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Abstract: Nanotechnology provides an effective way to upgrade the thermophysical characteristics
of dielectric oils and creates optimal transformer design. The properties of insulation materials have
a significant effect on the optimal transformer design. Ester-based nanofluids (NF) are introduced
as an energy-efficient alternative to conventional mineral oils, prepared by dispersing nanoparticles
in the base oil. This study presents the effect of nanoparticles on the thermophysical properties of
pure natural ester (NE) and synthetic ester (SE) oils with temperature varied from ambient temper-
ature up to 80 °C. A range of concentrations of graphene oxide (GO) and TiO2 nanoparticles were
used in the study to upgrade the thermophysical properties of ester-based oils. The experiments for
thermal conductivity and viscosity were performed using a TC-4 apparatus that follows Debby’s
concept and a redwood viscometer apparatus that follows the ASTM-D445 experimental standard,
respectively. The experimental results show that nanoparticles have a positive effect on the thermal
conductivity and viscosity of oils which reduces with an increase in temperature.

Keywords: upgraded insulant; ester oil-based nano fluids; thermal conductivity; relative viscosity;
nanoparticles effect; alternative fluid; temperature change

1. Introduction

Mineral oil is traditionally used in transformers as an insulating liquid due to its ex-
cellent dielectric and heat transfer capabilities, but its operation under excessive sur-
rounding temperatures may lead to fire explosions which are hazardous to the environ-
ment [1]. The efficient and proper working of transformers depends upon the dielectric
strength and cooling functionalities of the insulating oil used [2]. Therefore, it is important
to investigate the thermal and physical properties of insulating oils used in transformers
and find ways to improve them or look for a better alternative.

The dielectric mineral oil plays the dual role of insulation as well as heat dissipation
in power transformers that are operated at high voltages [3]. Proper functioning of trans-
formers at high loads generally requires continuous monitoring and maintenance of the
insulating oil used in transformers. It is important to analyze the properties of the insu-
lating material to determine its useful life, which is directly related to the lifetime and
optimal design of transformers [4,5]. Therefore, to analyze and improve the thermal per-
formance of transformers, thermophysical properties such as thermal conductivity and
viscosity are important to study the heat transfer characteristics and cooling functionali-
ties of insulating oils used in transformers. The main source of heat generation in oil-im-
mersed transformers is the loss occurring in the core and the windings. These losses are
transformed into heat, which results in the dissipation of heat in the transformer tank and
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eventually in the increase of the temperature of insulating oil [6,7]. It is desirable to have
better heat dissipation power of the insulating liquids used in transformers in order to
achieve improved efficiency and better heat transfer performance. The application of
nanofluids to improve transformers’ cooling systems is under investigation to create op-
timal transformer design by improving the cooling capacity of conventional oils [8].

In the last decade considerable effort has been put into preparing nanofluids by dis-
persing nanoparticles into oil to determine dielectric and electrical properties [3,9]. How-
ever, researchers now are mainly concerned with measuring the thermal and physical
characteristics of oils. It is reported in the literature that nanoparticle addition would
greatly improve the thermal conductivity of mineral oils [10,11]. Many investigations have
been performed to determine the effect of various types of nanoparticles and temperature
on the thermal conductivity and viscosity of mineral oil [12], but the effect on ester-based
oils still needs to be investigated. It has been reported by Zhang et al. that the addition of
TiOz2 and Al:0s nanoparticles would improve thermal conductivity with an increase in
their concentrations [13]. However, most of the studies on the dielectric and thermal prop-
erties are related to the mineral oil-based nanofluids and limit themselves only to these
properties or those of mineral oils [14,15]. Recently, considerable research has been per-
formed to determine the effect of temperature and nanoparticle concentration on the ther-
mophysical properties of mineral, synthetic ester and natural ester oils [16-18], but there
is a need to investigate these parameters for natural and synthetic ester oils simultane-
ously and to compare these parameters based on the nanoparticles’ effect and temperature
in order to present an environment friendly alternative to mineral oil with enhanced per-
formance [19,20].

In the present study, novel Graphene oxide and TiO: nanoparticles are included in
the natural ester (NE) and synthetic ester (SE) oils with the aim to enhance their thermo-
physical properties. In addition, apart from analyzing the effect of nanoparticles on the
thermophysical properties of insulating liquids, the effect of temperature has also been
examined by plotting the variation of thermal conductivity and viscosity of pure ester oils
as well as nanofluids against temperature. Natural ester oil is basically a vegetable oil
produced from rapeseed, and synthetic ester is obtained by the treatment of alcohol with
carboxylic acids to give a robust fluid [21]. The most commonly used method —called the
two-step method —used to prepare nanofluid is a widely recognized method due to its
low cost and better compatibility with oils [22]. Oleic acid is added as a surfactant to the
the base oil to improve the long-term stability of the nanofluids that are discussed in the
paper.

The main contribution of this paper is to enhance the thermophysical characteristics
of ester-based nano-oils using novel graphene oxide nanoparticles that provide better
cooling functionality and a longer life than the conventional insulating oils used in trans-
formers. The purpose of developing nano-oil is to decrease power waste by improve cool-
ing capability during transformer operation. The correlation between thermal conductiv-
ity and viscosity of natural and synthetic ester oils for a particular concentration and tem-
perature is carried out for their better industrial application. The remaining sections are
organized as follows: Section 2 discusses the nanofluid preparation, experimental tech-
nique and heat transfer performance of nanofluids. The results are presented in Section 3.
Section 4 of the paper presents the conclusion.

2. Experimental Technique, Nanofluid Preparation and Heat Transfer Performance

The flow chart describing the steps involved in this section is shown in Figure 1. The
transmission electron microscopy image (TEM) of TiOz, and the scanning electron micros-
copy image (SEM) of Graphene oxide (GO) nanoparticles are shown in Figure 2. The ex-
periment to determine thermal conductivity is carried out on a thermal conductivity ap-
paratus (TC-4 model) with a temperature control unit and a nanofluid cell, and the vis-
cosity of oils is performed on a redwood viscometer as shown in Figure 3a,b respectively.
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The experimental standard used to determine viscosity of oils is ASTM-D445. All the ex-
perimental testing is performed at a 230 V, 50 Hz AC supply. In the experiment, six indi-
vidual samples of nano-oil are prepared by incorporating three different concentrations,
i.e,, 0.01,0.03 and 0.05 wt% of each type of nanoparticles, namely TiO2 and Graphene oxide
(GO) in the pure ester-based oils. Then, these samples are tested to determine the thermal
conductivity and viscosity for fresh as well as for nano- oil, for different temperatures
starting from room temperature up to 80 °C at intervals of 20 °C. The thermal conductivity
apparatus consists of the electronic unit, a nanofluid cell of 7 MHz frequency, and the
temperature control unit, which uses the novel ultrasonic approach to test the liquids for
thermal conductivity [23]. In addition, the relative viscosity is determined using a red-
wood viscometer apparatus that is used to test the physical parameters of pure oils and
nanofluids. The temperature controller unit is used to maintain the desired temperature
up to 90 °C. The properties of nanoparticles used in the study are shown in Table 1. The
insulating oils used in the experiment are commercially obtained, and its properties are
shown in Table 2.

Experimental Technique
(In this section the experimental
approach utilize to conduct the

experiments is discussed)

I}

Nanofluid Preparation
(This section discusses
about the method used to
prepare nanofluids)

L

Stability of Nanofluids
(The concept of stability
control of nanofluids is
well discussed in this
portion)

L

Thermal conductivity and
Viscosity
(The properties that affects the
heat transfer performance is
discussed in this section)

Figure 1. Flow-chart showing the steps involved in Section 2.

Table 1. Specifications of Nanoparticles.

Parameters TiO2 Graphene Oxide

Particle size 80-110 nm (TEM) 100-120 nm (SEM)
Density (gm/cc) 3.8 2.7
Melting point (°C) 1800 3652
Thermal conductivity (W/m.K) 8.5 18.0

Table 2. Properties of Ester-based Oils.

Parameters Natural Ester Synthetic Ester
Viscosity (Cst) at 40 °C 38 29
Density (gm/cm?®) 0.92 0.97
Water content (ppm) <50 mg/kg <50 mg/kg

Pour point (°C) -31 -56
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Breakdown Voltage (kV) >75 >75
Thermal Conductivity (W/m.K) at 24 °C 0.16-0.17 0.14-0.15

2.1. Nanofluid Preparation

The widely recognized two-step method is used to prepare the nanofluid samples as
shown in Figure 4 [22,24]. The ester oils were initially filtered, and the nanoparticles were
synthesized using the top-down nano-technique [25]. Oleic acid is added as a surfactant
in the pure oil to improve the long term stability and dispersion stability of the prepared
nano-oil samples. Magnetic stirring of the oil sample is performed for about 20-25 min to
ensure removal of excess moisture and unwanted contaminants from the oils. The next
step is adding nanoparticles in the base oil. Finally, the ultra-sonication process follows,
which involves generation of high frequency (40 kHz) waves that disperse the nanoparti-
cles uniformly into the base oil. In this way, the sample of nanofluids is ready for testing.
The power rating of sonicator is 360 W (230 V AC, 50 Hz).

SElI  15kV WD13mm  SS40 ———
USIF, AMU ALIGARH 27 Jan 2021

(b) TiO:2
Figure 2. TEM and SEM images of nanoparticles: (a) GO and (b) TiOz.
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1. Temperature control
unit

2.Nanofluid cell

Heating chamber

Electronic unit

(b)

Figure 3. Experimental set-up to measure: (a) thermal conductivity and (b) viscosity of ester oils and
nanofluids.

2.2. Stability of Nanofluids

The main problem encountered in the preparation and application of nanofluids is
its stability. How to improve the long term stability of nanofluid dispersions is an im-
portant concern for researchers because after the addition of nanoparticles in the base oil
they may agglomerate and become an aggregate-like matter. These nanoparticles lose
their size properties and, thus, limit their ability to improve the thermophysical properties
of the insulating oils. In order to resolve this problem and to improve the long-term sta-
bility of the prepared nanofluid samples, surfactant is added in the form of oleic acid. The
surfactant addition would introduce a repulsive force that will overcome the Van der
Waals attractive force acting between the nanoparticle surfaces based on DVLO theory
[26]. In this way, the nanoparticles do not agglomerate and they give stable nano-oil dis-
persions for longer a period of time. This concept of steric stabilization is explained by
DVLO theory. Among all the prepared samples of nanofluids, the samples with 0.03 wt%
concentration give stable dispersions for the nanoparticles based on the simple bottle test
performed on them, which show no sedimentation even after 72 h of their preparation.

O
O

O Magnetic

stirring
(20 min)

Surfactant

Two-step method for nanofluid preparation

Figure 4. Two-step method for the nanofluid preparation of insulating oils.
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2.3. Thermal Conductivity

This is the key parameter to examine the heat transfer performance of the insulating
oil. It is desirable that the oils should have a high value of thermal conductivity because
liquids with high thermal conductivity absorb more heat [27]. This reduces losses and
eventually improves efficiency of the power system. Thermal conductivity is determined
using the TC-4 apparatus, and the measurement is conducted for the temperature range
of room temperature to 80 °C. The thermal conductivity apparatus [23] follows the theory
of heat conduction in liquids based on Debye’s concept. In this process of measurement
hydro acoustic waves are generated in the oils, and these waves are responsible for heat
transfer in oils. On the basis of above heat transfer mechanism, Bridgman obtained a rela-
tion between thermal conductivity and sound velocity as given below.

)
k= 3.o(ﬁj YK (1)
v

where k is the thermal conductivity, vs is the ultrasound velocity, N is Avogadro’s number,
V is the molar volume and K is the Boltzmann constant.

The thermal conductivity apparatus consists of three parts, namely, an electronic unit
with a display to indicate the measured micrometer reading, a nanofluid cell of frequency
7 MHz and the temperature control unit to set the desired temperature. A volume of 100
mL of oil is poured into the nanofluid cell, and, then, ultrasonic waves of known frequency
(7 MHz) are produced; their wavelength is measured as indicated by the micrometer dis-
play. Seven to eight iterations at each temperature are recorded and the mean value is
reported. Finally, the sound velocity is measured using the relation given below,

Vs = ﬂf (2)

where vs is the sound velocity, A is the wavelength and f is the frequency of ultrasound
waves.

After calculating the velocity of sound in nanofluids, the value of thermal conductiv-
ity for oils and nanofluids is finally determined.

2.4. Viscosity

Viscosity of insulating oil is also one of the vital parameters to understand its heat
transfer characteristics. The high value of viscosity of oils will reduce its flow in the trans-
former and ultimately affect the heat transfer capability of oils [27]. Hence, viscosity af-
fects the cooling functionality of insulating oils. The redwood viscometer apparatus is
used for the measurement of viscosity of the pure ester-based oil and corresponding
nanofluids for the temperature range of room temperature to 80 °C at intervals of 20 °C.
The apparatus follows the ASTM D445 experimental standard [28], which allows the vol-
ume of liquid (50 mL) to flow through a capillary and the time to collect 50 cc of oil is
recorded to determine the viscosity of the oils. The process is repeated three times to cal-
culate the mean value. The electronic display unit is utilized to determine the viscosity of
the oils.

3. Experimental Procedure and Analysis Results

The thermal conductivity is determined after calculating the velocity of sound waves
as obtained from equation (2) and substituting the calculated value in equation (1). The
test is performed on a 230 V, 50 Hz (AC) supply for the complete set of experiments. The
value of Boltzmann’s constant (K), i.e., 1.3807 x 102 and Avogadro’s number (N), i.e.,
6.023 x 10% are used in equation (1) to determine thermal conductivity of oils. In addition,
the viscosity is measured using the density of oils and the mean time to flow. Correspond-
ingly, the graphs are plotted for thermal conductivity and viscosity of pure and nano- oils
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with nanoparticle concentration and temperature. The flow-chart showing the steps fol-
lowed in Section 3 is shown in Figure 5.

Figure 5. Flow-chart describing the procedure performed in Section 3.

3.1. Thermal Conductivity

The results for the thermal conductivity of pure ester oils and equivalent nanofluids
(i.e., TiO2 and GO nanofluids) with temperature and concentration variation is graphically
presented as shown in Figures 6-9. The graphs clearly show that the addition of both the
nanoparticles improves the thermal conductivity of ester-based oils almost for the com-
plete temperature range, reducing with the temperature increase. As can be seen, the nat-
ural ester-based GO nanofluid shows more enhancement for thermal conductivity com-
pared to natural esters modified by TiO2 nanoparticles under the same nanoparticle con-
centration and temperature. However, synthetic ester oil has an almost similar enhance-
ment for both GO and TiO: nanoparticles. At a 60 °C temperature, the thermal conductiv-
ity of GO modified NE oil reaches a value of 0.0164 W/m-K at a concentration of 0.01 wt%,
which is even higher than TiO: modified NE oil at a concentration of 0.05 wt% as shown
in Figures 6 and 7. At a concentration of 0.05 wt%, the thermal conductivity of GO modi-
fied NE oil at 80 °C is equal to TiO2 modified NE oil at a temperature of 40 °C as shown in
Figures 8 and 9. In general, the linear declining variation is shown by ester-based oils for
thermal conductivity with temperature, except for TiO2 modified NE oil at higher temper-
atures. Similarly, the thermal conductivity of oils show enhancement with an increase in
nanoparticle concentration except for NE at 0.05 wt% concentration and at a particular
temperature.
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Figure 6. Thermal conductivity variation of ester oils with temperature.
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Figure 7. Thermal conductivity variation of ester oils with temperature.
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Figure 8. Thermal conductivity of ester oils versus nanoparticle concentration.
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Figure 9. Thermal conductivity of ester oils versus nanoparticle concentration.

The interfacial region formed due to the addition of nanoparticles in the oils acts as
the main reason for the significant improvement in thermal conductivity. The nanoparti-
cle links with the oil molecule and further forms a bridge by linking with other nanopar-
ticle/oil layers that will result in significant improvement [29]. Furthermore, the theory
suggested by Keblinski, according to which a phonon generated in one particle will extend
to surrounding particles, leads to considerable improvement at lower concentrations [30].
The high thermal conductivity of GO-based nanofluids vs. TiO> modified esters can be
attributed to the high thermal conductivity of GO nanoparticles. The thermal conductivity
of nano liquids increases as the concentration of nanoparticles increases due to the in-
crease of Brownian motion as the collision of more particles will occur at higher concen-
tration. Moreover, the improvement could be attributed to the interfacial region due to
nanoparticle addition and ballistic phonon transport between nanoparticles. The thermal
enhancement phenomena are explained based on the theories of Brownian motion of the
nanoparticles in oil, conductive cover and bridges due to particle agglomeration and bal-
listic phonon transport [19], as shown in Figure 10.

Figure 10. Thermal enhancement phenomena in nanofluids.

3.2. Viscosity

Viscosity is an important parameter to analyze the condition of insulating oils used
in distribution/power transformers as it is related to the cooling functionality of oils [31].
Mineral oil should have a low viscosity value so that it can flow easily inside transformer.
The measured value of viscosity of ester oils tested is presented as shown in Figures 11—
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14. For the graph plotted for viscosity, it is observed that, initially, at room temperature
pure oils possess lower viscosity than GO and TiO: nanofluids, which further reduces
correspondingly with temperature increase, with the exception of TiO: nanofluids at
higher temperatures as seen in Figures 11 and 12. At 40 °C, the viscosity of NE-based GO
nanofluid (NF) is lower than pure NE for higher concentration range (i.e., 0.03 and 0.05
wt%) as shown in Figure 13. Similarly, NE-based TiO: nanofluids (NF) show lower vis-
cosity than pure oil even at elevated temperatures as shown in Figure 14.

In general, the viscosity of synthetic esters and their nanofluids is lower than the nat-
ural esters and their corresponding nanofluids for the entire temperature and concentra-
tion range as can be seen from Figures 11-14, which might be due to the low pour point
and better oxidation stability of synthetic esters. The low viscosity of GO-based NF is due
to low contamination of ester oils at high temperatures by GO nanoparticles as they have
high density and form stable dispersions. A high value of viscosity is observed for the
TiO:z nanofluid due to oxidation of the TiO: nanoparticles at high temperature. The vis-
cosity may rise due to presence of contaminants or due to nanoparticle aggregation with
the rise in temperature [19]. In general, viscosity of nanofluids increases with nanoparticle
concentration, which might be due to formation of clusters that are bonded together due
to their forces, resulting in higher resistance to the flowability of nanofluids. It is observed
that viscosity decreases with further addition of nanoparticles due to the self-lubricating
property of these materials [32]. This effect is generally observed in graphene nanomateri-
als due to its very strong graphene layers. This effect develops a layer that provides lubri-
cation and reduces friction over the surface. Moreover, this trend of lower viscosity at
higher nanoparticle loading is also seen in TiO2 nanofluids, which may be due to the lower
oxidation stability of TiO2 nanoparticles, particularly at higher temperature, which results
in a loss of bonding force and decreases the resistance of nanofluids. This, hence, results
in lower viscosity of the nanofluids.

80

Synthetic Ester (SE) Oil
SE+0.01 wtt% GO
SE+0.03 wtt GO
SE+0.05 wi% GO
Natural Ester (NE) Oil
NE+0.01 wt% GO
NE+0.03 wt% GO
NE+0.05 wt% GO

704 _I_{

m
=
O

Viscosity (cSt)
5

24°C 40°C 60°C 80°C

Temperature (°C)

Figure 11. Viscosity variation of ester oils with temperature.
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Figure 12. Viscosity variation of ester oils with temperature.
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Figure 13. Viscosity of ester oils versus nanoparticle concentration.
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Figure 14. Viscosity of ester oils versus nanoparticle concentration.
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3.3. Relation between the two Parameters

The comparison between thermal conductivity and viscosity of ester-based oils for
GO nanoparticles with temperature is performed to understand the relationship between
them in affecting the cooling capability of insulating oils as shown in Figures 15 and 16.
The relation shows a positive correlation as both the parameters decline linearly with tem-
perature. However, it is important to optimize these parameters for better performance.
For example, at 40 °C both the parameters give the desired results, but natural esters pro-
duce a better combination of results than synthetic esters for GO nanoparticle at 0.03 wt%
concentration.

The key motivation of transformer oils in improving the cooling functionality of in-
sulation is enhancing the thermal conductivity. Therefore, to obtain better cooling condi-
tions the thermal conductivity of any desired fluid should be significantly improved,
which can be achieved by the addition of nanoparticles in the base oil. However, nano-
particle loading may deteriorate the viscosity of oils, which affects the heat transport in
fluids. As such, despite of the deterioration of the viscosity, efficient heat transport can be
achieved with natural ester-based nanofluids due to their high thermal conductivity.

- SE+0.03 wt% GO|
= SE+0.03 wt% GO,

Thermal conductivity (W/m-K)

Figure 15. Correlation between thermal conductivity and viscosity for GO-based synthetic ester (SE)

oil.

Figure 16. Correlation between thermal conductivity and viscosity for GO-based natural (NE) oil.
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4. Conclusions

The effects of temperature and nanoparticles on the thermophysical properties of
natural and synthetic ester oil and its nanofluids is experimentally observed and pre-
sented in this paper. The aim of this study is to improve the thermophysical properties of
insulating liquids tested. Among the insulating oils tested, GO-based nanofluids exhibit
superior thermal and physical characteristics; TiO2 nanoparticle may get oxidized easily
at high temperatures, which results in the deterioration of the TiOz2 nanofluid thermophys-
ical characteristics. The GO nanoparticle is chemically inert, forms stable dispersions and
has a lesser affinity towards oxidation at elevated temperatures. Therefore, there will be
less contamination in the oil, which results in lower viscosity of the nanofluids. In addi-
tion, the GO nanoparticle has a higher surface-to-volume ratio than TiO2 nanoparticle; as
a result GO-based nanofluids exhibit higher thermal conductivity than pure ester oils and
TiO2 nanofluids.

GO nanoparticles show a maximum thermal conductivity enhancement of 3.77% for
pure natural ester oil at 0.05 wt% concentration and 80 °C. Similarly, TiO2 nanoparticle
gives a maximum enhancement of 3.44% for synthetic ester oil at 0.05 wt% concentration
and 24 °C. The high thermal conductivity of natural esters can be attributed to their lower
oxidation rate at high temperatures than synthetic esters. However, the superior value of
thermal conductivity and optimal viscosity of the GO nanofluid under high temperatures
concludes that the GO-nanofluid can be a better alternative to conventional mineral oil for
cooling functionality in transformers. However, nano-oil is a new area that needs to be
researched more. Therefore, there are some challenges that need to be explored, which are
also briefly highlighted in Table 3.

Table 3. Limitations and future work of Ester-based nanofluids.

Limitations Future Work
Stability of Nanofluids Stability for longer durations of time still need to be investigated.
Selection of nanoparticle type Selection of nanoparticles that enhance thermal conductivity of ester-fluids.
Preparation of low-cost nanoparticles Improve the preparation process with low cost.

e  Stability of prepared nanofluids are investigated in the present study but stability for
longer durations with respect to temperature is still need to be investigated.

e  The present research shows the effect of different nanoparticles on the thermal con-
ductivity and viscosity of ester oils. Therefore, a selection of nanoparticles with en-
hanced thermal conductivity should possess optimum viscosity for excellent thermo-
physical performance of nanofluids. Hence, the choice of nanoparticle needs to be
researched.

e  Most of the research used the two-step method to prepare nanofluids, which requires
a high production cost. The question of how to improve the nanofluid preparation
process with a reduce cost will be important research in the future.

Nano-oil and nano-oil paper insulation systems are a new area of research and, there-
fore, need to be investigated more either in terms of their thermal performance or insula-
tion capabilities. Many problems related to the long-term stability of nanofluids still need
to be explored as it is a challenge for their industrial application. In the future, nanofluid
dispersions need to be tested more for thermal characteristics to find an even better alter-
native in the form of a nano-oil that can replace mineral oil for transformers.

Author Contributions: Conceptualization, S.A.K., M.T. and A.A K,; Formal analysis, S.A.K.,, M.T,
A.AK., B.A. and LM.-P,; Funding acquisition, M.T. and B.A.; Investigation, S.A. K., M.T. and
A.A K., Methodology, S.A.K., M.T. and A.AK,; Supervision, M.T. and A.A.K.; Validation, S.A.K.
and M.T.; Writing—original draft, S.A.K. and M.T.; Writing—review & editing, A.A.K,, B.A. and
L.M.-P. All authors have read and agreed to the published version of the manuscript.



Electronics 2022, 11, 376 14 of 15

Funding: This research was funded in part by Taif University Researchers Supporting Project Num-
ber (TURSP-2022/278), Taif University, Taif, Saudi Arabia, in part by the Smart City Development
Consultancy Project and Collaborative Research Grant Scheme [CRGS/MOHD TARIQ/01 and
CRGS/MOHD TARIQ/02] projects, Department of Electrical Engineering, Aligarh Muslim Univer-
sity, India.

Acknowledgments: The authors also acknowledge the technical support provided by the Hard-
ware-In-the-Loop (HIL) Lab and Dielectrics and Insulation Lab, Department of Electrical Engineer-
ing, Aligarh Muslim University, India.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Rafiq, M.; Shafique, M.; Azam, A.; Ateeq, M.; Khan, L. A.; Hussain, A. Sustainable, Renewable and Environmental-Friendly In-
sulation Systems for High Voltages Applications. Molecules 2020, 25, 3901.

Saha, T.K.; Purkait, P. Investigation of polarization and depolarization current measurements for the assessment of oil-paper
insulation of aged transformers. IEEE Trans. Dielectr. Electr. Insul. 2004, 11, 144-154.

Du, Y.; Lv, Y,; Li, C; Chen, M.; Zhong, Y.; Zhou, J.; Li, X.; Zhou, Y. Effect of Semiconductive Nanoparticles on Insulating Per-
formances of Transformer Oil. IEEE Trans. Dielectr. Electr. Insul. 2012, 19, 770-776.

Abid, M.A.; Khan, I; Ullah, Z.; Ullah, K.; Haider, A.; Ali, 5.M. Dielectric and Thermal Performance Up-Gradation of Transformer
Oil Using Valuable Nano-Particles. IEEE Access 2019, 7, 153509-153518. https://doi.org/10.1109/ACCESS.2019.2948959.

Rajnak, M.; Timko, M.; Kopcansky, P.; Paulovicova, K.; Kuchta, J.; Franko, M.; Kurimsky, J.; Dolnik, B.; Cimbala, R. Transformer
oil-based magnetic nanofluid with high dielectric losses tested for cooling of a model transformer. IEEE Trans. Dielectr. Electr.
Insul. 2019, 26, 1343-1349. https://doi.org/10.1109/TDEL2019.008047.

Tang, W.H.; Wu, Q.H.; Richardson, Z.]. Equivalent heat circuit based power transformer thermal model. IEE Proc.-Electr. Power
Appl. 2002, 149, 87-92.

Khare, V.; Khare, C.J. Aspects of transformer in electricity generation: A review. . Adv. Mach. 2018, 3, 1-33.

Olmo, C.; Méndez, C.; Ortiz, F.; Delgado, F.; Valiente, R.; Werle, P. Maghemite Nanofluid Based on Natural Ester: Cooling and
Insulation Properties Assessment. IEEE Access 2019, 7, 145851-145860. https://doi.org/10.1109/ACCESS.2019.2945547.

Zhong, Y.X.; Lv, Y.Z,; Li, C.R.; Du, Y.E,; Chen, M.C.; Zhang, S.N.; Zhou, Y.; Chen, L. Insulating Properties and Charge Charac-
teristics of Natural Ester Fluid Modified by TiO2 Semiconductive Nanoparticles. IEEE Trans. Dielectr. Electr. Insul. 2013, 20, 135-
140.

Du, B.X,; Li, X.L.; Li, J. Thermal conductivity and dielectric characteristics of transformer oil filled with BN and FesOs nanopar-
ticles. IEEE Trans. Dielectr. Electr. Insul. 2015, 22, 2530-2536.

Du, B.X,; Li, X.L.; Xiao, M. High thermal conductivity transformer oil filled with BN nanoparticles. IEEE Trans. Dielectr. Electr.
Insul. 2015, 22, 851-858.

Chiesa, M.; Das, S.K. Experimental investigation of the dielectric and cooling performance of colloidal suspensions in insulating
media. Colloids Surf. A Physicochem. Eng. Asp. 2009, 335, 88-97.

Zhang, X.; Gu, H.; Fujii, M. Experimental Study on The Effective Thermal Conductivity and Thermal Diffusivity of Nanofluids.
Int. ]. Thermophys. 2006, 27, 569-580.

Ahmad, F.; Khan, A.A.; Khan, Q.; Hussain, M.R. State-of-art in nano- based dielectric oil: A review. IEEE Access 2019, 7, 13396—
13410.

Primo, V.A.; Garcia, B.; Albarracin, R. Improvement of transformer liquid insulation using nanodielectric fluids: A review. IEEE
Elect. Insul. Mag. 2018, 34, 13-26.

Nadolny, Z.; Dombek, G. Electro-Insulating Nanofluids Based on Synthetic Ester and TiO2or Ceo Nanoparticles in Power Trans-
former. Energies 2018, 11, 1953. https://doi.org/10.3390/en11081953.

Dombek, G.; Nadolny, Z.; Przybylek, P. Cooling properties of natural ester modified by nanopowders fullerene C60 and TiO2
for high voltage insulation applications. In Proceedings of the 2017 International Symposium on Electrical Insulating Materials
(ISEIM), Toyohashi, Japan, 11-15 September 2017; pp. 442-445. https://doi.org/10.23919/ISEIM.2017.8088779.

Dombek, G.; Nadolny, Z.; Marcinkowska, A. Effects of Nanoparticles Materials on Heat Transfer in Electro-Insulating Liquids.
Appl. Sci. 2018, 8, 2538. https://doi.org/10.3390/app8122538.

Amin, D.; Walvekar, R.; Khalid, M.; Vaka, M.; Mubarak, N.M.; Gupta, T.C.S.M. Recent Progress and Challenges in Transformer
Oil Nanofluid Development: A Review on Thermal and Electrical Properties. IEEE Access 2019, 7, 151422-151438.
https://doi.org/10.1109/ACCESS.2019.2946633.

Mentlik, V.; Trnka, P.; Hornak, J.; Totzauer, P. Development of a Biodegradable Electro-Insulating Liquid and Its Subsequent
Modification by Nanoparticles. Energies 2018, 11, 508. https://doi.org/10.3390/en11030508.

Khan, S.A.; Khan, A.A.; Tarig, M. Measurement of Tan-delta and DC Resistivity of Synthetic Ester Based Oil Filled with Fe20s,
TiO:2 and AlzOs Nanoparticles. Smart Sci. 2021, 9, 216225. https://doi.org/10.1080/23080477.2021.1920130.



Electronics 2022, 11, 376 15 of 15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Khan, S.A.; Khan, A.A.; Tarig, M. Experimental Analysis for the Effect of Fe/Ti Oxides and Fe-Cu Nanoparticles on the Dielectric
Strength of Transformer Oil. In Proceedings of the 2019 International Conference on High Voltage Engineering and Technology
(ICHVET), Hyderabad, India, 7-8 February 2019; pp. 1-6.

Rashin, M.N.; Hemalatha, J. A novel ultrasonic approach to determine thermal conductivity in Cu-O ethylene glycol nanofluids.
J. Mol. Liq. 2014, 197, 257-262.

Ibrahim, M.E.; Abd-Elhady, A.M.; Izzularab, M.A. Effect of nanoparticles on transformer oil breakdown strength: Experiment
and theory. Sci. Meas. Technol. IET 2016, 10, 839-845.

Khan, Q; Singh, V.; Ahmad, F.; Khan, A.A. Dielectric performance of magnetic nanoparticles-based ester oil. IET Nanodielectr.
2021, 4, 45-52. https://doi.org/10.1049/nde2.12005.

Huang, Z,; Li, J.; Yao, W.; Wang, F.; Wan, F.; Tan, Y.; Ali, M. Electrical and thermal properties of insulating oil-based nanofluids:
A comprehensive overview. IET Nanodielectrics 2019, 2, 27-40.

Maharana, M.; Bordeori, M.M.; Nayak, S.K.; Sahoo, N. Nanofluid based transformer oil: Effect of aging on thermal, electrical
and physio-chemical properties. IET Sci. Meas. Technol. 2018, 12, 878-885.

ASTM D445; Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and Calculation of Dynamic
Viscosity). Available online: https://global.ihs.com/doc_detail.cfm?document_name=ASTM%20D445&item_s_key=00018647
(accessed on 15 October 2021).

Kole, M;; Dey, T.K. Role of Interfacial Layer and Clustering on the Effective Thermal Conductivity of CuO-Gear Oil Nanofluids.
Exp. Therm. Fluid Sci. 2011, 35, 1490-1495.

Keblinski, P.; Phillpot, S.R.; Choi, S.U.S.; Eastman, J.A. Mechanisms of Heat Flow in Suspensions of Nano-Sized Particles
(Nanofluids). Int. ]. Heat Mass. Transf. 2001, 45, 855-863.

FFernandez, I; Valiente, R.; Ortiz, F.; Renedo, C.J.; Ortiz, A. Effect of TiO2 and ZnO Nanoparticles on the Performance of Die-
lectric Nanofluids Based on Vegetable Esters During Their Aging. Nanomaterials 2020, 10, 692.
https://doi.org/10.3390/nan010040692.

Berman, D.; Erdemir, A.; Sumant, A.V. Graphene: A new emerging lubricant. Mater. Today 2014, 17, 31-42.



