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ABSTRACT Vegetable oils have emerged as insulating fluids in transformer applications and as a prominent
and effective alternative for traditional dielectric fluids. However, most of vegetable oils are edible causing
their application on a large scale to be limited. In the present work, a novel non-edible vegetable oil
is developed as an insulating fluid. The developed oil is oxidation-inhibited cottonseed oil (CSO) based
nanofluids. Tertiary butylhydroquinone was used as antioxidant. The concept of nanofluids was used to
overcome the limited dielectric and thermal properties of cottonseed oil. Hexagonal Boron Nitride (h-BN)
nanoparticles at low weight fractions (0.01 - 0.1 wt%) were proposed as nanofillers to achieve adequate
dielectric strength and improved thermal conductivity. Stability of prepared CSO based nanofluids was
analyzed using Ultraviolet–visible (UV-Vis) spectroscopy. Then, the prepared nanofluids were tested for
dielectric and thermal properties under a temperature range between 45 ◦C and 90 ◦C. The dielectric
properties include breakdown strengths under AC and lightning impulse voltages, dielectric constant,
dissipation factor, and resistivity, while thermal properties include thermal conductivity and thermogram
analysis. The dielectric and thermal properties were significantly improved in CSO based nanofluids. The
creation of electric double layer at nanoparticle/oil interface and the lattice vibration of nanoparticles were
used to clarify the obtained results. The proposed CSO based h-BN nanofluids open up a great opportunity
in both natural ester insulating fluid applications and thermal energy management systems.

INDEX TERMS Vegetable oils, transformers, nanofluids, dielectric properties, thermal properties.

NOMENCLATURE
b Absorbance in y intercept
BDV Breakdown voltage [kV]
cp Specific heat capacity [J/(kg.K)]
CSO Cottonseed oil
EDL Electric Double Layer
Enh. Enhancement
h-BN Hexagonal Boron Nitride
kB Boltzmann constant [1.3806505e−23 J/K]
LI Lightning impulse
m Coefficient of molar extinction [M−1.cm−1]
NEIO Natural ester insulating oil

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

wt% Weight percentage
X Concentration [mol/l or M]
Y Absorbance

GREEKS
µ Viscosity coefficient [kg/(m.s)]
ε, εo Permittivity, Permittivity of space

(F.m−1)
ε’ Dielectric constant
ε’’ Loss factor
ρ Density (g.cm−3)
σ Electrical conductivity [S.m−1]
τ Relaxation time (s)
N1, N2 & N3 No. of molecules of oil, nanoparticle,

and oil at nanoparticle/oil interface

76204 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0002-8037-2538
https://orcid.org/0000-0002-9042-9796
https://orcid.org/0000-0002-3894-4299
https://orcid.org/0000-0002-9669-569X
https://orcid.org/0000-0002-1280-6234
https://orcid.org/0000-0002-0935-2040


R. A. Farade et al.: Investigation of the Dielectric and Thermal Properties of Non-Edible CSO by Infusing h-BN Nanoparticles

r Radius [m]
RTP Room temperature and pressure
SD Standard Deviation
T Temperature [◦C]
TBHQ Tertiary butylhydroquinone
λ Thermal conductivity [W/m.K]
8 Volume concentration
α1,α1& α1 Polarizability of N1, N2, and N3

SUBSCRIPTS
p Particle
f Fluid
nf Nanofluid

I. INTRODUCTION
It is important to maintain the key properties of insulating flu-
ids used in transformers. These fluids have dual roles, where
they perform as an electrical insulator and heat transfer agent.
The dielectric strength of these fluids should be adequate
to withstand the potential range of electrical stress imposed
during service. On the other hand, combinations of their
viscosity, thermal conductivity, and specific heat should be
sufficient to transfer heat from transformer to surroundings.
In addition, insulating fluids should have a sufficiently high
flash point and fire point to meet safety standards. Finally,
they should be resistant to oxidation and deterioration.

Owing to sustainability, biodegradability and pollution-
free nature of natural ester insulation oils, many researchers
and industries investigated such oils for transformer applica-
tions [1]–[3]. As a result, several international standards were
devoted to these oils such as ASTMD6871, IEC 62770, IEEE
C57.155-2014, ASTMD6871, IEEE C57.147-2018, and IEC
63012. These standards endorsemodified and blendedNEIOs
in transformers, assist equipment manufacturers and service
companies to determine the suitability of unused NEIOs
received from suppliers, and assist transformer operators in
assessing and maintaining NEIOs in a serviceable condition.

Turning vegetable oil feedstock into a competitive com-
mercial transformer grade isolating oil with better inher-
ent properties imposes numerous practical consequences and
challenges. The first challenge is the oxidation tendency of
vegetable oils with corresponding aging and impact on vari-
ous oil properties [4]. The second and important challenge is
the dependence of vegetable oils on edible products. Accord-
ingly, this paper aims to develop a novel non-edible vegetable
oil as an insulating fluid.

In India, agro-technological innovation and biotechnology
offers tremendous potential for sustainable and cost-effective
production of cotton [5], whereas cottonseed oil is not as com-
mon as edible oil. On the other side, CSO oil is biodegradable
and non-toxic making it an environmentally friendly fluid. In
addition, it has high flash point and fire point [6]. Despite
CSO has these favorable characteristics, it has a high level of
un-saturated fatty acid, leading to a greater risk of oxidation.
However, to resolve this limitation, the base feedstock can

be upgraded to higher oleic content by means of genetically
modified CSO [7] or by using antioxidant additives.

Blending and dispersing stable ultra-fine nanoparticles,
such as metals, oxides, nitrides, carbide ceramics, and car-
bon nanotubes, into fluids forms what is called nanofluids.
These nanofluids had several distinct characteristics, includ-
ing dielectric and thermal characteristics [8]–[12]. Nanopar-
ticles can be classified into conductors, semiconductors, and
insulators. The high surface area of two-dimensional mate-
rials leads to an efficient heat transfer phenomenon and is
a better alternative for the application with nanofluids. The
h-BN or graphene nanoparticles have a multifaceted fea-
ture among various 2D materials. However, h-BN overtakes
other nanofillers and is an enticing material with high ther-
mal conductivity and electrical insulation properties [13],
[14]. Furthermore, theoretical studies demonstrate that the
planes of h-BN can achieve high thermal conductivity [15].
Table 1 shows, few previous experimental studies on nano-
infused natural esters. These studies show that there is a
considerable percentage enhancement in the electro-thermal
characteristics of nanofluids compare to corresponding base
fluids.

In the present investigation, it is aimed to develop
non-edible CSO as natural ester insulating fluids through
inclusion of antioxidant and filling with h-BN nanofillers.
Inclusion of antioxidant will enable to resist the oxidation
process of the oil, while filling with h-BN nanofillers will
enable to enhance the dielectric and thermal properties of
the oil. Tertiary butylhydroquinone (TBHQ) has been used
as antioxidant. Four dosage levels (0.01, 0.02, 0.05, and
0.1 wt%) of h-BN nanoadditives have been introduced into
base TBHQ cottonseed oil. Comprehensive overview on syn-
thesis, characterization and stability analysis of CSO based
h-BN nanofluids is presented. Breakdown strengths under
AC and lightning impulse voltages are evaluated. Also, other
dielectric properties such as dielectric constant, dissipation
factor, and resistivity are measured. In addition, thermal prop-
erties including thermal conductivity and thermogram analy-
sis are obtained. All these results are compared to that of the
base CSO. Finally, physical mechanisms behind the obtained
results are discussed considering the effects of 2Dmaterial (h-
BN) and the role of electric double layer at nanoparticle/oil
interface.

II. MATERIALS AND METHODOLOGY
The h-BN nanoparticles were procured from Intelligent
Materials Pvt. Ltd. (NANOSHEL Stock No: NS6130-02-
260 CAS: 10043-11-5). The characteristics of the obtained
h-BN nanoparticles are as follows. The size of the h-BN
nanoparticles is in the range of 50-70 nm, Young’s modulus
of 14-60GPa, and a density of 2.29 g/cm3. The h-BN nanoflu-
ids were prepared using the below mentioned process with
various weight percentages, 0.01, 0.02, 0.05, and 0.1. Fig. 1a
and Fig. 1b illustrate the visualization of the powdered sample
and produced nanofluids at various h-BNweight percentages,
respectively.
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TABLE 1. Experimental studies on nano-infused natural esters and attained percentage enhancement in the characteristics.

Two-step method was implemented for preparing nanoflu-
ids in the context of its advantages compared to one-step
method, where it has lower cost, more productivity, and
reduced particle waste. CSO was used for the present imple-
mentation as the base fluid. This vegetable oil was provided
by local supplier in India from M/s S S Odunavar Industries.
The TBHQ antioxidant was used as a synthetic antioxidant
due to its effectiveness at high temperatures in comparison to
other synthetic antioxidants [2]. It was supplied from Sigma
Aldrich. A 0.02% of TBHQ was added to CSO and the
solution was stirred at 80 ◦C for 1.5 hour with a specific
interval after each 30 minutes. The addition of antioxidants
suppresses the decomposing of the oil at high temperatures.
The measured quantity of h-BN is then added to the solution
and stirred again for 30 minutes at the same temperature. The
stable dispersion is then achieved by sonication for a period
of 1 hour by a probe sonicator.

The boron nitride nanosheets consists of covalently bonded
hexagonal B and N (sp2–hybridization). These h-BN layers

are stacked on the top of each other, where the adjacent layers
are held together by a weak force of van der Waals, as shown
in Fig. 1c. The h-BN nanosheets consist of mono-layered
h-BN planes. The 2D h-BN nanosheets are exfoliated from
bulk h-BN by long term sonication similar to the process
adopted in [20]. Fig. 1d shows pictorially exfoliation of h-BN
nanosheets.

III. INSTRUMENTATION OF DATA GATHERING
Scanning Electron Microscope (SEM) (JSM-IT 500) was
used to show morphological visualization of the h-BN
nanoparticles at various magnification levels with an accel-
eration voltage of 20 kV. Also, Transmission Electron
Microscope (HRTEM, JEOL-JEM 2100 PLUS), operating at
acceleration voltage of 200 kV, validated the size and mor-
phological analysis of the h-BN nanoparticles. On the other
hand, powder X-ray diffraction (XRD) (Philips X’pert MPD)
validated phase purity detection of h-BN nanoparticles, with
Cu Kß radiation in the 5-90◦ (2θ ) range. Nanofluid stability

76206 VOLUME 8, 2020



R. A. Farade et al.: Investigation of the Dielectric and Thermal Properties of Non-Edible CSO by Infusing h-BN Nanoparticles

FIGURE 1. (a) h-BN powder sample visual picture (b) Prepared NFs with different h-BN loading (c) Stacked h-BN
sheets before probe sonication (d) h-BN sheets exfoliation after long term probe sonication.

was measured using a UV-Vis spectrometer (Chemito Spec-
trascan UV-2700).

According to IEC156 and ASTMD3300 standards, the AC
breakdown and impulse breakdown voltages of the prepared
CSO/nanofluids were measured at room temperature. Based
on these standards; electrode configurations, voltage increas-
ing method/voltage ramp rate, time intervals, and other useful
information are detailed in Table 2. ADTR instrument from
ELTEL was used to measure loss tangent, dielectric constant,
and resistivity of CSO/nanofluids at a standard operating
frequency of 50 Hz and at four specific temperatures (45 ◦C,
60 ◦C, 75 ◦C, and 90 ◦C). For dielectric constant and loss
tangent measurements, the testing voltage was set at 500 V,
50 Hz AC, while for resistivity measurements, it was set
at 500 V, DC. The precision of the measurement device is
±0.1%, ±1%, and 2-5% for dielectric constant, loss tangent,
and resistivity, respectively.

Thermal conductivity of CSO/nanofluids was quantified
by the KD2 PRO equipment fromDecagon using the transient
hot-wire method. Following factory calibration, the accuracy
is about ±5% for the used sensor as given in the instrument
specifications. To maintain the accuracy in the test results,
the used sensor is crosschecked with a standard material
before testing thermal conductivity of samples. Measure-
ments were conducted at four different temperatures, 35 ◦C,
45 ◦C, 55 ◦C, and 65 ◦C.
For further thermal conductivity verification of

CSO/nanofluids, thermal response tests were conducted
using the experimental setup demonstrated in Fig. 2a. In brief,
100 ml of CSO/nanofluids was put into a beaker. Then,
the electric current preheats CSO/nanofluids at a certain fixed
power level for 26 minutes and the specimen was allowed
to cool down naturally for the next 26 minutes. The heating
and cooling response were recorded. Moreover, the thermal
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FIGURE 2. Experimental set-up of (a) Thermal response testing (b) Surface temperature imaging.

conductivity of CSO/nanofluids was validated through ana-
lyzing surface temperature images captured by the thermal
imaging camera Fluke Ti125. Fig. 2b shows this experimental
setup in detail. The experimental process includes heating
100 ml of various samples in a beaker under a certain fixed
power level for 45 minutes and capturing surface temperature
images at a specified time interval. The heating method is
similar to that performed in thermal response tests.

IV. CHARACTERIZATION AND STABILITY ANALYSIS
Comprehensive characterization of h-BN nanoparticles and
dispersion stability analysis of CSO nanofluids are reported
in this section.

A. CHARACTERIZATION OF H-BN NANOPARTICLES
SEM samples were prepared on a carbon tape bonded on
aluminum stub. A little h-BN sample was taken and placed
on the carbon tape, then the loose particles were removed.
After that, the stub was attached to the sample holder and
put into the sample chamber for SEM analysis. Fig. 3(a-
c) illustrates the SEM images of h-BN nanoparticles. From
the SEM analysis, the existence of h-BN sheets at higher
magnifying levels is realized, the bulk structure is verified,
and irregular morphology in this structure is observed.

During TEM samples preparation, h-BN nanoparticles are
dispersed in ethanol. A drop of nanoparticle solution was
deposited on the copper grid and was vacuum dried at room
temperature before TEM imaging. Fig. 3(d and e) showTEM-
images at two magnification levels. Fig. 3f shows that each
sheet consists of stacked atomic layers, where each fringe

depicts one atomic layer. Selected area electron diffraction
pattern is shown in Fig. 3g. The periodic spots in the fig-
ure indicate the high degree of crystallinity of h-BN, and also
indicate the six-fold symmetry. The pattern of h-BN X-ray
diffraction (XRD) is shown in Fig. 3h. The pattern is captured
in the 2-theta (2θ) range (from 5-90◦) at speed of 50◦ per
minute with step width 0.01◦. From the pattern, the peaks
are obtained at 26.6◦, 41.6◦, 43.8◦, 50.1◦, 55.1◦, and 75.8◦,
that are indexed (002), (100), (101), (102), (004), and (110),
respectively, representing hexagonal phase-planes of h-BN
[21], [22].

B. STABILITY ANALYSIS OF H-BN DISPERSED
NANOFLUIDS
Dispersion stability is a critical issue that affects the prop-
erties of nanofluids for various applications. One of the
most effective ways to evaluate nanofluid stability is spectral
absorption experiments. The following equation can establish
the relation between absorbance and concentration:

y = mx + b (1)

The nanofluid stabilization against the concentration of
nanoparticles is strongly affected by the characteristics of the
suspended particles and the base fluid. The higher levels of
nanoparticles in the fluid lead to an increasing number of
molecules into the fluid causing agglomeration with a subse-
quent increase in the weight. As a result, nanoparticles settle
off the suspension and become less stable. Table 3 shows
the absorbance values recorded on the first day and eighth
day after preparation of nanofluids. At all concentrations of
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FIGURE 3. Characterization of h-BN nanoparticles: SEM analysis at magnification levels: a) 3700X, b) 6000X, and c)
13000X; TEM analysis at magnification levels: d) 15000X, and e) 25000X; f) The edge area of the h-BN, indicating
sheet consists of a few stacked atomic layers; g) Selected area electron diffraction pattern showing six-fold
symmetry; and h) XRD analysis.

h-BN nanoparticles, there is no significant reduction in the
absorbance values at the eighth day comparing to the first
day, maintaining stability above 95% for all samples. This
indicates that CSO nanofluids are quite stable.

V. ELECTRICAL MEASUREMENTS OF CSO/h-BN
DISPERSED NANOFLUIDS
Inclusive dielectric properties of CSO/nanofluids are pre-
sented in this section. These properties include breakdown
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TABLE 2. Specifications of the AC and impulse breakdown test.

TABLE 3. Stability analysis of CSO/nanofluids with UV-Vis spectroscopy.

strengths under AC and lightning impulse voltages (at RTP)
and; dielectric constant, dissipation factor, and resistivity (at
45 ◦C to 90 ◦C).

A. BREAKDOWN STRENGTH OF CSO/NANOFLUIDS
Evaluating breakdown strengths of CSO/nanofluids is impor-
tant to ensure that they can bear high voltages. AC breakdown
strength of prepared samples was measured according to
IEC 156 standard, whereas impulse breakdown strength was
measured according to ASTMD3300 standard. ThemeanAC
breakdown voltage for base CSOwith TBHQ antioxidant was
estimated as 37.6 kV. After filling with h-BN nanoparticles,
an enhancement in AC breakdown voltage was achieved and
attained a maximum percentage increment of 63.3% at a
weight percentage of 0.1 wt%. The mean breakdown AC
voltages are listed in the first half of Table 4 along with
standard deviation and percentage enhancement at all weight
percentages. Whereas, the mean impulse breakdown volt-
age for base CSO with TBHQ antioxidant was estimated as
141.2 kV, and achieved a maximum enhancement up to 5.4%
at a weight percentage of 0.1 wt%. The mean breakdown
impulse voltages are listed in the second half of Table 4 along
with standard deviation and percentage enhancement at all
weight percentages. Fig. 4a and Fig. 4b depicts the mean
value and standard deviation of the AC and the impulse break-
down voltages against the weight percentages, respectively.

B. DIELECTRIC CONSTANT OF CSO/NANOFLUIDS
The dielectric constant corresponds to the inability of dielec-
tric molecules to reorient themselves with an alternating gra-
dient of the electric field. The material permittivity (ε∗) under

FIGURE 4. Breakdown strengths of CSO/nanofluids at different weight
percentages of h-BN nanoparticles: (a) AC breakdown strength and (b)
Impulse breakdown strength.

TABLE 4. AC and impulse breakdown test results.

alternating electrical field is a complex parameter given as
follows:

ε ∗ = ε′ − iε′′ (2)

where, ε’ is the real part that gives an indication for the degree
of polarization and ε’’ is the imaginary part that gives an
indication for the dielectric losses.
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FIGURE 5. Dielectric constant variance of CSO/nanofluids at different
weight percentages of h-BN nanoparticles and temperatures.

The dielectric constant of CSO/nanofluids is depicted
in Fig. 5. The dielectric constant reduces with the increase
in temperature at each weight percentage similar to that
obtained in literature [23]. At 45 ◦C, the results indicated
a small increase in the dielectric constant with the rise in
the nanoparticles weight percentage up to 0.02 wt%. This
increase was only about 1.3% at 0.02 wt%. Above 0.02 wt%,
the dielectric constant decreased remarkably. These trends
can be explained considering the expected polarization types
in nanofluids as will be discussed in section 5.5.

C. VOLUME RESISTIVITY OF CSO/NANOFLUIDS
Afluid volume resistivity is a dc measurement of its electrical
resistance to leakage current. Volume resistivity (�/cm) is
the ratio of direct potential gradient (V/cm) parallel to the
current density (A/cm2) in the sample at a given time and pre-
scribed conditions. The existence of conductive contaminants
is normally indicated by a lower resistivity. Inherently, natural
esters provide a smaller volume resistivity compared to min-
eral oils [24]. For CSO/nanofluids, volume resistivity against
weight percentages of h-BN nanoparticles at various temper-
atures is illustrated in Fig. 6. The volume resistivity increases
with filler levels from 0.0 wt% to 0.1 wt%. This improvement
is attributed to the decrease in the mobility of charge carri-
ers either due to trapping by nanoparticles or due to losing
their energy by the rigid structure created at nanoparticle/oil
interface. Furthermore, the decrement in volume resistivity
against temperature at all weight percentages is attributed to
the availability of more free charge carriers. These concepts
are explained in detail in the upcoming section 5.5.

D. DISSIPATION FACTOR OF CSO/NANOFLUIDS
Dissipation factor indicates energy loss, and thus it is respon-
sible for dielectric overheating under specific voltage, fre-
quency, and temperature circumstances. A high dissipation

FIGURE 6. Volume resistivity of CSO/nanofluids at different weight
percentages of h-BN nanoparticles and temperatures.

FIGURE 7. Dissipation factors of CSO/nanofluids at different weight
percentages of h-BN nanoparticles and temperatures.

factor demonstrates higher dielectric losses. Losses corre-
lated with the dissipation factor should not be confused with
losses correlatedwith transformer loading and excitation. The
losses correlated with the dissipation factor remain smaller
than that for loading and excitation in several orders ofmagni-
tude. Inherently, natural esters have larger dissipation factors
than mineral oils [25]. The term dissipation factor is often
referred as the loss tangent and is defined as:

tanδ =
ε′′

ε
′
=
Il
Ic
=
σac

ωε
′

(3)

where, δ is the loss angle between the charging current Ic and
the effective current Il .

Fig. 7 depicts the dissipation factor of CSO/nanofluids
at different weight percentages of h-BN nanoparticles
with varying the temperature. According to Equation (3),
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the dissipation factor is directly proportional to conductivity
and inversely proportional to permittivity. There are three
main results can be observed from Fig. 7 as follows. (1) At
45 ◦C, the dissipation factor decreases with the increase in
the filler levels from 0.0 wt% to 0.1 wt%. (2) For base CSO
fluid, there is a large increment in the dissipation factor
with the increase in the temperature. (3) The dissipation
factor decreases slightly against temperature at 0.01 wt% and
0.02 wt%, while it increases against temperature at 0.05 wt%
and 0.1 wt%. The mechanisms behind these results will be
discussed in the next section.

E. PHYSICAL MECHANISMS BEHIND DIELECTRIC
PROPERTIES OF CSO/NANOFLUIDS
There are two different mechanisms that can be responsible
for dielectric properties of CSO/nanofluids. The first mecha-
nism is the ability of nanoparticles to trap charges, which con-
sequently depends on dielectric relaxation time. Dielectric
relaxation time is highly dependent on the permittivity (ε) and
electrical conductivity (σ ) of the nanoparticles, together with
the surrounding fluid. The relaxation time of the nanoparti-
cles in the fluid (τh−BN) is taken from Laplace equation [26]
and can be represented as:

τh−BN =
2ε1 + ε2
2σ1 + σ2

(4)

where, subscripts 1 and 2 denote to CSO and nanoparticles,
respectively. From many literatures, the electric conductivity
of CSO is apparent within the range 10−9 − 10−12 S.m−1

and its permittivity was measured 2.95εo F.m−1. For h-BN
nanoparticles, the value of electric conductivity is less than
10−13 S.m−1 [27], and their permittivity was found in the
range of 4.0εo − 4.4εo. With the lowest range, the relaxation
time (τh−BN) was found to be about 43.85 ms according to
Equation (4). There are four modes of streamer propagation
in dielectric fluids [28]. The first and second modes occur
at relatively low velocities and charges can be trapped by
nanoparticles. This explains the enhancement in breakdown
strength under AC voltage. However, under impulse volt-
age application, the third and fourth modes predominate.
These modes are very fast compared to the relaxation time
of nanoparticles making it difficult for nanoparticles to trap
charges. Therefore, the charge trapping cannot contribute to
the enhancement in impulse breakdown strength.

The second mechanism responsible for dielectric proper-
ties of CSO/nanofluids is governed by nanoparticle/oil inter-
face. According to the theory of electrical double-layer (EDL)
[29], the surface of nanoparticles in contact with transformer
oil will accumulate free charges. These surface charges attract
the counter-ions in the transformer oil as well as repulse
the co-ions. Immediately next to the surface of the charged
nanoparticles, there is a sheet of counter-ions that are highly
bound to the particle surface and are immobile. This layer
is known as a compact layer and has a rigid structure. From
the compact layer to the electrically neutral transformer oil,
a second layer called the diffuse layer is formed, through

which the net charge density slowly falls to zero. Ions in
the diffuse layer are mobile and are influenced easily by
electrostatic forces.

EDL acts towards decreasing the energy of brisk electrons
produced under high electrical field and trapping them as
shown in Fig. 8. Due to the uniform distribution of nanoparti-
cles in the oil, interfacial volumes predominate creating a lot
of traps in the system. Higher concentration of nanoparticles
results in greater interfacial volume, leading to more traps.
This improves the insulation characteristics of oil including
AC breakdown strength and volume resistivity. For impulse
breakdown strength, the propagation velocity is very fast with
limited time for charge trapping in EDL.

Regarding dielectric constant, it can be explained consider-
ing the expected polarization types in nanofluids. According
to polarization model of oil mixtures with solid particles,
there are two possible types of polarization, the polarization
of oil molecules and the inner polarization of solid particles.
But, with decreasing the size of solid particles to nanoscale,
a third polarization is originated for oil molecules which are
positioned at nanoparticle/oil interface. This third polariza-
tion has limited polarizability due to the rigid and aligned
structure created at this region [30], [31]. So, the relative
permittivity of CSO/nanofluids can be expressed byClausius-
Mossotti equation as follows:

ε − 1
ε + 2

=
1
3ε0

[(N1 − N3) α1 + N2α2 + N3α3] (5)

At a low concentration of h-BN nanoparticles (0.01 wt% and
0.02 wt%), nanofluids have a slightly higher relative permit-
tivity than that of pure CSO. According to Clausius-Mossotti
equation, this higher relative permittivity is predominantly
due to the increase in total polarization of h-BN nanoparticles
due to the increase in the number of nanoparticles (N2).
On other side, at higher concentration of h-BN nanoparti-
cles (0.05 wt% to 0.1 wt%), the amount of dispersed h-BN
nanosheets per unit volume is high. This leads to an increase
in the number of oil molecules at nanoparticle/oil inter-
face (N3) that have limited polarization with a subsequent
decrease in the number of oil molecules at the free space (oil
molecules other than that at nanoparticle/oil interface). As a
result, the first polarization term in Equation (5) significantly
decreases, while the second and third terms slightly increase.
According to these key factors, the dielectric constant at
0.05 wt% and 0.1 wt% drops.

Regarding dissipation factor, it generally decreases with
the increase in the weight percentages from 0.0 wt% to
0.1 wt% as obtained at 45 ◦C. This may be due to charge trap-
ping by nanoparticles and EDL with a subsequent decrease in
the mobility of charge carriers and the electric conductivity.
For base CSO fluid, there is an increment in the dissipation
factor with the increase in the temperature as usual in dielec-
tric fluids, due to the increase of charge carriers and subse-
quent increase of conductivity. The temperature-dependency
of dissipation factor exhibited a slight decrease against
temperature at 0.01 wt% and 0.02 wt% and an increase
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FIGURE 8. Pictorial overview of breakdown phenomena in CSO nanofluids.

against temperature at 0.05 wt% and 0.1 wt%. This trend is
attributed to the effect of electrophoresis, which results in a
decrease in electrical conductivity against temperature for a
certain temperature range and an increase in electrical con-
ductivity against temperature for another temperature range
[32]. Under AC voltage application the h-BN nanoparticles
with its EDLmigrate through the fluid according to Brownian
motion [33] and following the AC voltage polarity. This
migration reverses each half-cycle of the applied voltage. The
temperature rise in this case increases Brownian motion [33].
For small weight percentages of nanoparticles, migration
of nanoparticles assists in scavenging charge carriers into
the fluid, thereby decreasing the conductivity and decreas-
ing the dissipation factor. For higher weight percentages of
nanoparticles, the distance between nanoparticles decreases.
Increasing Brownian motion of nanoparticles with the tem-
perature rise allows overlaps between adjacent EDLs, and
thus facilitates transport of charge carriers. This increases
the conductivity with a subsequent increase in the dissipation
factor.

VI. THERMAL ANALYSIS OF CSO/h-BN DISPERSED
NANOFLUIDS
Cooling is the second role of transformer oil. Accordingly,
the heat conductance of CSO/nanofluids has been examined
in comparison to base CSO by measurement of thermal con-
ductivity, thermal response analysis and thermal images.

A. THERMAL CONDUCTIVITY AND THERMAL RESPONSE
ANALYSIS
Fig. 9a shows the thermal conductivity of CSO/nanofluids
against weight percentage of h-BN nanoparticles for a
temperature range between 35 ◦C and 65 ◦C. With the intro-
duction of h-BN nanoparticles, the thermal conductivity con-
tinued to increase against weight percentage until attained
about 0.221 W/m.K at 0.1 wt% and 35 ◦C. This represents
an enhancement of 33% compared to base TBHQ CSO. The
significant increase in the thermal conductivity of nanofluids
deviates from the classical Maxwell theory [34].

Also, base TBHQ CSO thermal conductivity is almost flat
at temperatures ranging from 35 to 65 ◦C and is compat-
ible with that obtained in literature [35]. But, the thermal
conductivity of nanofluids is temperature-dependent, making
nanofluids act as smart fluids capable to dissipatemore heat at
higher temperatures. This confirm the role of h-BN nanopar-
ticles in improving thermal conductivity.

Regarding thermal response, it is depicted in Fig. 9b. It is
clear that nanofluids are heated and cooled down faster than
base fluids. This effectiveness is improved with increasing
the weight percentage of nanoparticles. This trend is similar
to that obtained in graphene/transformer oil nanofluids [36].

There are three different mechanisms that are responsible
for the obtained enhancement in thermal conductivity of
nanofluids. The first mechanism is phonon transport through
solid nanoparticles, which represents the governing mecha-
nism of heat transport in solid materials. Phonon transport
is originated from lattice vibrations [37]. The phonon mean
free path is in the order of few tens of nm. In nanofluids, the
ballistic phonon transport predominate the heat transport pro-
cess as illustrated in Fig. 9c, since the size of h-BN nanopar-
ticles reaches near the phonon mean free path. As shown in
Fig. 9c, the 2D structure of h-BN creates stacks of nanosheets
that produce pathways for successful heat transfer even at
low weight percentages. With increasing the temperature, the
atoms within the nanostructures move faster and vibrate in
their mean position increasing the number of phonons.

The secondmechanism is Brownianmovement of nanopar-
ticles [33]. The enhanced thermal conductivity due to Brow-
nian movement is expressed by the following formula [38]:

λnf

λf
=
λp + 2λf+2ϕ

(
λf + λp

)
λp + 2λf−ϕ

(
λf + λp

) + ρpϕcp
2λf

(√
kBT

35rµnf

)
(6)

where the second term accounts for the enhancement due
to Brownian movement. It is clear that Brownian movement
effect rises with increasing the temperature, giving increased
thermal performance. In addition to the contribution of Brow-
nian movement itself to the thermal conductance, it also helps
transmit phonons between nanoparticles.
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FIGURE 9. (a) Improvement of thermal conductivity of nanofluids with h-BN loading wt% and temperature (b) Nanofluid
thermal response over long periods of time (c) Nanofluid heat transport mechanism.

The third mechanism that can contribute to enhanced ther-
mal conductivity is the interparticle interactions due to the
EDL at nanoparticle/oil interface [39]. This EDL causes a
repulsion Coulomb force on nanoparticles resulting in an
additional movement of nanoparticles with a subsequent
enhancement in thermal conductivity. Also, EDL facilitates
the phonon transport between adjacent nanoparticles, espe-
cially with the elevated interfacial area created by the 2D
structure of h-BN nanoparticles [40].

It is important to point out that agglomeration of nanopar-
ticles affects thermal conductivity of constituting nanofluids
[41]. But, this effect is omitted in the present study, where
average h-BN size observed by TEM and stability of nanoflu-
ids observed by UV-Vis spectroscopy indicated that samples
are agglomerate free.

B. 6.2. THERMOGRAM ANALYSIS
The infrared optical images taken to support improved ther-
mal conductivity in CSO/nanofluids are displayed in Fig. 10.
All samples have been analyzed in the same range of tem-
perature. The images show that the surface temperature of
nanofluids at selected time period is above the base CSO
and has an increasing tendency with the weight percentage.
The average surface temperature recorded for base CSO and

FIGURE 10. Thermogram of base CSO and nanofluids with different
heating times and weight percentages.

nanofluids with maximum weight percentage of 0.1 wt%
were 95 ◦C and 104 ◦C, respectively, after 45 minutes
of heating. This validates the better thermal conduction of
nanofluids.
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VII. CONCLUSION
In this article, non-edible cottonseed oil (CSO)was developed
as natural ester insulating fluids through inclusion of antiox-
idant and filling with h-BN nanofillers. Different weight
percentages of h-BN nanoparticles have been used ranging
from 0.01 wt% to 0.1 wt%. The dispersion of nanoparticles
and their suspension stability have been confirmed through
TEM observation and UV-Vis spectroscopy. The usage of
h-BN nanoparticles could simultaneously improve dielectric
and thermal properties as follows:

1. An enhancement in AC breakdown voltage was
achieved and attained a maximum percentage incre-
ment of 63.3% at a weight percentage of 0.1 wt%.
On the other hand, impulse breakdown voltage has
been enhanced to a little extent of about 5%. These
results were explained considering the charge trapping
by nanoparticles themselves or by EDL created at
nanoparticle/oil interface.

2. The dielectric constant of CSO/nanofluids indicated a
small increase with the weight percentage of nanopar-
ticles up to 0.02 wt%, and then a remarkable decrease
above 0.02 wt%. These trends were explained consid-
ering the different polarization types in nanofluids.

3. The volume resistivity of nanofluids increased and their
dissipation factor decreased against weight percentages
of h-BN nanoparticles due to the charge trapping effect.

4. The thermal conductivity of nanofluids enhanced sig-
nificantly compared to base CSO as validated from
thermal conductivity measurement, thermal response
analysis, and thermogram analysis. Also, the thermal
conductivity of nanofluids was temperature-dependent
capable to dissipate more heat at higher temperatures.
These enhancements have been explained considering
phonon transport through nanoparticles, their Brown-
ian movement, and interparticle interactions due to the
EDL at nanoparticle/oil interface.

All the obtained results and clarified mechanisms in the
present study validate the superiority of CSO based h-BN
nanofluids as a potential candidate either for power equip-
ment or for management systems of thermal energy.
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