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ABSTRACT Natural ester oils are the current target of many industries and electrical utilities as electrically
insulating fluids to replace the conventional mineral oils. However, as previously investigated, most natural
ester oils are based on edible products, causing a negative impact on the food crisis. Accordingly, nonedible
green nanofluids based on cottonseed oil have been targeted in the present study. Additive graphene nanopar-
ticles (0.0015 wt%, 0.003 wt%, 0.006 wt%, and 0.01 wt%) along with surfactant sodium dodecylbenzene
sulfonate (SDBS) were used (1:1) due to their promising impact on dielectric and thermal properties.
Experimental methods introduced were including characterization of graphene and preparation of dielectric
nanofluids (DNFs). The main concern for any nanofluid to be usable in transformer applications is its long-
term stability. The effect of various ultrasonication periods (10, 20, 30 and 60-minute) on short-term stability
of nanofluids was preliminary investigated by visual inspection, highest short-term stability was obtained at
30-min and 60-min. Considering short-term stability results, the two most stable samples were investigated
and compared for long-term stability through ultraviolet-visible (UV-Vis) spectroscopy to find the suitable
ultrasonication time. In addition, dielectric and thermal properties of these samples were investigated and
compared. Physical mechanisms were discussed for the obtained enhancements considering the effect of
ultrasonication period on the number of dispersed nanoparticle sheets per unit volume and the corresponding
effect on dielectric and thermal properties.

INDEX TERMS Graphene, ultrasonication, stability of nanofluids, dielectric properties, thermal
conductivity.

NOMENCLATURE
BDV Breakdown voltage
CSO Cottonseed oil
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DBF Dielectric base fluid
DNF Dielectric nanofluid
EDL Electrical double layer
Enh. Enhancement
Expt. Experiment
RTP Room temperature and pressure
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SAED Selected-area electron diffraction
SDBS Sodium dodecyl benzene sulfonate
SDS Sodium dodecyl sulfate
Std. Standard
TBHQ Tertiary butylhydroquinone
UV-Vis Ultraviolet–visible
wt% Weight percentage

I. INTRODUCTION
Dielectric nanofluids (DNFs) have gained a great interest
for the application with power transformers. Usually these
types of fluids are based on mineral oils. But, due to the
environmental concerns, safety issues, and running out of
fossil fuel, ester oils have been proposed as an alternative for
mineral oils [1]–[4]. Ester oils can be natural ester oils or syn-
thetic ones. Natural ester oils have the advantages of better
biodegradability and higher flash and fire points compared to
mineral oils. In addition, natural ester oils proved to decrease
the transformer aging and its loss of life [5], [6]. The only
drawback of natural ester oils is their high viscosity which
negatively impacts the oil flow within the transformer and the
subsequent heat transfer to the surrounding.

Using natural ester oils as base fluids for dielectric nanoflu-
ids has been extensively investigated in recent years, where
nanofluid concept could enhance the dielectric and thermal
properties of such oils. In this regard, different types of
nanoparticles have been used [7]–[9].

For the enhancement of dielectric properties, usually metal
oxides are used. In [10], three different types of nanoparticles
were used with natural ester oil, Fe3O4, SiO2 and Al2O3.
The enhancement in AC breakdown voltage (BDV) didn’t
exceed 7% and was obtained with Fe3O4 at 0.4 g/L concen-
tration and with Al2O3 at 0.05 g/L concentration. Similarly,
Fe3O4 and Al2O3 nanoparticles exhibited higher enhance-
ments compared to BN nanoparticles [11]. In [12], TiO2 and
ZnO nanoparticles were also used with natural ester. The
percentage enhancement in BDV with TiO2 nanoparticles
attained about 33% at a concentration of 0.04 wt%, while
the percentage enhancement with ZnO nanoparticles attained
about 26% at a concentration of 0.04 wt%. When compared
TiO2 nanoparticles with Fe2O3 ones in [13], TiO2 nanopar-
ticles could enhance the BDV up to about 67%, while the
enhancement was limited to 20% with Fe2O3 nanoparticles.
Also, TiO2 nanoparticles at 0.02 vol% enhanced the BDV up
to 22% for EnvirotempTMFR3 natural ester oil from Cargill
Industrial Specialties–Minneapolis, MN, USA [14]. In spite
of TiO2 nanoparticles proved several enhancements in dielec-
tric properties with different natural ester oils, they failed to
enhance thermal conductivity of these oils [15].

For the enhancement in thermal properties, only special
types could enhance the thermal properties of natural ester
oils. In [16], using CaCu3Ti4O12 nanoparticles at a concentra-
tion of 0.05 vol% could enhance the thermal conductivity for
synthetic ester about 10% and 9% at room temperature and
80 ◦C, respectively. Molybdenum disulfide (MoS2) and h-BN

nanoparticles were also used either as individual type or as
hybrid together to enhance the thermal conductivity for sev-
eral commercially-type natural esters [17]. Hybrid nanos-
tructures of h-BN/MoS2 exhibited the highest enhancement
in thermal conductivity. When using Midel 7131 from M&I
Materials-Manchester, UK, the hybrid nanostructures exhib-
ited a maximum enhancement of 32% at 0.25 wt% and 323 K,
while MoS2 and h-BN nanoparticles exhibited enhancements
of 26.5% and 24.2%, respectively, at the same weight fraction
and temperature.
Most of previous studies on natural ester oils and their

nanofluids were based on edible products. Considering the
large consumption of insulating fluids in power transform-
ers, using edible oils for this purpose will negatively impact
the food crisis. Few studies have investigated the usage
of nonedible oils as electrically insulating fluids [18]–[20].
In [18], Jatropha curcas methyl ester oil and its mixtures
with mineral oil were investigated for BDV under AC and
DC voltage application. In [19] cottonseed oil (CSO) based
nanofluids were developed using h-BN nanoparticles result-
ing in enhancements in both thermal and dielectric properties.
Also, CSO based nanofluids were developed in [20], but with
using graphene oxide nanoparticles and SDS as surfactant.
When using graphene oxide nanoparticles, the enhancement
in thermal conductivity of CSO based nanofluids was higher
than that obtained when using h-BN nanoparticles, however,
the enhancement in AC BDV was limited.
To get the beneficial properties from DNFs, a stable

DNF is desired, in which nanoparticles suspended into the
fluid for a long-term. This can be achieved through homo-
geneous dispersion of nanoparticles when steric repulsion
force dominates Van der Waals attraction force [21]. Few
researchers investigated stability of DNFs for use in trans-
formers [22]–[26]. Most works concluded that a low filler
level leads better stability than higher filler level [27], due to
decreased probability of collision between nanoparticles to
form aggregates. It is also evident from these studies that all
authors adopted visual inspection evaluation method to deter-
mine the dispersion stability. Visual inspection method is a
qualitative method and is less effective, therefore quantitative
UV-Vis method was adopted for current investigation. The
surfactant shields nanoparticles, which prevents the forming
of bonds with other nanoparticles by steric interactions. Some
studies report that addition of significant quantities of surfac-
tant can shorten the dispersal time and weaken the dielectric
properties of DNFs [28], [29].
This study aims to develop CSO based DNFs with

long-term stability using a combination of graphene and
SDBS with optimized ultrasonication period. First, exper-
imental methods were introduced including characteriza-
tion of graphene, preparation of DNFs and investigation
of stability, dielectric properties, and thermal properties.
Different ultrasonication periods of 10, 20, 30 and 60-minute
were considered and DNFs were inspected visually after
two weeks for short-term stability. Based on short-term
stability results, unlike previously published works two
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TABLE 1. Data collection instrumentation.

ultrasonication periods were used for preparing graphene
DNFs (0.0015 wt%, 0.003 wt%, 0.006 wt%, and 0.01 wt%)
for long-term stability evaluation through UV-Vis. For same
two most stable ultrasonicated DNFs, dielectric and ther-
mal properties were investigated and compared at varying
temperatures (except AC BDV measured at RTP). Finally,
the governing mechanisms behind the obtained results were
discussed.

II. EXPERIMENTAL METHODS
A. INSTRUMENTATION FOR DATA COLLECTION
There are various experimental phases adopted in the current
research. These include characterization of graphene, prepa-
ration of DNFs and investigation of dielectric and ther-
mal properties for dielectric base fluid (DBF) and DNFs.

Table 1 summarizes the instruments used during various
experimental phases, the testing conditions, and the standards
followed for data collection. The table also describes in detail
the purpose and accuracy of each instrument.

For AC breakdown voltage, it was measured following the
IEC 156 standard, in which the electrodes are double spheres,
the gap is 2.5 mm, and the rate of voltage rising is 2 kV/s.
For dielectric properties, the applied voltage was set at 500 V
and 50 Hz for relative permittivity and tan δ measurements
and at 500 V DC for resistivity measurements. After this
setting, the test cell was filled with DNFs and a test procedure
was programmed to automatically set the temperatures at
45◦C, 60◦C, 75◦C, and 90◦C in ascending order. Once the
test is started, the heating process is turned on till the first
fixed temperature is achieved, and then the heater is cut off
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automatically and measurements are made. This process is
repeated for the next set values until the final temperature is
reached.

For thermal conductivity, it was tested using the KD2 Pro
thermal property analyzer. It utilizes a single needle sensor
of 6 cm long to determine the thermal conductivity of the
liquids by means of a transient hot wire technique. The water
bath is used to maintain a steady temperature with 0.1 ◦C
accuracy. The sensor is calibrated by evaluating the thermal
conductivity of glycerin. Three measurements were taken
within 15 minutes of the time interval between each measure-
ment and the average value was taken. The temperature of
DNFs is set in the range between 35 and 65 ◦C.

B. MATERIALS
Research grade multi layered graphene (UGRAYTM) was
obtained from United Nanotech Innovations Pvt. Ltd., India.
According to the supplier technical data sheet, this mul-
tilayered graphene are of 3 to 6 sheet layer aggregates,
5-10 microns lateral dimension, 3-6 nm thickness, and 3000
W/m.K thermal conductivity. Surfactant SDBS was pur-
chased from Sigma-Aldrich, India. Synthetic antioxidant
TBHQ was supplied from Sigma-Aldrich, India. Cottonseed
oil is used as DBF for the present implementation. Cottonseed
oil was provided by M/s S S Odunavar Industries, India.

C. DIELECTRIC NANOFLUID PREPARATION
CSO is used for the current implementation. It is vegetable
oil has the main features of green oil such as non-toxicity,
biodegradability and environmentally friendly. The vegetable
oil with the addition of antioxidant (TBHQ) has much greater
chemical stability and higher potential for antioxidant capac-
ity. The introduction of TBHQ suppresses the decomposi-
tion of vegetable oils at elevated temperatures. Preparation
of CSO DBF is already presented in our previous publica-
tion [19]. The CSO was added with 0.02% of TBHQ, and
then after, the solution was stirred by magnetic stirrer at
80 ◦C for 1.5 hour. The water and gas contaminants have been
removed from the oil through vacuum processing. Finally,
the 0.0 wt% CSO (CSO DBF) became ready for the current
implementation.

DNFs were prepared by liquid-phase exfoliation of
graphene. DNF were prepared using the two-step process,
considering its benefits. The calculated quantity of graphene
was introduced to the CSO DBF and stirred by magnetic
stirrer at 75 ◦C for 15 minutes. The dispersion stability was
obtained using a probe-type ultrasonic homogenizer with an
adjusted power setting of 70%, pulse setting of 40% to avoid
any overheating for the samples. Considering that the power
of the ultrasonic homogenizer is 250 W, this power setting
will deliver 4.2 kJ of energy during each minute of sonication
period. Graphene is considered a special amphiphile that
have negatively charged hydrophilic edges and hydropho-
bic basal plane [30]. Accordingly, both cationic and anionic
surfactants can interact with graphene. For cationic surfac-
tant, the opposite charging between surfactant and graphene

is responsible for interaction between them. For anionic
surfactant, similar to SDBS in our study, SDBS molecules
are interacted with graphene through π-π and hydrophobic
interactions [31]. So, choosing the proper surfactant in this
study was based on the superior performance of graphene
modified with SDBS compared to other surfactant types [31],
[32]. In this case, steric stabilization is the governing mecha-
nism by which adsorbed surfactants create intense repulsion
between nanoparticles [33]. SDBS was used as a surfactant
in each sample, the ratio of graphene and SDBS selected
for the current implementation was 1:1. This ratio proved
better stability compared to others [32]. Two separate sample
groups of DNFs at each graphene weight percentage (Viz.,
0.0015 wt%, 0.003 wt%, 0.006 wt%, and 0.01 wt%) were
prepared with ultrasonication treatment periods 30-minute
and 60-minute. Visual images of DNFs (Viz., 0.0015 wt%,
0.003 wt%, 0.006 wt%, and 0.01 wt%) with 30 and 60 minute
sonication period are included in the Fig. 1.

III. GRAPHENE CHARACTERIZATION
This phase of investigation provides detailed characteri-
zation of graphene particles used for the current investi-
gation. Graphene particles were characterized by Electron
microscopy analysis, EDX, and powder XRD.

A. ELECTRON MICROSCOPY ANALYSIS OF
GRAPHENE PARTICLES
Graphene SEM samples have been prepared on carbon tape
bonded to a stub of aluminum. A tiny graphene sample was
taken and then sprinkle over the carbon tape and the loose
particles were removed after the particles stick to the carbon
tape. Then, this stub was attached to the holder and placed for
SEM analysis in the sample chamber. Fig. 2(a) and (b) display
SEM images at 2700X and 14000X magnification levels,
respectively. Themorphology shows that the stacks of the few
layers are loosely oriented and look like smooth silky clothes.
During the preparation of TEM samples, graphene particles
are dispersed in ethanol. A drop of prepared sample was put
on the copper grid and was vacuum dried followed by TEM
imagery. Fig. 2(c) and (d) refers to the images of graphene
captured through TEM at 15000X and 30000Xmagnification
levels, respectively. It is evident from Fig. 2(c) and (d) that
the graphene sheets contain some darker areas related to the
stacking of certain layers of graphene. Fig. 2(e) shows SAED
pattern of graphene, showing six-fold symmetry. Fig. 2(f)
shows the edge area of the graphene, indicating sheet consists
of a few stacked atomic layers.

B. EDX AND XRD ANALYSIS OF GRAPHENE PARTICLES
Fig. 3(a) shows the EDX spectra of graphene, it had a car-
bon content of 99.79 atom% and 99.43 mass%, while the
other element remains at a very low atom% and mass%. The
graphene nanosheet’s XRD pattern is shown in Fig. 3(b).
It demonstrates that there are two distinctive peaks around
2θ = 27◦ and 54◦, suggesting the material molecular struc-
ture of carbon and internal carbon atoms [34].
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FIGURE 1. Visual Images of 30 and 60 minute sonication period dielectric nanofluid samples
at varying weight percentage.

IV. EFFECTS OF ULTRASONICATION ON
MULTILAYERED GRAPHENE
Graphene is composed of hexagonally arranged carbon atoms
that are covalently bonded. Each sheet of graphene composes
of a single-layered carbon plane. In multilayered graphene
these carbon sheets are layered on top of each other, where
Van der Waals weak force binds the adjacent layers together.
Fig. 4(a) shows two layered graphene with covalent and Van
der Waals bonds. As discussed earlier, two separate sample
groups of DNF at each weight percentage (Viz., 0.0015 wt%,
0.003 wt%, 0.006 wt%, and 0.01 wt%) were prepared with
ultrasonication treatment periods 30-minute and 60-minute
using a probe-type ultrasonic homogenizer. Ultrasonication
has a great impact on the breaking down of large nanoparticle
clusters into smaller clusters along with breaking of Van
der Walls bonds between layers and exfoliating graphene
sheets. Once this occurs, the chains of SDBS surfactant
are grafted on the surface of graphene sheets and prevent
their re-accumulation [35]. Fig. 4(b) shows same two layered
graphene after ultrasonication, with no Van der Walls bonds
between layers.

Fig. 4(c) shows multilayered graphene stack in DNF with
no ultrasonication treatment, followed by same multilayered
graphene stack in DNF at lower and higher ultrasonication
periods. From Fig. 4(c), it is evident that higher time of
ultrasonication leads to a detachment ofmore graphene sheets
from graphene stack by losing Van der Walls force. This
will break up large nanoparticle clusters, thereby preventing
particle agglomeration and sedimentation [36]. Based on this
concept, it can be concluded that the higher ultrasonication
period, the more homogeneous dispersion of nanoparticles in
DNFs. The more the homogeneous dispersion of nanoparti-
cles, the higher their suspension stability [37].

V. PROLONGED STABILITY OF NANOFLUIDS AT LOW
AND HIGH ULTRASONICATION PERIODS
Nanoparticles are often suspended in the base fluids under
the control of gravity as well as particle–fluid and particle–
particle interactions. Determining the optimal ultrasonication
time and power of the probe type ultrasonicator is one of the

most critical issues towards achieving the optimum disper-
sion stability, dielectric properties and thermal properties of
DNF. Power setting of 70% and pulse setting of 40% were
adopted to avoid possible overheating of DNF. Regarding
ultrasonication time, using long ultrasonication times will
break the clusters of nanosheets, but extreme long ultrason-
ication times have a negative impact on the stability and
properties of obtained nanofluids [38]. Regarding dielectric
nanofluids, ultrasonication times above 60 min can cause
overheating with a decrement in dielectric properties. Also,
previous results on nanofluids indicated that the improve-
ment in nanofluid properties is significant only in the first
45 minutes of sonication [39]. For these reasons, as a first
trial, small quantities of DNFs were prepared using four
different ultrasonication times of 10, 20, 30 and 60-minute.
The prepared samples were kept stationary for a period of 2
weeks and thus were examined by visual inspection. It was
found that the samples prepared with the ultrasonication time
of 30-minute and 60-minute are more stable than others.
Thus, desired quantity of DNFs were prepared with the ultra-
sonication time of 30-minute and 60-minute at the required
filler levels (Viz., 0.0015 wt%, 0.003 wt%, 0.006 wt%, and
0.01 wt%). Furthermore, stability of these samples was quan-
titatively evaluated using UV-Vis spectroscopy.

According to Beer–Lambert law, the light absorption of
a solution is directly proportionate to the volume of the
absorbing species in the solution. In the prepared DNFs the
absorbing species are the dispersed graphene particles. Thus,
for a fixed path length of sample under UV–Vis spectroscopy,
the absorbance of DNFs increases with the increase in the
weight percentage of graphene. Table 2 shows the peak
absorbance of 30-minute and 60-minute ultrasonicated DNFs
in arbitrary units (a.u.) measured after the preparation on day
1, 15, 30, 45, 60, 75, and 90. The wavelength correspond-
ing to peak absorbance was located around 275 nm. From
these results, it is evident that for the same timespan and
ultrasonication time the absorbance of DNFs increases with
the increase in the weight percentage of graphene. On the
other hand, at fixed weight percentage (Viz., 0.0015 wt%,
0.003 wt%, 0.006 wt%, and 0.01 wt%) the absorbance of
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FIGURE 2. Electron microscopy analyses: Scanning Electron Microscopy (SEM) at magnification levels: a) 2700X, and b) 14000X; Transmission
Electron Microscopy (TEM) at magnification levels: c) 15000X, and d) 30000X; e) Selected-area electron diffraction (SAED) pattern showing six
fold symmetry; and f) TEM image illustrating the edges of the few-layered graphene.

60-minute ultrasonicated DNF is higher compared to that
of 30-minute ultrasonicated DNF. On day 1, the highest
absorbance of 30-minute ultrasonicated DNFs was found to
be 0.903 a.u. and that of 60-minute ultrasonicated DNFs was
found to be 1.161 a.u. at 0.01 wt%.

A slight portion of dispersed particles may settle down
from the fluid with the prolonged time, which can result in
a reduced absorption in the same DNFs at the same fixed
path length. This is evident in Table 2, where at fixed weight
percentage (Viz., 0.0015 wt%, 0.003 wt%, 0.006 wt%, and
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FIGURE 3. (a) Energy Dispersive X-ray (EDX) spectroscopy and (b) Analysis of powder X-ray Diffraction (XRD).

TABLE 2. Absorbance and comparative stability analysis of 30-minute and 60-minute ultrasonicated dielectric nanofluids over prolonged period
of 90 days.

0.01 wt%) and fixed ultrasonication time (30-minute and
60-minute) the absorbance reduces from day 1 to day 90.
Thus, UV-Vis absorption can therefore be used to assess the
long term stability of DNFs by comparing the long term
absorption with the initial one. It is important to point out
that day 90 stabilities of all DNFs presented in Table 2 were
found to bemore than 90%.Also, DNFswith 60-minute ultra-
sonicated time were more stable than those with 30-minute,
indicating an improvement in the homogenous dispersion of
nanoparticles inside DNFs.

The UV-Vis spectra for DNFs at all weight percentages
and different ultrasonicated times are shown in Fig. 5 on day
30, 60, and 90. It is clear that the peak absorbance in all
DNFs is located around the wavelength of 275 nm due to the
presence of graphene particles. After this peak, all samples

exhibited a decrease in the absorbance. Also, it is evident
from Fig. 5 that DNFs with 60-minute ultrasonication time
were having higher absorbance at everymeasuredwavelength
as compared to the same DNFs with 30-minute ultrasonica-
tion time. This indicates that 60-minute ultrasonication time
achieves more homogeneous dispersion and higher suspen-
sion stability of nanoparticles in DNFs.

VI. DIELECTRIC PROPERTIES OF NANOFLUIDS AT LOW
AND HIGH ULTRASONICATION PERIODS
This section presents comprehensive analysis for the
dielectric properties of DNFs at low (30-minute) and
high (60-minute) ultrasonication periods. The properties
considered here include breakdown voltages at RTP under
applied AC voltage and applied lightning impulse; and rel-
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FIGURE 4. (a) Two layered graphene bound by Van der Waals bonds, (b) Two layered graphene
with no Van der Waals bonds, and (c) Multilayered graphene stack in dielectric nanofluid (DNF)
with no ultrasonication; lower ultrasonication time; and higher ultrasonication time.

ative permittivity, tan δ, and resistivity over a range of tem-
perature from 45 ◦C to 90 ◦C.

A. AC BREAKDOWN VOLTAGE OF NANOFLUIDS AT LOW
AND HIGH ULTRASONICATION PERIODS
The dielectric breakdown voltage is a prime property of
dielectric fluids, as it measures their ability to withstand
electrical stress. This is the voltage at which the breakdown
takes place between dual electrodes under predefined test
conditions. In the current investigation AC BDV of DNFs
were measured according to IEC 156. The mean value of AC
breakdown voltage for the DBF was estimated to be 37.6 kV
as presented in our previous investigation [19].

The inclusive mean AC breakdown voltage of DNFs for
two ultrasonication periods (Viz., 30-minute and 60-minute)
at varying graphene weight percentage (Viz., 0.0015 wt%,
0.003wt%, 0.006wt%, and 0.01wt%) is presented in Table 3.
It is evident that AC BDV was incremental in nature with
the increase in the weight percentage of graphene either for
30-minute or 60-minute ultrasonicated DNFs. The highest
mean AC BDV was measured as 51.6 kV and 53.2 kV
at 0.01 wt% for 30-minute and 60-minute ultrasonicated
samples, respectively. Percentage enhancements in mean AC
BDV of all DNFs in comparison to DBF are also presented
in Table 3. The highest percentage enhancement in mean AC
BDV was measured as 37.23% and 41.49% at 0.01 wt%
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FIGURE 5. Absorbance of dielectric nanofluids with various filler levels and ultrasonicated times (Viz., 30-minute and 60-minute) on
day: (a) and (b) 30; (c) and (d) 60; and (e) and (f) 90.

TABLE 3. Enhancement in AC breakdown voltages of dielectric nanofluids with ultrasonication time.

for 30-minute and 60-minute ultrasonicated samples,
respectively. For all DNFs, 60-minute ultrasonicated DNFs
recorded higher percentage enhancement of BDV in com-

parison to 30-minute ultrasonicated DNFs at fixed weight
percentage of graphene. The percentage enhancement in
BDV of 60-minute ultrasonicated DNFs in comparison to that
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FIGURE 6. AC breakdown voltage of dielectric nanofluids with varying
filler levels and ultrasonication time. Error bars represent standard
deviation.

of 30-minute ultrasonicated DNFs is presented in Table 3.
The percentage enhancements in BDV of 60-minute ultra-
sonicated DNFs were estimated as 0.79%, 1.53%, 2.91%,
and 3.44% in comparison to that of 30-minute ultrasonicated
DNFs at 0.0015 wt%, 0.003 wt%, 0.006 wt%, and 0.01 wt%,
respectively. Fig. 6 shows AC breakdown voltage of DNFs
with varying filler levels and ultrasonication time.

B. RELATIVE PERMITTIVITY OF NANOFLUIDS AT LOW AND
HIGH ULTRASONICATION PERIODS
Relative permittivity is an AC characteristic, frequently
denoted as dielectric constant. The relative permittivity of
materials will influence the distribution of the local volt-
age stress. For oil-pressboard composite insulation system,
more relative permittivity for the oil inherently leads to
improved distribution of electrical stress along pressboard
interface. In this section, relative permittivity of 30-minute
and 60-minute ultrasonicated DNFs were compared at four
varying temperatures.

As depicted in Fig. 7, relative permittivity of DNFs
were plotted against weight percentages (Viz., 0.0015 wt%,
0.003 wt%, 0.006 wt%, and 0.01 wt%) for four sets of tem-
peratures (Viz., 45◦C, 60◦C, 75◦C and 90◦C). It is evident
that at a given weight percentage and temperature, 60-minute
ultrasonicated DNFs had higher relative permittivity as com-
pared to 30-minute ultrasonicatedDNFs.Moreover, at a given
weight percentage for both 30-minute and 60-minute ultra-
sonicated DNFs, highest relative permittivity was recorded at
45◦C and decreased with the increase in the temperature up to
90◦C. Furthermore, at 45◦C, from 0.0015 wt% to 0.01 wt%,
relative permittivity increased with the increase in weight

FIGURE 7. Relative permittivity of 60-minute and 30-minute
ultrasonicated dielectric nanofluids at varying temperatures and fillers
levels of graphene. Error bars represent experimental uncertainties.

percentage, for both 30-minute and 60-minute ultrasonicated
DNFs.

The highest relative permittivity was observed at 0.01 wt%
at 45◦C, which was recorded as 2.995 for 60-minute ultra-
sonicated DNF against 2.986 for 30-minute ultrasonicated
DNF. This consequently decreased the permittivity ratio of
pressboard to oil and alleviated the non-uniformity of electric
field distribution along pressboard interface. As displayed
in Table 4, 60-minute ultrasonicated DNFs were compared
to 30-minute ultrasonicated DNFs for relative permittiv-
ity. It is evident from Table 4, all DNFs with 60-minute
ultrasonication time showed improved relative permittivity
in comparison to same DNFs with 30-minute ultrasonication
time. Although this improvement is small, but has an impact
in improving electric field distribution along pressboard inter-
face for 60-minute ultrasonicated DNFs compared to same
DNFs with 30-minute ultrasonicated time.

C. TAN δ OF NANOFLUIDS AT LOW AND HIGH
ULTRASONICATION PERIODS
Tan δ is the measurement of dielectric losses in liquid
dielectrics that dissipate as heat energy when alternating elec-
tric field is applied. Inherently un-used natural esters yield
higher tan δ compared to mineral oil, which was discussed in
detail earlier [19], [20]. In this section, the effect of ultrason-
ication time on tan δ of DNFs are discussed in detail.

As shown in Fig. 8, tan δ of DNFs were plotted against
weight percentages (Viz., 0.0015 wt%, 0.003 wt%, 0.006
wt%, and 0.01 wt%) for four sets of temperatures (Viz.,
45◦C, 60◦C, 75◦C and 90◦C). It is obvious from Fig. 8,
at a given weight percentage and temperature, 60-minute
ultrasonicated DNFs were having lower tan δ as compared
to 30-minute ultrasonicated DNFs. In addition, the lowest tan
δ was recorded at 45◦C at a given weight percentage for both
30-minute and 60-minute ultrasonicated DNFs and increased
with a temperature increase up to 90◦C. Moreover, at 45◦C,
from 0.0015 wt% to 0.01 wt%, tan δ decreased slightly with
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TABLE 4. Property enhancement of 60-minute ultrasonicated dielectric nanofluids in comparison to 30-minute.

FIGURE 8. Tan δ of 60-minute and 30-minute ultrasonicated dielectric
nanofluids at varying temperatures and fillers levels of graphene. Error
bars represent experimental uncertainties.

the increase in weight percentage for both 30-minute and
60-minute ultrasonicated DNFs. For other temperatures, tan
δ increased with the increase in weight percentage until a
certain weight percentage, above which tan δ decreased.

The lowest tan δ was observed at 0.01 wt% at 45◦C,
recorded 0.00762 for 60-minute ultrasonicated DNF against
0.00793 for 30-minute ultrasonicated DNF. As shown
in Table 4, 60-minute ultrasonicated DNFs were compared
to 30-minute ultrasonicated DNFs for tan δ. Table 4 shows
that all DNFs with 60-minute ultrasonication time showed
lower tan δ compared to the same DNFs with 30-minute
ultrasonication time. This decrement is substantial and will
have a subsequent effect in reducing dielectric losses for
60-minute ultrasonicated DNFs compared to same DNFs
with 30-minute ultrasonication time.

D. RESISTIVITY OF NANOFLUIDS AT LOW AND HIGH
ULTRASONICATION PERIODS
A liquid’s volume resistivity is a direct-current calculation
of the electrical insulating ability at opposite faces of a cen-
timeter cube. The resistivity (�-cm) of a fluid is the ratio of
the direct voltage gradient (V/cm) parallel to the current flow

FIGURE 9. Resistivity of 60-minute and 30-minute ultrasonicated
dielectric nanofluids at varying temperatures and fillers levels of
graphene. Error bars represent experimental uncertainties.

within the fluid to the current density (A/cm2), at a specified
time and under specified conditions.

As shown in Fig. 9, resistivity (T �-cm) of DNFs
were plotted against weight percentages (Viz., 0.0015 wt%,
0.003wt%, 0.006wt%, and 0.01wt%) for four sets of temper-
atures (Viz., 45◦C, 60◦C, 75◦C and 90◦C). It is obvious that at
a given weight percentage and temperature, 60-minute ultra-
sonicatedDNFswere having higher resistivity as compared to
30-minute ultrasonicated DNFs. Moreover, at a given weight
percentage for both 30-minute and 60-minute ultrasonicated
DNFs, highest resistivity was recorded at 45◦C and decreased
with the increase in the temperature up to 90◦C. Further-
more, at 45◦C, from 0.0015 wt% to 0.0060 wt%, resistivity
slightly decreased with the increase in weight percentage, for
both 30-minute and 60-minute ultrasonicated DNFs. Above
0.0060 wt%, resistivity increased with the increase in weight
percentage, for both 30-minute and 60-minute ultrasonicated
DNFs. Similar trend was observed at other temperatures.

The highest resistivity was observed at 45◦C. At
0.0015 wt%, it was recorded 0.8013 T �-cm for 60-minute
ultrasonicated DNF against 0.78 T �-cm for 30-minute
ultrasonicated DNF. As shown in Table 4, 60-minute ultra-
sonicated DNFs were compared to 30-minute ultrasonicated
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DNFs for resistivity. It is evident that all DNFs withbre
60-minute ultrasonication time showed improved resistivity
in comparison to same DNFs with 30-minute ultrasonication
time. This improvement is important for the performance of
DNFs as an insulating medium.

VII. THERMAL CONDUCTIVITY OF NANOFLUIDS AT LOW
AND HIGH ULTRASONICATION PERIODS
This section presents thermal properties of DNFs at
high (60-minute) ultrasonication period compared to low
(30-minute) ultrasonication period. Thermal properties
include thermal conductivity over a temperature range from
35 ◦C to 65 ◦C and thermal response.

A. THERMAL CONDUCTIVITY OF NANOFLUIDS
Thermal conductivity and viscosity are the most important
properties that indicate the cooling efficiency of the dielectric
fluids used in transformers. In the current investigation it
is assumed viscosity levels are within the specific typical

values because of lower weight percentage of graphene in the
DNFs. On the other hand, it is important to provide specific
typical values of the thermal conductivity for the optimization
of thermal design. In this section thermal conductivity of
30-minute and 60-minute ultrasonicated DNFs were com-
pared at four varying temperatures.

As depicted in Fig. 10 a-d, percentage enhancement in ther-
mal conductivity of DNFs were plotted against temperatures
(Viz., 35◦C, 45◦C, 55◦C and 65◦C), for four sets of weight
percentages (Viz., 0.0015 wt%, 0.003 wt%, 0.006 wt%, and
0.01 wt%). It is obvious that at a given weight percentage
and temperature, 60-minute ultrasonicated DNFs were hav-
ing higher percentage enhancement in thermal conductiv-
ity as compared to 30-minute ultrasonicated DNFs. More-
over, at a given weight percentage for both 30-minute and
60-minute ultrasonicated DNFs, lowest percentage enhance-
ment in thermal conductivity was recorded at 35◦C and
increased with the increase in the temperature up to 65◦C.

FIGURE 10. Percentage enhancement in thermal conductivity of 60-minute and 30-minute ultrasonicated dielectric
nanofluids at varying temperatures and filler levels (a) 0.0015 wt%, (b) 0.0030 wt%, (c) 0.0060 wt%, and (d) 0.01 wt%. Error
bars represent experimental uncertainties.
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Furthermore, percentage enhancement in thermal conduc-
tivity increased with the increase in weight percentage of
graphene.

The base value for finding a percentage increase in thermal
conductivity is the thermal conductivity of DBF that obtained
experimentally as 0.167 W/m.K at 35◦C, 0.167 W/m.K at
45◦C, 0.167 W/m.K at 55◦C and 0.168 W/m.K at 65◦C;
was almost constant and compatible with that depicted in
the literature [40]. Among all DNFs, the maximum enhance-
ment in thermal conductivity was recorded 18.44% and was
observed at 0.01 wt% and 65◦C with 60-minute ultrason-
ication, while the same DNF with 30-minute ultrasonica-
tion exhibited an enhancement of 17.28%. In Fig. 10, per-
centage increase in thermal conductivity according to the
Maxwell model is also plotted. Actual measured values of
thermal conductivity results are significantly higher than the
Maxwell model, which is the same as the results obtained by
researchers [41]–[43].

B. THERMAL RESPONSE OF NANOFLUIDS
Thermal response is another analysis to check the thermal
effectiveness of 60-minute ultrasonicated DNFs for heat
dissipation compared to 30-minute ultrasonicated DNFs.
Custom-built thermal response test setup, as depicted
in Fig. 11, was used to investigate the effectiveness of heating
and cooling processes through digital thermometer. DC sup-
ply at a fixed power level was used to heat DNFs through
micro coil for 26 minutes to investigate the effectiveness
of heat dissipation, and then DNFs were allowed to cool
down naturally for the next 26 minutes to investigate the
effectiveness of cooling. To ensure the same conditions for all
samples, the ambient temperature in the lab was maintained
constant through air conditioner.

The thermal response test results are shown in
Fig. 12(a), and (b) for the heating and cooling process,
respectively. In Fig. 12(a), the temperature was recorded over
different time intervals (i.e., minute 16, 18, 20, 22, 24, and
26) by the digital thermometer up to the initial 26 minutes.
From the results, it is evident that at each weight percent-
age 60-minute ultrasonicated DNFs showed higher tempera-
tures compared to 30-minute ultrasonicated DNFs, indicating
more effectiveness in heat dissipation. On the other hand,

FIGURE 11. Custom-built thermal response test setup.

Fig. 12(b) shows the temperature for the next 26 minutes
recorded at different time intervals (i.e., minute 42, 44, 46,
48, 50, and 52). From the results, it is evident that at each
weight percentage 60-minute ultrasonicated DNFs showed
lower temperatures compared to 30-minute ultrasonicated
DNFs, indicating more cooling efficiency.

VIII. DISCUSSION
A. DIELECTRIC PERFORMANCE
In the composite fluids, the dielectric constant is directly
proportional to the number of liquid molecules and the num-
ber of solid particles per unit volume. The number of liquid
molecules per unit volume is independent of the ultrason-
ication period. But, the number of dispersed nanoparticle
sheets per unit volume increases at a higher ultrasonication
time compared to lower one, resulting in a small increase
in relative permittivity. Fig. 13 shows schematic diagram
showing mechanism for varying properties due to ultra-
sonication time. For DNFs with 30-minute ultrasonication
time in Fig. 13(a), nanoparticles become less dispersive
and exhibit some agglomerations causing fewer dispersed
graphene nanoparticle sheets per unit volume. For DNFs
with 60-minute ultrasonication time in Fig. 13(b), nanopar-
ticles become more dispersive across the fluid causing more
dispersed graphene nanoparticle sheets per unit volume.
This results in increased relative permittivity compared to
30-minute ultrasonication DNF.

The better dispersion of nanoparticles for 60-minute ultra-
sonication DNF increases the number of dispersed nanopar-
ticle sheets per unit volume. This creates more trapping sites
across the fluid, either originated from nanoparticles them-
selves or originated from EDLs surrounding them. These
trapping sites result in an increase in AC BDV compared to
30-minute ultrasonication DNF. Also, the increase in trapping
sites with the better dispersion decreases the mobility of
charge carriers with a subsequent increase in resistivity and
decrease in tan δ.

B. THERMAL PERFORMANCE
The reason for the increase in thermal conductivity with
the higher ultrasonication time is attributed to breaking
up larger nanoparticle clusters and the detachment of
individual graphene nanosheets. This increases the number
of dispersed nanosheets per unit volume as shown in Fig. 13.
Considering that thermal performance is governed by phonon
transport, Brownianmotion, and interparticle interactions due
to EDL [20], the increased number of dispersed nanoparti-
cle sheets contributes positively to all of these mechanisms.
For phonon transport, the dispersion of graphene nanosheets
increases the number of phonon polarization branches result-
ing in an increase in ballistic phonons with a consequent
increase in heat transfer process. For Brownian motion and
interparticle interactions, both thermal conductivity terms
are directly proportional to the number of nanoparticles,
making it beneficial to disperse graphene nanosheets with the
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FIGURE 12. Thermal response of dielectric nanofluids: (a) Heating for the first 26 minutes, and
(b) Natural cooling for the minute 27 to 52.

FIGURE 13. Schematic diagram showing mechanism for varying
properties due to ultrasonication time: a) 30-minute ultrasonication time:
less homogeneous and less dispersed nanoparticles per unit space,
b) 60-minute ultrasonication-time: more dispersed nanoparticles per unit
space.

higher ultrasonication time. The obtained enhancements in all
these mechanisms are also reflected on the thermal response,
including heating and cooling processes. The thermal con-
ductivity enhancements with temperature are attributed to

the positive impact of temperature on the abovementioned
mechanisms. For phonon transport, the nanostructures vibrate
in a faster way with increased temperature resulting in an
increase in the number of phonons and subsequent increase
in thermal conductivity enhancement. For Brownian motion
and interparticle interactions, increased temperature results
in an increase in Brownian motion [44] giving rise of thermal
conductance.

IX. CONCLUSION
In the current research, long term stable cottonseed oil
(CSO) based nanofluids were synthesized for the applica-
tion as DNFs. Graphene nanoparticles were used at different
weight fractions (0.0015 wt%, 0.003 wt%, 0.006 wt%, and
0.01 wt%) and nanofluids were prepared with different ultra-
sonication periods (10, 20, 30 and 60-minute). The graphene
morphology and stacking were successfully characterized
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using SEM, TEM, EDX, and XRD. For nanofluids, the pre-
pared samples were kept stationary for a period of 2 week
and thus were examined by visual inspection. It was found
that the samples prepared with the ultrasonication period of
60-minute and 30-minute are more stable than others
(10-minute and 20-minute). Thus, these periods were
adopted for quantitative evaluation of stability through using
UV-Vis spectroscopy, and for dielectric and thermal property
measurements.

• DNFs with 60-minute ultrasonication time had higher
absorbance and subsequent more homogenous disper-
sion and stable suspension of nanoparticles at every
measured wavelength as compared to the same DNFs
with 30-minute ultrasonication time. Based on rela-
tive concentration, stability after 90 days for 60-minute
ultrasonicated samples was measured to be 96.13%,
94.16%, 93.11%, and 91.13%, where for 30-minute
ultrasonicated samples it was 95.17%, 93.21%, 92.04%,
and 90.22%, respectively at 0.0015 wt%, 0.003 wt%,
0.006 wt%, and 0.01 wt%. This was reflected positively
on the dielectric and thermal properties.

• For the dielectric properties, the base value for finding
a percentage enhancement in the AC BDV is the AC
BDV of DBF, the percentage enhancements in AC BDV
(at RTP) of 60-minute ultrasonicated DNFs were higher
than that of 30-minute ultrasonicated DNFs at all weight
fractions. The highest percentage enhancement in mean
ACBDVwas obtained at 0.01 wt% and was measured as
41.49% for 60-minute ultrasonicated sample, while for
the same weight fraction it was measured as 37.23% for
30-minute ultrasonicated sample.

• Similarly, all DNFs with 60-minute ultrasonication
period showed higher relative permittivity, lower tan δ,
and higher resistivity compared to those with 30-minute
ultrasonication period at given temperatures (i.e., 45◦C,
60◦C, 75◦C and 90◦C).

• For thermal properties, the base value for finding a
percentage increase in the thermal conductivity is the
thermal conductivity of DBF, the maximum enhance-
ment in thermal conductivity was recorded 18.44% and
was observed at 0.01 wt% and 65◦C with 60-minute
ultrasonication, while the same DNF at same tem-
perature with 30-minute ultrasonication exhibited an
enhancement of 17.28%. Similarly, thermal response
test indicated all DNFs with 60-minute ultrasonication
are more effective in heat dissipation and cooling.

• The results were explained considering the number of
dispersed nanoparticle sheets per unit volume which
increases at a higher ultrasonication time compared
to lower one. This creates more trapping sites across
the fluid, resulting in an increase in AC BDV and
a decrease in the mobility of charge carriers with
a subsequent increase in resistivity and decrease in
tan δ. For thermal performance, the increased number
of dispersed nanoparticle sheets contributed positively

towards phonon transport, Brownian motion, and inter-
particle interactions due to EDL.

The presented results showed the relation between dispersion
stability and thermo-dielectric properties. This contributes to
the key issue of the long-term stability of the natural ester
graphene nanofluids when working within a transformer.
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