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A B S T R A C T

Demand for environmentally friendly, high-performance insulating fluids has increased interest in bio-based nanofluids with
improved dielectric behaviour. This study measures and analyses stable nanofluids prepared by dispersing oleic-acid-coated titanium
dioxide (TiO2) nanoparticles in methyl ester obtained from palm kernel oil. Fourier-transform infrared (FTIR) spectroscopy was used
to characterise the coated nanoparticles, and nanofluids were prepared at controlled concentrations using mixing and stabilisation
procedures. The samples were assessed for viscosity, pour point, flash point, relative permittivity, loss factor, leakage current, and
direct-current (DC) and alternating-current (AC) breakdown strength. Dielectric measurements were carried out over 20–200 kHz
using a Rohde & Schwarz HM8118 programmable inductive-capacitive-reactance bridge. The results show that oleic-acid coating
improved nanoparticle dispersion stability, while increasing nanoparticle concentration enhanced dielectric performance. Among the
tested samples, ECNF0.6 gave the best insulating response. The findings indicate that TiO2-based palm kernel oil nanofluids are
promising sustainable insulating materials for oil-filled electrical power equipment.
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1. INTRODUCTION
Nanofluids, engineered colloidal suspensions of nanoparticles in
base fluids, have emerged as advanced working fluids in thermal
and electrical applications because of their enhanced physico-
chemical properties compared with conventional fluids. Since
the seminal work by Choi [1], who first introduced the term
nanofluid, research has focused on how nanoparticles influence
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heat transfer, rheology and electrophysical behaviour in base flu-
ids. Nanofluids containing metal oxides such as titanium dioxide
(TiO2) have attracted particular interest because of their chemi-
cal stability, nontoxicity, high dielectric constant and excellent
dispersion characteristics in various media [2].

The dielectric properties of nanofluids, quantified by param-
eters such as dielectric constant, dielectric loss and electrical
conductivity, are critical in applications such as high-voltage
insulation, microelectronic cooling and capacitive energy stor-
age. These properties not only influence the interaction of the
fluid with electric fields but also reflect the underlying dynam-
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ics of nanoparticle–base-fluid interfaces and charge-transport
mechanisms [3]. Dielectric behaviour in nanofluids can devi-
ate significantly from that of the pure base fluid because of
Maxwell–Wagner–Sillars polarisation, interfacial-layer forma-
tion and nanoparticle-charging effects [4].
Palm kernel oil (PKO), a biodegradable and sustainable veg-

etable oil, has been proposed as an eco-friendly base fluid for
advanced nanofluids. Its relatively high intrinsic dielectric con-
stant and thermal stability make it suitable for high-voltage elec-
trical systems and thermal-management applications. However,
the dispersion stability of nanoparticles in nonpolar vegetable
oils remains a major challenge because of strong particle aggre-
gation driven by van der Waals forces. Surface modification of
nanoparticles through coating, for example with surfactants or
insulating shells, is therefore essential to achieve long-term sta-
bility, reduce sedimentation and tailor interfacial properties [5].
Among potential nanoparticles, TiO2 is widely used owing to

its high relative permittivity, chemical inertness and ease of sur-
face functionalisation. Coated TiO2 nanoparticles, in which a
dielectric or surfactant layer is grafted onto the particle surface,
have been shown to exhibit enhanced dispersion and controlled
electrical interactions in oil-based fluids [6, 7]. The coating can
influence the effective dielectric constant of the nanofluid by
modifying interfacial polarisation and inhibiting particle cluster-
ing, which is a key factor affecting dielectric relaxation and AC
conductivity responses [8].
The objective of this study is to systematically measure and

analyse the dielectric properties of stable nanofluids prepared by
dispersing coated TiO2 nanoparticles in palm kernel oil. Dielec-
tric measurements under varying frequencies and temperatures
are used to elucidate complex permittivity behaviour and provide
insights into polarisation mechanisms and charge-transport phe-
nomena in these nanofluids. Understanding the interplay among
nanoparticle coating, concentration and base-fluid characteris-
tics is expected to support the design of next-generation insulat-
ing fluids for power systems and advanced cooling technologies.

2. THEORETICAL BACKGROUND
2.1. RELATIVE PERMITTIVITY
Relative permittivity (εr ) characterises how a material behaves
in an electric field. It indicates how easily the electrical response
of a liquid dielectric can change when an electric field is applied
[9]. The ratio of absolute permittivity (ε) to the permittivity of
free space (ε0) is known as relative permittivity. Consequently,
a high relative permittivity is required for a suitable insulating
fluid [10]:

εr =
ε

ε0
. (1)

2.2. DIELECTRIC POLARISATION
Polarisation can cause positive charges to be displaced toward
the field, while negative charges shift in the opposite direction.
When an insulator is present in an electric field, electrical charges
do not travel through thematerial, unlike in a conductingmaterial
[11]. The dipole moment (µ) of a dielectric is the product of
charge (q) and the displacement between the two charges (d):

µ = qd . (2)

The electric displacement is expressed as

D = εE , (3)

where E is the applied electric field.
Materials with high permittivity polarise more strongly in

response to an applied electric field and have greater energy-
storage capacity. Dielectric polarisation P is the vector sum of
the induced dipole moment and is directly proportional to the
strength of the electric field:

P = ε0αE . (4)

Here, α is the polarisability of the molecules, with µ = αE , and
ε0 is the permittivity of free space (8.85 × 10−12 F m−1). There
are four mechanisms of dielectric polarisation.
Electronic polarisation occurs in a neutral atom and arises

from displacement of the positively charged nucleus and the neg-
atively charged electrons in opposite directions when an electric
field is applied. This creates a dipole moment in a dielectric ma-
terial. It is exhibited by monoatomic gases and is proportional to
the volume of atoms and independent of temperature. The elec-
tronic polarisability, αe, is

αe = 4πε0R3, (5)

where R is the radius of the atom.
Ionic polarisation occurs when negative and positive ions are

displaced in opposite directions when an electric field is applied.
It occurs only in ionic solids, and the displacement is independent
of temperature:

αi =
e2

ω2
0

(
1
m
+

1
M

)
, (6)

where e is the electron charge, ω0 is the angular frequency, m is
the mass of the positive ion and M is the mass of the negative
ion.
Orientation polarisation is the main polarisation mechanism

in liquids. It occurs in polar molecules with permanent dipole
moments even in the absence of an electric field. When this ma-
terial is kept in an electric field, the molecules align along the
field direction, resulting in a dipole moment in the field direc-
tion. Orientation polarisation, Po, is given by

Po =
Nµ2E
3kBT

= NαoE , (7)

where

αo =
µ2

3kBT
. (8)

Space-charge polarisation occurs in heterogeneous dielectrics,
such as partially crystalline insulating materials, which have pos-
itive and negative ions as free charge carriers. Without an exter-
nal field, the dielectric is neutral and the positive and negative
charges neutralise each other. Under an external electric field, the
charge carriers in the dielectric move toward oppositely polarised
electrode surfaces, giving rise to a macroscopic dipole. When the
applied electric field is removed, the dielectric returns to its orig-
inal neutral state. Dielectrics with this type of polarisation mech-
anism are also described as nonpolar, because they do not build
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Figure 1. Prepared nanofluids.

a dipole without an external field. Boundary-surface polarisa-
tion is commonly present in heterogeneous insulating materials
such as impregnated-paper insulation, hard-pressed boards and
taped insulation used in electrical machines, and even at voids in
solid homogeneous dielectrics. Such materials normally have a
low value of relative permittivity [12]. The total polarisation is
P = NEα. The space-charge polarisation is very small and can
be neglected:

P = NEα = NE(αe + αi + αo)

= NE

4πε0R3 +
e2

ω2
0

(
1
m
+

1
M

)
+
µ2

3kBT

 . (9)

2.3. DIELECTRIC LOSS
Dielectric loss is defined as

tan δ =
ε′′

ε′
=

1
ωRC

, (10)

where δ is the angle between the charging and active currents,
called the loss angle. The loss tangent, tan δ, measures the inad-
equacy of dielectric constituents. Dielectric loss is influenced by
both frequency and temperature. When temperature increases,
ion mobility increases, further enhancing conduction through the
polarisation process. Loss therefore increases with higher tem-
perature. Viscosity describes the resistance of a fluid to flow,
and dynamic viscosity measures this resistance when an external
force is applied. The viscosity of insulating fluids plays a signif-
icant role in heat transfer and is highly temperature-dependent
[13]. When the insulating fluid is heated, its molecules vibrate
around their average positions, increasing their kinetic energy.
The increase in average kinetic energy is linked to a decrease
in the frictional force within the layers of the insulating fluid
[14]. Temperature in transformers tends to rise continuously be-
cause of power losses from their windings and magnetic circuits
[15]. As a result, insulating fluids are crucial for dissipating heat
in liquid-filled power equipment. They help reduce component
temperature to suitable levels and support reliable operation of
oil-filled power systems [16].

Conductivity, σ, is also a function of the imaginary permittiv-
ity ε′′, which describes energy loss:

σ =
Jl
E
= ωε′′, (11)

where Jl is the leakage-current density and E is the applied elec-
tric field.

The correlation between viscosity and temperature is analysed
using an Arrhenius plot:

η = A exp
(
Ea
kT

)
, (12)

where A is the pre-exponential term, η is viscosity, T is tempera-
ture in kelvin, k is the Boltzmann constant andEa is the activation
energy determined from the slope of a plot of ln(η) against 1/T
[14]. Activation energy is the energy required to restrict the mo-
bility of charge carriers contained in the fluid. Hence, a suitable
insulating fluid has high activation energy.

3. SAMPLE PREPARATION AND METHODOLOGY
3.1. SAMPLE PREPARATION
The nanofluids were prepared by a two-step method, in which
coated nanoparticles were dispersed into fatty acid methyl es-
ter (FAME) and stirred at 800 rpm for 2 h [17]. This approach
is preferred because of its affordability and practical ease dur-
ing preparation [18]. Before measurements, suspended particles
were separated from sediments. Highly purified methyl ester
and nanofluid samples were prepared at different concentrations
(wt%). Figure 1 shows the prepared nanofluids, and Figure 2
shows the sample-preparation process.

3.2. STABILITY OF NANOFLUIDS
The stability of the nanofluids was observed using the sedi-
mentation method, in line with previous studies [19, 20]. The
most stable nanofluid sample was considered to be the sample
that retained more suspended nanoparticles over a long period.
The suspension mass for each sample was determined 30 d af-
ter preparation. Functionalised and nonfunctionalised nanopar-
ticles were dispersed into FAME at the same concentration of 0.6
wt%, and each sample was stirred for 3 h. After 30 d, the sus-
pended nanoparticles were measured by decanting the nanofluid
and leaving the sediment at the bottom of the beaker. The mass
of the filter paper was measured and recorded. The sedimented
nanoparticles were filtered, and the residue was washed with
methanol, heated and dried in a vacuum oven at 40 ◦C for 30
min.

3.3. X-RAY DIFFRACTION AND SCANNING ELECTRON
MICROSCOPY-ENERGY-DISPERSIVE X-RAY
SPECTROSCOPY

The TiO2 nanoparticles were characterised using an X-ray
diffraction (XRD) Rigaku MiniFlex 300 system operating in re-
flection mode with copper radiation of wavelength λ = 1.54059
Å at 40 kV and 30 mA. Data were taken for the 2θ range of 5◦–
80◦. The average crystallite size was calculated using the X-ray
wavelength and the peak breadth, β, in radians through the Scher-
rer equation [21, 22]:

D =
0.9λ
β cos θ

. (13)

3.4. MEASUREMENT OF VISCOSITY
The dynamic viscosity of the samples was measured using
an RVDV-1 Brookfield digital viscometer according to ASTM
D445, first at constant temperature and then at temperatures from
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Figure 2. Preparation of samples.

Figure 3. Viscosity measurement setup.

30 to 80 ◦C at 10 ◦C intervals. The experimental setup is pre-
sented in Figure 3.

3.5. MEASUREMENT OF POUR POINT
The pour point of methyl ester (ME) and the nanofluids was mea-
sured according toASTMD5949 (2022) [23]. The nanofluidwas
heated to 48 ◦C, after which the test jar was transferred to a bath
maintained at 24 ± 1.5 ◦C. The specimen was cooled at a rate of
1.5 ◦C, and its flow characteristics were examined visually. The
test jar was tilted at temperature intervals of 4 ◦C. The lowest
temperature at which movement of the test specimen was visu-

Figure 4. Rohde & Schwarz HM8118 programmable LCR bridge.

ally observed was recorded as the pour point of the sample.

3.6. MEASUREMENT OF FLASH POINT
The flash point was determined experimentally by heating the
liquid in a container and introducing a small flame just above the
liquid surface. The lowest temperature at which there was a flash
or ignition was recorded as the flash point according to ASTM
D93.

3.7. RELATIVE PERMITTIVITY AND LOSS FACTOR
The relative permittivity and loss factor of the samples were mea-
sured according to IEC 60247:2004 using a Rohde & Schwarz
HM8118 programmable LCR bridge. The measurement setup is
shown in Figure 4.

3.8. DC LEAKAGE CURRENT AND BREAKDOWN STRENGTH
The test cell was filled with nanofluid containing homogenised
nanoparticles. The electrode of the test cell was adjusted to 2.5
mm according to IEC 60156:2018. The test cell was then con-
nected to a high-voltage source through a series current-limiting
resistor of 1 MΩ. The voltage was slowly and cautiously in-
creased stepwise at 1 kV s−1, and the potential difference across
the measuring resistor was measured using a benchtop digital
multimeter until breakdown occurred. Five breakdowns were
conducted for each sample, and the average value was taken.
The leakage current was determined from the measured voltage
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Figure 5. Dielectric-breakdown measurement setup.

Table 1. Sample codes used for stability identification.

Sample Code

Uncoated nanofluid UCNF
First coated nanofluid 1CNF
Second coated nanofluid 2CNF
Third coated nanofluid 3CNF
Fourth coated nanofluid 4CNF
Fifth coated nanofluid 5CNF
Sixth coated nanofluid 6CNF
Seventh coated nanofluid 7CNF
Eighth coated nanofluid 8CNF
Ninth coated nanofluid 9CNF
Tenth coated nanofluid 10CNF

across the measuring resistor and the resistance of the resistor
using Ohm’s law.

3.9. AC BREAKDOWN STRENGTH
The AC breakdown voltage of the samples was measured ac-
cording to ASTM D1816 (2019). An automated insulating-oil
dielectric-strength tester, model FS2080, was used to determine
the dielectric breakdown of each oil sample. The electrodes of
the test kit had a mushroom shape with a gap spacing of 2 mm.
Approximately 250 mL of oil was used for each sample, and the
breakdown-voltage test was carried out by increasing the supply
voltage stepwise at 1 kV s−1 until breakdown occurred. For sta-
tistical analysis, five breakdown-voltage data points were taken.
The measured average breakdown voltage and Weibull distribu-
tion were compared, and the characteristic breakdown voltage
was determined. Figure 5 shows the dielectric-breakdown mea-
surement setup.

4. RESULTS AND DISCUSSION
4.1. SAMPLE DESCRIPTION
Table 1 explains the sample codes used for stability identifica-
tion. Table 2 explains the sample codes used for the dielectric
tests and the percentage of suspended nanoparticles in them.

Table 2. Sample codes for dielectric tests and the corresponding suspended-
nanoparticle percentages.
Sample Code Suspended

nanoparticle
(wt%)

Methyl ester ME 0.00
Eighth coated nanoparticle at 0.1 wt% ECNF0.1 0.037
Eighth coated nanoparticle at 0.2 wt% ECNF0.2 0.07
Eighth coated nanoparticle at 0.3 wt% ECNF0.3 0.11
Eighth coated nanoparticle at 0.4 wt% ECNF0.4 0.15
Eighth coated nanoparticle at 0.5 wt% ECNF0.5 0.18
Eighth coated nanoparticle at 0.6 wt% ECNF0.6 0.22
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Figure 6. Variation in suspended nanoparticles in nanofluid samples.

4.2. STABILITY OF NANOFLUIDS
Nanoparticles agglomerate when dispersed in ME because they
have small surface area and very high surface energy [24]. The
UCNF sample had 0.04 g L−1 of suspended mass and showed
more sedimentation owing to the lack of surfactant. Hence, coat-
ing or surface modification improves the stability of nanofluids
[25, 26]. The presence of surfactant in the nanofluids reduced
sedimentation and agglomeration of the nanoparticles [27]. The
suspended quantity for all samples at 0.6 wt% is shown in Figure
6.

The 1CNF, 2CNF, 3CNF, 4CNF, 5CNF, 6CNF, 7CNF, 8CNF,
9CNF and 10CNF samples had suspended masses of 0.07, 0.09,
0.10, 0.12, 0.14, 0.17, 0.19, 0.22, 0.16 and 0.13 g L−1, respec-
tively. The suspended mass increased with the number of coat-
ings up to a certain value, and the 8CNF sample displayed the
optimum stability performance. Eight-times coated nanoparti-
cles were therefore used to prepare nanofluids at varying con-
centrations of 0.1–0.6 wt%. The prepared samples were used for
physical and dielectric-property measurements.

4.3. FOURIER-TRANSFORM INFRARED ANALYSIS
Fourier-transform infrared (FTIR) characterisation was per-
formed using infrared absorption and vibration generated by the
diverse functional groups to reveal the chemical composition of
the samples [28]. The FTIR spectra of pure TiO2 and oleic-acid-
coated TiO2 are shown in Figures 7 and 8, respectively. In Figure
7, the band at 3235 cm−1 is associated with symmetric and asym-
metric stretching modes of hydroxyl groups (Ti–OH) [29, 30].
Furthermore, deformation vibration of the Ti–OH bending mode
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Figure 7. FTIR spectrum of pure TiO2.

Figure 8. FTIR spectrum of oleic-acid-coated TiO2.

was found at 1636 cm−1 [31]. The two detected peaks correspond
to O–H bending modes of adsorbed water and hydroxyl groups
on the TiO2 surface. The band from 1000 to 400 cm−1 has been
identified in the literature as the fingerprint of Ti–O stretching
and Ti–O–Ti bridging stretching modes [32]. The peak at 650
cm−1, which is within the anatase titania range, indicates that the
TiO2 nanoparticles used were anatase [33].
In Figure 8, the oleic-acid-coated TiO2 nanoparticle shows a

strong CH2 absorption peak at 2926 cm−1 that is not present in
pure TiO2, reflecting the presence of oleic acid in the coated
TiO2 used for surface coating. The peak at 1461 cm−1 indicates
carboxylate and demonstrates the interaction of oleic acid and
nanoparticle surfaces through physical and chemical bonding.
The carboxylate peak reveals the reaction between the –COOH
group of oleic acid and the –OH group of TiO2 nanoparticles.
These findings are in good agreement with those presented by
Zou et al. [34].

4.4. X-RAY DIFFRACTION ANALYSIS
The powder XRD pattern of the TiO2 nanoparticles was used to
determine the average crystallite size. In Figure 9, the diffraction
peaks are attributable to TiO2, and the two intense peaks at 2θ =
25.26◦ and 47.84◦ can be indexed to the anatase phase (JCPDS
file No. 21-1272). The XRD pattern of TiO2 is also in good
agreement with results reported in the literature [35, 36]. The
mean crystallite size of the nanoparticles was calculated using
Eq. (13). The average particle sizes of TiO2 were 11 and 18 nm.

4.5. VISCOSITY
According to IEC 60296:2020, the maximum viscosity of insu-
lating fluid is 12 mPa s at a reference temperature of 40 ◦C. As
shown in Figure 10, the viscosity of the samples increased with

Figure 9. XRD spectrum of TiO2 nanoparticles.
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Figure 10. Variation of viscosity with sample temperature.

increasing loading at the same temperature. At 40 ◦C, the per-
centage increase in viscosity from ME to ECNF0.1 was mod-
est, with values of 3.95 and 4.01 mPa s, respectively, compared
with the increase from ECNF0.1 to ECNF0.2. Similar patterns
were found in the remaining samples. This variation could be due
to intermolecular forces affected by an increase in nanoparticle
loading. The viscosities of ECNF0.5 and ECNF0.6 were 4.47
and 4.52 mPa s, respectively. Figure 10 also shows that increas-
ing temperature caused a decrease in the viscosity of all samples.
This is because heat increases each molecule’s thermal or kinetic
energy. As a result, the cohesive energy of the molecules reduces
the resistive force acting between the layers of liquid molecules.
This enhances molecular mobility, reducing viscosity [13]. The
results showed that coating had no significant effect on viscos-
ity and confirmed that the nanofluid meets the requirements for
insulating oil.
The viscosity measurements were plotted against temperature

to produce an Arrhenius plot (Figure 11). The activation en-
ergy of each sample was calculated from the slope of the Ar-
rhenius plots, as shown in Table 3. As indicated in the table,
activation energy increased by dissociating the molecules, pre-
venting a rapid rise in particle-charge mobility in the fluids and
reducing conduction by limiting ion mobility. A good insulat-
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Figure 11. Arrhenius plot for sample viscosity.

Table 3. Activation energy of the samples.

Sample Activation energy (eV mol−1)

ME 0.07
ECNF0.1 0.08
ECNF0.2 0.09
ECNF0.3 0.10
ECNF0.4 0.12
ECNF0.5 0.13
ECNF0.6 0.14

ing fluid must have high activation energy, low conductivity and
low viscosity. The higher the activation energy, the more energy
is required to reduce the nanofluid viscosity. The activation en-
ergy increased with concentration by lowering charge mobility
[37, 38]. Thus, adding coated nanoparticles to oil had little in-
fluence on viscosity but improved the dielectric characteristics.

4.6. MEASUREMENT OF POUR POINT

Good insulating fluids are expected to flow under severely cold
conditions to dissipate heat in power equipment during operation
and to serve as cooling agents that prevent system damage. The
pour points ofME and the nanofluid weremeasured usingASTM
D5949 [23]. The pour points of purified palm kernel oil (PPKO)
and natural ester were determined to be 25 and −4 ◦C, respec-
tively. The substantial decrease in the pour point of PPKO can
be attributed to the removal of glycerol, the viscous component
of the oil. The elimination of glycerol lowered the number of O–
H hydrogen bonds. This reduced the average molecular mass of
the oil and the ability of the fatty acid chains to entangle, reduc-
ing the melting temperature of the ester to −4 ◦C [13], which is
twice the value of −8 ◦C reported in this study. As shown in Fig-
ure 12, the pour point of the nanofluids increased with concentra-
tion. This could be attributed to the influx of oxygen molecules
from TiO2 nanoparticles, which oxidised ME and increased the
oil pour point. According to IEC 60247, liquid dielectric has a
maximum pour point of−45 ◦C. Therefore, multiple coatings did
not pose problems for the pour point.
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Figure 12. Pour point of the samples.

ME

EC
NF0

.1

EC
NF0

.2

EC
NF0

.3

EC
NF0

.4

EC
NF0

.5

EC
NF0

.6

Sample

0

20

40

60

80

100

120

140

160

Fl
as

h 
po

in
t (

°C
)

Figure 13. Flash point of the samples.

4.7. MEASUREMENT OF FLASH POINT
The higher the flash point of insulating fluids, the more thermally
stable they are. Increasing the flash point of the samples there-
fore improves their performance. The minimum flash point re-
quired according to IEC 60296 is 135 ◦C.ME had a flash point of
151 ◦C,which is higher than the 148 ◦C reported in previous stud-
ies [13]. This could be related to a reduction in the glycerol level
in the oil. Figure 13 shows the flash points of all samples. The
results show that adding coated nanoparticles at increasing con-
centrations increased the flash point of the insulating fluids. This
could be related to the lack of particle-charge mobility, which
reduces conduction and enables the oil molecules to dissociate
more easily. The findings indicate that adding coated nanoparti-
cles to the base oil improves the dielectric properties relevant to
power equipment.

4.8. RELATIVE PERMITTIVITY
Figure 14 illustrates the relative permittivity calculated by di-
viding the sample capacitance by the capacitance of free space.
It can be concluded that permittivity is slightly frequency-
dependent. Permittivity decreased slightly as frequency in-
creased because permittivity is a function of capacitance. Insu-
lating fluid that serves as a good coolant has higher permittiv-
ity because capacitance determines the energy-storage capabil-
ity of the oil. The permittivity of ME was approximately 3.24,
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Figure 14. Permittivity as a function of sample frequency.

which is nearly identical to the value found by Oparanti et al.
[38]. Researchers have further shown that the overall polarisa-
tion can be calculated as the sum of base-oil polarisation, inter-
nal polarisation of nanoparticles and orientation polarisation of
charged nanoparticles as polar molecules [37]. Dielectric insu-
lating fluids with high dielectric constants are used in distribu-
tion and power transformers [10]. The dielectric-constant val-
ues of the nanofluids were compared with those of transformer
mineral oil, and the results suggest that nanofluids with higher
dielectric-constant values can be used to insulate oil-filled power
equipment. Owing to increased nanoparticle concentration, the
nanofluid had higher permittivity than ME. The results showed
that as nanoparticle concentration increased, permittivity also in-
creased because the nanoparticles trapped and detrapped charged
particles in the oil. In addition, because charged particles have
mass and inertia, polarisation is expected to decrease as fre-
quency increases. This leads to the conclusion that surface mod-
ification has no significant effect on permittivity, whereas the ad-
dition of nanoparticles enhances oil permittivity.

4.9. PERMITTIVITY WITH TEMPERATURE VARIATION
Figure 15 shows the dielectric constant of samples at tempera-
tures from 30 to 80 ◦C at 10 ◦C intervals. The dielectric constants
of all samples followed the same pattern and decreased as tem-
perature increased. ME had lower dielectric-constant values than
the nanofluid samples, with values of 3.21 at 30 ◦C and 1.81 at 80
◦C. This is comparable to the findings of Hamid et al. [39], who
reported that the dielectric constant of canola oil was 2.005 at 30
◦C and decreased to 1.863 at 90 ◦C. The dielectric constant de-
creases with increasing temperature because of weaker interac-
tions between molecules [10]. The increase in temperature also
increases the kinetic energy of the insulating-fluid molecules, re-
sulting in more random motion and reducing dipole orientation,
thereby reducing the dielectric constant.

4.10. DIELECTRIC LOSS FACTOR
Figure 16 presents the frequency dependence of dielectric loss.
Dielectric loss decreased with increasing frequency, in agree-
ment with Eq. (10). As the concentration of TiO2 nanoparticles
increased, the dielectric loss decreased. This is because nanopar-
ticles capture and release free-moving electrons, or streamers
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Figure 15. Permittivity as a function of temperature.
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Figure 16. Dielectric loss of the samples as a function of frequency.
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Figure 17. Comparison of dielectric loss with temperature.

[40]. This reduces the kinetic energy of fast-moving electrons
and lowers the conduction rate of the insulating fluids. Conduc-
tion is directly proportional to dielectric loss, as shown in Eq.
(11). Therefore, the electric charges responsible for conduction
were captured by the nanoparticles, leading to a reduction in the
loss tangent [41].
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Figure 18. Current–voltage curves of the samples.

4.11. DIELECTRIC LOSS WITH TEMPERATURE VARIATION
Figure 17 shows the variation in dielectric loss with temper-
ature. As temperature increased, dielectric loss gradually in-
creased. The increase in dielectric loss could be attributed to
the increase in average kinetic energy of the molecules in the
nanofluids, which causes charges to vibrate rapidly about their
mean position. This vibration increases ionic conduction in the
fluids.

4.12. HIGH-VOLTAGE DC BREAKDOWN ANALYSIS
Figure 18 shows the current–voltage curves of the samples,
demonstrating the behaviour of leakage current, or conduction
current, as voltage increased. Because of the non-Ohmic nature
of the capacitor, leakage current increased symmetrically rather
than linearly with voltage. The data also show that as nanoparti-
cle loading increased, leakage current decreased. This could be
due to charge-carrier trapping through polarisation and charge-
inductionmechanisms, which enhance insulating properties [42].

The measured dielectric breakdown voltage (BDV) for all
samples is shown in Figure 19. Dielectric breakdown increased
with nanoparticle concentration. This is due to a decrease in
the effective width of double layers, which reduces interparticle
distance. Nanoparticles can be readily ionised by generating an
electric field, bridging the electron flow [43]. Makmud et al. [37]
predicted that the breakdown of liquid dielectric will eventually
increase.

4.13. WEIBULL STATISTICAL AC BREAKDOWN
Figures 20–22 show theWeibull graphs for all prepared samples.
The statistical analysis followed standard guidance for electrical-
insulation breakdown data [44]. The characteristic breakdown
voltage increased as nanoparticles were dispersed in the base
fluid. Figure 20 shows the Weibull plots for ME and ECNF0.1.
The slopes of the two samples are substantially identical, indicat-
ing a close β parameter. The β parameter of ME falls within the
range reported byAbdelmalik et al. [13]. ECNF0.1 had a larger β
parameter and characteristic breakdown value than ME. The low
value of the β shape parameter of ME suggests that the break-
down data are concentrated around a modal point. ECNF0.3 had
a greater characteristic breakdown value than ECNF0.2 (Figure
21). Figure 22 shows the Weibull charts for ECNF0.4, ECNF0.5
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Figure 19. DC breakdown voltages of the samples (d = 2.5 mm).

Figure 20. Two-parameter Weibull plot of AC breakdown voltage for ME
and ECNF0.1.

Figure 21. Two-parameter Weibull plot for ECNF0.2 and ECNF0.3.

and ECNF0.6. The dielectric breakdown rate increased with the
concentration of dispersed TiO2 nanoparticles. ECNF0.6, which
contained 0.22 wt% dispersed nanoparticles, increased the char-
acteristic breakdown strength of the nanofluid. This was due to
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Table 4. Shape parameter, scale parameter and correlation coefficient obtained from two-parameter Weibull plots.

Sample N Characteristic breakdown
strength, α (kV mm−1)

95% confidence bound
for α (kV mm−1)

Shape parameter, β 95% confidence bound
for β

ρ correlation
coefficient

ME 5 21.4 18.50–23.94 18.63 10.61–44.70 0.956
ECNF0.1 5 24.2 21.99–25.96 28.94 16.48–69.42 0.907
ECNF0.2 5 25.2 22.99–26.96 30.14 17.16–72.32 0.907
ECNF0.3 5 26.2 23.98–27.96 31.35 17.85–75.21 0.906
ECNF0.4 5 27.2 24.98–28.96 32.56 18.54–78.11 0.906
ECNF0.5 5 28.3 26.67–29.59 46.21 26.31–110.86 0.919
ECNF0.6 5 29.3 27.67–30.59 47.85 27.25–114.80 0.919

Table 5. Weibull probability of the AC breakdown voltage for all samples.

Weibull probability (%) ME ECNF0.1 ECNF0.2 ECNF0.3 ECNF0.4 ECNF0.5 ECNF0.6

1 16.75 20.63 21.62 22.61 23.60 25.62 26.62
5 18.29 21.83 22.82 23.82 24.82 26.54 27.54
10 19.01 22.38 23.37 24.37 25.37 26.96 27.96
30 20.29 23.34 24.34 25.34 26.34 27.68 28.68
63.2 21.45 24.19 25.19 26.19 29.19 28.31 29.31

Figure 22. Two-parameter Weibull plot for ECNF0.4, ECNF0.5 and
ECNF0.6.

a reduction in interparticle distance and the possible breadth of
the double layers. This may have resulted in nanoparticle over-
lap, which, under a high electric field, may become ionised and
bridge the flow of electrons.
TheWeibull parameters and their 95% confidence intervals are

summarised in Table 4.
It can be observed from Table 4 that the correlation coeffi-

cients of the breakdown data, when fitted in theWeibull function,
are close to 1, indicating a strong positive correlation between
Weibull probability and AC breakdown strength for the samples.
The low values of the shape parameter for all samples indicate
that the breakdown data are clustered around a modal point for
all samples.
Table 5 presents the Weibull probability of the AC breakdown

voltage for all samples.
It was observed that, at each probability level, the AC break-

down voltage of all nanofluid samples was better than that of ME

(Table 5). The addition of TiO2 nanoparticles to the ester helped
to reduce electron transport in the nanofluid through repeated
trapping and detrappingwith the aid of shallow traps. These traps
convert fast electrons created by the high electric field to slow
electrons through the hopping process. The dielectric strength
of the oil was increased through this hopping process by reduc-
ing the speed of the electrons and preventing the accumulation
of space charges in the oil.

5. CONCLUSION AND RECOMMENDATIONS
Based on the investigation and the analysis of the results, mul-
tiple surface modifications of TiO2 nanoparticles had no signif-
icant effect on dielectric properties but increased the stability of
the nanofluids. Optimum nanofluid stability was achieved after
eight coating cycles. In addition, the insulating properties of all
samples improved with increasing concentration of eight-times
coated nanoparticles in the ester-based oil. ECNF0.6 was there-
fore found to be the best insulating material among the tested
samples for use in oil-filled power equipment for cooling and in-
sulation. Surface modification increased nanofluid stability, and
the addition of nanoparticles to ester oil improved dielectric per-
formance.
On the basis of the results obtained in this study, the fol-

lowing recommendations are made. Although surface modifi-
cation improves stability over time, further studies are required
to improve stability for longer periods, because transformers are
operated for very long durations and longer maintenance inter-
vals are desirable. Although the nanofluid produced was stable
for an extended period using sedimentation and centrifugation
methods, further research should use other methods to identify
the best alternative method for enhancing the stability of dis-
persed nanoparticles. In this study, the highest amount of coated
TiO2 dispersed into ME was 0.6 wt%. Therefore, the optimum
breakdown-voltage performance was not observed, and further
study above this value using eight-times coated TiO2 nanoparti-
cles is recommended.
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