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Themineral oil or synthetic oil in conjunction with paper is mainly being applied as dielectric medium in many of the high voltage
apparatus. However, the advent of high voltage levels such high voltage alternating current (HVAC) and high voltage direct current
(HVDC) has prompted researchers to direct their focus onto an insulation system which can bear the rising high voltage levels.
Themodern insulating liquidmaterial development is guided by various factors such as high electrical insulation requirements and
other safety and economic considerations. Therefore transformer manufacturer companies have to design transformers with these
new specific requirements.The transformer oil-based nanofluids with improved dielectric and thermal properties have the potential
to replace mineral oil base products in the market place. They are favorable because they function more superior than mineral oil
and they contribute definite insulating and thermal gains.This paper reviews recent status of nanofluids use as transformer oils.The
nanofluids used as transformer oils are presented and their advantages are described in comparison with mineral oil. The multiple
experimental works carried out by different researchers are described, providing an overview of the current research conducted on
nanofluids. In addition scope and challenges being confronted in this area of research are clearly presented.

1. Introduction

The development of future high voltage network and smart
grid has elevated high demands on the reliability and perfor-
mance of insulating materials used in electric power system
to deal with more dynamic and volatile operating conditions
[1]. A transformer, which transforms voltage and transfer
energy, is the most critical part of an electric power network.
A potential result of transformer failure can be seriously
destructive [2]. Most of the transformers in operation around
the world are close to or beyond their design life; therefore,
it has been a prime focus on the working reliability of these
existent units [3]. The available transformer failure statistics
acknowledge that the typical service life of transformers
which failed because of insulation problems is 17.8 years,
which is almost half of the expected life of 35 to 40 years [3],
and 75% of high voltage transformers collapse was originated
by dielectric insulation issues [4]. The operational reliability
and lifetime of transformers primarily rely on traits and status
of insulation material [5–7].

Mineral oils have been used as insulating and coolant
material for almost over a century in transformers due
to their thermal and insulating features [8]. To cope with
the increasing demand of high voltage rate and small size
for transformers, the development of transformer oil with
favorable dielectric and thermal characteristics is extensively
required [9–11]. Therefore, dielectric nanofluids have been
produced to meet the above mentioned necessary attributes.

Nanofluids, a well known and a prominent term nowa-
days in dielectric society, have been the subject of huge
research work over the past decade. In fact, the term “nano-
fluid” was first presented by Choi at Argonne National Lab-
oratory of the USA in 1995 [12]. A liquid with nanosized
particles homogeneously suspended at just a few weight per-
centage (wt%) is called nanofluid or nanoliquid. However, for
the scope of high voltage liquid electrical insulation research,
the terms “nanofluids” and “nano-liquids” are used mutually
to refer to transformer oil/nanoparticle combination for
insulating and cooling interest.
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Nanodielectric has gained a remarkable attention due
to recent progress in nanotechnology after its first concep-
tual introduction in the 1990s [13, 14]. The research work
has manifested that addition of nanomaterials effectively
improves the insulation life of solid polymers. The same
approach was also applied for dielectric liquid insulation
to enhance its dielectric and thermal characteristics. These
materials are developed by suspension of nanosized particles
into transformer oil, with the aim of enhancing insulating
and cooling properties of oil. The experimental results of
nanofluids reported enhanced thermal [15–19] and insulating
properties [20–23]. However, initially conventional micron-
sized particles were employed in these liquids for thermal
conductivity enhancement [24]. The major disadvantage
attached with fluids containing micron-sized particles was
the subsequent decrease in dielectric strength [25]. Another
disadvantage connected with micron-sized particles was that
they have the tendency to rapidly fall out of the suspension
under density because their density is most often larger than
the density of the continuous phase inwhich theywere added.

Why Nanofluids? The trend toward nanofluids research
cropped up from the rising requirement of electrical engi-
neers to developmodern electric insulation systems that have
the capability and capacity to withstand high voltage levels,
for example, for HV alternating current (HVAC) and HV
direct current (HVDC) applications. Even thoughHVAC has
been used around the world since the 1880s whereas HVDC
transmission systems were evolved in the 1950s because
of their potential to cope with many problems (dynamic
and steady state issues) relevant to the interconnection with
HVAC power system for long distances [49], therefore, a lot
of HVDC transmission systems are in use and considered as
vital part of electric networks around the globe [50]. Both AC
and DC voltage levels are expected to rise further to meet the
ever increasing demand of electric power worldwide.

Unluckily, the current electrical insulation system in
use comes with the compromise of restricted electrical
performance, as a consequence of the demand to address
thermal, economic, and mechanical concerns. For instance,
to develop thermally efficient insulation system, microsized
particles were added to the conventional liquid insulation
to obtain a combination of characteristics that reflects both
the particles and liquid insulation. The incorporation of
microsized particles, despite enhancing thermal properties
such as cooling and thermal conductivity, introduces more
defects into overall insulation system [25].

By contrast, the suspension of nanoparticles to conven-
tional liquid insulation is expected to be capable of improving
the insulating properties of insulation systems while con-
sidering thermal and economic requisites thus reducing the
abovementioned compromise. It is supposed to be associated
with the smaller size of the nanoparticles which subsequently
leads to the existence of large interfacial area—an interaction
zone between the nanoparticle and the oil. In this regard,
nanofluids are expected to have distinct dielectric character-
istics which highly differ from previous traditional microflu-
ids. Such unique characteristics improvement brought about
by nanodevelopment have led to suggestion that this could

be a new class of fluids that dielectric community has been
looking for (dielectric fluids with combined electrical, ther-
mal improvements), as this would be an exceptional class
of fluids for AC and DC application. In reality, a lot of
research projects were initiated to look into potentials and
prospectus of developing nanofluids for next generation
ultrahigh voltage AC and DC power transmission systems.

In recent years, nanofluids have attracted more and
more attention because of their excellent and unique char-
acteristics. Although some review articles on the thermal
properties of nanofluids have been published in recent years
it would seem that no review presented combined thermal-
physical and electrical properties. This review not only
provides insight of insulating and thermal characteristics of
transformer oil-based nanofluids but also provides compre-
hensive details of recent challenges and future opportunities
in transformer oil-based nanofluids. In addition, it gives
an overview of the advantages, disadvantages, and potential
application of transformer oil-based nanofluids.

2. Experimental and Promising Key Findings

2.1. Experimental

2.1.1. Material Selection. The selection of nanoparticles which
are suitable for improvement of dielectric properties of trans-
former oil is hugely challenging. Normally, nanoparticles are
chosen by looking at their basic properties such as conduc-
tivity and permittivity. A huge number of nanoparticles have
been examined with the goal to enhance dielectric charac-
teristics of liquid insulation [34–36, 43–46, 51–58]. These
nanoparticles can be categorized into following classification,
namely, conductive nanoparticles (Fe

3
O
4
, ZnO, and SiC),

insulative nanoparticles (SiO
2
, Al
2
O
3
), and semiconductive

nanoparticles (TiO
2
, CuO, and Cu

2
O). The carrier oils are

normally mineral or vegetable oils. The basic properties of
some of the nanoparticles are listed in Table 1.

2.1.2. Preparation of Nanofluids. The first foot-step for exper-
imentation is the preparation of nanofluids. Generally, there
are two methods of preparation of transformer oil-based
nanofluids which can be categorized as one-step and two-
step methods. A brief introduction on preparation processes
is given as follows.

(1) Single-Step Method. In the one-step method, the nanopar-
ticles are developed and suspended in the base liquid at
the same time; that is, the course of drying, storage, and
conveyance of nanoparticles is by-passed with the intention
to diminish the agglomeration and the stability of nanopar-
ticles suspension is enhanced [59, 60]. The disadvantages
associated with one-step method are their high cost and
problems with a large scale production.

(2) Two-Step Method. For a two-step method, the solid
nanoparticles are prepared (either by physical or by chemical
methods) and then suspended in the carrier oil ultrasonic
route, magnetic stirring, high-shear mixing, or ball milling.
This method is broadly employed to produce nanofluids on
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Table 1: Basic properties of conducting, insulating, and semiconducting nanoparticles [26].

Magnetite
(Fe
3
O
4
)

Zinc oxide
(ZnO)

Alumina
(Al
2
O
3
)

Quartz
(SiO
2
)

Silica
(SiO
2
)

Titania
(TiO
2
)

Density (g/cm3) 5.17 5.61 3.96 2.65 2.20 4.2–4.3
Electric conductivity (S/m) 1 × 10

4–1 × 105 10–1 × 103 1 × 10
−12

1.3 × 10
−18

1.4 × 10
−9
1×10

−11

Relative dielectric constant 80 7.4–8.9 9.9 3.8–5.4 3.8 100
Relaxation time constant (s) 7.47 × 10

−14
1.05 × 10

−11 12.2 36.3 5.12 × 10
−2 77

Thermal conductivity (Wm−1K−1) 4–8 23.4 30 11.1 1.4 —
Thermal expansion coefficient
at 20∘C (𝜇mm−1K−1) 9.2 2.9 — 8.1 30 —

Specific heat (J kg−1K−1) — 494 850 — 670 —

a large scale because of its lower cost [20–22]. Nevertheless,
there are high chances of agglomeration of nanoparticles
during both stages of two-step method due to a huge surface
area and the large surface activity of the nanoparticles [38].
Themost common two-step process is elaborated in Figure 1.

2.2. Key Findings and Outlook. The promising application of
nanofluids as insulation liquid was stimulated by Segal et
al. [22] in 1998. A new class of colloidal fluid was prepared
by dispersing magnetic nanoparticles into mineral oil with
the aim to enhance its dielectric performance. In their
investigation, several findings were concluded, such as (1)
at certain optimal composition the AC breakdown voltage
was almost the same at low moisture level but at higher
moisture level the AC breakdown voltage was higher than
the carrier oil; (2) the positive impulse breakdown voltages
were increased for almost 50% as compared to the base oil
with needle to sphere geometry; (3) the negative impulse
breakdown voltages were close to the base mineral oil. This
experiment attracted the attention of worldwide researchers
toward nanofluids as insulation liquid.

Subsequent experimental work on nanofluids in electrical
insulation applications was highly positive. Various nanoflu-
ids suspended with conductive [22], semiconductive [46, 61],
and insulative nanoparticles were investigated and it was
reported that the basic properties of nanoparticles such as
electrical conductivity and permittivity significantly affect
the dielectric performance of the colloid. Transformer oil-
based nanofluid suspended with conductive nanoparticles
improved the dielectric strength as compared to the carrier
oil. However, the agglomeration of conductive nanoparti-
cles caused serious problems. Researchers have therefore
looked for other options like semiconducting and insulating
nanoparticles to avoid aggregation problems [5, 37, 62, 63].

In the following sections, some of the recent research
findings about nanofluids are presented.

2.2.1. Electrical Properties

(1) AC Breakdown Strength.Themost essential and significant
perquisite for an insulation liquid is AC breakdown voltage,
which can be defined as the value of applied AC voltage at
which disruptive discharge is initiated in the liquid. A num-
ber of test methods are usually employed in which a small

amount of insulating liquid is exposed to an almost homoge-
nous electric field between two electrodes dipped in insula-
tion fluid. The voltage is increased until breakdown occurs.
The IEC 60156 standard test is normally used with a gap
of 2.5mm and voltage rise rate of 2.5 kV/s [64]. The AC
breakdown test is significantly influenced by impurities in
the insulating liquid, such as small particles, moisture, and
air or gas bubbles. Therefore, the measured AC breakdown
voltage of an insulating liquid mainly indicates the oil quality
rather than oil properties itself. A lot of researchers measured
the AC breakdown strength of prepared nanofluids. In the
following section the AC breakdown voltage results with
respect to different parameters like moisture, nanoparticles
type, concentration, and surface modification are presented.

(a) Factors Affecting AC Breakdown Strength.The experimen-
tal studies have shown that ACbreakdown strength is affected
by factors such as moisture, nanoparticle type, nanoparticle
volume concentration, and surface modification of nanopar-
ticles. In the following section, experimental studies about
AC breakdown strength of transformer oil-based nanofluids
are presented.

(i) AC Breakdown Strength and Moisture. The water content
significantly affects the AC breakdown strength of insulating
liquid. It can be found in two forms in insulating liquid as
free water or dissolved water. The researchers have carried
out experiments to see the effect of moisture on breakdown
strength of insulation liquid [22, 41, 42]. Segal et al. [22]
prepared Fe

3
O
4
conductive mineral oil-based nanofluids.

They measured AC breakdown voltages of prepared samples
in accordance with ASTM D877 standard. They studied the
effect of moisture on the breakdown strength of ferrofluid
and oil carrier (Univolt 60 Exxon). They observed that AC
breakdown strength of both oil and nanofluid decreases
when the water content increases but ferrofluid indicated less
dependence of its AC breakdown strength on the moisture
than the oil (Figure 2). The authors concluded that this
might be because of the dissolved water bound to the surface
of nanoparticle. As it is known that multimolecular water
clusters decrease the breakdown strength of insulating liquid,
it was deduced that somemultimolecularwater clustersmight
be broken into single water molecules in nanofluids which
might be attached to the surface of some nanoparticles [38,
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Figure 1: Two-step method for preparation of nanofluids.
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Figure 2: AC breakdown performance for pure oil and Fe
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O
4
nano-

fluids, as functions of the moisture content of the oil [22].

65], and the breakdown performance might be enhanced in
the presence of nanoparticles.

Du et al. [41] measured the AC breakdown strength
of mineral oil and nanofluids consisting of semiconducting
TiO
2
nanoparticles (0.075 vol%) at a specific relative humid-

ity range (10% to 80%). They measured the AC breakdown
strength of mineral oil and mineral oil modified by TiO

2

nanoparticles in accordance with ASTMD1816 standard.The
authors observed that the transformer oil-based nanofluids
with TiO

2
nanoparticles exhibited higher AC breakdown

voltage as compared to base mineral oil at a high relative
humidity (Figure 3). The authors concluded that semicon-
ducting TiO

2
nanoparticles decreased the distortion field

produced by moisture content, leading to enhanced AC
breakdown voltages for nanofluids as compared to pure oil.

Jin et al. [42] investigatedAC breakdown strength ofmin-
eral oil and corresponding SiO

2
nanofluids with 0.01% and

0.02% nanoparticle concentrations at two different humidity
levels as shown in Figure 4. The results manifested improved
AC breakdown strength for silica nanofluids, especially
at higher moisture level. It shows that influence of silica
nanoparticles on the breakdown voltage ofmineral oil ismore
obvious when the moisture content is higher. The authors
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Figure 3: AC breakdown voltages for TiO
2
nanofluids and pure oil,

as functions of relative humidity (%) [41].

attributed this enhancement by saying that the surface of SiO
2

nanoparticles is hydrophilic, so it can bind water dispersed
in oil on its surface. This could be the reason why moisture
content could have less effect on the breakdown voltages of
nanofluids than it has on mineral oil. Also, the surface of
SiO
2
nanoparticles can turn into conductive when water is

absorbed.

(ii) Nanoparticle Concentration.Du et al. [43] studied the AC
breakdown strength of mineral oil and corresponding TiO

2

(rutile average particle size𝑑 < 20 nm)nanofluidswith differ-
ent concentration of nanoparticles (0.003 g/L to 0.05 g/L) as
shown in Figure 5. The AC breakdown strength is improved
with the increase of concentration until a certain optimum
concentration. When the concentration of nanoparticles is
further increased, theACbreakdown voltage starts to decline.
The authors concluded that this tendency of decline is
due to agglomeration of nanoparticles which may result in
reduction of breakdown voltage of nanofluid. Mansour et al.
[57] also studied the effect of nanoparticles concentration
on AC breakdown strength. The AC breakdown voltages
weremeasured with different concentrations from 0.05 g/L to
0.3 g/L. The authors found that AC breakdown voltage rises
with the increase of concentration of nanoparticles.
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Figure 4: AC breakdown strength of mineral oil and silica nanoflu-
ids with 0.01% and 0.02% concentration as function of humidity
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Figure 5: AC breakdown strength of pure oil and corresponding
TiO
2
nanofluids with different concentrations [43].

Rafiq et al. [32] conducted some experiments and mea-
sured AC breakdown strength of mineral oil and corre-
sponding Fe

3
O
4
nanofluids with different concentration of

nanoparticles (5%∼80% volume concentration) as shown in
Figure 6. The AC breakdown voltage showed maximum
improvement at 40% concentration. At higher concentrations
beyond 40%, a decline in AC breakdown strength was obser-
ved and this decline was attributed to the agglomeration of
nanoparticles. Du et al. [66] also studied the AC breakdown
strength of mineral oil and corresponding Fe

3
O
4
nanofluids

with different concentration in a range from 0 to 300 ppm.
The breakdown voltage increases with the increase in concen-
tration until amaximumvalue of breakdownvoltage and then
starts to decrease. The authors concluded that agglomeration
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Figure 6: AC breakdown strength of pure oil and corresponding
Fe
3
O
4
nanofluids with different concentrations [32].

of nanoparticles is responsible for this decrease in breakdown
voltage at high concentration.

Jin et al. [67]measured the AC breakdown voltage of pure
mineral oil and corresponding fullerene nanofluids with con-
centration of 0.05% and 0.1% in accordance with IEC 60156
standard. The improvement in AC breakdown voltage was
19% for 0.05% fullerene concentration and 34% for 0.1%
fullerene concentration as compared to oil. The authors
explained this improvement of breakdown voltages of nano-
fluid by charge trap theory. The relaxation time constant is
calculated to be between 75 and 80 ns which is less than the
time scale involved for streamer propagation so the fullerene
nanoparticles can act as charge traps in mineral oil. The
higher the nanoparticle concentration, the more the charge
traps, and hence the higher the breakdown voltage.

The above mentioned results lead to a conclusion that the
particle aggregation has an adverse effect on the breakdown
voltage of transformer oil but the reversible nanoparticle
aggregation induced by electric field may have positive
impact on breakdown voltage of transformer oil. This indu-
ced aggregation may be more effective in capturing the free
electrons, reducing their mobility, leading to slower streamer
formation and hence improving the breakdown voltages [68–
71].

(iii) Surface Modification. Du et al. [44] studied the effect of
different surfacemodification of TiO

2
nanoparticles (0.006 g/

mL) on the AC breakdown strength of transformer oil. Three
different surface modifications were used to see the effect
of surface modification on breakdown strength as shown in
Figure 7. It was concluded that surface states of nanoparticles
effectively influence the trapping and detrapping process
of electrons and hence improve the breakdown strength of
transformer oil.

(iv) Nanoparticle Type. Every nanoparticle has its own basic
properties like electrical conductivity and permittivity which
affects the relaxation time constant and hence the breakdown
properties. A lot of different nanoparticles have been studied
and analyzed by researchers to see their effect on AC
breakdown strength of transformer oil.
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Lv et al. [45] have employed three types of nanoparticles
with different dielectric properties to study their effect on the
AC breakdown strength of transformer oil. No modification
was used for all nanoparticles. The volume concentrations of
nanoparticles in oil samples were in the range of 0 to 5% g/L.
The comparison of AC breakdown strength of three types
of nanoparticles is shown in Figure 8. The improvement of
AC breakdown was explained by using the relaxation time
constant of the nanoparticles.

Bakrutheen et al. [46] also studied the AC breakdown
strength of nanofluids by using different types of nanoparti-
cles. They prepared nanofluids by dispersing TiO

2
, SiO
2
, and

ZnO separately into transformer oil with the particle volume
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Figure 9: AC breakdown strength of nanofluids preparedwith SiO
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, and ZnO nanoparticles with different nanoparticle concen-

trations [46].

concentrations of 0.01% and 0.075%. They used three types
of nanoparticles to prepare transformer oil-based nanofluids.
They concluded that different types of nanoparticles signifi-
cantly influence the breakdown strength of transformer oil as
shown in Figure 9.TheAC breakdown voltagesmeasurement
by different researchers is summarized in Table 2.

(2) Impulse Breakdown Strength. The impulse breakdown
voltage is simulating lightning strikes and usually uses a
1.2-microsecond rise for the wave to reach 90% amplitude
and then drops back down to 50% amplitude after 50
microseconds. The impulse breakdown voltages are mea-
sured normally by using IEC 60897 standard test and all
the experiments are performed at room temperature. A lot
of researchers measured the impulse breakdown strength of
prepared nanofluids. In the following section the positive
impulse breakdown voltagewith respect to concentration and
type of nanoparticles are presented. A lot of research has been
carried out to measure the impulse breakdown strength of
mineral oil-based and vegetable oil-based nanofluids [22, 23,
27, 31, 37, 61, 72].

(a) Factors Affecting Impulse Breakdown Strength.The experi-
mental studies have shown that impulse breakdown strength
is affected by factors such as nanoparticle type and nanopar-
ticle volume concentration. In the following section, exper-
imental studies about impulse breakdown strength of trans-
former oil-based nanofluids are presented.

(i) Concentration of Nanoparticles. Du et al. [43] studied
the lightening impulse breakdown strength of TiO

2
nanoflu-

ids with different volume concentrations of nanoparticles
as shown in Figure 10. The positive impulse breakdown
increases with the increase of concentration until a certain
optimal concentration after which breakdown voltages start
to decline. The authors concluded that this decline of break-
down voltage is due to agglomeration of nanoparticles which
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Table 2: AC breakdown enhancement of transformer oil-based nanofluids reported in literature.

Author/year Method of
preparation Nanofluid Average particle

size (nm)
Concentration

(vol%) Enhancement ratio

Segal et al./1998 [22] Two-step Fe
3
O
4
/mineral oil 10 — 42.8%

Sartoratto et al./2005 [27] Two-step Fe
2
O
3
/mineral oil 7.4 0.016 12.8%

Du et al./2011 [28] Two-step TiO
2
/mineral oil 20 0.075 19%

Liu et al./2012 [29] Two-step SiO
2
/mineral oil 15 0.0074 17%

Li et al./2012 [30] Two-step Fe
3
O
4
/vegetable oil 30 — 19.8%

Hanai et al./2013 [31] Two-step ZnO/mineral oil 34 0.0005 8.3%
Rafiq et al./2016 [32] Two-step Fe

3
O
4
/mineral oil 15–20 0.04 16%
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Figure 10: Positive impulse breakdown strength of nanofluids pre-
pared with different TiO

2
loadings [43].

may result in reduction of breakdown voltage of nanofluid at
higher concentrations. Rafiq et al. [32] also did some exper-
iments and measured positive impulse breakdown strength
of mineral oil and corresponding Fe

3
O
4
nanofluids with

different volume concentration of nanoparticles (5%∼80%) as
shown in Figure 11. The positive impulse breakdown voltage
showed maximum improvement at 40% concentration. At
a higher concentration beyond 40%, a decline in impulse
breakdown strength was observed and this decline was
attributed to the agglomeration of nanoparticles.

(ii) Nanoparticle Type. Every nanoparticle type is unique in
its basic properties like conductivity and permittivity, which
affects the relaxation time constant and hence the breakdown
performance.Many different nanoparticles have been studied
and analyzed by researchers to study their effect on impulse
breakdown strength of transformer oil.

Sima et al. [33] measured impulse breakdown strength
of three types of nanoparticles according to IEC60897-
1987. The positive lightening impulse voltages of prepared
nanofluids were significantly improved compared with pure
oil. The time to impulse breakdown of nanofluids was also
prolonged compared with pure oil as shown in Table 3.
The authors concluded that every nanoparticle type affects
the space charge distribution after capture of highly mobile
electrons produced after ionization and hence influences the
breakdown characteristics. The difference in the cause of
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Figure 11: Positive impulse breakdown strength of nanofluids pre-
pared with different Fe
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nanoparticle concentrations [32].

polarization between conductive and dielectric nanoparticles
results in different breakdown properties among different
types of nanofluids.

A lot of other researchers have also measured impulse
breakdown strength of prepared nanofluids and pure oil. The
summary of breakdown voltages with time to breakdown and
streamer velocity is presented in Table 4.

(3) Partial Discharge Properties. Segal et al. [22] measured
partial discharge inception voltage with a needle to sphere
test geometry and found that colloid fluid has almost 30%
increases in PDIV as compared to the base fluid. Other
researchers also [45] studied partial discharge characteristics
(PD) of mineral oil by suspension of TiO

2
nanoparticles.

They found that PD inception voltage is enhanced and PD
magnitude and impulse numbers are decreased (Table 5).
The rise in 5% probability for nanofluid as compared to
mineral oil indicates that the chance of partial discharge
inception will be reduced by the access of nanoparticles.
The authors suggested that these variations were caused
by the high density of shallow electrons traps introduced
by suspended TiO

2
nanoparticles and hopping transport of

electrons between these traps [28, 36]. Herchl et al. [73] also
analyzed the influence of conductive Fe

3
O
4
nanoparticles

on PD current in mineral oil by employing parallel plate
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Table 3: Breakdown results of pure oil and nanofluids [33].

Material
Breakdown
voltage (kV)

Time to
breakdown (𝜇s) Average streamer

velocity (km/s)
Enhancement of

breakdown voltage (%)
Average SD Average SD

Pure oil 51.84 0.48 4.44 0.33 1.126 0
Fe
3
O
4
nanofluid 62.86 0.88 5.24 0.83 0.954 21.3

TiO
2
nanofluid 65.72 1.10 5.40 0.65 0.926 26.8

Al
2
O
3
nanofluid 66.24 1.14 6.12 0.68 0.817 27.8

Table 4: Results for positive and negative impulse breakdown voltages and time to breakdown for mineral oil and corresponding nanofluids.

Oils Gap distance (mm) (+/−) Breakdown voltage (kV) Time to breakdown (𝜇s) Streamer velocity (km/s) Remarks
Positive Negative Positive Negative Positive Negative

U-60a 25.4/25.4 86 170 12 27 2.12 0.94

[5]

U-60-Fe
3
O
4
nanofluid 25.4/25.4 157 154 26 15 0.98 1.70

Nytrob 25.4/25.4 88 177 16 23 1.58 1.10
Nytro-Fe

3
O
4
nanofluid 25.4/25.4 156 173 25 17 1.016 1.49

U-60a 55/55 225 340 25 28 2.2 1.96
U-60-Fe

3
O
4
nanofluid 55/55 390 321 46 32 1.19 1.71

Mineral oil 25/25 77.6 — 15.2 — 1.64 —
[34]TiO

2
nanofluid 25 95.9 — 23.3 — 1.07 —

Mineral oil 25/25 86 170 12 27 2.12 0.94
[35]Fe

3
O
4
nanofluid — 157 154 26 15 0.98 1.69

SiO
2
nanofluid — 156 163 17 26 1.44 2.87

Mineral oil 25/15 79.38 124.75 12.87 14.26 1.94 1.05
[29]Fe

3
O
4
nanofluid 25/15 108.5 106.3 25.33 11.03 0.98 1.36

aUnivolt 60 Exxon mineral oil.
bNytro 10x mineral oil. The standard deviation was 5% for the breakdown voltages and 20% for the breakdown times.

Table 5: Partial discharge voltages (PDIV), impulse numbers, and partial discharge magnitudes measurement at 1.0 and 2.0 PDIV of mineral
oil and nanofluid [19].

Materials PDIV (kV) SD
5%

probability
PDIV (kV)

63.2%
probability
PDIV (kV)

Measurements at 1.0 PDIV Measurements at 2.0 PDIV

Pulse number

Mean
discharge
magnitude

(pC)

Pulse number

Mean
discharge
magnitude

(pC)
Mineral oil 30.6 2.7 25 31.7 9 435 245 6062
Nanofluid 33.1 1.8 29.5 33.8 6 245 168 5180

electrodes at different gap distance. They concluded that the
magnitudes of PD current in the nanofluids first reducedwith
increase of nanoparticle concentrations and then increased
at all studied gap distances. Jin [74] also measured the
inception voltage of silica and fullerene nanofluidswith 0.01%
nanoparticle concentration under DC positive voltages and
the results are presented in Table 6.

(4) Dielectric Properties. Du et al. [36] and Ramu et al. [37]
measured basic electric parameters of both mineral oil and
corresponding nanofluids (Table 7). The results of resistivity
of nanofluids showed a downshift with respect to typical
value of the transformer oil but still they meet the quality
of transformer oil in service. However, value of the relative

permittivity is higher than mineral oil which is favorable
in producing a uniform electric field in oil-paper insulation
system.

Sartoratto et al. [27] measured the dielectric properties
of transformer oil-based magnetic nanofluids with different
concentrations as shown in Table 8. Dielectric properties
were measured for samples with 0.80%–0.0040%maghemite
volume fractions. There was huge variation in the relative
permittivity from 8.8 to 2.1. The resistivity was noted in the
range of 0.7–2.5 × 1010Ωm. Mergos et al. [47] also measured
the dielectric properties of paraffin oil suspended with TiO

2
,

Al
2
O
3
, Fe
2
O
3
, CuO, and Cu

2
O nanoparticles. They con-

cluded that dielectric properties of nanofluidsmainly depend
on grain size of nanoparticle and chemical composition of
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Table 6: Inception voltage and partial discharge magnitude measurement of mineral oil and nanofluids under positive DC voltage.

Materials PDIV (kV) SD 50% probability discharge
magnitude (pC)

63.2% probability discharge
magnitude (pC)

Mineral oil 22 4 49 (±4) 54 (±4)
0.01% silica nanofluid 27 4 18 (±2) 21 (±3)
0.01% fullerene nanofluid 25 3 33 (±3) 36 (±3)

Table 7: Relative permittivity and resistivity of mineral oil and nanofluids [36, 37].

Samples Resistivity (Ω⋅m) Permittivity Loss factor Remarks
Mineral oil 6.25 × 10

13 2.2 0.0047
[37]Fe

3
O
4
/mineral oil 3.63 × 10

7 36.5 2.87
SiO
2
/mineral oil 7.14 × 10

14 2.2 0.0016
Mineral oil 1.82 × 10

12 2.26 —
[36]TiO

2
/mineral oil 8.30 × 10

10 3.92 —

Table 8: Electrical properties of the magnetic fluids compared to those of mineral oil [27, 38].

Volume concentration % Resistivity (×1010Ω) Loss factor Relative permittivity Breakdown strength (kV)
RHO− RHO+

0 36.0 19.7 0.00366 2.1 70
0.800 0.0021 0.0028 2.389 8.8 —
0.016 0.73 0.63 0.399 2.1 79
0.008 1.75 0.95 0.1868 2.1 72
0.004 2.5 11.3 0.1274 2.1 70

nanoparticles. Surface polarization of nanoparticles induced
by water absorbed also affects the dielectric characteristics of
nanofluid.

(5) Thermal Aging. The effect of suspension of nanoparticles
into transformer oil on aging was studied by Segal et al.
[22]. The Fe

3
O
4
nanofluids and base oil were thermally

aged at 185∘C. The results of AC and impulse breakdown
indicated that the addition of Fe

3
O
4
nanoparticles enhanced

the resistance of oil to thermal aging (Figure 12). The aged
nanofluids sustained their improved breakdown strength
even after 12 weeks after being thermally aged at 185∘C. Lv
et al. [75] also studied the influence of TiO

2
nanoparticles

on the insulating properties of aged mineral oil. The samples
were aged at 130∘C for 36 days. The results manifested
that the mean AC and positive impulse breakdown strength
of TiO

2
nanofluids were improved by factors of 2.21 and

1.33, respectively, as compared to aged base oil. The authors
concluded that TiO

2
nanoparticles significantly decrease the

distortion in the modified aged oil by the introduction of
shallow traps in which electrons are trapped and detrapped
continuously and hence improve the dielectric strength of the
aged nanofluid.

Hu et al. [76] investigated the effect of semiconductive
nanoparticles TiO

2
(𝑑 < 20 nm) on the insulating properties

of aged transformer oil. The mineral oil and nanofluids
were aged at 130∘C for 36 days. The nanofluids always
presented better insulating characteristics as compared with
pure oil during all 36 days of thermal aging process. After 36
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Figure 12: AC and impulse breakdown voltages for mineral oil and
the nanofluid containing Fe

3
O
4
nanoparticles, after aging for 12

weeks at 185∘C [47].

days of aging, AC breakdown voltage, PDIV, and lightening
impulse voltage were 1.4, 1.1, and 1.03 times those of pure
oil, respectively.The results manifested transformer oil-based
nanofluid holds not only better insulating properties but also
appreciable aging resistance.
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Lv et al. [77] investigated AC breakdown voltage, impulse
breakdown voltage, and PDIV of aged pure oil and corre-
sponding TiO

2
(with avg. particle size𝑑 < 10 nm) nanofluids.

Accelerated thermal aging was carried out at 130∘C for 6
days. The range of nanoparticles concentration was from
0 to 0.125%. The low as well as high moisture content of
prepared samples was controlled at almost 5 ppm and 15 ppm.
The results of AC, impulse breakdown, and PDIV are
shown in Figures 13, 14, and 15. The authors concluded that
AC breakdown voltage of aged nanofluids is enhanced at
all concentrations. The maximum AC breakdown voltage
improvement was 7.7% (at 5 ppm) and 17.5% (at 15 ppm).
The impulse breakdown voltage was also improved at all
concentrations. An enhancement of 49.4% of impulse break-
down voltages was observed and time to breakdown was also
significantly prolonged. A maximum improvement of 27.9%
in PDIVwas seen atmoisture content of 15 ppm.These results
demonstrated that TiO

2
nanoparticles not only dramatically

improve the antiaging characteristics of mineral oil but also
greatly enhance its moisture resistance. Transformer oil-
based nanofluids with TiO

2
semiconductive nanoparticles

manifested higher breakdown voltages than that of pure oils
at higher humidity. It reveals that the nanofluids have more
uniform internal electric fields and higher charge decay rate
as compared to pure oils under high relative humidity. It
is observed by test results of electrophoresis and thermally
stimulated current (TSC) that the nanoparticles absorb water
molecules at nanoparticle and oil interface, giving rise to
higher of shallow trap density and resulting in better charge
transport in nanofluids.

(6) Dielectric Modification Mechanisms. The mechanism
throughwhich nanoparticles affect the breakdown properties
of oil is still not fully elaborated. The classic theory of
dielectric breakdown of liquids is unable to describe the insu-
lating characteristics enhancement of transformer oil-based
nanofluids [38].Therefore other mechanisms of modification
of nanoparticles have been proposed.

In 2008, George Hwang et al. [24] presented a model to
describe the enhancement in the insulating strength of oil
with homogenous Fe

3
O
4
suspension. He suggested that the

dispersed conductive nanoparticles capture the electrons and
reduce their mobility and energy transfer.This was the major
reason behind the dielectric performance improvement and
reduction in positive streamer velocity in the prepared
nanofluids. The high mobility electrons produced as a result
of electric field ionization are trapped by suspended Fe

3
O
4

nanoparticles, which then converted to slow negative charge
carriers. The theory of charge relaxation time was brought
in to elaborate the principal electrodynamic process. The
relaxation time constant is given by

𝜏
𝑟
=
2𝜀
1
+ 𝜀
2

2𝜎
1
+ 𝜎
2

, (1)

where 𝜎
1
and 𝜎

2
are conductivities of transformer oil and

nanoparticles, respectively; 𝜀
1
and 𝜀

2
are the permittivities

of transformer oil and nanoparticles, respectively. A small
value of relaxation time constant means fast absorption of
electrons on the surface of the nanoparticles. The relaxation

time constant for conductive nanoparticles Fe
3
O
4
is less than

the propagation time constant of the streamer. Therefore,
the surface of the nanoparticles can capture free electrons
rapidly, thus modifying the potential distribution around the
nanoparticles [24].

The relaxation time constant for conductive nanoparticles
Fe
3
O
4
is 7.47 × 10−14 s, which is short in comparison with

streamer development time scale in mineral oil. Therefore,
as previously mentioned, the Fe

3
O
4
nanoparticles get briskly

polarized after the electric field application, trapping high
mobility electrons and thereby being converted to slow nega-
tively charged carriers (Figure 16). The growth of net space
charge zone at streamer tip is impeded because of these slow
moving charge carriers and thus restrains the propagation
of streamer in the oil and results in a higher breakdown
performance [38].

Nevertheless, this model is unable to describe the decline
in breakdown voltages of transformer oil-based SiC nanoflu-
ids as compared to host oil even if the relaxation time constant
ofmineral oil-based SiCnanofluid is (1.1× 10−12 s) which is far
less than the timescale of streamer development inmineral oil
[52]. It also cannot explain the enhanced breakdown strength
of oil modified by nanoparticles with longer relaxation time
constant than the timescale of streamer development in
mineral oil [38, 44, 62].

Du et al. [28] presented a model to explain the improve-
ment of dielectric performance of transformer oil suspended
with semiconductive nanoparticles. They suggested that sus-
pended TiO

2
introduce traps that trap the highmobility elec-

trons. This trapping and detrapping process slows down the
electrons responsible for streamer development and hence
improves dielectric strength of transformer oil.The thermally
stimulated current (TSC) plot for nanofluid and transformer
oil is shown in Figure 17. As is clear from this plot, the height
of TSC peak for TiO

2
nanofluids is almost 2.5 times the

base oil peak, which indicates that there is high density of
electron traps in nanofluids. This high density electron trap
reduces the mobility and average energy of electrons moving
through the oil, and so the chances of further generation of
electrons through impact ionization would also be decreased.
Therefore, the distortion of electric field in the transformer
oil by electronic charge will be diminished and dielectric
strength improved [38].

2.2.2. Physical and Thermal Properties. Physical and thermal
properties of transformer oil are also equally important as
electrical properties because the transformer oil is required
to perform both of its functions of insulation and cooling
efficiently. The following section will give an overview of
physical and thermal properties of transformer oil.

(1) Thermal Conductivity. Thermal conductivity is a prop-
erty of a material describing its ability to conduct heat.
Transformer liquids are expected to act as an electrically
insulating and heat transfer medium. Thermal conductivity
is a vital parameter in improving the heat transfer of a base
fluid. It is therefore desirable for the fluid to possess high
thermal conductivity. The thermal conductivity and more
generally heat transfer characteristics of the materials are
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Figure 13: AC breakdown voltages of aged oil samples with 5 ppm (a) and 15 ppm (b) moisture content.
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Figure 14: Positive impulse breakdown voltages of aged oil samples with 5 ppm (a) and 15 ppm (b) moisture content.
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Figure 15: PDIV of aged oil samples with low (a) and high (b) moisture content.
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considered decisive in the selection of transformer liquid.
The suspension of different types of nanoparticles into trans-
former oil affects its thermal conductivity and suspended
nanoparticles are expected to enhance their thermal con-
ductivity and heat transfer performance. Many researchers
have reported research studies on the thermal conductivity
of nanofluids. Transformer oil is required to have a high
thermal conductivity and low viscosity to be a good heat
transfer fluid. As the thermal conductivity of mineral oil is
low, there are high chances of thermally driven failures from
instantaneous overloading. Therefore, it is required to look
for ways to enhance the thermal conductivity of transformer
oil to achieve extension in lifetime of transformer and
improvement in cooling and enhance loading capacity. Ideal
transformer oil should possess high thermal conductivity

to dissipate heat away and low viscosity to facilitate flow
of oil continuously and excellent insulating characteristics.
Obviously, the right choice is to add nanoparticles in oil
to take heat away by enhancing thermal conductivity of
oil. The thermal conductivity of copper oil-based nanofluids
increases by increasing mass fraction of nanoparticle for
various fluid-based nanofluids [78].The thermal conductivity
found was enhanced by the suspension of silica nanoparticles
[79] and alumina nanoparticles [80].

(a) Factors Affecting Thermal Conductivity.The experimental
studies have indicated that thermal conductivity of nanoflu-
ids depends on many factors such as nanoparticle type,
nanoparticle volume concentration, size of nanoparticle,
shape of nanoparticle, base liquid, and temperature.The type
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and amount of additive were also found to be effective in
the improvement of thermal conductivity. In the following
section, experimental studies about thermal conductivity of
transformer oil-based nanofluids are presented.

(i) Particle Volume/Mass Fraction. There are studies in the
literature about the influence of nanoparticle concentration
in oil on the thermal conductivity of oil. Some research work
manifested a linear behavior of thermal conductivity with
nanoparticle concentration; however a few show a nonlinear
behavior.

Li et al. [78] investigated thermal conductivity of Cu
nanoparticles and kerosene as base fluid in nanofluid. The
range ofmass fraction selected was 0 to 0.0100%.The thermal
conductivity of Cu nanofluid increases with enhancement of
mass fraction of nanoparticles. The relationship between the
thermal conductivity enhancement and themass fractionwas
nonlinear.

Singh andKundan [80] investigated thermal conductivity
of Al
2
O
3
nanoparticles andmineral oil (Transol) as base fluid

in nanofluid. Al
2
O
3
nanoparticles with diameter 20 nm were

dispersed into mineral oil (0.1, 0.3, 0.5, and 1.0 vol. % volume
concentration) at temperature 20∘C∼50∘C. The maximum
enhancement in thermal conductivity was 4% and it was
observed in volume concentration range 0.1 to 0.3%.

Fontes et al. [81] measured thermal conductivity of sam-
ples of diamond nanoparticles and multiwalled carbon nan-
otubes (MWCNT) dispersed in transformer oil. The samples
were developed for nanoparticles volumetric concentrations
of 0.005%, 0.01%, and 0.05% through two-step method. The
results indicated that the thermal conductivity of nanofluids
increases by increasing the nanoparticles concentration. The
maximum enhancement was of 27% and 23% for MWCNT
and diamond nanoparticles, respectively. This improvement
was higher than the predictions provided by effectivemedium
theory using equation proposed by Maxwell [82].

Zeng et al. [83] studied the heat transfer of oil-based
nanofluids consisting of lipophilic nanoparticles with varying
mass fraction from 0.25% to 1.0%. Thermal conductivity was
measured at a temperature range from 40 to 200∘C. It was
noted that the nanofluids have higher thermal conductivity
and thermal conductivity increased not only with increase
in mass fraction of nanoparticles, but also with rise in tem-
perature in the range 40–180∘C.The results manifested 38.7%
improvement of thermal conductivity of MoS

2
nanofluid at

180∘C with 1.0% mass fraction.
Jin [74] measured thermal conductivity of silica and full-

erene nanoparticles andmineral oil as base fluid in nanofluid.
SiO
2
/fullerene nanoparticles of diameter 10–20/1 nm were

dispersed in mineral oil (0.01 and 0.1% volume concen-
tration) at temperature 10∘C∼80∘C. A negligible effect was
noticed on thermal conductivity with these concentrations of
nanoparticles. A possible explanation is that the nanoparticle
concentration is too small to have any effect on the oil. The
lowest mass fraction which has positive effect on thermal
conductivity of oil is 5% [74, 78, 83]. The summary of the
results obtained by some other authors is presented in Table 9.

(ii) Nanoparticle Type. The nanoparticle type is also an
important factor for investigating the thermal conductivity
of nanofluid. Difference in thermal conductivity of particle
materials is one of major parameters for various kinds of
properties shown by different nanofluids with different types
of nanoparticles.Nevertheless, research indicates that particle
type may influence the thermal conductivity of nanofluids in
other ways. Chen et al. [84] investigated thermal conductivity
of oil-based nanofluids suspended with multiwalled carbon
nanotubes (MWCNT). The measurement was conducted at
room temperature and results indicated an enhancement of
160%. The author concluded that this enormous improve-
ment is because of traits of nanoparticles.

(iii) Base Fluid. The viscosity of base fluids affects the
Brownian motion of nanoparticles and in turn influences
the thermal conductivity of nanofluid [85]. Furthermore,
Gobin et al. [86] studied the effect of electric double layer
formed around nanoparticle on the thermal conductivity
of nanofluid and concluded that electric double layer and
thermal conductivity depend on base fluid. Therefore the
effect of vegetable oil on thermal conductivity as base fluid
will be different than the effect of mineral oil as base fluid.
It is hard to determine effect quantitatively; therefore more
extensive researchwork is required thatwill indicate the effect
of base fluid on thermal conductivity of nanofluid.

(iv) Temperature.Generally, thermal conductivity of nanoflu-
ids is more temperature dependant as compared to base fluid.
Therefore, thermal conductivity improvement of nanofluids
is also temperature sensitive.

Patel et al. [87] studied thermal conductivity of nanofluids
consisting of Al

2
O
3
, Al, Cu, and CuO nanoparticles with

sizes of 45, 80, 80, and 31, respectively. The base fluid was
transformer oil. The thermal conductivity was studied at
0.5–3% volume concentration and temperature range of 20–
50∘C. The thermal conductivity enhancement for Al

2
O
3
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Table 9: Enhancement of thermal conductivity.

Author/year Nanofluid Particle size (nm) Concentration (vol%) Enhancement ratio
Choi et al./2008 [39] Cu/transformer oil 100 2.50–7.50 1.12–1.43

Choi et al./2008 [39]
Al
2
O
3
(sphere)/pure oil 13 0.5–4.0 1.05–1.21

Al
2
O
3
(fiber)/pure oil 2 × 20–200 0.5 1.04

AlN/pure oil 50 0.5 1.08

nanofluid was 3–17% and the conductivity enhancement for
Al, Cu, andCuOnanofluidswas 3.5–24%, 5–38%, and 5–26%,
respectively.

Xuan et al. [88] measured thermal conductivity of trans-
former oil-based nanofluids with Cu nanoparticles of 100 nm
diameter. The volume concentration was up to 7.5% at
temperature range from 20 to 60∘C. Thermal conductivity
enhancement of prepared nanofluids was noted 45% maxi-
mum.

(v) Size and Shape of Nanoparticles.The size of nanoparticles
is also an important factor which influences the thermal
conductivity of nanofluids. Thermal conductivity increases
by decreasing size of nanoparticle. This kind of behaviour
is affected by (i) liquid layer formation around nanoparticle
and (ii) Brownian motion of nanoparticles. As the size of
nanoparticle increases, Brownian motion of nanoparticles
reduces due to which heat transfer rate between base liquid
and nanoparticle reduces which in turn reduces thermal
conductivity. Different researchers [89, 90] studied the effect
of size on thermal conductivity.

As the different shapes of nanoparticles have different
contact area with base fluid, they will have different liquid
layer formation and hence different thermal conductivity.
The cylindrical nanoparticles showed an increase in thermal
conductivity enhancement over the sphere as the aspect
ratio of cylindrical nanoparticles is larger and hence there
is more contact area between nanoparticle and base fluid.
The enhancement of thermal conductivity for cylindrical
nanoparticle is caused by amesh formed by elongated particle
that conducts heat through the fluid [91].

(2) Viscosity. Viscosity of oil is a measure of oil resistance
to shear. It is commonly known as resistance to flow. A
high viscosity indicates high resistance to flow, whereas a
low viscosity implies a low resistance to flow. Viscosity of
insulating fluid influences the ability to transfer the heat by
conduction. Cooling by conduction is themajor heat removal
mechanism in transformers and higher viscosity would result
in higher hot spot temperature within a transformer. The
experimental tests have indicated that the viscosity of copper
oil-based nanofluids decreases by increasing temperature and
increases with the increase of concentration of nanoparticles
but it is always high as compared to base oil. Jin [74]
measured the viscosity of silica nanofluids with 0.005% and
0.1% nanoparticle concentration at a temperature range of
10∼80∘C.The results showed viscosity almost the same as for
mineral oil.

(a) Factors Affecting Viscosity of Nanofluids. The research
studies have manifested that viscosity of nanofluids depends
on many parameters such as temperature, volume fraction,
shear rate, dispersionmethod, and shape and size of nanopar-
ticles. In the following section, the experimental studies of
different factors affecting viscosity are briefly presented.

(i) Effect of Temperature. The viscosity of nanofluid is influ-
enced by temperature. The experimental results obtained by
different researchers [92–94] have concluded that viscosity
strongly depends on temperature and viscosity of nanofluid
decreases with increase of temperature.

(ii) Volume Fraction ofNanoparticles.Theviscosity varieswith
the variation of nanoparticles concentration.The experimen-
tal studies carried out by researchers [95, 96] have indicated
that the viscosity increases with the increase of nanoparticles
concentration.

Fontes et al. [81] measured viscosity of samples prepared
with diamond andmultiwalled carbon nanotubes (MWCNT)
nanoparticles dispersed in transformer oil. The samples were
developed for nanoparticles with different concentrations.
The results showed that viscosity of nanofluids increases
substantially with rise in concentration, achieving 25%higher
than viscosity of pure oil at optimal concentration.

(iii) Effect of Particle Size and Shape. The size and shape of
nanoparticles also influence the viscosity of nanofluids. The
experimental results obtained by researchers [97, 98] have
concluded that viscosity increases by reducing the size of
nanoparticles.The shape of nanoparticle also has an effect on
the viscosity of nanofluids [85].

(iv) Dispersion Methods. The dispersion methods also affect
the viscosity of nanofluids.Different dispersionmethods have
different effect on viscosity of nanofluids [99]. Moreover,
other factors such as sonication time can also influence the
viscosity of nanofluids.

(3) Pour Point.Thepour point is defined as the temperature of
oil at which it becomes semisolid and loses its flow properties.
In other words, it is the lowest temperature at which oil still
remains pourable (meaning it behaves as a fluid). It is also key
factor to characterize the transformer oil. Beheshti et al. [48]
characterized all samples with pour point less than −45∘C.

(4) Flammability-Flame Point and Flash Point. The flamma-
bility of transformer fluid is serious safety concern recently.
There have been many cases reported of transformer explo-
sion which is hard to extinguish and which can escalate
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Figure 18: Flash point of mineral oil and nanofluids [48].

to the surrounding environment because of oil leaks out.
Flash point of a volatile fluid is the lowest temperature
at which fluid surface emits enough vapors to form an
ignitable mixture in air. The fire point or flame point is
the temperature whose vapors continually burn after being
ignited. It is the lowest temperature at which, on additional
heating beyond the flash point, the sample will sustain a fire
for five seconds. Therefore, as the oil is sufficiently heated,
it begins to ignite. Flash point is considered as one of the
quality indicators to determine the chance of fire hazard.
Beheshti et al. [48] measured the flash point with respect
to concentration of nanoparticles as shown in Figure 18.
The flash point for nanofluid indicated 4.6% enhancement
at concentration (0.001 mass fraction %) whereas flash point
drops with further increase of concentration.

Karthik et al. [40] measured critical parameters of pre-
pared nanofluids. The variation in volume concentration of
nanoparticles in transformer oil manifested improvement
in viscosity, fire point, and flash point. Breakdown voltage
is slightly lower than mineral oil but can be improved by
optimum volume concentration and using suitable temper-
ature. The critical parameters of transformer oil can be
improved by choosing optimum size and volume concentra-
tion of nanoparticles.The detailed result summary is given in
Table 10.

2.2.3. Environmental Properties. Environmental safety is usu-
ally defined by two basic parameters: biodegradability and
low toxicity.The liquids which have high biodegradation rate
and show low toxicity are called “environmentally friendly”
liquids. These factors are of huge importance when deciding
to use the liquids in environmental friendly sensitive areas
such as water course to avoid mixing and contamination.
The biodegradability indicates the extent of being capable of
being slowly broken down into smaller parts and destroyed
by natural process in soil or water ways, in case of spillage
or leakage. Clearly, it is highly significant that the split liquid
disappears fast naturally without applying costly cleanup
methods. Transformer oil-based nanofluids are not consid-
ered environmental friendly because their spillage to a water

course can create serious health problems and environmental
issues explained in Section 4.

3. Research Challenges, Technical Difficulties,
and Research Gap

Although transformer oil-based nanofluids are considered as
potential alternate to mineral oil to be used in high-voltage
transformers in the future, the problems which limit their
use still remain. A rising acknowledgment of performance
gains presented by oils mixed with nanoparticles has incited
the application of nanofluids in transmission and distribution
transformers [38]. A lot of encouraging experimental results
have been stated regarding the application of nanofluids; it
is not always the case that nanofluids are suitable as elec-
trical insulation and cooling materials [100, 101]. Also there
seems to be certain challenges that have a great room to
be further investigated. There seems to be a certain limit of
loading levels of nanoparticles that can be suspended into
transformer oil, beyond which the electric characteristics
will be adversely influenced. This is hugely associated with
agglomeration—as the loading level arises, the aggregation of
nanoparticles will happen thus leading to negative impact on
breakdown performance of nanofluids [100]. The challenges
and problems associated with nanofluid research that, we
think, all are connected to each other basically are selection of
suitable nanoparticles, synthesis of nanofluids, nanoparticle
agglomeration, nanoparticle/carrier oil compatibility, and
dielectric modification mechanism.

3.1. Research Challenges of Nanofluids. The characteristics of
nanofluids depend on multiple factors including the nano-
particle type,method of preparation, type of oil, and resulting
combinational properties of nanoparticles and oil. Therefore,
it is of utmost importance to be careful in selection of
nanoparticles and oil because problems relating to agglom-
eration of nanoparticles have often been associated with
nanoparticle/oil compatibility.

3.1.1. Selection of Nanoparticles. Nanoparticles are a class of
materials that exhibit unique chemical and physical charac-
teristics. The selection of nanoparticle which is suitable for
improvement of dielectric properties of transformer oil is
hugely challenging. Normally, nanoparticles are chosen by
looking at their basic properties such as conductivity and
permittivity but there is still no way except experiments to
know whether a nanoparticle will be useful for dielectric
properties improvement or not. Selection of a nanoparticle
with a size and volumetric concentration that is suitable for
improvement of thermal and insulating properties is also
challenging.

3.1.2. Preparation of Nanofluids. The successful application
of nanoparticles highly depends upon the synthesis process.
The term nanofluid is not simply a liquid-solid mixture.
Special requirements including stable suspension, controlled
size and concentration, and no chemical change in liquid
are needed. Basically, there are two major techniques used
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Table 10: Percentage enhancement of critical parameters relative to host oil [40].

Nanofluid Nanoparticle size
(nm)

Enhancement of
flash point (%)

Enhancement of
flash point (%)

Enhancement of
BDV after heating

(%)

Enhancement of
viscosity (at 80∘C)

Enhancement of
pH (%)

Al
2
O
3
/MO 0.01 17.85 12.5 31.25 (—) 77.86 14.32

Al
2
O
3
/MO 0.05 14.28 6.25 12.50 (—) 67.37 10.63

Al
2
O
3
/MO 0.1 14.28 12.5 3.12 51.31 10.21

Al/MO 1 14.28 6.25 62.50 (—) 62.08 7.51
Al/MO 2 14.28 6.25 15.62 (—) 34.75 86.18
CuO/MO 0.01 17.85 9.37 29.68 72.62 17.73
CuO/MO 0.05 17.85 9.37 37.50 51.31 2.26
CuO/MO 0.1 17.85 9.37 46.87 34.75 4.82
Cu/MO 1 21.42 12.5 9.37 (—) 61.96 2.55
Cu/MO 2 21.42 12.5 3.12 29.01 0.85

to develop nanofluids: single-step and two-step technique.
Every technique is associated with its pros and cons. The
single-step technique is preferable when producing nanoflu-
ids containing high-conductivitymetals to prevent oxidation.
The disadvantage of single-stepmethod is that systems run in
batchmodewith limited control overmost important param-
eters, including those which control size of nanoparticle. The
two-step technique is normally used to produce nanofluids
coating oxide nanoparticles and carbon nanotubes. Making
nanofluids by using two-step method is challenging because
of chances of potential agglomeration of nanoparticles prior
to a complete dispersion. At high volume concentration, this
problem of agglomeration becomes worse.

3.1.3. Agglomeration of Nanoparticles. The tendency of nano-
particles into larger particles under attractive forces and
external stresses may adhere together and develop aggregates
of large size which may settle out of suspension because of
gravity. Agglomerationmeans that the particles start to aggre-
gate at a significant rate. The rate of aggregation is generally
driven by the frequency of collision and the probability of
cohesion during collision. Derjaguin, Verwey, Landau, and
Overbeek (DVLO) produced a theory to deal the colloidal
stability [102, 103]. This theory suggests that the stability of
a nanoparticle in a nanofluid is determined by the sum of
van der Waals attractive forces and electrical double layer
repulsion forces which occur between particles as they come
close to each other because of Brownianmotion. If the attrac-
tive force is higher than the repulsive force, the particles will
colloid and the suspension is unstable. If the particles have a
high repulsive force, the suspension will be stable. The dom-
inant attractive forces between particles and transforming
them into larger particles can act as weak points from which
a devastating process normally starts, leading to decay of not
only electrical characteristics but also thermal properties. For
example, the electrical breakdown performance of nanofluid
suspended with conducting nanoparticles was found to be
negatively affected by the existence of huge agglomerates of
nanoparticles [100]. Thermal conductivity was also noted to

be influenced by nanoparticle agglomeration [59]. Therefore,
appropriate suspension of nanoparticles into transformer oil
needs to be achieved to ensure optimized characteristics of
the resulting nanofluids. The agglomeration of nanoparticles
can be reduced by employing the following methods.

(i) Addition of Surfactants. Surfactants or dispersants are
normally used to enhance the stability of nanofluids. The
addition of dispersants reduces the surface tension of base
liquids and increases the immersion of nanoparticles. Sur-
factants are chemical compounds applied to nanoparticles in
order to decrease the surface tension of fluids and improve
the immersion of nanoparticles. Surfactants can distinctly
influence the surface properties of a system in small quantity.
Dispersants consist of a hydrophilic polar head group and a
hydrophobic tail portion, normally long-chain hydrocarbons.

Surfactants are applied to enhance the contact of two
materials. Surfactants tend to locate at the interface of the two
phases, where it introduces a degree of continuity between
liquid and nanoparticles in a two-phase system [104]. The
surfactants are used to avoid fast sedimentation; however
the exact amount of surfactants should be added to particle
for a specific case. Different kinds of surfactants have been
used for different types of nanofluids. It is worth noting
that this approach may not be used for nanofluids working
at elevated temperatures because of probability of bond
damaging between nanoparticle and surfactant. In addition,
surfactant may raise thermal resistance between base fluids
resulting in decline in improvement of thermal conductivity
[84, 104]. The addition of surfactants in the two-phase
systems is easy and economicmethod to improve the stability
of nanofluids. The selection of a suitable dispersants is also a
major challenge.

(ii) Surface Modification Techniques. This technique is a
surfactant-free approach and it uses the functionalized
nanoparticles to achieve long-term stability of nanofluids
[104]. This technique is used to improve the dispersion of
nanoparticles and the compatibility between nanoparticles
and liquid materials. Physical or chemical methods are used
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to alter the chemical or physical characteristics and surface
structure of nanoparticles. Surface modification plays a vital
role to decrease the agglomeration.The surface structure and
state of nanoparticle is changed by reaction betweenmodifier
and surface of nanoparticle. Due to modifier accumulation
or bonding on the surface of nanoparticle, surface force of
hydroxyl groups reduces and the hydrogen bonds between
nanoparticles are removed to avoid the development of
oxygen bridge bonds thereby limiting the happening of
agglomeration [105].

(iii) Ultrasonic Agitation. The agglomeration might happen
after the preparation of nanofluids over a period of time
which results in rapid sedimentation of nanoparticles due to
rise of downward body force.

3.1.4. Nanoparticle/Transformer Oil Compatibility. As the
nanoparticles are introduced into the base oil, the nanopar-
ticles normally sediment within several minutes because of
poor compatibility between the nanoparticles and oil. The
agglomerated nanoparticles are constantly settled over time
which leads to poor stability and low dielectric performance
and low heat-transfer capability of the suspensions.

To address the abovementioned concerns, chemical ways
such as coupling agents can be applied to enhance the com-
patibility between the nanoparticles and the oil. Chemical
means normally include special additives that are helpful to
isolate nanoparticles. This involves the application of surfac-
tants or dispersants [106, 107], which are useful to decrease
the surface energy and interfacial tension in nanoparticles. In
this regard, dielectric properties of nanofluids have frequently
been found to enhance upon nanoparticle surface functional-
ization. For instance, the AC and impulse breakdown perfor-
mance of nanofluid containing TiO

2
nanoparticles modified

by stearic acid was found to be superior to their equivalent
nanofluid without surface modification [35]. However, the
breakdown performance was, often, not as good as host oil
even after surface treatment. More predominantly, the use
of different surface modification may result in completely
unlikely dielectric performance, a result which is closely
connected with processes at nanoparticle/oil interface.

3.1.5. Dielectric Improvement Mechanisms. The mechanism
of dielectric improvement of breakdown characteristics of
oil is not fully elaborated. George Hwang et al. [24] model
can only explain the improvement in insulting strength of oil
with Fe

3
O
4
nanoparticle suspension; it is unable to explain

the insulating strength enhancement of semiconductive and
insulative nanoparticles suspensions. In the same way, Du’s
theory [28] has a good explanation for insulating strength
improvement for TiO

2
nanoparticles suspension but cannot

explain the dielectric improvement of Fe
3
O
4
nanoparticles

(or other conductive nanoparticles) suspension. Therefore,
it is also a great challenge in nanofluids research to find a
mechanism which can explain all nanoparticles insulating
strength enhancement and a lot of experimental work is
required on this topic.

3.1.6. Other Related Issues. Theresearch studies indicated that
relative permittivity, electrical conductivity, and loss factor of
developed nanofluids is different from the base oil [27, 47].
The use of prepared nanofluids with these distinct character-
istics in the transformers designed with oil specifications will
have different electrical stress distribution and therefore have
serious complications on transformer structure. Standard
testing and maintenance procedure will also be affected. The
high cost of transformer oil-based nanofluids will be a huge
concern for manufacturers and utilities.

3.2. Technical Difficulties. The main technical difficulties
regarding application of nanofluids as insulation liquid in
transformers, which need further consideration, are listed as
the following [27, 47, 73]:

(i) It will be very hard to apply the nanofluids in
existing transformer units because of mismatch of the
electrical specifications so it is needed to carry out
research regarding use of nanofluids for these excising
transformer units.

(ii) More research work is required to find more efficient
synthesis methods, to reduce the production cost
and identify the potential commercial applications for
nanofluids.

(iii) Insulating, dielectric, and thermal improvement ben-
efits offered by nanofluids must be advertised to
attract attention from the utilities andmanufacturers.

(iv) A huge research work is required to minimize the
adverse environmental and human body impacts of
transformer oil-based nanofluids.

3.3. Other Problems and Research Gap. Even though trans-
former oil-based nanofluids manifested extremely attractive
characteristics still some crucial problems and challenges
exist. The following essential issues must be given thorough
attention in future research work. Firstly, more experimental
and theoretical work is needed to elaborate the mechanism
of improvement of dielectric strength in nanofluids. Until
now, there are two theories to explain the improvement in
breakdown strength: one can only explain for conductive
nanoparticles and the other can only be viable for semi-
conductive nanoparticles; there is not a single theory/model
which can analyze the enhancement of breakdown strength
for all types of nanoparticles. Up to now, there is lack of agree-
ment between experimental results of different researchers,
so it is essential to carry out more research to find out
more about the breakdown mechanisms. The precise and
definite formation characterization of the suspensionsmay be
important to describe the inconsistency/discrepancy between
the experimental results. Secondly, there is a compatibility
problem between oil and nanoparticle, which if not looked
up can lead to agglomeration or decrease in breakdown
properties. By proper selection of nanoparticle and modifi-
cation of interface characteristics of two phases could solve
the above mentioned problem. Thirdly, the agglomeration of
nanoparticles is important issue for both research and practi-
cal applications. This problem can be solved by using surface



18 Journal of Nanomaterials

modifiers on nanoparticles to a certain extent but still more
research is required for long-term stability of nanofluids.
Lastly, the shape and size of nanoparticles are important for
the characteristics of nanofluids; therefore advanced synthe-
sis techniques will also be an interesting future researchwork.

4. Advantages, Disadvantages, and
Applications of Nanofluids

In the following section, the advantages and disadvantages
associated with transformer oil-based nanofluids are pre-
sented.

4.1. Advantages of Transformer Oil-Based Nanofluids. The
advantages of transformer oil-based nanofluids as compared
to transformer oil are given as follows:

(i) The transformer oil-based nanofluids have better AC
and impulse breakdown performance as compared to
the mineral oils so it is favorable to be used in HVAC
and HVDC application.

(ii) The AC breakdown strength of transformer oil-based
nanofluids is less influenced bymoisture as compared
to mineral oils so it is helpful in improving insulation
life and hence transformer life.

(iii) The transformer oil-based nanofluids have better
partial discharge characteristics as compared to the
mineral oil.

(iv) The transformer oil-based nanofluids have a better
antiaging characteristic as compared to mineral oil so
it can improve the operational reliability and lifetime
of high voltage transformers.

(v) The transformer oil-based nanofluids have a higher
thermal conductivity than the transformer oil and
they are helpful in better cooling of transformers.

4.2. Disadvantages of Transformer Oil-Based Nanofluids. The
use of nanofluids provides better breakdown performance,
partial discharge characteristics, and antiaging properties
than transformer oil but still there are some parameters
which are limiting their use on large scale in industrial and
commercial applications. The introduction of nanofluids in
industrial application requires long-term stability, low cost
availability, and understanding of the brunt of nanomateri-
als on human health and environment. In this section an
overview of stability of nanofluids and their impact on human
health and environment is presented.

(i) Stability of Nanofluids. A nanofluid is called theoretically
stable if particle size is smaller than 100 nm [108]. Neverthe-
less, it is a huge challenge to keep this size due to existence
of attractive forces between nanoparticles, which can lead to
agglomeration of nanoparticles. The sedimentation arises in
most of the nanofluids due to gravity and the fact that the
density of nanoparticles is higher than that of mineral oil.

(ii)HumanHealth Issues.Nanoparticles have been recognized
as one of the major occupational health and safety risks

(OHS) and serious concerns are shown regarding them
in various national and international guidelines [109]. The
harmfulness of nanomaterials is still ambiguous. Nanopar-
ticles are generally more hazardous as compared to micron
sized or bulk materials due to high reactivity of their surface
area [110]. The most debated and examined exposure route
of nanoparticles to human body is airborne exposure with
inhalable uptake. Airborne particles can be categorized by
size into three groups: the small particles having an aver-
age size smaller than 80 nm, intermediate particles with
an average size between 80 nm and 2000 nm, and large
particles with an average size bigger than 2000 nm.The most
dangerous particles among these above mentioned particles
are intermediate particles because they tend to suspend in
air for several weeks whereas small particles are short lived
and tend to agglomerate resulting in larger particles and
these larger particles are subject to gravitational settling [111].
The one way of infiltration of nanoparticles into human
body during inhaling can be through nasal cavity [112, 113].
The exposure of even small amount of nanoparticles can
cause serious threat to the health. For example, iron oxide
is considered damaging for human lungs [114]. The exposure
to copper, chromium, and zinc nanoparticles can cause lung
dysfunction and even cancer. There is high risk that some
nanoparticlemay translocate from respiratory tract and travel
to other organs, including central nervous system [111]. The
studies indicate that high concentration ZnO nanoparticle
is highly toxic and alumina nanoparticles are moderately
toxic and magnetite nanoparticles are slightly toxic [115]. The
titania nanoparticles are deadly and can travel to humanbrain
by the odorous neurons during inhaling [116]. The nanopar-
ticle can also have ability to penetrate through skin of by
digestion.The risk of penetration through skin is low because
of thickness of skin. The nanoparticles, if they penetrate
thorough digestive system, can enter into blood stream and
accumulate in the liver [117]. Skin and respiratory infections
can be caused by carbon and graphite nanoparticles [118].The
necessary precautions should be taken for the worker while
preparation of nanofluids to avoid the abovementioned risks.

(iii) Environmental Issues. The nanotechnology poses a seri-
ous threat to environment aswell.Thenanoparticles and their
by-products can be released into surrounding atmosphere
and water during production, transportation, and prepara-
tion. Those nanoparticles would accumulate in water, soil,
and plants. The influence of nanoparticles on humans and
environmentmay vary during various stages of their life cycle.
The impacts need to be examined for future development by
employing Life Cycle Assessment [110]. The potential threat
to environment by nanoparticles can be reduced by using
efficient way of production, transportation, and preparation.

(iv) High Cost of Nanofluids. The higher manufacturing cost
of nanofluids is also one of the reasons that may prevent
the use of nanofluids on commercial and industrial level.
Both one-step and two-step methods employ expensive,
advanced, and state-of-the-art apparatus for preparation of
nanofluids which make the nanofluids expensive alternate of
transformer oils.
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4.3. Potential Applications of Nanofluids. Transformers need
oils with excellent cooling and insulating characteristics.
The transformer oil-based nanofluids are offering better
insulation and cooling properties as compared to transformer
oil and they are being acknowledged in dielectric society as a
future alternate liquid insulation for transformers.The trans-
former oil suspended with conductive nanoparticles reduces
the top-oil and hot spot temperature in transformer oil by
almost 5∘C as compared to mineral oil [119]. Moreover, by
using the nanofluids, the problems of size andweight of trans-
former can be reduced because of the excellent dielectric and
cooling capabilities [120]. The transmission voltage capacity
of transformer can be enhanced by employing nanofluids as
liquid insulation. The operational reliability and lifetime of
existing transformer units can be enhanced and also failures
due to insulation problems can be reduced by applying
transformer oil-based nanofluids as liquid insulation instead
of mineral oil [3–7].

5. Conclusion

Research work on nanofluids as high voltage electrical insu-
lation liquids has been challenging and provides a great
room of opportunities for researchers for future research.
This paper reviews literature regarding electrical properties,
physical properties, environmental properties, challenges,
opportunities, pros and cons, and potential applications of
transformer oil-based nanofluids. Althoughmany significant
features related to nanofluids have been reported however
there are many facts which still remain unknown. In this
review, an effort was made to demonstrate how nanoparticles
can affect the electrical and thermal characteristics of the
resulting nanofluids—a more detailed research work on
mechanism that we think is required toward the detailed
understanding of nanofluids. Nevertheless, more in-depth
experimental work on nanofluids is required, and multidis-
ciplinary research collaboration in dealing the challenges is
imminent. Lastly, for nanofluid research, there are a lot of
challenges and opportunities in the future to come.
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