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Abstract: Transformer oil is conventionally used as an insulating liquid for the purpose of insulation
and cooling in power transformers. The rise in the power demand has put stress on the existing
insulation system used for power transmission. Nanotechnology provides an advanced approach
to upgrade the conventional insulation system by producing nano-oil with enhanced dielectric
characteristics. The aim of the study is to present the influence of area volume effect on the dielectric
performance of mineral oil and its nanofluids. In this paper, nanofluids are prepared by dispersing
two different concentrations of SiO, nanoparticles in base transformer oil using a two-step method.
The effect of area and volume is investigated on nanofluids in the laboratory using coaxial electrode
configurations under different test conditions. The AC breakdown voltage and maximum electric
stress is determined for the pure oil and nanofluids. The results show that the addition of SiO,
nanoparticles significantly improves the dielectric characteristics of transformer oil. Moreover, the
breakdown phenomenon is also discussed to analyze the effect of nanoparticle, stressed area, and
stressed volume on the dielectric strength of insulating oil. Nanofluids could be an alternative to
mineral oil.

Keywords: next-generation insulation; transformer liquid; nano-based fluid; stressed electrode
area; stressed electrode volume; effect of nanoparticles; electrode systems; dielectric strength;
breakdown voltage

1. Introduction

Mineral oil is used as an insulation and coolant material that provides sufficient insula-
tion between the windings and cooling facilities in power transformers [1,2]. Transformers
undergo various kinds of stresses such as electrical, thermal, and mechanical stress during
its entire operating life. The life of a transformer mainly depends upon the insulation and
cooling capabilities of the insulation system used in it [3]. Transformer failure results in the
interruption of power flow, economic losses, and high replacement costs. According to a
study on transformer failure, insulation failure is one of the key reasons for transformer
failures [4]. Therefore, it is important that mineral oil should possess upgraded insulating
characteristics for the efficient and effective working of transformers in an electrical power
system under overload conditions. Addressing this issue, researchers utilize nanoparticles
as an addjitive in the oils to improve the insulating characteristics of mineral oil [5-7]. In
view of the current scenario, nanofluids are produced by dispersing the optimum concen-
tration of nanoparticles in base mineral oil [8].

For a high voltage power transmission, it is required to discover such an insulant
that can provide an excellent insulation requirement and cooling. Upgraded insulants
not only reduce the size of the insulation but also give better performance under extreme
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fault conditions [9]. In this era of transmitting extra-high and ultra-high voltage power, we
require such insulation that not only provides the required dielectric properties, but also
works as a superior smart insulant. Therefore, to develop such insulating materials, the
dielectric strength of mineral oil-based nanofluids has been considered [10]. Considering
these challenges, alumina-based materials are considered in various studies to improve the
dielectric property of mineral oils [11,12]. The study shows that alumina-based nanoflu-
ids exhibit a higher AC breakdown strength and lightning impulse breakdown strength
than pure mineral oil [11], and the effect of surface modification and the shape of Al,O3
nanoparticles on the dielectric strength of mineral oil was also investigated [12]. More-
over, it has been experimentally shown that alumina-based nanomaterials have a good
corrosion resistance, which is beneficial in material corrosion studies and to predict the
long-term stability of materials [13]. Transformer oil is extensively used in transformers
as insulation because of its excellent dielectric strength and thermal property. The high
dielectric strength and its better cooling capability make transformer oil suitable for use
as insulation in power transformers. Tremendous performances shown in the past by
transformer oil as an insulant in electrical equipment have made it perfect insulation. But
in the recent past [14], there is a need to develop such an insulating fluid that can perform
its functionalities effectively when it is exposed to unpleasant weather conditions because
the performance of a power transformer is affected when it is exposed to different weather
conditions [15,16]. The comparison of the existing literatures on the dielectric behaviour of
transformer oil with the proposed work is discussed in Table 1.

Table 1. Comparison table of the existing literature on dielectric behaviour of transformer oil with
the proposed work.

References Existing Literature Proposed Work

The existing literature determines the . .The proposed wo?k introduces a
silica-based nanofluid to evaluate the
effect of area volume effect on AC

(71 breakdown voltage and breakdown area vplume effect on the > 1m11aF
properties of transformer oil and its

strength of transformer oil. . .
corresponding nanofluids.

Many of the previous studies only The proposed work basically discusses
[18-21] discuss the area effect or volume effect  the area and volume effect together on
for electric breakdown of the insulation strength of mineral oil
transformer oil and nanofluids.

The previous study deals with the . The Present stu.dy fgcuses on the

. . . . . dielectric change in mineral oil due to
dielectric behaviour of mineral oils only. .. : .

[22] silica nanoparticles and also discusses

The effect of nanoparticle on insulating

. . . about preparation methods and
oil was not investigated. out prep 0 ethods

stability of nanofluids.

This paper presents the effect of area and volume effects on the dielectric breakdown
strength of a mineral oil-based SiO; nanofluid. The silica insulating nanoparticle is chosen
as an oil additive due to its excellent dielectric performance, and its hydrophilic nature.
Additionally, the low cost of silica-based nanomaterials has made us to choose it as a dopant
to improve the dielectric characteristics of mineral oil. The breakdown characteristics are
not only affected by the maximum electric field strength but are also influenced by the area
and volume effects [17]. Hence, the area and volume effect are the important factors that
must be considered in the insulation design of power transformers. In this study, factors
affecting the area and volume effect, nanoparticles and their uses, the determination of
the stressed electrode area and the stressed liquid volume, experimental results, and the
comparison of the performance of nanofluids are well explained. Furthermore, the area and
volume effect for nano-modified transformer oil is also analyzed. The surface modification
technique used to improve the long-term stability of nano-oils, and the phenomenon of
the breakdown mechanism in nanofluids are also discussed in the paper. Two different
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concentrations of SiO, nanoparticles (i.e., 0.05 wt% and 0.15 wt%) are used to modify
pure mineral oil. The reason for choosing surface-modified silica nanoparticles is not
that it forms a stable dispersion with mineral oil, but it also exhibits a better dielectric
strength than mineral oil. The main contribution of this paper lies in investigating the
experimental test results for the area and volume effects on the dielectric behavior of
a nanofluid. The test results are very useful for electrical utilities in developing better
condition monitoring systems for oil-filled transformers based on a property comparison.
The oil and nanoparticles specifications are shown in Tables 2 and 3.

Table 2. Properties of Mineral oil.

Parameters Mineral Oil
Flash point (°C) 160
Fire point (°C) 170
Density (gm/ cmd) 0.89
Water content (ppm) <20 mg/kg
Pour point (°C) =30
Viscosity (Cst) at 24 °C 23 (max)
Dissipation factor at 90 °C 0.1-0.5%

Table 3. Specification of Nanoparticle.

Parameters Particles Size Density (gm/cc) Permittivity
. 100-130 nm
Si0, (SEM) 3.9 gm/cc 7.5-10.5

The rest of the paper is organized as follows: Section 2 discusses the experimental
techniques and procedures followed to prepare the nanofluids, and the chemical method
utilized to improve the dispersion stability of the nanofluids. The experimental set-up
to determine the dielectric properties of the prepared nanofluids, along with the steps
involved in the experimental procedure that includes the preparation of the electrode setup
and the measurement at high voltage is described in Section 2. The experimental results for
the AC breakdown voltage and the maximum electric stress along with the discussion is
shown in Section 3. The conclusion is added in Section 4 of the paper.

2. Experimental Set-Up and Materials Preparation Techniques
2.1. Nanofluids Synthesis

The SiO, nanoparticles are used to improve the dielectric properties of the transformer
oil. The nanoparticles were purchased from Sigma-Aldrich, which was additionally reduced
in size using the top-down nanotechnology method. This technique gives more fine powder
of nanoparticles. The transformer oil used in the present study for experimentation purpose
was commercially obtained. The properties of oil and nanoparticles have been shown in
Tables 2 and 3, respectively. The nanoparticle size and its morphology were determined
using the SEM (scanning electron microscopy) imaging, which is shown in Figure 1. The
SEM imaging was carried out at different magnification ranges and for the different surface
areas of the tested sample. The morphology was studied using SEM at a voltage of 15 kV
in the scanning mode. The morphology of nanoparticles depends upon the synthesis
conditions. The grain size was analyzed using software, and then statistical grain analysis
was performed to determine the grain size. The standard method was applied to determine
the size distribution of SiO, nanoparticles [23]. The porosity of nano-samples can also be
evaluated by processing the SEM images to obtain contrast images using custom software.
The investigation of data obtained from SEM images shows that nanoparticle samples have
close-packed microstructure.
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Figure 1. SEM image of SiO, nanoparticles.

In this paper two individual samples of nanofluid are prepared by introducing differ-
ent concentrations of SiO, nanoparticles into the mineral oil via a two-step method [24,25].
This method is widely recognized and is extensively used by researchers to prepare nanoflu-
ids as it eliminates the process of drying and storing of nanoparticles, reduces cluster forma-
tion of nanoparticles, and gives more stable nanofluid dispersions even for longer durations
of time. Oleic acid is added as a surfactant in the base mineral oil to reduce the clustering
of nanoparticles in the oil up to a certain extent and enhancing the stability of nanofluids.
The two-step method is a two-phase process, which includes synthesis of nanoparticles
initially, then followed by the dispersion of nanoparticles in the base oil. The process of
dispersing nanoparticles in the base oil includes magnetic stirring and ultra-sonication. The
magnetic stirring involves the mixing of oleic acid in the pure oil using a magnetic bar that
revolves at a constant speed to prepare the solution. Then, nanoparticles are added in the
solution. Finally, the ultra-sonication process is followed; in which high-frequency waves
(around 40 kHz) are generated that uniformly mix the nanoparticles in the pure mineral
oil. This makes the sample ready for testing purpose. The method used for preparation of
nanofluids is two-step method, as shown in Figure 2.

Nano Characterization Synthesis of
Particle (TEM) nanoparticle

Figure 2. Flow chart illustration for preparation of nanofluids.

2.2. Surface Modification for the Stability of Nanofluids

The dispersion stability of nanofluids is an essential parameter that needs to be
analyzed to determine its application as insulating oil in electric transformers. Oleic acid
is added as a surfactant in the base oil to improve the stability of nanofluids [26]. The
nanoparticles are coated with a layer of oleic acid that provides an additional repulsive force
between the nanoparticle surfaces. This concept is explained using a DVLO theory [27],
according to which, nanoparticles are subjected to various electrical attractive and repulsive
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forces in a colloidal suspension such as the Van der Waals attractive forces and electrostatic
repulsive forces. According to the theory, if the repulsive forces are higher than the attractive
forces between the nanoparticles, then the colloidal suspension obtained will be stable.
The nanofluids stability is tested using a simple bottle test in the present study, and it was
ensured that prepared nanofluids samples are stable.

2.3. Measurement of Dielectric Properties

The AC breakdown test is essential to determine the dielectric capabilities of insulating
liquids used in transformers. The area volume effect on AC breakdown voltage and
maximum electric stress of mineral oil and its subsequent nanofluids is studied. The area
and volume effect are investigated for co-axial electrode configurations. It is required to
calculate (SEA)qp and (SLV)gg to analyze the effect of area and volume on the breakdown
strength of mineral oil, where (SEA)q is the stressed electrode area and (SLV)q is the
stressed liquid volume, which can be varied with gap length (g) and electrode length (L). To
determine the area and volume effect, four cylindrical electrodes made up of brass having
different diameters are used for the experiment. The diameter of outer electrodes is constant
whereas diameter of inner electrodes is variable. For each set of electrode length, four inner
electrodes with different diameters are used for co-axial cylindrical electrode configuration.
The dimensions of the co-axial cylindrical electrodes used for breakdown measurement are
shown in Table 4. The flowchart with the steps involved in the experimental procedure is
shown in Figure 3.

Table 4. Specifications of Electrodes.

Parameters Values Taken
a (Inner cylinder radius) in mm 6,5,4,35
b (outer cylinder radius) in mm 7
g (gap length) in mm 1,2,3,35
L (electrode length) in mm 250

Preparation of electrodes set up
using different diameter
electrodes

Electrodes dipped in nano-
oil and supply connected to
electrodes setup

High voltage supply given using
a testing transformer, and Bdv is
measured

Figure 3. Steps involved in the experimental procedure.

The gap length (g) is varied by using the inner electrodes having a different diameter,
and the diameter of the outer electrode is kept fixed. Hence for each fixed length we will
get four different gap lengths. Figure 4a shows the different electrodes used in the study.
The inner and outer electrodes of the co-axial cylindrical configuration are insulated by a
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Perspex sheet. To achieve this, grooves are made to hold both cylindrical electrodes in a
square piece of Perspex sheet. After holding the cylindrical electrodes in the grooves made
in Perspex sheet the whole set up was supported by thin metal rods at the four corners of
the Perspex sheet. These rods are covered by an insulation pipe and are screwed tightly by
nuts. The whole set up arrangement is shown in Figure 4b. The thickness of the electrode
is measured using a magnetic dial gauge having an accuracy of 1 pm.

(b)

Figure 4. Experimental set-up with electrode configuration to determine the dielectric strength of oils
at high voltage. (a) Electrodes of different diameter, (b) Electrode set-up.

2.4. The Supply and Measurement of High Voltage

The high voltage measurement is completed using a testing transformer of 150 kV,
50 Hz, —phase, 30 kVA rating, as shown in Figure 5. These high voltages were measured
with the help of an MI voltmeter (accuracy + 1%) connected at the primary side of the
testing transformer, which reads the low side voltages. The corresponding high voltages
are obtained from a calibration curve drawn using a sphere-sphere electrode system having
the diameter of 25 cm (IS-1876, 1961).

Figure 5. High-voltage testing transformer and experimental set up.

Before starting the experiment, the test vessel, which is made up of plastic, was
cleaned using alcohol, and filled with the insulating oil as shown in Figure 6. The electrode
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assembly was completely dipped in the insulating oil. The cleaned and dried cylindrical
electrode assembly is filled with the insulating oil in between the electrodes by an injection
syringe through a minor hole. After injecting the insulation oil in between the electrodes, a
screw was kept in to touch with the inner electrode. This is done to ensure power supply
to the inner electrode as shown in the Figure 6. Now the whole electrode assembly is
completely dipped in a vessel filled with insulating liquid, then wait for 5 min until the
bubble formation stops. Now, the outer electrode is earthed through a wire and supply is
given to inner electrode through a screw.

[Coaxial Electrode

Earth connection =0

Figure 6. Electrode dipped in the insulating oil and the supply connection to the electrode.

After connecting the electrodes properly, the supply voltage was given with help of a
testing transformer, and the applied voltage was raised at a uniform rate of 5 kV/s. The
breakdown voltage was measured with an accuracy of £3%. Each sample is measured five
times, and the average value of breakdown voltage is reported. The Emax, (SEA)qg, and
(SLV)q is calculated by using the following equations:

Emax = V/(a.In(b/a)) 1
(SEA)gy = 2amL; fora < 0.9b 2)
(SLV)gp = 19/81 x (riLa?); for a < 0.9b (3)

The units of Emax, (SEA)g, (SLV)go are kV/mm, mm?, and mm?3, respectively. V
is the voltage applied, a and b represent inner cylindrical radius and outer cylindrical
radius, respectively.

3. Experimental Results and Discussion

The graph between the average breakdown voltage and the maximum breakdown
strength, with (SEA)9y and (SLV)qg for different concentrations of SiO, nanoparticles,
is plotted.

3.1. AC breakdown Voltage

The AC breakdown voltage of pure mineral oil as well as nanofluids is measured
with the variation in SEAqq (stressed electrode area) and SLVq (stressed liquid volume),
which are calculated using Equations (2) and (3), respectively. The results for the different
concentrations of nanoparticles are tabulated as shown in Tables 5 and 6, and the graphs
plotted are shown in Figures 7 and 8. The graph for breakdown voltage variation with
electrode gap length is also plotted, as shown in Figure 9. The results show that the
breakdown voltage decreases with the increase in SEA (90%) and SLV (90%) due to the
greater probability of obtaining a high electric field on the electrode surface with the increase
in its surface area. Moreover, the stressed oil volume theory explained the breakdown in
liquids. The breakdown voltage is greatly influenced by the presence of impurities inside
the oil, since these impurities being uniformly distributed in the oil would increase stressed
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oil volume, which results in the reduction of breakdown voltage [28-30]. However, the
breakdown voltage increases with electrode separation as the electric stress will get reduced
due to the increase of oil volume in the gap. The breakdown voltage is improved due to
the addition of nanoparticles that can be attributed to the excellent dielectric property of
solid particles.

Table 5. Breakdown voltage of mineral oil with 0.05 wt% nanoparticle concentration.

Inner Cylindrical Outer Cylindrical Gap Length Electrode Breakdown
Radius (a) mm Radius (b) mm (g) mm Length (L) mm  Voltage (kV)
6.0 7.0 1.0 250 30.0
5.0 7.0 2.0 250 343
4.0 7.0 3.0 250 35.6
3.5 7.0 3.5 250 36.1

Table 6. Breakdown voltage of mineral oil with 0.15 wt% nanoparticle concentration.

Inner Cylindrical Outer Cylindrical Gap Length Electrode Breakdown
Radius (a) mm Radius (b) mm (g) mm Length (L) mm  Voltage (kV)
6.0 7.0 1.0 250 32.0
5.0 7.0 2.0 250 35.1
4.0 7.0 3.0 250 374
35 7.0 35 250 38.3

—=— Mineral oil (MO)
38 —e— MO+0.05 wt% Si02
—a— MO+0.15 wt% SiO2
<
~ 36
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Stressed electrode area (SEA 90%) (mm)?

Figure 7. Graph showing the variation of breakdown voltage of mineral oil and its nanofluids with
SEA (90%).

The nanoparticles act as a perfect dielectric when introduced into the oil and im-
proves the dielectric strength of the oils [9]. However, the addition of nanoparticles with
different sizes and concentrations may affect the AC breakdown characteristics of min-
eral oil. The interfacial layer between the oil and the nanoparticles plays a vital role in
enhancing the breakdown strength of nano-oils. The charge is transferred through the
interface between the oil and the nanoparticles. The increase in breakdown voltage can
be attributed to the high shallow trap density introduced by the SiO, nanoparticles. At
lower concentrations, the interface between the oil and nanoparticle contains considerable
traps that capture the electrons present in the oil and release them rapidly. This process of
trapping and de-trapping would reduce the speed of electrons. Moreover, with a further
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increase in nanoparticle concentration the electron trap density would improve further as
more nanoparticles would capture the fast electrons and reduce their mobility. Hence, this
suppresses the streamer propagation and results in an improved breakdown strength of
dielectric nanofluids [12]. However, the increase in nanoparticle concentration may result
in nanoparticle aggregation and a reduction in the interfacial volume that leads to the
reduced trap density, which may negatively affect the breakdown strength of nano-oils.

—=— Mineral oil (MO)
—e— MC+0.05 wt% Si02
—a— MO+0.15 wt% Si02

38 4

AC Breakdown voltage (kV)
[53)
[\§}

[34)
[=]
1

28

T T T T T 1
2000 3000 4000 5000 6000 7000
Stressed liquid volume (SLV 90%) {(mm)®

Figure 8. Graph showing the variation of breakdown voltage of mineral oil and its nanofluids with
SLV (90%).
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_I_

[yo]
4]
1
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0 T . T Y T T T
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Gap length (mm)

Figure 9. Graph showing the variation of breakdown voltage of mineral oil and its nanofluids with
electrode gap length.

3.2. Maximum Electric Stress (Ey)

The results for the breakdown strength of mineral oil and its nanofluids are graphically
represented, as shown in Figures 10 and 11. The results indicate that the addition of
nanoparticles enhances the breakdown strength of oils [30,31]. The maximum electric stress
increases with the increase in stressed area and volume because a greater volume is stressed
that will initiate the breakdown due to the presence of a weak link (particle).
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Figure 10. Graph showing the variation of maximum breakdown strength of mineral oil and its
nanofluids with SEA (90%).
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Figure 11. Graph showing the variation of maximum breakdown strength of mineral oil and its
nanofluids with SLV (90%).

In non-uniform fields, the stressed oil volume is considered as the volume, which is
enclosed between the maximum stress (Emax) contour and 0.9 (Emax) contour. According to
this theory, the breakdown strength is inversely proportional to the stressed oil volume, but
the maximum electric stress varies in proportion to the stressed oil volume. The nanoparti-
cle addition would greatly reduce the electrical stress in the insulation, which ultimately
reduces the maximum electric field strength required for the insulation design [8].

4. Conclusions

The effect of area and volume, as well as the effect of nanoparticles on pure mineral oil
and its nanofluids, was studied in this paper. The aim of the present study was to improve
the dielectric strength of insulating oils, by considering certain effects such as area and
volume that influence its dielectric performance. The phenomenon for an increase in the
breakdown voltage of nanofluids is explained based on the electron trapping process. The
change in nanoparticle concentration will change the shallow trap density and charge trans-
port process, and therefore modify the streamer propagation, and hence the breakdown
strength of nanofluids. The results have shown that the addition of nanoparticles could
upgrade the dielectric strength of insulating liquids tested, and liquid volume and electrode
surface area are the essential parameters that would influence the breakdown characteristics
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of oils. Nanofluids exhibit better results for breakdown voltage at higher concentrations of
silica-based nanoparticles. Considerable improvement in the AC breakdown voltage of
mineral oil is observed at a 0.15 wt% nanoparticle concentration compared to a 0.05 wt%
nanoparticle concentration. An attempt has been made to upgrade the maximum electric
field strength using nanoparticles required for electrical insulation design. In the future,
nanofluids could be a better alternative for mineral oils to be used as an insulating oil in
transformers as they possess a better dispersion stability and can be affordable in the longer
run. The long-term stability of nanofluids is one of the major challenges for its application
as an insulating oil in electric transformers. Therefore, there is a need to research for the ad-
dition of the optimum nanoparticle concentration in the oil, the dispersion stability, and the
selection of nanoparticle that maximally enhances the dielectric strength of insulating oils.
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