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The Effect of Magnetite, Graphene Oxide and Silicone Oxide
Nanoparticles on Dielectric Withstand Characteristics of
Mineral Oil

Andrea Cavallini, R. Karthik and Fabrizio Negri
DEI-LIT, University of Bologna
Viale Risorgimento, 2
Bologna, 40136 Italy

ABSTRACT

In this work, we compare the dielectric withstand performance of nanofluids prepared
using Shell Diala D as a base fluid, and magnetite, graphene oxide and silicone dioxide
as nanoadditives. The ac withstand capability of the nanofluids was investigated as well
as partial discharge inception voltage, partial discharge and repetition rate under ac, dc
positive and dc negative voltages. The results indicate that, for all nanofluids,
nanoparticle concentrations around 0.2 g/l enhance dielectric withstand properties
under quasi uniform fields. Under divergent fields, partial discharge characteristics are
improved under ac conditions. Under dc conditions silica nanofluid performs better
than mineral oil, but the other two nanofluids do not perform well.

Index Terms — Power transformer, mineral oil, partial discharge, conductivity,

nanofluids.

1 INTRODUCTION

MINERAL oil (MO) is used in power transformers for
both insulation and cooling purposes. Although some
manufacturers have started to focalize on esters, MO is still
the industry-preferred choice.

Yet, the race for higher power densities in transformers has
led researchers around the world to experiment with colloidal
suspensions of conductive nanoparticles in oil (nanofluids),
with the aim of improving the heat transfer properties of
mineral oil [1], [2]. Contrarily to expectations, Segal et al
showed that nanoparticles improve the withstand capabilities
of mineral oil [3].

A recent paper [4] provides a comprehensive literature
survey on the progress made with nanofluids based on
transformer oil. It is of particular interest to observe that these
improvements were ascribed to the electron trapping
capabilities of nanoparticles for both conductive ([5][6]) and
semiconductive [7] nanoparticles. The explanation is that,
during a discharge, electrons attach to nanoparticles, and the
resulting charged nanoparticles are much slower and much
less effective than electrons in ionizing neutral molecules. As
a result, the discharge is quenched.

Alternatively, [8] presents an interesting alternative based
on insulating silica nanoparticles. Their good performance is
explained in terms of their hydrophilicity, which “sequestrate”
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water molecules from the oil.

Indeed, most of the research work presented in the
literature is focused on thermal conductivity and breakdown
voltage under quasi-uniform fields [1]-[9]. Rarely, breakdown
and pre-breakdown phenomena (i.e., Partial Discharge, PD,
inception, charge and repetition rate) have been dealt with [7].
In this work, we focus therefore on pre-breakdown
phenomena under ac and dc divergent fields (although
breakdown voltage, BDV, under ac quasi-uniform field is
reported as well).To achieve a thorough picture, different
concentrations of three different types of nanofluids (obtained
using conductive, semiconductive and insulating particles) are
investigated. PD Inception Voltage (PDIV), maximum charge
(Q), and repetition rate are used to provide a quantitative
comparison of the obtained results.

2. PREPARATION OF NANOFLUIDS

Shell Diala D was used as the base fluid. The oil was
filtered using a paper filter having pore size of <5 pm.

The conductive nanofluids were prepared by adding
magnetite nanoparticles to the oil. This nanofluid is indicated
here as ferrofluid (FF). The FF was prepared by mixing oil
with a suspension of magnetite nanoparticles (10-50 nm)
manufactured by Magnacol (UK). While the manufacturer
does not disclose details, it is likely that magnetite
nanoparticles are treated on the surface with oleic acid to



prevent agglomeration [10].

A semiconductive nanofluid was prepared using Graphene
Oxide (GO) platelets. GO powder was prepared by the
Hummer’s method from graphite nanoplatelets (purchased
from Punto Quantico, Italy) [11]. The GO powder preparation
followed the same procedure described by Li et al [12].

Eventually, an insulating nanofluid was obtained mixing a
silica nanopowder (purchased from Sigma-Aldrich) with oil.
The nanopowder consists of spherical nanoparticles (5-20
nm).It was used as received from the manufacturer. Some of
the properties (including the charging relaxation time, [6]) of
the nanoparticles used to prepare the nanofluids are reported
in Table 1.

Table 1. Properties of individual nanoparticles before preparation of
nanofluids.

Nanoparticles | ¢ (S/m) & T (s) Size (nm)

. Average: 10
4 14

Magnetite 10 80 | 7.5x10 Maximum: 50

GO 107 104 [ 9.6x10° | 12 | 20-50

. Average: 5

-9 -3

SiO2 1.4x107 | 39 | 51.2x10 Maximum 20

Various test samples including pure mineral oil, nanofluids
of 0.1 g/, 0.2 g/l, 0.4 g/1 (for SO only) and 0.5 g/l
concentrations were prepared. In order to mix the
nanoparticles with the base oil, we used a Hielscher UP200St
ultra-sonicator. The sonication cycle lasted 15 minutes, with
20 W power and 50 % duty cycle. The samples were dried
and degassed by placing them in a vacuum chamber for 48
hours at an absolute pressure lower than 50 Pascal. The final
moisture content, below 5 ppm, was determined by a Karl
Fischer titration method [13].The so-obtained samples display
great stability (no particle deposition/agglomeration was
observed over several days).

3 EXPERIMENTAL SETUP

3.1 BREAKDOWN VOLTAGE MEASUREMENT

The BDV of the samples is measured using an automated
test kit with maximum test voltage of 75 kV (Baur DPA 75C).
Four sets of measurements, each consisting of 10 tests were
carried out to achieve a large statistical significance. The
procedure for each “shot” is as specified in std. IEC 60156
[14].

The electrode cell was modified to operate with a small
quantity of NF: 50 ml. The cell contains two stainless steel
semi-spherical electrodes having a body diameter of 7.8 mm,
and a tip radius of 4 mm, spaced 2.5 mm. For the same fluid,

the BDV were, on average, lower than those observed using a
standard cell [15].

3.2NANOFLUIDS TEST CHAMBER

PDIV and PD features were investigated using a point/plane
electrode configuration. The point was a tungsten steel needle
(1 pm radius tip, 0.5 mm diameter) manufactured by Fine
Science Tools GmbH. The gap spacing was 20 mm. The low
voltage electrode was split to realize a guard ring. For PD

detection, the measurement impedance (50 ) was connected
between the low voltage electrode and the guard ring. To
minimize the amount of nanofluid (NF) used in each
experiment, the cell capacity was reduced to 10 ml. The cross-
sectional view of the cell is shown in Figure 1.
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Figure 1.Nanofluids test cell for PD measurements.
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Figure 2.PD waveforms for base mineral oil at different overvoltage levels
under DC positive voltage at (left) PDIV=14 kV, (right) V=26 kV.

3.3 PD MEASUREMENT AND SETUP

The AC test setup consists of a 220 V/30 kV transformer
and a capacitive divider (used to measure the applied voltage).
PD signals were recorded by a Techimp PDCheck detector.
For testing under dc voltages, a Fug - HCN 35-35000 bipolar
35 kV dc source was used. The entire test setup was placed in
a shielded cabinet to reduce the external noise. The sensitivity
of the system was better than 1 pC. Note that, since the test
cell capacitance is very low, one should expect calibration
errors [16]. To overcome this problem, the apparent charge
was estimated using the following procedure. First, the
spectrum of the PD pulse was calculated via the Fast Fourier
Transform. The DC component of the pulse (removed by the
high pass filter built in the detector input) was estimated as the
median of the 20 lowest harmonics of the spectrum (since in
the lowest frequency range the pulse harmonics are
comparable with the DC component). Eventually, the charge
was evaluated as the product of the estimated DC component
of the pulse times the time length of the acquisition window.




PDIV was measured starting with an initial voltage of
2kV.The voltage was raised in steps of 1 kV, each lasting 5
minutes, till the occurrence of the first PD pulses.
Measurements were repeated to get 5 PDIV values. The above
procedure was performed for both AC and DC.

By further increasing the voltage, PD magnitudes increase,
but the pulse waveform does not change. However, above a
given threshold, the pulse tends to spread in the time domain
transferring more charge, as shown in Figure 2 [17], [18].
This suggests the development of more intense streamers. In
order to study this behavior, the applied voltage was raised
above PDIV until a substantial change in the PD pulse shape
could be observed. Since for short gaps (as the one used in
these experiments), when streamers are observed, breakdown
follows after increasing the applied voltage only slightly, tests
were stopped when pulses as the one shown in Figure 2 (on
the right) were first observed.

3.4 STATISTICAL DATA ANALYSIS

The data for BDV and PDIV were modeled assuming that
their distributions follow a 2-parameter Weibull model, i.e.

F(x)=1-expl-(x/ ) ()

where o and B are the scale and shape parameter of the
distribution respectively. The parameters of the distribution
fitting the experimental data were obtained through the
Median Rank Regression estimate.

To provide a quantitative comparison of NF performance,
the 10™ percentile (B10) of the distribution are used in the
following. The choice of using B10 stems from the fact that
the better the oil, the higher should be the BDV (or PDIV) at
low unreliability values, those that should be used as a
reference for design purposes [19], [20]. Indeed, given the
reduced sample size, the confidence intervals for percentiles
below the 10" was excessively large to provide meaningful
information, Therefore, the 10® percentile was used as a
compromise between conflicting requirements.

The 90% confidence intervals of B10 were evaluated using
a Monte Carlo procedure.

4. BREAKDOWN VOLTAGE

Following the standard approach, the first tests carried out
on mineral oil and NFs were those aimed at inferring
breakdown voltage (BDV) in quasi-uniform fields, according
to the standard IEC 60156 [14].

Starting with Ferrofluids (FF), the results of these tests are
reported in the Weibull chart of Figure 3, which shows that
BDV increases up to 0.2 g/l. In terms of B10, the improvement
with respect to mineral oil is about 40% (see Table 2). Larger
FF concentrations reduce the NF performance. Figure 3 also
emphasizes that, with the optimum concentration (0.2 g/1), data
dispersion is minimum.

Similarly to FF, the BDV of nanofluids based on graphene
oxide (GO) increases till 0.2 g/l (see Table 2 and Figure 4).
Again, larger concentrations lead to worse results. Also in this

case, in correspondence of 0.2 g/l, the dispersion of breakdown
voltages is minimum (larger B values).

Notably, the behavior (see Figure 5) of silica-based NFs is
similar to that of the other NFs: an increase in value up to 0.2
g/l. Then, increasing further the concentration (up to 0.4 g/1)
leads to lower BDV values.

Table 2.Comparison of BDV B10 for mineral oil and NFs.

Fluid g/l B10min B10 B10max
Mineral oil --- 36.55 39.15 41.38
FF 0.2 g/ 53.35 54.72 55.89
GO 0.2 g/ 4922 50.84 52.34
Si02 0.2 g/ 48.35 49.65 50.62
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Figure 6 eventually shows the relative values of BDV B10,
i.e., the ratio of BDV B10 for the three NFs to the BDV B10.
Inspecting the figure, and bearing in mind the data reported in

Table 2, it comes out that, the larger the conductivity, the
larger the improvement in BDV B10. However, the
dependence is not straightforward, as will be discussed later
on.

5. PD INCEPTION VOLTAGE

The results obtained from PDIV tests are summarized
below using figures which show PDIV B10 as a function of
NF concentration. On the right y-axis, the figures report the
peak electric field. The field is estimated through equation
(1):

2

E =V.
& In(4-d/r+1)-r M

where r is the tip radius (r=1 um) and d the gap (d=20 mm)
[21].

For FF PDIV data are reported in Figure 7. Looking at the
trends and comparing them with the confidence intervals, it is
possible to conclude that ferrofluids do not modify
significantly PDIV, except for ac voltages and using a
concentration of 0.1 g/l. For dc voltages, FF can have a
negative impact on PDIV.
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For graphene oxide, results are summarized in Figure 8.The
results hint that GO-based nanofluids with 0.2g/1
concentration could have a slightly better performance than
mineral oil for ac discharges. For other types of supply
voltages and concentration, the effect of GO cannot be
appreciated.

Differently from the former NFs, Figure 9 shows that silica
can improve PDIV consistently, independently of test voltage
type. The samples with concentration of 0.2 g/l show
enhanced performance for all test voltage types.

As a summary of the data reported in this section, Figure 10
shows the relative PDIV B10 for the concentrations showing
the largest PDIV improvements under ac voltages. The figure
emphasizes that NFs can improve ac PDIV to a large extent.
For dc voltages, the only NF improving PDIV is that based on
silica. In general, the NF based on the most conductive
particles (FF and GO) have a detrimental effect of dc PDIV.

6. DEPENDENCE OF PD ON VOLTAGE

Experiments were performed with three NFs and three
different concentrations, producing a large amount of data.
We shall try to summarize here these results focusing on a
single concentration for each NF. We have already observed
considering PDIV that 0.1 g/l is the optimum concentration
for FF, while 0.2 g/l seems the best one for GO and silica.
Therefore, in the following, we shall discuss only the results
obtained with these concentrations. The data not reported here
for the sake of brevity confirm that these concentrations are
indeed the optimum ones, something worth further theoretical
investigation.

To investigate the behavior at voltages higher than PDIV,
the voltage was raised above PDIV till the transition from
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“fast” to “slow” streamers, i.e., from pulses having a time
length of roughly 100 ns to pulses having a time length of
some hundreds of ns (i.e., 600 ns as in Figure 2). The
maximum discharge magnitude and the repetition rate at the
different voltage levels was recorded. Given the low repetition
rate of PD in oil, the results are somehow erratic.

6.1 AC VOLTAGES

The results of the tests under ac voltages are summarized in
Figure 11 and Figure 12. Against expectations, the most
conductive NF, i.e. FF (which has the shortest charge
relaxation constant, 7.5x107* s) shows the poorest
performance: starting from 15 kV, PD magnitudes are larger
than those observed in mineral oil. In addition, the transition
to more energetic streamers, i.e., from “fast”_to “slow”

discharges, occurs at 22 kV, while all other fluids have
thresholds above 25 kV.
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The best NF is that based on silica, which provides
discharges below those of both mineral oil and GO. Indeed,
the streamer transition occurs at the same voltage level for
MO and the silica-based NF. Note that PD magnitudes tend to
show a linear behavior in semilog y axis (except for the silica-
based NF), that is, they increase exponentially with applied
voltage.

The behavior observed for PD magnitudes is confirmed for
repetition rate: FF is the NF with the highest repetition rates,
while the other two fluids tend to behave in a similar way,
although the silica-based NF is better than GO-based NF.

It is noteworthy that the relationships between PDIVs(see
Figure 10) are reflected in the behavior of PD charge and
repetition rate: FF performs worse than GO and SiO,, these
two behaving in a similar way (indeed, SiO, seems to perform
slightly better than GO).

6.2 POSITIVE DC VOLTAGES

For positive dc voltages, the three NFs tend to provide
results much better than mineral oil up to a threshold, which
depends on the NF type (see Figure 13). The NF which
provide the worst results in terms of PD magnitude is GO,
which displays a transition from sub-pC to a few tens of pC
discharges around 12 kV. Also Silica-based and FF-based
NFs display similar results, although the transition occurs at
somehow larger voltage levels (15 kV) and toward discharges
of lower magnitude (about 5 pC).
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Figure 14. Trend of PD repetition rate under positive dc voltages.

Considering repetition rates (see Figure 14), the situation is
different. In fact, repetition rates in the three NFs are
consistently lower than those observed in mineral oil.
Nevertheless, repetition rate trends confirm what already
observed for PD charges: GO is the NF with the largest
repetition rates, while the other two NFs tend to perform in
similar ways. However, instead of FF, in this case silica is the
NF exhibiting the best performance.

6.3 NEGATIVE DC VOLTAGES

Under positive dc voltages, NFs perform better than
mineral oil when subjected to negative dc voltages: both PD
magnitude and repetition rate are improved by adding
nanoparticles to mineral oil, see Figure 15 and Figure 16. For
this type of applied voltage, the silica-based NF is the one
showing the lowest PD magnitudes and repetition rates. The
GO based NF shows the lowest performance in negative dc
voltages both in magnitude of charge and repetition rate
compared to other NFs.

7 DISCUSSION

The current understanding of discharge phenomena in
liquids is still incomplete. In fact, pre-breakdown and
breakdown mechanisms in liquids are difficult to study
because electrical and thermal phenomena interact with fluid
dynamics. Also, we have no experimental data to quantify the
influence of dielectrophoretic and electro-hydrodynamic
forces on the distribution of nanoparticles under strongly
divergent fields.
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The following points are worth being recalled:

1.Under quasi-uniform fields, the postulated breakdown
mechanism for industrial-grade oils is that suspended
polar particles are attracted towards microscopic
protrusion at the electrodes through dielectrophoretic
forces. If a partial bridge is formed between the
electrodes, this can become the site at which
breakdown takes place. For highly purified oils, an
electron avalanche is usually assumed [22].

2. Under divergent negative dc fields, the hydrostatic
pressure of the oil [22][23], and its humidity [24]-[26]
affect remarkably BDV. Therefore, localized bubbles
close to the needle tip are likely at the basis of

discharge inception. Given the large electrical fields,
Fowler-Nordheim injection of hot electrons from the
needle tip to the oil explains the formation of the initial
bubble [23], [27][28][29].

3.For divergent positive dc fields, the role of pressure and
humidity are less marked. Thus, bubbles are not the
main reason for BD. Reference [22] postulates that a
weak flux of electrons is injected at the low voltage
electrode. Travelling towards the anode, electrons
enhance the field at the needle tip, leading eventually to
oil ionization. When the discharge is incepted, due to
the different mobility of positive ions and electrons, a
positive space charge forms in front of the needle tip,
helping streamer propagation. The opposite does not
occur under negative dc voltages, given the large
electron mobility [28].

4.According to Zahn et al [5], conductive nanoparticles act
as electron scavengers: electrons are trapped on their
surfaces, thus reducing their speed. As a result, they
become less effective in ionizing new molecules. This
quenches the discharges. In a similar way, Yu Duefan
et al [7]explain the behavior of TiO, nanoparticles.

5.The positive effect of silica, a hydrophilic nanoparticle,
was already reported in [8]. It was explained
considering that silica nanoparticles can “sequestrate”
moisture, creating a water shell on the nanoparticle
surface.

7.1 QUASI-UNIFORM FIELDS
As shown in Figure 6, conductive nanoparticles enhance
BDV under quasi-uniform field conditions. The most likely
explanation for FF and silica have been reported above. GO
and silica tend to provide similar results. Since their
relaxation constants are comparable and too large to affect

discharge dynamics, the mechanism postulated for silica can
likely be advocated for GO.

The reduced performance of NFs having concentrations in
excess of the optimum one can be explained bearing in mind
that nanoparticles tend to enhance the electrical field in the
oil. Above some critical concentration, this phenomenon can
become predominant. Indeed, with larger concentrations it is
also possible that agglomeration probability increases.

7.2 DIVERGENT FIELDS
It is probably better to recollect the results collected in the
previous sections in a schematic way. In practice, we have
observed that:

¢ In terms of PDIV, for both positive and negative dc
voltages, conductive nanofluids (FF and GO) perform
generally worse than mineral oil. On the contrary,
silica performs better than the other two NFs.

¢ PDIV values are often larger for positive dc voltages,
except for silica, where the situation is somehow
reversed.



e All NFs improve PDIV under ac voltages. Yet, the most
conductive NF (FF) is the one providing the smallest
increment with respect to mineral oil.

e With positive dc voltages, conductive nanoparticles
behave well up to some voltage threshold. Above this
threshold, PD magnitudes tend to increase markedly. A
similar threshold was not found dealing with negative
dc voltages.

® When dealing with dc voltages, GO is always the worst
NF.

Despite the low water content of the oil, the first
observation supports the conclusion that transferring water
molecules from the oil to the nanoparticles might be more
efficient in suppressing partial discharges than the electron
scavenging mechanism postulated for conductive particles.
Indeed, the evidence that the improvement is comparable for
positive and negative dc voltages is at odd with what was
found in [26], that is, the influence of moisture on PDIV is
significant for negative dc voltages, much less important for
positive dc voltages. Therefore, [26] findings would support a
more important influence of silica NF on negative PD
inception.

Also, the not satisfactory performance of NFs based on
conductive particles under dc voltages has to be explained.
Let us focus on FF and disregard GO, for the alignment of
GO platelets under dc fields might explain its bad
performance.

Since the NF performance decreases above the optimum
0.2 g/l concentration, it is possible that dielectrophoretic
(DEP) forces drive the FF nanoparticles towards the high field
region leading to a suboptimal concentration of magnetite
particles at the proximity of the needle tip [30].For positive dc
voltages, the nanoparticles might trap cathode-emitted
electrons reinforcing the field at the needle tip (a similar
phenomenon was observed adding to mineral oil SFe, a
strongly electronegative molecule [25]). For negative dc
voltages, a conductive particle in proximity of the needle tip
can increase the field in the region between the tip and the
nanoparticle itself, lowering the barrier for electron emission.
An increased current density at the needle tip would favor the
formation of a gaseous region and, eventually, PD inception.
Indeed, this explanation is somehow at odds with the fact that
PDIV with larger concentrations is sometimes improving.

To explain what happens under ac voltages, the water shell
argument can be invoked for silica. NFs based on conductive
nanoparticles pose a challenge, as their low performance
under dc voltages is at odds with what happens under ac
voltages. To explain this, one needs to postulate that the two
phenomena advocated above (i.e., the formation of a
negatively charged nanoparticle cloud and bubble formation)
do occur after a formative time lag. If not, the peak values of
PDIV under ac voltages would be similar to those observed
under dc voltages.

For the improved behavior under ac voltages, a possible
explanation is that, during the negative voltage half cycle,
electrons are injected into the oil and are trapped on the

nanoparticles. Thanks to electro-hydrodynamic motion, the
charged nanoparticles would then move away from the needle
tip area, where neutral nanoparticles can arrive. During the
positive half wave of the voltage, neutral nanoparticles may
get attracted towards the needle tip. In close proximity of the
tip, tunneling of electrons from the nanoparticle to the tip
might become possible, and a cloud of positively-charged
might surround the tip. In this way, nanoparticles might shield
the needle tip and improve PIV.

8 CONCLUSION

The results reported in the paper highlight that nanofluids
can provide significant improvements in the dielectric
withstand capability of mineral oil, even under divergent
fields. However, they might not be a universal panacea,
particularly in the case of pre-breakdown phenomena under
divergent fields for equipment working with dc or mixed
ac+dc voltage waveforms (e.g., hvdc converter transformers).

Since different research groups have obtained results
hinting that nanofluids could improve the dielectric behavior
of mineral oil, it would be interesting to start a more
systematic investigation with the aim of standardizing the
tests and verify results by, e.g. round robin testing involving a
number of labs worldwide.

ACKNOWLEDGMENTS

We wish to thank Maurizio Toselli and Andrea Saccani
from the Department of Civil, Chemical, Environmental, and
Materials Engineering, of the University of Bologna for the
preparation of the GO nanopowder.

REFERENCES

[1]R. Liu, L. A. A. Pettersson, T. Auletta, and O.
Hjortstam, “Fundamental research on the application
of nano dielectrics to transformers”, IEEE Conf.
Electr. Insul. Dielectr. Phenomena (CEIDP) pp. 423—
427,2011

[2]S.K. Das, S.U.S. Choi, W. Yu, and T. Pradeep,
Nanofluids: Science and Technology, Wiley -
Interscience, 2008.

[3]V. Segal, A Hjorstberg, A. Rabinovich, D. Nattrass and
K. Raj, “AC and impulse breakdown strength of a
colloidal fluid based on transformer oil and magnetite
nanoparticles”, IEEE Int’l. Sympos. Electr. Insul.
(ISED), pp. 619-622, 1998.

[4]Y. Z. Lv, Y. Zhou, C. R. Li, Q. Wang and B. Qj,
“Recent progress in nanofluids based on transformer
oil: preparation and electrical insulation properties”,
IEEE Electr. Insul. Mag., Vol. 30, No. 5, pp. 23-32,
2014.

[5J. G. Hwang, M. Zahn, F. M. O’Sullivan, L. a. a.
Pettersson, O. Hjortstam, and R. Liu, “Effects of
nanoparticle charging on streamer development in
transformer oil-based nanofluids,” J. Appl. Phys., Vol.
107, No. 1, 014310, 2010.

[6]F.M.O. Sullivan, A Model for the Initiation and
Propagation of Electrical Streamers in Transformer
Oil and Transformer based Manofluids, Ph.D degree



thesis, Massachusetts Institute of Technology, USA,
2007.

[71 Fan Du Yue , Zhen Lv Yu, Zhou Jian-quan, Chen Mu-
tian, Xin Li xiao, Li Chengrong “Effect of ageing on
Insulating property of mineral oil based Tios
nanofluids”, IEEE Int’l. Conf. Dielectr. Liquids, pp.
1-4,2011.

[8] H. Jin., T. Andritsch., I.A. Tsekmes, R. Kochetov.
P.H.F Morshuis, J.J. Smit, “Properties of mineral oil
based Silica nanofluids”, IEEE Trans. Dielectr. Electr.
Insul., Vol. 21, No. 3, pp. 1100-1108, 2014.

[9] M. Bakrutheen., R. Karthik., R. Madavan.,
“Investigation of critical parameters of insulating
mineral oil using semiconductive nanoparticles”,
IEEE Int’l. Conf. Circuit, Power and Computing
Technologies— ICCPCT, Nagercoil, India, pp. 294-
299, 2013.

[10]M.V. Avdeev, M. Balasoiu, V.L. Aksenov, V.M.
Garamus, J. Kohlbrecher, D. Bica and L. Vekas “On
the magnetic structure of magnetite/oleic acid/benzene
ferrofluids by small-angle neutron scattering”, J.
Magnetism and Magnetic Materials, Vol. 270, No.
3,pp. 371-379, 2004.

[11]M. Toselli, D. Fabiani, P. Mancinelli, M. Frechette, T.
Heidt, E. David and A. Saccani, “In Situ Thermal
Reduction of Graphene Oxide Forming Epoxy
Nanocomposites and Their Dielectric Properties”,
Polymer Composites, Vol. 36, No. 2, pp-452-459,
2014.

[12]W. Li, X. Z. Tang, H. B. Zhang, Z. G. Jiang, Z. Z. Yu,
X. S. Du, Y. W. Mai, “Simultaneous surface
functionalization and reduction of graphene oxide
with octadecylamine for electrically conductive
polystyrene composites”, Carbon, No. 49, pp. 4724 —
4730, 2011.

[13]Mettler-Toledo Int’l., Good Titration Practice in Karl
Fischer Titration (GTPR), 2011.

[14]IEC 60156, “Insulating liquids—Determination of the
breakdown voltage at power frequency-Test method”,
2003-11

[15]0. Lesaint, "Streamers" in liquids: relation with
practical high voltage insulation and testing of
liquids," IEEE Int’l. Conf. Dielectr. Liquids (ICDL),
Poitiers, France, pp.120-125, 2008.

[16]IEC 60270, High Voltage Test Techniques - Partial
Discharge Measurement, 2002-12.

[17]M. Pompili, C. Mazzetti,, R. Bartnikas,, "Phase
relationship of PD pulses in dielectric liquids under ac
conditions,", IEEE Transactions on Dielectrics and
Electrical Insulation, vol.7, no.l, pp. 113-117, Feb
2000

[18]C. Mazzetti, M. Pompili, and H. Yamashita, E.O.
Forster “A Comparison of streamer and partial
discharge inception voltages in liquid dielectrics”
IET-Sixth International conferences on dielectric
materials, measurements and applications, pp. 93—
95,1992.

[19]R. B. Abernethy, The new Weibull Handbook,
Barringer & Associates, USA, 2006

[20]Q. Liu, .; Z.D. Wang, ., "Breakdown and withstand
strengths of ester transformer liquids in a quasi-
uniform field under impulse voltages," IEEE Trans.

Dielectr. Electr. Insul., Vol. 20, No. 2, pp. 571-579,
2013.

[21] J. H. Mason., “Breakdown of solid dielectrics in
divergent fields,” Proceedings of IEE part —B, Radio
and electronic engineering, Vol. No.102, No.5,, pp.
7257217, 1955.

[22]E. O. Forster, “Partial discharges and streamers in
liquid dielectrics-the significance of the inception
voltage,” IEEE Trans. Electr. Insul., Vol. 28, No. 6,
pp- 941-946, 1993.

[23]M. D. Cevallos, M. Butcher, J. Dickens, A. Neuber,
H. Krompholz, and S. Member, “Imaging of Negative
Polarity dc Breakdown Streamer Expansion in
Transformer Oil Due to Variations in Background
Pressure,” IEEE Transactions on plasma science, Vol.
33, No. 2, pp. 494495, 2005.

[24]D. Martin and Z.D. Wang, "A Comparative Study of
the Impact of Moisture on the Dielectric Capability of
Esters for Large Power Transformers," IEEE Conf.
Electr. Insul. Dielectr. Phenomena (CEIDP), pp. 409-
412, 2006.

[25]C. Devins, John, J. Rzad, Stefan, J. Schwabe, Robert ,
"Breakdown and prebreakdown phenomena in
liquids," J. Appl. Phys., Vol. 52, No. 7, pp. 4531-
4545, 1981.

[26]M.G. Niasar, ;H. Edin, , "Corona in oil as a function
of geometry, temperature and humidity," IEEE Electr
Insul. Dielectr. Phenomena (CEIDP), pp.1,4, 2010.

[271M. Pompili, C. Mazzetti, and R.Bartnikas, “Early
Stages of Negative PD Development in Dielectric
Liquids,” IEEE Trans. Dielectr. Electr. Insul., Vol. 2,
No. 4, pp. 602-613, 1995.

[28]W.F. Schmidt, "Electronic Conduction Processes in
Dielectric Liquids," IEEE Trans. Electr. Insul., Vol.
19, No. 5, pp. 389- 418, 1984.

[29]0. Lesaint and R. Tobazon, "Streamer generation and
propagation in transformer oil under AC divergent
field conditions,"IEEE Trans. Electr. Insul., Vol. 23,
No. 6, pp. 941-954, 1988

[30]J. Jadidian, M. Zahn, N. Lavesson, O. Widlund ., K.
Borg,., "Impulse breakdown delay in liquid
dielectrics," Appl. Phys. Letters, Vol. 100, No. 19, pp.
19291-0-192910-4, 2012.

[31JA. Pohl, "The Motion and Precipitation of
Suspensoids in Divergent Electric Fields", J. Appl.
Phys., Vol. 22, No. 7, 869-871, 1951.

Andrea Cavallini (M'95) was born on 21
December 1963. He received from the
University of Bologna the Master degree in
electrical  engineering  in 1990 and
the Ph.D. degree in electrical engineering in
. 1995. He was a researcher at Ferrara
“ 000 University from 1995 to 1998. Since 1998, he
is an Assocmte Professor at Bologna University. His research
interests are: diagnosis of insulation systems by partial
discharge analysis, reliability of electrical systems and
artificial intelligence. Since 2004, he is the Italian
representative of Cigre SC D1.Engineering.



R. Karthik obtained his Ph.D. degree in
electrical engineering from Anna University,
India. He worked as Associate Professor in
National Engineering College, Kovilpatti,
India. Presently he is working as a Post-
Doctoral Research Fellow in DEI-Lab of

e Innovation = Technology, University of
Bologna, Italy. He is a recipient of young scientist fellowship
from the Department of Science and technology, India. His
area of interest includes liquid dielectrics, high voltage and
insulation engineering.

Fabrizio Negriwas born on 7 October 1989.
He received the Master degree in electrical
engineering in 2013 from the University of
Bologna and presently pursuing his Ph.D.
degree in electrical engineering in
University of Bologna, Italy. His research
interests are diagnosis of insulation systems
by partial discharge analysis, liquid and nano dielectrics




