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Abstract. The influence of two types of nano-impurities MF1 and MF2 on the dielectric
properties of Shell oil transformer oil at the temperature 293 K has been studied. It has been
shown that these magnetic impurities have no significant effect on the dielectric
permittivity value of Shell oil, but more significantly increase its conductivity, in so doing,
the impurity MF1 increases the conductivity of transformer oil 4 times larger than the
impurity MF2. It has been ascertained that the low-frequency dielectric relaxation
appearing in the studied samples can be described by the Cole—Cole equation. The
parameters of this relaxation process and the influence of different types of magnetic
impurities on them have been estimated.
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1. Introduction

As widely known, the main source of energy on our
planet is electricity. Currently, most of the world’s
electricity is generated by nuclear power plants (NPPs)
and thermal power plants. Accidents at the Chernobyl
nuclear power plant and, on a smaller scale, at the
Japanese nuclear power plant in Fukushima have
confirmed the need to build nuclear power plants in
sparsely populated areas. This raises the problem of how
to transmit electricity over long distances with minimal
losses. In addition, for the stable operation of power
engineering in a particular country or region, power
plants are combined into a single energy system. This
approach ensures stable operation even in the case when
a particular power plant is in an emergency or is repaired,
and it is disconnected from the power system. Of course,

the transition to solar panels will create autonomous
sources of electricity to some extent and thus reduces the
amount of electricity needed for transmission. However,
the cost of electricity generated by solar panels is still
relatively high, which suggests that nuclear power plants
and thermal power plants will be the main source of
world electricity production for at least the next decades.

The main way to reduce losses in the transmission
of electricity is to use the high voltage lines. Certainly,
when the room temperature superconducting materials
will be created, it will be significantly reduced the use of
high-voltage power lines.

From the published data, it follows that the
transition temperature to the superconducting state for
recently synthesized materials is already approaching to
room temperatures [1]. However, the cost of such
materials is too high for their wide use for electricity
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transmission. Moreover, a record value for the transition
temperature to the superconducting state was obtained
with high compression of the material.

From the mentioned above, it can be concluded that
at least in the nearest decades the important problem will
be to reduce energy losses during the transmission.

In the existing power systems, the increase or
decrease of voltage level is carried out using the
transformer. Transformer oil is used to cool transformer
windings, especially in the distribution line transformer
and power transformer [2-9]. Heat transfer from the
transformer windings to the environment is carried out by
convection flows of the liquid. Since the operation of
transformer produces sufficiently high magnetic fields,
addition of magnetic impurities into the transformer oil
can increase the cooling efficiency of the transformer by
additional magnetic buoyancy force. However, such
impurities can significantly affect the conductivity of
transformer oil, which may lead to additional heating of
the transformer oil. Therefore, increasing the cooling
efficiency by enhancing the convective flow rate may not
always serve the purpose when adding magnetic
nanoparticles to the transformer oil.

From the analysis of the published data [2-9], it can
be concluded that the effect of magnetic nanoparticles on
the dielectric properties of transformer oil was not
studied in detail. Therefore, the aim of this work is to
study the effect of magnetic nanoparticles on the
dielectric properties of transformer oil.

2. Materials and methods of research

The impurities MF1 and MF2 in the form of magnetic
nanoparticles were prepared using co-precipitation
method and dispersed in the transformer oil. In this work,
we have used the transformer oil produced by the Shell
Company (Shell oil). Both pure oil and oil with two
magnetic impurities (MF1 and MF2) were investigated.

Since the conductivity of Shell oil is low even in the
presence of magnetic nanoparticles, we have used the
same type of measuring cells and measurement method
as it was used for the study of liquid crystals [10]. The
thickness of the cells was 20 um. The filling of the cells
took place in the same way as the filling of the liquid
crystals by means of capillary forces, since the
transformer oil  without/with magnetic  impurities
moistens the glass surface quite well.

Measurement of the dielectric properties of the
samples was performed using the oscilloscopic method
[11] at the temperature 293 K. The amplitude of the
measuring signal with sinusoidal shape was 5 V. The
frequency range within which the measurements were
made was 6 to 3-10° Hz.

In the analysis of the obtained oscillograms, taking
as an equivalent sample scheme the resistance R and
capacitance C connected in parallel, we determined,
respectively, real €' and imaginary &" components of
complex dielectric permittivity for various frequencies of
the measuring signal. Then the frequency dependences of
¢ and £" were analyzed on the basis of existing theories
of relaxation process as well as articles and monograph
published by us [10, 12, 14, 15].

3. Results and discussion

Fig. 1 shows the frequency dependences of the real
component of the complex dielectric permittivity €' for
the Shell oil without impurities (curve 1), for Shell oil
with the impurity MF2 (curve 2) and Shell oil with the
impurity MF1 (curve 3).

From the analysis of Fig. 1 we can draw the
following conclusions.

First, at the frequencies f higher than 200 Hz, the &'
value does not depend on frequency f. As we showed in
[12], for this frequency range the influence of near-
electrode processes is insignificant, and we can assume
that the electric field is uniform along the thickness of the
sample. The parameters of samples determined for these
frequencies will correspond to the parameters that
characterize their bulk properties.

One of these parameters is the relative dielectric
permittivity €,. The €, values for the studied samples are
listed in Table.

From the analysis of the ¢, values given in the
table, it can be concluded that when magnetic impurities
are added to Shell oil, the value of the dielectric
permittivity increases. Since the concentration of these
impurities was low, in addition to the magnetic
properties, the impurities are characterized by sufficiently
high dielectric properties. Being based on the purpose of
this work, the dielectric properties of magnetic impurities
alone have not been studied.

Second, at the frequencies lower than 200 Hz, for
Shell oil with magnetic impurities (curves 2 and 3 in
Fig. 1), there is a dispersion of the &' value depending on
the frequency of the measuring signal. To determine the
reason for this dispersion, the frequency dependences of
the imaginary component of the complex dielectric
permittivity " were also investigated.
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Fig. 1. Frequency dependences of the real component of the
complex dielectric permittivity €' Shell oil without impurities
(2); Shell oil with the impurity MF2 (2) and Shell oil with the
impurity MF1 (3). The thickness of the sample is 20 um. The
temperature for measuring the samples was 293 K.
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Fig. 2. Frequency dependences of the imaginary component of
complex dielectric permittivity €": Shell oil with the impurity
MF2 (1) and Shell oil with the impurity MF1 (2). The sample
thickness was 20 pm. The temperature of studied samples was
293 K.

The frequency dependences of the imaginary
component of the complex dielectric permittivity " are
shown in Fig. 2. As known, the imaginary component of
the complex dielectric permittivity €" is related with the
conductivity of the sample by the relation:

o =2nfe ¢g", 1)
where o is the specific electrical conductivity and e, is
the dielectric permittivity for f —oo.

We have used just the relation (1) to determine the
o value for the Shell oil with magnetic nanoparticles. In
the case of pure Shell oil, the conductivity was lower
than the sensitivity of the device used for these
measurements (10 Ohm*-m™). Therefore, in Fig. 2 the
data for the frequency dependences of €" for Shell oil are
not given and Table does not show the conductivity of
pure transformer oil. As for the conductivity of Shell oil
with magnetic impurities, it should be noted that the
conductivity of transformer oil with the impurity MF1 is
4 times higher than that of oil with the impurity MF2.

Analyzing the frequency dependences of €" shown
in Fig. 2, it should be noted the deviation from the linear
dependence on a two-logarithmic scale for Shell oil with
the impurity MF1 for the frequencies lower than 2-10* Hz.
The reason for this is obviously dipole polarization of
impurities MF1. But these changes are much smaller than
the dispersion of the components of the complex dielec-
tric permittivity at the frequencies lower than 200 Hz.
That is why just the reasons for the low-frequency
dispersion in this paper were analyzed in more detail.

The dielectric properties of several types of
transformer oil grades were studied in detail in the work
[8]. It was shown that the frequency dependences of the
dielectric permittivity components €' and €" can be
described on the basis of the relation:

S R SR LA
1+(i2nfry ) 1+ (i2nfc, )2 igg2nf  gy(i2nf )
)

where £* is the complex dielectric permittivity; & is the
dielectric permittivity at f = 0; 1, and 1, are the dielectric
relaxation times; a4, oy, b and ¢ are constants.

Our analysis of the obtained experimental results
showed that the relation (2) needs not to be used to
describe the dielectric spectra. To ascertain the
mechanism of low-frequency dispersion of the
components inherent to the complex dielectric
permittivity €' and ¢", the dependences £"(¢') (Cole—Cole
diagrams) were plotted and analyzed. The analysis of
these diagrams showed that they can be described by an
arc with a small error. As known [13], this relaxation
process corresponds to the Cole—Cole dispersion and is
described by the relation:

g, 408 fo
“ 1+ (i2nfo)

*

E =

@)

where a is the Cole—Cole parameter.

The a value can vary from 0 (Debye dispersion) to
1 (no dispersion) [13]. The values of o parameter for the
studied samples with impurities are listed in Table. From
the data obtained above, it follows that the o value is low
(0.03 for the magnetic impurity MF2 Shell and 0.07 for
the magnetic impurity MF1). It can be caused by the
same composition of the impurity. Moreover, the
impurity MF2 is more homogeneous in chemical
composition than the impurity MF1. Obviously, it can
explain the difference between the frequency
dependences of " for Shell oil with impurities MF1 and
those for Shell oil with impurities MF2 for the
frequencies higher than 3-10* Hz (Fig. 2).

One of the main parameters characterizing the
Cole—Cole dispersion is the dielectric relaxation time .
According to the Table data, the t value for Shell oil with
the magnetic impurity MF2 is 1.2 s and 4 times higher
than the corresponding value for Shell oil with the
magnetic impurity MF1. That is, and in the case of
transformer oil with these impurities, we observe the
regularity that we found earlier, namely, the dielectric
relaxation time that characterizes near-electrode
processes is inversely proportional to the conductivity of
the sample.

Another parameter of the relaxation process, which
corresponds to the Cole—Cole dispersion and is described

Table. Parameters that characterize the bulk and near-electrode
properties of Shell oil without/with the impurities MF1 and
MF2.

Sample €0 € f{’ ] T,S W, o
Ohm™-m nm

Shell oil 1.9 - - - - -

MF1 25 | 1070 | 24107 | 039 | 23 | 0.07

MF2 23 | 430 | 7810° | 1.2 | 53 | 0.03

Notes. ¢, — dielectric permittivity for f —oo, & is the dielectric
permittivity for f=0, o is the specific electrical conductivity,
T is the dielectric relaxation time, W is the thickness of the near-
electrode area, a is the Cole—Cole parameter.
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by the relation (2), is the dielectric permittivity &g
extrapolated to the frequency f = 0. If we assume that the
parameters of the near-electrode areas close to each
electrode are the same (which means the same
capacitance of the near-electrode areas) and the dielectric
permittivity of the near-electrode area is equal to ., then
the thickness of the near-electrode area can be estimated
using the maximum capacity of the sample for this
relaxation process (obtained by analyzing the Cole—Cole
diagram):

_d&

W .
2 g

(4)

The thickness of the near-electrode areas W for
Shell oil with various magnetic impurities estimated
using the relation (3) is also given in Table. From these
data, it can be concluded that, as in the case of relaxation
time, the thickness of the near-electrode area is also
inversely proportional to the conductivity. This
conclusion confirms our previously obtained data for
liquid crystals with impurities [14].

4. Conclusions

It has been studied the influence of two different types of
magnetic nano-impurities MF1 and MF2, which are used
to increase the cooling efficiency of transformers by
increasing the rate of convection flows in the liquid
under the magnetic field of these devices, on the
dielectric properties of transformer oil Shell oil. The
following inferences are drawn from the study.

1. It has been shown that magnetic nano-impurities
do not significantly increase the dielectric permittivity of
Shell oil (the impurity MF2 increases the dielectric
permittivity by 20%, and the impurity MF1 — by 30%).
However, the conductivity of Shell oil with introduction
of the impurities increases much more. Moreover, in the
case of introduction of impurities in Shell oil MF1, the
conductivity of transformer oil increases to the value
2.4-10" Ohm™-m™, which is 4 times higher than the
conductivity of Shell oil with the same concentration of
impurities MF2,

2. It has been determined that the low-frequency
dispersion of the components of the complex dielectric
permittivity (for frequencies lower than 200 Hz) of the
studied samples can be described by the Cole—Cole
equation. The dielectric relaxation time, the Cole-Cole
parameter and the thickness of the near-electrode area,
where the relaxation processes take place, have been
estimated.

3. It has been determined that the dielectric relaxa-
tion time in the presence of the impurity MF2 in Shell oil
is 1.2 s, which is more than 3 times higher than that in
the presence of the impurity MF1 in transformer oil.

4. The thickness of the near-electrode area, where
the relaxation process occurs, which is described by the
Cole—Cole equation, has been estimated. In the case of
the impurity MF2, this value equals 53 nm, and in the
case of MF1 — 23 nm.
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Bnuime MarHiTHMX HAaHOYACTHHOK Ha JieJIeKTPU4Hi BJacTuBocTi TpancopmaTopHoi oaii Shell oil

0.B. Kopanbuyk, O.5. Hecrepenko, B.I. Koroschkuii, LII. Crygensx, T.M. Kopaabuyk, K. Paulovi¢ova,
M. Timko, P. Kopé&ansky, K. Parekh, R.V. Upadhyay

Anotanis. J[locrmimkeHo BmmB 1nBoX THIIB HaHogoMmimok MF1 T1a MF2 Ha pmieneKTpwdHI BIACTHBOCTI
tpancopmaropuoi omii Shell oil mpu temmeparypi 293 K. Ilokazano, m0 Taki MarHiTHi JOMIIIKH HECYTTEBO
BIUIUBAIOTh Ha BeJMUMHY Jienekrpuunoi nponukaocti Shell oil, npore Ginbir cyTTeBO 30iMbIIYIOTH 1i MPOBIIHICTS,
npuuoMy nomimka MF1 30inblrye npoBigHicTh TpancopmaTopHOi oiii y 4 pasu Oimbiie, Hix gomimka MF2,
BcraHoBneHo, 110 HM3bKOYACTOTHY MICJIEKTPUYHY peJlakcalliio, sika BUHHUKAE Y JOCITIDKYBaHUX 3pa3Kax, MOXKHa
onucatu piBHsiHHAM Koyn—Koyna. OuiHeHo napaMeTpy Takoro penakcanifHOro nporecy i BIUIMB Ha HUX Pi3HOTO THILY
MarHiTHUX JIOMIIIIOK.

KoarouoBi cioBa: gienekTpuuHa CIEKTPOCKOIMIs, JieNeKTpuuHa penakcaiis, piBHsaHHS Koyn—Koyna, marziTHi
HAHOJOMIIIIKH, JieJICKTPUYIHI BIACTHBOCTI.
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