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ABSTRACT Transformer oil is refined electrical insulating oil, which is extremely stable at high tem-
peratures and possesses excellent electrical insulating properties. These special types of oils are widely
used in high voltage apparatus such as power transformers, high voltage capacitors and circuit breakers.
Traditionally, mineral oils have been most commonly used as a coolant or as electrical insulation medium.
However, the main concern related to mineral oil is overheating, overloading, short circuits that reduce
the shelf life of the transformer unit and restrict its function as a reliable coolant. Moreover, other factors
such as high electrical insulation requirements, safety and economic aspects need to be considered for the
development of new insulating liquid material. Nanofluids have become the one of the alternatives for the
existing products available in the market because of its high thermo-physical and good dielectric properties.
This review focuses on the status of nanofluids, the effect of different nanoparticles to enhance the dielectric
as well as its heat transfer properties of nanofluids. The thermo-physical properties of the newly developed
transformer oil based nanofluids reported in comparison with different oils. Finally, future directions and

challenges need to be addressed.

INDEX TERMS Transformer oil, nanofluids, dielectric strength, heat transfer, coolant.

I. INTRODUCTION

From the last few decades, transformer oils been effectively
used as insulating and coolant materials due to their thermal
and insulating characteristics. However, 75% of the trans-
formers fail due to inappropriate dielectric insulation and
extra power requirement. Transformer is one of the most
essential electrical components as it serves a vital link in
distributing electricity to the consumers [1]. It is known to
be high-cost component and has a direct effect on network
operation, location, oil contents and toxic material where
any interruption on the transformer would reduce the reli-
ability of the power system [2]-[4]. One of the suspects
that cause transformer failure is overheating and thermal
stress. Overheating and thermal stress holds about 32% of
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causes on transformer failures [5]. Intense researches and
possible approaches must be developed to overcome all
these failures. The potential solution to improve the insu-
lation shell life and other properties are by the suspension
of nanoparticles into the transformer oil, which enhances
the thermal and dielectric insulating properties. Nanofluids
are nano-sized particles dispersed into the base fluid that
recently grabbed a lot of attention due to its unique and supe-
rior properties. However, researchers are still investigating
the best possible combination of nanofluids with a desired
characteristic, which remains unanswered. This review pro-
vides insight about the evolution, types of transformer oil,
preparation of nanofluids and thermo-physical properties but
also presents a detailed description of the design, operat-
ing conditions and failures. In addition, it also gives com-
prehensive details of current challenges, future work and
conclusion.
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A. TRANSFORMER INSULATING OIL - HISTORICAL
BACKGROUND

During the 1870s and 1990s, petroleum based oils have been
used as dielectric liquids in transformer system [6]. They pro-
vided superior insulation, which served the purpose as dielec-
tric liquids and excellent heat transfer medium to remove heat
generated by electrical losses. However, the downside is that
paraffinic-based oils, in general, have high pour points due to
its high paraffin wax content, which is unacceptable for use in
power-distributing equipment exposed to low temperatures.
Furthermore, the sludge that is build-up due to oxidation is
insoluble in such oils, increasing its viscosity. High-viscosity
oils reduced heat transfer capabilities, which lead to overheat-
ing and reduced shelf life.

Naphthenic-based transformer oil was later introduced
to combat the mentioned challenges. Although naphthenic-
based oils are more vulnerable in oxidation compared to
paraffinic-based, the oxidized products are soluble that,
resulted in reduction in viscosity [7]. Naphthenic-based
oils have a lower pour point, which will remain fluid
at low temperature in the transformer system. However,
the concern when utilizing naphthenic-based transformer
oil is its flammability. Askarels — synthetic chlorinated
aromatic hydrocarbons were used as insulating oils to
enhance the fire resistance. The first transformer to utilized
askarel was in 1932 and continued until the 1970s where
it was determined that they were no longer environmentally
acceptable [8].

Later, silicone fluids were introduced as an alternative
to chlorine-based oils later as it has excellent electrical
insulating, anti-oxidative properties, higher fire point, low
flammable fluids and exceptional thermal stability due to
the high Si-O bonding energy [6]. It was utilized for more
than 20 years but the information was insufficient to evalu-
ate its insulation and diagnosis when compared to data for
transformer system that relies on mineral oil [9]. Another
alternative was introduced that paired with silicone fluids
which are high temperature hydrocarbons (HTH). They pos-
sess good electrical insulation but are flammable with high
fire points [6].

Chlorofluorocarbon-based fluids were commercially uti-
lized that demonstrated good electrical insulation and are
non-flammable. However, its boiling point is low and tends
to vaporize at operating temperatures. Tetrachloroethylene-
based fluids are non-flammable which was commercially
introduced in 1980 under the tradename WECOSOL [10].
The fluid has low viscosity and showcased excellent heat
dissipation trait. It was used alone or mixed with trans-
former mineral oil to improve lubricating properties at a lower
cost [11]. However, it has relatively lower electrical insulation
properties compared to mineral oil and compromised safe
operations. In 1978, isopropyl biphenyl hydrocarbon fluids,
composed of propylated biphenyl isomers, were used for
electric insulation. It has a good electrical insulating property
and its flammability was reported to be relatively lower than
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the other commercialized fluids. The development of differ-
ent transformer oils and evolution shown in Fig.1.

Different types of transformer oils in a different era is
highlighted and their properties are also clearly mentioned
in Table 1. Among all the different oils, silicone oil, high
temperature hydrocarbons (HTH), chlorofluorocarbon-based
fluids, and isopropyl-biphenyl hydrocarbon fluids show good
electrical insulating properties. In addition, silicone oil also
exhibits excellent thermal stability but still, the properties are
not satisfactory.

B. TRANSFORMER - GENERAL DESIGN, OPERATING
CONDITION AND CAUSES OF FAILURES

Transformers are normally found in industries that generate
electricity, containing large numbers in various sizes from
few kVA to over a few hundred MVA capacities [12]. Such
vital electrical component is reliable in continuous operations
that last 30 to 40 years of design life — some would go
over 50 years [13]-[15]. In general, transformers contain
few components — the main active component would be the
winding and core that are responsible to alter voltages. Other
components include load tap changer, bushing, insulation (oil
and paper) and tank. Some heavy-duty transformers rely on
oil to insulate high voltages and to dissipate heat. It consists
of copper coils and a steel core linking them and is immersed
in a transformer oil contained in the body tank.

According to Delta Transformers Inc, during the trans-
former operating, the maximum temperature rise attained was
65 °C and combined with the maximum ambient temper-
ature of 40 °C, the operating temperature can lead up to
220 °C [16]. Its enclosure surface and hotspot in the trans-
former system could rise to 105 °C and 180 °C, respectively,
at full load. High temperatures could stress the transformer
system, leading to failure in operations. Fig 2 below displays
statistics of transformer failure between 2009 and 2013 in
India. Different categories were analyzed over a period and
failures for each category was reported clearly. Moreover,
out of all Insulation shows a maximum of 80 failures, tank
and coolant shows a minimum number of failures 6 and 9.
On the other hand, it was reported that bushing and other sec-
ondary causes such as cooling are both responsible for 20%
for transformer failure, which can be viewed in Fig 3. The
bushing is an insulating component used in the transformer to
allow high voltages safely flow through the grounded barrier.
Since high voltages pass through, this insulating component
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TABLE 1. Types of transformer fluids used in respective years. .

Years Transformer Fluids

Remark

1870s —
1990s

Petroleum-based oils

1932 —
1980s

Askarels

Silicone oils

High temperature
hydrocarbons (HTH)

Chlorofluorocarbon-
based fluids

Isopropyl biphenyl
hydrocarbon fluids

Tetrachloroethylene-
based fluids

vV VvV Vv V

Paraffin-based oils were
used

Prone to oxidation and have
a high pour point
Naphthenic-based oils were
used as an alternative
Prone to oxidation but the
oxidized products are
soluble — viscosity reduced
Lower pour point but more
flammable compared to
paraffin-based oils
Synthetic chlorinated
aromatic hydrocarbons
Used to enhance fire
resistance

Stopped in the 1970s as it
was determined that it was
not environmentally
acceptable

Introduced as an alternative
to chlorine-based oils
Excellent electrical
insulating, anti-oxidative
properties, higher fire point,
low flammable fluids and
exceptional thermal
stability.

Insufficient information to
evaluate its insulation and
diagnosis in those early
years

Used as another alternative
to chlorine-based oils
Possess good electrical
insulation but flammable
with high fire points
Demonstrated good
electrical insulation and are
non-flammable

Downside is that its boiling
point is low and tend to
vaporize during operations
Introduced in 1978
Composed of propylated
biphenyl isomers

Good electrical-insulating
property and its
flammability was relatively
lower than other
commercialized fluids
Introduced in 1980 under
the tradename WECOSOL
Used alone or mixed with
transformer mineral oil to
improve lubricating
properties

Low viscosity and
showcased excellent heat
dissipation trait

Relatively lower electrical
insulation properties
compared to mineral oil

deals with heat and requires transformer oil to cool it down.
If the transformer oil could not dissipate heat, the bushing
of the transformer will eventually fail. One of the reasons

151424

20

15

Failures

10

w

||I|.||.||.||Iu

Bushing oLTC Tank

L.

Coolant Insulation Others

o

Wining Core
Different categories
M 2009 ®2010 2011 2012 =2013

FIGURE 2. Statistics of transformer failure between 2009 and 2013 in
India [18].

(a)
Coil/Winding
OLTC
Tank
Bushing
Core

Other (cooling, secondary...

0 10 20 30 40
Percentage (%)

Percentage (%)
NN W W
oW o wumouw

o wu

FIGURE 3. (a) Causes of transformer failure and (b) bushing failure [1].

that led to bushing failure was overheating or hotspots, which
covered the highest of 32%. According to e-Cigre [17],
between 2004 and 2009, dielectric and thermal were noted as
two of the root causes of transformer, which can be viewed
in Fig 4.

Regardless of the type, transformer oils should possess
reliable characteristics to ensure optimum and safe contin-
uous operations. Two of the characteristics that should be
heavily emphasized is its insulation and coolant. Transformer
oil should have high dielectric strength to withstand high volt-
ages generated by the transformer without breaking down.
Besides, it should also possess high thermal conductivity for
heat dissipation — relieve or cool down the system. Table 2
below summarizes characteristics of reliable transformer oil
should have.
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FIGURE 4. Classified failures according to failures modes from Cigre.

TABLE 2. Characteristics of reliable transformer oil [8].

Characteristics Remarks

High dielectric To withstand high voltages generated by transformers
strength without breaking down or degrading the oil itself.
High thermal To relieve or cool down the transformer system,
conductivity countering the overheating challenge

Ability to circulate and transfer heat will not be
impaired
Ensure long life service and preventing the formation

Low viscosity

Resistance to

oxidation of sludge or other by-products due to oxidation
Free from acid No presence of acid, alkali and corrosive Sulphur
and alkali which could cause corrosion of metal parts in the

transformer system and accelerate the sludge
formation

Ensures the oil flows smoothly even at low
temperatures for ease of circulation

Low pour point

High flash/fire To ensure safer operation and reduce the risk of fatal
point and low accidents.

flammability

Environmental Ensure the use of oil does not bring negative impact
acceptable and to the environment and economically viable.

low cost

Il. TYPES OF TRANSFORMER OIL: MINERAL,

VEGETABLE OR BLEND OIL

Over the years, different types of transformer oil have been
studied to overcome the current challenges faced by power
transmission systems. Apart from mineral oil, vegetable oils
have been also investigated in detail. Vegetable oils are
originated from plants and they usually referred to as plant
oil. Vegetable oils are renewable, cheap, environmentally
friendly, biodegradable and safer alternative insulating oil.
Unlike mineral oil, they don’t generate a poisonous substance
from oxidative instability [19]. Many researchers investigated
vegetable oils as a potential substitute for mineral oils while
other researchers investigated mixtures or blend oils.

Till date, mineral oil is still extensively used as transformer
oil as itis stable at high temperatures and easy to acquire since
it is derived from crude oil. Silicone oils and synthetic esters
were utilized as transformer oil but stopped as it deprived in
safe operation and usage [6]. Table 3 summarizes the compar-
ison between mineral oil, silicone oil, synthetic ester and veg-
etable oil. Insulation and coolant are two of the crucial traits
of transformer oil to ensure reliable transformer operations.
Thermal conductivity is one of the key properties to evaluate
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TABLE 3. Insulating properties of various types of transformer
oil [19], [20].

Properties Min  Silic Synth Vege Test
eral one etic table Methods
Oils Oils  Esters  Oils
Dielectric 30- 36- 45-70  82-97 IEC 60156
Breakdown, kV 35 60
Relative Permittivity =~ 2.1- 2.6- 3.0- 3.1- IEC 60247
at 25 °C 2.5 29 35 33
Viscosit  at 0 °C, <76 81- 26-50  77- ISO 3104
y cSt 92 143
at40°C, 3to 35- 14-29  16-37
cSt 16 40
at 100 2-2.5 15- 4-6 4-8
°C, cSt 17
Pour Point, °C -30-  -50-  -40-- -19- ISO 3016
-60 -60 50 -33
Flash Point, °C 100- 300-  250- 315- ISO 2592 (1)
170 310 270 328
Fire Point, °C 110-  340-  300- 350-
185 350 310 360
Density at 20 °C, 083  0.96- 0.90- 0.87-  ISO 3675
kg/dm? - 1.10 1.00 0.92
0.89
Specific heat, J/g. K 1.6- 1.5 1.8- 1.5- ASTM
2.0 23 2.1 E1269
Thermal 0.11  0.15 0.15 0.16- DCS
Conductivity, W/m. - 0.17
K 0.16
Expansion 7-9 10 6.5-10  5.5- ASTM
Coefficient, 10™* 59 D1903
K-1
Interfacial Tension 40 - 25 - 25 -
(IFT), dynes/cm 45
Moisture Content, 10 - 50 - 50- -
ppm dry oil 25 100
Heat Capacity, 0.48  0.36 - 0.5- -
cal/g.°C 8 3 0.57
Chemical Type Hydr Orga - Ester -
ocar  nosil
bon icon
Dielectric Constant 22 2.71 - 3.1 -
at 25 °C
Volume Resistivity 10 10 - 10 -
at 25 °C, ohm.cm -
1015
Breakdown Voltage, 60 - - 74 ASTM
kV D1816, 2 mm
gap
electrodes
Impulse Breakdown 145- 136 - 116 -
Voltage, kV 145
Dissipat  at25°C  0.05 -0.01 - 0.25- -
ion max 1.00
Factor at 100 0.3 -
(%) °C max
Grassing Tendency -10- - - -50 ASTM
-20 D2300
Biodegradability, % 30 Very - 97-99  CEC-L-33
Low (21 days)

heat dissipation of transformer oil that makes the product
even better. Higher thermal conductivity ensures more heat
to be transferred. Comparing the four types of transformer
oil in table 3, vegetable oil, in general, has the highest
thermal conductivity, ranging from 0.16 to 0.17 W/m.K.
Dielectric constant and breakdown voltage are two of the
properties to evaluate insulation of the transformer oil. Based
on table 3, it can be seen vegetable oil has higher breakdown
voltage and dielectric constant, ranging from 82 to 97 kV
and 3.1, respectively. In other words, vegetable oils can resist
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higher voltage before it breaks down and able to partially be
conducted. However, the drawback of vegetable oil is that it
has high moisture content and prone to oxidation. Mineral
and silicone oils have low moisture content and have a higher
resistance to oxidation. Comparing its shelf life, mineral and
silicone oils can sustain longer than vegetable oils.

Villarroel et al. [22] studied moisture diffusion coefficients
of transformer pressboard insulation and compared two veg-
etable oils Bio Electra™ and Bio Temp™ that were derived
from sunflower seeds. The general equation for moisture dif-
fusion coefficients was determined that covered a wide range
of temperatures, moisture concentration and insulation thick-
ness. The equations of Bio Electra™ and Bio Temp™ were
found and expected to be similar since both natural esters
derived from sunflower seeds. Achmad Susilo et al. [23]
investigated partial discharge characteristics and dissolved
gas analysis of two types of fatty acid alkyl esters — Pastell
2H-08 and palm fatty acid ester (PFAE) and compared with
mineral oil. It was reported that partial discharge of Pastell
2H-08 increased above 15 kV s than that of mineral oil
due to higher dissipation factor. The dissolved gas analysis
confirmed that Pastell 2H-08 generated a higher amount of
hydrocarbon gases than mineral oil. Yanuar Z. Arief ez al. [24]
compared two vegetable oils — palm fatty acid ester (PFAE)
and FR3 with mineral oil. It was reported that PFAE resulted
in the highest breakdown voltage of 48.92 kV. PFAE and
FR3 have lower dissipation factor than mineral oil. How-
ever, three oils resulted in the same trend where dissipation
factor increased as ageing time increased. Lastly, PFAE and
FR3 have higher capacitance than the one in mineral oil.
High capacitance indicates good insulation where the tan &
is low since it is inversely proportional. Low value of capac-
itance indicates the insulating oil is approaching electrical
conduction [24]. Additionally, AC conduction analysis was
carried out on computational simulation to evaluate dielec-
tric characteristics with different vegetable oils — coconut
oil and sunflower oil. From the simulation, it was found
that coconut oil has a relatively higher dielectric strength.
However, the dielectric strengths of all oils decreased as the
electrode gap increases. Table 4 shows the comparison of
properties with mineral oil and studied vegetable oils.

In recent studies, Toudja et al. [25] reported mixtures of
natural ester olive oil and naphthenic mineral oil. The mixture
ratios were covered from pure mineral oil to 50% mineral
and 50% olive oil to pure olive oil. Hiramatsu et al. [26]
studied the effect of water on breakdown properties of
Envirotemp FR3, which is derived from soybean oil, and
mineral oil mixtures. Mineral oil was mixed into Envi-
rotemp FR3 with weight percentage ranging from 0 to 20.
Yu et al. [27] studied the breakdown voltage of mineral oil
and Envirotemp FR3 mixtures ranging from 0% mineral oil
and 100% Envirotemp FR3 to 100% mineral oil and 0%
Envirotemp FR3. Table 5 summarizes the findings of the
reported blend oil mixtures with its outcomes.

Li et al. [28] reported thermal ageing of 20 vol% rapeseed
oil and 80 vol% mineral oil mixtures. Dielectric loss of the
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TABLE 4. Summary of recent research on vegetable oil as transformer oil.

Properties Villarroel et al. Achmad Susilo et Yanuar Z. Arief et al.
al. [23]
[22] [24]
Bio Bio Mineral PFA Palm Oil Cocon Sunflo
Electra™ Temp™ 0il E ut Oil wer
Oil
El Dielectr 65 65 70-75/2.5 85 75 60 38-45
ec ic mm
tr Strengt
ic h, kV
al
Relative - 2.2 @ 80 2.95 3.10@ 2.79 3@
Permitti °C @ 80 40°C @20 25°C
vity - °C °C
Tan § - - 0.001 @ 0.31 0.03 @ 0.08 0.0093
40°C @ 80 25°C @20 @25
°C °C °C
Volume - - 7.6x 7.1x
Resistiv 1075 1071
ity 2
P v mm?/s - 8.13@ 5@ 300 @ 25 29.8- 4
h is 40°C 40°C °C 31.6 3
ys co @ 40 @
ic sit °C 4
al y 0
C
cSt 39.2 45.0
@ 40 @ 40
°C °C
Flash 330 330 152 176 >220 225 <330
Point,
°C
Pour -26 -15 -45 -32.5
Point,
°C
D gem® - - 0.88 @ 0.86
en 40°C @ 40
sit °C
y
Kg/m® - - 09@ 15 0.917 0.
°C @20 9
°C 1
9
2
0
C
E Total - - 0.04 <0.03 0.07 0.02 0.02
n Acid
vi value,
ro mgKO
n H/g
m
en Toxicit - - <0.01 0.05
ta y
1
Source Sunfl Sunfl

ower ower
Seeds Seeds

studied mixtures was found to be slightly lesser compared to
one in pure mineral oil after 50 days of thermal aging. The
breakdown voltage of the oils decreased with ageing time
but mixture of 80 vol% mineral oil and 20 vol% rapeseed oil
resulted higher compared to pure mineral oil when the ageing
time was higher than 50 days. Johari et al. [29] compared
breakdown voltage of palm fatty acid ester (PFAE) with
soybean-based Envirotemp FR3 (FR3). Breakdown voltage
of both biodegradable oils decreased with ageing period.
However, PFAE resulted higher breakdown voltage than FR3
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TABLE 5. Summary of results on blend oils.

Author Mixture Results

Toudja et al. Mineral Oil: 85%  Resulted in a significant drop in
[25] breakdown voltage by about

Olive Oil: 15% 38%

Increasing  the  olive  oil
proportions resulted in improved
breakdown voltage with the
highest improvement by about
31% (5% mineral oil and 95%
olive oil)

Hiramatsu et al. Mineral Oil: 10-
[26] 20 wt.%

Degrades with more water
content  but resulted in
consistency with 10-20 wt.%

Soybean Oil: 80- mineral oil.

90 wt.%
AC breakdown strength
degrades with an increase in
mixing ratio when no water
content but elevates in 600 ppm
water

Yu et al. [27] Mineral Oil: 70%  Breakdown voltage upgraded by

8.6%.

Envirotemp FR3:

30% Total acidity increased as the
proportion of vegetable oil
increases

by up to 7.14%. Viscosity of PFAE and FR3 increased after
200 hours of ageing period by up to 34.25% and 10.38%,
respectively. Guerbas et al. [30] studied mineral oil and
reclaimed used mineral oil, obtained from the Algerian trans-
former. Both oils resulted improved breakdown voltage after
315 hour of ageing period. However, the breakdown voltage
of reclaimed oil decreased slightly until 531-hour ageing
period while decreased drastically for the new mineral oil.

It can be seen vegetable oils have relatively higher break-
down voltage than mineral oil. Having a high breakdown
voltage allows the transformer oil to resist higher voltages
in the transformer system before it breaks and become semi-
conductive. However, two of the factors were studied that
weaken the breakdown voltage of the transformer oil — water
content and aging. Vegetable oils contain ester groups which
could form hydrogen bonded water, depleting the break-
down voltage [27], [28]. Naturally, mineral oils do not con-
tain ester groups and they have significantly lower water
content, compared to vegetable oils. Aging, on the other
hand, depletes breakdown voltage since the oils degrade over
time. Both oils degrade due to oxidation forming oxidized
products. Vegetable oils are prone to oxidation and degrade
faster compared to mineral oil. Its oxidation products tend
to be more acidic compared to mineral oils, which acceler-
ates the aging rate [27]. Water content and acidity must be
controlled to limit or slow down the aging and degradation
processes to ensure longer shelf life. However, casting off
vegetable oil should not be the option as it provides higher
breakdown voltage than one in mineral oils. Vegetable oils
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contain triglycerides fats (saturated fat) which have orienta-
tion, atomic and electronic polarizations, resulting in higher
breakdown voltage whereas mineral oil contains non-polar
alkane chain molecules [33].

IIl. PREPARATION OF TRANSFORMER OIL NANOFLUID
Preparation of transformer oil based nanofluid primarily
requires careful selection of nanoparticles with superior prop-
erties that helps to improve the thermal and dielectric proper-
ties of transformer oils. These nanoparticles are categorized
into different groups based on their behavior and function
such as conducting, semiconducting and insulating nanopar-
ticles that are dispersed in transformer oil. The synthesis of
nanofluids involves two methods 1) One-step method and
2) Two-step method.

In the one-step method, the making and dispersion of
nanoparticles in a base fluid is simultaneously done through
physical vapor condensation processes [34]. This method
may not be cost effective and drying, transportation and
nanoparticle dispersion are avoided that results in minimizing
nanoparticle agglomeration. Furthermore, the uniform dis-
tribution of nanoparticles can be benefited when one-step
method is utilized. The disadvantages for one-step method
is the residual reactants that are left in the nanofluids due to
incomplete reaction and stabilization [34]. The other disad-
vantage of using one-step method is determining the effect
of nanoparticle without eliminating the impurities and large-
scale production is very expensive. Furthermore, in one-step
method, most of the nanofluids synthesized were metal-based
nanoparticles such as copper, silver and tungsten [34].

On the other hand, two-step method initially involves
preparing the dry-powdered nanoparticles by means of chem-
ical or physical methods. Later, the powdered nanoparticles
are dispersed into the base fluid with the aid of agitation
such as ultrasonic or magnetic stirring (shown in Fig 5). Even
though the process is longer, it is more economical to produce
nanofluid, especially in large-scale applications.

Several researchers have reported that the use of dif-
ferent nanoparticles in base oils enhances the dielec-
tric, heat transfer and insulation properties. For example,
Fe304-transformer oil (mineral oil) nanofluids with nanopar-
ticle concentration up to 0.02 vol% were synthesized by
two-step method and have resulted in enhanced breakdown
strength [35]. Another two-step method was utilized to syn-
thesize TiO, nanofluids and resulted in improved breakdown
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TABLE 6. Methods used to synthesize transformer oil nanofluids.

Author Nanoparticle Base Fluid Loading Synthesis
Method
Choi et al. Al,04 Transformer Up to 4 Two-Step
[37] (13nm, rod- Oil vol %
shapes of
2nm x 20-
200 nm)
AIN (50 nm)
Amiri et al. AGQD (5-17 Transformer  0.001 Two-Step
[40] nm, thickness  Oil wt.%
<Ilnm)
Ghasemi et Fe;O, (23.2 Transformer 0.1 — 0.6 Two-Step
al. [41] nm diameter)  Oil vol%
Rafiq et al. SiO, Transformer 20 vol% Two-Step
[42] (dimensions Oil
not specified)
Bhunia et al.  h-BN (~300- Transformer 0.0 - Two-Step
[43] 400 nm in Oil 0.05
length) wt.%
Ilyas et al. Alumina (40 Mineral Oil 0.5 — 3 Two-Step
[44] nm) wt.%
Alicia et al. Graphene Transformer  0.01 — Two-Step
[38] (12nm Oil 0.1 wt.%
thickness,
4500 nm
lateral size)
Cavallini et Magnetite Transformer 0.1 — 0.5 Two-Step
al. [45] (10-50 nm) Oil g/l
GO  (20-50
nm)
Si0,  (5-20
nm)
Qing et al. Si0,-GNP Transformer  0.01 - Two-Step
[46] (12 nm) Oil 0.08
wt.%
Aberoumand  WO;3; (60 nm  WO;- 1 - 4 One-Step
etal. [39] diameter) Transformer ~ wt.%
0il
Ag
(dimensions

not specified)

strength with 0.00625 vol% nanoparticle concentration [36].
Choi et al. [37] synthesized Al,Os-transformer oil with
nanoparticle loading of up to 4 vol%. Alicia et al. [38] synthe-
sized graphene-transformer oil nanofluids with nanoparticle
concentration ranging from 0.01 and 0.1 wt.%. However,
Aberoumand and Jafarimoghaddam [39] utilized a one-
step method to synthesize hybrid WO3-Ag-transformer oil.
Table 6 displays the various transformer oil nanofluids
recently studied using one step and two-step methods.
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FIGURE 6. Pictorial representation of different forces acting on
nanoparticles that leads to sedimentation and aggregation when
dispersed in transformer oil.

A. STABILITY OF TRANSFORMER NANOFLUIDS

Stability is one of the key parameters that ensures the con-
sistency of the functioning nanofluid and longer life cycle.
Ensuring the long-life cycle of nanofluid possesses a chal-
lenge due to the agglomeration of nanoparticles. This aggre-
gation is might be due to van der Waals forces of attraction
or electrostatic repulsive forces lead to agglomeration of
nanoparticles that limit the application shown in Fig 6.
Researchers have developed many methods to analyze the
stability of nanofluid such as Zeta potential analysis, light
scattering, electron microscopy, spectral analysis and sedi-
mentation method.

Ilyas et al. [44] utilized batch sedimentation apparatus
using conventional visualization technique to analyze the
stability of alumina-transformer oil nanofluid. The surface
of alumina nanoparticles was modified by functionalizing
carboxylic group using oleic acid and xylene. Results were
observed that functionalized nanofluids do not show sed-
imentation over a month, which can be shown in Fig 7.
However, slight sedimentation was observed at high concen-
tration of 3 wt.% after 4 weeks. Taha-Tijerina et al. [47]
observed high stability of h-BN-transformer oil after
3 months, with loading between 0.01-0.1 wt.% using zeta-
potential method. Bhunia et al. [43] observed good stability
oh h-BN-transformer oil nanofluid utilizing UV-vis spec-
troscopy. It was reported that stability dropped around 4%
in the first 30 days and further dropped by 1% by the end of
3 months.

Alicia et al. [38] observed good stability with graphene-
transformer oil nanofluid after 3 weeks utilizing UV-vis
spectrophotometer as seen from Fig 8. Highest nanopar-
ticle loading of 0.1 wt.% resulted in 5.1% of sed-
imentation at 170th hour before it stabilizes again.
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FIGURE 7. Sedimentation of alumina-transformer oil nanofluids at
(a) natural and (b) functionalized conditions [44].
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FIGURE 8. UV-vis Spectrophotometer of graphene-transformer oil
nanofluid [38].

TABLE 7. Absolute zeta potential of Ag- WO5-transformer oil
nanofluid [39].

Absolute Zeta Potential (mV)
Nanoparticle Loading (wt%)

T=40°C T=100°C
1 47 52
2 51 54
4 50 51

Aberoumand and Jafarimoghaddam [39] observed excellent
stability after synthesizing hybrid Ag-WOs-transformer oil
nanofluid utilizing zeta potential measurement, as shown
in table 7. Zeta potential increased from 1 wt.% to 2 wt%
nanoparticle loading but decreased at 4 wt.% for both 40 °C
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FIGURE 9. Zeta potential comparison Si0,-graphene and pure graphene
transformer oil nanofluid [46].
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FIGURE 10. Stability comparison Si0O,-graphene and pure graphene
transformer oil nanofluid synthesized at pH 11 [34], [42].

and 100 °C. It was reported that measured nanofluid with zeta
potential greater than 30mV is resulted to have high stabil-
ity [48]. Qing et al. [46] synthesized hybrid SiO,-graphene-
transformer oil using sol-gel technique ranging from pH
9-12 whereby pH 11 depicted the highest colloidal stability
measured using zeta potential, shown in Fig 9. It was reported
that SiO; coating improves stability by increasing the repul-
sive electrostatic forces [49]. Amiri et al. [40] reported that
stability of AGQD-based transformer oil nanofluid degrades
by less than 0.5% after a month, confirmed by UV-Vis absorp-
tion spectra. Fig 10 displays stability comparison between the
use of graphene and hybrid SiO;-graphene. It was reported
that hybrid SiO;-graphene with pH 11 has better stability than
pure graphene. Higher stability will ensure the properties of
nanoparticles are fully utilized in the transformer oil.

The above reported studies confirmed good stability and
dispersion of nanoparticles in transformer oils. However,
the study period was only varied between one week to one
month. It should be noted that there is no mechanical stirring
or agitation in the transformer system. Hence, nanoparticles
have only natural convection to rely on good dispersion.
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FIGURE 11. Density of alumina-transformer oil and AGCD-transformer oil nanofluid [36], [40].

Transformer oil should be able to withstand for long periods
without sedimentation to ensure smooth and safe continuous
operation. However, more studies need to be conducted to
measure the stability of the nanofluids over a longer period
and with varying operating temperatures.

The polarity of the nanoparticles influences nanofluid sta-
bility. Nanoparticles with high polarity tend to form clusters
and eventually, agglomeration takes place [50]. Researchers
have studied ways to overcome the agglomeration by modi-
fying the surface of the nanoparticles to reduce the polarity
behavior [36], [40], [42]. They reported that modifying
the surface of the nanoparticles enhanced the repulsive
electrostatic forces, improving the stability of the nanoflu-
ids. Besides, the addition of surfactants such as oleic acid
reduces the agglomeration effect by weakening the bonds of
nanoparticles [51].

IV. THERMO-PHYSICAL PROPERTIES

A. DENSITY

Density is one of the important parameters that vary with
temperature. There is no mechanical mixing or agitation
required inside the transformer system; hence, the fluid mixes
via natural convection. Few studies have reported the den-
sity of oils as a function of nanoparticle concentration and
temperature.

For instance, Ilyas er al. [44] predicted the density of
functionalized alumina-transformer oil using a theoretical
model proposed by Pak and Cho [52]. The results were found
close to the experimental results for low nanoparticle con-
centrations. Density observed to increase with the addition
of nanoparticles and decreased with temperature elevation.
In another study, Amiri et al. [40] reported that the density
of amine-based graphene quantum dots (AGQD)-transformer
oil degrades as temperature elevates due to thermal expansion
of oil. The maximum difference between pure transformer oil
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and AGCD-transformer oil was reported to be 0.23% at 40 °C,
which is negligible.

Comparing Ilyas er al. [44] and Amiri et al. [40], it can
be concluded AGQD-transformer oil depicted lower density
compared to alumina-based transformer oil, which can be
viewed on Fig 11. However, the difference is that the nanopar-
ticle concentration used in AGQD-transformer oil is 0.001
wt.% whereas alumina-transformer oil used the highest in
the study which is 3 wt.%. The deviation between these two
transformer-oil nanofluids is not significant. Further studies
are required to determine the effect of blend oils, nanoparticle
size, type of nanoparticle and concentration of particles on the
density of the nanofluid.

The concentration of nanoparticles and temperature affect
the density of the nanofluid. Density increases with increas-
ing nanoparticle concentration and decreases with rising tem-
perature. The rise in temperature causes the liquid volume
to expand causing its density to deplete. It should be noted
that introducing nanoparticles to transformer oil enhances
heat transfer properties. However, this advantage may be
nullified due to the increase in density since it is dependent on
buoyancy driven natural convection. Since agitator or stirring
is absent in the transformer system, density, along with heat
convection property, of transformer oil nanofluid should be
studied as nanoparticles can only rely solely on buoyancy
force for dispersion and stability.

B. VISCOSITY
The viscosity of the oil is a measure of resistance to the
shear rate of the oil. It is also known as continuous flow
circulation or resistance of the flow. The fluid that possesses
low viscosity could lead to longer life cycle and more efficient
equipment.

Ilyas et al. [44] reported decreased in dynamic viscosity of
alumina-based transformer oil nanofluid with an increase in
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FIGURE 12. Viscosity of Si0,-graphene nanofluids with respect to
concentration and temperature [46].

temperature due to the weakening of intermolecular forces of
attraction between molecules. They reported that the change
of viscosity at different shear rates for temperature ranging
from 20 °C to 90 °C is negligible. Besides, an increase in
nanoparticle concentration resulted in a slight enhancement
in dynamic viscosity but the effect was found to be insignif-
icant at high shear rates. It was found that at 25 °C, high
nanofluid concentrations enhanced dynamic viscosity by up
to 18%.

Taha-Tijerina et al. [47] observed a drop in viscosit; from
16 mm? /s at room temperature to 2.2 mm? /s at 100 °C.
The enhancement of viscosity was small with the addition of
hexagonal boron nitride (h-BN) nanofillers. Besides, it was
also reported that addition to the nanofillers up to 0.05 wt.%
did not alter its viscosity but the effect was seen at higher
nanoparticle loading of 0.35 wt.% (<30%).

Fontes et al. [53] observed a significant effect on the
viscosity of MWCNT-based transformer oil nanofluid with
a loading of 0.05 vol.%. At the same nanoparticle concen-
tration, diamond-based nanofluid possessed lower viscosity
compared to MWCNT-based oils. Similarly, Choi et al. [37]
reported enhancement in transformer oil nanofluid viscosity
with an increase in Al;O3 nanoparticle concentration up to
4 vol%.

Alicia et al. [38] reported a 24% enhancement in viscosity
of graphene-based transformer oil. They observed that the
viscosity decreases with the addition of graphene nanopar-
ticle concentration due to its self-lubricating effect [54].
Similarly, Qing et al. [46] observed an increase in viscosity
of hybrid SO,i-graphene-based transformer oil with loading
nanoparticle addition (from 0.01 to 0.04 wt.%) but decreased
when further addition of nanoparticles due to self-lubricating
properties. SiO; possesses the ability that can reduce friction
in nanofluids [55]. They also reported that the highest viscos-
ity reduction was 75% when temperature elevated from 40 °C
to 100 °C and resulted in no clear trend between viscosity
and pH. Fig 12 displays the Viscosity of SOji-graphene
nanofluids with respect to concentration and temperature.
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FIGURE 13. Viscosity comparison with different types of nanoparticles at
highest studied concentration [34], [36], [40], [42], [43].

Anmiri et al. [40] observed a sharp decrease in viscosity of
amine-based graphene quantum dots (AGQD)-based trans-
former oil with an increase in temperature from 20 °C to
80 °C. Maximum enhancement of viscosity due to 0.001
wt.% nanoparticle loading was reported to be less than 1.3.

Some studies also reported a decrease in viscosity with
temperature. This trait aids the dispersion and circulation of
nanoparticles more freely in the transformer oil or base fluid.
Fig 13 below compiles the viscosity of different types of
nanoparticles with the highest studied concentration. Taha-
Tijerina et al. [47] showed low viscosity at 0.35 wt.% of
h-BN nanoparticles, relatively close to Amiri et al. [40]
with 0.001 wt.% AGQD nanoparticles. On the other hand,
alumina-based transformer oil with 3 wt.% has better vis-
cosity decrement compared with pure graphene at 0.1 wt.%.
While Fig 10 demonstrates the effect of pH and temperature
on viscosity of SiO2/graphene based transformer oil [46].
The nanofluids clearly showed a decrease in viscosity at
100°C compared to 40°C. It was also observed that viscosity
increased with pH at 40°C, which could be associated with
the size of SiO, on graphene. However, at 100°C negligible
effect of pH on viscosity was reported.

Like density, introducing nanoparticles to transformer oil
would enhance its viscosity but decreases with rising temper-
ature. The viscosity of the nanofluid increases with nanopar-
ticle concentration due to the formation of clusters that were
bonded by its forces of attraction, obstructing the flow of
fluid [56]. It involves more energy to overcome the internal
resistance of the nanofluid. However, the increasing temper-
ature reduces the viscosity of nanofluid due to an increase
in the average velocity of the Brownian motion of nanoparti-
cles [57]. More energy is introduced to weaken the bonds of
molecules, decreasing the internal resistance of the nanofluid.
Low viscosity nanofluids are favorable since it allows fluid to
flow easily and for nanoparticles to disperse.

C. THERMAL CONDUCTIVITY

Thermal conductivity is one of the key properties that has
the capacity to conduct heat. The main motivation of trans-
former oils in upgrading the functionality and operability of
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FIGURE 14. Thermal images of bare oil and nanofluid with heating
time [43].

coolant or insulation is enhancing the thermal conductivity.
This plays a vital role in increasing the heat transfer of the
base fluid. Therefore, it is important for any desired fluid to
have high thermal conductivity. This can be achieved by the
addition of nanoparticles into the base fluids [58] Moreover,
heavy-operating machines or equipment that generate heat
requires coolant or cooling system. In brief, energy is trans-
ferred from one molecule to other due to high kinetic energy.
The collision rate is enhanced with an increase in temperature
due to Brownian motion. Thus, transformer oils or power
transmission fluids are required to have high thermal conduc-
tivity to dissipate heat.

Ilyas et al. [44] reported that the thermal conductivity
of functionalized alumina-based transformer oil enhanced
with temperature elevation, from 25 °C to 55 °C, and
nanoparticle concentration. They observed that the high-
est nanoparticle concentration of 3 wt.% resulted in the
maximum thermal conductivity enhancement up to 16%.
Taha-Tijerina et al. [47] observed enhanced thermal con-
ductivity as temperature elevates, from 20 °C to 50 °C
and addition of hexagonal boron nitride (h-BN) nanofillers.
Enhancement of thermal conductivity was resulted to
be by about 77% with h-BN loading of 0.1 wt.%.
Fontes et al. [53] resulted in thermal conductivity enhance-
ment in both diamond-based and MWCNT-based nanoflu-
ids. They observed that MWCNT-based nanofluid resulted
in higher thermal conductivity ranging from 11 to 25%
with varying nanoparticle concentration. However, the ther-
mal conductivities were measured at a constant temperature
of 20 °C.

Bhunia er al. [43] observed an enhancement in thermal
conductivity with temperature and boron nitride nanosheets.
Maximum thermal conductivity increment was about 45%
with a loading of 0.05 wt.% nanosheets. Heating experiments
were performed to demonstrate the temperature distribution
profile, as shown in Fig 14. The temperature of the nanofluid
quickly increased with particle concentration and heating
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pH11 hybrid Si0,-Graphene transformer oil nanofluid [46].

time demonstrating the faster heat transport in the presence
of nanoparticles.

Choi et al. [37] reported more than 20% enhancement
at 4 vol% of Al,O3z nanoparticles. They also reported
that AIN-based transformer oil has its thermal conductivity
enhanced by 8% with 0.5 vol.% AIN nanoparticles.
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FIGURE 16. Thermal conductivity enhancement comparison with respect
to temperature [34], [35], [40], [42], [43].

Alicia et al. [38] have reported maximum thermal conduc-
tivity of about 29% with respect to graphene concentration at
60 °C varying between 0.01 to 0.1 wt.%. On the contrary,
with respect to temperature, 0.1 wt.% graphene loading
showed thermal conductivity enhancement up to 69%. Drop
in thermal conductivity at 40 °C was observed due to the
nature of naphthenic transformer oil [59]. Aberoumand and
Jafarimoghaddam [39] observed enhanced thermal conduc-
tivity as temperature elevates with Ag-WOs-transformer oil
nanofluids. Thermal conductivity was enhanced by 41% at
100 °C with WO3 concentration of 4 wt.%.

Fig 16 below displays a comparison between thermal con-
ductivity enhancements as a function of temperature. Trans-
former oil nanofluid synthesized by Qing et al. [46] observed
the highest thermal conductivity increment with the addi-
tion of pH 9 and 0.04 wt.% silicon dioxide (SiO;)-graphene
nanoparticle concentration. However, the thermal conduc-
tivity of hexagonal boron nitride (h-BN) transformer oil
nanofluid, prepared by Taha-Tijerina et al. [47], enhanced
by 77% with maximum studied temperature of 50 °C
and nanoparticle loading of 0.1 wt.%. Pure graphene-based
nanofluid, synthesized by Alicia er al. [38], demonstrated
thermal conductivity very close to Taha-Tijerina et al with
the enhancement of 69% at 100 °C and nanoparticle concen-
tration of 0.1 wt.%. Aberoumand and Jafarimoghaddam [39]
observed thermal conductivity enhancement of 41% with
4 wt.% of tungsten (iii) dioxide (WO3) at 100 °C. Researchers
have observed an increase in thermal conductivity with rising
temperature, regardless of the nanoparticle selection, due to
the growing of Brownian motion. As temperature increases,
the nanoparticles absorb more kinetic energy causing more
particle collisions. Rate of particle collisions enhances with
rising temperature due to Brownian motion. A higher concen-
tration of nanoparticles would enhance thermal conductivity
as more particle collision occur. However, nanoparticle con-
centration should be controlled as it would jeopardize other
properties, especially stability and dielectric properties.
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D. BREAKDOWN VOLTAGE & DIELECTRIC STRENGTH
Heavy-duty equipment or machines such as transformers deal
high currents and voltages. Transformer oils not only need
to dissipate heat but to withstand or insulate electric field
to ensure safe operations. Having transformer oil with high
dielectric strength or breakdown voltage at disposal will not
only result in safe operations, but reduction of volume and
mass of transformer itself could also be achieved. However,
selecting the type of nanoparticles is crucial to ensure the
breakdown voltage or dielectric strength does not deplete.

Aberoumand and Jarimoghaddam [39] observed degra-
dation from 7.5% to 34% in the dielectric strength of
hybrid transformer oil nanofluid as loading of nanoparti-
cle increased. They reported that the introduction of silver
nanoparticle dragged the dielectric strength. Amiri ef al. [40]
observed the enhancement of electrical conductivity with
the introduction of AGQD. With nanoparticle loading
of 0.01 wt.%, the electrical conductivity enhanced by less
than 5%. They then tested the breakdown voltage of the
nanofluid and resulted in a 2.2% enhancement compared to
pure transformer oil.

Qing et al. [46] reported that hybrid nanofluids of
pH 10 and 11 suppressed electrical conductivity by 97%.
They found that electrical conductivity enhanced with the
addition of nanoparticle concentration and degraded pH due
to net charge effect of graphene particles. However, enhanc-
ing pH would increase SiO» concentration thus suppressing
the electrical conductivity. Kopcansky et al. [35] observed
better dielectric properties with less than 0.01 volume con-
centration of magnetic nanoparticles than pure transformer
oil. They concluded that the field induced aggregation of
magnetic particles affects the dielectric breakdown strength
of nanofluids.

Rafiq et al. [60] observed an enhancement of breakdown
voltage by up to about 37% with the highest Fe3O4 nanopar-
ticle concentration of 40%. However, further addition of
nanoparticles concentration would upset the nanofluid break-
down voltage. On top of that, negative impulse breakdown
voltage resulted in degradation as nanoparticles concentra-
tion enhanced. Rafiq et al. [42] reported improved AC and
positive impulse breakdown voltages when utilizing 20 vol.%
SiO, nanoparticle. However, negative impulse breakdown
voltage degrades after adding nanoparticles.

Muangpratoom et al. [61] compared the breakdown volt-
age of pure transformer oil with TiO, and BaTiO3; based
transformer oil nanofluid at 0.01 and 0.03 vol% nanoparticle
loading. Breakdown voltage increased with the rise in tem-
perature. The highest breakdown voltage enhancement, com-
pared with pure transformer oil, was 35% and 37% of 0.03
vol% TiO, and BaTiO3, respectively. Muangpratoom and
Kunakorn [62] also studied and compared breakdown voltage
of pure transformer oil with ZnO based transformer oil at
0.01 and 0.03 vol% nanoparticle concentration.

Yang Ge et al. [63] studied various TiO; nanoparticle size
varying from 5 nm to 15 nm with a fixed 0.075 vol% concen-
tration. It was found that 5 nm, 10 nm and 15 nm powdered
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TiO; changes to 35 nm, 15 nm and 225 nm, respectively, once
dispersed in transformer oil. TiO, nanoparticles at 15 nm in
transformer oil resulted in the highest breakdown strength
increment compared to pure transformer oil, which is by
110%. Chen et al. [64] studied and compared breakdown
voltage of pure transformer oil with Fe3Oy4, TiO; and Al,O3
based transformer oil nanofluid. At same nanoparticle con-
centration, Fe3Oy4, TiO; and Al,O3 based resulted in 41%,
30% and 7%, respectively, breakdown voltage enhancement
compared to pure transformer oil.

Sumathi et al. [65] investigated the dielectric strength of
hybrid TiO»/Al,03/MoS, based transformer oil nanofluid
with nanoparticle concentration ranging from 0.01 to
0.1 vol%. Response surface methodology was used to opti-
mize the nanoparticle loadings dispersed in transformer
oil. The optimum hybrid nanoparticle concentrations were
0.094 vol. % of Al,03, 0.014 vol% of TiO; and 0.097 vol%
of MoS; and predicted 77.7062 kV/cm of dielectric strength.
Confirmation test was performed with the optimum loadings
and resulted in 77.02 kV/cm, 0.6862 kV/cm deviation. This
optimized hybrid nanoparticle loading resulted in 7.7 times
increment than pure transformer oil.

Madavan et al. [66] studied and compared various types
of natural esters as transformer oil with pure transformer
oil. Al;O3, BN and Fe3zO4 nanoparticles were used with
volume concentration from 0.05 to 0.5 vol%. Honge oil with
0.05 vol% of Al,O3, neem oil with 0.25 vol% of BN, Punna
oil with 0.5 vol% of BN, Honge oil with 0.05 vol% of Fe3O4
and neem oil with 0.5 vol% Fe3O4 were few of the high-
est breakdown voltage enhancement. Al,O3, BN and Fe304
resulted enhanced breakdown voltage by up to 36.1%, 47.2%
and 50% in transformer oil whereas 30.6%, 29.7% and 31.2%
in natural esters.

Du et al. [67] synthesized BN based transformer oil with
nanoparticle concentration varying from 0.01 to 0.1 wt.%.
It was reported that increasing nanoparticle loading enhanced
relative permittivity by up to 5.5%. Besides, the dissipa-
tion factor decreased with the addition of BN nanoparti-
cles from 0.315% to 0.226%. Breakdown voltage enhanced
with the addition of BN nanoparticles by up to 4.3%.
Abd-Elhady et al. [68] synthesized ZrO;-based transformer
oil with nanoparticle loading from 0.001 to 0.006 wt%.
At room temperature, the breakdown voltage enhanced by
202% with 0.001 wt.% of ZrO,. However, further addi-
tion of nanoparticles depleted the breakdown voltage to
enhancement by 129%. On the contrary, breakdown volt-
age enhanced with the rise in temperature from 25%
to 143%.

Aberoumand and Jafarimoghaddam [39] synthesized
hybrid tungsten oxide-silver nanoparticles that depleted
dielectric strength. However, introducing elements such as
SiO, enhances the electrical insulation property. Ensuring
transformer oil nanofluid resulted in breakdown voltage or
dielectric strength increment is important for safe operations
so that the oil withstand high voltages, generated by the
transformer.
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FIGURE 17. Comparison of breakdown voltage of transformer oil
nanofluid against temperature with different nanoparticle type and
concentration [56], [57], [63].
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Fig 17 displays the comparison of breakdown voltage as a
function of temperature. The transformer nanofluid selected
showed the highest increment that the researcher investigated.
Regardless of the nanoparticle type and concentration, break-
down voltage enhanced with increase in temperature. Muang-
pratoom et al. [61], and Muangpratoom and Kunakorn [62]
synthesized ZnO and BaTiOj3 based transformer oil nanofluid
and reported ZnO-based enhanced higher than BaTiO3-based
at the same nanoparticle loading, which is 0.03 vol%. How-
ever, the deviation between two transformer oil nanoflu-
ids is insignificant. Comparing to Abd-Elhady et al. [68],
the breakdown voltage of ZnO-based and BaTiO3z-based
are greater than ZrO»-based. However, the ZrO,-based
transformer oil was synthesized with nanoparticle loading
of 0.001 wt.%.

Fig 18 displays the comparison of breakdown voltage
between various types of transformer oil nanofluid. The trans-
former oil nanofluids were selected based on the highest
breakdown voltage achieved by the researchers. Fe304-based
transformer oil, synthesized by Chen et al [64], achieved the
highest breakdown voltage compared to other transformer
oil nanofluids with 0.0227% concentration. Al,O3-based
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FIGURE 19. Schematic representation of enhanced breakdown voltage of
transformer oil after the addition of nanoparticles.

transformer oil, synthesized by Madavan et al. [66], was
slightly higher than the TiO,-based transformer oil, synthe-
sized by Yang Ge et al. [63]. The difference between these
two nanofluids is that Madavan et al dispersed 0.05 vol%
Al,O3 into Honge oil (natural esters) whereas Yang Ge et al
dispersed 0.075 vol% TiO, into transformer oil. Comparing
to the other synthesized nanofluids, Aberoumand & Jafari-
moghaddam [39] utilized 1 wt.% WO3 and resulted in the
lowest breakdown voltage.

Researchers observed that the addition of nanoparti-
cles enhanced the breakdown voltage of transformer oil.
The nanoparticles acted as scattering obstacles and trap sites
in the charge carrier paths, limiting the electrons’ mobility
(shown in Fig 19) [61], [64]. Size of nanoparticles plays a
role in enhancing the breakdown voltage of transformer oil
nanofluid. Smaller nanoparticle size ensures a greater density
of the nanoparticle in the nanofluid than nanoparticle with
the larger size for the same concentration. This increases the
nanoparticle population to trap free electrons from streamers
at a higher rate, leading to higher breakdown strength [70]
Besides, nanoparticle type influences the breakdown voltage.
For instance, Fe3O4-based have higher breakdown voltage
due to low relaxation time constant and higher scavenging
rate of charges from streamer [66]. However, increasing the
volume concentration would deplete the breakdown voltage
due alteration of electrodynamic of nanofluids [71].

E. MOISTURE CONTENT

Moisture content would degrade the cooling and insulation
effect of the coolant, especially when used in power trans-
formers. High moisture content would degrade insulation of
the transformer oil as electrical conduction would likely to
occur. However, this parameter was not investigated when
synthesizing transformer oil nanofluids.

Menkiti et al. [72] utilized Terminalia catappa kernel oil as
an alternative to mineral transformer oil whereby the kernel
oil was synthesized via direct purification and transesteri-
fication method. Comparing with two methods, kernel oil
that was obtained by transesterification showed the lowest
moisture content ranging from 0.9-1.0 mg/kg which agreed
to result reported by Usman et al. [73]
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TABLE 8. Moisture content comparison with different types of
nanoparticles dispersed in transformer oil [56], [57].

Moisture Content

Oil Type
(ppm)

Mineral Oil (MO) 18.6
MO mixed 0.01 vol% TiO2 17.6
MO mixed 0.01 vol%. BaTiO3 18.5
MO mixed 0.03 vol% TiO2 17.3
MO mixed 0.03 vol%. BaTiO3 18.2
MO mixed 0.01 vol% ZnO with Span

80 19.2
MO mixed 0.01 vol%. ZnO without

Span 80 18.9
MO mixed 0.03 vol% ZnO with Span

80 19.5
MO mixed 0.03 vol%. ZnO without

Span 80 19.3

TABLE 9. summary of the challenges and future work of transformer oil
nanofluids.

Challenges Future Work
Stability of Stability with respect to temperature for
nanofluid longer duration

Selection of nanoparticles that promotes

thermal conductivity and dielectric
strength or breakdown voltage of the
overall transformer oil nanofluid

Study of thermo-physical properties
between mineral oil and vegetable oil to
highlight its importance as coolant
Selection of vegetable oil to be mixed
with mineral oil to improve thermo-
physical and dielectric properties
Investigation of transformer oil nanofluid

degradation to evaluate its shelf life

Type of nanoparticle

Coolant trait

Blend oil synergy

Degradation of oil

Sohel Murshed et al. [56] and Khedkar et al. [57] com-
pared moisture content of pure mineral oil with TiO,, BaTiO3
and ZnO based mineral oil. Regardless of the nanoparticle
concentration and presence of surfactant, there was no sig-
nificant difference in moisture content, with less than 5%
increment. The mineral oil and nanofluids were dried using
a vacuum oven before proceeding further analysis. Table 8
below displays the moisture content of different types of
nanoparticles used dispersed in transformer oil.

Presence of moisture content in transformer oil is unde-
sirable but it cannot be removed completely due to the
presence of moisture in the atmosphere. Water molecules
have high polarity where the oxygen atom tends to be nega-
tively charged while the hydrogen atom tends to be positively
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charged [74]. Unlike mineral oils, vegetable oil contains fatty
acids which is responsible for attracting water molecules
which accelerates the aging and degradation processes. Vac-
uum drying is one of the steps that should be involved dur-
ing the nanofluid synthesis in order to reduce the moisture
content.

V. CONCLUSION, CHALLENGES AND FUTURE WORK
Research works on the stability improvement, thermos-
physical and dielectric properties of transformer oil have been
conducted but remain challenging and open new window of
opportunities for future researchers. The use of nanoparticles
has demonstrated interesting traits to enhance these trans-
former oil properties ranging from fully conductive to insulat-
ing nanoparticles. The development of transformer oil could
potentially improve the operation of the transformer itself and
perhaps reduced machine size or volume overall. Even though
such research has been reported and investigated, there are
more challenges that have yet to be solved;

« Stability of the transformer oil-based nanofluid was
not investigated in detail with respect to temperature
and for a longer duration, which limits its application.
Preparation of stable nanofluid itself can be achieved
through dispersion means. However, dispersing hybrid
nanoparticles into a base fluid is a challenge due to
particle charge traits.

« Selection of nanoparticle type with enhanced thermal
conductivity should possess high dielectric strength or
breakdown voltage for excellent insulation

o Study and comparison of thermo-physical proper-
ties between mineral oil and vegetable oil to high-
light the importance of transformer oil act as a
coolant.

o Blend oil research is limited; a mixture of mineral and
vegetable oils for good synergy. Vegetable oil has proven
to be an environmentally friendly, biodegradable and
safer alternative for transformer oil but still, possess
weaknesses. Blend oils could result in improved over-
all properties provided a careful selection of vegetable
oil.

« Investigation of transformer oil-based nanofluid degra-
dation is rarely done, which limits further study. Effect
of nanoparticle and blend oil concentration on the shelf
life of transformer oils is yet to be investigated.
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