently in progress [Section VI]. A series
of clean fog insulator tests [6] will investigate the prospect of extending the improvements observed at the material
tests for textured patterns, to a full textured insulator that could be commercially available.
II. POLLUTION FLASHOVER OF A POLYMERIC INSULATOR
Unlike ceramic insulators, there are no standards for the artificial testing of polymeric insulators. One of the
approaches followed is the use of existing methods employed for the testing of ceramic insulators or modified versions
of these conventional methods [7,8]. Such a modified version of the IEC-60507 Solid Layer Method [6] was used to test
an in-house built silicone rubber insulator of 11kV nominal voltage and a creepage length of
375mm [Fig. 1]. A pollution suspension consisting of tap water, kaolin and sodium chloride is
applied directly on the insulator. The hydrophobic properties of silicone rubber require special
treatment in order to achieve a uniform pollution layer. A method developed in Cardiff
University [9], which has been accepted by CIGRÈ [10], suggests the addition of a non-ionic
wetting agent, Trixton-100, in the pollution suspension which results to a uniform pollution
layer. After pollution application, the sample is left to dry in room temperature. Clean insulators
without pollution were also tested for comparison.
The insulators were tested in a fog chamber while they were monitored by an infrared
and a visual digital camera. Electrical measurements of the test voltage and leakage current
were also performed. Discharge activity and determination of the flashover voltage were
Figure 1. Silicone rubber
investigated.
insulator tested in the fog
chamber.
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Clean insulators tests were characterised by low leakage current (<1mA) and streamer-like discharge activity
that only initiated at high levels of voltage (40kV). Flashover also occurred at a high voltage level of 65kV [Fig.2a]. On the
contrary, polluted insulators showed intense arc-like discharge activity at the early stages of the test. Current peaks
reach 100mA and insulator strength was significantly reduced as the minimum flashover voltage recorded was 29kV
[Fig.2b, 2c]. That means that flashover occurs for a specific creepage length of 375mm/29kV=13mm/kV while for the
clean insulator case it was only 375mm/65kV=5.8mm/kV. On overhead lines strings of ceramic ‘cap and pin’ insulators, a
specific creepage length as high as 55mm/kV is necessary for heavily polluted environments.

Figure 2. Visual and infrared pictures during testing: (a) clean insulator, (b) polluted insulator, (c) test voltage profile for polluted insulator.

Infrared photography provided images of dry bands on the insulator surface like never seen before [Fig.2b]. The
formation of these ring-shape dry bands is followed by the development of a voltage across them, resulting to a
redistribution of voltage along the insulator. This cascade of events is directly related to the dielectric strength of a
polluted insulator.
III. THEORETICAL CLASSIFICATION OF TEXTURED PATTERNS
The chosen textures are consisting of an array of hemispherical protuberances. These were arranged as a
contiguous hexagonal (Texture A), intersecting hexagonal (Texture B), intersecting square (Texture C) and intersecting
triangular (Texture D) configurations.
At any given region of the insulator, if the textured design controls surface area in a way of reducing leakage
current density J by a factor α and increasing creepage length by a factor β and subsequently reducing electric field
strength by the same factor, then local power dissipation per unit area
will be reduced by the combined power density factor (α x β).
Therefore, factors α and β (and α x β) can be considered as a figure of
merit of the anti-pollution performance of the insulating surface [11].
A higher value of (α x β) would mean enhanced anti-dry band
behaviour.
Table 1 show the geometrical calculations of area, creepage
and power density factors for the textures of Figure 1 and textures A, B
and C are the most promising for the development of a textured
insulator.
IV. MATERIAL TESTS FOR RECTANGULAR SILICONE RUBBER SAMPLES
The inclined-plane test [4] is a well established test procedure used by insulator manufacturers to assess the
performance of insulation materials against erosion and tracking. In accordance to the IEC-60587 standard, rectangular
silicone rubber samples (120mm x 50mm x 6mm) were moulded using a
vacuum casting machine. Three different types of samples with a textured
finish were tested: Texture A, Texture B and Texture C [Figure 3]. In addition
to the textured patterns, a range of diameters of the hemispherical
protuberances were used (2, 4, 6, 8 and 10mm). Conventional samples with
a non-textured plane surface were also prepared for comparison.
A contaminant consisted of distilled water, ammonium chloride and
non-ionic wetting agent Trixton-100, of volume conductivity 0.253S/m, is
fed from the top electrode with a constant rate of 0.3ml/minute. The
contaminant traverses the sample surface and as soon as a steady flow is
Figure 3. Contiguous hexagonal (A), intersecting hexagonal
(B) and intersecting square (C) textured silicone rubber
samples and conventional plane-surface sample (top).
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secured, test voltage is applied which is 3.5kV@50Hz [Fig.4]. The test duration is 6 hours, throughout which visual
observations on erosion and tracking are performed and logs of the applied voltage and leakage current signals are
stored. The test is terminated (end-point criteria) when current exceeds 60mA for over 2 seconds at any point during
the test or when the sample shows a hole due to intense
erosion or the sample ignites [4].
The test procedure involved a great deal of software
programming in order to setup a high resolution data
acquisition system that would meet the criteria of the test
[Fig.5]. A National Instruments LabVIEW programme undertook
the tasks of acquiring, displaying and saving signals of voltage
and current, and control the inclined-plane test machine by
switching on voltage supply to commence testing and
interrupting it when the end-point criteria are matched. The
signals were sampled at a rate of 103 samples per second,
Figure 4. Examples of silicone rubber samples during the IEC-60587 inclined plane capturing 200 samples per cycle for 50Hz. A post-processing
test. From left to right, a conventional plane-surface sample, an intersecting
data analysis programme was also developed for the purpose of
hexagonal sample and a intersecting square sample.
analysing the data files acquired during testing. Thermal stress
mapping was achieved with the help of an infrared camera
[Fig.5].
The inclined-plane test results, shown in Table 2, are
fully aligned with the anticipated improvement of performance
against erosion and tracking for textured samples. The three
textured patterns, for the whole range of diameters, had a
100% success rate as all of them passed the test. On the
contrary, all conventional non-textured samples of the same
material, failed the test.
Figure 5. A sample tested at the inclined plane machine monitored by an
Infrared (IR) photography and ancillary measurements
infrared camera (left) and data acquisition software front panel (right).
were extremely useful to interpret the outcomes of the inclined
plane tests. Areas of intense thermal stress were identified and
Table 2. Inclined-plane tests results
correlated with visual observations of the surface discharge
activity and the regions of severe thermal damage.
For conventional plane-surface samples, the flow of the
contaminant remained narrow, as seen in Figure 6a, and dry
bands formed at the region near the ground electrode. These
dry bands were bridged by arc-like discharges which tend to
locally anchor and cause severe erosion. The maximum
temperature of the contaminant layer was greater than 250oC.
On the contrary, for textured samples, the contaminant layer
spread along the surface with a maximum temperature of
120oC, indicating a lower current density J [Fig.6b].
Dry band activity for textured samples follows a specific
pattern with unique characteristics. Dry band formation at the
high voltage electrode is accompanied by a series of streamer
discharges that gradually spread along the width of the sample.
These discharges advance towards the ground electrode
traversing the test surface. Near the ground electrode region,
discharges get more elongated and take the form of arc-like
discharges. However, opposite to the case of conventional
Figure 6. Infrared recording during testing and evidence of thermal damage after
testing for (a) a plane-surface sample and (b) a 2mm intersecting square pattern.
plane-surface samples, these arc-like discharges do not tend to
anchor but are mobile, thus erosion is less severe [Fig.7]. This
repetitive discharge pattern was present throughout the test
for all textured configurations and mostly for the diameter
range from 2mm to 6mm. In between, periods of no activity
and negligible leakage current were also recorded. Intersecting
square configurations of 8mm and 10mm showed few streamer
discharges and discharge activity was more random.
3
Figure 7. Progression of discharge activity for a 4mm intersecting square sample.

Data analysis and correlation with the IR records
revealed that the onset of these series of streamer discharges
for textured samples is associated with a fall, rather than an
increase, of leakage current [Fig.8]. The leakage current
reduction associated with the dry-band discharges shows
them to be less conductive than the pollution layer, typical of
streamers. This avoids the current instability observed with
the plane samples, which will lead to flashover.
Figure 9 shows waveform shapes that correspond to
the leakage current at points of maxima (peaks), minima
(valleys) and during arcing at the lower electrode. The
waveform is sinusoid for the points of maximum indicating
conduction current in the polluted layer, while it becomes
more distorted with nearly flat sections around zero when we
have streamer discharges. The wave shape gets even more
distorted when the discharges turn from streamer to arcing
type at the lower electrode.
Figure 8. Leakage current waveform decay associated with the advance of streamer
discharges and corresponding infrared images. The onset of streamer discharges is
associated with leakage current valleys (C), (E) and (G) while current peaks (B), (D)
and (F) occur when discharges extinguish. Phenomenon ends with metal-arc
discharges (H).

Figure 9. Current waveforms of leakage current during the advance of a line of discharges corresponding to (a) peaks (b) valleys of leakage current and (c) arcing-like
discharges

V. MODIFICATION OF THE STANDARD TEST

Figure 10. The IEC-60587 single ground electrode (left) and the
modified ground electrode consisting of five smaller separate
electrodes (right).

For the purpose of having a more detailed insight of the current
distribution on the sample surface, the standard inclined-plane test was
modified [12] by replacing the single ground electrode by five smaller
separate electrodes [Fig.10]. The data acquisition system was also
modified to record the leakage current for each of the separate
electrodes. Figure 11 shows the history of rms values of test voltage,
leakage current for each electrode and total leakage current for a
conventional plane-surface sample that failed at 3 hours of testing, and
a 4mm intersecting square sample that passed the 6 hours test.

Figure 11. Current distribution for an untextured sample that failed the test ∼3hours (left) and a textured sample that passed the 6 hours test (right).
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The graphs confirm the visual observations of the way leakage current is distributed at each of the two types of
samples. For the non-textured sample, the flow of leakage current is mostly concentrated at the region around
electrode 4 and the discharge activity was mostly in the form of an anchored arc causing severe erosion in that area.
This behavior is attributed to the restriction of discharge activity within the neb of the narrow wet contaminant channel.
Periods of no activity are shown too where severe erosion prevented the wetting and formation of dry-bands near the
lower electrode. Conversely, for the textured sample, the formation of parallel current paths led to a more uniform
distribution of leakage current across the ground electrode, thus mitigating thermal damage.
Material tests showed the superior performance of silicone rubber samples with a textured finish compared
with their conventional plane-surface counterparts, in terms of resistance against erosion and tracking. The 100%
success rate of textured samples contrasts the very high failure rate of non-textured samples, vigorously indicating the
excellent improvement that such surface configurations introduce. The 4mm and 6mm intersecting square patterns
were the best as they suffered insignificant material loss due to erosion. For this configuration, the edges present a
45 degree angle to the resultant electric field, which is likely to account for its better performance. Therefore, Texture C
was chosen as the pattern to be employed for the development of a novel full insulator prototype.
VI. DEVELOPMENT AND TESTING OF A FULL TEXTURED INSULATOR PROTOTYPE
The research project currently deals with the development and testing of a full textured insulator prototype that
is utilizing the 4mm and 6mm intersecting square patterns. The insulator design is based on a commercial 11kV silicone
rubber insulator [Section II]. These control insulators were casted in-house, using metal moulds and vacuum injection
moulding techniques [Fig.12].

Figure 12. Silicone rubber mould making
using a vacuum casting machine.

Figure 13. Stereolithography models of 4mm square intersections insulators: (a) Textured
shank and (b) textured shank and spiral texture of shed underside. (c) An early stage, fully
textured 2mm intersecting square silicone rubber prototype.

Stereolithography (SL) models of textured insulator prototypes have been prepared for the purpose of silicone
rubber mould making that will be used for the casting of full textured insulators [Fig.13].
These comparative tests between non-textured and textured insulator prototypes aspire to extend the very
encouraging outcomes brought by the material tests, as engineering improvements of the electrical and physical
characteristics of a silicone rubber insulator that can be technically and commercially viable for service employment.
These tests are expected to be concluded by December 2011.
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