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ABSTRACT Polymer based composite high voltage insulators (HVIs) due to their hydrophobic surfaces
have consistently outperformed the traditional ceramic insulators in highly contaminating coastal-desert
environments. However, the harsh environment causes polymer surfaces of these HVIs undergo rapid ageing
leading to permanent loss of hydrophobicity. In this paper, we have presented three samples of 380 kV
composite HVIs with a service life of over ten years near west coast of the Kingdom of Saudi Arabia.Material
investigation using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy revealed
substantial surface deterioration and change in the composition. Hydrophobicity investigations revealed that
surface of the HVIs have become hydrophilic leading to accumulation of continuous films of water. Electrical
withstand strength was evaluated using steam fog test showing significant decrease from the rated values.
The distribution of electric field around an insulator is a key design criterion for HVIs. The consequences
of loss of hydrophobicity on the electric field distribution across insulator surface is explained analytically
and through numerical simulations based on Finite Element Method (FEM). The pristine and field aged
HVIs are modelled and were covered with realistic water distributions observed during hydrophobicity tests.
It has been observed that the intensity of electric field on field aged insulator surpasses the corona inception
threshold at certain areas of the insulator, resulting in the initiation of corona discharge on the insulator’s
surface. This corona inception further causes surface deterioration and accelerated ageing in composite HVI.

INDEX TERMS Aging, composite insulators, electric field, finite element modeling, hydrophobicity.

I. INTRODUCTION
The electrical power infrastructure of any country is one
of its most vital assets, demanding consistent functionality
and operational resilience throughout the year. Transmission
line faults can disrupt electrical power over large scale and
can result in huge losses for national economy. Therefore,
it is extremely crucial for power system operators to ensure
that the power system remains free of faults [1], [2], [3].
Transmission line faults can result in large scale blackouts;
therefore, it is crucial to proactively anticipate potential issues
within transmission lines and promptly address them [4], [5].
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Insulators in overhead lines are one of the most vulnera-
ble parts of electrical power transmission, their breakdown
can result in immediate shutdown of the transmission line.
Power flow is impossible without insulation. Transmission
systems are designed to utilize naturally occurring air as the
major dielectric during power transmission. However, the
solid insulation is also required at numerous points. Overhead
transmission lines (OHTL) have insulators on every tower
which allow the live conductors to hang from the towers
while remain electrically isolated from the grounded metallic
towers [6]. Hundreds of kilometers of OHTL can only operate
as long as each and every one out of thousands of insulators
maintains their dielectric strength. As soon as an insulator
will lose its strength, the whole power through the OHTL
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will be disrupted. Therefore, the health assessment of field
insulators is one of the most important aspect in successful
operation of power systems [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17].

High voltage OHTL has HV insulators (HVI) which are
classified into two major types namely ceramic and com-
posite insulators. Ceramic HVI are the oldest and the most
rugged types of insulators which can perform for decades
in the field without being affected by weather cycles, solar
ultraviolet rays, and material deterioration. However, they
have fundamental weaknesses which have led to adoption
of composite HVI by many transmission system operators
(TSOs) across the globe. Ceramic HVIs are extremely heavy,
brittle, and expensive in terms of transportation and tower
size. One of the most detrimental weakness of ceramic HVI
is that they are hydrophilic in nature. They attract water
deposition on their surface which when mixed with pollutant
salts, drastically decrease their creepage resistance and result
in flashover. They do not pose high risk in areas where there is
regular rainfall or clear air conditions, but they are a recipe of
disaster in coastal, desert, and industrial regions where envi-
ronmental contamination is very challenging. If the region is
composed of both desert and coastal areas, like the coasts of
Saudi Arabia, these insulators experience frequent flashover
faults [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30].

Composite HVI are light weight, easy to handle, less costly
and possess the fundamental property of hydrophobicity
which makes them ideal to be installed in terrains with high
rate of contamination, like coastal and desert regions [31],
[32], [33]. The hydrophobic surface of composite HVIs,
resist development of conductive paths on the surface and
hence prevent flashover at high voltages in coastal and desert
regions [34], [35]. However, the fundamental drawback asso-
ciated with them is that they are prone to deterioration and
damage in harsh environment under the influence of electrical
and mechanical stress in addition to UV radiations, chemical
reactions, thermal processes and water ingress.

The effective field life of composite HVI is still a debatable
topic and there is no specific answer [36], [37], [38]. It varies
from few years to well over a decade in the field. It is
imperative to study the effects of loss of hydrophobicity on
the performance of insulators in the field and it is the objective
of the proposed research work [39], [40], [41], [42], [43],
[44], [45], [46], [47].

In this research work we have investigated the effects of
loss of hydrophobicity due to field ageing in composite HVIs
and their consequent effect on their ability to withstand high
voltages of OHTL under severe environmental conditions.
The composite HVI after having a considerable service life in
the field consisting of coastal-desert region of Saudia Arabia
has been selected for this research work. The composite HVIs
had a service life of ten years and have been exposed to
UVR, severe heat cycles, sandstorms, and other environmen-
tal effects. The following aspects are covered in this research
paper:

1) The physical ageing effects on the composite mate-
rial of field insulators are identified. This includes
visual inspection, Scanning ElectronMicroscopy (SEM)
to evaluate the surface deterioration, and Energy-
Dispersive X-ray Spectroscopy (EDX) for determining
the chemical composition.

2) Electrical test approach of IEC 60507 were adapted to
make them suitable for assessment of withstand strength
of the field aged insulators [48].

3) The loss of hydrophobicity is investigated by performing
hydrophobicity tests for the field-aged insulators and
comparing with pristine insulators made of same mate-
rial and the manufacturer. These tests were performed
according to IEC62073 and hydrophobicity class for
both types of insulators was identified [49].

4) The effects of waterdrops deposited on insulator surface
upon electric field distribution across the insulator is
studied by conducting simulations in COMSOL Mul-
tiphysics. Moreover, the shape and size of waterdrops
which represent the hydrophobicity class are also sim-
ulated to analyze their effects on intensification of
electrical field around them.

5) Lastly, the field insulators with poor hydrophobicity
is modelled in COMSOL and the electric field distri-
bution along the insulator is analyzed and compared
with highly hydrophobic pristine insulator. Consid-
erable field intensification along the composite HVI
surface was observed which will consequently result in
decrease in dielectric strength and increase the chances
of flashover across the composite insulator.

This research paper is structured as follows. Section II
presents an analysis of the Field Aged samples based on
various investigations. Section III presents the effects of
waterdrops on electric field distribution across an insulator
surface and Section IV presents the modeling of field insula-
tors in COMSOLwith poor hydrophobicity levels and studies
the effects of deformed and large waterdrops on dielectric
stress. The presented work will act as resource for both the
academic researchers and manufacturers about the perfor-
mance of composite HVI in the field for extended periods of
time.

II. FIELD AGED SAMPLES OF COMPOSITE INSULATORS
Numerous samples of field aged HVIs were received at High
Voltage Testing Laboratory located in King Fahd University
of Petroleum for detailed investigations and analysis. Three
samples were selected for detailed analysis as explained in
the following sections.

A. ENVIRONMENTAL STRESSES SUBJECTED TO FIELD
INSULATORS
The HVI installed in high voltage OHTL are subjected
to severe environmental conditions throughout the years.
The degradation in composite insulators due to environmen-
tal effects cannot be emulated in labs. To understand the
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effects of loss of hydrophobicity on composite HVI, the
best-scenario is availability of field insulators which have
performed in the field and have been subjected to various
types of environmental stresses including UVR, weather
cycles, and sandstorms. The coastal regions in Saudi Arabia
offers one of the toughest environments for composite insula-
tors to operate. The weather is extremely hot with very scarce
rainfall and composite insulators located in desert coastal
regions show drastic ageing effects [50], [51].
Fig. 1 shows a typical 380 kV tower located in the trans-

mission lines on western coastal region of Saudi Arabia. The
OHTL is a double circuit line. Each phase of the line is held
by two composite insulators and single tower contains twelve
composite insulators. The OHTL is exposed to environmental
condition for decades. The insulators are exposed to UVR
and thermal radiations from the sun, seasonal and daily
temperature cycles, sandstorms, deposit of environmental
contaminants including coastal sand and industrial flue gases.
Insulators are expected to face all these conditions without
dereasing the reliability of the power system in general and
OHTL in particular.

Fig. 2 lists down the typical stresses that the HVI insulator
is subjected to. It should be noted that the insulator is expected
to withstand these stresses for decades of its operational life.
Electrical stresses are caused by the quasi electrostatic field
that exists due to high voltage transmission line. Occasion-
ally, this stress can increase momentarily on the insulators
during switching or lightning impulses. Partial discharges
start to appear in insulators as they age and the dielectric
strength decreases due to electrical stress on the insulators.

The mechanical stresses that the HVI is subjected to be
severe during hail storms due to swinging power lines. The
thermal stresses can be diurnal and also seasonal. The tem-
peratures in deserts can fall down to a considerable amount
during night times. Also, the high temperature-humidity
regimes in Saudi Arabia can result in extreme thermal stress
on insulators.

The fast blowing north wind in Saudi Arabia, also referred
to as Shamal, can give rise to severe dust storms. These
desert sand can be detrimental to insulator surfaces. Also,
the industrial pollutants in the air react with polymer surface
under high temperature and humid conditions. In addition,
the costal regions of the Arabian peninsula have high atmo-
spheric chloride levels in coastal regions.

The coastal regions of Saudi Arabia experience few cloudy
days throughout the year, therefore insulators are exposed to
high level of UV radiations throughout the year. Particularly
high energy UV-B radiations are potent enough to cause
photo-oxidation and scission of molecular bonds. The C-Si
and C-H bonds on silicone rubber surface can break and
form free radicals [52]. These free radicals have high energy
and are prone to cross-linking reaction as well as reaction
with atmospheric oxygen to form hydrophilic OH groups on
the polymer surface [53]. The surface composition starts to
change under constant UV attack and hydrophobicity begins
to decrease. The depolymerization and surface damage is

TABLE 1. Specifications of 380 kV Silicone Rubber Insulator.

muchmore significant at the surface than at the greater depths
as depicted in Fig. 3 [54].

B. PHYSICAL INSPECTION
Fig. 4 shows the dimensions and shape of a typical Silicone
Rubber (SiR) composite HVIs installed in 380 kV OHTL in
Saudi Arabia. The insulator is made up of Silicone Rubber
(SiR) insulation material with support rod made up of glass
fibre. The total length of the insulator is 4910.52 mm with an
arc length of 4552 mm. The creepage distance is 15458 mm
with specific creepage distance (SCD) of 41mm/kV. The total
number of sheds in the insulator are 92. Table 1 tabulates the
specifications of the insulators collected from the field for
further analysis.

Fig. 5 shows the insulators received from the field. The
field aged HVI had a field service life of ten years. The
insulators were carefully packed and sent to High Voltage
Laboratory located in King Fahd University of Petroleum and
Minerals for detailed investigations and analysis. Fig. 5 (a)
shows deterioration of polymer coating on the shank and fiber
glass was exposed in this region. Physical deformation of the
sheds was observed as shed undulations as can be seen in
Fig. 5 (b). Severe corrosion was observed on metallic parts
including corona ring as shown in Fig. 5 (c). This is due
to operation of OHTL in coastal region with highly saline
environment. Chalking and whitening is also very evident in
Fig. 5 along with deposits of contaminants including dust,
sand, and soot as shown in in Fig. 5 (d).

C. MATERIAL INVESTIGATION
The superior insulation characteristics of SiR insulator is
attributed to its hydrophobicity, which stems from lowmolec-
ular weight (LMW) polymer chains at the surface of the
insulator. During service, the contamination and moisture
accumulation on the insulator surface can give rise to dry
band arcing, resulting in the depolymerization of LMW poly-
mer chains. The reduction in quantity of these polymer chains
is represented by reduction in the Si/Al ratio. Additionally,
aluminum trihydrate (ATH) is used as filler material in SiR
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FIGURE 1. A typical 380 kV High Voltage Transmission Line tower located close to west coast of Saudi Arabia.The insulators on the tower are subjected to
various environmental stresses throughout its life time.

FIGURE 2. The stresses acting on High Voltage Insulators during their
field life.

insulator to improve its tracking and erosion resistance. ATH
filler in ageing insulator starts to cluster leading to loss of

tracking and erosion resistance. As the top layer of SiR is
eroded, dry band arcing commences in the next layer and
hence the material continues to erode. This leads to a rough
and hydrophilic surface of the insulator and reduced dielectric
strength [55], [56].

To investigate the extent of damage caused to our field aged
insulator by these well-known ageing processes, Scanning
Electron Microscopy (SEM) and Energy Dispersive X-Ray
spectroscopy (EDX) are performed. SEM gives an insight
into the surface morphology, whereas EDX shows the chem-
ical composition of aged insulator. Fig. 6 shows the results of
these SEM and EDX analysis.

1) SCANNING ELECTRON MICROSCOPY ANALYSIS
Scanning electron microscopy (SEM), is performed by scan-
ning an electron beam across the sample’s surface. When
these electrons interact with the sample, they produce various
signals, including X-rays and secondary electrons. Secondary
electrons originate from the top layers of the sample, provid-
ing a clear view of the surface. The contrast in these images
is influenced by the sample’s morphology. High-resolution
imaging is possible in SEM due to the small diameter of the
primary electron beam, offering valuable insights into surface
conditions, such as insulator roughness.
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FIGURE 3. The detrimental effects of ultraviolet radiations coming from
the sun. These radiations severely damage the top surface of HVI in the
Field.

Samples for SEM analysis were prepared by taking cutouts
from sheds and shanks of both insulators. Selected micro-
graphs at 100X representing shed and shank of the insulator
are shown in Fig. 6 (a), (b), and (c). All the samples exhibit a
coarse and rough surface morphology, indicating widespread
surface damage. The SEMmicrographs also reveal cracks and
erosion, which results in large wetting angles, suggesting a
potential loss of hydrophobicity. The cracks spread over the
surface seem to act as capillaries, spreading the water over
the surface and making the insulation hydrophilic.

2) ENERGY-DISPERSIVE X-RAY SPECTROSCOPY
EDX works by directing a focused electron beam onto the
sample’s surface. This interaction excites the sample’s atoms,
causing them to emit characteristic X-rays that are specific
to the elements present. By detecting and quantifying these

FIGURE 4. The shape and dimensions of a a Composite insulator used in
380 kV Overhead Transmission Lines.

emitted X-rays, we can gain crucial insights into the ele-
mental makeup of the SiR material, which is invaluable for
assessing its aging process and overall performance.

The samples were thoroughly cleaned with water to
remove atmospheric dust and other contaminants from the
sample surface to ensure no interference with the results.
Fig. 6 (d), (e) and (f) shows the result of EDX for field
aged insulators. The EDX analysis was performed at differ-
ent accelerating voltages ranging from 3 kV to 9 kV. The
penetration of beam into the sample at 3 kV is the lowest
and it increases with increasing voltage. Therefore, the 3 kV
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FIGURE 5. Visual Inspection of Field Aged Insulators.

beam, provides elemental information from the top layers of
the surface. The Si/Al ratio obtained for a pristine insulator
is very large indicating excellent hydrophobic properties.
However, the Si/Al ratios obtained at 3 kV was low for both
samples because LMW polymer chains rich in Si and present
at the surface have been consumed due to degradation. More-
over, the Si/Al ratios show little variation through the entire
range of accelerating voltages (3)-9 kV) used for all samples
indicating an absence of protective Si-rich LMWchains in the
bulk of the composite insulator. Lowered levels of Si/Al ratio
are indicative of degradation which corroborates the evidence
obtained by SEM imaging which showed rough surface.

Table 2 summarizes the result Si/Al ratios for pristine insu-
lators and also three samples from field aged HVIs marked
as FS01 to FS03. For different accelerating voltages, the
Si:Al ratio of samples coming from the field has significantly
decreased when compared with ratio for pristine insulators.
This indicates the degradation of polymer surface and it will
consequently change the surface properties of the insulator.

D. CONTAMINATION ASSESSMENT
Contamination was meticulously removed from selected
areas of the insulators in accordance with IEC 60507 for
evaluating the Equivalent Salt Deposit Density (ESDD) and
Non-Soluble Deposit Density (NSDD) [48]. An equal num-
ber of small and large sheds, including the associated shanks,
were chosen, each with an area of 1710.2 cm2.

TABLE 2. EDX Analysis of SiR Samples Showing Si:Al Ratios at Different
Accelerating Voltages.

TABLE 3. Contamination Levels on Field Insulators.

For ESDD measurements, contaminants were removed
from the sample area using clean cotton and then dissolved
in 600 ml of distilled water. The resulting suspension was
stirred for at least 2 minutes before measuring its volume con-
ductivity and temperature. The salinity and resulting ESDD
were then calculated following the procedure outlined in IEC
60507.

In the case of NSDD evaluation, contaminants were
removed from the sample area using clean, oven-dried cotton
with a known weight. Soluble deposits were subsequently
flushed completely from the cotton using filter paper and dis-
tilled water. The cotton containing the non-soluble deposits
was left behind, then dried in the oven again. The difference
in weight between the clean, dried cotton and the cotton
containing non-soluble deposits provides an indication of the
quantity of non-soluble deposits, which is used to calculate
NSDD.

The ESDD and NSDD measurements are reported in
Table 3. It is important to note that the surface chalking also
contributed to the relatively high value of NSDD.

E. ELECTRICAL INVESTIGATION
Through visual, SEM, and EDX investigations, it was evident
that the composite insulator material has suffered consider-
able degradation. To investigate the effects of this degradation
on the dielectric strength of the insulators, electrical with-
stand test was performed on three insulators received from
the field. HVIs are most vulnerable to flashover in high
humidity conditions, therefore, to replicate the field environ-
ment, flashover testing was performed in presence of steam
fog inside the fog chamber. These tests were further com-
pared with the specifications provided by the manufacturer
for the withstand strength of new insulators which will be
referred to as pristine insulators. Fig. 7 shows the setup for
conducting electrical withstand testing on the insulator. The
testing transformer can produce up to 250 kV of power fre-
quency voltages. The transformer is connected with a voltage
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FIGURE 6. SEM and EDX anlysis results analyzing the material degradation of composite HVI after the service life of ten years. (a), (b), (c), SEM results
from the samples obtained from field aged composite HVIs. All the samples exhibit a coarse and rough surface morphology, indicating widespread
surface damage. (d), (e), (f) EDX analysis results at accelerating voltage of 9 kV showing a marked drop in Si/Al ratio compared to pristine sample for all
the field aged insulators.

regulator to produce the variable output voltage. The fog
chamber is design as per IEC 60507.

Due to limitation of our test source, the withstand test was
performed on an equivalent arc length of one meter from
the high voltage end. A phase to ground voltage of 60 kV
was initially applied to prevent any overvoltage resulting
from switching transients. Steam generator producing steam
fog with a rate of 0.05 kg/h/m3 of test chamber was turned
on after the applicaiton of test voltage. After a delay of
twenty minutes, during which the fog chamber was also filled
with steam, the voltage was increased in step size of ten
percent with an interval of five minutes until flashover was
observed. Just before flashover severe dryband arcing and
leakage current was observed with a peak-peak magnitude of
up to 52 mA. Some of the contaminants were washed away
due to condensation. The voltage step below the flashover
voltage was considered to be the withstand level for the
field insulators. Fig. 8 illustrates the progressive stress testing
procedure conducted to assess the dielectric strength of the
insulator [57].

It is pertinent to note that repetitive test procedures are
not suitable for field insulators due to risk of losing natu-
ral pollution in presence of steam fog. Table 4 summarizes
the electrical withstand performance of the field insulators.
It can be seen that the performance of the field insulators has
decreased due to the ageing phenomena. The insulators were

TABLE 4. Comparison between Rated Withstand Voltage and Observed
Withstand Voltage of Field Aged Insulators.

rated to withstand 1228 kV under wet conditions, but after
field service of 10 years, their withstand voltage has shown a
reduction of up to 30 % which is expected after the drop in
hydrophobicity class [58].

F. HYDROPHOBICITY INVESTIGATIONS
The primary strength of composite HVI lies in its inherent
capacity to prevent the formation of continuous moisture
films on its surface. This surface quality resists the creation
of conductive pathways, resulting in low leakage current,
reduced flashover risks, and minimized deterioration from
tracking when compared to ceramic insulators. This charac-
teristic, known as hydrophobicity, significantly contributes
to the superior performance of composite HVIs in highly
contaminated environments, including coastal and industrial
areas [59]. However, as the composite material undergoes
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FIGURE 7. Electrical test setup with fog chamber and steam generator to perform clean fog test as per IEC 60507.

aging in the field, coupled with the surface deterioration dis-
cussed in Section II-C, it is highly likely that the hydrophobic
properties of the composite insulator will diminish [60], [61].

According to IEC 62073, the hydrophobicity of compos-
ite insulators can be measured using one of the following
methods [49]. These methods include: (a) Spray Method,
(b) Contact Angle Method, and (c) Surface Tension Method.
Spray method is widely used for hydrophobicity measure-
ment in HV labs throughout the world because it is simpler to
perform and require basic equipment. This method includes
spraying distilled water on the insulator surface. The sur-
face is carefully photographed and photos are compared to
standard photos included in IEC 62073 to determine the
hydrophobicity class. Hydrophobicity class of the surface is
determined by the operator based on this comparison. The
hydrophobicity classes of the insulators are divided fromHC1
to HC7 with HC1 associated with pristine insulators which
are new and not exposed to environmental effects and UVR.
Table 5 summarizes the different hydrophobicity class levels
and what each class level means and tells about the insulating
surface.

To investigate the loss in hydrophobicity in field insula-
tors, we performed surface hydrophobicity tests for both the
pristine insulators and field aged insulators made by same
manufacturer. Fig. 9 shows the comparison of hydrophobic-
ity levels for pristine and field insulators. Fig. 9 (a) shows
the hydrophobicity performance of pristine insulator with
hydrophobicity class of HC1. It can be seen in Fig. 9 (a)
that the discrete water droplets are formed, with most having
a perfectly circular shape. However, a few droplets with

TABLE 5. Hydrophobicity Classes and their Interpretations.

irregular shape can also be noticed in Fig. 9. Fig. 9 (b) shows
the hydrophobicity levels of field aged composite insulators
with the hydrophobicity class of HC5. The shape of water
droplets are no longer round and spherical. They are flat with
very deformed shapes. Also, the surface area they acquire is
larger. Moreover, the bottom of sheds did not show wetting in
both cases unless the spray nozzle was intentionally pointed
towards them. This deterioration of HC levels of field insu-
lators will increase the leakage current across the insulator
surface.

The effect of these deformed water droplets due to loss
in hydrophobicity will increase the leakage current which
increases the dry band arcing across the insulator. However,
will this phenomena also effect the electric field distribution
and intensity across the insulator? Can this phenomena also
result in increase in corona formation across the insulator.
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FIGURE 8. (a) Progressive Stress Method for electrical testing. Voltage is
increased in steps of ten percent,(b) A field aged insulator being tested in
the fog chamber.

These questions need to be investigated thoroughly and are
the primary research objective of the proposed research
work.

One of the focus areas of this research work includes
the investigation of effect of poor hydrophobicity class on
the electric field intensity and dielectric stress across the
composite insulators. It is the electric field distribution which
eventually ionizes the air around the insulator and results
in flashover and compete loss of insulation. Therefore, the
second half of this paper deals with investigating the effects
of hydrophobicity on electric field distribution.

FIGURE 9. Hydrophobicity Analysis for (a) Pristine Insulator with
Hydrophobicity Class 1 (HC1), and (b) Field Aged Insulator with
Hydrophobicity Class 5 (HC5).

III. HYDROPHOBICITY AND DIELECTRIC STRESS
This section discusses the theoretical background of
hydrophobicity phenomena and how it can contribute in
increase in the electric field intensity across the insulator and
intensify dielectric stress.

A. BACKGROUND
It has been observed that water droplets accumulate on the
surface of composite insulator due to rain and humidity.
These water droplets tend to distort the electric field dis-
tribution around the composite insulator [62]. To develop
an analytical understanding of this effect, consider a single
droplet of water lying on a composite surface between HV
and ground electrodes as shown in Fig. 10. Without the
presence of water droplet, electric field lines between these
electrodes are weakly uniform. Since, the relative permittivity
of water is much higher than SiR and air, the electric field
travelling through the air and SiR tends to enter the water
droplet resulting in concentration of electric field around the
droplet. This phenomenon has been explained in literature as
the presence of triple junction i.e., air, water, and SiR [63],
[64], [65], [66].

However, it is important to understand, what happens to
the electric field as it enters the water droplet. As shown in
Fig. 11 (a), as the electric field vector E2 enters the water
droplet, it deviates from its original path and transforms into
a field vector E1 with a different magnitude. The following
mathematical analysis help to understand the reason for this
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FIGURE 10. Analysis of field intensification using single droplet on
surface of SiR, lying between HV and Ground electrodes. The Electric Field
concentrates close to the single droplet resulting in electric field intensity
in those regions.

FIGURE 11. Analysis of field intensification using single droplet on
surface of SiR, lying between HV and Ground electrodes (a) Electric field
across the boundary of air and water droplet (b) Electric flux density
across the boundary of air and water droplet.

change in magnitude and develop an intuitive understanding
regarding the magnitude of change. Considering, faradays
law of electromagnetic induction (1) and applying it to
rectangular boundary defined in Fig. 11 (a) yields (2).∮

E .dl = 0 (1)

E1t1w−
E1n1h

2

−
E2n1h

2
− E2t1w+

E2n1h
2

+
E1n1h

2
= 0

(2)

where Et is the tangential component of the electric field, and
En is the normal component of the electric field, 1w and 1h
are the width and height of the closed boundary respectively.
As 1h → 0,

E1t = E2t (3)

Equation (3) indicates that tangential component of electric
field is not impacted when field lines enter the water droplet.
Conversely, normal component of electric field undergoes a
change. We can rewrite (3) in terms of electric flux density D
as shown in (4).

D1t

ϵ0ϵw
=

D2t

ϵ0ϵa
(4)

where Dt is the tangential component of electric flux density,
and ϵa and ϵw are the permittivity of air and water, respec-
tively. It can be clearly noticed that the tangential component
of electric flux density does not remain the same when enter-
ing the water droplet.

Applying gauss’s law (5) to a cylindrical boundary drawn
in Fig. 11 (b), results in equation (6).∮

D.ds = Qenc (5)

Q = ρs1s = D1n1s− D2n1s (6)

where1s is the cross-sectional areas of the cylinder,Dn is the
normal component of flux density and ρs is the charge density
at the boundary. Assuming, there are no free charges in the
water droplet and the surface charge density at the boundary
i.e., ρs is zero. This implies that the normal component of
electric flux density remains unchanged across the boundary
of water as shown in (7).

D1n = D2n (7)

Equation (7) can be rewritten in terms of electric field
intensity (8) and rearranging it we can obtain (9) which
indicate the relative strength of E2 and E1.

ϵ0ϵwE1n = ϵ0ϵaE2n (8)

E1n =
ϵa

ϵw
E2n (9)

Considering significantly high relative permittivity of water,
the electric field E1n inside the water droplet is signifi-
cantly weaker than the field outside it. However, to develop
a better understanding of the physical phenomenon taking
place and to obtain exact numerical results, the analytical
approach described here is insufficient and numerical simu-
lations have for calculation of electric field have been carried
out in COMSOL Multiphysics as shown in the following
sections [67], [68].

B. SINGLE DROPLET CONTRIBUTION IN DIELECTRIC
STRESS
To develop a better understanding of the impact of water
droplet on electric field distribution, we have carried out
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FIGURE 12. A 5 mm thick SIR sheet 120 mm* 80 mm. 1mm thick copper
electrode 25 mm*80 mm (in brown) is used as HV and ground electrode.

simulation analysis in COMSOL multiphysics using a sim-
plified single drop model as shown in Fig. 12. A 5 mm thick
SiR sheet with dimensions 120 mm* 80 mm is used as the
insulator. 1mm thick copper electrode with dimensions of
25 mm*80 mm (in brown) are used as High Voltage (HV)
and ground electrode. 1700 V is applied to HV electrode to
achieve a specific creepage distance (SCD) of approximately
41 mm/ kV, i.e., equal to our field aged insulator.

The electric field distribution between two parallel plates
is expected to be weakly uniform in the absence of a water
droplet. However, when a water droplet is placed at the center
of the sheet, the electric field becomes concentrated and
intensified around the droplet, as illustrated in Fig. 13 using
an arrow volume plot. The field lines concentrate around
the droplet due to its significantly high relative permittivity.
However, a closer look in Fig. 13(c) reveals that the field
strength inside the droplet is rather low, which aligns with
the mathematical understanding in equation (9). The inten-
sification of the electric field at the boundary of the water
droplet consequently contributes to the ionization of the air
surrounding the droplet, potentially leading to a flashover if
this intensification spreads widely and becomes substantial.

To further investigate and quantify the effect of size and
location of the droplet on electric field intensification a series
of simulations have been carried out with a single droplet
model. As shown in Fig. 12, the water droplet has a height
of 3 mm, waterdrop surface contact diameter is 2 mm, and
it has a contact angle of 135 degrees indicating a highly
hydrophobic SiR surface.

Firstly, the water droplet is moved along the z-axis while
maintaining its x-axis position at zero. The results are

FIGURE 13. A single water droplet is centered on the SiR surface between
a HV and Ground Electrode. Pink arrows represent Electric Field.

depicted in Fig. 14. The electric field is measured along
the creepage path indicated in Fig. 12, which extends from
the HV electrode to the ground electrode, running along
the center of the SiR surface. When the water droplet is
positioned directly along the creepage path (0 mm), the field
intensification is at its highest, as expected. However, as the
droplet is shifted away from the creepage path, the degree
of field intensification gradually diminishes. At 7 mm, there
is virtually no discernible effect of the water droplet on
the electric field distribution. Placing the droplet along the
creepage path results in significantly lower field intensity
underneath it. This observation aligns with previous findings,
indicating that the electric field intensity beneath the water
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FIGURE 14. (a) Electric Field is measured along creepage path. The drop
is displaced in z axis (x=0), (b) The closeup view depicting intensification
of electric field when water droplet is close to the creepage path.

droplet tends to be lower than in cases where no droplet is
present.

Secondly, the water droplet is moved along the x-axis
while maintaining its z-axis position at zero. The results are
illustrated in Fig. 15. The electric field is measured along the
creepage path. Initially, the water droplet is centered, and then
it is gradually shifted toward the HV electrode. In each case,
the most significant field intensification is observed at the
boundary of the water droplet. Furthermore, the field inten-
sification at the boundary closer to the electrode is relatively
higher than at the other boundary. Notably, field intensifica-
tion becomes more pronounced as the droplet moves nearer
to the electrode. Throughout these variations, the electric
field intensity beneath the water droplet remains significantly
lower. This observation aligns with our previous findings and
theoretical understanding.

Furthermore, practical observations in Fig. 9 reveal that
the size of water droplets on highly hydrophobic SiR is
not constant. As the volume of spray increases, smaller
water droplets close to each other tend to combine and form
larger droplets. Hence, it’s crucial to understand the impact
of droplet size on field intensification. We placed the water

FIGURE 15. Electric Field is measured along creepage path. The drop is
displaced in x axis (z=0).

droplet at the origin and varied its diameter from 2 mm to
16 mm. Field intensification becomes more significant as the
droplet size increases, as depicted in Fig. 16 (a) and (b). Once
again, it’s clear that the field intensity beneath the droplet is
much lower, in line with previous observations. Additionally,
we made an observation regarding the potential distribution,
as shown in Fig. 16 (c) add (d). It reveals that the potential
gradient beneath the droplet becomes relatively low, which
aligns with the reduction in electric field under the droplet.

C. MULTIPLE DROPLETS CONTRIBUTION IN DIELECTRIC
STRESS
In Section III. b we have investigated the distortion of electric
field distribution across an insulator due to a single water-
drop on the surface of that insulator. We carried out further
investigations to understand the effect of multiple waterdrops
on electric field distribution between electrodes. As we have
seen in Section II-F and in Fig. 9, the multiple water droplets
that are formed on composite insulators vary in shape and
size according to the hydrophobicity class of the insulator
surface. This effect is shown in Fig. 17 where two multiple
water droplet scenarios on SiR sheet are simulated between
parallel electrodes having uniform field distribution between
them.

Fig. 17 (a) shows multiple waterdrops with spherical shape
as expected to be found on pristine insulator surface with
hydrophobicity class HC1 and shown in Fig. 9. It can be
seen that due to the spherical shape and small size of water-
drops, the concentration of field is not significant. However,
in the case of large waterdrops as shown in Fig. 17 (b), the
electric field concentration across the deformed waterdrops
is high. This scenario is also depicted in Fig. 18 which
shows the electric field intensity across the creepage length
of the insulator. Fig. 18 clearly shows that due to presence of
large deformed flat droplets across the insulator surface, the
electric field distribution is no longer uniform and the electric
field intensity has also intensified across the insulator in areas
where deformed waterdrops exist.
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FIGURE 16. A single drop is placed at the origin and its diameter is varied (a) (b) Electric Field Measurement along creepage path which shows significant
increase as the water diameter increases (b) Potential gradient beneath the water droplet remains low.

IV. DIELECTRIC STRESS ON FIELD AGED INSULATOR
To develop an understanding regarding the effect of
hydrophobicity loss on an actual field aged insulator, we have
designed its model in SOLIDWORKS and performed its
electrostatic analysis in COMSOL Multiphysics. A pristine
insulator model was designed as shown in Fig. 19 and then
water droplets were added on it in different shapes, number
and distribution as per the specification of HC1 and HC5
respectively.

A. MODELLING
The modelled insulator is shown in Fig. 4. The total length of
the insulator is 4910.52 mm with an arc length of 4552 mm
and creepage distance of 15458 mm. It is composed of
total 92 sheds with 47 small and 45 large sheds. The mate-
rial for the insulator is Silicone Rubber (SiR) with Fiber
Glass rod. The insulator has forged steel corona rings at
both ends and the electrodes are also made up of forged
steel. Table 1 summarize all the physical properties of the
modelled insulator. The materials selected for the insulator
and their relative permittivity and conductivities are listed in
Table 6.

TABLE 6. Materials and their Properties used for the Modeling of
Composite Insulators [62].

B. SIMULATION ANALYSIS FOR VARYING
HYDROPHOBICITY
Numerical simulations were performed in COMSOL Mul-
tiphysics. Water droplets were created on the surface of
insulator sheds to understand their effect on the potential
distribution and electric field distribution around the HVI.
This electric field establishes in the air around the energized
insulator and is responsible for the ionization of air before the
flashover across the insulator. The water droplet distribution
was selected according to the standardized Hydrophobicity
Classes (HC). Fig. 19 shows the water distribution across the
field aged insulator with hydrophobicity class of HC5. These
distributions were also inspired from the real water droplet
distribution as shown in Fig. 9.
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FIGURE 17. Surface plots for electric field comparison for different
Hydrophobicity classes (a) Water distribution as found in HC1 (b) Water
distribution as found in HC5.

FIGURE 18. Electric field distibution along creepage length between the
electrodes. Intensification of Electric Field can be observed due to poor
hydrophobicity class HC5.

The insulator under research is composed of total 92 sheds
with a length of almost 5 meters and it is almost impossible
to show the complete insulator and present the results in

FIGURE 19. Modelled Insulator with HC5 level hydrophobicity.

pictorial form. Therefore, two sheds along with the ground
electrode and corona ring were selected for detail analysis
in the following sections. The choice of ground electrode
was made since, the top surface of the sheds shows higher
contamination levels and decreased hydrophobicity after age-
ing in field [69], [70]. The bottom surface of the sheds
also show lower accumulation of water as discussed in 2.6.
The field intensification phenomena across two sheds along
with fundamental understanding developed in Section III-B,
can be extrapolated for the whole insulator for further
understanding.

Fig. 19 also shows different labelled regions which will
be used to explain results in the corresponding section. The
potential and electric field distribution is analyzed for the the
two shank section marked as 1 and 2, and also for the top and
bottom of two sheds marked as 1 and 2 as shown in Fig. 19.

The potential distribution across the insulators has been
analyzed and is presented in Fig. 20. In Fig. 20 (a), the
potential distribution across the pristine Insulator is shown,
while Fig. 20 (b) displays the distribution across the Field
Insulator. The linear distribution of voltage across the selected
sheds is illustrated in Fig. 20 (c).

Fig. 19 highlights the marked regions on the insulator
sheds, which are also visible on the linear graph in Fig. 20(c).
These marked regions represent the shanks, the top of the
sheds, and the bottom of the sheds.

In Fig. 20 (c), slight perturbations in the voltage distribu-
tion can be observed for HC1 and HC5 when compared to a
dry insulator. The perturbations in the voltage distribution of
HC5 are notably more pronounced and easily visible. Along
the length of HC5, there are several places where the voltage
gradient decreases, resulting in a relatively horizontal voltage
curve. This observation aligns with the findings presented
in Fig. 16, which demonstrates that the presence of a water
droplet leads to a dip in the electric field and, consequently,
a decrease in the potential gradient.

Fig. 21 shows electric field distribution across pristine and
field insulators. It can be seen that for the field insulator
with hydrophobicity levels of HC5, the electric field has
intensified significantly across the insulator shed and shanks.

38862 VOLUME 12, 2024



M. Asif et al.: Intensification of Electric Field Stresses

FIGURE 20. Potential distribution graphs (a) Surface plot for top two
sheds with water distribution as per HC 1, (b) Surface plot for top two
sheds with water distribution as per HC 5, (c) Comparison of HC 1, HC
5 and dry surface.

This increase in electric field concentration is experienced
across the insulator shank and also on sheds due to uneven
water droplets. The intensification of electric field in these
areas will result in ionization of the air in surrounding areas.
This can lead to corona formation. It will also affect the
insulation between the arc distance of the insulator and fur-
ther increase the chances of flashover. The intensification of
electric field due to poor levels of hydrophobicity is a very
significant finding of our work as it also explains the field
life of composite insulators. The poor hydrophobicity will
lead to corona, which will consequently affect the composite
surface and its hydrophobicity levels. It will result in cyclic
chain reaction which will lead to quick deterioration of the
insulator.

Another critical aspect which is identified in the findings
is about the electric field intensification at the shank of
the insulator as shown in Fig. 21 and and also in Fig. 22.
The field intensification at the region a and d, shown in
Fig. 22 which represent the shank region of insulators, will
result in formation of corona at the shank of the insulator.
This corona will further accelerate the deterioration of the
composite material at the shanks and result in exposing the
fiber glass rod. The fiber glass is not designed to withstand

FIGURE 21. Electric field distribution across the wet pristine and wet field
insulator (a) Water droplet distributions on sheds for HC1 level and
electric field distribution across the waterdroplets(b) Water droplet
distributions on sheds for HC5 level intensification of electric field across
the water droplets.

environmental stresses. The further deterioration of compos-
ite insulator shanks will seriously compromise its mechanical
strength and it will result in hazardous situation by breaking
up and consequently falling of HV conductor on the ground.

The intensification of the electric field intensity on field
insulators due to poor hydrophobicity levels is clearly evident
in Fig. 22. When HC5 hydrophobicity is compared with dry
insulator and HC1, the field insulator is now subjected to
higher electrical stresses. These stresses are due to deposition
of uneven water droplets across the insulator surface which
are causing intensification of electric field. The air surround-
ing these waterdrops are now subjected to higher stresses
leading to corona formation and further deterioration of the
SiR material. As previously discussed, the increase in corona
will expose the fiber glass rod to UVR and it will seriously
compromise the mechanical strength of the insulator.

VOLUME 12, 2024 38863



M. Asif et al.: Intensification of Electric Field Stresses

FIGURE 22. Line graph of electric field along creepage path. Comparison
of HC 1, HC 5 and dry surface.

FIGURE 23. Bar graph showing the intensity levels of Electric Field
Intensity on the pristine and field insulator.

Fig. 23 shows a bar graph comparing the maximum electric
field intensity across the pristine and field insulator sheds
when they are covered with water. It can be seen that accumu-
lation of HC5 water droplets over the insulator has resulted
in 1200 % or twelve times increase in electric field con-
centration in certain areas of the insulator. This enhanced
electric field will lead to corona formation in these areas. The
corona will eat up Silicone Rubber material of the composite
insulator further deteriorating the hydrophobicity levels of the
insulators. This explains one of the reasons why composite
insulators have very short service life when compared to
ceramic insulators as their deterioration rate keeps acceler-
ating throughout the service life, and lost hydrophobicity,
contributes significantly to this.

V. CONCLUSION
In this research paper, field aged insulators after serving
ten years in the harsh environment of Saudi Arabian coastal
regions are analyzed. The insulation material of field-aged
insulator was investigated by SEM and EDX which indicated
the deterioration of the insulator surface due to exposure to

environmental conditions. As expected, this degradation of
material also affected the hydrophobic properties of the com-
posite HVI which were investigated through hydrophobicity
tests and comparison with new insulators of the same mate-
rial. The field insulators have shown hydrophobicity class of
HC5 which results in intense leakage current when covered
with contaminants and water. Moreover, the effects of water
accumulated on surface of insulators on the electric field dis-
tribution across the insulator is analyzed through simulations
in COMSOL. It was observed that the poor hydrophobicity of
insulators also resulted in electric field intensification on the
surface of insulators. Finally, the composite insulators having
hydrophobic properties of pristine insulators and field aged
insulators are modelled and simulated to study the potential
distribution and electric field distribution across the insulator.
It was observed that the electrical field distribution across
the insulators becomes more non-uniform and is enhanced
at particular areas around the contaminated insulator with
poor hydrophobicity. This enhancement in electrical field
intensity results in Corona inception across the insulators
causing accelerated degradation of the composite material.
This can lead to physical breakdown and flashover of the
insulators. The presented work will act as resource for both
the academic researchers and manufacturers about the perfor-
mance of composite HVI in the field. It will also act as guide
to understand the effects of changing hydrophobicity on the
electric field distribution which can cause further ageing, can
result in flashovers at operational voltages, and can also result
in physically breaking of the HVIs.
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