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ABSTRACT

Measurements of partial discharges in liquid dielectrics are important for prediction of a serious failure of
electrical equipment. Recent research findings show that application of nanoparticles in dielectric liquids
may increase their resistance to partial discharges. However, physical properties of a host liquid are
expected to play a decisive role in the effective suppression of partial discharges by nanoparticles. In this
paper, a transformer oil prepared by a gas-to-liquid technology and a standard naphthenic transformer
oil are doped with an equal amount of iron oxide nanoparticles. Determination of basic physical proper-
ties of the oils and the nanofluids is followed by an experimental investigation of partial discharges under
various alternating voltage levels. The detection of partial discharges is approached by two independent
methods, electrically and acoustically. Both methods revealed occurrence of partial discharges in the gas-
to-liquid oil at higher voltages, as compared with the naphthenic oil. Acoustic emission energy is found
one order of magnitude greater in the gas-to-liquid oil than in the naphthenic oil. The acoustic wave
propagation dependence on the physical properties of the liquid is considered in the qualitative explana-
tion of the observed phenomenon. The presence of nanoparticles can suppress partial discharges in the

naphthenic oil, but not in the gas-to-liquid oil.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Physical properties of traditional dielectric media have been a
major limiting factor impacting the design and operation of many
applications spanning from particle accelerators to electrical
power systems. In the power system network, the power trans-
formers are the crucial equipment that bridges the power genera-
tion and the transmission over a long distance. One of the key
materials used nowadays in transformers for cooling and insulat-
ing purposes (filling and impregnation) is transformer oil. Mineral
insulating oils extracted from crude petroleum stock have been put
in this service for a long while [1]. However, recent developments
in the high voltage sector and environmental regulations have put
greater demands on dielectric performance and sustainability of
dielectric fluids [2]. This has stimulated an intensive research on
progressive dielectric fluids. Among various examples, the devel-
opment of supercritical fluids [3,4] and nanofluids [5-8] exhibits
a promising way to more reliable and sustainable dielectric fluids.
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For nanofluids in general, the majority of research is devoted to
their unique thermal and heat transfer properties [9-13]. Owing
to the valuable combination of both, excellent thermal and dielec-
tric properties, the dielectric nanofluids can be considered as a new
generation dielectric fluids for power and electrical engineering
applications [2].

Among dielectric and insulating properties of dielectric
nanofluids, dielectric permittivity and electrical breakdown field
strength are the most studied quantities. It is well-known that
the addition of conductive, semi-conductive or dielectric nanopar-
ticles into a base dielectric liquid results in additional polarization
processes and finally to the modification of the complex dielectric
permittivity [14-17]. Numerous experimental studies have proven
that the nanoparticle type, concentration, morphology and size
have remarkable influence on electrical breakdown processes in
dielectric nanofluids [18-21]. However, less attention has been
paid to partial discharges (PD) in the nanofluids, even though PD
are known as one of the main causes of transformer failures. In
base transformer liquids, PD are often initiated in gas bubbles, as
demonstrated experimentally and theoretically in a recent paper
[22]. This initiation, particularly the PD inception voltage, may be
suppressed to higher voltage levels by the presence of iron oxide
nanoparticles in transformer oil [23]. Significant improvements of
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PD activity, including the PD inception voltage, PD amplitude and
repetition rate was found for palm oil and coconut oil doped with
Al,05 nanoparticles [24]. TiO, nanoparticles dispersed in trans-
former oil were also found to increase the PD inception voltage
and decrease the PD amplitude [25]. Another study showed posi-
tive effect of Fes04 and TiO, nanoparticles on the PD activity in a
natural ester-based nanofluid [26]. Interestingly, not only nanopar-
ticles as such, but also the nanoparticle interfaces and the electric
double layers play an important role in the PD development in
nanofluids [27].

From the literature it is seen that the research on dielectric
nanofluids is directed from conventional naphthenic oil-based
nanofluids to eco-friendlier alternatives, like natural ester or gas-
to-liquid (GTL) oil-based nanofluids. Furthermore, most of the
reported studies on PD applied one type of PD investigation
method. However, even though PD in insulating materials are of
the electrical nature, they are accompanied by acoustic, chemical,
and optical phenomena. For this reason, various experimental
methods can be used to detect PD activity [28]. The highest sensi-
tivity of PD detection is obtained by a technique that complies with
the IEC 60,270 standard, commonly called the electrical method
[29]. This method allows detection of low-energy PD pulses with
apparent charge lower than 0.1 pC. Nevertheless, the electrical
method is not immune to electromagnetic interference and under
the action of electromagnetic disturbances it can lead to false
detection of PD [30]. To avoid this problem, acoustic method is
often applied in practice. It is based on the fact that PD generate
a transient elastic wave (acoustic emission) as a result of the rapid
release of energy within the material. In addition to the detection
of PD, the acoustic emission (AE) method can also localize the PD
sources [31,32]. In electrical engineering, this method is used to
detect PD in oil-filled power transformers [33,34]| or oil-filled
cables [35]. However, the PD detection sensitivity of the AE method
is relatively low because only a small part of the energy of the PD
current pulse is transformed into mechanical energy and also due
to the AE wave attenuation. Various AE sensors have been there-
fore developed for a particular AE level and frequency range of
ultrasonic signals [36]. In experimental research on insulating liq-
uids, the AE sensors play a key role [37,38]. Early studies on AE
generated by PD in mineral oils found that high energy (k]) arcs
radiate maximum acoustic levels in a low frequency region from
120 Hz to 10 kHz, whereas low energy (uJ) PD have maximum
acoustic emission at higher frequencies from 10 kHz to 400 kHz
[39].

In this work, we employ both, electrical and acoustic PD mea-
surement methods to study PD in two different transformer oils
(naphthenic and gas-to-liquid) and two nanofluids based on these
oils containing the same amount of iron oxide nanoparticles. We
analyze the influence of different physical properties of the two
oils on the PD in the nanofluids. The PD detection by the two inde-
pendent methods is compared at various voltage levels.

2. Materials and methods
2.1. Base liquids

For this study, two types of commercially available transformer
insulating oils have been chosen. One is a traditional inhibited
insulating oil, containing naphthenic base oils and additives that
inhibit oxidation. Hereinafter, this oil is labeled as NTO (naph-
thenic transformer oil). The other transformer oil is a fully inhib-
ited oil manufactured from zero Sulphur base oils produced by a
gas-to-liquid (GTL) technology. We refer to this oil by GTLTO label.
The basic physical parameters of the two oils are presented in
Table 1 as declared by manufacturers except for the permittivity
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Table 1
Physical characteristics of the naphthenic transformer oil (NTO) and the gas-to-liquid
transformer oil (GTLTO).

Properties NTO GTLTO
Density (kg/m?) 865 805
Dynamic viscosity at 20 °C (mPa-s) 16.1 144
Flash point (°C) 155 191

Pour point (°C) —45 —42
Dissipation factor at 20 °C 0.000498 0.000528
Permittivity at 20 °C 2.157 2.065

and dissipation factor. The two parameters were measured by
the authors using a dielectric test set Eltel Model ADTR-2 K Plus
(Eltel, IN). In addition, dynamic viscosity of the oils was measured
by Physica MCR 502 rheometer (Anton Paar, AT). Concerning the
color, one can observe in Fig. 1 that NTO is yellowish, while GTLTO
is colorless (clear and transparent).

2.2. Nanofluids

Two nanofluids included in this study are based on the two car-
rier liquids, NTO and GTLTO, and hereinafter they are labeled as
NNF and GTLNF, respectively. In both cases, the dispersive phase
consists of superparamagnetic iron oxide nanoparticles synthe-
sized by the chemical co-precipitation method. A single-layer of
oleic acid is used as a stabilizing agent (surfactant). The visual
appearance of the nanofluid samples is shown in Fig. 1. More
detailed information on the nanofluid preparation has been
described in our earlier papers [40-42].

In order to investigate the effect of the base liquid on the partial
discharges and their acoustic emission in the nanofluids, we pre-
pared the two nanofluids with equal nanoparticle concentrations
determined by the well-known equation c¢;V; = c;V,. The left-
hand side of the equation consists of the concentration ¢ and the
sample volume V before the dilution, while the right-hand side
contains the variables after the dilution. The volume concentration
of the original GTLNF and NNF (before dilution) is 2.8% and 2.5%,
respectively. As low nanoparticle concentrations are often capable
of suppressing the partial discharges, we decided for the nanopar-
ticle concentration of 0.001%. In Table 2, we summarize the
selected characteristics of the two nanofluids.

The density values in Table 2 are found according to the classi-
cal mixing theory [43], while our measurements did not found any
difference between the densities of the base oils and the nanofluids
(the measurements uncertainty is 0.5 kg/m?). The mean hydrody-
namic nanoparticle diameter has been determined from the log-
normal particle size distribution obtained from a dynamic light
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Fig. 1. Pictures of the samples included in the study. NTO - naphthenic transformer
oil, GTLTO - transformer oil prepared by the gas-to-liquid technology, NNF -
nanofluid based on NTO, GTLNF - nanofluid based on GTLTO.
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Table 2

Selected characteristics of the nanofluids included in this study.
Properties NNF GTLNF
Nanoparticle concentration (%) 0.001 0.001
Mean hydrodynamic diameter (nm) 12.2 12.2
Mean magnetic core diameter (nm) 10.3 103
Density (kg/m?) 865.043 805.044
Dissipation factor at 20 °C 0.000459 0.001724
Permittivity at 20 °C 2.157 2.065

scattering (DLS) experiment (Malvern Instruments Ltd., Malvern,
UK). The measurement was performed on the nanoparticles dis-
persed in GTLTO at room temperature (23 °C). As the two nanoflu-
ids (GTLNF and NNF) were prepared from the same batch of
nanoparticle precipitate, and as the oils are practically equally
non-polar, we do not expect any differences in the formation of
hydrodynamic surface layers in the two oils. Therefore, the same
hydrodynamic size is considered for both nanofluids. The size dis-
tribution by number is shown in Fig. 2a. The distribution of the
nanoparticles’ magnetic cores was derived from a magnetization
curve and its fitting by a superposition of Langevin functions
(Fig. 2b) [44]. The fit was performed on a magnetization of a stock
concentrated GTLNF nanofluid (2.8%). The difference of the two
mean diameters obtained by the different methods is ascribed to
the double thickness of the surfactant and the non-magnetic layer
of the nanoparticle.

The magnetization measurements were carried out by means of
a vibrating sample magnetometer installed on a cryogen-free
superconducting magnet from Cryogenic Limited (London, UK). In
Fig. 3a, the magnetization curve of the nanoparticle powder is pre-
sented. The curve exhibits a typically high susceptibility at low
magnetic field and the magnetization is well saturated at higher
fields. However, when dispersed in the carrier liquids with such
a low nanoparticle concentration, the positive superparamagnetic
signal becomes negligible. Instead, the diamagnetic behavior of
the transformer oil dominates the total magnetization of the
nanofluids (Fig. 3b). From the inset in Fig. 3b, one can see just a
weak positive magnetization below 0.1 T, which is overcome by
the increasing diamagnetic contribution from the transformer oils
with the increasing magnetic field. In the presented magnetiza-
tions, the diamagnetic contribution from the sample holder is
subtracted.

2.3. Electrical detection of partial discharges

PD quantities, as introduced in the IEC 60270 standard, were
acquired by MPD600 PD measurement system (Omicron Electron-
ics, AT). The electrical connection of the experimental setup is
shown in the Fig. 4. With the high potential increasing, the devel-
opment of the PD apparent charge Q;zc quantity (released in the C,
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DUT) was observed and recorded continuously by measuring
instrument MI. The time base for the charge integration was
300 ms. After reaching the inception voltage, several potential
levels, each increased by approx. 5 kV, were followed up to
60 kV. The high potential was controlled by PFT-103CM(F) AC
Hipot Test Set (High Voltage Inc., USA). PD pulses, generated in
the sample (DUT, C,), were conditioned in the electronic coupling
device CD, connected to a coupling capacitor Cy, and processed in
the measuring instrument MI. To avoid the external electrical dis-
turbance, the reactive filter Z was connected in series with the
measuring circuit. The measured PD amount was calibrated by
PD Calibrator Type 9216 (Tettex Instruments, CH).

2.4. Acoustic detection of partial discharges

The principle of the AE detection is depicted in Fig. 5. A glass
beaker placed on a copper pressed profile was filled with a tested
liquid. The copper profile operated as a grounded plain electrode.
The high potential electrode tip curvature radius was
approx.15 pm. It was immersed in the liquid. Around the tip a
highly inhomogeneous electric field was formed against the
grounded plain electrode. The PD discharges were released in the
vicinity of the small-curvature high-potential tip surface.
Unwanted mechanical acoustic bounds were damped by means
of PE foam pads. The integral preamp piezoelectric sensor type
RI15AST (Physical Acoustic, UK) was sensing the acoustic emission
released by the PD pulses during the tests. The sensor is sensitive
only in the specific frequency range satisfying low energy PD, see
Fig. 6, where the gain is referenced to 1 V/1puBar. The fixed bound-
ing with the beaker was achieved by the PE foam at the bottom and
the silicone grease at the sensor contacting-sensing area on the
top. The transfer of AE energy through the fluid medium was cali-
brated by initiating the known amount of acoustic energy by
another RI15AST sensor attached to the needle, which was placed
at the position of the high-potential electrode. The AE was ana-
lyzed by PCI-2 Based AE System, equipped with specific signal pro-
cessor and the software (both Physical Acoustic, UK).

3. Results and discussion

The partial discharges developed in the studied liquids are pre-
sented in combined graphs consisting of a time dependent voltage
applied on the electrodes and the related apparent charge Qigc and
the acoustic emission (AE) detected at a particular voltage level.
The apparent charge is according to IEC60270 defined as a charge
that, if injected within a very short time between the terminals
of the test object in a specified test circuit, would give the same
reading on the measuring instrument as the PD current pulse itself.
The apparent charge is usually expressed in picocoulombs (pC).
One should bear in mind that the apparent charge is not equal to

1.0 - a’m=10.3 nm
= I "
g 0.8 | I
8 o6 | | 3
> - L
= 04 / %
S0l / %
= 0.0 - T”/ 1 1
1 10 100
(b) Size (nm)

Fig. 2. (a) DLS number-based hydrodynamic particle size distribution histogram with the log-normal curve fit. (b) Log-normal distribution of nanoparticles’ magnetic core

size determined from magnetization measurements.
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Fig. 3. Magnetization curves measured on the nanoparticle powder (a) and the nanofluids (b) at temperature of 25 °C.
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Fig. 4. Electrical connection of the experimental setup used to detect partial
discharges electrically.

the amount of charge locally involved at the location of the dis-
charge, which cannot be measured directly. The amplitude of AE
signal is the highest voltage induced in the AE sensor, whereas
the energy of the AE pulse is defined as the area under the AE curve
or the integration of the squared voltage signal divided by the ref-
erence resistance over the total time duration of the AE pulse (the
calculation derived by Physical Acoustic, UK). In Fig. 7, Qigc and the
AE of partial discharges occurred in the naphthenic transformer oil
(NTO) at various voltage levels are presented. From the graphs, the
initial PD occurrence in NTO detected through the Qgc is observ-
able at 35 kV voltage, when Qgc reaches approx. 0.5 nC. On the
other hand, from the AE point of view, the initial PD is observable

h.v. electrode

. beaker

tip radius

approx. 15 pm

tip

L fluid

foam
~grounded copper base

| L
E* integral preamp AE sensor
L |- foam

Fig. 5. Experimental setup for PD acoustic emission investigation.
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Fig. 6. AE sensor gain spectrum.
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Fig. 7. Apparent charge Qzc and acoustic emission AE of partial discharges in the
naphthenic transformer oil at various voltage levels.

in the particular dynamic range already at 30 kV, giving rise to the
AE energy of approx. 2.5 n]. Then, with the increasing voltage level,
the PD activity intensifies, as can be seen from the increasing Qgc
and AE energy. At the highest voltage applied (60 kV), the recorded
Qiec and the AE in NTO are 2.2 nC and 30 nj, respectively. By
decreasing the voltage level, the extinguishing Q¢ of approx.
0.5 nC is visible again at 35 kV. Based on the AE, the PD extinguish
at 30 kV, with the AE energy of approx. 3 nJ. Thus, for NTO, the
acoustic method reveals the initial and extinguishing PD at lower
voltage than the electrical method.

In Fig. 8, Qiec and the AE recorded for the naphthenic nanofluid
(NNF) is presented with respect to the applied voltage level. The
voltage peak (upper graph) presents the instant of switch-on the
high voltage source, when the current surge in the transformer
caused a transient that was induced in the high-voltage probe. This
surge, however, do not produce high voltage on the sample under
test. As compared to Fig. 7, it can immediately be seen that the
presence of the magnetic nanoparticles in NTO results in a signifi-
cant suppression of the PD activity. This is evident from both, Qgc
and the AE graphs. While for NTO the electric method revealed the
initially observable PD at 35 kV with Qgc of 0.5 nC, for NNF these
quantities reach 55 kV and approx. 1.5 nC - the value close to
the maximal Qi (1.8 nC). According to the electrical method, the
PD in NNF easily extinguish at the voltage of 45 kV with Q¢ of
approx. 0.4 nC. However, the acoustic method seems to be more
sensitive for observation of PD in NNF at lower voltages, as the

601 NNF-0.001 %vol
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Fig. 8. Apparent charge Qzc and acoustic emission AE of partial discharges in the
nanofluid based on the naphthenic transformer oil at various voltage levels.
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AE energy of approx. 2 nJ can be read from the graph already from
35 kV. Similar AE energies are found for PD occurred at lower volt-
ages (down to 30 kV) than those revealed by the electric method.
The reduced PD activity in NNF is also evident from the lower AE
energies, with the maximal value around 15 nJ at 60 kV.

Partial discharges released in the gas-to-liquid transformer oil
(GTLTO) are presented in Fig. 9. The measurable Qgc is initially
observable at the voltage of 45 kV, reaching the value 1.2 nC. Under
the maximal voltage applied, the Q;gc of approx. 3 nC is detected.
Remarkable PD extinguish again at 45 kV with Qc around 0.5
nC. A slightly broader voltage range causing the PD in the GTLTO
is found by the acoustic method. The measurable AE starts and
stops to occur at 40 kV. In comparison with PD in NTO, the PD
occurrence voltage range for GTLTO is noticeably narrower. This
statement is supported by both experimental methods. However,
while the values of the revealed Qgc in both transformer oils are
comparable, the AE energy detected in GTLTO is one order of mag-
nitude greater than in NTO.

The effect of magnetic nanoparticles on PD in GTLTO is pre-
sented in Fig. 10. According to the electrical method, the presence
of the nanoparticles in GTLTO results in moderate elimination of
PD, as the Qgc exhibits slightly lower values (below 2 nC). How-
ever, the maximal AE energy in GTLNF is comparable with the
one measured in GTLTO (around 250 nJ). A remarkable difference
in PD in GTLTO and GTLNF is related to the voltage range in which
the PD occur. As Fig. 10 shows, both, the electrical and acoustic
method reveal the PD occurrence in GTLNF at lower voltage
(30 kV) values than those found for GTLTO.

In addition to the above demonstrated graphs, we present the
quantitative values of the partial discharge apparent charge statis-
tically in Table 3, while the statistics related to the acoustic emis-
sion is shown in Table 4.

The presented graphs and data in the tables lead one to the fol-
lowing qualitative discussion. The comparison of the PD perfor-
mance of the two different oils reveals that in GTLTO the PD
occur in the remarkably narrower voltage range than in the NTO.
This statement results from both experimental methods, revealing
the initial PD occurrence in GTLTO at higher voltage than in NTO.
From this point of view, the GTLTO exhibits higher resistance to
PD than NTO, which may be associated with the different chemical
composition of the two oils. On the other hand, the mean AE
energy in GTLTO is one order of magnitude greater than the one
detected in NTO (at 50 kV and 60 kV). One can further realize that
the number of detected pulses in GTLTO and NTO is comparable
(Table 4) and cannot be therefore a decisive parameter giving rise
to the difference in the mean AE energy. The same applies to the
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Fig. 9. Apparent charge Qgc and acoustic emission AE of partial discharges in the
gas-to-liquid transformer oil at various voltage levels.
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Fig. 10. Apparent charge Qirc and acoustic emission AE of partial discharges in the
nanofluid based on the gas-to-liquid transformer oil at various voltage levels.

apparent charge values, which are also comparable for the two oils.
Based on the definition of AE, one understands that the greater AE
energy is detected via greater voltage induced in the piezoelectric
sensor. It is known that the density of generated fixed charge and
the resulted voltage in a piezoelectric material is proportional to
the external stress acting on the sensor [45]. The stress considered
in our study originates from the PD generating the transient elastic

Table 3
Partial discharge apparent charge pulse statistics

Journal of Molecular Liquids 341 (2021) 117444

waves. The propagation of the wave towards the sensor is influ-
enced by several factors. The first is related to the internal friction
causing an eventual attenuation of the wave. As stated in Table 1,
the dynamic viscosity of NTO is greater than that of GTLTO by
10.56%. This implies that in NTO the acoustic wave is attenuated
in a greater measure. Subsequently, the sensor is subjected to
smaller mechanical stress from the attenuated wave and that
yields the determination of lower AE energy in NTO. Another pos-
sible reason of the lower AE energy detected in NTO than in GTLTO
is associated with electrical polarizability of the oils. Recently, it
was proven that a sound wave in a dielectric liquid propagates at
a lower speed when the liquid is polarized due to an external elec-
tric field [46]. This is caused by the fact, that when a sound wave
propagates through an electrically polarized medium, the polar-
ized dipoles get closer to each other. Although the internal stresses
push them away from each other, the mild electrical attraction
between them delays their relaxation to a state of rarefaction. It
is therefore clear that liquids which have greater dielectric permit-
tivity get polarized to a greater extent and show a greater reduc-
tion in the speed of sound. Again, from Table 1 one can notice
that the dielectric permittivity of NTO is greater by 4.27% than that
of GTLTO. Thus, it can be assumed that the NTO molecules in the
electric field may exhibit greater polarization than those of GTLTO.
As a result, the sound wave generated by the PD may propagate at
a lower speed in NTO than in GTLTO. The lower speed then results
in the action of a lower mechanical stress on the sensor, when the
wave transfers its kinetic energy to the sensor. This consideration

Sample Voltage level (kV) Number of detected pulses Mean (nC) Standard Deviation (nC) Minimum (nC) Maximum (nC)
NTO 30 293 1.536E-4 9.537E-4 1.4E-12 0.0155
40 312 0.021 0.090 4.6E-11 0.703
50 335 0.277 0.378 0.002 1.535
60 344 1.525 0.486 0.371 2.306
NNF 30 0 - - - -
40 177 1.220E-4 6.484E-4 3.4E-12 0.004
50 251 0.008 0.096 4.014E-10 1.524
60 257 0.595 0.229 1.013E-4 1.489
GTLTO 30 2 9.58E-11 0 9.58E-11 9.58E-11
40 263 0.019 0.012 6.02E-11 0.050
50 283 1.065 0.555 0.069 1.983
60 422 2.481 0.243 1.688 3.104
GTLNF 30 164 2.531E-4 8.280E-4 1.5E-12 0.006
40 322 0.310 0.196 0.005 0.760
50 255 0.985 0.130 0.668 1.250
60 288 1.741 0.142 1.299 2.030
Table 4
Acoustic emission response to partial discharge statistics
Sample Voltage level (kV) Number of detected pulses Mean (nJ) Standard Deviation (nJ) Minimum (nJ) Maximum (nJ)
NTO 30 191 0.096 0.435 3.131E-6 3.355
40 97 1.759 2422 3.205E-6 11.344
50 101 6.886 5.340 0.162 26.850
60 104 12.762 6.262 0.137 30.784
NNF 30 48 7.855E-4 0.003 3.049E-6 0.0126
40 88 0.183 0.654 3.017E-6 2913
50 78 0.656 1.527 3.066E-6 6.764
60 78 3.355 2.890 3.3491E-6 15.818
GTLTO 30 118 0.034 0.064 3.473E-6 0.474
40 80 4.263 6.529 7.741E-6 32.870
50 86 106.276 39.295 20.551 233.904
60 127 200.211 27.880 97.903 256.629
GTLNF 30 103 0.180 0.800 3.850E-6 5.224
40 97 14.396 12.111 0.0481 42.720
50 77 72.624 34.194 13.525 152.727
60 70 206.788 34.879 115.572 266.118
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can be applied even in the case of alternating electric field of fre-
quency of 50 Hz, because the time period of the polarization and
repolarization is much longer than the time interval of the detected
acoustic pulses.

From Table 3 it is seen that the presence of magnetic nanopar-
ticles in NNF results in remarkably lower numbers of pulses
detected at a particular voltage level, as compared with the num-
ber of pulses in NTO. Moreover, the mean apparent charge is also
lower for NNF than for NTO. The suppressed PD activity in NNF
due to the nanoparticles is confirmed by the acoustic method
too, as the remarkable lower numbers of detected pulses and lower
mean AE energies are also seen from Table 4. These experimental
results support the earlier research findings pointing out the
enhanced dielectric performance of transformer oils due to the
presence of magnetic nanoparticles [23,24,26,47]. However, this
enhancement cannot be convincingly alleged in the case of GTLNF.
According to Table 3, the number of detected pulses in GTLNF is
found lower than the number of pulses in GTLTO only at 60 kV.
At lower voltages, the pulses occur more frequently in GTLNF than
in GTLTO. From AE point of view, the difference in pulse occurrence
in the two nanofluids (Table 4) is not so unambiguous. However,
based on the presented PD data from both methods, one can con-
clude that the applied nanoparticles are capable of suppressing the
PD activity in the standard NTO, but not in the GTLTO. The poten-
tial reason of the different effect of the nanoparticles in the differ-
ent oils may be associated with different nanoparticle
electrodynamics and assembly formation, as considered in another
study [42]. Following the physical properties of the two oils, one
can assume that the lower viscosity of GTLTO supports the migra-
tion of the nanoparticles toward the electric field gradient. There,
near the electrode surface, the nanoparticles may form strong
inhomogeneities in the form of assembled chains. In principle, this
assembling is more facilitated in GTLNF than in NNF because of
greater dielectric contrast between the nanoparticles and GTLTO,
as GTLTO has slightly lower dielectric permittivity than NTO.
Therefore, the nanoparticles dispersed in GTLTO may acquire
greater induced electric dipoles than those dispersed in NTO. As
a result, the polarized nanoparticles and their assemblies can be
directed to the electrode surface. In this way, the created near-
electrode inhomogeneities may increase the local field intensity,
which is necessary for the initiation of the discharge.

4. Conclusion

In summary, two nanofluids with equal amount of magnetic
nanoparticles dispersed in two different transformer oils were sub-
jected to the experimental investigation of partial discharges. The
problem has been approached from two perspectives, applying
the electrical and acoustic method. It is found that partial dis-
charges in the gas-to-liquid oil start to occur at higher voltage, as
compared with the naphthenic oil. This is obvious from both
experimental methods. However, the mean acoustic emission
energy associated with partial discharges in the gas-to-liquid oil
is one order of magnitude greater than the one detected in the
naphthenic oil. This difference is ascribed to the different viscosity
and dielectric permittivity of the two oils. The greater viscosity of
the naphthenic oil causes the attenuation of the acoustic wave in a
greater measure than in the gas-to-liquid oil. Subsequently, the
lower acoustic emission energy is determined from the sensor sub-
jected to the smaller mechanical stress from the attenuated wave.
Another reason of the lower acoustic emission energy in the naph-
thenic oil is ascribed to the slightly greater dielectric permittivity
of the naphthenic oil, which gives rise to greater polarization of
its molecules in the electric field. As a result, the sound wave prop-
agates at a lower speed in the naphthenic oil than in the gas-to-
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liquid oil and causes a lower mechanical stress on the sensor. From
this point of view, the acoustic method is proven to be a very suit-
able complementary method for detection of partial discharges in
gas-to-liquid oil. The results further showed that the magnetic
nanoparticles can suppress the partial discharge activity in the
standard naphthenic oil, but not in the gas-to-liquid oil. The reason
of this behavior is again ascribed to the lower viscosity and dielec-
tric permittivity of the gas-to-liquid oil, which enable more effec-
tive inhomogeneity formation in the gas-to-liquid oil than in the
naphthenic oil.
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