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Abstract— This study is focused on exploring the change
in the dielectric and cooling efficiency of vegetable oil
following the integration of semiconducting SiC and TiO»
nanoparticles (NPs) in two different weight percentages by
comparing the corresponding behavior of nanofluids (NFs)
at the time of their synthesis and after one month of aging.
The thermal response has been evaluated by means of
diffusivity and conductivity, while dielectric properties are
measured with nondestructive tests (relative permittivity
and dissipation factor) and destructive ones in terms of
lightning impulse withstand voltage. The results of the lat-
ter property measurements are also compared to humerical
model findings. The analysis of results proves that the
properties under study are worsened with increase in NPs’
concentration, probably attributing it to quicker agglomera-
tion, as it is also confirmed by the simulation results.

Index Terms— Aging, lightning impulse breakdown volt-
age (LI BDV), nanofluid (NF), relative permittivity, thermal
conductivity.

Manuscript received 18 December 2022; revised 10 March
2023 and 25 May 2023; accepted 9 June 2023. Date of publication
13 June 2023; date of current version 21 August 2023. (Corresponding
author: Konstantinos N. Koutras.)

Konstantinos N. Koutras and Eleftheria C. Pyrgioti are with the
Department of Electrical and Computer Engineering, University of
Patras, 26504 Patras, Greece (e-mail: k.koutras@ece.upatras.gr;
e.pyrgioti@ece.upatras.gr).

Georgios D. Peppas is with Raycap S.A., 66100 Drama, Greece
(e-mail: peppas@ece.upatras.gr).

Sokratis N. Tegopoulos and Apostolos Kyritsis are with the School
of Applied Mathematics and Physical Sciences, National Technical
University of Athens, 15780 Athens, Greece (e-mail: stegopou-
los@mail.ntua.gr; akyrits@central.ntua.gr).

Andreas G. Yiotis is with the School of Mineral Resources Engi-
neering, Technical University of Crete, 73100 Chania, Greece (e-mail:
agiotis@tuc.gr).

Thomas E. Tsovilis is with the School of Electrical and Computer
Engineering, Aristotle University of Thessaloniki, 54124 Thessaloniki,
Greece (e-mail: tsovilis@auth.gr).

loannis F. Gonos is with the School of Electrical and Computer
Engineering, National Technical University of Athens, 15780 Athens,
Greece (e-mail: igonos@cs.ntua.gr).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TDEI.2023.3285524.

Digital Object Identifier 10.1109/TDEI.2023.3285524

[. INTRODUCTION

HE effect of different nanoparticles (NPs) on the thermal
and dielectric properties of dielectric liquids, which are
largely used in power transformers as dielectric materials and
coolants, has drawn a lot of interest in the past few years [1],
(21, [3], [41, [5], (6], [71, 8], [9], [101, [L1], [12], [13], [14],
[15], [16], [17], [18]. Focusing on both dielectric and thermal
properties, it is critical for the design and development cri-
teria of immersed power transformers. Although the reported
findings are frequently contradictory, the method of adding
NPs to conventional oil volumes, the formation of a new
dielectric liquid that is called nanofluid (NF), has revealed
promising results in improving a range of characteristics [1],
[2], [3], [4], [5], [6]. Mineral oils (MOs), despite being used
almost exclusively as liquid insulation in high-voltage (HV)
applications up to this point, have serious drawbacks, as they
are very flammable, highly toxic, and have short lifetime,
facts which turn the attention to environment conscious natural
ester oils (NEOs) and synthetic ester oils (SEOs) on a global
scale [6], [7], [8], [9], [10]. However, ester oils have their dis-
advantages as well, because there are many studies reporting
lower breakdown voltage and higher dissipation factor with
respect to MOs [17], [19]. The research on the addition of
NPs in natural ester aims to find a proper insulating NF with
a particular type of NP in a suitable concentration level, which
is characterized by improved dielectric and physicochemical
properties to propose it as a proper replacement of the MO.
In this direction, Khaled and Beroual [1] noticed that
incorporating Fe;O4 NPs at 0.4 g/L ratio in a NEO can lead
to expected ac breakdown voltage (ac BDV) enhancement
by 48%. According to Fasehullah et al. [9], the introduction
of CdS NPs in SEO can result in an about 35% improve-
ment of the ac BDV at a 0.3 g/L loading. Furthermore,
Koutras et al. [18] and Khelifa et al. [10] investigated partial
discharge (PD) activity in NEO filled with SiC NPs and SEO
doped with fullerene NPs, respectively. Koutras et al. [18]
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found that the integration of SiC NPs at 0.004% w/w
can improve the PD inception voltage (PDIV) by around
40%, while adding fullerene NPs can considerably delay the
PDIV [10].

On account of lightning impulse breakdown voltage
(LT BDV) performance under positive  polarity,
Sima et al. [11] examined the impact of surface-modified
conductive Fe30,4, semiconductive TiO,, and insulative
Al,O3 NPs on MO at the same concentrations. The results
proved that the NF containing the conductive NPs resulted
in the highest LI BDV increment. The authors explained
those results by introducing the ability of colloids to trap
fast-moving electrons by forming a potential well around their
surface, where the streamer’s high-energy electrons could
be captured. The value of this potential well is higher, the
higher the contrast of conductivity (if the NP is conductive)
or dielectric constant (for semiconductive or insulative NP)
between NP and host liquid. For negative LI BDV efficiency,
Beroual and Khaled [5] referred that a 16.8% improvement
can be achieved by integrating a 0.05 g/LL amount of Al,O;
NPs in NEO.

Despite the variety of experimental investigation of dielec-
tric properties of NFs based on environmentally friendly oils,
there are limited works studying the relative permittivity and
thermal efficiency in terms of diffusivity and thermal con-
ductivity, although the thermal performance of NF is equally
important for its choice as a potential candidate for MO
replacement in power transformers [8], [12], [13]. Besides,
it is well known that conventional colloidal suspensions tend
to agglomerate with time resulting in sedimentation; thus,
a change occurs in their active concentration inside the liquid
volume [7], [13], [14]; nevertheless, thermolytic root (thermal
decomposition) coating methods of nanocrystals can surpass
the latter agglomerates successfully [19]. However, the evolu-
tion of dielectric and thermal properties over aging time has
yet to be explored extensively. The influence of bentonite on
thermally aged vegetable oil-based NF incorporating TiO, NPs
was analyzed by Amalanathan et al. [15]. They claimed that
the dissipation factor of NFs was higher when compared to
the matrix during thermal aging. It has also been reported
that the addition of a variety of NPs leads to an increase
in dissipation factor with respect to the pure oil’s during
aging [16]. The experiments at the whole of these works,
however, only happened at room temperature.

In this study, the thermal properties of four natural
ester-based NFs with weight percentage ratios of TiO, and
SiC NPs of 0.004% and 0.008%, respectively, are determined
in terms of thermal conductivity and thermal diffusivity over
the temperature range of 25 °C-90 °C. Additionally, relative
permittivity and dielectric dissipation factor (tand) of the NF
and matrix samples are evaluated and processed at a frequency
range from 1 to 10° Hz at room and elevated temperatures.
All of the experiments take place shortly after the synthesis
of NFs and are repeated with the same protocol after they
are one-month aged. This study is focused on the influence
of metal carbide NPs (like SiC) affecting the dielectric and
thermal properties of dielectric liquids, which have not been
extensively investigated in the literature, such as the ones of
TiO, and other metal oxide NPs (i.e., Fe;04, Fe,O3, and

AL O3) [1], [5], [19]. As described in [18], the stability of the
same dispersions of TiO, and SiC NPs had been examined
in situ in room and high temperatures for a range of weeks.
Their performance at 90 °C is also evaluated, apart from the
ambient, since it is of major interest for high load conditions
of power transformers. The results of this study can assist in
leading to valuable findings on the effect of colloidal stability
on the evolution of the dielectric and thermal performance in
the field of NFs.

Apart from the aforementioned properties, the samples
containing SiC NPs are also subjected to positive lightning
impulse voltage (LIV) after their synthesis and the outcomes
are contrasted to the ones of a numerical model developed in
COSMOL Multiphysics graphical environment [17].

II. MATERIALS AND METHODS
A. Justification of the Materials Used

The base for the synthesis of NFs is Cargill’'s NEO FR3.
The selected TiO; (21 nm average diameter) and SiC (50 nm
average diameter) NPs have been obtained commercially from
Sigma Aldrich and NanoAmor, respectively, and characterized
from a spherical shape. NPs with semiconducting nature were
selected due to the absence of literature and prior art on SiC
NF, while there is extensive one on the impact of conductive
NPs [1], [5], [19]; with respect to the dielectric NPs, like
SiO, [12], they are not so effective because their dielectric
constant is similar to the matrix oil’s [11].

The analytical descriptions of the aforementioned materials’
properties can be found in earlier research [8], [13], [17]. The
DRS method is utilized to determine the relative permittivity
&, of matrix and NPs in complex form, as indicated from the
following equation [13], [17]:

e =¢ — je! (1)

where ¢/ is called dielectric constant reflecting the stored
energy in the dielectric and ¢/ stands for the imaginary part,
which expresses the dielectric losses induced by polarization
and leakage current. In brief, NPs in white nanopowder are
put into a test cell with 20-mm-diameter golden spherical
electrodes, which are then introduced into the Novocontrol
BDS1200 cell to conduct the dielectric relaxation measure-
ments. On the other hand, the base oil sample is placed in a
cylindrical sample holder capacitor also supplied by Novocon-
trol (BDS1307 cylindrical liquid cell). All capacitor samples
are subjected to the same ac voltage applied by a Novocontrol
Alpha analyzer with both parts of relative permittivity recorded
at a frequency range from 1 Hz to 1 MHz.
Following the measurement of relative permittivity, the tand
is calculated from the following equation:
tand = 8—’. 2)

!
r

An earlier study included the variation of the frequency-
dependent relative permittivity for the NPs in question [17].
From those results, it was evident that the dielectric constant
of SiC NPs, probably due to their carbon-rich surface [18],
is higher with respect to the corresponding one of the TiO, at
the whole understudy spectrum.
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(a) (b) (c) (d)

Fig. 1. NF samples after their homogenization.(a) sNF1 (b) sNF2
(c) tNF1 (d) tNF2.

B. Synthesis of NF Samples

The preparation of the understudy NF samples includes two
phases (two-step method). In this method, NPs are usually
commercially accessible and produced by applying physical,
chemical, and mechanical practices for the first phase. The
grown dry NPs are usually uniformly dispersed in base liquid
volumes using ultrasonic bath followed by magnetic stirring
for the second phase. For the understudied NFs, ultrasonication
was adopted.

Initially, the integration of the dry NPs in the matrix
vegetable oil volume takes place at the selected concentra-
tion levels, namely, 0.0004% and 0.008% w/w, synthesizing
two NEO-based TiO, and two NEO-based SiC NFs. It is
worth mentioning that no surfactants have been used for the
surface modification of the NPs, as long the aim of our
study is to provide a comparison of their influence without
any modification. Apart from that, the addition of surfactants
usually provides short-time stability enhancement, while in
some research studies, it leads to undesirable effects, like
deterioration of heat transfer performance of NFs and viscosity
increase [20]. The second step aims to eliminate the negative
effect of NPs’ initial agglomeration after their addition to the
dielectric medium, as they tend to reduce their high surface
areas per unit volume [17], [18], [19]. In order to produce
uniform colloidal suspensions, each NF sample is subjected to
vigorous ultrasonication for 90 min in total, using ultrasonic
cleaner Elmasonic S 40 H. The chosen protocol consists of
continuous stirring for 30 min, followed by a 15-min break,
with the cycle repeated two times. The colloidal stability of
each of the samples had been studied in situ both in room
and high temperature in previous work of the authors [18],
while the representative TEM images of the TiO, dispersions
in NEO can be found in [21].

In this study, the optimal percentages of TiO, and SiC
NPs, found in previous studies [18], are examined in terms
of aging so as to evaluate the long-term performance of these
NFs, which is critical for industrial applications. In higher
concentration levels, agglomeration and sedimentation were
found, thus excluded from the current study [18]. Lower than
0.004% concentrations in NEO provide mediocre enhancement
of the dielectric properties [21].

In Fig. 1, the NF samples are depicted after their production,
and their identification is incorporated in Table I.

[1l. EXPERIMENTAL PART

This section includes the principles under which the
measurements (dielectric and thermal) of the NFs under inves-
tigation have taken place.

TABLE |
LABELING OF THE NF SAMPLES

Sample Name (n) NP Concentration

(% wiw)
Base (Matrix) 0
sNF1 NF containing 0.004% SiC
sNF2 NF containing 0.008% SiC
tNF1 NF containing 0.004% TiO,
tNF2 NF containing 0.008% TiO,

Fig. 2. Apparatuses used for thermal diffusivity and relative permittivity
measurements. (a) NETZSCH LFA 467 Hyper Flash device. (b) Novo-
control Alpha analyzer.

After making the NF samples, the conduction of the thermal
and dielectric properties measurements is made using the
methods outlined in the following parts of this section. This
is required in order to reduce the detrimental impacts of NPs
agglomeration/sedimentation, which alters their active concen-
tration in the host liquid and consequently affects their thermal
and dielectric performance [18]. According to the findings of
our past research [18], TiO,-based NFs lost stability faster
than their SiC equivalents; hence, it is essential to undertake
tests within the proper time frame after the homogenization.

The NF samples were left at room temperature in the
absence of light, for a month, trying to achieve a natural aging
process; thereafter, the same measurements are conducted
again to compare the behavior of the samples to that after their
synthesis and to link it with the stability research results [18].

A. Conduction of Measurements of Thermal Properties

With respect to the thermal properties, a light on the effect
of temperature on the degradation of the thermal diffusivity
and conductivity is understudied, wherein the aging effect of
90 °C is reflected primarily on the agglomeration.

So that it is possible to determine the thermal conduc-
tivity indirectly, it is first necessary to measure the thermal
diffusivity i.e., the speed of heat propagation inside the
dielectric. Thermal diffusivity a is measured by utilizing the
flash method [13], [17], [22] with the use of NETZSCH LFA
467 apparatus, which is shown in Fig. 2(a). A special liquid
cell (LFA test cell, 12.7 mm in diameter) is used to retain
the samples. Thermal response is investigated in temperatures
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ranging from 25 °C to 85 °C in 10 °C steps, with a maximum
temperature of 90 °C. The half-time approach is used to
compute thermal diffusivity, which is directly measured from
an average of five light pulse shoots [22] according to the
following equation:

138 L?
R 12

3)

where a is the thermal diffusivity in mm?/s, L is the thickness
of the sample in mm, and ¢, is the amount of time it takes for
the sample’s back surface to warm up to 50% of its maximum
temperature, in s.

Thermal conductivity is then calculated from Fourier’s law
of heat conduction as follows [17], [22]:

A=a-Cp-p (4)

where A is the thermal conductivity in W/(m- K), C, is
the specific heat capacity in J/(g- K) measured by means of
differential scanning calorimeter, and p is the density of the
medium in g/cm?, which has been equal to the base oil’s
(0.92 g/cm?).

B. Conduction of Measurements of Dielectric Properties

With respect to the dielectric performance, in an effort to
investigate the dielectric behavior of the understudied NFs,
the tand and LI BDV are considered in light of the over-
all dielectric performance. Tangent delta tests are associated
mainly with power losses of NFs under power frequency and
they are indicative of their aging (steady-state importance).

The DRS technique is used to calculate the permittivity
and tand of the NF samples in the same manner as stated
in the preceding section regarding the matrix, after their
preparation and after one month of aging. A cylinder-shaped
liquid sample holder capacitor is used to hold the NF samples.
Afterward, using a Novocontrol Alpha analyzer [Fig. 2(b)],
the capacitor sample is supplied with an ac voltage, and the
relative permittivity e, versus frequency is determined in the
range of 1-10° Hz at an ambient (25 °C) and at a reasonable
elevated temperature of 90 °C. The choice of the elevated
temperature corresponds to the necessity to simulate the NFs
behavior at upper extreme conditions of the power transformer,
where in urgent cases, such as short circuits or high loads
under elevated ambient temperatures, the temperature inside
the windings can be increased.

The LI BDV experiment under positive polarity concern-
ing the NF and base oil samples at room temperature has
been conducted on account of the demands of the IEC
60897 standard [23]. Impulse tests are associated with the
overvoltage behavior of the NF under fast-front overvolt-
ages that may occur in the field, such as lightning-related
overvoltages impinging on transformers and transient voltage
events. Positive LI BDV is selected as the preferred polarity
because most NPs are mainly influenced by the LI BDV
under positive polarity, while the negative one remains almost
unaffected [24]. On top of this, the mean negative impulse
breakdown voltage level is higher than the positive one [25],
for the same gap separation distance; therefore, by finding

(a)

Impulse Voltage (kV)

= N W A OO O ~
o o O o o o o o
L L L L L | )

0 10 20 30 40 50 60 70 80
Time (us)

80- (b)

60

40 1

Impulse Voltage (kV)

20

o] L.

0 5 10 15 |20 25 30
Time (ps)

Time to

Fig. 3. LIV waveforms. (a) Withstand case (1.2/50 us). (b) LI breakdown
case waveform displaying the breakdown time.

the lightning withstand voltage under positive polarity, the
transient performance of the NF under the most unfavorable
conditions can be estimated.

The impulse generator is a two-stage (Marx) Haefely AG
device with a maximum output voltage of 400 kV and total
energy of 600 J generating LIV 1.2/50 us. The measurements
are carried out in a nonhomogeneous point-sphere field geom-
etry [17]. The point-sphere electrodes in the test cell have a
fixed 25-mm spacing. The sphere’s diameter is 12.7 mm, while
the point has a radius of curvature of 50 um. The protocol to
determine the LI BD performance is the same as that in our
previous study [17]. Briefly, three voltage applications occur
at the selected levels, beginning from a particular voltage level
that is predicted to be lower than the LI BDV. The impulse
voltage level is increased if the applied voltage causes no
BD [17], until ten breakdowns in total are acquired, and then,
the mathematical analysis of the results is performed [1], [3],
(61, [17].

The applied LIV is measured through a capacitive voltage
divider and monitored through Tektronix DPO4104; 1-GHz,
5-GS/s oscilloscope. A typical LIV signal recorded from the
oscilloscope is presented in Fig. 3(a), while a corresponding
LI BDV waveform displaying the BD time is depicted in
Fig. 3(b).

IV. RESULTS AND DISCUSSION
A. Thermal Performance

Fig. 4 shows the average thermal diffusivity values for the
samples under investigation obtained from five light pulses
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Fig. 5. Thermal conductivity of as-prepared and one-month aged
samples at temperature range from 25 °C to 90 °C.

and computed from (3) for the range of the understudied
temperature levels. The solid lines represent their response at
the time of their synthesis, while the dotted lines demonstrate
the repeated measurements after one-month thermal aging
regarding the same samples. Fig. 5, on the other hand, displays
the mean conductivity values at the same conditions as a
function of increasing temperature.

Fig. 4 clearly illustrates how the diffusivity of all NFs has
increased in comparison to the matrix oil, with SNF1 showing
the most significant enhancement across the entire range of
temperature. The same trend is observed in the aged samples
as well, albeit their behavior has worsened, probably due to
the augmented NPs’ tendency to aggregate over time.

sNF1 sample is characterized by enhanced thermal per-
formance, compared to the tNF samples; however, various
parameters can still affect this enhancement, including thermal
conductivities of the base fluid and the NPs, the volume
fraction, the surface area, the shape, and the temperature [26],
[27], [28]. Considering the above, the increased thermal
conductivity can be attributed to the increased thermal conduc-
tivity of the SiC NP with respect to the TiO, due to the usage
of very low concentrations, with dimensions >10 nm (wherein
nanolayers and NP dimensions can highly impact the thermal

conductivity) [27]. Despite the numerous micro/nanoscale
and macroscale interpretations, explaining and predicting the
thermal conductivity behavior of NFs is still a topic of high
interest and various theories [27].

On the contrary, the fact that this sample demonstrates better
thermal performance than the dispersion with the double con-
centration means that the NPs’ agglomeration in terms of the
latter dispersion plays a major role in the thermal conductivity
behavior, as it has been reported in other published research
articles [29]. While various theories are used for the thermal
conductivity of NFs, the agglomeration effect on the thermal
conductivity is an extensively challenging topic approached
with fractal theories describing the disorder and stochastic
process of clustering [30].

Thermally improved performance of NFs used in power
transformers is critical since: 1) a system can have increased
power for the same size or reduced size for the same power
because of the accelerated cooling process with improved
dielectric strength and 2) a system can have increased lifetime
due to the reduced temperature under normal operating condi-
tions, which also affects the solid insulation (i.e., kraft paper)
and transformer itself. There are other numerous applications,
combining the thermal and dielectric properties of cooling and
insulation systems, such as microelectronics and solid-state
lightning, wherein increased thermal properties can tackle the
heat dissipation by keeping the same dimensions [31]. The
thermal conductivity behavior, as seen in Fig. 5, is similar
to the one of thermal diffusivity. sNF1 sample’s thermal
conductivity is the most enhanced up to 58% with respect
to NEO’s. It is noteworthy that the largest decrease in thermal
properties after aging is observed in sNF1 NF, which has
shown the highest increase at the time of its synthesis. It can
therefore be concluded that the existence of aggregates, mainly
due to aging, affects the thermal properties significantly. As the
previous study has already reported [18], the amount of
sediments in this NF is negligible; therefore, the entire amount
of aggregates is contained in its volume making it hard to
dissipate heat.

On the contrary, in the sNF2 NF, the amount of agglom-
erates has been reduced compared to those present during its
composition due to sedimentation, and thus, the reduction in
thermal properties is negligible. The same pattern is identified
for the two tNF dispersions, where the tNF2 sample, due to the
faster aggregation, demonstrates the most significant decrease
in the heat dissipation capacity.

B. Relative Permittivity and Loss Tangent

The investigational samples’ spectrum changes in dielectric
constant at 25 °C and 90 °C are shown in Fig. 6(a) and (b),
respectively. The corresponding change of tand is also depicted
in Fig. 7(a) and (b), respectively. Fig. 6(a) and (b) indicates
that the samples at the lowest NPs’ investigated concentrations,
shortly after their synthesis, have reduced dielectric constants
throughout the entire frequency range, which is mainly related
to electrode polarization and interfacial polarization of the
Maxwell-Wagner—Sillars type [17].

The following LI BDV results could also be detected
in the lowered values of the dielectric constant, which
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Fig. 6. Variation of dielectric constant versus frequency for the samples
freshly prepared and after 4-week aging at (a) 25 °C and (b) 90 °C.

may indicate enhanced dielectric strength of these samples
[17], [32]. Additionally, it is clear that all samples included
in the study experience a decrease in dielectric constant as
temperature rises. The temperature effect might be caused by
dipolar orientation polarization processes, which are propor-
tional to 1/T in this frequency range [17]. The NF samples at
the highest concentrations on the other hand are characterized
by the highest values of dielectric constant at the time of their
synthesis, which are lowered after the repetition of the experi-
ment. The influence of NPs’ agglomeration/ sedimentation can
also be used to explain these findings.

Dynamic light scattering (DLS) results in our previous
work [17] have already proven that at these concentrations,
rapid aggregation took place; therefore, conductive paths were
quickly generated between the electrodes. However, the same
samples also presented quick sedimentation, unlike the sNF1
sample, which explains their more similar behavior after one
month of aging.

Fig. 7(a) and (b) shows that the tand of the sNF1 and tNF1
samples is lower across the understudied frequencies, with a
higher reduction at 25 °C (b). This is a crucial trait because one
of the most significant weaknesses of the NEO is the higher
tand in relation to MO [5].

Having in mind (2), that has been applied for the estimation
of tand, and taking into account that the dielectric constant, ¢/,
exhibits weak temperature and frequency dependence (Fig. 6)
as compared to tand (logarithmic scale in Fig. 7), it may
be concluded that the temperature and frequency dependence
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Fig. 7. Variation of dissipation factor versus frequency for the samples
freshly prepared and after 4-week aging at (a) 25 °C and (b) 90 °C.

of the dielectric losses, ¢, rule the observed behavior of
tand. Therefore, the increase of tand at 90 °C, the same for
all samples, reflects the increase of charge carriers’ mobility
at the elevated temperature. The existence of these charges
may be attributed to impurities in the oil matrix. Similarly,
the differences in tand(f) curves shown in Fig. 7(a) reflect
the differences in the conductivity and/or the distribution of the
NPs within the oil. In this context, the higher tand values of
fresh sNF2 sample at 25 °C, especially at low frequencies,
point to a particular long range charge mobility process in this
sample. In addition, the appearance of a polarization process
at the elevated temperature (in the kilohertz frequency region)
implies the existence of a particular interfacial polarization
due to the inhomogeneous distribution of the SiC NPs. In the
aged samples, this particular morphology of the NF has been
changed.

C. Lightning Impulse Breakdown Voltage

The mean values and standard deviation of LI BDV and BD
time of all the relevant samples are summarized in Tables II
and III, respectively. The LI BDV measurements have taken
place shortly after synthesizing the NF samples at room
temperature, and the outcomes are compared in the next part
to the ones of numerical simulation.

The mean breakdown velocity u across the 2.5-cm point-
sphere gap is estimated from the following equation [33], [34]:

_d
== )
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TABLE I
MEAN VALUE AND STANDARD DEVIATION OF LI BDV EVENTS

Nanofluid Lightning Impulse Breakdown Voltage
Samples
Sample Label Mean Value Standard Deviation
(n) (kV) (kV)
Matrix 75.3 2.6
sNF1 82.7 24
sNF2 75.4 33
tNF1 79.5 2.0
tNF2 76.7 4.0
TABLE IlI

MEAN VALUE AND STANDARD DEVIATION OF TIME TO BREAKDOWN

Nanofluid Time to Breakdown
Samples
Sample Label Mean Value Standard Deviation

(n) (ns) (s)

Matrix 17.5 1.3

sNF1 19.1 1.1

sNF2 16.8 1.8

tNF1 18.4 1.0

tNF2 17.2 1.2

where d is the gap length (2.5 cm) and ¢ is the average time
to BD in us, as it is shown in Table III. They are calculated
as 0.147, 0.136, 0.149, 0.136, and 0.145 cm - s~ for matrix,
sNF1, sNF2, tNF1, and tNF2, respectively, which correlate to
slow streamer propagation to faster modes regarding the sNF1
and tNF1 samples [33], [34].

The obtained LI BDV results can be explained by the theory,
according to which NPs operate as shallow traps for charge
carriers [11], [17], [18]. When an electric field above a critical
threshold is applied, due to the fact that ¢, of the integrated
NPs and the matrix vary significantly, according to DRS
results [17], polarized charges (due to their semiconductive
nature of both kinds of NPs) are produced at the 0il-NP inter-
face and inhibit streamer growth. Consequently, fast electrons
could be trapped in shallow traps; as a result, higher external
electric field values need to be applied to enable the charge
carriers to be released and traverse the gap.

However, doubling the NPs’ loading concerning both sNF
and tNF samples reduces the LI BDV. The Derjaguin—Landau—
Verwey—Overbeek (DLVO) theory’s expression of colloidal
stability [2], [3], [18] can be used to explain the dissimilar
LI BDV behavior of the sNF2 and tNF2 samples. According
to this, electrostatic repulsion and van der Waals attraction
forces that emerge from the electrical double layers (EDLs)
formed around each charged NP combine to form the overall
interaction between two NPs. When the interparticle distance
decreases, which occurs with larger NP concentrations, the
intensity of van der Waals attraction energy correspondingly
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Fig. 8. Distribution of electric field strength versus the gap length at the
specified time intervals for (a) base, (b) sNF1, and (c) sNF2.

increases. This observation clarifies the presence of a thresh-
old level—the ideal concentration in terms of LI BDV
maximization—that has been recorded in several earlier inves-
tigations [2], [3], [4], [8], [18].

V. NUMERICAL MODEL RESULTS

To confirm how the NPs’ agglomeration affects the
dielectric performance of synthesized NFs, the numerical
model developed in COMSOL Multiphysics and analytically
described in our previous study [17] is used to simulate the
dielectric behavior of matrix, sNF1, and sNF2, when exposed
to LIV 80 kV, 1.2/50 us.

The simulation time has lasted 20 ws and includes a
50-ns time step [17]. As referred in [17], the NPs’ charging
process depends on the highest possible trapped charge density
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Fig. 9. Distribution of space charge density versus the gap length at
the specified time intervals for (a) base, (b) sSNF1, and (c) sNF2.

Prp.sat = Nnp- O, Where nyp is the NPs’ number density and O
expresses the highest amount of charge captured by each NP.
Considering that the NPs in both NF samples are uniformly
dispersed, the saturation charge density in SNF1 and sNF2 is
computed as —359 and —718 C/m?, respectively.

The point electrode has been subjected to a positive LIV
80 kV, 1.2/50 us, and the electric field strength along with
the space charge density is computed across the 25-mm gap
at specific time intervals, namely, at 10, 17, and 20 pus.
Fig. 8(a)—(c) presents the distribution of the electric field
strength across the gap, while Fig. 9(a)—(c) depicts the space
charge densities versus the gap length for the matrix, sNFI,
and sNF2, respectively.

Figs. 8 and 9 demonstrate that the simulated and exper-
imental results are very similar as regard to the Base and
sNF1 samples. It is evident that in the case of Base, an 80-
kV LIV is adequate to span the gap, in contrast to the sNF1.
The anticipated LI BDV of sNF2 should, however, be larger
than that of sNF1 since the electric field strength and space
charge density are even lower in terms of sNF2, a fact that
would mean that the expected experimental LI BDV of this NF
should be higher. In this circumstance, the simulated findings
and the experimental results mismatch. Probably due to the
NPs’ quick aggregation regarding this dispersion, the real
saturation charge density is not the one taken into account for
simulation purposes, as it has already been proven regarding
this dispersion through DLS measurements [18].

VI. CONCLUSION

This study compares the effect of aging of NFs based on
TiO, and SiC NPs (two weight percentage ratios) on the
thermal and dielectric properties. The conclusion of this work
are summarized as follows.

The NF sample containing the lowest amount of SiC NPs
possesses the highest thermal diffusivity and conductivity
maximization, while its dielectric constant is the most reduced
when compared to the values of the matrix oil.

1) After one month of aging, the low concentration NF’s
properties are worsened but still remain the most
enhanced, probably due to the existence of agglomerates
without sediments.

2) Comparing the LI BDV results to simulation results
proved that the adopted numerical model could suc-
cessfully predict that an 80-kV LIV level is enough
to cause breakdown for the case of Base while sNF1
sample withstands this stress. On the other hand, the NF
containing double concentration shows lower dielectric
strength experimentally, probably attributing this behav-
ior to NPs’ agglomeration regarding this dispersion,
which is neglected in numerical modeling.

As part of future works, it would be of major interest to
study the influence of aging in physicochemical properties,
such as acidity and interfacial tension, which are also very
important for the selection of a NF sample as replacement of
the current used transformer oil.
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