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Abstract: The increased voltage loading of transformers has led to research on improving transform-
ers’ lifespans to meet demand. Insulation oil acts as cooling medium that can significantly affect the
performance of a transformer. This paper discusses an experimental study on the influences of the
doping of carbon nanotube (CNT) particles and magnetic fields on the electrical properties of mineral
oil (MO). An analysis of electrical properties was conducted using AC breakdown tests, Tan Delta
tests, Raman measurements, and simultaneous thermal analysis. Proper preparation was considered
before starting the analysis of the electrical properties. The AC breakdown voltages before and after
modification were measured. The experiment results indicated that the AC breakdown of mineral oil
with a suitable amount of carbon nanotube particles (0.005 g/L) and a suitable magnetic field (0.45 T)
gives the highest breakdown voltage. It was found that the proper treatment of nanofluid also greatly
influences breakdown voltage. Additionally, Raman measurements analyzed the physical changes in
the samples. From the results obtained, the addition of carbon nanotubes and the magnetic field of
mineral oil leads to an improved performance of the transformer.

Keywords: AC breakdown voltage; carbon nanotube; mineral oil; magnetic fields

1. Introduction

Recently, electricity demand has been drastically increasing due to economic develop-
ment and an increase in the population. This has caused an increase in demand for a longer
transformer lifespan. The reliable and efficient operation of an electrical power transformer
depends on its insulation characteristics, as they constitute a major portion of the causes
of transformer failure. Insulating oil plays a crucial role in a power transformer’s lifespan
as it performs both the insulation and the coolant functions. Since 1892, petroleum-based
oil, which is mineral oil, has been used as a primary insulating medium [1]. The benefits
obtained from its properties, such as good aging behavior, low viscosity, ready availability,
and low cost, are why it is used more commonly than other types of oil [2]. Despite having
many advantages, mineral oil also has its weaknesses, such as being highly flammable
and non-renewable [3]. An alternative to improve transformer oil is through the disper-
sion of nanomaterials in the transformer oil that helps develop new types of insulating
nanofluids [4,5]. Nanofluids are good insulators due to their nanoscale dimensions and
wide range of classes; they also have relatively large surface areas, which improves their
heat transfer ability and the stability of suspensions [6]. According to research conducted
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on the addition of nanoparticles, AC breakdown voltage increases slightly more than with
the use of mineral oil alone [7,5]. Research presented by Naddaf and Heris states that a
nanofluid using multi-wall carbon nanotubes causes an increase in electrical conductiv-
ity as the concentration volume increases [9,10]. In addition to enhancing the electrical
properties of mineral oil through the addition of carbon nanotube particles, proper prepa-
ration also needs to be considered, as it can influence conductivity [11]. The presence of
polar particles, such as sludge, sediments, varnish, water molecules, and resin, causes the
insulating properties to deteriorate. Results from an experiment by Jian et al. which used
dry and wet mineral oil show that the impurity bridge grows faster in wet mineral oil
as the strength of the electrical field accelerates the occurrence of this phenomenon [12].
According to research, moisture in the oil reduces its insulating ability at high loads and
in high-temperature periods and leads to dielectric breakdown due to the oil absorbing
the moisture [13]. Hafizi et al. carried out an experiment on the improper dispersion
of nanoparticles in transformer oil that cause sedimentation and observed that proper
treatment samples show positive heat transfer properties [14]. The presence of a magnetic
field in a breakdown voltage test has also been studied in [15], and this study revealed
that the breakdown voltage increases with the presence of a magnetic field. The higher
breakdown voltage due to the presence of a magnetic field in the transformer oil might be
because the extension of the net space charge zone at the streamer tip is delayed and thus
slows the movement of negatively charged nanoparticles. The net space charge zone is
inhibited by the generated streamer’s propagation of electric field propagation waves in
transformer oil [16]. In this study, the electrical properties of mineral oil and the patterns of
nanofluids were analyzed using various tests which included the application of different
magnetic fields.

2. Materials and Methods
2.1. Flow Chart

In this study, a variety of activities were implemented. Details of the processes are
included in Figure 1 and relate to the overall study conducted in the laboratory.
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Figure 1. Flow chart of the overall experiment.

2.2. Preparation of Nanofluid

This study involved different treatments and concentrations of CNTs using mineral
oil with specifications as listed in Table 1 below.

Table 1. Specifications of mineral oil used.

Property Typical Values
Manufacturer Hyrax Oil Sdn Bhd
Brand Name Hyrax Hypertrans

The first process is filtration, which is performed three times. Seven samples of mineral
oil underwent a filtering process using a Piston Pump FB 70155. Both sides were connected
to a Nalgene Rapid-Flow Sterile Disposable Filter Unit with a PES Membrane that creates a
vacuum in the filter. The next step in the preparation of the nanofluid is weighing carbon
nanotube particles using a Digital Measuring Instrument Weight and a spatula with a
certain weight, as shown in Table 2.

Table 2. Concentration of nanofluid used.

Concentration (g/L) Weight of Carbon Nanotube Particles (g)
0.001 g/L 0.0008 g
0.005g/L 0.004 g
0.01g/L 0.008 g
0.02g/L 0.016 g
0.03g/L 0.024 g

One approach to achieve the homogeneous dispersion and stable suspension of
fine particles is by applying plasma treatment on the nanofluid through stirring and
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sonication [14]. The stirring process was carried out by stirring carbon nanotube particles
with mineral oil by using Magnetic Stirrer MR Hei-Tec for 30 min at 520 rpm. In the same
way, carbon nanotube particles and mineral oil underwent a sonication process using a
Qsonica Sonicator. In addition to that, the samples were dried utilizing a VO200 Memmert
vacuum oven to dry the nanofluid at the temperature of 60° for 24 h. Thereafter, the
nanofluid was inserted inside the bottle and the lid was kept tightly closed to prevent
moisture from entering.

2.3. AC Breakdown Test

The AC breakdown voltage test was conducted according to the IEC 60156 standard
using the BAUR DTA 100 c tester. First, 400 mL of nanofluid was carefully inserted inside
the test vessels to prevent the formation of any gas bubbles and mixed for two minutes
after each breakdown using the magnetic stirrer. Testing data were collected for five cycles
(six measurements every cycle) at 2 min intervals between every measurement. The
distance between the electrode in the test vessels was set to be 2.5 mm using the NO 15 SM
thickness gauge. The test was conducted using a mushroom-shaped electrode with an
applied frequency of 50 Hz. The process was then repeated with the addition of magnetic
fields of 0.35 T and 0.45 T, which were attached to both outer parts of the test vessels, as
in Figure 2.
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Figure 2. Test vessel with magnet.

2.4. Tan Delta Test

A combination of automatic oil test cell heaters AOCH-06 and ADTR-2 K Plus was
used to measure the mineral oil’s tan delta, permittivity, and resistivity. The cell electrode
was designed with a spherical bottom made with stainless-steel 316 with Teflon spacers and
consisted of three terminal configurations with 90 mm x 195 mm dimensions. Automatic
oil test cell heater AOCH-06 was used to heat the oil test cell. Fifteen milliliters of each fluid
was used inside the test cell. The temperature was set to 30 °C with an increment of 20 °C
until reaching 90 °C and then reduced with a decrement of 20 °C until reaching 30 °C.

2.5. Raman Measurement

The next testing is Raman measurement, which characterizes the materials and the
crystal structure or crystallinity of samples. Generally, the Renishaw Raman instrument
consists of an inVia confocal Raman microscope and Renishaw’s WiRE version 5.2 software
for analysis and data acquisition and control of Raman data, which offers users data
processing and analysis options, and other accessories which are adaptable to the Raman
system to suit the user’s requirement. The settings for the experiment were set using
785 nm laser excitation sources with 1200 lines/mm grating at 10 s exposure time and 1%
laser power.
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2.6. Simultaneous Thermal Analysis

The samples’” heat flow was tested using Simultaneous Thermal Analyzer (STA)
8000 instruments at temperatures of 30 °C to 120 °C increasing at a rate of 2 °C/min
using nitrogen gas. Only a small weight of samples is required, which is around 10 to
50 mg. To start, the sample pan was cleaned using acetone before inserting the mineral
oil with or without nanoparticles. The STA 8000 was connected to a personal computer
equipped with Pyris software version 8.0 to observe the data collected by the STA 8000.

3. Results
3.1. AC Breakdown Performance

The AC breakdown voltage (BDV), also known as the dielectric strength of an insulator,
is a test used to measure the tolerance of the insulation oil towards electrical stress. Once the
electrical breakdown occurs, this shows that the current has flowed through an insulator,
causing it to be conductive. In insulation, electrical breakdown must not occur, as it would
cause an electrical spark or short circuit. In this study, the AC breakdown voltage test was
conducted from three perspectives: different treatments, CNT concentrations, and different
magnetic fields applied.

Figure 3 shows the average AC breakdown voltage of the samples without CNT
concentration with different magnetic field strengths applied. Through further investigation
of Figure 3 and the data obtained, the BDV value of pure mineral o0il (MO) ranges from
20.72 kV to 25.36 kV, and after undergoing the filtering process (filter MO), it ranges from
26.46 kV to 33.14 kV. Meanwhile, the filtering and heating processes result in the MO
having BDV values ranging from 28.08 kV to 36.54 kV. This indicates that pure MO from
the factory may contain many foreign particles and absorbs moisture as it is exposed to
the factory’s surrounding environment. Proper preparation of MO, such as through the
filtering and drying processes, helps reduce the amount of foreign particles and moisture
in the MO. Reducing the amount of foreign particles and moisture results in increasing the
average value of the AC breakdown voltage.

Average breakdown voltage versus Types of Samples
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Figure 3. Line graph of AC breakdown voltage without the presence of CNT and different strengths
of magnetic fields applied.

Figure 4 shows the average AC breakdown voltage for different types of samples and
different magnetic fields applied. Table 3 shows the average value of the breakdown voltage
with and without nanoparticles and with the addition of a magnetic field. From Table 3,
the average AC breakdown voltage without a magnetic field applied increased from pure
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MO (20.72 kV) to 0.005 g/L (40.1 kV) and then started to decrease from 0.01 g/L (39.98 kV)
to 0.03 g/L (32.18 kV). The breakdown in the insulation process involves the ionization
of electrons, which causes the current to flow through the insulation oil. This indication
explains how dispersing CNTs in MO helps in trapping the electrons transporting them in
a delocalized manner. This is due to the fast-moving electron from the high electric field
region being converted to a slower electron as it is trapped in the CNTs’ shallow traps [17].
The trapping process can occur many times, causing the electron to move slower, thus
decreasing the expansion speed of the streamers. An excessive amount of CNTs can lead
to a reduction in the AC breakdown voltage, as it becomes an unwanted particle. The
accumulation of CNTs increases and leads to aggregation, causing a bridge between two
electrodes to form and leading to a breakdown [18]. Therefore, an appropriate amount
of CNTs helps to improve the electrical properties of MO. On top of that, magnetic field
strength also helps improve the electrical properties of MO. From data taken at 0.45 T, the
breakdown voltage of the 0.005 g/L sample is 58.9 kV; meanwhile, at 0.35 T, the value is
50.72 kV. According to J. Lee, nanoparticles in MO do not hold together and are dispersed
well due to the presence of a magnetic field. Nevertheless, there are still many factors
regarding the involvement of magnetic field strength that are still unknown.
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Figure 4. Average breakdown voltages of samples with and without CNT concentrations and different
magnetic fields applied.

Table 3. Average breakdown voltage of different types of samples and magnetic field strengths.

Types of Samples with Average Breakdown Average Breakdown B::Z]il:fvevn
and without Voltage (k) Voltage (V) Voltage (kV)
Nanoparticles without Magnetic ~ with Magnetic Field ith M tic Field
P Field (0 T) 0.35T) A e B
0.45T)

Pure MO 20.72 24.92 25.36
Filtered MO 26.46 31.06 33.14
Filtered and Heated MO 28.08 3222 36.54
0.001g/L 34.7 47.04 51.28
0.005g/L 40.1 50.72 58.9
0.01g/L 39.98 48.82 58.46
0.02g/L 37.16 47.58 50.12
0.03g/L 32.18 45.0 50.04

3.2. Weibull Percentage

Figures 5-7 show the AC breakdown voltage values of different samples with magnetic
fields using Weibull Probabilities of 1 %, 50 %, and 90 %. The 1 % probability is known to
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be the riskiest level of breakdown voltage to occur, while the 50 % probability is known as
the nominal voltage and the 90 % probability is the highest probability that the breakdown
voltage may occur during operation.

From Figure 5, for pure MO, filtered MO, and filtered plus heated MO, the breakdown
voltage value does not follow a pattern, even with the increasing of magnetic fields. This
is probably due to the large distribution gap in the sample data taken. Expanding the
measurement taken for each sample may help reduce the gap since the Weibull Probability
differs from the data’s quality. This paper will focus on the 50 % probability since it is the
standard value used by the industry in designing transformers. Contrarily, 0.005 g/L of
nanofluid with a 0.45 T magnetic field has the highest breakdown voltage for the 50 % and
90 % Weibull Probabilities.

WEIBULL PERCENTAGE (1 %)
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Figure 5. Weibull percentage of 1 % of breakdown voltage.
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Figure 6. Weibull percentage of 50 % of breakdown voltage.
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3.3. Tan Delta
Tan delta is known to be a dissipation factor or loss angle correlated to the purely
capacitive current (90°) and total current that flows in insulation.
From the pattern shown in Figure 8, pure MO has the highest dissipation factor value
for each temperature taken and the lowest dissipation factor value is the 0.005 g/L sample.
As the temperature rises, the dissipation factor value also rises, which applies to all types
of samples For example, the dissipation factor for pure MO at 30 °C is 0.00354, increasing
to 0.00849 at 90 °C, as in Table .
0.009
0.008
0007 ——PURE
e006 (/N | FILTER
g 0.008 - FILTER&HEATED
2 0.004 0.001g/L
-
0.003 =000t
0.002 s
—0.02 gL
0.001
—003gL
0
30 50 0 % 0 50 30
TEMPERATURE (:C)
Figure 8. Dissipation factors of different types of samples.
Table 4. Dissipation factor values of different types of samples with temperature increasing from
30 °C to 90 °C and falling to 30 °C.
Bypesat 30°C 50°C 70°C 90°C 70°C 50°C 30°C
Samples
Pure MO 0.00354 0.00395 0.00534 0.00849 0.00544 0.00387 0.00355
Filtered MO 0.0031 0.00315 0.00423 0.00576 0.00433 0.00321 0.00301
Filtered and Heated MO 0.00284 0.00298 0.00376 0.00546 0.00375 0.00279 0.00246
0.001 g/L 0.00245 0.00265 0.00331 0.00456 0.00322 0.00253 0.00236
0.005g/L 0.00149 0.00171 0.00223 0.00234 0.00181 0.00138 0.00091
0.01g/L 0.00156 0.00176 0.00254 0.00267 0.00246 0.00181 0.00124
0.02g/L 0.00192 0.00192 0.00267 0.00383 0.0026 0.00189 0.00156
0.03g/L 0.00253 0.00256 0.00311 0.00489 0.00321 0.00263 0.00245
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When the value of the dissipation factor is smaller, it shows that the resistive current
is also smaller, which indicates that the insulator is highly resistive. Highly resistive
components make good insulators, and samples of 0.005 g/L are suitable to serve as
insulators. Pure MO has the highest dissipation factor, and the cause of large dissipation
factor values may perhaps be that pure MO is contaminated with foreign particles and
moisture, which causes the resistive current to increase. As the samples undergo the
filtering and drying processes, the value of dissipation decreases as the contamination is
reduced. The graph pattern shows that the data increase and decrease linearly.

3.4. Permittivity

Permittivity is related to how easily a material can become polarized by the imposition
of an electric field on an insulator.

Figure 9 shows the graph of the permittivity of different types of samples. From
the data obtained, at 30 °C to 90 °C, the permittivity values decrease, and from 90 °C to
30 °C, the permittivity values increase. As the temperature increases, the polar molecules’
movement is more elastic, causing the dipole moments to move and vibrate away from their
place, which contributes to decreasing permittivity. Elastic collision among the particles
cause ionization to occur, which will lead to a breakdown. The value of permittivity reduces
with the rising temperature; however, only a small change in the value of permittivity
takes place.

08 : ——PURE

- FILTER
FILTER&HEATED
0.001 gL

—0.005g/L

e 0.01 gL

—0.02 g/L

—003gL

e
o

PERMITTIVITY
=
-

30 50 70 %0 70 30 30
TEMPERATURE (°C)

Figure 9. Permittivity value of different types of samples.

From Table 5, pure MO has the lowest relative permittivity value, and the 0.005 g/L
concentration has the highest permittivity value. High permittivity occurs due to the
presence of an applied external electric field, causing the molecule to align itself and
produce its own electric field and resist the external electric field. This means that high
permittivity causes the ability to store more energy in the material, which causes more
charged particles. The higher value of permittivity signifies a greater charge accumulation
capacity of dielectric materials [19]. According to Kaizheng et al., the increase in the
number of particles that have higher conductivity is attributed to the combined effect of
the enhancement of the distortion of the electric field and the electron capture caused by
the particles [20]. The value of permittivity reduces with the rising temperature; however,
only a small change in the value of permittivity takes place. A low value of permittivity
causes a small effect on polarization. An increase in thermal vibration due to temperature
makes conduction occur rapidly, as it enhances electron scattering rather than affecting the
electron-atom interaction, reducing the polarization [21].
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Table 5. Value of relative permittivity of different types of samples with temperature increasing from
30 °C to 90 °C and falling to 30 °C.

Types of Samples 30°C 50°C 70°C 90 °C 70°C 50 °C 30°C
Pure MO 1.103 11 1.099 1.095 1.102 1.105 1.114
Filtered MO 0.947 0.945 0.942 0.944 0.948 0.958 0.97
Filtered and Heated MO 0.905 0.901 0.902 0.9 0.904 0.906 0.909
0.001 g/L 0.854 0.852 0.851 0.849 0.853 0.853 0.855
0.005g/L 0.682 0.682 0.685 0.686 0.684 0.684 0.685
0.01g/L 0.723 0.725 0.726 0.726 0.725 0.724 0.724
0.02g/L 0.805 0.804 0.807 0.804 0.805 0.805 0.809
0.03g/L 0.816 0.81 0.813 0.811 0.812 0.813 0.815

3.5. Resistivity

Resistivity is used to measure the resistance of a given size of a specific material to the
conduction of electricity. A high resistivity value indicates the minimal presence of charged
particles and contamination, while the lower the resistivity, the more readily the material
permits the flow of electric charges.

As noted from the graph pattern in Figure 10, the resistivity decreases with the increase
in time. As the temperature increases, the particles vibrate more easily and vigorously. The
increase in temperature causes the conductivity to increase as the particles moves vigorously
and collide with each other, causing ionization. Apart from that, high temperatures also
lead to the degradation of the samples. It is observed that the 0.005 g/L sample has the
highest resistivity value and pure MO has the lowest resistivity value, as shown in Table 6.
The decrease in resistivity is mostly due to the presence of contamination and moisture.
Contamination consists of polar molecules, which allows the charged particle to crossover
more easily, which then leads to a breakdown [22].

60
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=
B
é“ 56 0,01 gL
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TEMPERATURE (°C)

Figure 10. Resistivity values of different types of samples.
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Table 6. Resistivity (chm-cm x 101%) value of different type of samples with temperature increasing
from 30 °C to 90 °C and falling to 30 °C.

Types of Samples 30°C 50 °C 70°C 90 °C 70 °C 50 °C 30°C

Pure MO 2.02 1.28 0.628 0.172 0.521 1.31 2.06
Filtered MO 7.60 3.02 1.71 0.399 1.52 4.16 6.65
Filtered and Heated MO 9.08 4.79 2.81 0.905 2.93 8.67 15.5
0.001 g/L 17.8 10.2 5.01 0.499 3.10 10.2 24.0

0.005 g/L 45.1 222 11.0 5.23 15.7 35.7 56.9
0.01g/L 34.1 17.0 7.86 1.79 8.17 31.7 453
0.02g/L 25.3 11.5 6.50 1.17 5.21 21.2 40.1
0.03g/L 13.4 9.78 5.67 0.512 5.03 10.9 20.1

3.6. Simultaneous Thermal Analysis

Testing the heat transfer capability in a transformer is important to maintain the
internal temperature of the transformer. Simultaneous thermal analysis is used to analyze
the small change in sample weight and the heat flow in real-time measurement.

Figure 11 shows the heat flow of different types of samples with increasing tempera-
ture. From the data taken, the 0.005 g/L sample has the highest heat flow, which means that
it has the capability to absorb and transfer heat effectively. The addition of nanoparticles
helps to enhance the thermal conductivity of MO. At a room temperature of 30 °C, the
thermal conductivity continues to increase until it reaches 35 °C at which point the thermal
conductivity started to decrease. This is probably due to the contamination that exists in
the MO that acts negatively towards thermal conductivity. A high efficiency in transferring
heat helps maintain the stability of the system and prevent overload. Pure MO has the
lowest heat flow, showing low efficiency in heat transfer and absorption. The electrical
properties of the samples affect the thermal conductivity: as the electrical properties re-
duce, the thermal conductivity will decrease. The thermal energy that comes from the
transformer’s core or winding is absorbed by the transformer oil and is then passed to the
surroundings or the cooling vent of the transformer. The cooling system in the transformer
is essential to its efficient operation and to prevent any disaster from arising.

20 Pure
Filter
Filter&Heated
18 ——0.001g/L
—0.005g/L
16 —0.01g/L
———0.02g/L
14 i) 0310/L

12

Heat Flow (mW)

10

6 , . . , . , . .
40 60 80 100 120

Temperature (°C)

Figure 11. Heat flow of different types of samples.
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3.7. Raman Measurement

Raman measurements are used to characterize, extract, and analyze the special features
of the bonding structure of samples by focusing the Raman spectrometer on the inelastic
scattering of light.

Figure 12 shows the Raman spectra of different types of samples from 500 cm ! to
3500 cm~!. The Raman spectra of the MO are characterized by taking the first-order region
at 1400 cm ™! to 1600 cm ™! and the second-order region at 2800 cm ™! to 3000 cn 1. The
first-order region of the Raman spectra is studied in this analysis, which contains the
D-band and G-band.

Normalized Intensity (Arb. Unit) versus Raman Shift (cm™')

003giL

0.02 g/l

0.01giL

0.005g/L

0.001 giL

B
L J
——
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SEPNSW
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Normalized Intensity (Arb. Unit)

Pure

Frreri

T v T T T
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Raman Shift (cm’')

Figure 12. Raman spectra of different types of samples.

Figure 13 shows the Raman spectrum of pure MO at the first-order region as a reference
since each sample has an almost similar peak and pattern describing the chemical structure.
The D-band (graphite) is referred to as a disordered band that originates from structural
defects which exist in the first-order region around 1350 cm~!. Meanwhile, the G-band
(graphite) is a prominent band that exist in the first-order region around 1450 cm !. The
shape of the Raman spectrum is identical and no additional peak exists, which concludes
that the CNT molecules do not disrupt the structural behavior of MO [23].
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Figure 13. Raman spectrum of pure MO in the first-order region.

The characteristic of disorder in structure can be seen by using the peak intensity ratio,
as shown in Table 7. Pure MO has the highest intensity ratio of 0.4855, which indicates
the presence of high disorder in the samples, while the lowest intensity ratio is from the
0.005 g/L sample, with the value of 0.3889. This shows that the higher the value of the
intensity ratio, the lower the breakdown voltage. The D-peak with the highest value of
intensity verifies the presence of oxygen functional groups in the samples. Furthermore,
a large reflection of the structural distribution indicates that the structure crystallinity is
reduced or damaged. By reflecting the structural distribution, the 0.005 g/L sample has the
lowest intensity, which suggests the structure of the molecule is stable and is believed to
have good electrical properties.

Table 7. Intensity ratio of D-peak to G-peak of different types of samples.

Types of Samples D-Peak G-Peak Intensity Ratio

Pure MO 8756.95192 18,036.0871 0.4855
Filtered MO 8551.3035 18,549.1817 0.4610
Filtered and Heated MO 7733.07808 17,228.8529 0.4488
0.001 g/L 6434.38597 15,305.9334 0.4204
0.005g/L 6034.43015 15,518.9325 0.3889
0.01g/L 3780.85663 7837.40778 0.4824
0.02g/L 3392.65452 7337.1732 0.4624
0.03g/L 3698.82257 7534.0666 0.4910

4. Discussion

The action of dispersing the CNT nanoparticles in MO assists in trapping the electron
in the CNTs’ shallow traps and converting fast-moving electrons to slow-moving ones,
thus decreasing the electron avalanche process. However, the results from the 0.01 g/L,
0.02 g/L, and 0.03 g/L samples show that the dielectric strength decreases, indicating
that excessive CNT reduces the AC breakdown voltage due to the formation of a bridge
between the two electrodes. The increase in magnetic field strength helps in dispersing the
CNT nanoparticles well. However, there are still a few things that are still unknown, such
as the suspension patterns of the nanoparticles.

The discussion of the tan delta, permittivity, and resistivity values will focus on a
temperature of 30 °C since it is the minimum operating temperature of a transformer. It
is found that the 0.005 g/L concentration sample fulfils the properties of a good insulator,
which are a low dissipation factor, a high permittivity, and a high resistivity. This is due
to the presence of a suitable amount of CNTs in the MO, which helps in electron trapping
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and prevents the flow of charges. Referring to the Raman spectrum, the lowest intensity
ratio from the 0.005 g/L sample indicates the molecules’ structures are stable and have
better electrical properties than other samples. Moreover, the heat flow is also high in the
0.005 g/L sample, which shows it can absorb and transfer heat efficiently. The addition
of nanoparticles helps enhance the thermal conductivity of the MO. It can be concluded
that the addition of CNT nanoparticles and a magnetic field facilitates the improvement in
the mineral oil’s performance as an insulator in the transformer. In addition, the proper
preparation of samples helps to reduce the amount of unwanted particles and moisture in
the MO.

Further addition of variables can be carried out to obtain more relevant results in
determining and understanding the best insulation oil. In future work, investigation on
how the path of the external magnetic field changes the dielectric features of transformer
oil-based nanofluids can be improved. In addition, the interpretation of Raman data can be
improved by using mathematical methods such as partial least squares regression (PLS).
Further study can also be conducted using aging MO to identify how much aging affects
its electrical properties compared to the unused MO. On top of that, further investigation
on the chemical properties and physical properties helps obtain a better understanding of
how the nanofluid can be improved.

5. Conclusions

Based on the experiment that has been carried out, the electrical properties of MO have
been systematically studied. Improvement in MO’s properties in terms of AC breakdown
has been implemented using various treatments, CNT nanoparticle concentrations, and
magnetic field strengths. The measurement of parameters of concern related to the dielectric
strength, tan delta, resistivity, permittivity, Raman spectra, and heat flow contributed to
explaining the AC breakdown behavior. From the data obtained, it can be concluded that
the 0.005 g/L concentration nanofluid samples are the best option for insulation oil as they
fulfilled all the criteria of the electrical property parameters. Additionally, the addition of
a magnetic field strength of 0.45 T with a sample concentration of 0.005 g/L is the most
effective in enhancing the electrical properties.
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