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a b s t r a c t
Ferroﬂuids consisting of stabilized iron oxide nanoparticles and insulating oils have emerged as a promising substitute for liquid dielectrics in electrical engineering applications. Recent enhancements of electrical insulating
liquids rely on preparation of ferroﬂuids on emerging insulating oils available on the market. The present work
reports on a comparative experimental study of insulating properties of a conventional mineral oil (MO)based ferroﬂuid and a ferroﬂuid based on novel insulating oil produced by a gas-to-liquid (GTL) technology.
The ferroﬂuids prepared on the two oils are subjected to rigorous experimental investigation of dielectric breakdown and partial discharges. The experiments are conducted on 4 MO-and 4 GTL-based ferroﬂuids with equal
concentrations of magnetite nanoparticles. Measurements of partial discharges according to IEC 60270 are
complemented with high frame–rate photography with positive streamer analysis. Based on the statistical analysis, it is found that MO-based ferroﬂuids exhibit superior breakdown performance to GTL-based ferroﬂuids,
even though the pure GTL oil exhibits slightly higher mean breakdown voltage than the pure MO. A deeper analysis revealed a signiﬁcantly greater number of partial discharges in GTL ferroﬂuids. The positive streamer size is
lowered with increasing nanoparticle concentration only in MO-based nanoﬂuids. Differences in the physical
properties of the two oils, such as density, viscosity and permittivity, are considered in the interpretation of
the different dielectric performance of the two ferroﬂuids. The experimental comparison leads to better understanding of the breakdown mechanism, and lay the foundations for proper selection of physical properties of a
base oil for high performance insulating ferroﬂuids.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Advancements in electric energy production and distribution, and
the increase in its consumption have increased demands for environmentally safe and sustainable solutions for electrical transformers. The
current challenges in this ﬁeld are to reduce power losses, minimize
the environmental impact of transformers, and prolong their service
life. These challenges are closely associated with insulating oils used in
transformers as cooling and insulating media. Nowadays, transformer
oils are mostly mineral-based products of crude oil. However, to tackle
the above-mentioned challenges and to enhance both the cooling and
insulating performance of transformer oils, intensive research and development of progressive transformer oils have been conducted in recent years [1]. Besides the novel mineral oils, natural ester-based oils
[2–4] are gaining increasing interest because of their recyclability and
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biodegradability. Recently, gas-to-liquid (GTL) technology was introduced to produce predominantly isoparafﬁnic transformer oils that
offer a high degree of compositional and performance consistency,
high purity, and excellent resistance to degradation, and are essentially
sulphur free [5,6].
Another progressive way of transformer oil performance enhancement relies on the implementation of nanotechnology and the preparation of transformer oil-based nanoﬂuids [7]. Segal et al. [8] were the ﬁrst
to modify transformer oils with magnetic nanoparticles. They found
that the transformer oil-based ferroﬂuid exhibits enhanced cooling effectiveness, and increases the impulse breakdown strength. Later, it
was shown that a magnetic nanoﬂuid with a 1.1% volume fraction of
magnetite nanoparticles may be a suitable coolant in a power electric
transformer, a microactuator or a miniature planar spiral transformer
[9]. Since then, researchers have put a lot of effort into the investigation
of various nanoﬂuids based on transformer oils from an experimental
and a theoretical point of view. As summarized in a recent review article, transformer oil-based nanoﬂuids may be considered as nextgeneration insulation for transformer applications [10].
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One of the most important properties of insulating liquids is the ability to withstand high electric voltage levels and suppress electrical discharges. In general, the total electrical discharge in an insulator is
called electrical breakdown, which results in the ﬂow of electrons
from one conductor to another [11]. In contrast, a partial discharge is a
localized electrical breakdown of a small portion of the insulation
under high electric strength. It is known that these electrical phenomena are often negatively inﬂuenced by the presence of various impurity
particles (e.g., water, oxygen, bubbles, cellulose, and metal particles),
which lower the electrical breakdown strength and facilitate the partial
discharge activity [12–17]. Interestingly, this does not apply to a certain
volume fraction of various nanoparticles dispersed in transformer oil.
Recently, it was shown that TiO2 nanoparticles (0.005%–0.04% vol) dispersed in natural ester oil enhance the AC (alternating current) and
lightning impulse breakdown performance [18]. The enhancement is attributed to the trapping and de-trapping processes in shallow traps,
thus reducing the propagation of the streamer. Also, a 40% delay in the
partial discharge initiation was reported for this nanoﬂuid compared
with the pure oil. Another study proved a positive effect of TiO2 nanoparticles on the breakdown strength of castor oil and synthetic ester
oil using a microsecond pulse test [19]. Clearly, the breakdown performance is dependent on the nanoparticle concentration [20]. Similar enhancements in the breakdown strengths of mineral and synthetic ester
oils were found for Al2O3, SiO2 nanoparticles [21,22], and fullerene
nanoparticles [23].
Among ferroﬂuids (magnetic nanoﬂuids), iron oxide nanoparticles
are most often used as a dispersive phase. Recently, it was shown that
the partial discharge inception voltage of a transformer oil increases
quasi linearly with increasing magnetite nanoparticle concentration
[24]. Similarly, the DC (direct current) breakdown voltage was found
to increase with the Fe3O4 nanoparticle concentration, as well as with
the voltage rise rate. These effects are remarkably dependent on the
voltage polarity [25]. However, some studies showed magnetite nanoparticles to have a negative impact on the breakdown performance of
transformer oils. This can be associated with the nanoparticle interface
modiﬁcation [26] or with the aging processes in ferroﬂuids [27]. On
the other hand, the breakdown voltage of ferroﬂuids may be signiﬁcantly increased by applying an external magnetic ﬁeld [28]. The effect
of magnetic nanoparticles on the breakdown performance of transformer oil is often interpreted in view of an electron-scavenging theory,
which is based on the modeling of the electrodynamic processes in
ferroﬂuids [29]. From literature review it is seen that the majority of experimental studies on insulating properties of ferroﬂuids were conducted on mineral oil-based ferroﬂuids. However, ferroﬂuids based on
novel GTL oils have rarely been investigated.
Owing to the lack of experimental studies on electrical discharges in
GTL oil-based ferroﬂuids, we present in this paper the experimental results of both electrical breakdown and partial discharge testing of a GTL
oil-based ferroﬂuid. The experiments were also carried out on a mineral
oil-based ferroﬂuid with the same volume fractions of iron oxide nanoparticles. The comparison of the experimental results is based on the
statistical analysis of breakdown voltage and partial discharge events.

Table 1
Selected physical characteristics of GTL and mineral oil used in this study.
Properties

GTL oil

Mineral oil

Density (kg/m3)
Dynamic viscosity at 20 °C (mPa·s)
Flash point (°C)
Pour point (°C)
Dielectric dissipation factor at 90 °C

805
14.4
191
−42
<0.001

865
16.1
155
−45
0.0006

Fig. 1. Visual appearance of the mineral oil (MO_0), gas to liquid oil (GTL_0) and the
ferroﬂuid samples based on these oils included in the experimental study.

used as carrier liquids for ferroﬂuids as purchased without any further
treatment.
2.2. Preparation of ferroﬂuids
Iron oxide nanoparticles were used as a dispersive phase for the
ferroﬂuids preparation. They were synthesized using the chemical coprecipitation method [30,31]. To prevent agglomeration and oxidation
of the precipitated nanoparticles, oleic acid was applied as a surfaceactive agent. The sterically stabilized nanoparticles were separated via
magnetic decantation and puriﬁed with deionized water and acetone.
Finally, the carrier oil was added to the stabilized nanoparticles, which
dispersed throughout its volume. The basic physical properties of the
stock GTL ferroﬂuid are published in Reference [32]. There, it is shown
that the nanoparticles are superparamagnetic in nature, and the
magnetization of saturation of the stock GTL ferroﬂuid is 12.8 Am2/kg,
corresponding to the magnetic volume fraction 2.8%. Similarly,
superparamagnetism at room temperature was also conﬁrmed for the
stock MO-based ferroﬂuid [33], which contains a higher magnetic volume fraction (6.3%) and magnetization of saturation (23.7 Am2/kg). In
both cases, based on the ﬁtting of the magnetization curves by superposition of Langevin functions, the nanoparticle size distribution with the
mean particle size of about 11 nm and the polydispersity index of 0.45
was found. For this study, three ferroﬂuid samples based on each oil
(GTL and MO) were diluted from the stock ferroﬂuids according to the
formula c1V1 = c2V2, where c1 is the nanoparticle concentration of the
stock ferroﬂuid and c2 is the required nanoparticle concentration of
the diluted ferroﬂuid. V1 and V2 are the volumes of the stock and the diluted ferroﬂuid sample, respectively. In this way, both GTL and MO
ferroﬂuid samples were prepared with the following nanoparticle volume concentrations 0% (pure oil), 0.0005%, 0.001%, and 0.002% with
the corresponding labels GTL_0, GTL_1, GTL_2, GTL_3, or MO_0, MO_1,
MO_2, and MO_3. A picture of the transformer oils and the ferroﬂuid
samples is provided in Fig. 1.

2. Materials and methods
2.1. Transformer oils
Two commercially available transformer oils have been chosen as
carrier liquids for ferroﬂuids preparation. The ﬁrst is manufactured
from zero sulphure base oils produced using the GTL technology. The
other contains naphthenic base oils. Thereinafter, these oils are called
GTL oil and mineral oil (MO), respectively. Selected physical characteristics from the available technical data sheets are presented in Table 1.
Besides the given differences in the physical parameters, the two oils remarkably differ in color as the GTL oil is colorless (clear and transparent), while the mineral oil is light yellow (Fig. 1). The two oils were
2
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found in Reference [24]. The partial discharge activity in the form of
visual corona and streamer discharges were observed by a CCD camera
Sony DSC-RX100 (Sony Corp., Japan).

2.3. AC breakdown voltage measurements
The AC breakdown voltage of the investigated oils and ferroﬂuids
was tested in a home-made sample container with reduced dimensions,
as compared to the standard IEC60156 (a picture of the container is
published in Reference [26]). Two semispherical electrodes with a radius of 5 mm were set in the container 0.35 mm apart. The breakdown
voltage values were collected by means of the Oil Dielectric AC Test Set
DTS-60D (High Voltage, USA) with the voltage rise rate 2000 V/s. The
measurement uncertainty is ±2%. To obtain reliable statistics, 30 breakdown voltage tests were conducted for each ferroﬂuid and transformer
oil with a two-minute time delay between each test. The tests were conducted at room temperature. As the dielectric breakdown is not a material constant but a statistical phenomenon, it is valuable to determine
the probability of its occurrence. Herein, we applied Weibull model,
which is widely used to describe various types of observed anomalous
phenomena. It shows the probabilistic (reliability) analysis of the observed physical dielectric breakdown of the liquid. The calculation of
the breakdown voltage probabilities is based on the Weibull cumulative
distribution function given as follows:
n
o
F ðBDVÞ ¼ 1− exp −½ðBDV−γÞ=ηβ

3. Results and discussion
3.1. Statistics on AC breakdown voltage
The statistical distribution of the measured breakdown voltage
values is presented in Fig. 2. The graph shows the obtained breakdown
voltage populations for MO-based samples on the left side of the presented distributions (red), while the populations for the GTL-based
samples are presented on the right side (blue). The upper (Q3 = 75%)
and lower (Q1 = 25%) quartiles are clearly indicated by the dashed
lines while the mean values are indicated by the solid lines. In addition,
the quantitative values of the statistical parameters are presented in
Table 2.
Based on Fig. 2, it can immediately be seen that GTL oil exhibits a
slightly higher mean breakdown voltage (14.4 kV) than MO (14.1 kV).
Furthermore, GTL oil has a higher minimum breakdown voltage value
(11.2 kV) than MO (9.9 kV), see Table 1. These essential comparisons
thus lead one to conclude that GTL oil exhibits, in some respect, better
breakdown voltage performance than MO. However, when doping the
two oils with stabilized magnetic nanoparticles, a different behavior is
observed. In both cases, the mean breakdown voltage value increases
as nanoparticle concentration increases. The ferroﬂuid samples MO_1,
MO_2, and MO_3 exhibit higher mean breakdown voltage by 16.3%,
20.4%, and 27.1%, respectively, than the clear MO. With regard to the
mean breakdown voltage value for GTL samples, the breakdown voltage
of GTL_1 is practically unaffected by the nanoparticles compared with
that of clear GTL. Even though the calculated mean breakdown voltage
of GTL_1 is 0.5% below the value calculated for clear GTL, this difference
is within the 2% measurement uncertainty, so no relevant physical reason can be considered. The higher nanoparticle concentrations of GTL_2,
and GTL_3 resulted in the increased mean breakdown voltage by 9.7%
and 22.2%, respectively. Thus, it is clear that at a particular nanoparticle
concentration, the MO ferroﬂuids exhibit higher mean breakdown voltage than GTL ferroﬂuids.

ð1Þ

where F(BDV) denotes the cumulative probability of breakdown voltage, γ is the location parameter, η is the scale parameter, and β is the
shape parameter.
2.4. Partial discharge measurements
Another sample container with a needle-dielectric-plane electrode
conﬁguration was employed for partial discharge measurements. The
detailed parameters and pictures of the electrode setup and the
container have been published elsewhere [24]. The partial discharges
were induced by increasing the amplitude of AC (50 Hz) voltage applied
on the electrodes using the high voltage PFT-103CM(F) AC hipot test set
(High Voltage Inc., USA), and detected by means of MPD600 partial
discharge measurement system and mtronix v1.0 software (Omicron
Electronics, Austria). The voltage amplitude was increased until it
reached a partial discharge inception voltage and then 5 voltage levels
(40 kV, 45 kV, 50 kV, 55 kV, and 60 kV) were set to monitor the partial
discharge activity. Quantities, as apparent charge and phase resolved
number of partial discharges, are presented according to the IEC
60270 standard. Further details on the experimental protocol may be

3.2. Weibull probability of AC breakdown
In Fig. 3, the Weibull plots of the probability distribution for MO and
the MO-based ferroﬂuid samples are presented. The cumulative

Fig. 2. Comparison of the statistical population of AC breakdown voltage (BDV) values measured on the ferroﬂuids based on the mineral (left side of the statistical distribution) and gas-toliquid (right side of the distribution) oils. The volume concentrations of nanoparticles are as follows: VC1–0.0005%, VC2–0.001%, and VC3–0.002%.
3
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Table 2
Descriptive statistical parameters obtained from 30 BDV values measured on the investigated samples.

MO_0
MO_1
MO_2
MO_3
GTL_0
GTL_1
GTL_2
GTL_3

Minimum

1st Quartile
(Q1)

Median

Mean

3rd Quartile
(Q3)

Maximum

Interquartile Range (Q3 Q1)

Range (Maximum Minimum)

Median Absolute
Deviation

9.9
12.8
12.4
13.4
11.2
11.5
11.5
13.2

13.2
15.0
15.7
16.5
12.7
13.1
14.9
16.2

13.9
16.2
17.2
17.8
14.0
14.3
15.6
17.9

14.1
16.4
16.9
17.9
14.4
14.3
15.8
17.6

15.3
18.0
18.4
19.2
15.9
15.2
16.9
18.7

17.1
19.7
21.6
22.7
19.7
17.6
20.5
23.4

2.1
3.0
2.7
2.7
3.2
2.1
2.0
2.5

7.2
6.9
9.2
9.3
8.5
6.1
9.0
10.2

1.15
1.65
1.35
1.35
1.85
1.05
1.15
1.50

calculate τ for the nanoparticles in the investigated MO and GTL oil,
the oils' permittivities and conductivities were measured by using a dielectric test set Eltel Model ADTR-2 K Plus (Eltel, IN). The measurements
were conducted under a 1 kV measuring voltage at room temperature.
The found permittivity values for MO and GTL oil are 2.19ϵ0 and
2.09ϵ0, respectively. The measured conductivities are 4.81×10−13 S/m
for MO and 2.71×10−12 S/m for GTL oil. Substituting these values in
(2), one gets the relaxation time of 7.471 × 10−14s for magnetite nanoparticles in MO and 7.453 × 10−14 s for magnetite nanoparticles in GTL
oil. It is, therefore, proven that there is negligible difference in the relaxation time constant of the magnetite nanoparticles in the two oils. Thus,
even though the conductivity of GTL oil is found to be one order of magnitude greater than that of MO, this difference has an insigniﬁcant effect
on the nanoparticle relaxation time and the subsequent nanoparticle
charging dynamics. From this point of view, another key aspect of the
electron scavenging theory [29] must be responsible for the observed
breakdown performance difference between the ferroﬂuids based on
the two transformer oils.
Once the nanoparticles effectively trapped the free charge carrier in
the ferroﬂuid, they become slow ions moving in the ﬁeld direction and
leading to the dielectric breakdown. The mobility of such a charged
nanoparticle is given by the following equation

probability is assigned to the Y-axis, and the breakdown voltage values
are assigned to the X-axis. In the same way, the Weibull probability distributions of the breakdown voltage are presented for the GTL oil and
the GTL-based ferroﬂuids in Fig. 4.
From the Weibull probability distributions, the inﬂuence of the magnetic nanoparticles on the probability of the AC breakdown voltage can
be seen in both transformer oils. MO-based ferroﬂuids are characterized
by a more distinctive gap between the breakdown voltage probability in
the MO and the ferroﬂuid samples. For example, a 50% probability of the
AC breakdown in GTL_1 is assigned to the 14 kV voltage, and the same is
found for the clear GTL. However, the clear MO is also described by the
50% probability of the AC breakdown at 14 kV, but 16 kV is assigned to
this probability for the MO_1 ferroﬂuid.
3.3. Theoretical consideration on the breakdown performance
To explain the increased mean breakdown voltage of both ferroﬂuid
types compared with their base oils, one can consider the modiﬁed electrodynamic processes in the oils due to the presence of nanoparticles. It
is known that if the nanoparticle charge relaxation time constant is
shorter than the time scale of the streamer growth, their presence in
the oil will signiﬁcantly modify the electrodynamics signiﬁcantly. For
magnetite nanoparticles used in this study, the relaxation time constant
τ can be calculated as follows [29].
τ¼

2ϵ1 þ ϵ2
2σ 1 þ σ 2

μ NP ¼

ð2Þ

jQ s j
6πηR

ð3Þ

where Qs is the saturation charge on the nanoparticle, η is the dynamic
viscosity of the transformer oil, and R is the radius of the nanoparticle.
As both oils (GTL and MO) contain the same type of nanoparticles and
the oils exhibit very close values of permittivities, the saturation charge
on the nanoparticle may be considered equal in both oils [29]. Then, the
oil's dynamic viscosity is the only parameter accounting for the differences in the charged nanoparticle mobility and subsequently for the

where ϵ1 and σ1 are permittivity and conductivity of transformer oil,
while ϵ2 and σ2 denote the permittivity and conductivity of nanoparticle. As calculated in the original paper [29], 1 × 104 S/m may be
substituted as the magnetite's conductivity and 80ϵ0 as its permittivity
with ϵ0 = 8.854 × 10−12 F/m being the permittivity of free space. To

Fig. 3. Weibull probability distributions of the AC breakdown voltage of the mineral oil (MO) and the MO-based ferroﬂuid samples.
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Fig. 4. Weibull probability distributions of the AC breakdown voltage of the GTL oil and the GTL-based ferroﬂuid samples.

nanoparticles, the average difference in the enhancement is 10.8%
when considering all ferroﬂuid samples. Thus, it is evident that
MO-based ferroﬂuids exhibit greater breakdown voltage enhancement than GTL-based ferroﬂuids simply because of the higher viscosity of the MO. The consideration is thus fully in accordance
with the theory of free charge scavenging by nanoparticles [29].
Once the nanoparticles are charged, their electric ﬁeld driven migration experiences stronger hindering in a more viscous liquid

difference in the breakdown voltage of the two ferroﬂuids. As presented
in Table 1, the GTL oil has lower dynamic viscosity than MO by about
10%. This difference has been found in the shear rate range from 20 to
1000 s−1 by means of Physica Anton Paar GmbH MCR-502 rheometer.
It is therefore clear that the charged nanoparticle mobility in GTL oil is
higher by about 10% than in MO.
Now, when comparing the percentage enhancements of the
breakdown voltage in GTL oil and MO due to the magnetic

Fig. 5. Number of partial discharges per minute in the mineral oil and the mineral oil-based ferroﬂuids at various voltage levels.
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electrons, which otherwise could induce further discharges. As a result,
the trapped electrons are restricted from further free collisions with the
oil molecules and the resulting ionization. In this way, a smaller number
of free charges in the sample is present, the migration of which can lead
to heating and formation of bubbles, which are common sources of partial discharges in liquids.
For GTL samples, the increasing number of partial discharges with
the increasing testing voltage is also conﬁrmed (Fig. 6). It can be said
that the clear GTL oil shows a much higher number of negative and positive discharges per minute than the clear MO at each voltage level. The
worse partial discharge performance may be attributed to some gaseous
traces in the liquiﬁed oil, which constitute localities of lower resistance
to partial discharges. However, it is found that the detected partial discharges in the clear GTL oil cannot be reliably suppressed by the presence of nanoparticles. On the contrary, a deteriorative effect of
nanoparticles on the number of partial discharges can be observed in
most cases. As the experimental results do not show explicit dependence of the partial discharges in GTL on the nanoparticle concentration,
one can just speculatively look for the potential reasons of the deteriorative effect of nanoparticles on partial discharges. It can be assumed
that this partial discharge behavior reﬂects different nanoparticle electrodynamics and assembly formation, especially near the electrode.
Perhaps the lower viscosity of GTL oil allows easier migration of nanoparticles toward the electric ﬁeld gradient (toward the electrode),
where the nanoparticles may form strong inhomogeneities in the
form of assembled chains. Such a consideration is also supported by
the fact that the GTL ferroﬂuid exhibits slightly greater dielectric contrast due to the lower permittivity of the GTL oil. It means that the

environment. This results in a longer time for the conductive path
formation and ﬁnally in the higher breakdown voltage.
3.4. Phase resolved number of partial discharges
Similar considerations may be applied in the analysis of partial discharges. In Fig. 5, the detected numbers of partial discharges per minute
in MO-based samples are presented in the column graphs. It is obvious
that the number increases with testing voltage for each sample. In each
sample, it can be seen that a higher number of negative partial discharges than positive ones is detected. MO_2 and MO_3 ferroﬂuids
show remarkably lower numbers of negative and positive discharges
than clear MO_0. In the most concentrated MO_3, only 694 negative
pulses were detected per minute under 60 kV. Compared with the number of negative discharges in the clear MO_0 (1431), this number is reduced by more than 54%. For MO_2, a 61.4% reduction in the number of
negative discharges was found compared with the clear MO. On the
other hand, a higher number of positive and negative discharges was
detected in MO_1 than in the clear MO_0. This deviation may likely be
due to a greater random error, or it could be caused by the preparation
of the sample for measurements, during which gas bubbles could be
created while pouring the sample in the testing container. Nevertheless,
the higher concentrations suppress the partial discharge repetition rate,
as observed in another study [24]. This behavior may be explained by
the limited migration of the free electrons injected from the cathode
(negative discharges) or removed from the liquid molecules by ionization near the anode (positive discharges). The limitation stems from
the presence of the polarized nanoparticles trapping the migrating

Fig. 6. Number of partial discharges per minute in the GTL oil and the GTL-based ferroﬂuids at various voltage levels.
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Fig. 7. Overall comparison of numbers of positive and negative partial discharges per minute in both types of ferroﬂuids at various voltage levels.

pronounced linear decrease with increasing nanoparticle concentration
is characteristic for both positive and negative partial discharges in MO
samples. Only the number of positive partial discharges in GTL samples
exhibits linear increase with increasing nanoparticle concentration.

nanoparticles dispersed in the GTL oil can acquire greater electric dipoles induced by the electric ﬁeld. Consequently, the polarized nanoparticles may interact and form sharp chains at the electrode interface, so
increasing the local ﬁeld intensity needed for the initiation of the discharge. This proposed assumption, however, requires further experimental conﬁrmation.
Even though the measured numbers of partial discharges in the
studied oils and ferroﬂuids do not show deﬁnite dependence on the
nanoparticle concentration, predominant linear trends (ﬁts) can be observed, as shown in Fig. 7. For the number of negative partial discharges
in GTL, a decreasing linear dependence on the nanoparticle concentration may by concluded for each voltage level except for 40 kV. A more

3.5. Phase resolved apparent charge
The phase-resolved partial discharge activity presented in the form
of the phase occurrence, apparent charge and number of partial discharges at the same phase are reﬂected in Fig. 8. There, the x-axis represents the period of AC voltage, while the apparent charge of the partial
discharge event is ascribed to the y-axis. The apparent charge is

Fig. 8. Comparison of the phase resolved partial discharges in the investigated samples interpreted as the apparent charge in one cycle of the AC voltage. The presented partial discharges
were collected during one-minute intervals at 60 kV.
7
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Fig. 9. Comparison of the visual partial discharges (streamers) in the investigated samples. The presented pictures are assemblies of partial discharges recorded during one-minute
intervals at 60 kV.

GTL oil and GTL-based ferroﬂuids. However, the visual streamer distribution (density) does not change markedly with the nanoparticle
concentration.

understood as a charge that, if injected in the liquid, would change the
voltage across the two electrodes by an amount equivalent to the partial
discharge event. Thus, comparing the phase resolved partial discharge
patterns in Fig. 8, one can again immediately see that a more intense
partial discharge activity is detected in GTL samples. The higher partial
discharge repetition rate in GTL samples discussed above is reﬂected
in the denser population of the events, especially in the negative part
of the AC period (from 10 to 20 ms). The higher apparent charge is measured in the positive part of the AC cycle (from 0 to 10 ms) for both MOand GTL-based samples. The values of the apparent charge exceeding
200 pC can be associated with streamer-like spikes with a length of several centimeters. They mainly occur in the positive half cycle. More intense population of discharges of this nature (from 0 to 10 ms) is
revealed in GTL-based samples and therefore it is easier to induce the
long streamers in the GTL ferroﬂuids. This is associated with the lower
viscosity of GTL oil and higher mobility of the charged species.

4. Conclusion
Two different types of transformer oils and ferroﬂuids based on
these oils were subjected to the comparative experimental study of
the insulating performance. Even though the two oils exhibited comparable breakdown voltage values, they behave differently when
doped with the magnetic nanoparticles. It is found that the magnetite nanoparticles can enhance the breakdown voltage of the mineral
oil to a greater extent than in the gas-to-liquid oil. In both cases, the
enhancement is attributed to the charge trapping by the polarized
nanoparticles. However, the better performance in the mineral oil
is associated with its greater viscosity, which impedes the migration
of the charged nanoparticles. Similarly, the partial discharge testing
revealed a more intense activity in the gas-to-liquid oil- based
ferroﬂuids than in those based on the mineral oil. It is proven that
the magnetic nanoparticles can suppress the partial discharge activity in the mineral oil but not in the gas-to-liquid oil. It is assumed
that the lower viscosity of the gas-to-liquid oil and the greater dielectric contrast in the ferroﬂuids based on the gas-to-liquid oil
may be responsible for the worse partial discharge performance. A
detailed experimental study on the near electrode structure of the
ferroﬂuids before the initiation of the partial discharge is required
to conﬁrm the suggested explanation. Nevertheless, it can be concluded that mineral oil-based ferroﬂuid may be more suitable for
high voltage insulation applications (e.g. in power transformers)
than the one based on the gas-to-liquid oil.

3.6. Streamer visualization
Finally, the differences in the partial discharge activity presented
above are consistent with the visual appearance of the streamers. In
Fig. 9, the assembly of visual partial discharges recorded for one minute
in MO-based samples are presented in the upper row, while those recorded in GTL-based samples are shown in the lower row. When comparing the photographs of the clear MO and GTL oil, one can see a
greater density of the streamers in the GTL oil than in the MO. This
agrees with the measured number of partial discharges (Fig. 5 and
Fig. 6). The addition of the nanoparticles into MO results in the reduction of the recorded streamers' size, structure, and density (pictures
MO_1, MO_2, MO_3). This observation, therefore, conﬁrms the positive
effect of nanoparticles on partial discharge activity in MO. The observed
reduction in the streamer glow with increasing nanoparticle concentration is also caused by the reduced transparency in ferroﬂuids of higher
nanoparticle concentration, as shown in Fig. 1. In GTL samples, the reduction in the streamer glow with increasing nanoparticle concentration is primarily caused by the remarkable color contrast between the
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