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Abstract: The article discusses thermal properties of synthetic ester admixed with nanoparticles.
The analyzed thermal properties were: thermal conductivity λ, kinematic viscosity υ, density ρ,
specific heat cp, and the thermal expansion factor β- all obtained by means of measurements. On the
basis of these, the authors calculated the heat transfer factor α, which determines the ability of
the liquid to heat transport. The authors used nanoparticles of fullerene C60 and titanium oxide
TiO2. The analysis of the thermal properties was done for the temperatures of 25, 40, 60 and 80 ◦C.
The authors analyzed the impact of nanoparticles C60 and TiO2 on thermal properties of synthetic
ester. They proved that fullerene C60 in principle had no influence on heat transfer factor α of the ester,
while titanium oxide TiO2 had some positive influence on the factor, the value of which increased
about 1–3%.

Keywords: synthetic ester; titanium dioxide; fullerene; nanofluids; dielectrics; insulation system;
power transformer; thermal properties

1. Introduction

In addition to electrical insulation, one of the main functions of the electro-insulating liquid, filling
the inside of the transformer, is to transport heat outside the device. The heat transport goes along the
following way: heat source→ paper impregnated with electro-insulating liquid→ electro-insulating
liquid→ tank→ surrounding [1,2]. Because the liquid fills a substantial space inside the device it is
vitally important in the process of heat transport [3]. In the case of liquids, this transport is connected
with the effect of transferring heat by liquid and it is determined on the basis of the heat transfer factor
α. This factor depends on a number of thermal properties of the electro-insulating liquid [4,5].

Synthetic esters are mainly applied in distribution transformers, in the place of previously used
mineral oils (the most popular electro-insulating liquid for last hundred years) [6]. They can also be
used in places where dry transformers had been used so far in densely populated areas or near water
reservoirs. Synthetic esters are also a good alternative to silicone oils and PCBs. However, lately they
have been used more and more often in power transformers [7,8]. This can be affected by synthetic
esters properties, such as breakdown voltage, electric permittivity, biodegradability, and flash point [9].

Breakdown voltage of synthetic esters is comparable to breakdown voltage of mineral oil (the
level of about 70 kV). We should note, however, that during the transformer operation the liquid filling
undergoes the process of moistening. Increased ability of esters to adsorb water, resulting from their
polar composition [10], results in the fact that with the progress of the moistening process, breakdown
voltage of ester is higher than the breakdown voltage of mineral oil [7].

Electric permittivity of synthetic ester (ε = 3.2) is higher than electric permittivity of mineral oil
(ε = 2.2). Electric permittivity of ester is close to the permittivity of paper (ε = 4), therefore, distribution
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of electric field intensity for the paper-synthetic ester system will be more uniform. This results in lower
electric field intensity in electro-insulating liquid, and thus it reduces the probability of breakdown in
the liquid. It is vital because electro-insulating liquids are characteristic of lower electric strength in
reference to impregnated transformer paper [11].

The increase of interest in synthetic esters is undoubtedly influenced by their environmental and
fire protection properties. Some synthetic esters are nearly 90% degradable, whereas mineral oil is
hardly 10%. In addition, the flash point of most synthetic esters is significantly above 200 ◦C—in some
cases it reaches 275 ◦C. This means that the flash point of synthetic esters is significantly higher than
the flash point of mineral oils (about 150 ◦C) [7,12].

Lately, more and more attention has been paid to special kinds of electro-insulating liquids,
so-called dielectric nanofluids. The tendency towards nanofluids research stems from the needs of the
power industry’s engineers involved in the design of new insulation systems [13]. Dielectric nanofluids
consist of base liquid, which can be mineral oil or esters (synthetic or natural) and nanometric particles
(1–100 nm) dissolved or suspended in it. However, nanofluids are more than just the sum of the base
components [14]. This means that the produced dielectric nanofluid can have enhanced properties
than would be expected, considering its base components.

There are different criteria for the division of nanofillers (nanoparticles). They are most often
divided according to the type of material they are made of, and because of their shape or aspect
ratio. Considering the first criterion, which is the type of material, nanoparticles are divided into
silicon oxides (silica), metal oxides and hydroxides (Al2O3, TiO2, MgO, ZnO, AlO(OH)), nanoclays
(montmorillonite) as well as carbon nanotubes and fullerenes (C60 and C70). Taking into account
the last criterion, which is the aspect ratio, there are quasi-spherical, cylindrical and plate-shaped
nanoparticles [15,16].

Table 1 presents some of dielectric properties of pure electro-insulating liquids and
electro-insulating liquids admixed by nanoparticles. The doping of electro-insulating liquids with
nanoparticles is aimed at improving such dielectric properties as electrical strength, resistivity, dielectric
loss, permittivity [17–27].

Table 1. Dielectric properties of pure electro-insulating liquids and electro-insulating liquids admixed
by nanoparticles [22–27]; MO—mineral oil, NE—natural ester.

Properties MO MO + C60 MO + TiO2 NE NE + TiO2 NE + Fe3O4

Breakdown voltage [kV] 51 [22]
68 [26] 53–80 [22] 81 [26] 63 [25]

50 [27] 82 [25] 60 [27]

Resistivity [Ω·m] 5.0 × 1012 [22]
3.5 × 1014 [23]

4.0 × 1012 [22]
4.7 × 1014 [23]

Dielectric loss 3.3 × 10−4 [22,24]
1.8 × 10−3 [23]

2.1 × 10−4 [22,24]
1.2 × 10−3 [23]

Permittivity
2.2 [22]
2.3 [23]
2.3 [26]

2.3 [22]
2.3 [23] 3.9 [26]

As shown by Aksamit et al. [22,23] the addition of fullerene C60 to mineral oil caused a several-fold
increase in resistivity and a decrease in the dielectric loss by 20–30%. On the other hand, in another
publication [24], the same authors reported that the addition of C60 resulted in a decrease in the loss
of oil by one to two orders of magnitude. The publication by Zhong et al. [25] presents the results of
research showing that the use of titanium oxide TiO2 nanoparticles in natural ester improved their
electrical strength by several dozen percent. In turn, according to Du et al. [26], the use of the same
nanoparticles in the case of mineral oil increased its electric strength at alternating voltage by almost
20%, permittivity by over 70% and ignition voltage of partial discharges by almost 10%. Unfortunately,
the resistivity has decreased—by almost two orders of magnitude. Fe3O4 nanoparticles are also used
for the modification of electro-insulating liquids. As Li et al. [27] showed in their research, that the use
of Fe3O4 nanoparticles in natural ester resulted in an increase of its electrical strength at alternating
voltage by 20%, and at surge voltage by 10–30% depending on the polarity. In turn, Fofana shows [28]
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that, depending on the type of used nanoparticles, modifying them with electro-insulating liquids can
significantly improve the dielectric and thermal properties of nanofluids in relation to the base liquid.
As a result, it translates into longer transformer life and better cooling conditions.

In addition to the dielectric properties described above, in electric power equipment, the properties
that condition heat transfer are also important. Research is being carried out on the improvement of
various liquids (not only electro-insulating) with nanoparticles to improve these properties. Sridhara et
al. [29] in their research examined the effect of various nanoparticles, metallic (Cu, Fe) and non-metallic
(Al2O3, CuO, SiC, SiO2, CeO2, TiO2, Fe3O4, C60, AlN), to improve the heat transfer capability of
such base liquids as water, mineral oil or ethanol. The type of nanoparticle, its size and shape were
analyzed. Attention has been given to properties such as thermal conductivity and viscosity that
affect the ability of liquids to exchange heat. Based on their research, Li et al. [27] and Choi et al. [30]
found that the addition of Al2O3 or AlN nanoparticles improves the thermal conductivity of mineral
oil by 8% and the heat transfer coefficient by as much as 20%. The authors of this publication also
proved in their research that doping of mineral oil [31] and natural ester [32] with TiO2 nanoparticles
improves selected thermal properties. TiO2 nanoparticles improve thermal conductivity of mineral oil
(about 3–6%) and natural ester (about 1–2%), while C60 nanoparticles improve specific heat of the oil
(about 2%) and the ester (about 1–3%).

This article presents the results of research on the thermal properties of synthetic ester modified
by titanium oxide TiO2 and fullerene C60 nanoparticles. The studied nanofluids were characterized
by adequate colloidal stability and surface activity. Using the presented nanoparticles and surface
modification, the method of obtaining true and colloidal solutions at the concentrations used to
improve the dielectric properties of electro-insulating liquids is presented. The obtained nanofluids
are characterized by adequate durability of dispersions and thermal properties that are different than
those of liquids.

2. Experimental Section

2.1. Used Materials and Their Characteristics

The base liquid used for the research was MIDEL 7131 synthetic ester produced by M&I Materials
(Manchester, UK). The used base liquid was characterized by a low level of moisture of 45 ppm and
aging, described by the acid number, which value was less than 0.03 mgKOH/goil. To modify the
synthetic ester, commercially available titanium oxide TiO2 and fullerene C60 nanoparticles were used.
The average size of the titanium oxide nanoparticles TiO2 (Sigma-Aldrich, CAS 13463-67-7, St. Louis,
MO, USA) and fullerene C60 (Sigma-Aldrich, CAS 99685-96-8,) was equal 21 nm.

2.2. Preparation of Nanofluids Based on Synthetic Ester and Fullerene C60

Modification of the synthetic ester with fullerene C60 nanoparticles without any additional
measures, as in the case of mineral oil [31] and natural ester [32], resulted in the occurrence of
the sedimentation process. Therefore, the modified liquid was first mechanically stirred for 2 h.
Then, as shown by Peppas et al. [33], the liquid was placed in an ultrasound bath for 5 h at a constant
temperature of 60 ◦C. After that time, it became a true solution. The concentration of fullerene C60

was 0.10 g·L−1 and corresponded to the concentration which is used to improve the electro-insulating
properties of the synthetic ester by doping with nanoparticles.

2.3. Preparation of Nanofluids Based on Synthetic Ester and TiO2 Nanoparticles

Similar to the case of nanofluids based on synthetic ester and fullerene C60, modification of the
base liquid with titanium oxide TiO2 nanoparticles without any additional action resulted in the
occurrence of the sedimentation process. In addition, after the use of mechanical mixing, heating and
sonication, the sedimentation process was still observed. On this basis, it was found that titanium oxide
TiO2 nanoparticles without surface modification do not form a stable dispersion in the synthetic ester.
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In order to produce a stable colloidal solution based on synthetic ester and titanium oxide
nanoparticles TiO2, as suggested by Chiesa and Das [34], a surface-active substance (dispersant)
C18H34O6 (SPAN 20, Sigma-Aldrich, CAS 1338-39-2), characterized by low molecular weight,
was added to the base liquid. This substance allows for the creation of secondary forces (van der Waals,
electrostatic, hydrogen bonds) between nanoparticles and modifier [15]. Due to the polar groups that
interact with the high energy surface of the nanoparticles, adsorption and accumulation of surfactant
molecules at the interface is therefore possible. Thus, the properties of the liquid at the interfaces or
surface are changed [35].

In the next step, the base liquid together with the surfactant was subjected to three hours of
sonication. Then, dried titanium oxide TiO2 nanoparticles were added to the solution prepared in this
way. Uniform dispersion of nanometric particles in a dielectric liquid is crucial because it affects its
properties. Due to the fact that nanoparticles, due to high surface energy, very often agglomerate, this
can be a big problem [18]. There are many publications that say that clusters of nanoparticles can act as
weak points that can become igniting points of destructive processes. As a consequence, it may lead to
deterioration of dielectric, mechanical and thermal properties [13,36–39]. Therefore, given the fact that
nanoparticles can release their potential when they are evenly dispersed, in order to ensure adequate
dispersion and distribution of nanoparticles in the base liquid, the resulting nanofluid has also been
subjected to the sonication process. In this case, the duration of sonication was 7 h. After this time,
a stable colloidal solution was obtained.

The concentration of surface-active substance in the synthetic ester was 5.00 g·L−1. In turn,
the concentration of titanium oxide TiO2 equaled 0.82 g·L−1. These concentrations correspond to the
concentrations that are used in the case of improving the electro-insulating properties of insulating
liquids by doping with nanoparticles. It should also be noted that the use of too high concentrations of
surface-active substances may result in the deterioration of the properties of base fluids [15].

In order to eliminate the influence of a surface-active substance on the thermal properties of the
resulting nanofluids, samples of synthetic ester, modified with a surface-active substance, were also
prepared for the tests.

2.4. Measurement of Nanofluids Thermal Properties

The analyzed properties of the electro-insulating liquids were: thermal conductivity λ, kinematic
viscosity υ, density ρ, specific heat cp, and the thermal expansion factor β- obtained by means of
measurements, and the heat transfer factor α, which was obtained by means of calculations. The heat
transfer factor α was calculated on the basis of equation [4,5]:

α = n+1
√

c · λ1−n · gn · δ3n−1 · βn · ρn · cn
p · υ−n · qn, (1)

where: α- heat transfer factor of the liquid [W·m−2·K−1], n, c- constants dependent on the flow
character, temperature and geometry, λ- thermal conductivity coefficient [W·m−1·K−1], g- gravity
[m·s−2], δ- characteristic dimension dependent on the flow character [m], β- thermal expansion [K−1],
ρ – density [g·l−1], cp- specific heat [J·kg−1·K−1], υ-kinematic viscosity [mm2·s−1], q- surface thermal
load [W·m−2]. As it results from the presented equation, if the thermal conductivity, specific heat,
density and thermal expansion are higher, the heat transfer coefficient is higher. In turn, the increase in
viscosity reduces the heat transfer coefficient.

The above properties are vital in terms of heat transport to the environment by the liquid.
The investigations of all the mentioned properties were done for four temperature values: 25, 40, 60,
and 80 ◦C.

A measurement system, designed and built by the authors [40] was used for measuring
thermal conductivity of the investigated electro-insulating liquids. Viscosity of the investigated
electro-insulating liquids was determined according to standard [41]. Density measurements were
done on the basis of standards [42,43]. In turn, specific heat was determined using a differential
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scanning calorimeter Mettler Toledo DSC1 (Mettler Toledo, Columbus, OH, USA). To determine the
thermal expansion factor, the authors used a measurement system built according to standard [44].

3. Results and Discussion

3.1. Synthetic Ester Modified by Fullerene C60

Table 2 presents measurement results of thermal properties and calculation results of the heat
transfer factor α of pure synthetic ester and synthetic ester admixed with fullerene C60.

Table 2. Measurement results of five thermal properties and calculation results of the heat transfer factor
α of pure synthetic ester and synthetic ester admixed by fullerene C60, as a function of temperature;
SE—synthetic ester.

Property Kind of Liquids
Temperature

25 ◦C 40 ◦C 60 ◦C 80 ◦C

Thermal conductivity λ [W·m−1·K−1]
SE 0.158 0.156 0.153 0.151

SE + C60 0.159 0.157 0.153 0.151

Kinematic viscosity υ [mm2·s−1]
SE 55.14 28.25 14.02 8.11

SE + C60 55.51 28.47 14.35 8.27

Specific heat cp [J·kg−1·K−1]
SE 1905 1964 2052 2149

SE + C60 1962 2014 2094 2182

Density ρ [g·L−1]
SE 964 953 940 926

SE + C60 964 952 940 926

Thermal expansion β [K−1]
SE 0.00076 0.00077 0.00078 0.00079

SE + C60 0.00076 0.00077 0.00078 0.00079

Heat transfer factor α [W·m−2·K−1]
SE 83.41 98.44 116.84 134.13

SE + C60 84.29 99.32 116.75 133.98

Thermal conductivity λ, density ρ, and the thermal expansion factor β of synthetic ester practically
did not change their values as a result of adding fullerenes C60. The lack of this influence was noticeable
independently of temperature.

In turn, kinematic viscosity υ increased its value a little as a result of adding C60 nanoparticles
by 0.6% (for 25 ◦C), 0.7% (for 40 ◦C), 2.3% (for 60 ◦C) and by 2.0% (for 80 ◦C). As we can observe,
this increase was more and more noticeable with temperature increase. Viscosity increase can have
a negative influence on the heat transfer factor α. Viscosity increase of synthetic ester should be linked
with the fact that C60 nanoparticles are solid material. Adding such material to any liquid will always
result in viscosity increase of this liquid.

In contrast, specific heat cp increased its value as a result of adding fullerenes C60 by 3.0%
(for 25 ◦C), 2.6% (for 40 ◦C), 2.1% (for 60 ◦C) and by 1.5% (for 80 ◦C). As we can see, specific heat
increase was smaller and smaller with temperature increase. Thus, adding C60 nanoparticles, can cause
an increase of factor α of synthetic ester. Specific heat increase, resulting from adding C60 nanoparticles
to synthetic ester, is caused by the forming of hydrophobic bonds between C60 and hydrocarbon
molecules included in the synthetic ester. Such bonds also explain obtaining a stable true solution after
C60 sonication in the ester. According to the authors of [45], the discussed hydrophobic bonds are very
important for particle absorption on the surface of multi-wall carbon nanotubes. These bonds are so
strong, that they cause specific heat increase despite a small amount of C60 (0.01%) and over two-fold
lower values of specific heat for fullerenes [46–48] in reference to non-admixed synthetic ester.

As we can see, adding fullerenes to synthetic ester caused a minimal rise of heat transfer factor α

by 1.1% (for 25 ◦C) and by 0.9% (for 40 ◦C). For a higher temperature (from 60 ◦C) the heat transfer
factor did not change its value. The increase of factor α for lower temperature values was caused by
an increase of specific heat cp by a few percent. This happened despite an increase of viscosity υ by
hardly 1%. For a higher temperature, factor α practically did not change its value. This resulted from
lower increase of specific heat and higher viscosity increase.
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3.2. Synthetic Ester Modified by Surface-Active Substance and TiO2 Nanoparticles

3.2.1. Synthetic Ester Modified by Surface-Active Substance

Table 3 presents measurement results of five thermal properties and calculation results of the heat
transfer factor α of pure synthetic ester, synthetic ester admixed with a surface-active substance
SPAN 20, and synthetic ester admixed with a surface-active substance and TiO2 nanoparticles.
The measurements were taken for a wide temperature range from 25 ◦C to 80 ◦C.

Table 3. Measurement results of five thermal properties and calculation results of the heat transfer factor
α of pure synthetic ester, synthetic ester admixed by a surface-active substance SPAN 20, and synthetic
ester admixed by surface-active substance and TiO2 nanoparticles, as a function of temperature.

Property Kind of Liquids Temperature

25 ◦C 40 ◦C 60 ◦C 80 ◦C

Thermal conductivity λ [W·m−1·K−1]
SE 0.158 0.156 0.153 0.151

SE + SPAN 20 0.158 0.156 0.153 0.152
SE + SPAN 20 + TiO2 0.163 0.160 0.157 0.154

Kinematic viscosity υ [mm2·s−1]
SE 55.14 28.25 14.02 8.11

SE + SPAN 20 55.72 28.63 14.67 8.31
SE + SPAN 20 + TiO2 55.91 28.97 14.86 8.37

Specific heat cp [J·kg−1·K−1]
SE 1905 1964 2052 2149

SE + SPAN 20 1937 1994 2082 2176
SE + SPAN 20 + TiO2 1976 2031 2115 2207

Density ρ [g·L−1]
SE 964 953 940 926

SE + SPAN 20 964 952 941 926
SE + SPAN 20 + TiO2 965 954 941 926

Thermal expansion β [K−1]
SE 0.00076 0.00077 0.00078 0.00079

SE + SPAN 20 0.00076 0.00078 0.00078 0.00079
SE + SPAN 20 + TiO2 0.00075 0.00076 0.00078 0.00079

Heat transfer factor α [W·m−2·K−1]
SE 83.41 98.44 116.84 134.13

SE + SPAN 20 83.54 98.78 115.98 134.39
SE + SPAN 20 + TiO2 85.61 100.24 118.33 135.95

Thermal conductivity λ, density ρ, specific heat cp, and the thermal expansion factor β of synthetic
ester practically did not change their values as a result of adding SPAN 20 surface-active substance.
Lack of change of thermal properties was visible for the whole temperature range, within which the
investigations were done.

Adding SPAN 20 disperser caused an increase of kinematic viscosity υ by 1.1% (for 25 ◦C),
1.4% (for 40 ◦C), 4.6% (for 60 ◦C), and 2.5% (for 80 ◦C). As we can see, this increase was greater with
temperature rise. This increase was caused by higher viscosity of the disperser in comparison to
synthetic ester viscosity.

The surface-active substance SPAN 20 resulted in an increase of specific heat cp by 1.7% (for 25 ◦C),
1.5% (for 40 ◦C), 1.5% (for 60 ◦C), and 1.3% (for 80 ◦C). This is probably due to the making hydrogens
bonds between the oxygen of the ester group of synthetic ester and SPAN 20 disperser’s (C18H34O6)
hydroxylic groups. Therefore, a larger amount of energy (heat) is required to warm up the investigated
system. The substances, that are characterized by the presence of hydrogen bonds, have a large thermal
capacity. The higher the substance’s thermal capacity is, the larger is its specific heat. This increase
was lower with temperature increase.

As we can observe, adding the disperser caused very little changes of heat transfer factor α,
which do not exceed 1%. This means that the disperser neither improved nor deteriorated the ability
of synthetic ester to transport heat.

3.2.2. Synthetic Ester Modified by Surface-Active Substance and TiO2 Nanoparticles

Thermal conductivity λ of synthetic ester increased as a result of adding TiO2 nanoparticles and
SPAN 20 disperser by 3.2% (for 25 ◦C), 2.6% (for 40 ◦C), 2.6% (for 60 ◦C), and 2.0% (for 80 ◦C). As we
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can see, this increase was smaller and smaller with temperature increase. This increase is due to
titanium oxide nanoparticles, because adding only the disperser did not cause changes of thermal
conductivity. Thermal conductivity increases results from much higher thermal conductivity of TiO2

nanoparticles (about 22 W·m−1·K−1) in comparison to the thermal conductivity of the ester itself
(about 0.15 W·m−1·K−1).

We can state on the basis of the obtained results that kinematic viscosity υ of synthetic ester
admixed with TiO2 nanoparticles and SPAN 20 disperser increased by 1.4% (for 25 ◦C), 2.6% (for 40 ◦C),
6.0% (for 60 ◦C), and 3.2% (for 80 ◦C). It is caused by both SPAN 20 disperser and TiO2 nanoparticles.
Viscosity increase should be linked with much higher viscosity of the added disperser and adding
solid materials (titanium oxide), the adding of which to liquid always results in viscosity increase.

We can conclude on the basis of the measurement results that specific heat cp of the synthetic ester
admixed with SPAN 20 disperser and TiO2 nanoparticles, increased by 3.7% (for 25 ◦C), 3.4% (for 40 ◦C),
3.1% (for 60 ◦C), and 2.7% (for 80 ◦C). This increase is lower and lower with temperature increase.
This increase results probably from making hydrogen bonds between the oxygen coming from a TiO2

particle, the oxygen of the ester group of synthetic ester and SPAN 20 disperser’s hydroxylic groups.
Because of making hydrogen bonds, a larger amount of energy (heat) is required to warm up the
investigated system. The substances in which there are hydrogen bonds are characteristic of large
thermal capacity (e.g., water). In the case of the investigated nanofluid, hydrogen bonds increase its
thermal capacity. Thermal capacity shows how much energy the particles are able to store. The more
energy a particle can receive (the more freedom degrees) the higher is its thermal capacity. In turn,
if the substance’s thermal capacity is higher, its specific heat is higher. Hydrogen bonds also allow
storing additional energy. Thus, as a result of making hydrogen bonds, more heat was necessary to
warm up a sample in the created nanofluid, because additional energy was demanded, required to
break hydrogen bonds. Because heat is supplied to the substance, a part of this energy is used for
breaking hydrogen bonds, not for raising its temperature. In the case of the nanofluid made on the
base of mineral oil, surface-active substance SPAN 20 and TiO2 nanoparticles, there is no possibility to
make hydrogen bonds with oil particles [31].

Density ρ and the thermal expansion factor β of synthetic ester practically did not change their
values as a result of adding TiO2 nanoparticles and SPAN 20 surface-active substance. This means
that titanium oxide TiO2 did not have any influence on these thermal properties, because SPAN 20
disperser did not have such influence either. Lack of change in the thermal properties referred to the
whole temperature range, for which the research was done.

As shown in Table 3, adding titanium oxide and disperser caused an increase of heat transfer
factor α by 2.6% (for 25 ◦C), 1.8% (for 40 ◦C), 1.3% (for 60 ◦C), and 1.4% (for 80 ◦C). As we can see,
this increase diminishes a little with temperature rise. This increase was mainly affected by increase
of thermal conductivity λ and increase of specific heat cp, despite increase of kinematic viscosity υ.
This means that adding titanium oxide (with the surface-active substance) to synthetic ester to improve
electric properties of ester has a positive effect on their ability to heat transfer.

Some calculation of temperature distribution in transformer was made in order to indicate
the impact of TiO2 nanoparticles on cooling system efficiency. The calculations were based on the
following formula:

∆T =
q
α

(2)

where: ∆T—temperature decrease in liquid (between transformer windings and a tank) [◦C], q- surface
heat load on the windings (there was chosen 3000 W·m−2, because it is typical surface heat load on
transformer windings surface). Results of calculations are presented in Table 4.
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Table 4. Impact of TiO2 nanoparticles (with SPAN 20) on temperature distribution in synthetic ester.

Kind of Liquid Heat Transfer Coefficient α
[W·m−2·K−1] for 25 ◦C

Surface Heat Load q
[W·m−2]

Temperature Decrease
in Liquid ∆T [◦C]

Pure synthetic ester 83.41 3000 35.97
SE + SPAN 20 + TiO2 85.61 3000 35.04

Difference of ∆T between pure and
admixed liquid [◦C] 0.93

Heat transfer coefficient α
[W·m−2·K−1] for 40 ◦C

Surface heat load q
[W·m−2]

Temperature decrease in
liquid ∆T [◦C]

Pure synthetic ester 98.44 3000 30.48
SE + SPAN 20 + TiO2 100.24 3000 29.93

Difference of ∆T between pure and
admixed liquid [◦C] 0.55

Heat transfer coefficient α
[W·m−2·K−1] for 60 ◦C

Surface heat load q
[W·m−2]

Temperature decrease in
liquid ∆T [◦C]

Pure synthetic ester 116.84 3000 25.68
SE + SPAN 20 + TiO2 118.33 3000 25.35

Difference of ∆T between pure and
admixed liquid [◦C] 0.33

Heat transfer coefficient α
[W·m−2·K−1] for 80 ◦C

Surface heat load q
[W·m−2]

Temperature decrease in
liquid ∆T [◦C]

Pure synthetic ester 134.13 3000 22.37
SE + SPAN 20 + TiO2 135.95 3000 22.07

Difference of ∆T between pure and
admixed liquid [◦C] 0.30

On the basis of Table 4, it is possible to say, that nanoparticles TiO2 (and SPAN 20) have some
small positive impact on heat transfer factor α of liquid, that means, also on the cooling system in the
transformer. The temperature in the hot spot of the transformer filled by nanofluid will be smaller
compared to the hot spot in the transformer filled by pure synthetic ester. The impact is very small, and
it decreases with temperature increase: the impact was 0.93 ◦C for 25 ◦C, and only 0.30 ◦C for 80 ◦C.

Even if the impact is very small, it plays some positive role in the aging process of the transformer
(particularly for the transformer insulation system). According to Montsinger law, known as the
“8 degrees law”, reducing the transformer temperature by about 8 ◦C almost doubles the lifespan of
the transformer.

4. Conclusions

Adding C60 nanoparticles to synthetic ester did not practically change the value of the heat
transfer factor α of the ester. Moreover, for the temperature of the range 25–40 ◦C, the value of factor α

rose slightly (by about 1%). Lack of noticeable changes of factor α is caused by a compensating action
of thermal conductivity and specific heat of the ester on the one hand, and ester viscosity on the other.
The authors obtained similar results in the case of C60 nanoparticles added to such electro-insulating
liquids as mineral oil and natural ester. In the case of these two liquids, the heat transfer coefficient α

also increased by about 1% [31,32].
Adding SPAN 20 surface-active substance to the synthetic ester did not affect the heat transfer

factor. This result was influenced by viscosity increase (causing a drop of factor α) and specific heat
increase (causing a rise of factor α). On this basis, we can state that disperser added to synthetic
ester in order to prepare a stable colloidal solution with nanoparticles does not affect the ability of
ester to transfer heat. The authors obtained similar results for the SPAN 20 surfactant added to other
electro-insulating liquids such as mineral oil and natural ester. The coefficient of heat transfer α did
not also change its value [31,32].

Adding titanium oxide TiO2 nanoparticles (with SPAN 20 disperser) to synthetic ester resulted
in an increase of factor α. This increase is caused mainly by an increase of thermal conductivity and
specific heat as a result of presence of titanium oxide nanoparticles. The authors obtained similar
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results in the case of TiO2 and SPAN nanoparticles added to mineral oil and natural ester. The heat
transfer coefficient α also increased by about 1–3% [31,32].

Summing up, we can say that adding fullerene nanoparticles to synthetic ester did not cause any
considerable changes of the heat transfer factor α. It means that application of synthetic ester admixed
with nanoparticles C60, in order to improve dielectric properties, does not change transfer of heat in
power transformer.

In contrast, adding titanium oxide TiO2 nanoparticles (with SPAN 20 disperser) resulted in
a positive increase of factor α. On this basis, we can state that the use of synthetic ester admixed
with nanoparticles TiO2, in order to make dielectric properties better, improves transfer of heat in
the transformer.
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