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Abstract : A solid/liquid dielectric interface is considered to be
one of the weakest points in a composite insulation system, as it
facilitates creeping discharges on the interface when the electric
field strength exceeds a threshold value. This paper presents
a study on the use of nano epoxy composite to minimize the
effect of damage which occurs due to creeping discharge
activity, when it was immersed in coconut oil. A point-plane
electrode arrangement-based test apparatus, energized by a
high voltage supply, was used for analysing the propagation
of creeping discharges over solid/liquid interfaces using visual
observation. An algorithm was used to determine the fractal
dimension of creeping discharges propagating over various
solid/liquid insulating interfaces. In particular, it focused on the
variation in creeping discharge patterns with the use of pure
epoxy and nano-composite epoxy samples. The results showed
that the use of nanofillers can increase the dielectric breakdown
strength of epoxy by 7%. The results also showed nanofillers
of 20 nm with 1% concentration do not affect the tortuosity of
the creeping discharge pattern on the solid material immersed
in coconut oil. However, it can increase the possibility of
flashover due to creeping discharge propagation over epoxy
insulating material immersed in coconut oil by around 12%.
Keywords: Coconut oil, creeping discharges, final discharge
length, fractals, nanotechnology, propagation.

INTRODUCTION
A quality electricity supply has become one of the basic
necessities in modern society, demanding an efficient
*
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and uninterrupted power supply. The failure of critical
oil-filled high voltage (HV) equipment such as cables,
transformers, capacitors, and circuit breakers with many
solid/liquid interfaces may lead to catastrophic events,
resulting in economic losses and injury to humans.
Therefore, it is important for the power utilities to reliably
operate and maintain their high voltage equipment
(Kebbabi & Beroual, 2006; Ediriweera et al., 2018a).
Dielectric liquids are used in the power industry together
with solid insulating material to serve as an insulation,
impregnation, and cooling medium. In some cases, the
solid barrier materials are used to improve the dielectric
strength of gas and oil gaps (Liu et al., 2016; Ediriweera
et al., 2018b). Dielectric liquid and solid barriers
can increase the dielectric strength of oil-filled HV
equipment. However, the arrangement of the composite
insulation system is also one of the key points that has to
be considered. When the electric field strength exceeds
a threshold value, the tangential electric field over the
solid/liquid interface initiates surface discharges (Yi,
2012). These discharges are commonly called creeping
discharges. This discharge can cause irrecoverable
damage to the insulation system and cause flashover
which undermines the use of a composite insulation
system (Yi, 2012).
A lot of work has recently been devoted to improving
the dielectric properties of insulating materials by
adding specific nano-fillers to polymer-based materials,
changing the dielectric and mechanical properties. Nano-
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Petroleum-based mineral oil has been used as the
dielectric liquid in high voltage equipment for more than
seven decades due to its better performance. However,
due to some of its disadvantages such as low fire point,
limited biodegradability, and high toxicity, attention
has been paid to use alternative vegetable oils such as
soya bean oil, coconut oil (Abeysundara et al., 2001;
Lucas et al., 2002), and sunflower oil, even though
their properties such as viscosity, conductivity, acidity,
and water solubility are still to be improved. Coconut
oil is produced on a commercial scale in Sri Lanka
and it is rich in saturated fat with medium and short
chains. Most of its physical, chemical, and dielectric
properties are at satisfactory levels as an alternative for
the conventional mineral oil for high voltage equipment
(Abeysundara et al., 2001; Matharage et al., 2013), and
it offers better oxidation stability compared to other
vegetable oil due to the higher percentage of saturated
Figure 1: Schematic of the test setup
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METHODOLOGY
filling the test cell with oil. A CCD camera, connected to
a high-performance video card is mounted over the test
cell and the integrated images taken by it are used for the
Experimental test setup
optical observation of the discharge. The plane electrode
is grounded and the point electrode is energized by a
In the current study, a point-plane electrode system based
test apparatus was adopted in order to initiate creeping
partial discharge (PD) free HVAC test transformer.
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pattern has the same self-similarity throughout the pattern. Fractals reflect the self-similarity of the

rphological variation of the pattern. Therefore self-similarity can be regarded as implying that at all scales or

ll areas of the pattern, it should show the same relative variation of morphology or the fractal dimension.

en a code is applied to the binary image which generates a grid of square boxes over the image.
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also can be side
branches
starting
In the study, the camera setup provides the images of the propagating
pattern
and an
algorithm
was
from mainstreamers. Therefore, each streamer may have

used to identify the image with maximum extension to measure
the total
final discharge
dischargelengths.
length. What
It should
be noted
different
is defined
as that
the

discharge
length
is the maximum
each discharge length value presented in the study is anfinal
average
value
measurement
taken discharge
from fourlength
solid
out of all the streamers of the discharge pattern, and the
voltage required to get a streamer of a particular length
is assessed. In the study, the camera setup provides the
images of the propagating pattern continuously and an
algorithm was used to identify the image with maximum
RESULTS AND DISCUSSION
extension to measure the final discharge length. It should
be noted that each discharge length value presented in
theparameters
study is anofaverage
value measurement
taken from
The
maximum
likelihood
is used
estimate
the Breakdown
voltage distribution.
Figure
6: Total number
of boxes estimator
N versus the side
length lto
of the
boxes the
four solid dielectric samples
obtained from the analysis of an example of a discharge

dielectric samples

Figure 6: Total number of boxes N versus the side length l of the boxes obtained
Figure 7 shows the probability plot for the breakdown voltages of the material samples.
from the analysis of an example of a discharge

ile changing the side length of the boxes at each
step, the number
of Breakdown
boxes havingVoltage
any partsofofNano
the discharge
Probability
Plot for
- Composite and Pure Epoxy

ern is counted. Figures 5a and 5b show the binary images covered by squares of sideWeibull
l = 32 pixels and l =

Complete
Data
- LSXY
Estimates
pixels, respectively. The slope of the log-log plot of the number of boxes
vs. box size
gives
the fractal

mension as shown in Figure 6.

charge length

en it comes to creeping discharges, the discharge may have several mainstreamers starting from its starting

nt. There also can be side branches starting from mainstreamers. Therefore, each streamer may have different

Percent

l discharge lengths. What is defined as the final discharge length is the maximum discharge length out of all
8

Breakdown Voltage (KV/mm)

Figure 7: Probability plot for breakdown strength of nano - composite and pure epoxy

Figure 7: Probability plot for breakdown strength of nano-composite and pure epoxy
Table 1: Parameters of Weibull distribution

Material

Material

Shape
parameter
Pure epoxy
Pure epoxy
40.061
Nano-Nano-composite12.034
composite

Table
of Weibull distribution
Shape1: Parameters
Scale parameter
Mean

parameter

(kV/mm)

Scale
40.061 parameter(kV/mm)
36.551
36.551
12.034
40.667
40.667

9

(kV/mm)

Skewness

Mean(kV/mm)

Skewness

36.046
38.975
38.975

0.03
-0.53
-0.53

36.046

0.03
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RESULTS AND DISCUSSION
The maximum likelihood estimator is used to estimate
the parameters of the distribution of breakdown voltages.
Figure 7 shows the probability plot for the breakdown
voltages of the material samples.

Figure 8 shows the development of discharge patterns
propagating over epoxy samples and Figure 9 on nanocomposite samples. The basic characteristics of the
propagating patterns are similar to the studies with
patterns propagating on the solid/mineral oil interface
(Kebbabi & Beroual, 2006). Discharge patterns
propagating on the interfaces have curved streamers as
a result of the electro-hydrodynamic motion of oil in
the vicinity of the point electrode and the electric field
distorted by space charges on the insulators under AC
voltage.

The shape, scale, mean, and skewness of the
distribution are listed in Table 1. The shape parameters
are 40 and 12 for pure epoxy and nanocomposite
respectively. The shape parameter gives an idea about
the failure. A shape parameter lower than one means
Therefore, streamers try to follow these contours.
early failure and when it equal one, then it represents a
Observation
shows that the discharges propagating
constant failure rate after commissioning (Gupta & Das,
1. It accounts for around a 7% increment. The behavioronof epoxy/coconut
nano-fillers is oil
somewhat
different even though
and nano-composite/coconut
2017). The skewness of the nanocomposite is a little bit
interfaces
have concentration.
similar tortuous
higher than that
of epoxy
and the
asymmetrical
microparticles
decrease
thematerial
breakdown
strength,
acting asoil
centres
of charge
Thebehavior,
interfacialand,
area
however,
with
longer
discharges
on
a
nano-composite/
1. It
accounts
for
around
a
7%
increment.
The
behavior
of
nano-fillers
is
somewhat
different
even though
nature of the data points can be seen with non-zero screw
of values
nano-particles
considerably
higher and their interparticle
quitekind
small.
act as
glass distance
interface. isThe
of Therefore,
the solid they
material
for both ofisthe
samples.
microparticles
decreasematerial
the breakdown
strength, acting ascan
centres
charge concentration.
interfacial
area
have of
a significant
effect on the The
amount
of surface
barriers to the flow of current through the composite increasing
the
breakdown
strength.
discharge.
The mean breakdown
voltagehigher
of epoxy
of nano-particles
is considerably
and materials
their interparticle
distance is quite small. Therefore, they act as

Figure
8 shows
the development
of dischargeaspatterns
has been
increased
slightly by nano-particles
shown propagating over epoxy samples and Figure 9 on nanobarriers
to
the
flow
of
current
through
the
composite
increasing
breakdown
strength.
Thethe
most
likely reasons
for the promotion effect on
in Table samples.
1. It accounts
around
a 7% increment.
composite
The for
basic
characteristics
of theThe
propagating
patterns
are
similar
to thematerials
studies with
patterns
discharges
of
the
solid
insulation
considered
behavior
of nano-fillers
is somewhat
different
even propagating over epoxy samples and
Figure
8 shows
the development
of discharge
patterns
Figure 9 on nanowould be the
influence
of hetero-charges,
the permittivity
propagating
on the solid/mineral
oilbreakdown
interface (Kebbabi
2006).
Discharge
patterns propagating
on the
though microparticles
decrease the
strength, & Beroual,
of
the
material
(Yi
&
Wang,
2015),
and
nanoparticles
composite
samples.
The
basic
characteristics
of
the
propagating
patterns
are
similar
to
the
studies
with patterns
acting as centres of charge concentration. The interfacial
interfaces
have curved streamers
as a result
of and
the electro-hydrodynamic
motion
oil in the
of the point
(Jang, 2017). Once
theofsurface
of avicinity
solid material
is
area of nano-particles
is considerably
higher (Kebbabi
their & Beroual,
propagating
on the solid/mineral
oil interface
2006).
Discharge
patterns
propagating
on
the
charged
with
space
charges,
it
takes
some
time
for
interparticle
distance
is quite
Therefore,
they
act
electrode
and the
electric
field small.
distorted
by space
charges
on the insulators under AC Voltage.
charges to dissipate.
timeofdepends
interfaces
have
a result
the electro-hydrodynamic
motion The
of oildissipation
in the vicinity
the point
as barriers
to curved
the flowstreamers
of current as
through
theofcomposite
increasing the breakdown strength.

on the characteristics of the material such as surface

electrode and the electric field distorted by space charges on the insulators under AC Voltage.
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Figure 9: Stages of creeping discharge development on a nano-composite surface.

conductivity. The effect of both homo-space charges and
The final discharge length holds the quasi-linearity with
Figure 9: Stages of creeping discharge development
on a nano-composite surface.
hetero-space charges, which promote the development
the voltage similar to the previous experiments with
Therefore,
streamers
try should
to follow
these contours.
thatinthe
discharges
propagating
of subsequent
discharge,
be considered
in this Observation
mineral oil,shows
as shown
Figure
10. It increases
with theon
scenario,
because
deposited
space
charges
can
last
until
dielectric
constant
of
the
solid
dielectric
material.
Forwith
aon
Therefore,
streamers
to follow these contours.
Observation
shows tortuous
that thebehavior,
discharges
epoxy/coconut
oil and try
nano-composite/coconut
oil interfaces
have similar
and,propagating
however,
the negative cycle of the supply voltage (Yi, 2012). The
given value of the voltage, discharge lengths are higher
epoxy/coconut
and
nano-composite/coconut
oil interfaces
have
however,
with
longer
discharges
a nano-composite/glass
Thewith
kind
of similar
the solidtortuous
material
can have
a epoxy
significant
effect
capacitance
of oil
theon
solid
insulation affects the interface.
discharge
nano-composite
thanbehavior,
with
pureand,
samples.
inception voltage (Jang et al., 2016). When a flat solid
The
capacitive
effect
is
more
significant
over
the
pattern
longer
discharges
on a nano-composite/glass
interface. The kind of the solid material can have a significant effect
on the amount
of surface
discharge.
material sample is modeled as a capacitor, its value
propagation on the nano-composite material samples
ondepends
the amount
surface discharge.
on theof
permittivity
of the material. The increase
immersed in coconut oil.
in the capacitance of the solid material sample enhances
The
likelycharges.
reasonsAlso,
for the
effect
on discharges of the solid insulation materials considered would
the most
capacitive
thepromotion
permittivity
mismatch
Nanoparticles have increased the final discharge
the liquid
and solid
affects
the permittivity
electric
at the length
The
most
likely
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for the
promotion
effectfield
on discharges
of corresponding
the
solid
insulation
considered
would
to2015),
thematerials
nano-composite
samples
bebetween
the
influence
of hetero-charges,
the
of
material
(Yi
& Wang,
and nanoparticles
(Jang,
the tip of the point electrode, which has a direct impact
by 4% to 17%, while having a 7.3 % increment in the
be
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permittivity
of
material
& Wang,
2015),some
and nanoparticles
(Jang,
2017).
Once
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effect
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changeOnce
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total
polarizability
and
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2017).
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surface of
a solid
material
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charged with
space
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itsuch
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time
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dissipate.
dissipation
time
depends
onpolarization,
the
of thethe
material
as some
surface
conductivity.
which in turn will affect the propagation of the creeping
discharge length curves, with coconut oil being the
dissipate.
The
dissipation
depends
thecharges
characteristics
ofwhich
the material
such
surface conductivity.
The
effect
of both
homo-space
charges
and on
hetero-space
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promote
the as
development
discharge.
The
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electric
field
and
dielectric
liquid.
Therefore,
more damage of
on subsequent
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theboth
discharge
propagate
more
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solid
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tracescycle
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effect
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and
hetero-space
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development
ofthesubsequent
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because
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space
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the material. Therefore, as the relative permittivity of
the discharges.
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should
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inThe
thiscapacitance
scenario,
because
space charges
candischarge
last until the
negative
cycle
ofthe
thesolid
supply
voltage
(Yi, 2012).
of the deposited
solid insulation
affects the
inception
voltage
material
it increases
the tendency
of
creeping
discharges
to
propagate.
The
dielectric
of
the et
supply
voltageWhen
(Yi, 2012).
of the solid
insulation
the discharge
(Jang
al., 2016).
a flat The
solidcapacitance
material sample
is modeled
as affects
a capacitor,
its valueinception
depends voltage
on the
constants of pure epoxy and nano-composite samples are
Table 2: Fractal dimension of creeping discharges
(Jang
et al.,
When The
aThe
flat
solidplate
material
sample
is of
modeled
a capacitor,
itsenhances
value depends
on the
4.89 and
5.25,
respectively.
parallel
method
is
permittivity
of2016).
the
material.
increase
in the
capacitance
the solidasmaterial
sample
the capacitive
used to measure the relative permittivity of the material
Nanopermittivity
of
material. Themismatch
increase in the capacitance
the solid
solid affects
materialthe
sample
enhances
capacitive
charges.
the liquidofand
electric
field at the
the
tip of the
Epoxy
samples Also,
at 100the
Hzpermittivity
using a LCR meter, asbetween
in previous
composite
studies
(Mandric
etpermittivity
al., has
2018;
Karunarathna
eon
t al.,
charges.
Also, the
mismatch
the liquidprobability
and solid due
affects
theadded
electric
fieldofatchange
the tipinoftotal
the
point
electrode,
which
a direct
impact between
the2019).
ionization
to the
effect
Therefore, the promotional effect on the nano-composite
Fractal dimension
1.26
1.26
point
which
has a direct
impact on
the ionization
probability
to the added
of change
in total
polarizability
and
interfacial
polarization,
which
in turn will
affect thedue
propagation
of effect
the creeping
discharge.
/glasselectrode,
interface
can
be expected.

polarizability and interfacial polarization, which in turn will affect the propagation of the creeping discharge.
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mineral oil, as shown in Figure 10. It increases with the dielectric constant of the solid dielectric material. For a
given value of the voltage, discharge lengths are higher with nano-composite than with pure epoxy samples. The
capacitive effect is more significant over the pattern propagation on the nano-composite material samples
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immersed in coconut oil.

Final discharge length
Therefore, more damage on the nano-epoxy solid insulator can be expected due to the traces of the discharges.
Fractal dimension is more related to the amount of the divergence of the streamers and branches of a discharge
pattern into smaller ones. Previous studies have shown that when the relative permittivity increases, dimension
increases (Beroual et al., 2014). However, according to Table. 2 it can be seen that the nanoparticles considered
do not have a significant effect on the amount of ramification on the epoxy/coconut oil interface, as the fractal
dimension of patterns propagating on nanocomposite and epoxy material samples have the same values.
Therefore, the same amount of tortuousness is found in both cases.
According to previous studies (Abeysundara et al., 2001; Matharage et al., 2013), moisture absorption can reduce
the breakdown characteristics of coconut oil. Therefore, a domestic heater was used to heat the oil samples, and
at different temperature values, samples are taken and the dielectric breakdown voltage is measured. After the
oil is heated up to 100 0C, it was then allowed to cool down back to room temperature. While the sample was

Figure
10: Variation
of the
final discharge
length
of the creeping
discharges
cooling,
its dielectric
breakdown
voltage
was measured
at several
intermediate
temperatures. An improvement

Figurestrength
10: Variation
ofafter
theheating
final the
discharge
length
of the
of dielectric
was observed
oil sample to
over 100°C.

creeping discharges

Breakdown Voltage (kV)

Breakdown
Voltage Vs.of
Temperature
Table 2:
Fractal dimension
creeping discharges

Fractal dimension

Epoxy

Nano-composite

1.26

1.26

Nanoparticles have increased the final discharge length corresponding to the nano-composite samples by 4% to
17%, while having a 7.3 % increment in the dielectric constant. So there is a positive correlation between the
dielectric constant and corresponding discharge length curves, with coconut oil being the dielectric liquid.
12
Temperature (oC)
Figure 11: Variation of the breakdown voltage of coconut oil with the temperature.

Figure 11: Variation of the breakdown voltage of coconut oil with the temperature.

11 shows
that thetobreakdown
voltageof
increases
up to 60kV when the oil is heated. The water
Fractal dimensionFigure
is more
related
the amount
the gradually
a domestic
heater was used to heat the oil samples, and
divergence of the streamers and branches of a discharge
at different temperature values, samples are taken and
13
pattern into smaller ones. Previous studies have shown
the dielectric breakdown voltage is measured. After the
that when the relative permittivity increases, dimension
oil is heated up to 100 0C, it was then allowed to cool
increases (Beroual et al., 2014). However, according to
down back to room temperature. While the sample was
Table. 2 it can be seen that the nanoparticles considered do
cooling, its dielectric breakdown voltage was measured
not have a significant effect on the amount of ramification
at several intermediate temperatures. An improvement
on the epoxy/coconut oil interface, as the fractal
of dielectric strength was observed after heating the oil
dimension of patterns propagating on nanocomposite and
sample to over 100°C.
epoxy material samples have the same values. Therefore,
the same amount of tortuousness is found in both cases.
Figure 11 shows that the breakdown voltage increases
gradually up to 60kV when the oil is heated. The water
According to previous studies (Abeysundara et al., 2001;
content in the sample affects the dielectric strength of the
Matharage et al., 2013), moisture absorption can reduce
oil. Heating evaporates water in the oil sample. When
the breakdown characteristics of coconut oil. Therefore,
the temperature of the sample is near to the boiling
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point of water (100°C) the water content is very low,
hence it shows a higher dielectric strength. When the oil
sample is kept open to the air and allowed to cool back,
a reduction in dielectric strength was observed as a result
of moisture absorption as shown in Figure 11. Therefore,
poor dielectric properties can affect the discharge
propagation and hence the accuracy of the results.
Therefore, the condition of the dielectric liquid on the
creeping discharge propagation is an under-researched
topic that requires further investigation.
CONCLUSION
This paper presented a study of creeping discharge
propagation over epoxy/coconut oil and nanocomposite/
coconut oil insulation interfaces. Experiments were
carried out with a point plane electrode arrangement
and an image recorder in order to investigate creeping
discharges along surfaces of pure epoxy and nanocomposite epoxy samples under an AC divergent field.
Results on discharge length, breakdown strength, and
fractal dimension have shown that the propagation of
creeping discharges depends on the properties of the
solid insulator such as dielectric constant and properties
of fillers.
Silicon dioxide nanoparticles with 1% concentration
were used to increase the dielectric properties of the
epoxy material. According to the experimental results,
it was evident that it increases the dielectric breakdown
voltage of epoxy by 7%. The relative permittivity of
the nanocomposite was higher than that of pure epoxy.
Therefore, further studies should be carried out with
different filler sizes to increase the dielectric properties,
especially creeping discharge performance significantly.
It was shown that there is a positive correlation between
the dielectric constant and corresponding discharge
length curves, with coconut oil as the dielectric liquid.
Final discharge length increases quasi-linearly with
the applied voltage even on materials immersed in
coconut oil. According to the discharge length results
corresponding to the nano-composite material, it can be
concluded that even though nanoparticles can increase the
dielectric strength of the epoxy insulators, the capacitive
effect is more significant in discharge propagation, and
final discharge length has been increased by around 12
%. However, the considered nanoparticle concentration
of 1% does not have a significant effect on the amount
of ramification of the creeping discharges, because the
fractal dimension of 1.26 was observed in creeping
discharges propagating on both nanocomposite and
epoxy material samples. Overall, it can be concluded that
the concentration and the particle size of silicon dioxide

S Ediriweera et al.

can affect the nano dielectric properties of nano-epoxy
composite, such as an increase in breakdown strength
and dielectric constant by 7%. A nanocomposite with
high breakdown strength is not always satisfactory when
it is immersed in coconut oil as the electric field at the
tip of the point electrode depends on the permittivity
mismatch. The research had shown the fabricated
material samples enhance the breakdown strength by
7 % while increasing the possibility of damage to the
solid insulator due to creeping discharges by 4% to 17%.
Therefore, the materials should be fabricated to minimize
the creeping discharge propagation while keeping the
dielectric properties within an acceptable level.
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