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Abstract: The thermophysical and electrical properties of graphene–transformer oil nanofluid at
three weight percentage concentrations (0.01%, 0.03%, and 0.05%) were experimentally studied.
Experiments conducted to find viscosity, surface tension, density, specific resistance, electrical
conductivity, and dielectric dissipation at various temperatures ranging from 20 ◦C to 90 ◦C. It was
noted that the nanofluid with 0.05% concentration showed an enhancement of 2.5% and 16.6% for
density and viscosity, respectively, when compared to transformer oil. In addition, an average
reduction in surface tension is noted to be 10.1% for the maximum concentration of nanofluid.
Increase in heat load and concentration improves Brownian motion and decreases the cohesive
force between these particles, which results in a reduction in surface tension and increases the
heat-transfer rate compared to transformer oil. In addition, for the maximum concentration of
nanoparticles, the electrical conductivity of nanofluid was observed to be 3.76 times higher than
that of the transformer oil at 90 ◦C. The addition of nanoparticles in the transformer oil decreases
the specific resistance and improves the electrical conductivity thereby enhancing the breakdown
voltage. Moreover, the thermophysics responsible for the improvement in thermophysical and
electrical properties are discussed clearly, which will be highly useful for the design of power
transmission/distribution systems.

Keywords: transformer oil; nanofluid; electrical conductivity; surface tension; viscosity

1. Introduction

The increase in the demand of electricity has led to the development of transmission and
distribution system in electrical network. In these transmission system, oil-immersed transformers
are widely used due to their high-voltage transferring capacity from one circuit to the other.
However, transferring high voltages leads to an increase in internal heat generation and power
dissipation of the transformer [1]. The statistical report confirms that, due to poor thermophysical and
dielectric properties of the transformer oil, the life span of a transformer is decreased to 17.8 years,
which is practically half of its expected life (35–40 years) [2]. Thus, the stable operation and the reliability
of a transformer relies mainly on the thermophysical and dielectric properties of the transformer oil
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used. Conventional petroleum-based mineral oils were used to extract the heat that is generated
(I2R losses) due to the resistance in the primary and secondary windings and the current flowing
through them [3]. However, when transferring higher voltage, its potential for using as a cooling
medium is limited due to its poor thermophysical and dielectric properties. In order to enhance these
properties, many research works have been carried out by replacing the conventional mineral oil with
vegetable oils, as they possess good insulation and cooling characteristics. However, these kinds of oils
become contaminated even in safe operating conditions and lead to degradation [4]. This degradation
results in chemical reactions with the internal parts of the transformer, which increases the possibility
of transformer faults, financial losses, and long-term shutdown [5]. Therefore, the study on enhancing
the heat transfer and dielectric properties of a transformer oil without any degradation in its quality
for a long-time run is still an active research topic in heat-transfer engineering.

In this regard, nanoparticles suspended in a base fluid are considered to be of great interest to
enhance the thermophysical and dielectric properties. These nanoparticle-based fluids termed as
nanofluids have a wide variety of applications [6–10]. Many experimental works have been carried out
with nanofluids and proved their significance of employing it in industrial cooling applications [11–13].
In addition to the experimental works, prediction on the performance of nanofluids were also
performed, relating the influential factors such as concentration, type, and size of nanoparticles and
temperature [14–16]. Based on the machine learning approaches, such as artificial neural network
(ANN), least square support vector machine (LSSVM), etc., an accurate model was also developed
to predict the thermophysical properties of nanofluid [17–19]. Even though numerical approaches
result in an easier way to predict their properties, the knowledge on the performance of nanofluids
through experimental findings is much more essential for real time application. However, very few
experimental works have been carried out by suspending metallic nanoparticles in the transformer oil
thereby using it in cooling applications. In addition, no work has been done to date using graphene
nanoparticles suspended in transformer oil thereby to enhance both the thermophysical and dielectric
properties. Thus, employing a nanoparticle suspended in transformer oil with higher thermophysical
and electrical characteristics for improving the life of the transformer is very much essential in the
field of transmission and distribution system. Therefore, in this proposed work, the thermophysical
and electrical properties of a graphene–transformer oil nanofluid is experimentally tested for different
weight percentage concentrations and for different temperatures.

Some of the most productive works to enhance the thermophysical and dielectric properties are
mentioned below.

Zeng et al. [20] dispersed surface-modified MoS2 nanoparticles in a heat-transfer oil B350
(dibenzyl toluene). It was found that, the thermal conductivity of the nanofluid increased with
an increase in mass fraction of nanoparticles. When Al2O3 nanoparticles were dispersed in transformer
oil, the oil mixtures showed higher thermal conductivity, convective heat-transfer coefficient, and natural
convection properties compared to oil. Li et al. [21] dispersed Cu nanoparticles in kerosene, toluene,
and decahydronaphthalene oils. It was noted that the higher viscosity and thermal conductivity
values are recorded for nanofluids than the base fluids. When SiO2 nanoparticles were dispersed
in ethylene glycol or water, the viscosity of the nanofluid increased with volume concentration.
However, the particle size, shape, and distribution and particle fluid interaction are the other factors
that have significant effect on thermal conductivity and heat-transfer coefficient.

For a transformer oil, along with its thermophysical properties, the electrical properties such as
breakdown voltage, specific resistivity, and dielectric dissipation factor (DDF) has much significance.
Rafiq et al. [22] illustrated the importance of selection and addition of nanoparticles to avoid
agglomeration, as it can lead to negative impact on a fluid’s electrical properties. Cao et al. [23] dispersed
solid particles of Cu, Al2O3, TiO2, and SiC in the transformer oil and used them as a cooling medium
instead of transformer oil. It was observed that, despite having good heat-transfer characteristics,
the nanoparticles also enhance the dielectric capacity of oil and the breakdown voltage. The TiO2

nanoparticles were dispersed in mineral transformer oil by Nguyen et al. [24]. It was reported that the
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breakdown voltage of nanofluid increased that of the transformer oil, respectively. Hanai et al. [25]
dispersed TiO2-anatase, TiO2-rutile, and ZnO metal oxide nanoparticles to mineral oil and alkyl
benzene. It was noted that, irrespective of the kind of nanoparticle or base oils used, there was
an increase in the breakdown voltage for less than 0.05 vol%. In addition, when the concentration of
particles exceeded 0.05 vol%, the breakdown voltage decreased.

Karthik et al. [26] analyzed the critical parameters such as viscosity, breakdown voltage, flash point,
fire point, and p-H value of transformer oil nanofluid. Aluminum oxide, aluminum, copper oxide,
and copper nanoparticles were dispersed in the base fluid. Breakdown voltage of nanofluids was
found slightly lower than transformer oil, while nanofluids showed significant enhancement in
viscosity, flash, and fire point. When multiwalled carbon nanotubes were dispersed in transformer
oil, Beheshti et al. [27] observed no significant change in electrical conductivity with an increase
in concentration and temperature. However, the increase in temperature of the nanofluids led
to an increase in thermal conductivity but decrease in viscosity compared to the transformer
oil. When ceramic-zirconia (ZrO2) and titania (TiO2) were suspended in the transformer oil by
Pugazhendhi et al. [28], breakdown voltage values were found to be higher in TiO2 nanofluid when
compared to ZrO2 nanofluid. In addition, kinematic viscosities of TiO2 nanofluid were higher than
ZrO2. The transformer oil dispersed with silica and silver supported on silica were investigated by
Botha and Ndungu [29].

In addition to experimental works, few numerical works have been carried out to predict the
thermophysical properties of nanofluid. Asadi et al. [30] critically reviewed the recent development in
the thermophysical properties and preparation of oil-based nanofluids. Major influencing parameters
such as experimental temperature, size/shape of nanoparticles, and concentration of the nanoparticle
were discussed clearly with the mechanisms involved in it. In addition, theoretical correlations to
calculate the thermophysical properties of oil-based nanofluid were also presented. Benos et al. [31]
proposed an analytical work to predict the heat-transfer performance of carbon nanotube (CNT)
nanofluid with internal heating under the influence of external magnetic field. It was stated that the
rheological properties of the nanofluid influences more on the flow characteristics and heat-transfer
performance. In addition, the authors suggested that the theoretical model will be a useful tool for
future engineering and biomedical applications. Moreover, adding nanoparticles in the hydrodynamic
flow regime will enhance the heat-transfer performance of nanofluid. However, it is stated that the
performance deterioration was observed in the presence of a magnetic field [32].

Based on the study of above literatures, it is clearly observed that with an increase in temperature
and volume concentration of nanoparticles, the thermophysical properties of the nanofluid are
enhanced. Many research works have been carried out to measure the properties of nanofluid
with a relatively higher volume concentration using the metal oxide nanoparticles. In addition,
the experimental works are carried at ambient temperature for different types of metallic oxide particles
such as Al2O3, CuO, Fe3O4, TiO2, and SiC. Only a few works have been done on graphene–transformer
oil to measure the thermophysical and electrical properties of graphene–transformer oil nanofluid.
Moreover, the experimental studies involving thermophysical and electrical properties of nanofluids
having higher thermal conductivity metallic nanoparticles such as Cu, Al, and graphene are found
to be limited and insufficient to accurately predict the properties of these fluids through an artificial
intelligence approach. In addition, a detailed study on the mechanisms involving in enhancement of
thermophysical and electrical properties of nanofluids is very much essential in the present context.
Thus, the present work deals with the measurement of thermophysical properties and electrical
properties of graphene–transformer oil nanofluid for the lower weight percentage concentration
(0.01, 0.03, and 0.05%) of graphene and for the temperature ranging from 20 ◦C to 90 ◦C. In addition,
the effect of viscosity, surface tension, and the electrical resistivity on the heat-transfer performance
of graphene–transformer nanofluid is explained in detail with the mechanisms involved. The use of
transformer oil reduces the risk of oil spills and also the disposal of waste oil. It appreciably reduces
the cost of new oil, and thus, it is an eco-friendly solution.
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2. Experimentation

2.1. Preparation of Nanofluid

The transformer oil used for the experiment was transformer oil obtained from Transformer
Oil Reclamation Plant, Coimbatore, Tamil Nadu, India. The oil was developed by the principle of
sorbent reactivation that uses Fuller’s Earth as the sorbent material. The transformer oil contained
15% of recycled oil added to the new transformer oil. The graphene–transformer oil nanofluid was
prepared by sonicating the mixture using ultrasonic vibrator for 30 min, which reduces the nanoparticle
agglomeration. The graphene nanoparticle was purchased from Sky Spring Nanomaterials, Inc.,
Houston, USA (product number—0540DX, lot number 0540-061814). The graphene–transformer oil
nanofluid was prepared for three different weight percentage concentrations of 0.01%, 0.03%, and 0.05%,
by dispersing the determined amount of graphene nanoparticles in the base fluid, as shown in Figure 1.
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of graphene nanoparticle.

2.2. Measurement of Thermophysical and Electrical Properties

2.2.1. Measurement of Viscosity

The viscosity of a working fluid at a given shear rate was measured using the Brookfield digital
viscometer (DV-E, Brookfield, USA), which works on the principle of rotational viscometer. The viscosity
of any fluid is a measure of amount of torque that is required to rotate the spindle in a particular
fluid. A cylindrical spindle or a disk was immersed in the fluid to which the torque was applied
through a calibrated spring. The deflection in the spring was measured using a rotary transducer,
which indicated the viscous drag of the fluid that was exerted against the spindle. Thus, the viscous
drag in the fluid is directly proportional to the torque required to rotate the spindle. The accuracy and
the repeatability in the torque measurement was 1% and 0.2%, respectively. A water circulating bath
was used to maintain constant temperature of the nanofluid between −10 ◦C and 100 ◦C. A chamber
tube made of glass was used, which holds the nanofluid during the experiment, and a water jacket
was used to circulate the constant-temperature water through it. In order to avoid heat leak, the water
jacket was thermally insulated. The constant-temperature water was made to flow through the water
jacket using a pump, and the chamber was held firmly on a stand to avoid vibration. The viscometer
was initially calibrated by measuring the viscosity of oil. Moreover, the experiments were repeated
3 times to calculate the average viscosity values. Then, the viscosities of the graphene–transformer oil
nanofluids with volume concentrations of 0.01, 0.02, and 0.03% were carried out for the temperatures
ranging from 10 ◦C and 60 ◦C. In this proposed work, the viscosity of graphene–transformer oil
nanofluid was found through experiments. However, the viscosity of nanofluid can be determined
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using Brinkman extended model [33], which is applicable up to 4% weight concentration and the
equation is given as:

µnf

µoil
=

 1

(1−Φ)2.5

 (1)

where µnf and µoil are the viscosities of nanofluid and transformer oil, respectively. Φ represents the
concentration of nanoparticles in the base fluid.

2.2.2. Measurement of Surface Tension

The inward pull by the molecules at the interface is known as surface tension. Unlike in the bulk
liquid, the surface of nanofluids lacks even distribution of molecules, due to which a film is formed at
the surface. Thus, the surface tension is a measure of force that is required to break the surface film for
a particular length. The dynamic surface tension is measured using SITA DynoTester (SITA Process
Solutions, Germany) that works on the principle of maximum bubble pressure. The resolution and the
measuring range of the DynoTester are given as 0.1 mN and 15–100 m−1, respectively. Initially the
surface tension of transformer oil was measured to calibrate the instrument. Repetitions were carried
out 3 times at different temperatures to calculate the average surface tension value, and the deviations
are noted to be ±1.2% from the mean value. Then, the surface tension of graphene–transformer oil
nanofluids for the concentrations of 0.05, 0.01, 0.02, and 0.03% was conducted at different temperatures
ranging from 10 ◦C to 60 ◦C. For every experiment, freshly prepared nanofluids were used, particularly
at higher temperatures, as the evaporation rate was higher. In addition, a constant-temperature water
bath and a circulating jacket were used to measure surface tension for graphene–transformer oil
nanofluid at different temperatures.

2.2.3. Measurement of Density

The density of the sample is measured using a hygrometer. It consists of a sealed hollow glass
tube and ballast for stability such as lead or mercury. The tube has graduations for measuring the
density along the narrow stem. It makes use of Archimedes’ principle. A tall container with oil sample
to be tested was taken, and the hydrometer was gently lowered into the oil sample until it floated
freely. The point at which the surface of the oil sample touches the stem of the hydrometer gives the
value of specific gravity through which density can be found. However, the density of any nanofluid
can be determined by the correlation [34], which is given as follows:

ρnf = Φρnp + (1−Φ)ρoil (2)

where ρnf, ρnp, and ρoil are the densities of nanofluid, nanoparticle, and the transformer oil, respectively.

2.2.4. Measurement of Oil Resistivity

PE-ORDF-2 Oil resistivity and dissipation factor test set is the apparatus used to measure the
specific resistivity and dielectric dissipation factor of the transformer oil, which is shown in Figure 2.
It is a three-piece set consisting of the heater unit with stainless steel oil cell, million-mega-ohm
meter, and the dissipation factor bridge to derive the readings. Maximum test voltages of 500 V DC
and 1000 V DC are available for insulation resistance testing instrument. The oil samples of 50 mL
were taken in a three-terminal oil cell, which is made of stainless steel with Teflon as the insulating
material. The cell was rinsed with a portion of oil sample, drained, and discarded. Then, the cell was
refilled, and care was taken to avoid the entrapment of air bubbles. The cell and the contents were
brought to the required test temperature. Within 10 min of the temperature reaching ±1 ◦C of the
required test temperature, the measurement was started. For the test of dielectric dissipation factor,
A.C. voltage subjected to the oil sample was between 0.03 kV/mm and 1 kV/mm, while frequency
was between 40 Hz and 62 Hz. After the test of dielectric dissipation factor, the electrodes were short
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circuited for 60 s for the measurement of specific resistivity. Electrical connections were established
for the measuring apparatus. The inner electrode of the cell was connected to earth, while the outer
electrode was connected to the D.C. voltage. At the end of electrification time, the readings were noted.
In addition to the specific resistivity of nanofluid that was found through experiments, the resistivity
of the graphene–transformer oil can be determined by the following Equation (3). It is known that
the electrical conductivity is inversely proportional to resistivity; the expression for finding electrical
conductivity is given in Equation (4), which is given as follows [35]:

Ψn f =
1
γn f

(3)

γn f

γoil
=

2γoil + γnp − 2
(
γoil − γnp

)
Φ

2γoil + γnp +
(
γoil − γnp

)
Φ

(4)

where γn f , γnp, and γoil are the electrical conductivities of nanofluid, nanoparticle, and the transformer
oil, respectively, and Ψn f is the specific resistivity of the graphene–transformer oil nanofluid.
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3. Results and Discussions

3.1. Thermophysical and Electrical Properties of Nanofluid

3.1.1. Effect of Temperature on Viscosity

Initially, the properties are tested for transformer oil from temperatures 20 ◦C to 60 ◦C. This is
to validate the results with the samples of graphene–transformer oil nanofluid. Figure 3 shows the
variation of viscosity of graphene–transformer oil nanofluid with respect to temperature. It can be noted
that the viscosity of transformer oil decreases with the increase in temperature. Similarly, the viscosity of
transformer oil nanofluid samples also decreases with the increase in the temperature. However, as the
weight percentage concentration of graphene nanoparticles increases in the oil, the viscosity also
increases. The oil sample with 0.01% graphene nanoparticles has an increase of 4.49% of viscosity
compared to that of transformer oil. This is due to higher Van der Waals force existing between
the nanoparticles and the transformer oil and thus preventing the molecular movement of the oil.
While for the oil samples with 0.03% and 0.05% graphene nanoparticle concentration the increase in
percentage of viscosity is noted to be 9.90% and 19.88%, respectively. As the particle concentration of



Fluids 2020, 5, 172 7 of 13

graphene increases in the oil, the presence of more nanoparticles retards the fluid flow. This makes the
nanofluid more viscous, thus reducing the flow rate. However, as the temperature increases, due to
higher vibration of the particles in the fluid, heat transfer increases, and hence, viscosity decreases
accordingly. This decrease in viscosity leads to better cooling performance of the oil.
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3.1.2. Effect of Temperature on Surface Tension

The Figure 4 shows the variation in surface tension with temperature for graphene–transformer
oil nanofluid. It can be seen that surface tension decreases with the increase in temperature for the
transformer oil. In addition, the surface tension for the graphene–transformer oil nanofluid is found
to decrease with the increase in temperature. As the weight percentage concentration of graphene
increases in the oil, the surface tension decreases. A decrease of 1.77% of surface tension in 0.01% of
graphene oil sample is found as compared to the transformer oil. Similarly, a decrease of 7.6% and
10.1% in surface tension is found in 0.03% and 0.05% graphene oil samples, respectively. The surface
tension of the working fluid is considered to be of great importance, as this physical phenomenon
influences more on the surface wettability. In addition, from the existing literatures, it was noted
that the surface tension also influences more on the wettability of nanoparticle [36]. As the weight
percentage concentration of graphene nanoparticles increases in the oil, Brownian motion of the
nanoparticles also increases. This increase in Brownian motion of the nanoparticles decreases the
cohesive force between the particles, and hence, surface tension of the oil decreases. Similarly, as the
temperature increases, the vibration of nanoparticles increases, which further leads to a decrease in
cohesive force between the particles. Moreover, due to the hydrophobic nature of graphene, adsorption
of nanoparticles at the liquid–vapor interface occurs [37]. This leads to a decrease in the surface tension
with the increase in temperature as well as particle concentration of graphene. The decrease in surface
tension of the oil helps the oil to spread easily in the entire volume of the transformer and reduces the
energy loss. However, substantial decrease in surface tension of oil is also not desirable, since it may
further lead to a decrease in viscosity, which will deteriorate the quality of the oil.
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Figure 4. Variation of surface tension of graphene–transformer oil nanofluid with temperature.

3.1.3. Effect of Temperature on Density

Figure 5 shows the variation of density with the temperature for the graphene–transformer
oil nanofluid. It can be observed that, as temperature increases, the density of the transformer oil
decreases. In addition, the density is found to decrease for the graphene oil samples with the increase
in temperature. For the 0.01% graphene oil sample, there is no change in density compared to that of
the transformer oil. However, an increase of approximately 0.46% density is found in both 0.03% and
0.05% graphene oil samples compared to that of transformer oil. The decrease in density of transformer
oil containing graphene is negligible, which shows that the addition of graphene nanoparticles does
not affect the density of the oil. Hence, the kinematic viscosity of the oil is not altered leading to better
cooling performance.
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3.1.4. Effect of Temperature on Specific Resistivity of Working Fluid

The electrical properties of graphene–transformer oil nanofluid are measured for the temperature
ranging from 20 ◦C to 90 ◦C. Figure 6 shows the variation in specific resistivity of graphene–transformer



Fluids 2020, 5, 172 9 of 13

oil nanofluid with increase in temperature. It can be noticed that as the temperature increases,
the specific resistivity of transformer oil and the nanofluid decreases. Based on the measurements,
for the increase in weight concentration of nanoparticles, a reduction of 20.47%, 64.29%, and 79% are,
respectively, observed for specific resistivity with 0.01%, 0.03%, and 0.05% graphene oil samples when
compared to that of transformer oil. For higher temperatures, the increase in the Brownian motion of
nanoparticles enhances the movement of negatively charged electrons. This results in faster movement
of electrons to the other electrode with a decrease in specific resistivity of graphene–transformer oil
nanofluid when compared to that of conventional transformer oil. However, for lower temperatures,
the Brownian motion is comparably less, causing higher trapping of electrons and resulting in
higher specific resistivity. This shows that the addition of graphene particles in the transformer oil
has a considerable effect on the specific resistance. However, there will be a certain limit for the
amount of graphene nanoparticles to be suspended beyond which electrical properties of oil can be
affected adversely.
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Figure 6. Variation of specific resistivity of graphene–transformer oil nanofluid with temperature.

3.1.5. Effect of Temperature on Electrical Conductivity

Figure 7 shows the variation of electrical conductivity with temperature for graphene–transformer
oil nanofluid. Based on the experiments, it was observed that as the temperature increases, the electrical
conductivity of the transformer oil and the nanofluid increases. From the results, enhancement
of 57.8%, 75.2%, and 78.9% are, respectively, observed for 0.01%, 0.03%, and 0.05% concentrations
of graphene–transformer oil nanofluid when compared to that of the transformer oil. This shows
that the electrical conductivity of 0.03% graphene oil sample is 2.41 times, and 0.05% of graphene
sample oil is 4.76 times the electrical conductivity of the transformer oil. This is due to the fact that,
at higher concentrations, the amount of trapping the fast-moving electrons increases, whereas at lower
concentrations, it is comparably less. Thus, at higher concentrations, the electrical conductivity is
observed to be higher. Even though there is a tremendous increase in the value of electrical conductivity
of the oil, the values are within the limits of IS 335 standards (standard which lays down the quality of
transformer oil). However, there is an optimum concentration for the increase in electrical conductivity,
and further addition of nanoparticles will result in agglomeration, which may result in negative impact
on the electrical properties of the oil.
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3.1.6. Effect of Temperature on Dielectric Dissipation Factor

Figure 8 shows the variation of the dielectric dissipation factor (DDF) of transformer oil nanofluid
for different temperatures ranging from 20 ◦C to 90 ◦C. It can be seen that, as the weight percentage
concentration of graphene nanoparticles increase, there is an increase in the DDF. However, as the
temperature increases, there is decrease in the DDF. The increase in the DDF shows that there is
an increase in the contamination of the oil sample. However, the contamination is found to decrease
with the increase in the temperature of the oil sample. The oil sample with maximum concentration of
graphene nanoparticles has a DDF value eight times that of transformer oil. Hence, as the concentration
of graphene nanoparticles is increased in the oil sample, the DDF value is increased. The is due to
the agglomeration effects of nanoparticles that occur at higher concentrations. In addition, due to the
presence of moisture content in the nanofluid, there is a chance of oxidation that may occur in the
nanofluid, which will result in a higher DDF value. Moreover, improper storage of oil samples can
also cause contamination due to dust and dirt particles. Thus, if the utmost care is taken during the
preparation of a nanofluid and in storing the oil samples, DDF value can be reduced, and contamination
of the transformer oil can be avoided.
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4. Conclusions

Enhancement in thermophysical and electrical properties of graphene–transformer oil nanofluid
are experimentally studied for three different weight concentrations (0.01, 0.03, and 0.05%).
Experiments were carried out to find viscosity, density, surface tension, electrical resistivity, electrical
conductivity, and dielectric dissipation factor for various temperatures ranging from 20 ◦C to 90 ◦C.
The physical mechanisms responsible for the enhancement in thermophysical and electrical properties
are discussed clearly. Based on the results, it is observed that the addition of nanoparticles increases
the density and viscosity of the graphene–transformer oil nanofluid with an average enhancement
of 2.5% and 16.6%, respectively, from the base fluid. The increase in weight concentration of
nanoparticles improves the Brownian motion of the nanoparticle due to which uniform distribution
of temperature occurs in the nanofluid. Moreover, an increase in the addition of nanoparticles and
temperature causes a reduction in surface tension of nanofluid, and a maximum reduction of 10.1%
is observed for the highest weight concentration of graphene–transformer nanofluid. At higher
temperatures, the vibration of nanoparticles increases, which in turn, decreases the cohesive force
between these particles. In addition, adsorption of nanoparticles at liquid–vapor interface occurs
due to the hydrophobic nature of graphene, which is attributed to the reduction in surface tension
value for the maximum weight concentrations of nanofluid. Moreover, the specific resistance of
graphene–transformer oil nanofluid decreases for all the weight concentrations and a maximum
reduction of 79% is noted at 90 ◦C and for the maximum concentration of 0.05% when compared to
transformer oil. In addition, it is concluded that all the properties that are measured for the nanofluid
are within the limits of IS 335 standards, and thus, the results will be highly useful for the design of
thermal energy storage systems and power transmission/distribution systems.
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